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Abstract
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Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative treatment 

used for patients with cancer or other hematological malignancies. However, widespread 

use of this treatment is hindered by development of graft-versus-host disease (GVHD), a 

life-threatening complication of allo-HSCT. Mature donor T cells in the graft mediate 

GVHD, but also help kill residual malignant cells in the patient by the graft-versus-

leukemia (GVL) effect. Depletion of mature T cells from the graft eliminates this 

beneficial anti-tumor response. Mature T cells are also needed for proper stem cell 

engraftment. Therefore, current work has focused on how to modulate T cell signaling 

and function to separate GVHD from GVL. T Cell Factor-1 (TCF-1) is a T cell 

developmental transcription factor that is also important in some contexts for T cell 

activation. The role of TCF-1 in alloactivated mature T cells is completely unknown. To 

examine the role of TCF-1 in this context, a mouse model of allo-HSCT leading to 

GVHD/GVL was used to study T cells from mice with a T cell-specific deletion of TCF-

1. This work showed that loss of TCF-1 separates GVHD from GVL, with reduced 

disease severity and persistence yet maintained GVL effects. TCF-1 affects alloactivated 

T cell phenotypes and suppressive profiles, as well as the major T cell functions 

(proliferation, migration, and cytokine/cytotoxic mediator production). TCF-1 also 

controls alloactivated T cell survival, apoptosis, and gene expression programs. The 

regulation of these functions and programs by TCF-1 is distinct in CD4 versus CD8 T 
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cells. TCF-1 also controls two unique T cell subsets - stem-like CXCR5+ CD8+ T cells, 

and CD25- noncanonical Tregs. Therefore, TCF-1, or these two unique T cell types, may 

be a therapeutic target to improve allo-HSCT outcomes by separating GVHD from GVL 

effects. Expansion of CD25- Tregs during TCF-1 deficiency may also be useful for 

treatment of other T cell-mediated disorders as well. 
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CHAPTER I: GENERAL INTRODUCTION

I. Introduction
Allogeneic hematopoietic stem cell transplantation, or allo-HSCT, is a curative 

therapy used to treat hematological malignancies (such as cancer) and other blood 

disorders. A graft of stem cells from a donor is given to the patient, and contains some 

mature T cells. These T cells help improve engraftment success, reduce risk of infection, 

and destroy residual malignant cells to reduce relapse rates. However, they can also 

attack healthy tissues, causing significant morbidity and mortality in these patients1, 2, 3. 

The most important unaddressed clinical problem with this technique is how to separate 

beneficial properties of the transplanted T cells from damage incurred by healthy tissues1, 

4. Simply removing the mature T cells from the graft prevents the patient from receiving 

the benefits these cells provide1, 2, 5, 6. Instead, my work aims to modulate the signaling 

and functioning of T cells directly to produce the optimal clinical phenotype of these 

cells. These T cells should be capable of killing tumor cells without damaging healthy 

tissues. To achieve this goal, it is first necessary to understand how T cells function in 

this specific context.

When T cells contact and recognize antigens, they initiate an immune response 

against the detected threat. The process by which the T cells prepare themselves to 

respond is known as activation7. When the antigen in question is an alloantigen (i.e. 

detecting "non-self" antigens from the recipient's body following transplant), the T cells 

become alloactivated, which is a stronger version of activation8, 9. This occurs because 
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sensing of alloantigen is a very strong stimulus for the T cells, indicating that a strong 

and rapid response is needed8, 9, 10. Through a coordinated program of regulation, T cells 

are able to respond to this perceived threat quickly and with force.

II. Major Functions of Alloactivated T cells
After being alloactivated, T cells have four major functions: proliferate and 

differentiate, migrate, produce cytokines, and provide help to cognate B cells (Figure 

1.1). The cells must proliferate to maintain the pool of responding cells, and differentiate 

into cytotoxic cells, which are capable of destroying pathogens and tumor cells. Next, the

T cells must migrate to the sites where antigen is present. In the case of cancer or 

infection, this may be the site of tumor or pathogen growth. In the case of alloactivation, 

these sites are typically the liver, small intestine, skin, and lungs, which are considered 

the major target organs in graft-versus-host disease (GVHD). After migration, the T cells 

produce cytokines which inflict damage upon the tumor cells, known as the graft-versus-

tumor (GVT) or graft-versus-leukemia (GVL) effect. However, damage is also inflicted 

upon healthy host cells which express the alloantigen. This damage to the host tissues is 

the hallmark of GVHD3, 11, 12, 13, 14. Both GVHD and GVT will be discussed in more detail 

later on. 

In addition to direct damage caused by the T cells themselves, the alloactivated T 

cells can also provide help to cognate B cells, which also recognize that antigen. 

Although this is possible, it will not form a major component of this project because it is 

less relevant in clinical situations of stem cell transplant. B cell responses play a large 
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role in organ transplantation, where the body’s entire immune system (including B cells) 

is recognizing the transplanted organ as foreign, and rejects it15, 16, 17. In a stem cell 

transplant, the donor T cells are instead recognizing the host’s body as foreign, and 

attacking it5, 8. As the donor graft is primarily composed of stem cells and mature T cells, 

B cells play a lesser role in this scenario. 

It is important to note that alloactivation of T cells can occur through an indirect 

or direct pathway. Major histocompatibility complex (MHC) in mice, or human 

leukocyte antigen (HLA) in humans, is a molecule which presents peptides to the T cell 

receptor (TCR). The MHC/HLA molecule is expressed on nearly every cell in the body, 

meaning it is a self-antigen that can be recognized by incoming donor T cells. In the 

indirect pathway, peptides derived from MHC of the recipient cells (i.e. self-antigen 

peptides from the host) are presented by donor APCs to donor T cells in the transplanted 

graft. This results in alloactivation of the donor T cells, and produces GVHD. In the 

direct pathway, donor T cells directly recognize non-self MHC on the recipient's cells, 

alloactivating the donor T cells and leading to GVHD. There is also a semi-direct 

pathway, in which donor APCs obtain recipient MHC molecules, and present self-

peptides to donor T cells, a process which is also called "cross-dressing"18. Regardless of 

the method of alloactivation, donor T cells recognize that recipient cells have non-self 

antigen (MHC), which leads the T cells to proliferate, migrate to target organs, and 

produce cytokines. These functions damage healthy host tissues and cause GVHD1, 3, 5, 11, 

12. Below, the specifics of each of these major T cell functions are discussed in detail.   
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Figure 1.1: Major alloactivated T cell functions. When alloreactive T cells recognize 

alloantigen (recipient self antigen) presented by an antigen presenting cell (APC), the T 

cell becomes alloactivated. These T cells then perform a variety of functions, including: 

proliferate, differentiate into cytotoxic cells, produce cytokines and cytotoxic mediators, 

migrate, become exhausted, survive or undergo apoptosis, and express altered gene 

programs. These T cell functions lead to graft-versus-host disease (GVHD), which 

damages healthy host tissues in the target organs (skin, small intestine, liver). These T 

cell functions also lead to the graft-versus-tumor (GVT, also called graft-versus-

leukemia, GVL) effect, which eliminates residual malignant cells. 
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a. Proliferation and Survival of T cells
When T cells become alloactivated, they first proliferate and begin to differentiate

into cytotoxic T cells, which can recognize foreign self-antigen and attack cells 

expressing these antigens. These cytotoxic T cells have effector capabilities and are 

short-lived, typically dying off shortly after antigen is cleared7, 19. Recognition of antigen 

leads the T cell to activate through the TCR signaling pathway and proliferate. During a 

normal immune response, these effector cells experience a phase of expansion, followed 

by clearance of the infection or damaged cells, and finally a contraction phase, where 

unnecessary cells die7. Therefore, in order to sustain the immune response directed 

against the alloantigen, the cytotoxic cells must proliferate to replenish the pool of 

available cells, and the progeny cells must continue to survive7, 19. 

i. Apoptosis/Cell Death

If T cells do not receive the proper survival signals indicating that they are still 

needed in the response, they will succumb to apoptosis. This is a normal process by 

which a directed pathway of cell death occurs. Apoptosis occurs with condensation and 

fragmentation of the chromatin, followed by destruction of the cell without rupture of the 

membrane. This process helps to limit inflammation while promoting death of cells that 

are no longer needed or are dangerous to the host7, 20, 21, 22, 23. There are several 

mechanisms by which apoptosis can occur, including the intrinsic pathway and extrinsic 

pathway. 
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The intrinsic pathway relies on the Bcl-2 family of molecules, which includes 

molecules which promote survival (BCL-2, MCL-1, BCL-W, A1/BFL1, and BCL-XL), 

molecules which can promote apoptosis alone (BAK and BAX), and BH3-only 

molecules, which promote apoptosis only when other signals are present (BIM, BAD, 

NOXA/PMAIP, BID, PUMA/BBC3, BIK/BLK/NBK, HRK/DP5, and BMF)7, 21, 22. BH3 

proteins cannot initiate apoptosis without BAX and BAK. When enough BH3 proteins 

gather due to cellular stress or stimuli, BAK and BAX permeabilize the membrane of 

mitochondria, which in turn causes release of cytochrome c. This molecule binds with 

Apaf-1 and pro-caspase 9, a complex which is termed the apoptosome. This complex 

activates caspases 3, 6, and 7, resulting in apoptosis of the cell7, 21, 22, 23.  Caspases 2, 8, 9, 

and 10 are activated as part of the caspase cascade, but 3, 6, and 7 are the caspases 

responsible for inducing apoptosis directly20, 21, 22, 23.  

In the extrinsic pathway of apoptosis, death receptors are bound by death receptor 

ligands. This can include Fas on the target cell binding to FasL, TNF-R1 on the target cell

binding to TNF-α, and binding of DR5/DR4 on the target cell to TRAIL. In each case, 

engagement of the death receptor results in recruitment of adaptor proteins such as 

TRADD or FADD. This forms a complex with pro-caspases 8 or 10, which are cleaved 

and activated. These caspases then cleave and activate caspases 3, 6, and 7, which 

directly drive apoptosis. Caspase 8 can also initiate the intrinsic pathway by cleaving 

BID, which then begins the BAK/BAX-driven pathway7, 20, 21, 22, 24, 25.
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Other types of cell death play a role in immune cell turnover, including 

necroptosis, pyroptosis, and autophagy. Necroptosis is typically only invoked when 

caspase 8 is missing or its activity is suppressed. This process is a regulated version of 

necrosis which involves cell swelling followed by plasma membrane rupture, and is 

controlled by death receptors. Engagement of the receptors occurs as in the extrinsic 

apoptotic pathway, but lack of caspase 8 functionality shunts the signal to activation of 

RIPK3. This molecule phosphorylates MLKL to activate it, and MLKL then disrupts cell 

integrity, leading to cell rupture. Due to this process, necroptosis is confined to cells 

which express RIPK3 and are lacking caspase 8 activity25, 26, 27. 

Pyroptosis is a unique death pathway involving caspase 1, which cleaves IL-1β 

and IL-18 to the active forms. This results in proinflammatory cell death25. Caspase 1 is 

activated when danger signals detected by the cell trigger inflammasome formation. The 

inflammasome recruits caspase 1 to cleave the cytokines, and activated caspase 1 also 

cleaves gasdermin D into two fragments. One of these fragments forms pores in the cell 

membrane. This leads to cell swelling, membrane rupture, release of cytokines and 

inflammatory molecules, and cell death. A noncanonical pathway also exists, where 

caspases 4 and 5 (11 in mice) directly recognize danger signals (i.e. LPS), leading to 

cleavage of gasdermin D and cell death. Recent studies have suggested roles for other 

molecules as well, such as cleavage of gasdermin E by caspase 328, 29, 30. 
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Finally, autophagy is a regulated process by which damaged or unnecessary cell 

components are degraded. Failure to properly eliminate damaged mitochondria, in 

particular, can negatively impact survival of T cells due to reactive oxygen species (ROS)

release and other complications. Autophagy is regulated by a series of steps, including 

formation of a phagophore, formation of multimers and complexes of Atg5-12 and 16, 

LC3 processing and entrance into the membrane, capture of degradation targets, and 

finally fusion with the lysosome to complete degradation31, 32, 33. Dysregulation of these 

steps can hinder survival of the T cell, making it less able to persist and assist in immune 

responses33.

Transcriptional and epigenetic changes also play a role in regulation of T cell 

survival and death. EZH2 is a histone methyltransferase which is thought to be critical for

T cell survival and differentiation, because loss of this factor sped up death of activated 

cells7. Loss of the factor c-Rel also enhances T cell contraction by cell death, because c-

Rel promotes continued proliferation of T cells34, 35. Many other factors can affect 

survival of T cells, including T Cell Factor-1 (TCF-1), which is discussed below and is 

the focus of this dissertation. 

ii. Exhaustion

Even if T cells are able to survive and continue the immune response, at some 

point their ability to respond may be diminished by exhaustion. This is a state in which 

the T cell should still be able to act, but is prevented from doing so by changes within the 
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cell. Exhaustion typically occurs during chronic antigen stimulation, and is characterized 

by partial or complete loss of effector functions, and in most cases, eventual deletion of 

the exhausted cells. More severe stimulation by antigen results in exhaustion more 

rapidly and more severely. The development of exhaustion is considered a hierarchical 

process, with effector functions being lost and suppressive marker expression being 

gained in stages over time as antigenic stimulation persists. Eventually, persistent 

stimulation may result in death and removal of the exhausted T cells36, 37, 38, 39, 40. 

As T cells enter the exhaustion process, they begin to lose expression of TCF-1, 

while gaining expression of PD-1. This intermediate population of cells acts as a 

precursor pool for dysfunctional “terminally exhausted” T cells which lack TCF-1 but 

express suppressive markers. Interestingly, these TCF+ PD-1int cells can be separated 

from memory precursor cells (which also upregulate TCF-1) by expression of CXCR541, 

42. These transcriptional changes are driven by the transcription factor TOX. This factor is

critical for development and maintenance of these progenitor cells, because without 

changes driven by TOX, these cells will eventually die off if antigen persists. TOX is 

thought to control histone acetylation, allowing for transcriptional changes. This program

controlled by TOX protects the host by both extending the length of the T cell response 

and controlling the possibility of autoreactivity during this extended response. At this 

point, it is unknown exactly what signals T cells to induce expression of TOX. However, 

TOX is considered a marker of T cell exhaustion, given that it is critical for induction of 

this program in T cells37, 38, 39.
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iii. Suppressive Markers

There are a variety of receptor/ligand pairs which can suppress the action of T 

cells, or be used by T cells to suppress the action of other cells. The most common of 

these include PD-1/PD-L1 interactions, CTLA-4/B7 interactions, and LAG-3 

expression43, 44, 45, 46, 47, 48, 49. Suppression of cells by regulatory T cells (Tregs) can also 

occur to modulate the immune system50, 51, 52, 53. It is currently unknown exactly how Tregs

suppress other cells, but this subset will be addressed further in Chapter III of this 

dissertation. 

PD-1 is a well-known suppressive marker because it has recently been 

investigated in checkpoint blockade therapies. PD-1 is a receptor found on T cells (as 

well as B cells, NK cells, macrophages, and monocytes) which provides a mechanism for

other cells to suppress that cell. The ligands for PD-1 are PD-L1 and PD-L2, which are 

primarily expressed by dendritic cells or macrophages but can be found on many other 

cells. Binding of PD-1 to PD-L1/2 inhibits PI3K signaling, which is required for 

activation of Akt and downstream activation in the T cell. PD-L1 can be overexpressed in

tumor cells as a method of immune evasion. In this case, expression of PD-L1 on the 

tumor cell sends a suppressive signal to the T cell, hijacking a normal protective pathway 

to prevent a response against the tumor cell47, 49. Having higher expression of PD-1 on T 

cells indicates a greater susceptibility to suppression by tumor cells or other cells 

expressing the ligand. Having less PD-1 expression indicates that the T cell is less 
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responsive to suppression by PD-L1, which – while optimal for tumor killing – indicates 

a potential for aberrant or autoreactive responses47, 49. 

PD-L1 can also be expressed by T cells in cancer, which may be a consequence of

exposure to sterile inflammation and tumor antigen. Although the role of PD-L1 on T 

cells has not been fully elucidated, studies suggest that it may promote tumor tolerance 

through several mechanisms. First, activation of CD4 T cells is reduced and an anergic 

phenotype is induced in CD8 T cells. Second, PD-L1+ T cells reduce T cell activity 

through binding of PD-1 on other T cells. Third, PD-L1+ T cells bind PD-1+ 

macrophages and convert them to an M2 phenotype, which limits effectiveness in a 

tumor context43. Earlier reports also suggested that PD-L1 expression on T cells was 

important for the contraction phase of an immune response, and stimulated production of 

IL-10 as well as apoptosis43, 44, 46, 54. These data suggest that PD-L1 expression on T cells 

is a natural feature of the immune system which is hijacked by tumor cells to promote 

immune evasion43, 49. Checkpoint blockade therapies include antibodies against PD-1 and 

PD-L1 to prevent these interactions from suppressing T cell function55, 56, 57.

CTLA-4 is another immunosuppressive molecule that has been targeted for 

checkpoint blockade therapy. When the T cell is activated by antigen recognition, the 

costimulatory molecule CD28 on the T cell engages B7 (CD80/86) on the APC or B cell 

providing the antigenic peptide. This interaction provides the second signal required for 

the T cell to fully activate. Once this process occurs, the T cell must prepare to eventually
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turn off the signaling pathways. Expression of CTLA-4 begins to upregulate on the T 

cell. The affinity of B7 for CD28 is much weaker than for CTLA-4, so a relatively high 

expression of CD28 is required for binding. However, only a small upregulation of 

CTLA-4 is needed to begin binding to B7, due to the higher affinity of this binding 

interaction48, 58, 59, 60. Binding of B7 to CTLA-4 begins to shut down activated signaling 

processes to terminate the immune response. This is a natural immunoregulatory 

mechanism, but in cases of cancer treatment, it is undesirable for the T cell response to 

terminate59, 60, 61. Therefore, antibodies against CTLA-4 have been utilized to prevent this 

suppressive signal from occurring, which in turn keeps the T cell active and responding59, 

61. One problem with this approach is the potential for autoreactivity, because the T cells 

are not properly controlled and shut off when they should be62, 63, 64. 

Besides these major inhibitory pathways, T cells can also upregulate other 

suppressive factors when activated/chronically stimulated, including LAG-3, TIM-3, 

CD160, and 2B4 (CD244)45, 65. The ligands for these receptors are found on APCs or 

tumor cells, allowing them to be naturally utilized for proper responses, but also 

commandeered by tumors to avoid destruction45, 65. LAG-3 has recently been investigated 

for use in checkpoint blockade therapy. This molecule suppresses cytotoxic function and 

promotes exhaustion when expressed on T cells. LAG-3 is similar in structure to CD4, 

and can bind to MHC class II with higher affinity than CD4 itself. This molecule can also

be expressed on Tregs and may be important for this subset’s suppressive function45, 65, 66, 

67. Attempts to block LAG-3 with an antibody resulted in higher T cell activation than use
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of other blockade therapies, including PD-1/PD-L1 therapy45. This suggests that other 

suppressive pathways may also afford opportunities for T cell manipulation towards an 

optimal phenotype. 

iv. Division destiny

T cells proliferate by duplicating their genetic material and contents, then dividing

to form two daughter cells. This process can occur a certain number of times before the T

cell will no longer be able to divide. This concept of "division destiny" - the number of 

replications that can occur before a cell becomes quiescent - applies to all cell types. 

Recent work has shown that regulatory T cells may alter the division destiny of T cells in 

order to suppress immune responses. In this model, a T cell will divide until it reaches its 

division destiny, then become quiescent and cease proliferation50. Under normal 

circumstances, exposure to antigen and other internal or external stimuli can regulate the 

division destiny of lymphocytes68. Indeed, for CD8 T cells, progeny cells from the same 

clonal family reach their division destiny (total divisions allowed) at the same or very 

similar generations, so they stop dividing around the same point. However, T cells from 

different clonal families seem to have distinct fates with regard to proliferation capability 

after stimulation, which provides heterogeneity in the response to antigen stimulation by 

T cells69.

Although it is still unclear exactly how division destiny is regulated in T cells, it is

clear that factors such as exposure to antigen or costimulatory signals, as well as genetic 
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programs in the cell, can synergize to determine the T cell's proliferative fate50, 68, 69. It is 

important to note that quiescence is not a "default" or "off" state for the T cell, but rather 

a regulated state that is enforced by expression of specific genetic programs to maintain 

that state70, 71, 72. Therefore, changes to gene expression or regulation in the cell can disrupt

either maintenance of quiescence or division destiny programming to alter the 

proliferative fate of the cell. This concept of division destiny means that a higher level of 

proliferation (i.e. more proliferating cells) at the start of a response does not guarantee a 

higher amount of output cells, because the division destiny of those highly proliferative 

cells may be shorter than that of less proliferative cells50, 69. Therefore, proliferation level 

and division destiny together help determine the amount of responding cells available 

during an immune response (Figure 1.2).  
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Figure 1.2: Division destiny. T cells (and other dividing cells) are thought to have a pre-

programmed division destiny, which is the number of divisions the cell can make before 

becoming quiescent. This destiny is determined by a variety of factors, including 

exposure to antigen, costimulatory signals, gene programs, and suppression by regulatory

T cells. The top panel shows a single cell with a shorter (left) versus a longer (right) 

division destiny, resulting in a different number of successful divisions. If both types of 

cells began proliferating at the same time, the cells with the shorter division destiny 

would become quiescent sooner. The bottom panel shows how proliferation level and 

division destiny both contribute to the size of an immune response. At left, 1 origin cell 

begins proliferating, and undergoes 3 rounds of proliferation to produce 8 progeny cells. 

At right, 3 origin cells begin proliferating, suggesting that a larger response will occur 
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Figure 1.2: Division destiny (continued).

due to some stronger stimulus. However, these cells become quiescent after just 1 

division (a shorter division destiny), resulting in only 6 progeny cells. Therefore, despite 

the higher level of proliferation initially, the size of the response is dulled by a restrictive 

division destiny in the cells at right. 
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v. Role of TCF-1

It has been reported that proliferation is reduced in mice with a global loss of 

TCF-173. In addition, mice lacking TCF-1 show reduced survival and expansion of 

memory cells73. In normal mice, studies found that TCF-1hi cells proliferated more, 

maintained the function of exhausted cells, and promoted T cell differentiation to 

cytotoxic CD8 T cells42. Therefore, I hypothesized that in mature alloactivated cells, 

proliferation and cell survival may be reduced when TCF-1 is lost. However, these 

previously published studies examined mice with a global loss of TCF-1, whereas my 

model is utilizing T cell-targeted deletion, so it is difficult to draw conclusions from 

previous studies. 

b. Migration of T cells

In order to contact host antigen-presenting cells and become alloactivated, the 

transplanted T cells migrate to secondary lymphoid organs (spleen and lymph nodes) 

within 24 hours2. After the alloactivated T cells begin to proliferate and differentiate, they

migrate to the sites where antigen is present. When the T cells are responding to cancer 

cells, they migrate to areas where a tumor is present. When responding to alloantigen 

from healthy tissues, the T cells migrate to the GVHD target organs – primarily liver, 

skin, lungs, and small intestine2. T cell migration is influenced by expression of 

chemokine receptors, which bind to chemokines (the ligands). These four organs are 

primarily targeted by T cells because they are sensitive to damage from the conditioning 

treatments before transplant. This conditioning, as well as the presence of alloreactive 
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cells, causes chemokine expression to increase in these tissues, thereby preferentially 

attracting T cells to them74. 

Two of the major molecules involved in T cell migration after allo-HSCT are 

CD62L (an adhesion marker on the T cell) and CCR7 (receptor on the T cell which binds 

to CCL19 or CCL21)75. When the T cells express these markers following conditioning 

and allo-HSCT, they migrate first to the secondary lymphoid organs (spleen and lymph 

nodes), and then disseminate to the peripheral tissues. This migration places the T cells in

an environment where their normal immune functions will cause damage to healthy 

tissues. In different mouse models, T cells can be injected by different routes. When the 

cells are injected retroorbitally, they first migrate to secondary lymphoid organs, then 

peripheral tissues, resulting in severe acute GVHD (aGVHD). In contrast, cells that are 

injected intravenously (via tail vein) go first to lungs, then to secondary lymphoid organs 

and peripheral tissues. This results in less severe GVHD and lower morbidity/mortality76.

i. Role of TCF-1

It is unknown whether TCF-1 controls migration in T cells, because reports have 

only focused on changes in cell numbers or responses to antigen, but migration has not 

been specifically addressed. Most studies of TCF-1 to date in mature T cells have focused

on canonical immune responses41, 42, 73, where emphasis was placed on functional 

responses to pathogens in secondary lymphoid organs, rather than on the T cell's arrival 

at the site of infection. However, a group of cells known as “stem-like” CD8 T cells, 

18



which express both PD-1 and TCF-1, show higher expression of chemokines and 

chemokine receptors41. Additionally, TCF-1 deficiency in CD8 tissue-resident memory T 

cells has been shown to alter expression of some chemokine receptors during viral 

infection77. These data suggest that loss of TCF-1 may hinder the ability of T cells to 

migrate to GVHD target organs following allo-HSCT. 

c. Cytokine Production by T cells

When a patient receives a hematopoietic stem cell transplant, they are conditioned

prior to transplant by radiation or chemotherapy to destroy the existing immune system. 

These treatments may also be used as primary treatments against hematological 

malignancies such as tumors. These treatments damage the healthy host tissues, 

especially epithelial surfaces, leading to release of proinflammatory cytokines and 

cytotoxic mediators. These factors activate the host’s APCs, which in turn activate the 

donor T cells to migrate, proliferate, and produce cytokines. The cytokines and mediators

produced can impact not only cancer cells, but also the already-damaged healthy tissues 

of the body. Depending on the T cells present, the cytokines produced and the cytotoxic 

pathways utilized differ, and thus so does the damage seen in patient tissues3, 78, 79. 

i. Cytotoxic/inflammatory mediators

Two major cytokines produced by T cells are IFN-γ and TNF-α, both of which are

proinflammatory. Production of these cytokines is controlled by a variety of transcription 

factors in the T cell34. IFN-γ can recruit macrophages to the area and induce upregulation 
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of MHC class I on the target cell, assisting with T cell-mediated killing of tumor cells, 

especially in MHC-I-negative tumors80, 81. TNF-α assists with priming, proliferation, and 

recruitment of tumor-specific T cells into the area, and can regulate other activation 

pathways82, 83. These cytokines act to shape the inflammatory landscape, making targets 

more accessible to cytotoxic T cells. 

T cells can also produce non-cytokine mediators, including perforin and 

granzymes (especially granzyme B). These are the main molecules used by T cells to 

directly kill targets19. Perforin induces creation of pores in the target cell membrane, 

allowing granzymes to enter the target84. The granzymes activate DNA-damaging 

pathways, resulting in activation of caspases and the apoptosome as described above85. 

Expression of these factors is also driven by transcription factors in the T cell34, 86. 

Another direct method of cell killing occurs when FasL on T cells is bound by Fas

on the target cell. As described above in Apoptosis/Cell Death, this initiates a cascade of 

events leading to apoptosis of the target cell. Caspase 8 activation is the primary result of 

binding of the death receptor, and leads to DNA damage in the target cell87. This is an 

important method for killing tumor cells, which may not present tumor antigen due to 

downregulation of MHC-I88. Interestingly, this pathway is also used to suppress other T 

cells expressing Fas, as part of the natural contraction of an immune response during 

resolution89, 90. However, some tumor cells may hijack this system by expressing FasL to 

bind Fas in tumor-infiltrating T cells, inducing apoptosis of these cells directly, or 
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causing expression of soluble FasL by the T cells which leads to cell death (the cell kills 

itself)91, 92.  

There are several cytotoxic pathways utilized by T cells, and all can result in 

damage if healthy tissues are exposed. Formation of an immune synapse typically 

protects bystander cells from these molecules by isolating the target cell93, 94. However, 

during alloactivation, the healthy host tissues are also recognized as target cells because 

they express non-self antigen8, 95, 96, 97. Therefore, these damaging pathways are 

intentionally directed towards healthy tissues, causing major damage and disease.

ii. Other cytokines

             In addition to the major mediators described above, other cytokines are expressed

by T cells within the graft. IL-10 and TGF-β can be secreted by Tregs, which help to 

suppress immune responses and protect the host. Tregs are currently being studied for use

as a suppressive therapy in GVHD patients98, 99, which is discussed further in Chapter III. 

Depending on the subsets of T cells which are injected in the graft or which develop from

the transplanted bone marrow, different cytokines can be produced. IL-2 produced by T 

cells and other cells promotes T cell proliferation, and can therefore contribute to disease 

severity by increasing the number of effector cells present. IL-4, IL-5, and IL-13 are 

produced by Th2 cells, and all of these cytokines are reported to be elevated during acute 

GVHD. IL-4 is produced by activated T cells and contributes to allogeneic responses. IL-

5 triggers activation of B cells into antibody-secreting plasma cells. IL-13 is involved in 
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allergic responses and contributes to disease progression in GVHD78. IL-17A/F is 

produced by Th17 cells, which can interact with naive cells to cause severe and lethal 

GVHD. IL-17 may be more important for CD4 T cell-driven GVHD78. IL-21 is produced 

by T follicular helper (Tfh) cells, which provide help to B cells. IL-21 helps promote Tfh 

cell differentiation, germinal center functioning, and production of immunoglobulin by B 

cells100. Thus, IL-21 can promote production of alloantibody in this context. 

            IL-22 is produced by Th22 cells as well as Th17 cells, and is a protective factor. 

The role of IL-22 is to protect stem cells in the guts/intestines from damage caused by the

immune system. Therefore, IL-22 helps prevent damage to the guts during GVHD78. IL-6

is produced by T cells during acute or chronic inflammation, and is a T cell survival 

factor. Therefore, IL-6 can exacerbate GVHD by enhancing T cell survival101. Finally, IL-

9 is produced by a variety of subsets, including Th2, Th17, iTreg, and Th9 cells. Th9 

cells in particular are associated with skin, allergic, and intestinal inflammation. IL-9 may

contribute to severity of ocular GVHD symptoms102, because IL-9 promotes proliferation 

of Th17 cells, which are associated with more severe GVHD103. In other cases, serum IL-

9 was found to be reduced during GVHD104, and IL-9-expressing Th9 cells were found to 

mediate GVT but not GVHD damage105. To summarize, T cells can produce and respond 

to a wide variety of cytokines in alloactivation, which can affect the T cell response, and 

subsequently, the severity of disease.
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iii. Tissue sensitivity to cytokines

            Certain tissues are intrinsically more sensitive to damage induced by radiation and

cytokines, and these tissues are rapidly dividing in nature and metabolically active. This 

includes the skin, bone marrow, mucosa, guts106, 107, lungs108, and liver109, for example. 

Stem cells are also impacted, because they are rapidly growing110. Rapid division and 

metabolism requires correct DNA information to avoid malignant changes. Interaction of 

radiation with cells leads to DNA damage and apoptosis, inhibiting the ability of the 

tissue to maintain itself through rapid cellular turnover111, 112. Due to the sensitivity of 

these tissues to the conditioning regimen used pre-transplant, they are also more 

susceptible to damage by cytokines released during alloactivation. Therefore, the major 

organs susceptible to damage during GVHD are the skin/mucosa, lungs, liver, and guts, 

although other organs such as the eyes are also impacted113. Recent advances in reduced 

intensity conditioning have attempted to limit the impact of radiation on the patient to in 

turn reduce the impact of cytokines on these tissues114, 115, 116. However, the conditioning 

must still be sufficient to remove the existing bone marrow cells to deplete the immune 

system, so some effects will likely still occur in other tissues that are radiosensitive.

iv. Role of TCF-1

            The role of TCF-1 in cytokine production is unclear, primarily because it is an 

upstream transcription factor which controls lineage maintenance among T cells117, 118, 119. 

This means that changes to TCF-1 can have widely felt effects. Initial research suggested 

that TCF-1 upregulates expression of Eomesodermin (Eomes), a marker often associated 
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with T cell memory73. Eomes also helps control production of perforin and granzyme B, 

which are major cytotoxic effectors for T cells120. In addition, some reports suggested that

T-box transcription factor 21 (T-bet) may be repressed by TCF-1121, 122. T-bet controls 

expression of IFN-γ as well as perforin and granzymes34, 123, 124. Thus, we originally 

hypothesized that loss of TCF-1 would result in downregulated expression of Eomes, 

leading to reduced cytotoxic capability through loss of cytokine and cytotoxic mediator 

production. Therefore, this would suggest that TCF-1 may have a role in control of T cell 

cytotoxic pathways. As will be discussed further in Chapter II, this initial hypothesis was 

proven incorrect, but TCF-1 was still shown to play a role in cytotoxic function of T 

cells. 

d. B Cell Help by T cells 

B cells can both receive help from T cells to produce antibody, and provide help 

to T cells by expressing MHC/HLA:peptide complexes. In a situation of allo-HSCT, this 

help is less likely to occur, because the immune system is being transplanted as stem cells

with some T cells present. Any B cells which are produced must come from the new 

graft, because the host’s immune system has been ablated. For at least a year after allo-

HSCT, the B cell pool is mostly composed of transitional, short-lived cells which do not 

enter the germinal center. This means that the B cells found at this time have low 

diversity of BCRs which have a higher potential for auto- and alloreactivity. Over time, 

these B cells can contribute to damage through a breakdown in peripheral tolerance. 

Indeed, while acute GVHD (aGVHD) is nearly entirely driven by T cells, chronic GVHD
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(cGVHD) does seem to show a role for B cells in disease16, 125. These interactions are also 

more likely to occur in solid organ transplantation, where the existing immune system of 

the patient recognizes the new organ as foreign. In this case, the patient’s B and T cells 

can both contribute to rejection or tolerance of the organ17, 126. 

i. Alloantibody production

T cell-dependent B cell activation requires two signals. The first comes when 

antigenic epitopes bind to the B cell receptor (BCR) on the cell surface and are 

recognized. These antigens are internalized, degraded, and presented on the surface of the

B cell by MHC (HLA) class II molecules. This attracts a cognate T cell (one which 

recognizes the same antigen), and induces binding of the TCR to the peptide:MHC 

complex. When the T cell binds to a cognate B cell, CD40 ligand (CD40L) on the T cell 

engages CD40 (receptor) on the B cell, providing an activating stimulus. This serves as 

the second signal, and the B cell is then activated to produce antibody against the antigen 

it responds to. The T cells capable of activating B cells in this way are helper (CD4) T 

cells127. 

In the context of allo-HSCT, the antigens being recognized are alloantigens 

derived from the host’s healthy tissues or HLA molecules, and are recognized by the B 

and T cells derived from the transplanted graft. This leads to production of antibody by 

the B cells, which can also damage the host tissues128. In solid organ transplantation, these

antibodies are called donor-specific antibodies (DSAs), because they are formed against 
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antigens found in the donor organ. These DSAs are sometimes present naturally in 

humans, because foreign HLA is a foreign antigen like any other – something to be 

fought off. These DSAs can create engraftment problems in allo-HSCT because they are 

already circulating, despite removal of the host’s immune cells10, 128. However, new 

approaches to reduce DSAs or desensitize the individual before transplant are currently 

being studied to lower the impact of this issue10. 

ii. Stimulation of T cells

Just as the B cell becomes activated following interaction with the T cell, the 

cognate T cell is also stimulated and activated. Binding of the TCR to the HLA:peptide 

complex activates the T cell. Expression of CD40L is upregulated on the T cell following

antigen recognition, leading to engagement of CD40 on the B cell127, 129. This interaction 

activates the B cell, which in turn produces IL-12 and other cytokines to induce T cell 

differentiation and activation. CD40/CD40L binding also increases expression of B7 

(CD80/86) on the B cell. B7 is a costimulatory molecule necessary for activation of T 

cells, because it binds to CD28 on the T cell surface130. Receipt of the “second signal” 

(CD28/B7 binding) initiates the T cell activation signaling cascade, which leads to 

phenotypic and gene expression changes in the T cell, making it more suited to effector 

functions131. Therefore, T cells can stimulate DSA/alloantibody production in B cells to 

assist in the response against alloantigen, but can also be directly activated through this 

process.
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III. Graft-versus-Host Disease

To prepare a patient for allogeneic-HSCT, radiation or chemotherapy are given to 

ablate the immune system. Donor stem cells, along with mature T cells, are injected into 

the host. The patient's body cannot reject the incoming cells, because the patient's 

immune system was destroyed by irradiation and chemotherapy. The donor T cells 

recognize the patient’s HLA molecules as non-self, and begin to attack the healthy tissues

of the host. This response is the culmination of multiple T cell functions, including 

proliferation, differentiation, migration, and cytokine production, as detailed above. This 

results in graft-versus-host disease (GVHD), the major complication of allo-HSCT 

(Figure 1.3). This condition appears in 30-70 percent of allo-HSCT patients, and is a life-

threatening, progressive disease which results in significant morbidity and mortality. 

GVHD causes severe disability and death in many patients. GVHD can be acute, which 

typically appears within 100 days of transplant, or chronic, which appears after 100 days 

post-transplant1, 3, 11, 12, 13, 14. The mechanisms behind acute and chronic GVHD differ132, 

and the focus of this dissertation will be on acute GVHD (aGVHD). 
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Figure 1.3: Steps involved in graft-versus-host disease (GVHD). To prepare the 

patient for allotransplantation, irradiation or chemotherapy drugs are given. These 

treatments are cytotoxic and damage the healthy host tissues, causing release of 

proinflammatory cytokines (Step 1). The host's APCs are activated by these cytokines, 

and begin to present self-antigens released by damaged tissues (Step 2). Incoming mature

donor T cells from the graft are activated by recognition of self-antigen presented by host

APCs (Step 3). The donor T cells proliferate (Step 4) and migrate to target organs, 

including liver, small intestine, skin, and lungs (Step 5). Once in the tissues, the donor T 

cells produce cytokines and cytotoxic mediators, which damage the healthy host tissues 

(Step 6). This "off-target" damage to healthy tissues is called graft-versus-host disease 

(GVHD). 
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GVHD develops in several phases, starting with conditioning of the patient. The 

myeloablative or cancer treatments used prior to transplant cause damage to the tissues, 

causing release of proinflammatory mediators and activation of the antigen presenting 

cells (APCs) in the patient. Reduced-intensity conditioning regimens have been 

developed to attempt to diminish GVHD by reducing APC activation at this stage. Once 

APCs have been activated, these cells can in turn activate the donor T cells found in the 

graft. This is known as alloactivation, because the T cell is being activated by the 

presence of allo- (non-self) antigen1, 2, 11, 12, 133. 

There are three types of alloantigen recognition: direct, indirect, and semi-direct 

presentation. Direct allo-recognition occurs when APCs from the patient present self-

peptide to the incoming donor T cells. Indirect allo-recognition occurs when self-peptide 

from the host is processed and presented by donor APCs to donor T cells in the graft. 

Semi-direct allo-recognition occurs when donor APCs obtain recipient MHC and self-

peptide, and present this to donor T cells. Indirect and semi-direct recognition are less 

common initially after allo-HSCT because mature APCs must develop from the grafted 

stem cells134. The roles of donor versus recipient APCs and T cells in this process are 

reversed in solid organ transplantation, where the body rejects the grafted organ – unlike 

in allo-HSCT, where the graft essentially rejects the body96, 97. 

Several approaches have been developed to reduce T cell activation during 

allotransplants, including mTOR or calcineurin inhibitors, mycophenolate, kinase 
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inhibitors, and anti-CD28 antibodies6, 13, 135. Complete depletion of mature T cells from 

the graft has also been used, although this removes the benefits of the T cells for 

engraftment, prevention of infection, and removal of residual malignant cells136, 137, 138. 

Broadly immunosuppressive drugs such as cyclophosphamide can also suppress donor T 

cell responses to pathogens in addition to alloresponses139, 140. Following successful 

activation, the T cells will proliferate and differentiate into cytotoxic T cells, allowing for

specialization towards killing of target cells138.

The final stage of GVHD development involves migration of the T cells to 

peripheral tissues, release of cytotoxic mediators, and killing of target cells. Ideally, only 

residual malignant cells would be targeted, but because the T cells recognize non-self 

antigen rather than tumor antigens, healthy host cells are also targeted. Using a variety of 

chemokine receptors, T cells migrate through the secondary lymphoid organs (spleen and

lymph nodes) into peripheral tissues, especially the liver, small intestine, lungs, and skin1, 

2, 11, 12, 74. These sites are especially sensitive to damage by cytokines, and the damage 

inflicted upon them can lead to severe, life-threatening illness106, 107, 108, 109. After arrival in 

these sites, the T cells produce cytokines such as IFN-γ and TNF-α, as well as the 

cytotoxic mediators perforin and granzyme B. These mediators, as well as FasL/Fas 

interactions, cause apoptosis of the targeted cells19, 141. Damage to the gut and other 

mucosal tissues can also induce release of microbiota and their products (including LPS), 

amplifying the response13. This process eventually results in cytokine storm, where 
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massive release of inflammatory cytokines overwhelms the body and can result in organ 

failure or other severe problems79. 

At this stage of the process, treatment focuses on supportive therapy and symptom

relief. Corticosteroids have broad activity, so can be used to treat some symptoms by 

inducing T cell apoptosis, among other things. Cytokine inhibitors were also initially 

tried to reduce damage, but were largely unsuccessful13. One of the most prominent 

therapies currently under investigation is the infusion of regulatory T cells (Tregs) into 

the patient. These cells help to dampen the immune response, especially at target sites, 

and can reduce the response of alloactivated T cells6, 13, 98, 99. However, recent studies have

suggested that Tregs must be given early, possibly as prophylaxis, because their 

suppressive function is impaired if they are not present during priming of the 

alloactivated T cells13. It is thought that Tregs can suppress GVHD by impairing T cell 

migration and cytokine production, or by arresting maturing dendritic cells to 

functionally impair them13. 

The phenotype of the donor T cells being engrafted has a significant impact on the

resulting severity or likelihood of GVHD. CD4 T cells are known to cause more severe 

acute GVHD than CD8 T cells142, 143, 144 (this is opposite of the trend observed in chronic 

GVHD145). This is most likely because of production of IL-2 by CD4 T cells, leading to 

robust proliferation of alloreactive cells146. CD4 T cells can also provide help to 

alloreactive B cells, inducing production of alloantibody16, 127. Depletion of CD4 T cells 
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immediately after transplant improved GVHD outcomes in mice. This occurred by 

increasing IFN-γ and decreasing IL-2, which in turn increased the suppressive molecule 

PD-L1 in target organs. This dampened the alloresponse of CD8 T cells entering the 

organs, reducing damage147. This suggests that CD8 T cells may primarily drive damage, 

while CD4 T cells support proliferation of these cells and produce cytokines. 

Some studies report that bone marrow-derived T cells, if infused, do not cause 

lethal GVHD, while splenic T cells do148. Naïve T cells are known to cause more severe 

disease than other phenotypes, because they are capable of being activated to effector 

cells and causing damage right away149. Effector cells are the cells which primarily drive 

damage through their cytokine production capabilities3, 141, 146. Memory cells, on the other 

hand, are not known to cause severe GVHD5, 150, 151. This is in contrast to solid organ 

transplantation, where memory T cells can cause a vigorous response which leads to 

organ rejection126. Interestingly, memory T cells do sustain the GVT effect, despite the 

lack of disease5. Memory cells are also more likely to be exhausted or apoptotic in 

GVHD reactions, further reducing their capacity to do damage. T cells which are more 

activated, such as those expressing CD44 or CD122, are more capable of responding to 

alloantigen stimuli and producing cytokines. The metabolic state of the T cell also 

influences its ability to inflict damage8, 146, 149, 150, 151. Therefore, many unique opportunities 

exist to target T cell signaling and drive the mature donor cells to an optimal phenotype, 

preserving GVT while reducing GVHD. 
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IV. Graft-versus-Tumor Effect

The graft-versus-tumor (GVT) effect, also known as the graft-versus-leukemia 

(GVL) effect, is the response of allotransplanted T cells against malignant cells in the 

host’s body152, 153, 154. Initially, the patient is given radiation or chemotherapy treatment to 

try to eliminate the cancer cells and prepare for the transplant. However, not all cancers 

are fully responsive to these treatments, and residual cells can remain even in responsive 

tumors155. The tumor cells are derived from the patient’s cells, so they express self-HLA 

of the patient. The donor cells being transplanted will recognize these cancer cells as non-

self, regardless of the fact that they are tumor cells. Therefore, the GVT effect is a major 

benefit of allo-HSCT which cannot be derived from autologous (self) or HLA-matched 

transplants. The process of GVT is directly coupled with GVHD damage, because the 

same T cells which destroy residual malignant cells also damage healthy host tissues152, 

153, 154 (Figure 1.4). 

Hence, the goal of much of the research in this field is to uncouple these two 

processes. As described above in Cytokine Production, T cells can either directly or 

indirectly contribute to the GVT effect. The three major mechanisms for T cell killing are

Fas/FasL interactions, perforin/granzyme production, or cytokine production. CD8 T 

cells are considered cytotoxic T cells, and can directly kill tumor cells through Fas/FasL 

interactions with the target. These cells were originally thought to be the primary cells 

responsible for tumor killing, which does appear accurate for MHC-I/HLA-I-expressing 

tumors or MHC/HLA-lacking tumors3, 19, 141. 
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Figure 1.4: Steps involved in graft-versus-tumor (GVT) effects. To prepare the 

patient for allotransplantation, irradiation or chemotherapy drugs are given. These 

treatments are cytotoxic and damage the healthy host tissues, causing release of 

proinflammatory cytokines (Step 1). The host's APCs are activated by these cytokines,

and begin to present self-antigens released by damaged tissues (Step 2). Incoming 

mature donor T cells from the graft are activated by recognition of self-antigen 

presented by host APCs (Step 3). The donor T cells proliferate (Step 4) and become 

cytotoxic T cells. These T cells then encounter tumor cells in circulation or migrate to 

tumor sites (Step 5). Once tumor cells are detected, the donor T cells produce 

cytotoxic mediators, which kill the malignant cells (Step 6). Tumor killing occurs 

because these cells also express self-antigen of the host, which is recognized as foreign

by the alloactivated T cells, not because of any tumor-specific markers. 
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However, CD4 T cells can improve the antitumor capabilities of CD8 T cells. It 

has also been recently shown that CD4 T cells can recognize tumor antigen presented by 

MHC/HLA-II on tumor cells, allowing direct killing156. 

In the case of allo-HSCT, the tumor MHC/HLA antigens are recognized as non-

self, and depending on which class of molecule is presented, either CD4 or CD8 T cells 

can perform killing. Fas/FasL interactions have been shown to be important in some, but 

not all CD4 T cell-driven antitumor responses156. Generally, CD4 and CD8 T cells can 

also produce cytokines or other cytotoxic mediators which affect the target cell, such as 

IFN-γ, TNF-α, perforin, and granzymes. Although these molecules do not all directly kill 

the target cell, they can disrupt functioning of the target cell and lead to its demise3, 19, 141. 

The T cells are induced to release these factors by interaction with an APC which is 

presenting antigen that is recognized by the T cell96. It has also been posited that 

“cytotoxic” macrophages may exist, which can produce cytotoxic mediators after 

activation by binding of a CD4 T cell. This theory has been suggested to explain the 

observed action of tumor killing in the presence of CD4 T cells despite lack of 

MHC/HLA-II on the tumor cells156. 

Some mediators are used more commonly by one T cell subset than the other. 

Based on a large amount of studies under different circumstances, certain molecules seem

to be used mostly by traditional CD8 cytotoxic T cells, and some by CD4 T cells. For 

example, perforin may be used almost exclusively by CD8 T cells. Granzyme B and Fas/
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FasL pathways are used by CD8 T cells, and some evidence shows they may be used by 

CD4 T cells, although they do not appear to be required. IFN-γ and TNF-α are 

multipurpose cytokines which are used by both subsets, not only for antitumor cytotoxic 

function but also for other immune purposes. Recently, evidence has surfaced that 

TRAIL (TNF-related apoptosis inducing ligand) may be important in T cell antitumor 

cytotoxicity as well. Although mainly considered an NK cell antitumor factor, T cells 

lacking TRAIL did not achieve optimal GVT effects. It is currently unknown which T 

cells may use or require TRAIL activity141.

Antitumor effects, both GVT and canonical, involve both CD4 and CD8 T cells to

some degree, as well as a large variety of inflammatory mediators. CD8 T cells are still 

considered to be intrinsically cytotoxic, and are the primary cells responsible for tumor 

killing when present in a GVHD/GVT context. These CD8 T cells expand vigorously, 

and also become cytotoxic against healthy tissues in GVHD models. Although there is a 

role for CD4 T cells in both GVHD and GVT, these cells are not typically observed in 

antitumor responses unless CD8 T cells are not present in the model141, 152. Therefore, for 

the purposes of this project, I will be focusing on the role of CD8 T cell cytotoxicity in 

contributing to the GVT effect. 

It is important to note that although alloactivated T cells perform all of the major 

functions mentioned (proliferation, cytokine/mediator production, migration, survival, 

exhaustion) during both GVHD and GVT responses, these functions are not equally 
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important in both responses. For example, differentiation into an effector cytotoxic state 

is very important for both GVHD and GVT effects, because the T cells must be capable 

of responding to the alloantigen. In contrast, proliferation, migration to target organs, cell

survival, and exhaustion of the donor T cells are much more important during GVHD 

than GVT. T cells that enter with the graft may be enough to eliminate residual malignant

cells without expanding much, and if the malignant cells are circulating, then moving to a

specific tumor site is not required. If the tumor cells can be cleared quickly, then 

functional exhaustion or cell survival are less important for GVT than for persistent 

GVHD. While GVHD damage is primarily mediated by cytokines, GVT effects are 

mostly driven by cytotoxic mediators, although some cancers may require cytokine 

production for clearance1, 3, 8, 11, 12, 13, 138, 141, 146, 152, 153, 154. Overall, the functions of 

alloactivated T cells have different levels of impact on GVHD versus GVT effects, which

provides an opportunity on its own to separate these processes through functional 

modulation (Figure 1.5).  
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Figure 1.5: Contribution of T cell functions to GVHD versus GVT. Not all T cell 

functions are equally important for GVHD and GVT effects. Some functions are more 

important for GVHD, such as proliferation, migration, survival, and exhaustion of donor 

T cells. Cytokine production is primarily important for GVHD, but may or may not be 

important for GVT effects, depending on the cancer type. Differentiation into a cytotoxic 

T cell is important for both GVHD and GVT. Cytotoxic mediator production is most 

important for GVT, where direct killing of target cells must occur, whereas in GVHD, 

damage primarily results from cytokines. 
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V. Murine Models of GVHD and GVT 

Graft-versus-host disease (GVHD) can be either acute or chronic. While acute 

GVHD manifests a short time after transplant, chronic GVHD manifests later on. In 

addition, the mechanisms between these two processes are different, even though they 

both manifest as damage to healthy host tissues 132, 157. The projects described in this 

dissertation focus on acute GVHD (aGVHD), which is primarily the result of alloantigen 

detection and attack of host tissues by transplanted donor T cells. There are four major 

types of mouse models of aGVHD: MHC-mismatched models, miHA-mismatched 

models, xenogeneic transplant models, and antigen-specific transgenic TCR models2, 158.

a. MHC-mismatched models

MHC (major histocompatibility complex) is a molecule found in mice which 

binds to peptides to present them to the T cell receptor (TCR). The MHC locus has two 

major classes (I and II), coded for by multiple genes and allelic variants. In humans, this 

molecule is known as human leukocyte antigen (HLA). This diversity in MHC/HLA 

molecules means that a donor may not have the same allelic variant of the molecule as 

the host/patient. This is the basis of the MHC-mismatched models, where donor cells are 

intentionally taken from a mouse strain with an MHC allele that is different from the 

recipient. This produces a major mismatch, causing characteristic acute GVHD. Some 

models have both class I and class II MHC mismatched, while others may only have a 

mismatch for one class. These MHC-mismatched models typically include lethal 

irradiation as conditioning before the transplant, which destroys the immune system of 
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the recipient mouse. Both CD4 and CD8 T cells contribute to GVHD and can be 

investigated in these models. Given the high degree of mismatch, these transplants are 

rapidly lethal and generally produce severe symptoms within days to weeks2, 158. 

An example of this type of model is transplanting C57Bl/6 (H2Kb allele) cells to 

Balb/c (H2Kd allele) mice2. This is the transplant model used in this dissertation 

(discussed further below). The advantage of this model is that major MHC mismatch 

produces clear disease, while its disadvantage is that high dose irradiation is required to 

perform the transplant. Another version of the MHC-mismatched model is the “parent-to-

F1” model, where two homozygous parent strains with different MHC variants are bred 

to create hybrid offspring (generation F1). These offspring are then transplanted with 

cells from one of the parent strains, which creates a major mismatch due to the presence 

of the other parent’s MHC allele in the hybrid offspring. This model can be used without 

irradiation to mimic non-myeloablative or reduced conditioning intensity transplants in 

humans. However, some of these transplants result in cGVHD instead of aGVHD2, 157, 159. 

b. miHA-mismatched models

These models more closely recapitulate human HSCT, because HLA major-

mismatch transplants are very rarely performed in humans. At this point, major 

mismatches are easily detectable, and testing for these antigens is routine in donor 

matching practices, although practical considerations may prevent optimal matching160. 

However, there are a variety of minor histocompatibility antigens (miHAs) which can 
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cause a graft to be slowly rejected, with less severe presentation of symptoms. These 

models involve transplanting MHC-matched cells from a donor strain with different 

miHAs than the recipient. A common example is injecting cells from a B10.D2 mouse 

(H2Kd) to a Balb/c mouse (H2Kd). The aGVHD developed in this model follows the 

same process as in MHC-mismatched transplants, but is primarily driven by CD4 T cells. 

However, some models do depend on CD8 T cells2. While this model more closely 

represents human transplants, it can be disadvantageous for study because symptoms may

be less severe or slower to arise, making them more difficult to observe and measure8, 9, 

161, 162. 

c. Xenogeneic transplant models

Xenogeneic transplants involve injecting cells from a different species, such as 

putting human immune cells into mice. This produces a robust response to the xenograft 

unless the mice are severely immunosuppressed. Original models attempted to use NOD/

SCID mice, which lack all B and T cells but still produce NK cells. These transplants 

only saw a success rate of about 1 to 20 percent due to NK cell rejection of the graft in 

response to the xenoantigen2, 163. Better engraftment occurred in mice lacking RAG2 and 

IL-2-receptor-gamma, which renders the mice deficient in T, B, and NK cells164. 

NOD/SCID mice which lack β2-microglobulin (part of the MHC class I molecule) also 

had significantly better transplant success76. The best success so far has come from 

crossing NOD/SCID mice with those lacking IL-2-receptor-gamma, resulting in mice 
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(called NSG mice) that lack T, B, and NK cells, and also have reduced dendritic cell and 

macrophage function165. 

This model closely mimics aGVHD in humans, with death occurring within 20-50

days, and T cell migration to target tissues occurring (including liver, kidneys, skin, 

lungs, and small intestine)2. To make this model work, human APCs must also be given, 

because recognition of xenogeneic TCR by MHC/HLA does not occur. Mouse antigens 

must be processed by human APCs and presented on human HLA molecules to human 

TCRs, a process which must occur using class II HLA. Therefore, this model is primarily 

CD4-driven166. The advantage of this model is that human cells can be investigated in an 

in vivo context, which is most similar to HSCT in a human patient. However, the 

recipient mice used for these transplants are highly susceptible to infections (due to lack 

of immune cells) prior to and during transplant2, so the cost and difficulty in maintaining 

these mice may be prohibitive, and infections could complicate results.   

d. Antigen-specific transgenic TCR models

In this model, donor T cells are taken from mouse strains with TCRs that are 

specific to a known antigen. Typically, the specific antigen is one derived from the host 

MHC, producing an allograft reaction2, 167. This type of model helps to identify which 

antigens are critical for the GVHD response, something that miHA- or MHC-mismatch 

models cannot do2. Examples of this model are use of T cells from OT-II mice or H-Y 

mice. A major disadvantage of these models is that the antigen of interest must be 
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specified, and choosing a single antigenic peptide to study is very difficult. The antigens 

involved in GVHD are highly diverse and poorly studied, and examining one at a time 

represents a major undertaking. This model is primarily useful in studying previously 

identified antigens which are known to have strong effects, such as those derived from 

MHC2, 167.

e. Model used in current studies

For the studies described in this dissertation, an MHC major-mismatch mouse 

model was used. Donor T cells were derived from C57Bl/6 background mice (H2Kb), 

and recipient Balb/c mice were used (H2Kd). Both MHC classes are mismatched in this 

model. Mature donor T cells were obtained from spleen of WT mice or mice with T cell-

specific deletion of TCF-1 (TCF cKO, described in depth later). Bone marrow was 

obtained from femur and tibia of Balb/c mice, then T cell-depleted to remove mature 

Balb/c T cells. Bone marrow and donor T cells were then mixed and injected via the tail 

vein into lethally irradiated Balb/c mice168, 169. All donors and recipients used were 

female, to avoid contribution of the male antigen to alloresponses, a potential 

confounding factor95. Additionally, male Balb/c mice have a high tendency to fight 

(especially when ill), resulting in wounds that may complicate assessment of skin and fur 

damage170, 171. 

To study GVT effects, B cell acute lymphoblastic leukemia cells (B-ALL) were 

also injected with the graft. These B-ALL cells express luciferase, so that injection of the 
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substrate D-luciferin into recipient mice allows visual tracking of tumor cells via 

bioluminescence. This model allows all of the major T cell functions, as well as GVT 

effects, GVHD severity, and gene expression, to be assessed in one model. These 

outcomes can be examined simultaneously in the same mice (such as GVHD and GVT 

together), helping to increase efficiency of the model and eliminate unnecessary use of 

animals or materials. This model also closely mimics human disease, as described above, 

so this model is very useful for examining genetic or pharmacological manipulation of T 

cell factors and signaling during GVHD and GVT168, 169, 172, 173 (Figure 1.6).
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Figure 1.6: Mouse model of allo-HSCT used in this dissertation. An MHC-

mismatched mouse model of allo-HSCT is used in this dissertation to study alloactivated 

T cells. T cell-depleted bone marrow is obtained from femur and tibia of Balb/c donors. 

This bone marrow is mixed with T cells obtained from spleens of WT or TCF cKO donor

mice. This graft mixture is injected via the tail vein into lethally irradiated Balb/c 

recipient mice. When GVT effects are being examined, luciferase-expressing B-ALL 

tumor cells are also injected with the graft. Following transplantation, a variety of 

outcomes can be assessed, including: GVHD severity/damage/symptoms, GVT effects, 

gene expression, and T cell function (proliferation, cytokine/cytotoxic mediator 

production, migration, and survival).  
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VI. Graft-versus-Tumor (GVT) models

GVT models require induction of GVHD by allo-transplantation, with tumor cells

injected before, during, or after transplant. To induce GVHD, some models use MHC-

mismatch, some use miHA mismatch, and some use single-class MHC-mismatch (only 

class I or class II MHC is mismatched). These models are described in detail above2, 158, 

159. A common MHC-mismatched model is FVB to B6 mice. An example of an miHA 

mismatch model is C3H.SW to B6 mice (using CD8 T cells), or B6 to Balb.B mice 

(using CD4 T cells). Finally, an example of a single-class mismatch model is B6 to B6bm1 

mice (class I mismatch) or to B6bm12 (class II mismatch)2, 158. Either CD4 or CD8 T cells 

can be used to induce GVHD, and either subset can also be used to provoke a GVT 

response158. However, CD4 T cells typically provide an indirect response through B cell 

help and cytokine production, while CD8 cytotoxic T cells can directly kill tumor cells. 

In the case of an MHC-II-expressing tumor, CD4 T cells can also directly kill tumor 

cells, but MHC-I expression is much more likely for tumors156, 174. Therefore, many GVT 

models use CD8 T cells to observe direct responses against tumor cells. A variety of 

tumor cell lines are used in these models, but in any model the tumor cells must be 

syngeneic to the host, to avoid natural immunity against non-self antigens detected on the

tumor cells158.  

The results seen in these models with regard to speed and effectiveness of killing, 

tumor burden, or treatment survival vary greatly between models. These outcomes also 

depend on the HSCT protocol used to produce GVHD152, 153, 154. In addition, immune 
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responses detected in immunocompetent, inbred, and sterile lab mice do not entirely 

recapitulate responses seen in immunocompromised, “outbred” humans undergoing 

transplantation. This is one disadvantage of using a mouse model to study GVT effects, 

but the information available from these models is enough to justify their use, despite 

some problems. Another possible issue with using these models is the fact that tumor cell 

lines can change or mutate, altering results in possibly unexpected ways. It is beneficial 

to check tumor cell lines periodically to ensure they are still behaving as expected and 

have not obtained mutations which could alter tumor responses2, 152, 153, 154, 158. 

Although these mouse models have some disadvantages, they provide a much 

more comprehensive view of the GVT effect than in vitro models of antitumor responses 

can. Mouse models allow the researcher to look at all major T cell functions (migration, 

proliferation, cytotoxicity, cytokine production) in the same environment, at the same 

time. These processes work in concert in the body, and are not separated temporally or 

spatially. In addition, having tumor cells present while the mouse experiences a GVHD 

reaction helps to understand which functions take priority when resources are limited. 

These experiments are efficient, as they provide a way of tracking both GVHD and GVT 

in the same experiment, reducing mouse numbers and time needed for the study, and 

enabling correlational inferences. These models are also amenable to gene changes to 

allow study of specific genes and the role they play in both processes2, 152, 158. 
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One recent advance in GVT mouse modeling has also improved the efficiency of 

these experiments - bioluminescent imaging. By using tumor cells expressing the 

luciferase enzyme, tumor growth can be tracked by simply injecting recipient mice with 

D-luciferin (the substrate of luciferase) at desired time points. This does not harm the 

mice, and the reaction between enzyme and substrate produces bioluminescence with a 

peak approximately 10-20 minutes after injection175. The mice are then placed in an 

imaging chamber under anesthesia, scanned for bioluminescence, and photographed with 

a normal camera. This produces an image of the tumor size and number, and also allows 

anatomical location of the tumor within the body. Both 2D and 3D imaging capabilities 

are now available for this technique. This method allows the same recipient mice to be 

tracked over time, eliminating the need for large numbers of mice to be sacrificed at each 

time point. Instead, tumor progression can be tracked over time in the same mice, even as

they develop GVHD176. With the use of this technique, the information gleaned from 

mouse models can be valuable even if it only provides leads to examine in human 

subjects.

VII. T Cell Factor-1 (TCF-1) and Wnt Signaling

a. Wnt signaling pathway

The Wnt signaling pathway is critical in many aspects of T cell development, 

maturation, and function. This pathway involves Wnt ligand proteins, Frizzled (Fzd) or 

non-Frizzled receptors, co-receptors, and downstream effector proteins such as TCF-1 

and β-catenin. The Wnt ligands are secreted glycoproteins with lipid modifications, and 
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they function in many roles including survival of cancer and immune cells, immune 

tolerance, migration of cells, and maintenance of stem cells. Disruption or alterations of 

the Wnt pathway can lead to serious defects in development or even cancer. Some Wnt 

ligands are able to transform cells morphologically, while others do this less often or not 

at all177, 178, 179, 180. Thus, the Wnt pathway has long been a target of interest for developing 

immune and tumor therapies, but developmental effects make this option difficult178. 

The Wnt signaling pathway is divided into two different signaling mechanisms, 

because there are many different Wnt ligands which bind to a variety of diverse 

receptors. Wnt signaling can be β-catenin-dependent (canonical) or β-catenin-

independent (noncanonical). In canonical Wnt signaling, a Wnt ligand interacts with a 

Frizzled receptor and LRP5/6. The LRP receptor is a transmembrane protein, allowing 

intracellular signaling transduction. Binding of Wnt ligand (Wnt) causes LRP to become 

phosphorylated by GSK3β and CK1, which in turn recruits Dishevelled (Dsh) in the 

cytoplasm to the membrane. This allows the Fzd/LRP complex to interact with Dsh, and 

Axin is recruited to the LRP/GSK3β/CK1 complex. Free β-catenin is able to enter the 

nucleus, bind to TCF/LEF transcription factors, and target genes are able to be 

transcribed177, 178, 179, 180. 

If Wnt ligands are not present, then Axin/GSK3β/CK1 and APC combine in the 

cytoplasm to form the β-catenin destruction complex. This complex induces destruction 

of free β-catenin by the proteasome, preventing it from entering the nucleus. In the 
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absence of β-catenin, TCF/LEF factors are bound by TLE/Groucho factors, forming a 

repressive complex. Target gene transcription is prevented. This mechanism ensures that 

transcription occurs only when Wnt ligands are present177, 178, 179, 180 (Figure 1.7). 

In noncanonical Wnt signaling, β-catenin is not involved in the signaling process. 

Instead, molecules such as PCP, RTK, or calcium are involved in signaling cascades 

through Fzd or non-Fzd receptors. Binding of Wnt ligands to the receptors results in 

downstream cascades activating GTPases, kinases, NFAT, PLC, PKC, DAG, IP3, and 

calcineurin, depending on which pathways are activated. These pathways bypass the 

suppression of transcription that requires β-catenin binding for repression to be removed, 

instead directly stimulating the required pathways121, 122. 

b. Research on TCF-1

T Cell Factor-1 (TCF-1) is one of the transcription factors involved in the β-

catenin-dependent pathway of Wnt signaling. Although TCF-1 is primarily expressed in 

T cells, it has also been found in NK cells. Binding of β-catenin to TCF-1 allows for 

transcription of Wnt target genes178. Therefore, it is unsurprising that global loss of TCF-

1 in mice results in a near complete failure of T cell development in the thymus, and 

those T cells that do exit are severely defective119, 181, 182. 

50



Figure 1.7: The canonical Wnt signaling pathway and TCF-1. The Wnt signaling 

pathway relies on binding of Wnt ligands to LRP and Frizzled to activate signaling. This 

binding leads Dishevelled to inhibit the β-catenin degradation complex (GSK-3β, CKIα, 

Axin, and APC). β-catenin is therefore free to enter the nucleus and bind with TCF-1 or 

LEF-1, activating downstream transcription of target genes. If Wnt ligands are not bound 

to LRP and Frizzled, then β-catenin is degraded after interacting with the degradation 

complex. Without binding of β-catenin, repressors such as Groucho bind to TCF-1 and 

LEF-1, and they cannot activate target gene transcription. 
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The role of TCF-1 in very early thymocytes changes depending on the particular 

stage of development. Global deletion of TCF-1 or conditional deletion with Vav-cre led 

to T cell lymphoma, because loss of TCF-1 at the hematopoietic stem cell (HSC) stage 

caused improper expression of regulators and proto-oncogenes. However, deletion of 

TCF-1 at the DN2-3 (with Lck-cre) or DP stages (with CD4cre) did not produce 

lymphoma, suggesting that loss of TCF-1 during development has different effects 

depending on the timing of deletion118. Our model uses CD4cre to delete TCF-1 at the DP

phase, allowing production of mature T cells that can exit the thymus, with some 

reduction in CD4 T cell numbers117 (Figure 1.8). 

Most of the research done on TCF-1 has involved a global knockout to study T 

cell development in the thymus, as TCF-1 is important in the DN1, DN2, and DN4 stages

of thymocyte development182. However, some research has recently focused on the role of

TCF-1 in functions such as proliferation or response to viral infections. Loss of TCF-1 

was shown to cause defects in central memory formation during viral infection, because 

the T cells could not properly expand to respond during infection181. TCF-1 deficiency 

also resulted in decreased proliferation of T cells during infection73. In normal mice, T 

cells which expressed high levels of TCF-1 had higher rates of proliferation. They also 

differentiated into cytotoxic CD8 T cells more frequently42. These data suggest that TCF-

1 is critical for T cell proliferation, but does not address the loss of TCF-1 specifically in 

T cells or during alloactivation. 
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Figure 1.8: Global TCF-1 knockout versus conditional TCF-1 knockout models. 

Previous research has focused extensively on the role of TCF-1 in developing 

thymocytes, because TCF-1 is critical for the DN stages of development in the thymus. 

On top, a global TCF-1 knockout is shown, with deletion of TCF-1 in all cells. This 

deletion nearly eliminates production of DP and SP thymocytes, meaning that very few 

mature T cells are produced. This model is insufficient for study of mature T cells lacking

TCF-1, because a very small number of aberrant mature T cells are produced. On bottom,

a conditional TCF-1 deletion specifically in T cells is shown. TCF-1 is deleted by 

CD4cre during the DP phase, leaving TCF-1 intact during the critical DN phases. This 

allows for normal production of mature T cells which lack expression of TCF-1. The 
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Figure 1.8: Global TCF-1 knockout versus conditional TCF-1 knockout models 

(continued).

number of CD4 T cells is reduced in this model, but adequate production of mature T 

cells still occurs for experimental purposes. This model allows us to study the impact of 

TCF-1 deficiency in mature T cells. 
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TCF-1 may also play a role in T cell migration, but this has not yet been well 

studied. One group showed that “stem-like” CD8 T cells expressing both PD-1 and TCF-

1 had higher expression of chemokine receptors, suggesting that they would respond 

more strongly to chemokines41. However, this does not directly address whether TCF-1 

impacts T cell migration. Regarding cytokine production, the role of TCF-1 is equally 

uncertain. However, the literature suggests that TCF-1 controls Eomes, which in turn 

affects expression of perforin and granzyme B, two major cytotoxic mediators of T 

cells73. In addition, some reports suggested that T-bet may be repressed by TCF-1121, 122. If

T-bet is affected by TCF-1, then IFN-γ, perforin, and granzymes (which are controlled in 

part by T-bet) may also be affected34, 123, 124. However, all of the research mentioned above

was done in mature T cells at baseline or in viral infection, but not during alloactivation. 

c. Relationship to Eomes and T-bet

The transcription factors Eomes and T-bet have also been studied for potential 

connections to TCF-1, which is upstream of them. Previous research suggested that TCF-

1 normally activates Eomes expression, because loss of TCF-1 was found to suppress 

Eomes expression73. In addition, TCF-1 was thought to possibly repress T-bet, although 

some reports claimed no effect on T-bet121, 122, 183. However, the work discussed in this 

dissertation will show that both Eomes and T-bet are normally suppressed by TCF-1, 

with loss of TCF-1 resulting in increased expression of these downstream factors. This 

distinction has major implications for the changes expected in T cell function due to 

alteration of TCF-1, which is the focus of this research project.
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VIII. General Dissertation Aims and Project Relationships

a. General Research Question

While TCF-1 has been studied in the context of thymocyte development and 

canonical activation, to our knowledge no work has examined TCF-1 in the context of 

alloactivation. TCF-1 is important as a developmental factor and in viral infection, but 

also controls Eomes and possibly T-bet, both of which are known to impact GVHD and 

GVT168, 184, 185. Therefore, we hypothesized that TCF-1 would act as a major regulatory 

transcription factor in T cells during alloactivation. The increased strength of T cell 

responses seen in GVHD/GVT contexts compared to infection contexts suggested that 

the role of TCF-1 would be even greater in alloactivation than in canonical activation. 

The major goals of this research project were to: 

1)  Determine whether and how TCF-1 controls the phenotype or suppressive profile of 

mature T cells before and during alloactivation

2) Identify which major T cell functions (if any) are controlled or contributed to by TCF-

1 during alloactivation

3) Determine whether loss of TCF-1 in donor T cells affects GVHD and GVT outcomes, 

and what targets become available from this modulation to separate GVHD and GVT

56



4) Understand whether TCF-1 is part of the regulatory network of alloactivated T cells, 

and if so, how it controls gene expression programs in these cells

b. Structure of Dissertation

To achieve these goals, my work was divided into two main projects, discussed in

Chapters II and III. Chapter II examines the role of TCF-1 specifically in GVHD and 

GVT, while Chapter III deals with the phenotypic changes to Treg cell subsets seen 

after loss of TCF-1. While the GVHD project examines the clinically-oriented and 

translational effects of T cell-specific TCF-1 deficiency, the Treg project follows up on 

the alterations to Treg subsets caused by TCF-1 deficiency (specifically a noncanonical 

subset of Tregs). Both projects contribute to the overall understanding of my findings that

TCF-1 regulates mature and alloactivated T cells, and loss of TCF-1 reduces GVHD 

while improving GVT, separating these effects in a clinically relevant way. 

Chapter II 

The specific aims for the GVHD project were to:

1) Determine whether and how loss of TCF-1 impacts mature T cell phenotypes and 

major functions during alloactivation

2) Understand whether and how TCF-1 contributes to T cell gene expression programs 

before and during alloactivation
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3) Investigate whether and how loss of TCF-1 alters GVHD and GVT outcomes after 

MHC-mismatched bone marrow transplantation

Chapter III

The specific aims for the Treg project were to:

1) Determine whether TCF-1 deficiency impacts Treg cell frequencies (canonical and 

noncanonical)

2) Determine the tissue localization of Tregs in WT mice and mice with conditional 

deletion of TCF-1

3) Determine the cell-intrinsic or -extrinsic nature of any changes to Treg populations

4) Identify whether aberrant FOXP3 expression in TCF-deficient mice drives expansion 

of Treg populations

The work performed to complete these two projects combines to form a 

comprehensive picture of the role of TCF-1 in controlling various T cell subset responses 

during alloactivation. Data included in Chapters II and III have been previously 

submitted for consideration as manuscripts, and the proper citations to pre-prints are 
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provided for each chapter. Links to final published versions will be available at the pre-

print server when the manuscripts are accepted. 

Chapter IV provides an extensive literature review that will be submitted for 

publication, highlighting the current research on the role of various transcription factors 

in T cells during alloactivation (specifically GVHD and GVT). This review puts my work

on TCF-1 into the broader context of the field. It also highlights the lack of knowledge on

how the involved transcription factors form a regulatory network during alloactivation, a 

gap which my research sought to help fill with regard to TCF-1. 

Chapter V provides a comprehensive discussion of both of the major research 

projects performed and documented in this dissertation, how this work fits into the field 

of T cell modulation in alloactivation, and what knowledge has been gleaned with regard 

to the role of TCF-1 in mature alloactivated T cells. Limitations of the study and future 

directions are also discussed.  

The Appendices provide four additional manuscripts that I am an author on. 

Appendix A is a version of a recently published manuscript with myself and Mahinbanu 

Mammadli (postdoctoral fellow, Karimi Lab) as co-first authors. This manuscript 

addresses the role of overexpression of β-catenin in GVHD and GVT outcomes, as well 

as in T cell function, phenotype, and gene expression. Appendix B is another co-first 

author manuscript (myself and Mahin Mammadli) being submitted for publication. This 
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manuscript investigated whether WT and ITK KO-derived canonical and noncanonical 

Tregs can ameliorate GVHD damage by suppressing effector T cells. Appendix C is a 

previously published manuscript on how ITK modulation in T cells by genetic methods 

affects T cell phenotype, function, gene expression, and GVHD/GVT outcomes. Finally, 

Appendix D is a previously published manuscript on use of a novel specific inhibitor 

peptide which targets ITK/SLP76 interactions to modulate T cells during alloactivation. 

This peptide inhibitor was developed by our lab in collaboration with others, and can 

affect T cell phenotype, function, and GVHD/GVT outcomes. This manuscript also 

addressed genetic disruption of SLP76/ITK interactions, providing the basis for 

development of the novel inhibitor peptide. All appropriate permissions have been 

received from publishers for material found in Appendices A, C, and D. 

Together, these chapters and appendices form a complete record of my research 

accomplishments, and provide a significant contribution towards understanding how 

TCF-1 regulates mature and alloactivated T cells in the context of GVHD and GVT. 
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CHAPTER II: 
Loss of TCF-1 Maintains GVT Effects Yet Reduces GVHD Severity and

Persistence

Material from this chapter has been submitted to journals for review as two manuscripts,
available here:

Rebecca Harris, Mahinbanu Mammadli, Adriana May, Qi Yang, Ivan Ting Hin Fung,
Jyoti Misra Sen, Mobin Karimi. TCF-1 in CD8 T cells separates GVHD from GVL.

bioRxiv 2021.03.22.436494; doi: https://doi.org/10.1101/2021.03.22.436494

AND

Rebecca Harris, Mahinbanu Mammadli, Adriana May, Qi Yang, Ivan Ting Hin Fung,
Jyoti Misra Sen, Mobin Karimi. TCF-1 in CD4 T cells regulates GVHD severity and

persistence. bioRxiv 2021.03.22.436492; doi: https://doi.org/10.1101/2021.03.22.436492

Final published versions will be available through the BioRxiv pages above when the
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CHAPTER II: Loss of TCF-1 Maintains GVT Yet Reduces GVHD Severity and
Persistence

Introduction

Background

Allo-HSCT is an important curative therapy for hematological malignancies, but 

the development of graft-versus-host-disease (GVHD) limits its usefulness1, 2. The same 

mature T cells which destroy residual malignant cells also mediate GVHD, necessitating 

ways to separate these parallel processes for optimal outcomes1, 3. The goal of this project 

was to identify the role of TCF-1 in these processes, as well as to determine if loss of 

TCF-1 in T cells could separate GVHD from GVT effects. The specific aims to address 

were: to determine how TCF-1 controls mature and alloactivated T cell phenotype, 

identify which T cell functions TCF-1 plays a role in during alloactivation, find new 

targets in the gene regulatory network for therapies, and improve understanding of 

regulation of mature alloactivated T cells. We hypothesized that TCF-1 would reduce 

GVHD while improving GVT effects, due to reduced proliferation and migration of T 

cells, with increased activation and production of cytotoxic mediators. 

CXCR5 Driven-Disease

Even minor changes to T cell signaling or phenotype can have significant 

downstream consequences which impact functioning of the T cell. During an immune 

response, these small changes can affect seemingly unrelated parts of the T cell response. 

A recent example of this is the discovery of a T follicular helper (Tfh)-like subset of CD8

T cells which express CXCR54, 5, 6, 7, 8. This is a major T cell chemokine receptor involved 
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in migration, and is primarily considered a CD4 Tfh cell lineage marker, because these 

are the main cells to express CXCR5. Tfh cells need to migrate into germinal centers to 

help B cells, requiring chemokine receptors. CXCR5 and its ligand CXCL13 attract cells 

into the T-cell/B-cell border and germinal centers within lymph nodes. Therefore, the 

primary role of CXCR5 on Tfh cells is to attract them to sites of B cell contact9. As CD8 

T cells do not perform this function in GCs, it was surprising that CXCR5 expression 

made a major difference in the functioning of these Tfh-like CD8 T cells. 

CXCR5+ CD8 T cells were first described in situations of chronic antigen 

exposure during infection, such as with LCMV4, 5, 8, or immunization where the antigen 

persists long-term6. These cells have not been described during acute infections, 

suggesting that they arise due to chronic stimulation by antigen. These cells express other

Tfh markers such as ICOS and Bcl6, and have lower levels of inhibitory markers such as 

2B4 and LAG-310. This suggests that CXCR5+ CD8 T cells are less exhausted than 

normal T cells, and are therefore more capable of responding to chronically circulating 

antigen. These unique cells also act as self-renewing precursors which maintain the pool 

of exhausted CD8 T cells during immune responses to chronic antigen. These CXCR5+ 

cells also express lower levels of perforin and granzymes, yet retain their cytotoxic 

abilities4, 5, 6, 7, 8, 10. 

In addition, TCF-1 was identified as a critical transcription factor for these cells, 

as Tcf7 (the gene for TCF-1) was selectively upregulated in CXCR5+ CD8 T cells. 
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Removal of TCF-1 in mature CD8 T cells showed an intrinsic requirement for the factor 

in developing CXCR5+ CD8 T cells and for maintaining the pool of exhausted CD8 cells

during viral infections11. Due to increased expression of PD-1, CXCR5+ CD8 T cells 

respond better to PD-1 blockade therapies12, 13. These cells are enriched in the B cell 

follicles and T cell zones of the secondary lymphoid organs. Studies have suggested that 

these cells are more effective at controlling viral infection, most likely due to increased 

proliferation upon transfer to an infected host. Therefore, these cells appear to provide 

benefit to the host in a chronic immune response7, 11. 

Given that allo-HSCT results in chronic alloantigen exposure (donor T cells 

recognize the patient’s body as non-self)1, 3, 14, I hypothesized that CXCR5+ CD8 T cells 

are also present and important in this context. I theorized that these cells drive ongoing 

GVHD damage, which persists over time until death (in mice) or until 

immunosuppressive therapy achieves significant suppression (in humans)1, 3. I proposed 

that in a wild-type recipient mouse, an initial wave of T cells migrates through the 

secondary lymphoid organs (SLOs) and arrives at the peripheral tissues, where they cause

damage to healthy tissues. This initial group of cells consists of effector cells, most of 

which will die quickly15. Some cells will produce or become memory cells, allowing 

them to persist, but the majority will perish15, 16. The presence of CXCR5+ CD8 T cells 

remaining in the SLOs provides a source for a new pool of cells capable of migrating out,

because these cells can self-renew7, 11. As this new pool of cells is generated, they migrate

in waves or continuously into the peripheral tissues, sustaining the damage seen in 
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GVHD. The cells generated in this way may be CXCR5-, because other chemokine 

receptors are responsible for peripheral migration9. In addition to addressing the role of 

TCF-1 in alloactivated T cells, this dissertation will also provide evidence that CXCR5+ 

CD8 T cells may contribute to persistent GVHD damage in peripheral tissues, and that 

loss of TCF-1 may reduce this effect with beneficial results.
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Materials and Methods:
Mouse Models. For transplant, the following female donor mice were used: B6-Ly5.1 

(CD45.1+, “WT” or B6.SJL-Ptprca Pepcb/BoyCrl, 494 from Charles River), C57Bl/6J 

(CD45.2+, “WT”, 000664 from Jackson Laboratories), Tcf7 flox x CD4cre (referred to 

here as “TCF cKO”, obtained from Dr. Jyoti Misra Sen at NIH by permission of Dr. 

Howard Xue17, and bred in-house), or CD4cre (022071 from Jackson Laboratories, bred 

in-house). Eomes flox/flox (017293), and T-bet flox/flox (022741) mice were purchased 

from Jackson Laboratories. CD4cre mice were bred in our facilities with Eomes or T-bet 

flox mice to produce Eomes cKO or T-bet cKO mice, respectively. Donor mice were age-

matched to each other and to recipients as closely as possible. BALB/c female mice 

(CR:028 from Charles River, age 8 weeks or older) were used as recipient mice for 

transplant experiments, and Thy1.1 mice (B6.PL-Thy1a/CyJ, 000406 from Jackson Labs)

were used as recipient mice for chimera experiments.

DNA Extraction and PCR. Donor mice were genotyped using PCR on DNA extracted 

from ear punches. At 4 weeks of age mice were ear punched, and DNA was extracted 

using the Accustart II Mouse Genotyping kit (95135-500 from Quanta Biosciences). 

Standard PCR reaction conditions and primer sequences from Jackson Laboratories were 

used for Eomes, T-bet, and CD4cre. For Tcf7, primer sequences and reaction conditions 

were obtained from Dr. Jyoti Misra Sen of NIH. See Table 2.1 below for primers.
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Table 2.1: PCR Primers Used for Genotyping.
Gene Primer Type Primer Sequence
Eomes Forward AGACAGTTTTTGGAGCCAGATG
Eomes Reverse CCTCTTTGGGTCCCTGTCTC
T-bet Forward AGTCCCCCTGGAAGAACACT
T-bet Reverse TGAAGGACAGGAATGGGAAC

CD4cre Forward common GTTCTTTGTATATATTGAATGTTAGCC
CD4cre WT reverse TATGCTCTAAGGACAAGAATTGACA
CD4cre Mutant reverse CTTTGCAGAGGGCTAACAGC

Tcf7 Forward AGCTGAGCCCCTGTTGTAGA
Tcf7 Reverse 1 TTCTTTGACCCCTGACTTGG
Tcf7 Reverse 2 CAACGAGCTGGGTAGAGGAG

Allotransplant and Tumor Models. BALB/c recipient mice were irradiated with two 

doses of 400 cGy (200 seconds at 1.2 Gy/min per dose, 160 kV, 25 mA, for a total dosing

of 800 cGy using x-ray irradiation), and rested for at least 12 hours between doses. Mice 

were also rested for 4 hours prior to transplantation. T cells (total CD3+, CD4+, or 

CD8+) were separated from WT, CD4cre, or TCF cKO spleens using CD90.2, CD4, or 

CD8 microbeads and LS columns (Miltenyi, CD4: 130-117-043, CD8: 130-117-044, 

CD90.2: 130-121-278, LS: 130-042-401). 1x106 donor T cells were injected IV into the 

tail vein in PBS, along with 10x106 BALB/c bone marrow cells. Bone marrow was T-cell

depleted with CD90.2 MACS beads (130-121-278 from Miltenyi) and LD columns (130-

042-901 from Miltenyi). 

For short-term experiments, at day 7 post-transplant recipient mice were 

euthanized, and serum, spleen, lymph nodes, small intestine, or liver were collected, 

depending on the experiment. For the migration assay, a 1:1 ratio of WT (CD45.1):WT 

(CD45.2) or WT (CD45.1):TCF cKO (CD45.2) donor T cells was used to make up the 
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1x106 T cells. For GVHD with GVL experiments, recipient mice were also given 2X106 

B-cell acute lymphoblastic leukemia (B-ALL) tumor cells expressing luciferase.

 Recipient mice were weighed, given a clinical score, and imaged using the IVIS 

200 imaging system three times per week until day 60 or longer. Clinical scores were 

composed of scores for skin integrity, fur texture, posture, activity, diarrhea, and weight 

loss. Imaging was done by injecting recipients i.p. with D-luciferin to detect tumor cell 

bioluminescence. To produce mixed bone marrow chimeras, Thy1.1 mice were lethally 

irradiated and reconstituted with a 1:4 (WT:TCF cKO) mixture of bone marrow cells,  

then rested for 9 weeks. At 9 weeks, tail vein blood was collected and checked by flow 

cytometry for Thy1.1 (host), Thy1.2 (donor), CD45.1, and CD45.2 to ensure 

reconstitution with both donor cell types. At 10 weeks, mice were used for phenotyping 

experiments.   

Flow Cytometry, Sorting, and Phenotyping. For naive phenotyping experiments and pre-

transplant sorted cells, splenocytes were obtained from naive WT, Eomes cKO, T-bet 

cKO, or TCF cKO mice. For all other experiments, cells were obtained from transplanted

recipients. Cells were incubated with RBC Lysis Buffer (00-4333-57 from eBioscience) 

to remove red blood cells when necessary. After processing, cells were stained in MACS 

buffer (1x PBS with EDTA and 4g/L BSA) with extracellular markers, and were 

incubated for 30 minutes on ice. Cells were then washed and run on a BD LSRFortessa 

flow cytometer to collect data. If intracellular markers were used, cells were washed after
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extracellular staining, then fixed overnight using Fix/Perm Concentrate and Fixation 

Diluent from the FOXP3 Transcription Factor Staining Buffer Set (eBioscience cat. No. 

00-5523-00). The following day, cells were washed in Perm buffer from the same kit, and

were stained with intracellular markers in Perm buffer for 40 minutes at room 

temperature. Stained cells were resuspended in FACS buffer (eBioscience cat. No. 00-

4222-26) and transferred to flow tubes. All antibodies were used at 1:100 dilution, and 

were purchased from Biolegend or eBioscience. 

For cell sorting, cells were stained in the same manner and run on a BD 

FACSAria IIIu, equipped with cold-sorting blocks. Cells were sorted into sorting media 

(50% FBS in RPMI) for maximum viability, or Trizol for RNAseq/qPCR experiments. 

All flow cytometry data were analyzed using FlowJo software v9 (Treestar). Depending 

on the experiment, antibodies used were: anti-CD4 (FITC, PE, BV785, BV421), anti-

CD8 (FITC, PE, APC, PerCP, Pacific Blue, PE/Cy7), anti-CD3 (BV605 or APC/Cy7), 

anti-H2Kb-Pacific Blue, anti-H2Kd-PE/Cy7, anti-CD122 (FITC or APC), anti-CD44 

(APC or Pacific Blue), anti-CD62L (APC/Cy7), anti-Thy1.1-AF700, anti-Thy1.2-APC, 

anti-TNF-α-FITC, anti-IFN-γ-APC, anti-Eomes (AF488 or PE/Cy7), anti-T-bet-BV421, 

anti-CD45.2-PE/Dazzle594, anti-CD45.1-APC, anti-Ki67 (PE or BV421), anti-PD-1-

BV785, anti-CTLA-4-PE, anti-PD-L1 (PE or PE/Dazzle594), anti-Annexin V-FITC, 

LIVE/DEAD Near IR, anti-EdU-AF647 (click chemistry kit), anti-TOX-APC, and anti-

CXCR5-APC.
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Histology. At day 7, day 14, and day 21 post-transplant, organs were removed from WT 

or TCF cKO CD4 or CD8 T cell-transplanted recipient mice. The spleen, liver, small 

intestine, and skin from back and ear were removed and fixed in 10% neutral buffered 

formalin. Tissue pieces were sectioned and stained with hemotoxylin and eosin by the 

Histology Core at Cornell University (https://www.vet.cornell.edu/animal-health-

diagnostic-center/laboratories/anatomic-pathology/services). Stained slides were then 

imaged and given a GVHD grade by a pathologist at SUNY Upstate (A.M.) who was 

blinded to study conditions and slide identity. GVHD grade was determined on a scale of 

0-4 by the following criteria: for skin - basal cell vacuolation up to frank epidermal 

denudation, for small intestine - single cell necrosis up to diffuse mucosal denudation, 

and for liver - percent of bile duct showing epithelial damage (I ≤25%, II 25-49%, III 50-

74%, IV 75-100%)18, 19, 20.

Isolation of lymphocytes from liver, small intestine, or lymph nodes. Livers were 

perfused with 5-10mL of ice cold PBS to remove RBCs, then smashed through a 70uM 

filter with PBS. Cells were centrifuged to remove debris, and then spun for 22 minutes in 

40% Percoll in RPMI/PBS (22 °C, 2200rpm, no brake, no acceleration) to isolate 

lymphocytes. RBC Lysis Buffer was then used to remove any remaining RBCs, and cells 

were put into MACS buffer (BSA in PBS). To obtain lymphocytes from gut, small 

intestine was removed to ice cold MACS buffer, cut open, and washed with MACS. Strip

buffer (1x PBS, FBS, EDTA 0.5M, and DTT 1M) was used to remove epithelium 

(shaking for 30 min at 37 °C), followed by mincing and incubation with digestion buffer 
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(collagenase, DNAse, and RPMI) for 30 min at 37 °C (while shaking). The gut pieces 

were vortexed and mashed through a 70uM filter with the liquid to obtain a cell 

suspension. Percoll was used as for liver to isolate lymphocytes from this suspension, but 

RBC lysis was not done. For lymph nodes, the inguinal, brachial, and axillary lymph 

nodes were taken from recipients and ground between glass slides. Cells were washed 

into a tube with MACS and spun to remove debris.   

Timecourse Assay. Recipient mice were allotransplanted as before (1x106 CD8 or CD4 

donor T cells and 10x106 BALB/c BM), and euthanized at day 7, day 14, or day 21 in 

groups. Spleen and liver were taken from each mouse, and lymphocytes were isolated. 

The cells were stained for CXCR5, PD-1, PD-L1, CTLA-4, CD3, CD4, CD8, and H2Kb.

Migration Assay. Recipient BALB/c mice were allotransplanted as before with 10x106 

BALB/c BM and 1x106 donor CD3 T cells. However, the 1x106 donor T cells were a 1:1 

mixture of WT CD45.1+ CD3 T cells with either WT CD45.2+ cells or TCF cKO 

CD45.2+ cells. Prior to transplant, the donor cells were checked to ensure a 1:1 ratio of 

CD4/CD8 T cells and of donor strains (WT:WT or WT:TCF cKO). Seven days post-

transplant, recipients were euthanized and the spleen, lymph nodes, liver, and small 

intestine were removed. Lymphocytes were obtained from the organs as described, and 

stained for CD3, CD4, CD8, H2Kb, H2Kd, CD45.1, and CD45.2. The ratio of CD45.1 to 

CD45.2 cells was determined from flow cytometry data (i.e. WT to WT or WT to TCF 

cKO). 
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qPCR Analysis. To perform qPCR, BALB/c mice were allotransplanted as described 

(1x106 CD3 donor T cells and 10x106 BALB/c BM). Pre-transplant donor cells and post-

transplant (day 7) spleen and liver cells from recipients were FACS-sorted to obtain 

CD8+ or CD4+ donor cells. The cells were sorted into Trizol, RNA was extracted using 

chloroform21, and eluted using the Qiagen RNEasy Minikit (74104 from Qiagen). RNA 

concentration was checked with a spectrophotometer, then RNA was converted to cDNA 

with an Invitrogen Super Script IV First Strand Synthesis System kit (18091050 from 

Invitrogen). Final cDNA concentration was checked with a spectrophotometer, then 

cDNA was mixed with Taqman Fast Advanced Master Mix (4444557 from Invitrogen) at

a 10ng/uL cDNA concentration. This master mix was added to premade 96 well TaqMan 

Array plates with chemokine/chemokine receptor primers (Thermo Fisher, Mouse 

Chemokines & Receptors Array plate, 4391524). qPCR was performed in a Quant Studio

3 thermocycler, and data were analyzed using the Design and Analysis software v2.4 

(provided by Thermo Fisher). Cells from five separate recipient mice were combined and 

sorted to make one sample for qPCR testing per condition/organ.   

Cytokine Restimulation Experiment. Recipient BALB/c mice were allotransplanted with

1.5x106 CD3 donor T cells and 10x106 BALB/c BM, and euthanized at day 7. 

Splenocytes were taken and cultured for 6 hours with GolgiPlug (1:1000) and PBS 

(control) or anti-CD3 (1ug/mL)/anti-CD28 (2ug/mL) (TCR stimulation) at 37 °C and 7% 

CO2. After 6 hours of culture, the cells were stained for CD3, CD4, CD8, H2Kb, TNF-α, 
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and IFN-γ using the BD Cytokine Staining kit (BD Biosciences, 555028), and run on a 

flow cytometer.

LEGENDplex Serum ELISA Assay. Serum from cardiac blood was collected from 

recipient mice in the cytokine restimulation experiment. Serum was analyzed using the 

Biolegend LEGENDplex Assay Mouse Th Cytokine Panel kit (741043). This kit 

quantifies serum concentrations of: IL-2 (T cell proliferation), IFN-y and TNF-a (Th1 

cells, inflammatory), IL-4, IL-5, and IL-13 (Th2 cells), IL-10 (Treg cells, suppressive), 

IL-17A/F (Th17 cells), IL-21 (Tfh cells), IL-22 (Th22 cells), IL-6 (acute/chronic 

inflammation/T cell survival factor), and IL-9 (Th2, Th17, iTreg, Th9 – 

skin/allergic/intestinal inflammation).  

Western Blot. Splenocytes from WT or TCF cKO donor mice, or from mice transplanted 

as described with WT or TCF cKO CD8 T cells (1x106 CD8 donor T cells and 10x106 

BALB/c BM), were collected. CD8+ T cells were separated using CD8 MACS beads. 

These cells were counted and lysed with RIPA Buffer (89900 from Thermo Fisher) plus 

protease inhibitors (11697498001 from Millipore Sigma) to obtain lysates. The lysates 

were run on a western blot and probed for perforin, Granzyme B, and β-actin.

Proliferation Assay. Recipient BALB/c mice were allotransplanted as before (1x106 CD3

donor T cells and 10x106 BALB/c BM). On day 5 and 6 post-transplant, recipient mice 

were injected i.p. with 25mg/kg of EdU in PBS. At day 7, recipient mice were euthanized
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and spleen and liver were processed to obtain lymphocytes. An EdU click chemistry kit 

(C10424 from Invitrogen) was used along with antibodies for CD3, CD4, CD8, and 

H2Kb to detect proliferating donor cells.

Annexin/NIR Death and Apoptosis Assay. To assess apoptosis and death in donor cells, 

recipient mice were allotransplanted as above (1x106 CD3 donor T cells and 10x106 

BALB/c BM). At 7 days post-transplant, recipient mice were euthanized and spleen and 

liver were taken. Lymphocytes were obtained as described and stained with antibodies 

for CD3, CD4, CD8, and H2Kb to identify donor cells. The cells were also stained with 

Annexin V-FITC (V13242 from Invitrogen) and LIVE/DEAD Near IR (L34976 from 

Invitrogen). Annexin V and NIR were used to identify dead (Ann.V+NIR+), live (Ann.V-

NIR-), and apoptotic (Ann.V+NIR-) cells.

Exhaustion/Activation Assay. To assess exhaustion and activation in donor cells, 

recipient mice were allotransplanted as before (1x106 CD3 donor T cells and 10x106 

BALB/c BM) and euthanized at day 7. Lymphocytes were obtained from spleen and 

liver, and stained for CD3, CD4, CD8, H2Kb, TOX, and Ki67. 

RNA Extraction and Sequencing. Recipient mice were allotransplanted as before (1x106 

CD3 donor T cells and 10x106 BALB/c BM), except that donor CD8 or CD4 T cells were

also FACS-sorted prior to transplant. A sample of sorted donor cells was saved for RNA 

sequencing. At day 7 post-transplant, donor CD8 or CD4 T cells were FACS-sorted back 
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from recipient spleen and liver, and for TCF cKO-transplanted mice, cells were also 

collected at day 14. The cells were all sorted into Trizol, then RNA was extracted and 

prepped by the Molecular Analysis Core (SUNY Upstate, https://www.upstate.edu/     

research/facilities/molecular-analysis.php). Paired end sequencing was done with an 

Illumina NovaSeq 6000 system at the University at Buffalo Genomics Core 

(http://ubnextgencore.buffalo.edu). Data were provided and analyzed in Partek Flow. In 

Partek Flow, low quality bases were trimmed from unaligned reads, read were aligned 

using STAR, then quantified to an annotation model (Partek E/M). Gene counts were 

normalized, then PCA and GSA were done on samples filtered for various conditions 

(strain, timepoint, organ, cell type). Pathway enrichment and hierarchical clustering were 

done on significant genes from GSA. RNAseq data will be deposited at (https://www.     

ncbi.nlm.nih.gov/geo/) following publication. 

Statistical Analysis. Unless otherwise noted in the figure legends, all numerical data are 

presented as means and standard deviations with or without individuals points. Analysis 

and graphing were done in GraphPad Prism v7 or v9. Most data were analyzed with 

Student’s t-test, one-way ANOVA, or two-way ANOVA, with Tukey’s multiple 

comparisons test for ANOVA methods, depending on the number of groups. Chi-square 

analyses were done for GVHD histology grades. Kaplan-Meier survival analyses were 

done for survival experiments. All tests were two-sided, and p-values less than or equal to

(≤) 0.05 were considered significant. Transplant experiments used 3-5 mice per group, 

with at least two repeats, as determined by previous experiments. Ex vivo experiments 
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were done two to three times unless otherwise noted with at least three replicates per 

condition each time. RNAseq was done once with three replicates per group and 

condition. qPCR was done once with one sample per condition, and five mice combined 

to make the one sample. Sorting was done once for each of these two experiments, and 

data from one experiment is shown. The time course assay was done once with 4-6 

samples per group. The chimera experiment was done once with 5 chimeras (5 samples 

per donor type). western blots were done twice for pre-transplant and once for post-

transplant, one experiment each is shown. Results with changes between groups that are 

not significant are reported as numerically increased or decreased. These results may 

have been found to be significant if a larger sample size was used in the study. 

Study Approval. All animal studies were reviewed and approved by the IACUC at SUNY

Upstate Medical University. All procedures and experiments were performed according 

to these approved protocols.

94



Results

Loss of TCF-1 reduces GVHD severity and persistence. Previous research on TCF-1 has

focused on T cell development and canonical activation17, 22, 23, 24, 25. These studies 

primarily used a global TCF-1 knockout, resulting in limited production of mature T 

cells22, 24, 26, 27. We sought to examine the role of TCF-1 in mature T cells, so to overcome 

this limitation we employed mice with T-cell-specific deletion of TCF-1 using CD4cre 

(TCF cKO). This mouse strain has TCF-1 deleted in all CD4 and CD8 T cells at the DP 

phase, allowing production of mature T cells with TCF-1 deletion17. To investigate 

whether TCF-1 in mature T cells contributes to GVHD after allo-HSCT, we employed a 

murine model of MHC-mismatched allotransplantation. 

Donor CD4 or CD8 T cells from C57Bl/6 background wild-type (WT), CD4cre 

control, or TCF-1-deficient (TCF cKO) mice were injected along with T cell-depleted 

BALB/c bone marrow into lethally irradiated BALB/c recipients as described in the 

methods28, 29. The MHC haplotype mismatch (H2Kb in donors, H2Kd in recipients) 

results in alloactivation of the donor T cells, leading to GVHD3, 29, 30, 31, 32. Recipient mice 

were then weighed and given a GVHD score to identify the severity of GVHD for up to 

60 days post-transplant. Recipient mice were scored based on weight loss, fur texture, 

posture, activity, skin condition, and diarrhea, as previously described28, 33 (Table 2.2, 

Fig. 2.1A).
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Figure 2.1: Loss of TCF-1 in donor CD4 T cells reduces severity and persistence 

over time of GVHD symptoms.

(A) Recipient BALB/c mice (MHC haplotype d) were lethally irradiated and 

allotransplanted with 10x106 BALB/c bone marrow (BM) cells and 1x106 CD4 T cells 

from WT, CD4cre, or TCF cKO donor mice (C57Bl6 background, MHC haplotype b). 

The mice were weighed and given a GVHD clinical score three times per week for 60 

days. Score was determined by combined scores for fur texture, activity level, posture, 

skin integrity, weight loss, and diarrhea. (B) Clinical scores for mice over 60 days. Mean 

and SD plotted, analyzed by two-way ANOVA. (C) Survival of mice in each group over 

the 60 day experiment, analyzed with Kaplan-Meier survival statistics. (D) Disease 

burden as determined by percent of mice in each group that died from GVHD by the end 

of the experiment. Number of mice (dead and total) per group as well as percent dead are 

noted above each bar. (E) Weight loss for each group of mice over the 60 days of the 

experiment. N=3-5 per group for B and E with one representative experiment shown, 

N=5-10 per group in C-D with two experiments combined. *** means p-value ≤ 0.001, 

and **** means p-value ≤ 0.0001. 
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Mice receiving CD4 T cells from WT or CD4cre donors experienced a rapid 

increase in GVHD symptoms, peaking at a very high score which indicated very severe 

disease. CD4 T cells are known to cause severe GVHD symptoms, so this finding was 

expected30, 31, 34. Over time, these recipient mice continued to show severe symptoms, with

consistent scores until death from disease (Fig. 2.1B). Survival was also poor, with most 

mice in this group dying prior to day 10 (Fig. 2.1C). The disease burden, as determined 

by total number of mice per group that died by the end of the experiment, was very high 

for WT and CD4cre-transplanted mice (Fig. 2.1D). These mice lost weight due to 

disease, and died before they were able to regain much weight (Fig. 2.1E).   

In contrast, mice receiving CD4 T cells from TCF cKO mice showed reduced 

GVHD scores (Fig. 2.1B), better survival (Fig. 2.1C), and weight gain following initial 

weight loss (Fig. 2.1E). Disease burden was also reduced in this group (Fig. 2.1D), with 

most mice in this group remaining alive at day 60 post-transplant. Interestingly, mice in 

the TCF cKO donor group still showed a peak in GVHD score early on, as with the WT 

group, but this peak was at a much lower score. Additionally, this peak score did not 

persist over time, as the scores for these mice quickly reduced to the level seen in bone 

marrow-only controls (Fig. 2.1B). This low score remained low for an extended period of

time, suggesting that disease had resolved rather than been delayed (Fig. 2.1A). These 

data indicated that GVHD symptoms were not only less severe in these mice, but also 

less persistent over time.
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To examine pathological damage to target organs – including the liver, guts, and 

skin – tissues from these organs were collected for histology at three time points. At day 

7, day 14, and day 21 post-transplant, organs were taken for histology, H&E stained, and 

scored for GVHD pathology. At day 7, little to no difference was observed in tissue 

damage or GVHD grade between WT and TCF cKO transplanted mice (Fig. 2.2A), in 

agreement with the GVHD score data, where major differences occurred after day 7. By 

day 21, differences in GVHD grade were observed between WT and TCF cKO 

recipients, with lymphocyte infiltration visible in liver, guts, and skin of WT but not TCF 

cKO-transplanted mice (Fig. 2.2A-B). In addition, tissue damage in guts and skin are 

clearly visible for WT but not TCF cKO-transplanted mice (Fig. 2.2A). Splenic structural

disorganization is also visible in spleen of WT but not TCF cKO-transplanted mice (Fig. 

2.2A). By day 14, these changes are already observed as a numerical decrease (no 

significance) in GVHD grade, indicating a progressive resolution of GVHD symptoms 

over time in TCF cKO-transplanted mice (Fig. 2.2B). 

By day 21, the percentage of mice experiencing severe GVHD (grades 3-4, versus

no or mild to moderate GVHD at grades 0-235, 36) was numerically increased (no 

significance) for WT-transplanted mice, compared to TCF cKO-transplanted mice, and 

this pattern can be seen as early as day 14 (Fig. 2.2C). At day 7, there is no apparent 

difference between the distribution of disease grades (Fig. 2.2C). 
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Figure 2.2: GVHD symptoms and organ damage caused by donor CD4 T cells are 

reduced by loss of TCF-1. 

Recipient mice were allotransplanted with BALB/c BM and WT, CD4cre, or TCF cKO 

CD4 T cells as described in Fig. 2.1. Skin, spleen, liver, and small intestine were taken 

from allotransplanted recipient mice at d7, d14, and d21 post-transplant. A blinded 

pathologist (A.M.) scored each tissue section for GVHD damage. (A) Representative 

sections from D7 and D21 for each organ. Arrows indicate areas of damage or 

lymphocytic infiltration. (B) GVHD grade was determined on a scale of 0-4 for each 

tissue section by the following criteria: for skin - basal cell vacuolation up to frank 

epidermal denudation, for small intestine - single cell necrosis up to diffuse mucosal 

denudation, and for liver - percent of bile duct showing epithelial damage (I ≤25%, II 25-

49%, III 50-74%, IV 75-100%)18, 19, 20. GVHD grades for each tissue section examined at 

each time point, with median indicated. (C) Histology GVHD grades were graphed as 

percentage of mice in each group with that grade. Grades 0-2 are considered mild GVHD 

and grades 3-4 are considered severe GVHD. Chi-square analyses were used to determine

differences between grade frequencies. N=3-4 per group with one experiment shown.
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For all organs, the histology grade tends to decrease over time for TCF cKO-

transplanted mice, but rise or remain consistent for WT-transplanted mice (Fig. 2.2B-C), 

further supporting the idea that disease resolves over time and does not persist when 

donor T cells are TCF-1-deficient. Together, these results indicate that TCF-1 normally 

contributes to and is indispensable for GVHD damage by CD4 T cells, and loss of TCF-1

leads to reduced severity and persistence of GVHD.

When we performed the same experiment using CD8 donor T cells, we found that

mice who received WT donor CD8 T cells had a rapid increase in GVHD severity, with a

high peak score around day 7, suggesting severe GVHD (Fig. 2.3A). This high score was 

maintained until the recipient mice died of disease, suggesting persistent disease (Fig. 

2.3A). Disease burden, as determined by the percent of mice in each group that died 

during the experiment, was high for WT-transplanted mice, and survival was low (Fig. 

2.3B-C). WT-transplanted mice lost weight initially, and were unable to regain much 

weight (Fig. 2.3D). Most mice that received WT T cells also died prior to day 60 (Fig. 

2.3A-C). Recipient mice given CD4cre T cells showed no significant differences in 

survival or clinical score from those given WT T cells (Fig. 2.3). In contrast, mice given 

TCF cKO T cells had much better survival, lower peak and average clinical scores, lower

disease burden, and a gain in weight following the initial weight loss period (Fig. 2.3A-

D). 
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Figure 2.3: Loss of TCF-1 in donor CD8 T cells reduces severity and persistence of 

GVHD symptoms. 

BALB/c recipient mice were lethally irradiated and allotransplanted with 1x106 CD8 T 

cells from WT, CD4cre, or TCF cKO donor mice, as well as 10x106 T cell-depleted bone 

marrow cells (BM) from BALB/c mice. Recipient mice were also given 2X105 luciferase-

expressing B-ALL tumor cells. (A) The recipient mice were given a GVHD clinical score

three times per week until day 66. Mean and SD are plotted, analyzed by two-way 

ANOVA. (B) Disease burden as determined by number of mice in each group that died 

by the end of the experiment. Percentage and number of mice listed above the bar for 

each group. (C) Survival for each group of recipient mice over the 66 days post-

transplant, analyzed by Kaplan-Meier survival analysis. (D) Weight changes for each 

group of mice over the experiment, mean and SD are plotted. For all graphs, *** means 

p-value ≤ 0.001, and **** means p-value ≤ 0.0001. N=3-5 per group for A and D, with 

one representative experiment shown, N=5-10 per group for B-C with two experiments 

combined. 

105



In addition, the clinical scores for these mice quickly reduced to near-control 

levels following peak score at day 7 (Fig. 2.3A), suggesting that disease does not persist 

in mice given TCF-deficient CD8 T cells. Therefore, loss of TCF-1 in donor T cells led to

reduced GVHD severity and persistence, with improved survival. 

Histology analyses were then performed on organ sections as for CD4 T cells 

(Fig. 2.4A). At day 7, there was little to no difference observed between organs from 

WT- and TCF cKO-transplanted mice, except for a numerically reduced median grade 

(no significance) in the gut for TCF cKO-transplanted mice  (Fig. 2.4B). This correlates 

with the observation that until day 7, disease course appears similar in both groups, with 

a decreased peak score appearing at day 7 (Fig. 2.3A). 

By day 21, significant differences in the number of mice per group with severe 

versus mild GVHD grades (3-4 for severe versus 0-2 for none to moderate35, 36) for the 

liver and skin were observed, with WT-transplanted mice having more severe disease 

(Fig. 2.4C). In addition, the median grade for all organs was numerically decreased (no 

significance) for TCF cKO-transplanted mice, which correlated with the reduced 

lymphocyte infiltration and tissue damage seen in slide photos (Fig. 2.4B-C). These 

changes were already visible by day 14 as a trend, suggesting that TCF cKO-transplanted

mice have altered disease course after the peak score at day 7 (Fig. 2.4B-C). Altogether, 

these data suggest that TCF-1 normally promotes GVHD damage to healthy tissues, and 

is indispensable for T cells to cause this damage. Thus, loss of TCF-1 in donor T cells 

leads to reduced severity and persistence of GVHD over time.   
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Figure 2.4: GVHD symptoms and organ damage caused by donor CD8 T cells are 

reduced by loss of TCF-1. 

Recipient BALB/c mice were allotransplanted with BALB/c BM and WT, CD4cre, or 

TCF cKO CD8 T cells as described in Fig. 2.3. (A) At day 7, day 14, and day 21 post-

transplant, organs were taken from recipient mice for histology analyses. Skin, liver, 

spleen, and small intestine were sectioned, stained with H&E, and graded by a 

pathologist (A.M.) blinded to study conditions and slide groups. Representative sections 

for each organ per group and timepoint are shown. Arrows indicate tissue damage or 

lymphocyte infiltration. (B) GVHD grade was determined on a scale of 0-4 for each 

tissue section by the following criteria: for skin - basal cell vacuolation up to frank 

epidermal denudation, for small intestine - single cell necrosis up to diffuse mucosal 

denudation, and for liver - percent of bile duct showing epithelial damage (I ≤25%, II 25-

49%, III 50-74%, IV 75-100%)18, 19, 20. GVHD histology scores for organ sections (liver, 

spleen, skin, and small intestine) are shown. Individual points are plotted, with median 

shown. (C) Histology grades for each group of mice, shown as percentage of mice per 

group experiencing that grade. Grades 3-4 are considered severe GVHD, while grades 0-

2 are considered mild GVHD. Data were analyzed by chi-square analysis.  N=2-3 per 

group with one experiment shown, * means p-value ≤ 0.05. 
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TCF-1-deficient CD8 T cells retain anti-tumor capabilities for the graft-versus-

leukemia (GVL) effect. We showed that TCF-1-deficient donor T cells reduce the 

severity and persistence of GVHD. However, it is clinically optimal if GVL effects are 

maintained despite reduced GVHD, because the same donor T cells mediate both effects. 

Thus, we tested whether GVL effects were compromised by donor T cell loss of TCF-1. 

We used the allo-HSCT mouse model described in Fig. 1.6 and Fig. 2.1 to assess GVL 

responses. The B-ALL cells expressed luciferase28, allowing us to track them by injecting

D-luciferin into the recipient mice, and imaging them with an in vivo bioluminescence 

scanner (IVIS 200). The mice were weighed, scored, and scanned three times a week 

until the end of the experiment (Fig. 2.5).   

At day 1 post-transplant, recipient mice from all groups (BLLluc+BM only, 

BLLluc+BM+WT CD8 T cells, BLLluc+BM+TCF cKO CD8 T cells, and 

BLLluc+BM+CD4cre CD8 T cells) showed detectable levels of tumor cells in their 

bodies (Fig. 2.5A). 2X105 tumor cells were injected, so they were immediately 

detectable, but not immediately overwhelming for the donor T cells28. Over time, the 

group receiving only bone marrow and tumor cells showed a large increase in tumor 

growth (Fig. 2.5A-B), because no T cells were present to control the tumor cells. In 

contrast, most mice given CD8 T cells from any donor type along with the BM and 

BLLluc cells were able to clear the tumor cells by the end of the experiment (Fig. 2.5A-

B). The GVL effect was maintained even in CD4cre- and TCF cKO-transplanted mice, 

with little difference in quantified bioluminescence between mice from the different 

groups (Fig. 2.5B). 
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Figure 2.5: TCF-1-deficient CD8 T cells retain anti-tumor capabilities for the graft-

versus-leukemia (GVL) effect.

BALB/c mice were allotransplanted as in Fig. 2.3 with T cell-depleted BM and WT, 

CD4cre, or TCF cKO CD8 donor T cells, along with 2X105 luciferase-expressing B-ALL 

tumor cells. Recipient mice were then injected with D-luciferin (i.p.) and imaged using 

the IVIS 200 imaging system. (A) Representative set of photos showing the tumor 

bioluminescence and localization for transplanted groups. Control mice were 

untransplanted, BM+BLL mice received only BM and tumor cells, while the other groups

received BM, tumor cells, and either WT, CD4cre, or TCF cKO donor CD8 T cells. 

Boxes with an “X” indicate death from GVHD or tumor, * indicates that the image was 

saturated due to excessively high signal, so the image is not shown. (B) Quantification of 

bioluminescence signal for each mouse in the transplanted groups for one representative 

experiment, as determined by total flux (photons per second). Note: 3 mice from the 

BM+BLL luc group in this experiment had saturated signals, so the data was excluded 

(shown by "X"). (C) Tumor burden for tumor only, tumor with WT CD8 T cells, and 

tumor with TCF cKO CD8 T cells groups, as determined by number/percentage of mice 

showing tumor bioluminescence and tumor presence at the end of the experiment. N=3-5 

per group with one representative experiment shown.
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Tumor burden was also similar between WT and TCF cKO-transplanted mice 

(Fig. 2.5C). As seen before in Fig 2.3, mice in the WT and CD4cre groups died from 

GVHD over time, but mice in the TCF cKO group had mild GVHD that resolved over 

time (Fig. 2.5A). Altogether, these data show that TCF-1 is dispensable for GVL effects, 

but critical for GVHD. Therefore, loss of TCF-1 in donor T cells provides a clinically 

optimal phenotype, where GVHD severity is reduced but beneficial GVL effects are 

maintained.  

Loss of TCF-1 drives changes to mature T cell phenotype. TCF-1-deficiency in donor T 

cells alters GVHD outcomes, suggesting that T cell phenotypes or function are affected. 

To examine the phenotype of mature CD4 T cells when TCF-1 is lost, we performed flow

cytometry phenotyping on naive CD4 T cells from WT and TCF cKO mice (Fig. 2.6). 

We began by looking at expression of the transcription factors Eomesodermin 

(Eomes) and T-box transcription factor 21 (T-bet), which are downstream of TCF-1. 

Previous reports suggested that TCF-1 normally activates Eomes25, and may repress or 

not impact T-bet23, 37, 38. However, we found that loss of TCF-1 in CD4 T cells did not 

affect expression of Eomes and T-bet (Fig. 2.6A-C). In addition, expression of CD122 

was not impacted by loss of TCF-1 (Fig. 2.6A, D). Interestingly, expression of CD44 was

polarized more potently in TCF cKO CD4 T cells (Fig. 2.6A, E). Some reports have 

suggested that CD44hi T cells do not cause GVHD or cause less severe GVHD28, 39. 
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Figure 2.6: Loss of TCF-1 drives changes to mature CD4 T cell phenotypes. 

Naive WT or TCF cKO mice were euthanized, splenocytes were obtained and stained for 

flow cytometry, and samples were run on a BD LSRFortessa flow cytometer. (A) 

Representative flow cytometry plots for the phenotyping markers Eomes, T-bet, CD122, 

and CD44 in CD4 T cells. (B) Percent of CD4 T cells expressing Eomes. (C) Percent of 

CD4 T cells expressing T-bet. (D) Percent of CD4 T cells expressing CD122. (E) Percent

of CD4 T cells expressing CD44. (F) Representative flow cytometry plots for memory 

subsets as determined by CD44 and CD62L. (G) Percent of CD4 T cells expressing 

naive, transitioning/activating, central memory, or effector memory phenotypes. **** 

means p-value ≤ 0.0001. N=3 per group with one representative experiment shown, mean

and SD are plotted.
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Using CD62L and CD44, we identified four major memory subsets: central 

memory (44+ 62L+), effector memory (44+ 62L-), naive (44-), and activating/ 

transitioning (44 mid) cells. Comparing WT and TCF cKO mice, we found that loss of 

TCF-1 results in an increase in CD4+ naive T cells and a decrease in CD4+ transitioning/

activating cells compared to WT mice (Fig. 2.6F-G). These results suggest that loss of 

TCF-1 results in a more naive phenotype in CD4+ T cells. Given the increased ability of 

naive cells to cause severe GVHD, this would suggest that loss of TCF-1 would increase 

GVHD severity. Thus, some other T cell functions must be impacted to explain the 

reduction observed.

We also performed flow cytometry phenotyping in naive CD8 T cells as for naive 

CD4 T cells (Fig. 2.7). To begin, we looked at expression of Eomes and T-bet, and found

that TCF cKO CD8 T cells have increased expression of Eomes compared to WT CD8 T 

cells (Fig. 2.7A-B). Loss of TCF-1 also led to increased T-bet expression in CD8 T cells 

(Fig. 2.7A, C). This suggests that TCF-1 normally suppresses expression of Eomes and 

T-bet in mature CD8 T cells. 

Next, we looked at T cell activation using CD44 and CD122. Expression of 

CD122 was increased in TCF-1-deficient CD8 T cells (Fig. 2.7A, D). CD44 expression 

was polarized more potently among CD8 T cells from TCF cKO mice  (Fig. 2.7A, E). 

TCF cKO mice also had increased central memory CD8 T cells, and decreased 

transitioning/activating CD8 T cells (Fig. 2.7F-G). 
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Figure 2.7: Loss of TCF-1 drives changes to mature CD8 T cell phenotypes.

Naive WT or TCF cKO mice were euthanized, splenocytes were obtained and stained for 

flow cytometry, and samples were run on a BD LSRFortessa flow cytometer. (A) 

Representative flow cytometry plots for the phenotyping markers Eomes, T-bet, CD122, 

and CD44 in CD8 T cells. (B) Percent of CD8 T cells expressing Eomes. (C) Percent of 

CD8 T cells expressing T-bet. (D) Percent of CD8 T cells expressing CD122. (E) Percent

of CD8 T cells expressing CD44. (F) Representative flow cytometry plots for memory 

subsets as determined by CD44 and CD62L. (G) Percent of CD8 T cells expressing 

central memory, effector memory, transitioning/activating, or naive phenotypes. * means 

p-value ≤ 0.05, ** means p-value ≤ 0.01, and **** means p-value ≤ 0.0001. N=3 per 

group with one representative experiment shown, mean and SD are plotted.
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Thus, loss of TCF-1 results in a more memory-skewed phenotype for CD8 T 

cells. Some reports have suggested that memory T cells delay induction of GVHD28, 39, so 

this phenotypic change may be beneficial.   

Changes to T cell phenotype by loss of TCF-1 were primarily cell-intrinsic. Changes to 

cell phenotype in a knockout mouse may be cell-intrinsic (due directly to gene deficiency

within the cell) or cell-extrinsic (due to changes in the microenvironment from gene 

deficiency). To determine whether the phenotypic effects we observed were cell-intrinsic 

or cell-extrinsic, we developed a chimeric mouse model.  Briefly, we mixed bone marrow

from WT and TCF cKO mice at a 1:4 (WT:TCF) ratio (total 50x106 BM cells), then used 

it to reconstitute lethally irradiated Thy1.1 mice.

We used a 1:4 ratio to ensure survival of the KO cells (based on our initial 

observations that TCF cKO T cells did not proliferate well in culture). At 9 weeks post-

transplant, blood was taken to ensure reconstitution and survival of both donor types in 

each mouse (Fig. 2.8). At 10 weeks post-transplant, splenocytes were obtained from the 

recipient mice and analyzed by flow cytometry, with donor cells identified by Thy1.2 

(donor), CD45.1 (WT), and CD45.2 (TCF cKO) markers. 

118



F
ig

u
re

 2
.8

: 
C

h
im

er
ic

 m
ic

e 
sh

ow
 r

ec
on

st
it

u
ti

on
 w

it
h

 b
ot

h
 W

T
 a

n
d

 T
C

F
 c

K
O

 d
on

or
 T

 c
el

ls
. 

M
ix

ed
 b

on
e 

m
ar

ro
w

 c
hi

m
er

as
 w

er
e 

cr
ea

te
d 

by
 in

je
ct

in
g 

B
M

 c
el

ls
 f

ro
m

 W
T

 a
nd

 T
C

F
 c

K
O

 d
on

or
 m

ic
e 

in
 a

 1
:4

 (
W

T
:T

C
F

) 
ra

tio
 in

to

le
th

al
ly

 ir
ra

di
at

ed
 T

hy
1.

1 
m

ic
e.

 A
t 9

 w
ee

ks
 p

os
t-

re
co

ns
tit

ut
io

n,
 b

lo
od

 f
ro

m
 ta

il
 v

ei
n 

w
as

 s
ta

in
ed

 f
or

 T
hy

1.
1 

(h
os

t)
, T

hy
1.

2 
(d

on
or

),

C
D

45
.1

 (
W

T
),

 a
nd

 C
D

45
.2

 (
T

C
F

 c
K

O
) 

to
 c

he
ck

 f
or

 p
ro

pe
r 

re
co

ns
tit

ut
io

n.
 F

lo
w

 c
yt

om
et

ry
 p

lo
ts

 f
or

 e
ac

h 
of

 th
e 

fi
ve

 c
hi

m
er

as
 a

re

sh
ow

n.
  

                     119



As for naive mice, no differences were seen for CD4 T cells in Eomes and T-bet 

expression (Fig. 2.9A-C). Of note, CD122 expression was increased among TCF cKO 

donor CD4 T cells from chimeric mice (Fig.2.9A, D), suggesting that these cells are 

capable of being activated. The increase in naive CD4+ T cells, as well as the reduction in

activating cells, was found to be cell-intrinsic in the TCF cKO T cells, because the 

differences were maintained despite development in a chimeric mouse (Fig. 2.9E-F). 

Thus, the memory identity changes induced by loss of TCF-1 are cell-intrinsic.  

TCF cKO donor CD8 T cells from the chimera still had increased expression of 

T-bet (Fig. 2.10A-B), and expression of Eomes and CD122 were also increased to near-

KO levels in WT donor cells (Fig. 2.10A, C-D). This suggests that while phenotypic 

changes are primarily cell-intrinsic in the TCF cKO mice, some cell-extrinsic effects are 

also present. TCF cKO CD8 central memory cells were not significantly different from 

WT-derived CD8 central memory cells in the chimera (rather than being increased as in 

pre-transplant cells), suggesting that this effect is cell-extrinsic (Fig. 2.10E-F). 

Chimeric TCF cKO donor CD8 T cells also showed an increase in naive cells, 

which was unique to the chimera (Fig. 2.10E-F). The decrease in transitioning cells was 

also preserved in chimeric TCF cKO CD8 T cells, suggesting it is a cell-intrinsic effect 

(Fig. 2.10E-F). Thus, the phenotypic changes induced in CD8 and CD4 T cells by loss of

TCF-1 are primarily cell-intrinsic, with some additional cell-extrinsic effects.
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Figure 2.9: Loss of TCF-1 drives changes to mature CD4 T cell phenotype which are

primarily cell-intrinsic.

Thy1.1 mice were lethally irradiated and reconstituted with a 1:4 (WT:TCF cKO) 

mixture of bone marrow cells. At 9 weeks, blood was checked by flow cytometry to 

ensure reconstitution (Fig. 2.8), and at 10 weeks, flow cytometry phenotyping was 

performed. WT donor cells were identified by CD45.1, while TCF cKO donor cells were 

identified by CD45.2. (A) Representative flow cytometry plots for the phenotyping 

markers Eomes, T-bet, and CD122 in CD4 T cells. (B) Percent of chimeric CD4 T cells 

expressing Eomes. (C) Percent of chimeric CD4 T cells expressing T-bet. (D) Percent of 

chimeric CD4 T cells expressing CD122. (E) Representative flow cytometry plots for 

memory subsets as determined by CD44 and CD62L. (F) Percent of chimeric CD4 T 

cells expressing naive, transitioning/activating, central memory, or effector memory 

phenotypes. Mean and SD are plotted, all data were analyzed with Student’s t-test or two-

way ANOVA (depending on data groups), *** means p-value ≤ 0.001, and **** means 

p-value ≤ 0.0001. N=5 per group with one experiment shown. 
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Figure 2.10: Loss of TCF-1 drives changes to mature CD8 T cell phenotype which 

are primarily cell-intrinsic. 

Thy1.1 mice were lethally irradiated and reconstituted with a 1:4 (WT:TCF cKO) 

mixture of bone marrow cells. At 9 weeks, blood was checked by flow cytometry to 

ensure reconstitution (Fig. 2.8), and at 10 weeks, flow cytometry phenotyping was 

performed. WT donor cells were identified by CD45.1, while TCF cKO donor cells were 

identified by CD45.2. (A) Representative flow cytometry plots for the phenotyping 

markers Eomes, T-bet, and CD122 in CD8 T cells. (B) Percentage of chimeric CD8 T 

cells expressing T-bet. (C) Percentage of chimeric CD8 T cells expressing Eomes. (D) 

Percentage of chimeric CD8 T cells expressing CD122. (E) Representative flow 

cytometry plots for memory subsets as determined by CD44 and CD62L. (F) Percentage 

of chimeric CD8 T cells expressing central memory, effector memory, naive, or 

transitioning/activating phenotypes. Mean and SD are plotted, all data were analyzed 

with Student’s t-test or two-way ANOVA (depending on data groups), * means p-value ≤

0.05, and **** means p-value ≤ 0.0001. N=5 per group with one experiment shown. 
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Direct effects of TCF-1 and indirect effects of Eomes and T-bet impacted T cell 

phenotype. Eomes and T-bet are downstream factors whose function may be impacted by

loss of TCF-1, because TCF-1 is thought to control them. As shown above, loss of TCF-1

in CD8 T cells increased Eomes and T-bet expression (Fig 2.7). While Eomes is 

traditionally associated with T cell memory, T-bet is associated with effector T cells40, 41, 

42, 43. To determine whether the changes in phenotype observed in the TCF cKO mice 

could be due to alterations in Eomes and T-bet, we performed flow cytometry 

phenotyping on Eomes cKO and T-bet cKO mice. Both of these knockouts were 

generated with CD4cre, so they lack Eomes or T-bet in T cells only. As Eomes and T-bet 

are both increased in the TCF cKO, effects observed in these knockouts are expected to 

be opposite of changes found in the TCF cKO if these factors play a role. 

For CD4 T cells, we found that expression of Eomes and T-bet were decreased in 

the respective knock-out mice (as expected), and expression of Eomes was also increased

in the T-bet cKO mice (Fig. 2.11A-C). Expression of CD122 was decreased only in the 

T-bet cKO mice (Fig. 2.11A, D). We also found that CD4 transitioning cells were still 

decreased in the T-bet cKO, as in the TCF cKO, but there were no changes to CD4 naive 

cells compared to WT, and there was an increase in CD4 effector memory cells not seen 

in the TCF cKO mice (Fig. 2.11E-F). The Eomes cKO mice did not show any changes to

CD4 memory subsets compared to WT (Fig. 2.11E-F).  
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Figure 2.11: Phenotypic changes in TCF cKO CD4 T cells are not entirely due to 

changes in Eomes or T-bet. 

Splenocytes were taken from naive WT, Eomes cKO, or T-bet cKO mice and stained for 

flow cytometry. (A) Representative flow cytometry plots for the phenotyping markers 

Eomes, T-bet, and CD122 in CD4 T cells. (B) Percent of CD4 T cells expressing Eomes. 

(C) Percent of CD4 T cells expressing T-bet. (D) Percent of CD4 T cells expressing 

CD122. (E) Percent of CD4 T cells expressing naive, transitioning/activating, central 

memory, or effector memory phenotypes. (F) Representative flow cytometry plots for 

memory subsets as determined by CD44 and CD62L. Mean and SD are plotted, all data 

were analyzed with one-way ANOVA or two-way ANOVA (depending on data groups), 

* means p-value ≤ 0.05, ** means p-value ≤ 0.01, *** means p-value ≤ 0.001, and **** 

means p-value ≤ 0.0001. N=3 per group with one experiment shown. 
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These data show that neither the Eomes cKO nor the T-bet cKO fully displayed 

the phenotype expected if changes to these factors were the primary cause of the memory

subset changes seen in the TCF cKO mice. Therefore, Eomes and T-bet may contribute to

these changes in TCF-1-deficient CD4 T cells, but the alteration of memory identity is 

driven directly by loss of TCF-1.

In CD8 T cells, we found that compared to WT mice, the Eomes cKO mice 

exhibited reduced expression of Eomes, no change in T-bet expression, reduced 

expression of CD122 (Fig. 2.12A-D), CD8 central memory cells, and CD8 transitioning 

cells, and an increase in CD8 naïve cells (Fig. 2.12E-F). On the other hand, T-bet cKO 

mice exhibited reduced T-bet expression, an increase in Eomes expression, no change in 

CD122 expression (Fig. 2.12A-D), and increased CD8 effector memory cells (Fig. 

2.12E-F). Interestingly, Eomes expression was increased in the T-bet cKO, but T-bet was

not increased in the Eomes cKO (Fig. 2.12A-C), just as for CD4 T cells, suggesting that 

these two factors do not always act redundantly. These data show that neither the Eomes 

cKO nor the T-bet cKO fully recapitulated the phenotype expected if changes to these 

factors were the cause of the phenotypic changes seen in the TCF cKO mice. Therefore, 

Eomes and T-bet may contribute to phenotypic changes in TCF-1-deficient T cells, but 

some changes are driven directly by loss of TCF-1.
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Figure 2.12: Phenotypic changes in TCF cKO CD8 T cells are not entirely due to 

changes in Eomes or T-bet. 

Splenocytes were taken from naive WT, Eomes cKO, or T-bet cKO donor mice and 

stained for flow cytometry. (A) Representative flow cytometry plots for the phenotyping 

markers Eomes, T-bet, and CD122 in CD8 T cells. (B) Percentage of CD8 T cells 

expressing Eomes. (C) Percentage of CD8 T cells expressing T-bet. (D) Percentage of 

CD8 T cells expressing CD122. (E) Percentage of CD8 T cells expressing central 

memory, effector memory, naive, or transitioning/activating phenotypes. (F) 

Representative flow cytometry plots for memory subsets as determined by CD44 and 

CD62L. Mean and SD are plotted, all data were analyzed with one-way ANOVA or two-

way ANOVA (depending on data groups), ** means p-value ≤ 0.01, *** means p-value ≤

0.001, and **** means p-value ≤ 0.0001. N=3 per group with one experiment shown.
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Loss of TCF-1 alters the suppressive profile of T cells. Given that loss of TCF-1 altered 

mature donor T cell phenotype and function, we sought to understand whether 

suppressive markers on the T cells were also altered after allotransplantation. Expression 

of markers such as CTLA-4, PD-1, and PD-L1 play a role in how alloactivated T cells 

interact with other cells. To examine this, we allotransplanted recipient BALB/c mice 

with BALB/c bone marrow and WT or TCF cKO CD4 or CD8 T cells, and phenotyped 

donor cells from spleen and liver at day 7, day 14, and day 21 post-transplant. We 

examined expression of PD-1, PD-L1, and CTLA-4. 

PD-1 expression was significantly reduced in the spleen and liver for TCF cKO 

CD4 T cells at day 14 and 21 (Fig. 2.13A-D). This suggests that TCF-1-deficient cells 

may be less sensitive to suppression by other cells expressing PD-L1, and therefore may 

be more activated during disease44. We also found that expression of PD-L1 was 

significantly increased in the liver for TCF cKO CD4 T cells at day 14, and numerically 

increased (no significance) in the spleen at day 14 and 21 (Fig. 2.13A-B, E-F). It is 

unclear what role PD-L1 may play when expressed on T cells, but it is thought to 

promote apoptosis of and suppress activation of other nearby T cells45. This suggests that 

TCF-deficient CD4 T cells may hinder activation and survival of other T cells. Therefore,

loss of TCF-1 promotes a T cell phenotype that is less susceptible to suppression yet 

potentially more suppressive of other cells. Finally, expression of CTLA-4 was not 

impacted by loss of TCF-1 (Fig. 2.13A-B, G-H). CTLA-4 is responsible for turning off 

activation signaling resulting from TCR activation46, 47. 
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Figure 2.13: Loss of TCF-1 changes the suppressive profile of mature CD4 T cells. 

Recipient mice were allotransplanted with BALB/c BM and WT or TCF cKO CD4 donor

T cells, as described before. At day 7, day 14, and day 21 post-transplant, spleens and 

livers (d14 and d21 only) were obtained from euthanized recipient mice. Lymphocytes 

were obtained and stained for H2Kb, CD3, CD4, and CD8, as well as PD-1, PD-L1, and 

CTLA-4. (A) Representative flow cytometry plots showing expression of PD-1, PD-L1, 

and CTLA-4 in CD4 T cells from spleen at day 21 post-transplant. (B) Representative 

flow cytometry plots showing expression of PD-1, PD-L1, and CTLA-4 in CD4 T cells 

from liver at day 21 post-transplant. (C) Expression of PD-1 on CD4+ donor cells in 

spleen over time. (D) Expression of PD-1 on CD4+ donor cells in liver over time. (E) 

Expression of PD-L1 on CD4+ donor cells in spleen over time. (F) Expression of PD-L1 

on CD4+ donor cells in liver over time. (G) Expression of CTLA-4 on CD4+ donor cells 

in spleen over time. (H) Expression of CTLA-4 on CD4+ donor cells in liver over time. 

All graphs show mean and SD plotted. Data were analyzed with two-way ANOVA, * 

means p-value ≤ 0.05, ** means p-value ≤ 0.01, and **** means p-value ≤ 0.0001. N=3-

4 per group with summary data for one experiment shown. 
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This suggests that TCR signaling activity is not aberrantly regulated by CTLA-4 

in TCF-deficient CD4 T cells, so the cells are likely not over- or understimulated through 

the TCR. Therefore, loss of TCF-1 changes the suppressive profile of mature CD4 T 

cells, but does not disturb control of TCR signaling by CTLA-4. 

We also found that TCF cKO CD8 T cells had lower expression of PD-1 in both 

spleen and liver at day 14 and 21 post-transplant, but not day 7 post-transplant  (Fig. 

2.14A-D). These data suggest that CD8 T cells from TCF cKO mice may be less 

susceptible to suppression by tumor cells (or other cells) expressing PD-L144, 48. 

Therefore, these T cells are more likely to be effective at killing target cells, because they

are less capable of being turned off when a response is appropriate. However, this 

phenotypic change also increases the risk of autoreactive damage. Despite this, GVHD 

scores and histology sections show reduced tissue damage for TCF cKO-transplanted 

mice (Fig. 2.3 and 2.4).  

Expression of PD-L1 was increased in the spleen only for mice given TCF cKO 

CD8 T cells, at day 21 post-transplant (Fig. 2.14A-B, E-F). The higher expression of PD-

L1 suggests that T cells that do not migrate to peripheral tissues by later time points after 

transplant are capable of suppressing other T cells around them45. Thus, the loss of TCF-1

may induce a T cell phenotype which is both less susceptible to external suppression and 

more capable of suppressing other T cells. This may result in enhanced tumor killing with

minimal damage to healthy bystander cells.
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Figure 2.14: Loss of TCF-1 changes the suppressive profile of CD8 donor T cells. 

Recipient BALB/c mice were allotransplanted with BALB/c BM and WT or TCF cKO 

donor CD8 T cells. At day 7, day 14, and day 21 post-transplant, spleen and liver were 

taken from recipients and processed to obtain lymphocytes. Lymphocyes were stained for

CD3, CD4, CD8, H2Kb, PD-1, PD-L1, and CTLA-4. (A) Representative flow cytometry 

plots showing expression of PD-1, PD-L1, and CTLA-4 in CD8 T cells from spleen at 

day 21 post-transplant. (B) Representative flow cytometry plots showing expression of 

PD-1, PD-L1, and CTLA-4 in CD8 T cells from liver at day 21 post-transplant. (C) 

Expression of PD-1 on CD8+ donor cells in spleen over time. (D) Expression of PD-1 on 

CD8+ donor cells in liver over time. (E) Expression of PD-L1 on CD8+ donor cells in 

spleen over time. (F) Expression of PD-L1 on CD8+ donor cells in liver over time. (G) 

Expression of CTLA-4 on CD8+ donor cells in spleen over time. (H) Expression of 

CTLA-4 on CD8+ donor cells in liver over time. Mean and SD are shown, data were 

analyzed with two-way ANOVA, * means p-value ≤ 0.05, *** means p-value ≤ 0.001, 

and **** means p-value ≤ 0.0001. N=3-4 per group and timepoint, summary data from 

one experiment shown.  
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Expression of CTLA-4 was unaffected by loss of TCF-1 in donor CD8 T cells, 

both in liver and spleen (Fig. 2.14A-B, G-H). These data suggest that TCF cKO cells do 

not suffer from abnormal suppression or prolongation of TCR signaling due to improper 

regulation. These cells most likely are not always “on” or always “off” with regard to 

activation.

TCF-1 affects chemokine/chemokine receptor expression, and possibly mature T cell 

migration to GVHD target organs. Now that we had identified changes in the baseline 

phenotype and alloactivated suppressive profile of TCF cKO T cells, we sought to 

determine how these effects translated into functional changes. In order for alloactivated 

T cells to cause damage to host tissues, they must first migrate to the target organs, 

including liver, skin, and small intestine. In addition, if the malignant cells to be 

destroyed comprise a solid tumor, the T cells must be capable of migrating to these sites 

as well30, 31, 49, 50, 51. Given that GVHD severity is significantly reduced when donor T cells 

lack TCF-1, we examined whether these donor cells have defects in migration to target 

organs. To do this, we allotransplanted lethally irradiated BALB/c mice as described 

above, but with the donor cells being a 1:1 mixture of WT:TCF cKO (or WT:WT as 

control) CD3+ T cells. A total of 1x106 T cells were injected, and prior to transplant the 

donor cells were checked to ensure a 1:1 ratio of donor types, as well as to ensure an 

approximately 1:1 distribution of CD4 and CD8 T cells (Fig. 2.15A-B). WT Ly5.1 

donors were identified with CD45.1, and TCF cKO or WT C57 donors were identified 

with CD45.2. 
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Figure 2.15: Loss of TCF-1 induces an apparent migration defect in CD4, but not 

CD8 T cells.

Recipient BALB/c mice were lethally irradiated and allotransplanted with 10x106 BALB/

c bone marrow (BM) cells and 1x106 CD3 T cells. The T cells were a 1:1 mixture of CD3

T cells from WT (CD45.1) and TCF cKO (CD45.2) donor mice, or WT (CD45.1) and 

WT (CD45.2) control mice. (A-B) Prior to transplant, the cell mixture was checked to 

ensure a 1:1 ratio of CD4/CD8 T cells, and a 1:1 ratio of each donor strain (using CD45.1

and CD45.2). At day 7 post-transplant, the spleen, liver, small intestine (“gut”), and 

lymph nodes were taken from euthanized recipient mice and processed to obtain 

lymphocytes. The cells were then stained for H2Kb (donor cells), H2Kd (recipient cells), 

CD3, CD4, CD8, CD45.1, and CD45.2. The pre-transplant flow plots are shown on top 

for CD3 T cells from each strain mixture (same plots shown for A and B pre-transplant). 

One representative post-transplant flow plot for (A) CD4 or (B) CD8 T cells from 

WT:WT or WT:TCF cKO-transplanted recipient mice is shown per organ below. (C-D) 

The ratio of cell percentages in each organ was calculated as the ratio of WT (CD45.1) to 

TCF cKO or WT (CD45.2). Ratios are shown for (C) CD4 or (D) CD8 donor cells. 

Individual points are shown with mean and SD for C-D, data were analyzed with two-

way ANOVA, **** means p-value ≤ 0.0001, and *** means p-value ≤ 0.001. N=3-4 per 

group with one representative experiment shown, except pre-transplant (n=1 each).
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At day 7, the spleen, lymph nodes, small intestine (SI or gut), and liver were 

removed from recipient mice and examined for expression of H2Kb, CD3, CD4, CD8, 

CD45.1, and CD45.2 to determine relative migration of donor T cells (Fig. 2.15).

For CD4+ T cells, TCF cKO cells were present at lower frequencies in the liver 

and SI, indicating a potential migration defect (Fig. 2.15A, C).  Based on these data, the 

frequency of TCF cKO CD4 T cells would be expected to be higher than WT in the 

spleen and lymph nodes, where the cells would be trapped. However, the frequency of 

TCF cKO CD4 T cells was still lower than WT in these organs (Fig. 2.15A, C). This 

suggested that in CD4 TCF-1-deficient T cells, a migration defect may exist, but this 

could also be the result of reduced survival or a potential defect in proliferation.

For CD8 T cells, TCF cKO cells were present at slightly lower frequencies in 

guts, indicating a potential mild migration defect (Fig. 2.15B, D). However, this mild 

reduction in TCF cKO donor cells was also observed in the spleen, indicating that either a

very mild migration defect, or more likely a mild proliferation defect, caused the decrease

(Fig. 2.15B, D). Therefore, loss of TCF-1 likely does not significantly impact migration 

of alloactivated CD8 T cells to target organs.

Expression of chemokines and chemokine receptors is a critical aspect of T cell 

migration to target organs9, 49. To determine whether expression of these molecules was 

affected by loss of TCF-1, we FACS sorted pre- and post-transplanted WT or TCF cKO 
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donor CD4 or CD8 T cells from donor mice or transplanted recipients (spleen only for 

pre-transplant, spleen or liver for post-transplant). We then extracted RNA from the cells,

converted it to cDNA, and performed qPCR using a 96-well mouse chemokine/ 

chemokine receptor plate (Thermo Fisher). 

We found that the expression of chemokines and chemokine receptors on CD4 T 

cells was upregulated following alloactivation, as expected. However, expression of these

markers was consistently higher in TCF cKO CD4 T cells from spleen, both pre- and 

post-transplant (Fig. 2.16A-B), while these markers were downregulated in TCF cKO 

CD4 T cells from post-transplant liver (Fig. 2.16C). Therefore, CD4 T cells from TCF 

cKO mice should be capable of migration at normal levels, and the observed difference in

migration is likely due to changes in proliferation or cell survival. However, it is possible 

that these cells may have a mild migration defect, which could become more apparent 

later in the disease course.

Expression of these chemokine/chemokine receptor markers was generally 

upregulated in CD8 alloactivated T cells as well. Expression of these markers was higher 

in TCF cKO CD8 T cells from pre-transplant spleen compared to WT pre-transplant 

spleen (Fig. 2.17A), but these markers were downregulated in TCF cKO CD8 T cells 

from post-transplant liver and spleen compared to WT cells (Fig. 2.17B-C). 
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Figure 2.16: TCF-1 controls chemokine and chemokine receptor expression on 

donor CD4 T cells during alloactivation.

To perform qPCR, BALB/c mice were lethally irradiated and allotransplanted with 1x106 

CD3 donor cells and BALB/c BM, as above. Donor CD4 T cells from WT and TCF cKO 

mice were FACS sorted both pre-transplant and 7 days post-transplant, from spleen (both 

pre and d7) and liver (d7 only). The cells were sorted into Trizol, and RNA was extracted

using chloroform and converted into cDNA using a synthesis kit. cDNA was added to 

premade primer plates (ThermoFisher), and run on a QuantStudio 3 thermocycler. 

Results are shown as a heatmap of fold change per gene, compared to the 18S reference 

gene for each plate. Boxes with an “X” represent signals with gene expression below the 

level of accurate detection. Heatmaps compare WT versus TCF cKO CD4 T cells in (A) 

pre-transplant spleen, (B) post-transplant spleen, and (C) post-transplant liver. N=5 mice 

into one sample per condition, data shown for one experiment. 
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Figure 2.17: TCF-1 controls chemokine and chemokine receptor expression on 

donor CD8 T cells during alloactivation.

As before, BALB/c mice were allotransplanted with BM and 1x106 donor CD3 T cells 

from WT or TCF cKO mice. Donor CD8 T cells were FACS-sorted from spleen of 

donors pre-transplant, and from spleen and liver of recipients at day 7 post-transplant. 

Cells were sorted into Trizol, then RNA was extracted using chloroform and converted to

cDNA for qPCR analysis. cDNA was run in premade mouse chemokine/chemokine 

receptor assay plates, and results are displayed as heatmaps. Scales are shown at right, 

with fold change per gene compared to an 18S reference gene on each plate. Boxes with 

an “X” represent signals with gene expression below the level of accurate detection. (A) 

Pre-transplant spleen donor CD8 T cells, (B) post-transplant spleen donor CD8 T cells, 

and (C) post-transplant liver donor CD8 T cells for WT versus TCF cKO donors. N=5 

mice into one sample per condition, data shown for one experiment. 
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Therefore, TCF-1 controls expression of CD8 T cell chemokine/chemokine 

receptors, but loss of this factor has little to no impact on migration of these cells to target

organs. Of note, a migration defect may become more apparent as the disease course 

continues, given that GVHD resolves over time in TCF cKO transplanted mice. 

Therefore, while migration of donor T cells may be mildly affected or unaffected by loss 

of TCF-1, TCF-1 regulates expression of chemokines and receptors on mature and 

alloactivated T cells.  

TCF-1 controls mature T cell cytokine production. Production of inflammatory 

cytokines, eventually culminating in a cytokine storm, is considered a hallmark of 

GVHD52, 53. Cytokines and cytotoxic mediators are essential for T cells to maintain the 

GVL effect and kill tumor cells, yet they also lead to damage of healthy host tissues50, 51, 

52, 53, 54. To examine cytokine production by TCF cKO donor T cells, we allotransplanted 

recipient mice as described above with 1.5x106 CD3 donor T cells (WT or TCF cKO) and

10x106 BALB/c BM cells. At day 7 post-transplant, splenocytes were obtained from 

recipient mice, and were restimulated to induce cytokine production. Cells were cultured 

with Golgiplug along with PBS (negative control) or anti-CD3/anti-CD28 (restimulated) 

for 6 hours. After this incubation, the cells were stained for flow cytometry with 

antibodies against H2Kb, CD3, CD4, CD8, TNF-α, and IFN-γ. We found that production 

of TNF-α by donor CD4 T cells was numerically decreased (no significance) when TCF-

1 was lost (Fig. 2.18A-B). On the other hand, production of IFN-γ did not appear to be 

affected by loss of TCF-1 in CD4 T cells (Fig. 2.18A, C). 
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Figure 2.18: Loss of TCF-1 changes the cytokine profile of mature alloactivated 

CD4 T cells.

(A-C) Recipient BALB/c mice were allotransplanted with BALB/c BM and 1.5x106 WT 

or TCF cKO donor CD3 T cells, as before. At day 7, splenocytes were obtained and 

restimulated by 6 hours of culture with anti-CD3/anti-CD28 or PBS (control), along with 

GolgiPlug. (A) Production of TNF-α and IFN-γ was measured by flow cytometry, using 

percent cytokine-positive cells. Donor cells were stained for H2Kb, CD3, CD4, and CD8,

then fixed/permeabilized and stained with anti-IFN-γ and anti-TNF-α. Representative 

flow cytometry plots are shown. Data are quantified for (B) TNF-α and (C) IFN-γ. (D-F) 

Serum was obtained from cardiac blood of euthanized recipient mice at day 7, day 14, 

and day 21 post-transplant, and was tested using a LEGENDplex multiplex ELISA kit. 

(D) Serum concentration (pg/mL) of TNF-α over time for WT versus TCF cKO-

transplanted mice. (E) Serum concentration (pg/mL) of IFN-γ over time for WT versus 

TCF cKO-transplanted mice. (F) Serum concentration (pg/mL) of IL-2 over time for WT 

versus TCF cKO-transplanted mice. For B-C, individual points are shown with mean and

SD. For D-F, mean and SD only is shown. All data were analyzed with one-way or two-

way ANOVA, and  **** means p-value ≤ 0.0001. N=3-5 per group for A-C with data 

from two experiments shown, N=6 per group for D-F, summary data are shown from one

representative experiment.  
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We also took obtained serum from blood of these recipient mice and tested it for 

various cytokines using a LEGENDplex ELISA kit (Biolegend). TNF-α was increased at 

day 7 in serum of mice given TCF cKO CD4 T cells (compared to those given WT cells),

but then dropped to WT levels by day 14 (Fig. 2.18D). IFN-γ was also increased for mice

given TCF cKO CD4 T cells at day 7, and dropped to WT levels by day 14 (Fig. 2.18E). 

The difference in IFN-γ results from serum and donor splenocytes suggests that loss of 

TCF-1 in CD4 donor T cells results in increased production of IFN-γ from host cells 

early on, compared to in WT-transplanted mice. These data also suggest that TNF-α is 

more directly critical for GVHD damage than IFN-γ is. Finally, IL-2 expression in serum 

was increased at day 7 in TCF cKO-transplanted mice, but then dropped to WT levels by 

day 14 (Fig. 2.18F). This suggested that proliferation may be increased early on for TCF 

cKO CD4 T cells. These data suggest that allotransplanted TCF cKO CD4 T cells are 

more activated early on in the response, but may be less active (or less present) later on.

For CD8 donor T cells, production of TNF-α was numerically decreased (no 

significance) when TCF-1 was lost (Fig. 2.19A-B). In contrast, IFN-γ production was 

numerically increased (no significance) upon loss of TCF-1 in CD8 T cells (Fig. 2.19A, 

C). This suggests that TNF-α is more critical for GVHD-related damage by T cells than 

IFN-γ is. In the serum, TNF-α levels in mice given TCF cKO CD8 T cells were lower 

than in mice given WT CD8 T cells at day 7 (Fig. 2.19D). Additionally, TNF-α levels in 

serum appeared to decrease over time past day 7 for both groups of mice, especially those

given WT T cells (Fig. 2.19D). 

149



F
ig

u
re

 2
.1

9:
 L

os
s 

of
 T

C
F

-1
 a

lt
er

s 
cy

to
k

in
e 

p
ro

du
ct

io
n

 b
y 

m
at

u
re

 a
llo

ac
ti

va
te

d
 C

D
8 

T
 c

el
ls

.

                     150



Figure 2.19: Loss of TCF-1 alters cytokine production by mature alloactivated CD8 

T cells.

(A-C) Recipient mice were allotransplanted with 1.5x106  WT or TCF cKO donor CD3 T 

cells and BALB/c BM, as before. Splenocytes were taken at d7 post-transplant, 

restimulated by 6 hours of culture with Golgi Plug and PBS (control) or anti-CD3/anti-

CD28 (TCR restim.), then stained for H2Kb, CD3, CD4, CD8, TNF-α, and IFN-γ. (A) 

Production of TNF-α and IFN-γ was measured by flow cytometry, using percent 

cytokine-positive cells. Representative flow cytometry plots are shown. Data are 

quantified for (B) TNF-α and (C) IFN-γ. (D-H) At day 7, day 14, and day 21 post-

transplant, serum was obtained from cardiac blood of allotransplanted recipient mice and 

tested for various cytokines using a LEGENDplex ELISA assay. (D) Serum levels 

(pg/mL) of TNF-α for WT and TCF cKO-transplanted mice over time and (E) at day 14 

only. (F) Serum levels (pg/mL) of IFN-γ for WT and TCF cKO-transplanted mice over 

time and (G) at day 14 only. (H) Serum levels (pg/mL) of IL-2 over time for WT and 

TCF cKO-transplanted mice. For B-C, E, and G, individual points are plotted with mean 

and SD shown, and for D, F, and H, means with SD are plotted. All data were analyzed 

with Student’s t-test or two-way ANOVA (depending on groups). ** means p-value ≤ 

0.01, and *** means p-value ≤ 0.001. 
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When compared alone, serum from day 14 also showed a significant drop in TNF-

α levels for TCF cKO-transplanted mice (Fig. 2.19E). Interestingly, decreasing levels 

were also seen for IFN-γ in the serum in TCF cKO-transplanted mice (Fig. 2.19F-G). 

This suggests that TCF cKO CD8 T cells may be capable of more IFN-γ production than 

WT cells when restimulated, but in actuality produce less IFN-γ than WT cells when 

allotransplanted. We also examined IL-2 levels, and found that they were increased in 

TCF cKO transplanted mice at day 7, supporting the early rise in proliferation, but 

dropped below WT levels at day 14 and 21 (Fig. 2.19H). These data support the 

hypothesis that proliferation is high early on for TCF cKO T cells, but later drops off or 

cells do not survive to later timepoints. Therefore, TCF-1 controls mature alloactivated T 

cell cytokine production, with different effects on CD4 and CD8 T cells. 

 

TCF-1 controls production of cytotoxic mediators by mature CD8 T cells. CD8 T cells 

primarily use cytotoxic molecules such as perforin, Fas, and Granyzme B to mediate 

GVL effects50, 51, 54. We looked at perforin and Granzyme B protein levels by performing a

western blot on lysates from naive CD8 T cells or allotransplanted CD8 T cells from WT 

and TCF cKO mice. We found that pre-transplant TCF cKO CD8 T cells showed a 

numerical increase (no significance) in production of perforin and Granzyme B than WT 

CD8 T cells (Fig. 2.20A-C). We also found that alloactivated TCF cKO CD8 T cells still 

produced numerically increased amounts of Granzyme B compared to WT CD8 T cells 

(without significance), with little to no difference in perforin expression compared to WT

(Fig. 2.20A, D-E). 
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Figure 2.20: Loss of TCF-1 alters cytotoxic mediator production by mature 

alloactivated CD8 T cells. 

(A-E) Pre-transplant and post-transplant donor CD8 T cells were isolated from donors or 

from WT- or TCF cKO-transplanted recipient spleens, and lysed for western blot. (A) 

Blot photos showing bands for perforin, Granzyme B, and actin. Protein levels 

normalized to β-actin for (B) Granzyme B and (C) perforin in pre-transplant cells, and 

(D) Granzyme B and (E) perforin in post-transplant cells. (F-I) RNAseq was done on 

FACS-sorted CD8 T cells from donors (pre-transplant) or from recipients given WT or 

TCF cKO CD3 T cells (D7 post-transplant). (F) Expression of (F) Gzmb and (G) Prf1 in 

pre-transplant cells, and expression of (H) Gzmb and (I) Fas in post-transplant cells. For 

B-E one experiment is plotted, for F-G n=3 per group with one experiment shown, for H-

I n=6 per group (n=3 spleen and n=3 liver) with one experiment shown. Individual points

with or without summary boxplot are shown for F-I.    
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We also performed RNA sequencing on pre- and post-transplant donor CD8 T 

cells from WT or TCF cKO mice. We found that expression of both GzmB (Granzyme 

B) and Prf1 (perforin) were numerically increased (no significance) in pre-transplant TCF

cKO CD8 donor T cells (Fig. 2.20 F-G), in agreement with the western blot data. 

Expression of Gzmb and Fas were also numerically increased (no significance) for TCF 

cKO donor CD8 T cells post-transplant (Fig. 2.20H-I). These results suggest that the 

GVL effect is maintained by TCF cKO T cells because they have the same or more 

expression on a per-cell basis of cytotoxic mediators which are critical to this process.

TCF-1 controls proliferation of mature alloactivated T cells. In order for GVHD to 

persist, donor T cells must proliferate in secondary lymphoid organs and target organs30, 

31. Naive and effector T cells drive GVHD, but they are short-lived and must be replaced 

to maintain an alloresponse3, 34, 55, 56. Given that memory cells, naive cells, and 

transitioning/activating cells are altered among CD4 and CD8 T cells when TCF-1 is lost,

we hypothesized that proliferation, survival, or exhaustion of these cells may also be 

affected. 

To investigate whether loss of TCF-1 affects the proliferation of mature 

alloactivated T cells, we transplanted lethally irradiated BALB/c mice with 1x106 WT or 

TCF cKO CD3 T cells and 10x106 BALB/c BM cells, as described above. The recipient 

mice were injected with EdU in PBS at 25mg/kg on day 5-6. At day 7, recipient mice 

were euthanized, lymphocytes were obtained from the spleen and liver, and donor cells 

155



(identified by H2Kb, CD3, CD8, and CD4) were tested for the presence of EdU with a 

click chemistry flow cytometry kit. 

A trend of increased proliferation in the spleen (numerical change, no 

significance) and significantly increased proliferation in the liver by TCF cKO donor 

CD4 T cells was observed (Fig. 2.21A-C). Therefore, proliferation at day 7 is increased 

in TCF cKO CD4 T cells. We also used Ki67 staining in a similar but separate allo-

HSCT experiment (without injecting EdU) to confirm these results, as Ki67 is a marker 

of T cell activation and proliferation57. We found that activation/proliferation of T cells 

(as measured by Ki67) was numerically increased (no significance) for TCF donor cKO 

CD4 T cells in the spleen, but not in the liver (Fig. 2.21D-F). We also performed RNA 

sequencing on post-transplant donor CD4 T cells from WT and TCF cKO donors. We 

found that expression of Mki67 (the gene for Ki-67) was numerically increased (no 

significance) for CD4 T cells from TCF cKO mice (Fig. 2.21G). Therefore, proliferation 

in T cells early after alloactivation is increased by loss of TCF-1. However, given that 

symptoms of GVHD resolve after day 7 in TCF cKO-transplanted recipients, we 

hypothesize that proliferation of donor cells may drop below WT levels after this point, 

or the TCF cKO T cells may not survive.

There was also an increase in proliferation in the spleen and liver by CD8 TCF 

cKO T cells, which was significant in the liver (Fig. 2.22A-C). Therefore, proliferation at

day 7 is increased in TCF cKO CD8 T cells as well. 
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Figure 2.21: TCF-1 controls proliferation of mature alloactivated CD4 T cells.

(A-C) Recipient BALB/c mice were allotransplanted with BALB/c BM and 1x106 WT or

TCF cKO donor CD3 T cells, as before. On day 5 and 6, recipient mice were injected i.p. 

with 25 mg/kg of EdU in PBS. At day 7, spleens and livers were removed from 

euthanized recipient mice, lymphocytes were isolated, and cells were stained for EdU 

with a click chemistry kit. Cells were also stained for H2Kb, CD3, CD4, and CD8. (A) 

Representative flow cytometry plots for EdU expression in CD4 donor T cells are shown.

EdU expression was quantified for CD4 T cells in (B) spleen and (C) liver. (D-F) 

Recipient mice were allotransplanted as before, and at day 7 spleens and livers were 

obtained from euthanized recipients. Lymphocytes were isolated, and cells were stained 

for H2Kb, CD3, CD4, CD8, and Ki67 to identify CD4+ proliferating/activated cells in 

spleen and liver. (D) Representative flow cytometry plots for Ki67 expression in CD4 

donor T cells are shown. Ki67 expression was quantified for CD4 T cells in (E) spleen 

and (F) liver. (G) RNAseq was performed on donor CD4 T cells from WT or TCF cKO 

mice that were sorted back from recipient mice at day 7 post-transplant. Expression of 

Mki67 is shown as individual points with summary boxplot. All data are shown as 

individual points with mean and SD, were analyzed with Student's t-test, and * means p-

value ≤ 0.05. For A-F, n=3-4 per group with one representative experiment shown, for G,

n=6 per group (n=3 spleen and n=3 liver) with one experiment shown.  
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Figure 2.22: TCF-1 controls proliferation of mature alloactivated CD8 T cells.

(A-C) Recipient BALB/c mice were allotransplanted with BALB/c BM and 1x106 WT or

TCF cKO donor CD3 T cells, as before. On day 5 and 6, recipient mice were injected i.p. 

with 25 mg/kg of EdU in PBS. At day 7, spleens and livers were removed from 

euthanized recipient mice, lymphocytes were isolated, and cells were stained for EdU 

with a click chemistry kit. Cells were also stained for H2Kb, CD3, CD4, and CD8. (A) 

Representative flow cytometry plots for EdU expression in CD8 donor T cells are shown.

EdU expression was quantified for CD8 T cells in (B) spleen and (C) liver. (D-F) 

Recipient mice were allotransplanted as before, and at day 7 spleens and livers were 

obtained from euthanized recipients. Lymphocytes were isolated, and cells were stained 

for H2Kb, CD3, CD4, CD8, and Ki67 to identify CD8+ proliferating/activated cells in 

spleen and liver. (D) Representative flow cytometry plots for Ki67 expression in CD8 

donor T cells are shown. Ki67 expression was quantified for CD8 T cells in (E) spleen 

and (F) liver. (G) RNAseq was performed on donor CD8 T cells from WT or TCF cKO 

mice that were sorted back from recipient mice at day 7 post-transplant. Expression of 

Mki67 is shown as individual points with summary boxplot. All data are shown as 

individual points with mean and SD, were analyzed with Student's t-test, * means p-value

≤ 0.05, and ** means p-value ≤ 0.01. For A-F, n=3-4 per group with one representative 

experiment shown, for G, n=6 per group (n=3 spleen and n=3 liver) with one experiment 

shown. 
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We also used Ki67 staining in a similar but separate allo-HSCT experiment 

(without injecting EdU) to confirm these results. Indeed, Ki67 expression was 

significantly increased or numerically increased (no significance) for TCF cKO CD8 T 

cells in the spleen and liver, respectively (Fig. 2.22D-F). We also performed RNAseq on 

donor CD8 T cells from WT and TCF cKO mice, as for CD4 T cells. Again, we saw a 

numerical increase (no significance) in Mki67 expression in post-transplant TCF cKO 

CD8 T cells (Fig. 2.22G). Therefore, proliferation in CD8 T cells early after 

alloactivation is increased by loss of TCF-1. However, given that symptoms of GVHD 

resolve after day 7 in TCF cKO-transplanted recipients, we again hypothesize that 

proliferation or survival of TCF cKO T cells may be reduced after this point. Overall, 

TCF-1 normally suppresses alloactivated T cell proliferation, such that loss of this factor 

causes increased proliferation early on in the disease course. 

TCF-1 controls cell survival and apoptosis of mature alloactivated T cells.

Next, we sought to determine whether donor T cell survival was affected by loss 

of TCF-1. Impaired survival of donor T cells following allotransplant could also explain 

the reduction in disease, so we performed a death assay using flow cytometry. Recipient 

mice were allotransplanted as described, with 10x106 BALB/c BM cells and 1x106 donor 

CD3 T cells (WT or TCF cKO). At day 7 post-transplant, recipient mice were euthanized,

lymphocytes were taken from spleen and liver, and cells were stained with antibodies 

against H2Kb, CD3, CD4, and CD8, as well as Annexin V-FITC and LIVE/DEAD Near-
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IR. This allowed us to identify donor CD4 or CD8 T cells, and further to separate three 

distinct populations -  live cells, dead cells, and apoptotic cells (Fig. 2.23). 

When we compared WT and TCF cKO donor cells, we found that TCF cKO CD4 

T cells were more frequently dead and less frequently apoptotic (numerical changes with 

no significance) than WT donor cells in both spleen and liver (Fig. 2.23A-C). In support 

of this, when we attempted to sort CD4 T cells from WT- and TCF cKO-transplanted 

mice at day 7, there were significantly fewer CD4 donor T cells in the spleen from TCF 

cKO donors than from WT donors (by number of cells/10,000 total cells) (Fig. 2.23D-E).

In addition, we sorted TCF cKO donor CD4 T cells at day 14 post-transplant, and donor 

cells in the spleen were significantly reduced (with cells in liver numerically reduced 

without significance) compared to day 7 WT and TCF cKO donor T cells (Fig. 2.23D-E).

Therefore, it is likely that survival and/or proliferation are reduced further after day 7 in 

TCF cKO CD4 donor T cells, allowing progressive resolution of GVHD symptoms.

We also found that TCF cKO CD8 T cells in the spleen were significantly less 

frequently dead and more frequently live, and numerically more frequently apoptotic (not

significant) than WT donor cells (Fig. 2.24A-B). In the liver, TCF cKO donor cells 

appeared to have numerically more dead and less live cells (no significance) (Fig. 2.24A, 

C). This suggests that CD8 T cells lacking TCF-1 in the spleen may be more prone to 

apoptosis following allotransplant, suggesting a similar role for TCF-1 in survival of 

mature cells as for developing cells in the thymus58, 59.
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Figure 2.23: TCF-1 controls cell survival and apoptosis of mature alloactivated CD4

T cells.

(A-C) Recipient mice were allotransplanted with BALB/c BM and WT or TCF cKO CD3

T cells, and at day 7, spleens and livers were taken from euthanized recipients. 

Lymphocytes were isolated and stained for CD3, CD4, CD8, and H2Kb, and with 

Annexin V-FITC and LIVE/DEAD Near IR. CD4 donor T cells were identified as live 

(Ann.V-IR-), apoptotic(Ann.V+IR-), or dead (Ann.V+IR+), in both spleen and liver. (A) 

Representative flow cytometry plots showing live, dead, and apoptotic CD4 donor T cells

in spleen and liver. These cell subsets were quantified for (B) spleen and (C) liver. (D-E) 

Donor CD4 T cells were FACS-sorted from donors pre-transplant, or sorted back from 

recipients post-transplant at day 7 or day 14. Number of pre- and post-transplant CD4+ 

donor T cells obtained by sorting from donor or recipient mice is shown per 10,000 

sorted cells. Number of cells for each donor type and timepoint in (D) spleen and (E) 

liver, with individual points and mean with SD plotted. Data were analyzed with one-way

or two-way ANOVA, ** means p-value ≤ 0.01, and *** means p-value ≤ 0.001. N=3-5 

per group for A-C, n=1-3 per group for D-E (1 pre, 2 d14, 3 d7), one representative 

experiment shown for all. 
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Figure 2.24: TCF-1 controls cell survival and apoptosis of mature alloactivated CD8

T cells. 

(A-C) Recipient mice were allotransplanted with BALB/c BM and WT or TCF cKO CD3

T cells, and at day 7, spleens and livers were taken from euthanized recipients. 

Lymphocytes were isolated and stained for CD3, CD4, CD8, and H2Kb, and with 

Annexin V-FITC and LIVE/DEAD Near IR. CD8 donor T cells were identified as live 

(Ann.V-IR-), apoptotic(Ann.V+IR-), or dead (Ann.V+IR+), in both spleen and liver. (A) 

Representative flow cytometry plots showing live, dead, and apoptotic CD8 donor T cells

in spleen and liver. These cell subsets were quantified for (B) spleen and (C) liver. (D-E) 

Donor CD8 T cells were FACS-sorted from donors pre-transplant, or sorted back from 

recipients post-transplant at day 7 or day 14. Number of pre- and post-transplant CD8+ 

donor T cells obtained by sorting from donor or recipient mice is shown per 10,000 

sorted cells. Number of cells for each donor type and timepoint in (D) spleen and (E) 

liver, with individual points and mean with SD plotted. Data were analyzed with one-way

or two-way ANOVA, * means p-value ≤ 0.05, ** means p-value ≤ 0.01, and *** means 

p-value ≤ 0.001. N=3-5 per group for A-C, n=1-3 per group for D-E (1 pre, 2 d14, 3 d7), 

one representative experiment shown for all. 
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 In support of this, when we attempted to sort CD8 T cells from WT and TCF 

cKO-transplanted mice at day 7 post-transplant (in a separate experiment), there were 

significantly fewer CD8 donor T cells in the spleen from TCF cKO donors than from WT

donors (by number of cells/10,000 total sorted cells) (Fig. 2.24D). Donor cell numbers 

also were numerically reduced (no significance) for TCF cKO cells in the liver at day 7 

(Fig. 2.24E). In addition, we attempted to sort TCF cKO donor CD8 T cells at day 14 

post-transplant, and donor cells in the spleen and liver were reduced (significant) or 

numerically reduced (no significance), respectively, compared to day 7 WT and TCF 

cKO donor CD8 T cells (Fig. 2.24D-E). Therefore, it is likely that survival and/or 

proliferation are reduced after day 7 in TCF cKO CD8 T cells, giving rise to the 

progressive resolution in symptoms observed in TCF cKO-transplanted mice.

We also performed RNA sequencing on post-transplant donor T cells from WT 

and TCF cKO mice. When we examined expression levels of caspases in post-transplant 

donor CD8 T cells from spleen and liver, we found that caspase 9 expression (associated 

with the intrinsic pathway of apoptosis60, 61, 62) was numerically decreased (no 

significance) for TCF cKO CD8 donor T cells (Fig. 2.25A). In contrast, expression of 

caspase 3, caspase 7, and caspase 8 (associated with the extrinsic pathway of apoptosis60, 

61, 62) were numerically increased (no significance) for TCF cKO donor CD8 T cells (Fig. 

2.25B-D). 
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Figure 2.25: Caspase expression in mature alloactivated CD8 T cells is affected by 

loss of TCF-1. 

RNA sequencing was done on donor CD4 or CD8 T cells sorted back from recipient 

spleens and livers at day 7 post-transplant. Expression of caspases was assessed in (A-D) 

CD8 donor T cells or (E-H) CD4 donor T cells. Expression of Casp9 (A, E), Casp 7 (B, 

F), Casp3 (C, G), and Casp8 (D, H) is shown as individual points with summary boxplot.

N=6 per group (n=3 spleen and n=3 liver), one experiment is shown. 
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These data not only support the flow cytometry evidence that TCF-deficient CD8 

donor T cells are more prone to apoptosis, but also suggest that this may occur primarily 

through the extrinsic pathway. For CD4 T cells, a clear trend was not observed for 

caspase expression (Fig. 2.25E-H). Together, these data suggest that TCF-1 normally 

promotes survival of alloactivated T cells, and loss of this factor increases the risk of 

apoptosis or cell death.  

TCF-1 controls exhaustion of mature alloactivated T cells. Exhaustion of lymphocytes 

can occur when they are overstimulated or chronically exposed to stimuli. This prevents 

the T cells from functioning effectively, which in the case of GVHD, would mean that 

alloresponses would be reduced16, 30, 31. To determine whether exhaustion of the T cells 

occurred when TCF-1 was lost, we allotransplanted recipient mice as described with 

10x106 BALB/c BM cells and 1x106 donor CD3 T cells (WT or TCF cKO). We assessed 

donor cells from the spleen and liver at day 7 post-transplant for the expression of TOX, 

a T cell exhaustion marker12, 63, 64. We found that donor CD4 T cells from TCF cKO mice 

were  more exhausted (numerical change with no significance) in the spleen and liver, 

compared to WT donor cells (Fig. 2.26A-C). Together with the above data, this suggests 

that CD4 donor T cells from TCF cKO mice have worse survival and increased 

exhaustion over time compared to WT CD4 T cells.

We also found that donor CD8 T cells from TCF cKO mice were significantly 

more exhausted in the spleen, and similarly exhausted in the liver, compared to WT 

donor cells (Fig. 2.26D-F). 

170



F
ig

u
re

 2
.2

6:
 T

C
F

-1
 c

on
tr

ol
s 

ex
h

au
st

io
n

 o
f 

m
at

u
re

 a
llo

ac
ti

va
te

d
 T

 c
el

ls
. 

                     171



Figure 2.26: TCF-1 controls exhaustion of mature alloactivated T cells. 

Recipient mice were allotransplanted with BALB/c BM and WT or TCF cKO CD3 T 

cells, and at day 7 spleens and livers were obtained from euthanized recipients. Cells 

were stained for H2Kb, CD3, CD4, and CD8, then fixed/permeabilized and stained for 

TOX to identify exhausted cells in spleen and liver. (A) Representative flow cytometry 

plots showing expression of TOX in donor CD4 T cells from spleen or liver. Expression 

of TOX in (B) spleen CD4 donor cells, and (C) liver CD4 donor cells. (D) Representative

flow cytometry plots showing expression of TOX in donor CD8 T cells from spleen or 

liver. Expression of TOX in (E) spleen CD8 donor cells, and (F) liver CD8 donor cells. 

All data are shown as individual points with mean and SD, were analyzed with Student's 

t-test, and * means p-value ≤ 0.05. N=4-5 per group with one representative experiment 

shown.

172



Together with the above data, this suggests that CD8 donor T cells from TCF 

cKO mice have a higher risk of apoptosis and increased exhaustion compared to WT 

CD8 T cells. The functional exhaustion and reduced survival of donor T cells provides a 

clinically optimal phenotype, because the donor cells eradicate residual malignant cells 

quickly after being transplanted, but then die off or become non-functional, removing the 

threat of host tissue damage. The observations detailed above help to explain why GVHD

scores reduce rather than persisting over time for TCF cKO-transplanted mice, as donor 

TCF cKO T cells may no longer be functional after the peak of disease at day 7.

Reduced CXCR5 expression in CD8 T cells of TCF-1 deficient mice may contribute to 

reduced GVHD severity. CXCR5 is a major T cell chemokine receptor which contributes

to T cell migration out of the spleen, although CXCR5 is traditionally described as a T 

follicular helper (Tfh) cell subset marker. In situations where antigen persists over a long 

period of time, such as during immunization or chronic viral infection, some CD8+ T 

cells also express CXCR5. These cells have been described as stem-like, and maintain the

pool of exhausted CD8+ T cells during the immune response in these contexts5, 6, 7, 10, 26. 

These cells are also responsible for proliferation and response to PD-1 blockade7, 10. In 

GVHD, alloantigens that are recognized by donor T cells come from the patient’s HLA 

molecules, so these antigens are chronically present3, 30, 31. 

We hypothesized that persistence of GVHD damage over time results from the 

presence of CXCR5+ CD8+ T cells, which maintain the pool of cells capable of 
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responding to alloantigen and causing damage. In this model, CXCR5+ CD8+ T cells in 

the spleen proliferate continuously, allowing waves of CD8 T cells to migrate to target 

organs, causing damage continuously. 

To examine this hypothesis, we looked at CXCR5 expression in naïve and 

alloactivated WT CD8+ T cells (Fig. 2.27). In naïve WT T cells, CXCR5 expression 

among CD8+ T cells was low (Fig. 2.27A). After alloactivation for 7, 14, or 21 days in 

allotransplanted mice, donor splenic WT CD8+ T cells expressed CXCR5 at a higher 

frequency than naïve cells (Fig. 2.27A-E). Importantly, this CXCR5 expression remained

higher than naïve levels at all timepoints after alloactivation, with a peak in expression 

around day 7 (Fig. 2.27B). In addition, donor CD8+ T cells found in the liver also 

expressed CXCR5 at low levels, and this expression did not change over time post-

alloactivation (Fig. 2.27A, F-H). Together, these data support the hypothesis that in 

allotransplanted mice receiving WT donor T cells and experiencing GVHD, CXCR5+ 

CD8+ T cells do exist. These cells persist over time, peak at the same time as the peak of 

disease, and may contribute both to ongoing damage and to continual migration of donor 

cells into the liver and other target organs. 

Previous reports suggested that TCF-1 is the single most critical transcription 

factor responsible for development of these Tfh-like CXCR5+ CD8+ T cells7, 65. 

Therefore, we examined whether CXCR5 expression is reduced when TCF-1 is lost in 

these cells. 
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Figure 2.27: Reduced CXCR5 expression in CD8 T cells of TCF-1 deficient mice 

may contribute to reduced GVHD severity.

Recipient BALB/c mice were allotransplanted with BALB/c BM and WT or TCF cKO 

donor CD8 T cells. Prior to transplant, a sample of donor cells was stained for CXCR5. 

At day 7, day 14, and day 21 post-transplant, spleen and liver (d14 and d21 only) were 

taken from recipient mice, processed to obtain lymphocytes, and stained for CD3, CD4, 

CD8, H2Kb, and CXCR5. (A) Representative flow cytometry plots showing expression 

of CXCR5 among CD8 donor T cells from spleen and liver on day 7, day 14, and day 21. 

(B) Expression of CXCR5 in spleen at day 0 and over time post-transplant. (C-E) 

Expression of CXCR5 at (C) 7 days, (D) 14 days, and (E) 21 days post-transplant in the 

spleen. (F) Expression of CXCR5 in liver-derived donor cells over time post-transplant. 

(G-H) Expression of CXCR5 at (G) day 14 and (H) day 21 post-transplant in the liver. 

(I) Expression level of CXCR5 in counts per million reads for WT versus TCF cKO 

donor CD8 T cells, post-transplant, in spleen and liver. Individual samples are shown, 

with boxplot indicating summary statistics. Log scale is used on y-axis. N=5-6 per group 

and condition, with summary data (B, F) or individual points (C-E, G-H) shown for one 

experiment. 
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The frequency of CXCR5+ CD8+ T cells is not significantly lower in naive TCF 

cKO mice than in naive WT mice (Fig. 2.27B).  However, upon alloactivation, splenic 

CD8+ T cells from TCF cKO donor mice had lower expression of CXCR5 in spleen at all

time points, especially at day 14 and day 21 (Fig. 2.27A-E). The expression of CXCR5 

among CD8 donor T cells from the TCF cKO mice in the liver was not significantly 

different from WT CD8 T cells (Fig. 2.27A, F-H). Thus, these data support the 

conclusion that TCF-1 is indeed important for development of CXCR5+ CD8+ T cells, 

but loss of TCF-1 only in T cells does not completely abrogate their development. 

Instead, frequencies of these cells are reduced in the TCF cKO donor cells during 

allotransplant. We hypothesize that this may lead to impaired migration and 

replenishment of alloreactive donor T cells, and thus, reduced persistence and severity of 

GVHD-driven damage.

Finally, we performed RNA sequencing on post-transplant donor CD8 T cells 

from WT and TCF cKO mice or recipients. We looked at expression levels of CXCR5 in 

D7 post-transplant donor CD8 T cells from spleen and liver, comparing WT and TCF 

cKO samples. We found that CXCR5 expression levels were numerically decreased (no 

significance) in TCF cKO donor CD8 T cells at D7 (Fig. 2.27I), confirming the results 

that we obtained by flow cytometry. Although CXCR5 was not identified as a 

significantly changed gene (d7 spleen had p-value 0.041 but False Discovery Rate (FDR) 

0.114, d7 liver had p-value 0.074 and FDR 0.179), the fold change for this gene was 

relatively large in spleen (8.392), which agrees with our flow cytometry data. Therefore, 
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changes to CXCR5 expression on CD8 T cells may occur after transcription when TCF-1 

is lost, and it is likely that loss of CXCR5 in CD8 T cells is an important factor in the 

reduced GVHD severity and persistence resulting from TCF-deficient donor cells. 

Loss of TCF-1 alters gene expression of alloactivated T cells. Given that the phenotype 

and functions of donor T cells, as well as disease outcomes, were significantly altered by 

loss of TCF-1 on donor cells, we sought to determine what specific gene changes 

occurred to support this. We allotransplanted recipient BALB/c mice with 10x106 BALB/

c BM cells and 1x106 donor CD3 T cells as above. A FACS-sorted pre-transplant sample 

of CD4+ or CD8+ donor T cells was taken and stored in Trizol. At day 7 post-transplant, 

donor CD4+ or CD8+ T cells were sorted back from spleen and liver of recipients using 

H2Kb, CD3, CD4, and CD8, and stored in Trizol. 

The sorted cells were then sent to the SUNY Upstate Molecular Analysis Core for

RNA extraction and library prep. Prepped samples were then sequenced at the University 

of Buffalo Genomics Core (paired end sequencing on an Illumina NovaSeq 6000). Data 

were analyzed using Partek Flow software. Gene expression data shown in Figs. 2.20-

2.22, 2.25, and 2.27 were also generated during this experiment. 
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We found that for both pre- and post-transplant samples, WT and TCF cKO donor

CD4 T cells clustered separately by strain and by timepoint using Principal Component 

Analysis (PCA) (Fig. 2.28A). In addition, WT and TCF cKO donor CD4 T cells appeared

to be more similar genetically after allo-transplantation, as the number of significantly 

different genes was much higher in pre-transplant spleen than in post-transplant spleen 

and liver (Fig. 2.28B). 

In pre-transplant samples, several genes of interest were significantly altered by 

loss of TCF-1, including Ccr2, Ccr3, and Cxcr6 (migration/chemokine receptors), Tox2 

(exhaustion), and Mki67 (proliferation) (Fig. 2.28C). In post-transplant samples, the 

altered genes of interest included Ccr9, Ccl5, and Cxcr5 (migration/chemokines/ 

chemokine receptors) (Fig. 2.28D). 

Pathway enrichment analysis showed that cell cycle control, T cell differentation, 

TCR signaling, FoxO signaling, and immune signaling pathways (such as NOD and RIG-

I) were altered by loss of TCF-1 in pre-transplant donor CD4 T cells (Fig. 2.28E). For 

post-transplant cells, cytokine/cytokine receptor interaction genes were affected in both 

liver and spleen, and in liver only, other pathways such as intestinal immunity, 

chemokine signaling, and NOD signaling were also impacted by loss of TCF-1 (Fig. 

2.28F-G). 
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Figure 2.28: TCF-1 contributes to control of cytokine and immune signaling 

pathways in donor CD4 T cells.

Recipient BALB/c mice were allotransplanted with BALB/c BM and 1x106 WT or TCF 

cKO donor CD3 T cells as before. Pre-transplant donor CD4 T cells were FACS-sorted 

from spleens of donor mice prior to transplant, and at day 7 post-transplant, donor CD4 T

cells were FACS-sorted back from recipient spleen and liver. Cells were sorted into 

Trizol, then RNA was extracted and paired-end sequencing was done on an Illumina 

sequencer. Data were analyzed using Partek Flow. (A) PCA analysis showing clustering 

of donor T cells from WT and TCF cKO mice. Points are colored by strain (blue is WT, 

red is TCF cKO), and highlighted by timepoint (blue grouping is pre-transplant, red 

grouping is d7). (B) Venn diagram of number of differentially expressed genes found at 

each time point, using criteria FDR ≤0.05 and fold change ≥ 2 or ≤ -2. (C-D) Heatmap 

showing selected significantly changed genes in donor CD4 T cells from (C) pre-

transplant spleen, or (D) post-transplant spleen and liver. (E-G) Pathway enrichment 

analysis for WT versus TCF cKO CD4 donor T cells at each time point and organ. 

Selected significantly altered pathways (p-value ≤ 0.05) are shown, with enrichment 

score plotted and p-value indicated by fill color. (E) Pre-transplant spleen, (F) Day 7 

liver, and (G) Day 7 spleen are shown. N=3 samples per organ per group per timepoint, 

one experiment shown. 
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Interestingly, WT and TCF cKO donor CD4 T cells appear to be more different 

prior to transplant as compared to post-transplant, because the number of pathways 

disrupted is fewer in post-transplant WT versus TCF cKO cells (Fig 2.28E-G). However,

in both pre- and post-transplant samples, WT and TCF cKO CD4 T cell samples 

clustered by strain (using hierarchical clustering methods, Fig. 2.29), showing that loss of

TCF-1 induces a unique genetic program in mature and alloactivated donor CD4 T cells. 

Therefore, TCF-1 controls numerous immune genes and pathways in mature and 

alloactivated CD4 T cells, and loss of this critical factor alters expression of these 

programs, ultimately affecting T cell function and phenotype.

We also found that WT and TCF cKO donor CD8 T cells cluster together both by 

strain and by timepoint using PCA (Fig. 2.30A). Numerous genes were affected by loss 

of TCF-1 in post-transplant donor cells, with cells from both spleen and liver affected 

(Fig. 2.30B). In post-transplant spleen samples, several genes of interest were 

significantly altered by loss of TCF-1, including Il2rb (CD122, activation), Prf1 

(perforin, cytotoxicity), Tbx21 (T-bet, effector state), and Ifng (IFN-γ, cytokine) (Fig. 

2.30C). In post-transplant liver samples, the altered genes of interest included Ifng 

(cytokine) and Cxcr6 (migration/chemokine receptor) (Fig. 2.30D). 

Following transplant, many pathways were affected by loss of TCF-1, in both 

spleen and liver-derived donor CD8 T cells. In both organs, loss of TCF-1 impacted cell 

cycle, necroptosis, cell senescence, and autophagy pathways (Fig. 2.30E-F). 
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Figure 2.29: Donor CD4 T cell samples cluster tightly based on absence or presence 

of TCF-1.

As in Fig. 2.28, recipient BALB/c mice were allotransplanted with BALB/c BM and WT 

or TCF cKO donor CD3 T cells. Pre-transplant donor CD4 T cells and day 7 post-

transplant donor CD4 T cells were FACS-sorted from donor or recipient mice, 

respectively. Cells were sorted into Trizol, RNA was extracted, paired-end sequencing 

was done, and data were analyzed in Partek Flow. Hierarchecal clustering was performed

for (A) pre-transplant spleen samples, (B) D7 spleen samples, and (C) D7 liver samples. 

Z-score scale used for heatmap is shown above each map. N=3 samples per organ per 

group per timepoint, one experiment shown. 
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Figure 2.30: TCF-1 contributes to control of cell survival and immune signaling 

pathways in CD8 donor T cells.

To perform RNA sequencing, recipient BALB/c mice were allotransplanted with   

BALB/c BM and WT or TCF cKO CD3 donor T cells. Pre-transplant CD8 donor T cells 

were FACS-sorted to obtain a sample for sequencing. At day 7 post-transplant, donor 

CD8 T cells were FACS-sorted back from spleen and liver of recipient mice. Cells were 

sorted into Trizol, then RNA was extracted and paired-end sequencing was performed. 

(A) PCA analysis showing clustering of donor CD8 T cells by strain and by timepoint 

(pre- and post-transplant). Points are colored by strain and grouped by timepoint. (B) 

Venn diagram showing number of differentially expressed genes found in post-transplant 

spleen and liver for WT versus TCF cKO CD8 donor T cells. FDR ≤  0.05 and fold 

change ≥ 2 or ≤ -2 were used as criteria for selection. (C-D) Heatmap showing selected 

significantly changed genes in donor CD8 T cells from (C) post-transplant spleen, or (D) 

post-transplant liver. (E-F) Pathway enrichment analysis, with selected enriched 

pathways shown for (E) post-transplant liver and (F) post-transplant spleen. All pathways

shown have p-value ≥ 0.05, and fill color indicates p-value. N=3 samples per organ per 

group per timepoint, one experiment shown. 
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This supports the idea that CD8 T cells are more prone to apoptosis or other forms

of cell death when TCF-1 is lost, leading to donor cell loss after allotransplant. In the 

liver, NOD- and TCR-signaling were also affected, while in spleen, metabolism, DNA 

replication, T cell differentiation, NFB signaling, TNF signaling, and genes related to 

graft-versus-host disease and allograft rejection pathways were impacted (Fig. 2.30E-F). 

In all pre- and post-transplant samples, WT and TCF cKO CD8 T cell samples clustered 

by strain (using hierarchical clustering methods, Fig. 2.31A-C), showing that loss of 

TCF-1 induces a unique genetic program in mature and alloactivated donor CD8 T cells. 

For pre-transplant CD8 T cell samples, heterogeneity in the TCF cKO samples 

meant that no significantly different features were detected with FDR ≤0.05 and fold 

change ≤ 2 and ≥ -2. Therefore, altered genes for pre-transplant samples were determined

using p-values rather than FDR. In pre-transplant spleen samples, several genes of 

interest were significantly altered by loss of TCF-1, including Tbx21 (T-bet), Cxcr4, and 

Ccr4 (migration/chemokine receptors) (Fig. 2.31D). Pathway enrichment analysis in pre-

transplant CD8 donor cells showed that loss of TCF-1 affected T cell differentiation, cell 

adhesion, and many signaling pathways (MAPK, NFB, calcium, TCR, and others) (Fig. 

2.31E). Overall, these results show that TCF-1 controls a wide range of immune-related 

gene programs in mature and allaoctivated CD8 T cells. Loss of TCF-1 in donor cells 

leads to a favorable phenotype following allotransplant, primarily through altered gene 

expression that leads to altered T cell function.
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Figure 2.31: Donor CD8 T cell samples cluster by strain, and TCF-1 alters pre-

transplant gene expression.

As for Fig. 2.30, recipient mice were allotransplanted with BM and WT or TCF cKO 

donor CD3 T cells. Pre-transplant and day 7 post-transplant CD8 donor T cells were 

FACS-sorted from donor spleen or recipient spleen/liver, respectively. RNA sequencing 

was performed on donor cells as in Fig. 2.30. (A-C) Hierarchical clustering was 

performed for (A) pre-transplant spleen, (B) post-transplant spleen, and (C) post-

transplant liver samples. (D) Heatmap showing selected significantly changed genes in 

donor CD8 T cells from pre-transplant spleen. (E) Pathway enrichment analysis was 

performed on pre-transplant CD8 donor T cell samples from spleen. Differentially 

expressed genes for D-E were identified by p-value ≤ 0.05 (rather than FDR ≤ 0.05) and 

fold change ≥ 2 or ≤ -2.  N=3 samples per organ per group per timepoint, one experiment 

shown. 
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Discussion:

T Cell Factor-1 (TCF-1) is a T cell transcription factor that is known to be critical 

for T cell development, activation, and in some cases, responses to pathogens17, 22, 24, 37, 38, 

66. However, it was previously unclear whether TCF-1 may regulate alloactivated T cells 

during responses to alloantigen. TCF-1 is also critical for supporting CD4 versus CD8 

lineage maintenance in developing T cells22, 24. It was unclear whether this lineage support

is maintained by TCF-1 even in mature T cells, and what role TCF-1 may play in 

alloactivated T cells. To address these gaps in knowledge, we studied loss of TCF-1 

specifically in T cells during allo-HSCT leading to GVHD. Using a unique mouse strain 

with T cell-specific deletion of TCF-1 (rather than global deletion), we were able to study

the role of TCF-1 in mature and alloactivated T cells17. The allo-HSCT model leading to 

GVHD and GVT allowed us to study T cell function, clinical outcomes, and gene 

expression all in one model28. Here, we have identified TCF-1 as a critical regulatory 

transcription factor for alloactivated mature T cells. 

TCF-1 does regulate mature CD4 and CD8 alloactivated T cells during GVHD 

(and during GVL for CD8 T cells). We discovered that TCF-1 appears to have a unique 

role in mature and alloactivated CD4+ versus CD8+ T cells, potentially due to its ability 

to bind different lineage-specific genes to help maintain identity in these disparate 

subsets. We have shown that loss of TCF-1 separates GVHD from GVL driven by CD8 T

cells in a clinically optimal fashion. While TCF-1 in donor T cells is dispensable for GVL

effects, it is essential for host tissue damage during GVHD. TCF-1-deficient donor CD8 

190



T cells produce less severe and persistent GVHD than WT CD8 T cells. Additionally, 

tissue damage in liver, skin, and small intestine (GVHD target organs) was reduced by 

loss of TCF-1 in donor CD8 T cells. This shows that TCF-1 in donor T cells is required 

for GVHD damage and persistence over time. 

Importantly, GVL effects were not disrupted by loss of TCF-1, suggesting that 

TCF-1 is dispensable for GVL effects. This was most likely due to an increase in perforin

and granzyme B production pre-transplant, as well as maintained granzyme B and 

perforin production post-transplant, for TCF-1-deficient CD8 T cells. Expression of 

Gzmb and Fas genes were also numerically increased (no significance) in TCF cKO CD8

T cells post-transplant. Increased expression of Eomes and T-bet may also have 

contributed to maintenance of GVL effects50, 51, 54. This suggests that despite other 

functional changes which disrupt GVHD damage, the increase in cytotoxic mediators 

helps maintain GVL effects driven by TCF cKO CD8 T cells. 

We also showed that loss of TCF-1 in CD4 T cells leads to reduced severity and 

persistence of GVHD symptoms. Tissue damage in the target organs (liver, skin, and 

small intestine) was reduced when donor cells were TCF-1-deficient. This suggests that 

TCF-1 in CD4 T cells is indispensable for GVHD damage, and normally promotes 

damage to healthy host tissues driven by donor T cells.
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 T cell-mediated damage is a consequence of donor T cell migration, proliferation,

survival, and cytokine production. If any or all of these functions are disrupted, then 

alloreactive T cells will have an impaired ability to induce GVHD. However, it is not 

ideal to fully disrupt all of these functions, because the same processes also mediate 

protection against infection post-transplant. Here, we show that survival is reduced and 

exhaustion is increased in donor CD4 T cells from TCF-1-deficient mice. Interestingly, 

there appears to be a migration defect in TCF cKO donor CD4 T cells as well; however, 

given that chemokine/chemokine receptor expression indicates that migration should be 

possible in these cells, it is more likely that this apparent defect stems from a reduction in

proliferation or survival. Chemokine/chemokine receptor expression is altered at the gene

level by loss of TCF-1, supporting a role for TCF-1 in controlling expression of these 

markers in CD4 T cells. 

During GVHD, production of cytokines by donor cells and host tissues causes 

damage to nearby healthy host cells30, 31, 52, 53. Cytokine production was affected by loss of 

TCF-1, as donor CD4 T cells from TCF cKO mice showed decreased production of TNF-

α, but not IFN-γ. When serum from recipient mice was tested, there was an early (day 7) 

increase in production of TNF-α and IFN-γ, as well as IL-2, suggesting that TCF cKO 

donor CD4 T cells are initially highly activated. Later on (day 14 and 21), levels of all 

three cytokines dropped to levels found in mice given WT T cells. For IFN-γ, donor cell 

production was not affected by loss of TCF-1, but serum production increased early on. 

This is likely from increased production by host cells when in the presence of TCF cKO 
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donor CD4 T cells. This suggests that despite early increased activation, cytokine 

production by TCF cKO donor T cells quickly reduces post-transplant, allowing disease 

to resolve. 

We also found that TCF-1-deficient donor CD4 T cells are more exhausted 

(numerical change, no significance) in the spleen and liver at 7 days post-transplant than 

WT donor CD4 T cells. Exhausted cells are unable to respond to antigen in the proper 

manner, so if the donor T cells mediating GVHD damage become exhausted, they will no

longer continue to cause damage12, 15, 16, 30, 31, 67. Donor T cells must also proliferate during 

GVHD to replace effector cells, which die quickly but drive damage to tissues15, 30, 31, 67. 

Proliferation of TCF cKO donor CD4 T cells was initially higher in spleen and liver of 

transplanted mice, which correlates with the increase in serum IL-2 at day 7. Increased 

expression of Mki67 (gene for Ki-67) was also shown by RNAseq, confirming the 

increase in proliferation early on in TCF cKO CD4 T cells. 

However, by day 14, the number of donor cells able to be sorted from recipient 

mice is significantly reduced for TCF cKO donors compared to WT. Therefore, we 

propose that despite the higher early activation and proliferation of TCF cKO T cells, 

these donor cells rapidly become exhausted, stop proliferating, and die off. This would 

lead to reduced presence of donor cells in the host after day 7, which correlates well with 

the observed drop in symptom severity after the peak at day 7. It is also possible that loss 

of TCF-1 shortens the division destiny of the donor T cells, meaning that although 
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proliferation is increased early in the response, the donor T cells become quiescent more 

quickly (see Chapter I, "Division Destiny"). This, combined with the reduced survival of

TCF cKO donor T cells, could account for the reduced presence of donor T cells later in 

the response.

We also showed that loss of TCF-1 in donor CD8 T cells leads to reduced 

production of TNF-α (yet increased IFN-γ production), increased predisposition to 

apoptosis, and increased exhaustion of alloactivated donor T cells. The reduced survival 

of and production of TNF-α by donor CD8 T cells contributes to the reduction in GVHD 

severity. However, expression of perforin and granyzme B were increased, allowing these

cells to maintain GVL effects despite their functional handicaps. RNAseq data showed a 

numerical increase (no significance) in granzyme B and Fas expression for TCF cKO 

donor CD8 T cells, supporting the idea that increased production of cytotoxic mediators 

allowed maintenance of GVL effects. This phenotype caused by loss of TCF-1 is 

clinically optimal, because it allows for clearance of residual malignant cells while 

limiting the risk of life-threatening GVHD damage.  

In addition, although no major migration defect was detected, loss of TCF-1 

altered expression of chemokines and chemokine receptors on donor CD8 T cells, both 

pre- and post-transplant. Of note, although TCF-1 controlled expression of chemokines 

and receptors in both CD4 and CD8 T cells, the effect was much more pronounced in 

CD4 T cells. Additionally, TCF-1 deficiency increased chemokine/receptor expression in 
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CD4 T cells from spleen (pre- and post-transplant), but decreased their expression in 

donor CD4 T cells in post-transplant liver. This is different from the pattern seen in CD8 

T cells, where loss of TCF-1 caused increased expression of these markers in pre-

transplant spleen only, and decreased expression in post-transplant spleen and liver. 

Therefore, TCF-1 controls expression of chemokines and receptors on mature and 

alloactivated T cells, but this control differs for CD4 and CD8 T cells. 

When we attempted to FACS-sort donor CD8 T cells from recipients at day 7, we 

found that donor cell numbers for the TCF cKO-transplanted mice were significantly 

reduced in spleen and numerically reduced (not significant) in liver. T cell survival must 

occur for persistence of GVHD responses3, 30, 31. These data support the idea that TCF-1-

deficient donor T cells are either dying off or not proliferating later on following 

transplant, which correlates with the observed pattern of increased apoptotic cells, as well

as the reduction in disease severity beyond day 7 post-transplant. 

This observation, coupled with the increase in exhaustion of TCF cKO donor 

CD8 T cells, suggests that donor cells lacking TCF-1 are highly activated and cytotoxic 

to malignant cells early on following transplant, but quickly die off or become exhausted,

limiting GVHD progression. This also makes sense given the observation that 

proliferation is higher in TCF cKO cells at day 7, because we propose that these cells 

function normally or even better than WT cells, but then quickly lose functionality and 
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die off. Additionally, it is also possible that division destiny of the donor CD8 T cells is 

reduced by loss of TCF-1, leading to earlier quiescence and loss of proliferative ability.  

Again, this is critical as loss of TCF-1 allows clearance of tumor cells through 

GVL effects, but after this point the donor T cells no longer cause GVHD damage, 

resolving disease quickly and with less tissue damage. We observed numerically 

increased expression (not significant) of Caspase-3, -7, and -8 with a concomitant 

decrease in Caspase-9 by RNAseq in TCF cKO CD8 T cells. These data provide 

evidence that TCF-deficient CD8 T cells are indeed more prone to apoptosis, and suggest

that these cells may be specifically utilizing the extrinsic pathway of apoptosis61, 62. No 

clear pattern of caspase expression was observed for CD4 T cells, but a numerical 

increase in dead cells (no significance) was found during the death assay, suggesting that 

survival is impaired in TCF-1-deficient CD4 T cells as well. 

Importantly, many of the functional changes we observed showed trends or 

patterns rather than statistical significance between WT and TCF cKO donor cells. We 

expect that this is because day 7 marks the beginning of the differences in disease 

outcome between groups, and the differences become much more pronounced after this 

time point, as supported by GVHD clinical scores and survival data. Therefore, we expect

that as the disease outcomes separate more between groups, the differences in T cell 

function would also become even more significant. While TCF cKO donor T cells may 

function similarly to WT cells early on, after day 7 they clearly begin to function 
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differently, leading to changes in tissue damage and disease score. We hypothesize that 

after day 7, TCF cKO donor T cells become exhausted and stop proliferating and 

producing cytokines, allowing resolution of a usually persistent disease state3, 30, 31.  

To examine the mechanism behind these functional changes, we phenotyped TCF 

cKO and WT donor T cells prior to transplant. For CD4 T cells, despite having no effect 

on Eomes, T-bet, or CD122, loss of TCF-1 led to increased polarization of CD44 

expression. This manifested as expansion of naive CD4 T cells, with a concomitant 

decrease in activating/transitioning CD4 T cells from the TCF cKO donor mice. This 

suggests that TCF-1 normally promotes activation of T cells out of the naive state for 

CD4 T cells, and loss of this factor allowed more cells to remain naïve. TCF-1 is known 

to be highly expressed in naive T cells37, 38, 65, 66, and naive cells drive GVHD damage3, 30, 31,

34, 55, 56. 

Thus, it is clear that despite expansion of naive CD4 T cells in the TCF cKO 

mice, functional and genetic changes to CD4 T cells caused by loss of TCF-1 prevent 

exacerbation of GVHD damage. These phenotypic effects were primarily cell-intrinsic, 

indicating a direct role of TCF-1 in controlling mature CD4 T cell phenotype. Thus, TCF-

1 directly and cell-intrinsically produces changes in CD4 T cell phenotype, which can 

impact alloactivated T cell functioning. We also discovered that loss of TCF-1 altered 

expression of PD-1 and PD-L1 by CD4 T cells following allotransplant. This suggests 

that the donor T cell suppressive profile is altered following transplant. No changes were 
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observed for CTLA-4, suggesting that TCR signaling regulation is not disrupted by loss 

of TCF-1. 

When we phenotyped TCF cKO and WT CD8 T cells prior to transplant, we 

found an expansion of activated cells (CD122+, CD44+), as well as an increase in Eomes

and T-bet expression. Eomes and T-bet are both linked to expression of cytotoxic 

mediators, such as perforin (Eomes) and IFN-γ (T-bet)52, 68. In addition, we found that 

CD8 central memory T cells were expanded in TCF cKO mice. While effector and naive 

cells are known to cause severe GVHD, memory cells are often associated with less 

severe disease55, 56, suggesting that this phenotypic change in TCF cKO cells may be 

beneficial for reducing disease severity. These phenotypic effects were primarily cell-

intrinsic and driven by loss of TCF-1, although some external factors may also play a 

role. 

We also found that the suppressive profile of CD8 T cells is altered by loss of 

TCF-1. PD-1 expression was decreased and PD-L1 expression was increased on TCF 

cKO CD8 donor T cells late after transplant (day 14 and 21). This suggests that the donor

cells may be less susceptible to suppression by PD-L1+ cells (such as tumor cells), and 

may be more capable of suppressing other nearby cells44, 45. This could allow donor T 

cells lacking TCF-1 to attack tumor cells but also suppress nearby alloactivated donor 

cells to limit disease.  
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Eomes and T-bet function downstream of TCF-1, and may be controlled by TCF-

123, 25. Since these factors were altered in CD8 T cells lacking TCF-1, we sought to assess 

the contribution of these factors to the observed phenotypic changes in TCF cKO mice. 

To do this, we performed phenotyping on Eomes cKO and T-bet cKO mice (factor 

removed in T cells only). Indeed, expression of CD122 was reduced only in the Eomes 

cKO CD8+ cells, suggesting that Eomes may play a role in the increase in CD122 found 

in the TCF cKO mice. The Eomes cKO also showed decreased CD8+ central memory 

cells, suggesting a role for Eomes in this change as well (these cells are increased in the 

TCF cKO). CD8+ naïve cells were also increased and CD8+ transitioning cells were 

reduced in the Eomes cKO, suggesting that Eomes does not impact these changes, which 

were also found in the TCF cKO. 

In the T-bet cKO mouse, CD8 effector memory T cells were increased, and CD8 

naïve T cells were decreased. These effects were not seen in the TCF cKO mice. Eomes 

expression was increased in CD8 T cells from the T-bet cKO, which suggests that Eomes 

and T-bet are not redundant here, but also shows that T-bet did not control this change (as

Eomes was also increased in the TCF cKO). In addition, CD4 transitioning cells were 

reduced in the T-bet cKO, an effect which was also seen in the TCF cKO. CD122 

expression was decreased in CD4 T cells from the T-bet cKO, and effector memory CD4 

T cells and Eomes expression were both increased. Eomes cKO CD4 T cells showed no 

differences from WT cells other than for Eomes expression.
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In summary, neither the Eomes cKO nor the T-bet cKO mouse fully recapitulated 

the phenotype expected if these markers controlled all of the phenotypic changes seen in 

the TCF cKO. Some of these changes appear to be controlled directly by loss of TCF-1, 

while some may be due to changes in Eomes and T-bet. Loss of Eomes appears to 

primarily impact CD8+ T cell phenotype, while loss of T-bet or TCF-1 impacts both 

CD8+ and CD4+ T cells. In addition, the increase in Eomes expression in T-bet cKO 

mice (while T-bet is not increased in Eomes cKO mice) suggests that Eomes and T-bet 

are not redundant in this context.  

Recent work has identified a CXCR5+ subset of CD8 T cells that arises following

chronic antigen stimulation. These cells are stem-like, and are thought to maintain the 

pool of responding CD8 T cells during chronic immune responses4, 7, 10. Given that 

alloantigen is continually presented during GVHD69, 70, we sought to determine whether 

this cell subset also exists in GVHD, and whether it may contribute to disease severity. 

Indeed, we found that CXCR5+ CD8+ donor-derived T cells are found in mice 

allotransplanted with WT donor T cells. These mice develop severe GVHD and have 

poor survival. Interestingly, these cells appear to peak around day 7, which is typically 

the peak of disease severity by clinical scoring. We also found that the frequency of these

CXCR5+ CD8+ donor T cells is reduced in mice allotransplanted with TCF cKO donor 

cells. 
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TCF-1 is thought to be a critical factor for production of these cells7, 10, 13, 65, yet 

modulation of TCF-1 in CD8 T cells as shown here only reduces the frequency of these 

cells, rather than entirely ablating them. Importantly, this reduction in CXCR5+ CD8+ T 

cells correlated with the pattern of reduced disease severity and persistence in TCF cKO-

transplanted mice. RNAseq results from D7 post-transplant donor T cells in spleen and 

liver show the same pattern, with expression levels of CXCR5 numerically decreased (no 

significance) in TCF cKO donor CD8 T cells. This suggests that CXCR5+ CD8+ T cells 

may be responsible for driving chronic responses to alloantigen during GVHD, and that 

depletion of this subset may prevent or reduce GVHD severity and persistence. Critically,

GVL effects were maintained despite the reduction in frequency of these cells from TCF 

cKO donors, suggesting that CXCR5+ CD8+ T cells may be important for GVHD, but 

not GVL effects. Further modulation or depletion of this cell subset could therefore 

potentially separate GVHD from GVL effects.  

Finally, to examine what changes occurred to the genetic program following loss 

of TCF-1, we performed RNA sequencing on pre- and post-transplant donor cells as an 

unbiased approach. Gene expression by T cells changes drastically during alloactivation71,

72, and we sought to understand how mature T cells lacking TCF-1 were different from 

those with TCF-1, both before and after alloactivation. We FACS-sorted splenic donor 

CD4 or CD8 T cells pre-transplant (from donors), and both splenic and hepatic donor T 

cells post-transplant (from recipients). We found that many immune-related genes and 

pathways were altered by loss of TCF-1 in donor cells, both pre- and post-transplant. 
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Interestingly, allotransplantation appears to induce genetic programs in CD4 T cells that 

are similar in both WT and TCF cKO donor cells (despite loss of TCF-1), because the 

number of altered pathways and genes when comparing strains was less for post-

transplant cells than for pre-transplant cells. This means that pre-transplant donor CD4 T 

cells are more different based on expression of TCF-1 than post-transplant cells are. 

Of note, the most significantly impacted pathway in post-transplant CD4 T cells 

(from spleen or liver) was cytokine/cytokine receptor interactions. This highlights the 

importance of our finding that TCF cKO donor cells have numerically reduced TNF-α 

production (no significance), suggesting that TNF-α is critical for driving GVHD 

damage52, 53, 73, 74. This helps to explain our observation that TCF cKO-transplanted mice 

have less severe GVHD. We also found that intestinal immunity and NOD signaling were

altered in post-transplant TCF cKO donor CD4 T cells, again helping to explain the 

reduced gut symptoms seen in TCF cKO-transplanted mice. Alterations in the chemokine

signaling pathway were also detected, supporting our qPCR data showing that TCF-1 

controls chemokine/chemokine receptor expression on mature CD4 T cells. In pre-

transplant CD4 T cells, pathways such as cell cycle, T cell differentiation/signaling, and 

immune signaling were affected by loss of TCF-1, helping to explain the altered 

phenotype and function of mature TCF cKO CD4 T cells. Overall, these sequencing data 

show that TCF-1 is not only important in T cell development, but is also critical for 

regulation of mature and alloactivated T cells as well. 
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We also found that CD8 donor T cells clustered together both by strain and by 

time (pre- and post-transplant), and that many genes were altered by TCF-1 deficiency. 

When comparing pre-transplant donor cells, no genes came up as significantly different 

when using FDR ≤0.05, most likely due to significant heterogeneity of TCF-deficient 

cells pre-transplant. Therefore, p-value ≤ 0.05 was used to define significant genes for 

pathway analysis (for pre-transplant only). In pre-transplant CD8 T cells, TCF-1 

deficiency led to changes in cell adhesion, TCR and other signaling pathways, and T cell 

differentiation, among other pathways. Of note, post-transplant donor CD8 T cells from 

both spleen and liver showed changes to necroptosis, cell cycle, autophagy, and cell 

senescence pathways. This strongly supports our ex vivo evidence that TCF cKO CD8 

donor T cells are more prone to apoptosis, and therefore most likely die off following 

allotransplantation, allowing disease to resolve. In addition, multiple immune signaling 

pathways such as NOD, NFB, and TNF signaling were affected by loss of TCF-1, and 

genes in the graft-versus-host disease and allograft rejection pathways were altered in 

post-transplant spleen. Therefore, TCF-1 controls these immune-related genetic programs

in mature and alloactivated CD8 T cells. 

From this work, we found that regulation of mature alloactivated CD4 versus 

CD8 T cells by TCF-1 is different, most likely due to the ability of TCF-1 to maintain 

lineage identity and alter gene expression in these subsets. This lineage control seems to 

be maintained by TCF-1 in mature alloactivated T cells like in thymocytes, which was 

previously unknown. Overall, our data show that TCF-1 plays a direct role in regulating 
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mature CD4 and CD8 T cells during alloactivation. The effects on phenotype, gene 

expression changes, and chemokine/chemokine receptor expression were different for 

CD8 versus CD4 T cells. However, loss of TCF-1 in either cell type does produce a 

clinically optimal phenotype, with reduced host tissue damage and GVHD severity over 

time (Figs. 3.32 and 3.33). Loss of TCF-1 in CD8 T cells also maintains CD8 T cell-

driven GVL effects (Fig. 3.33). This separation of GVHD from GVL in CD8 T cells may

be due at least in part to reduction of CXCR5+ CD8+ donor-derived T cells, which 

correlate temporally with peak disease severity. Therefore, modulation of TCF-1, and 

possibly of CXCR5+ CD8 T cells, may separate GVHD from GVL to provide clinical 

benefit for allo-HSCT patients. Additionally, TCF-1 modulation in T cells may be useful 

in other T cell-mediated disorders.
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Figure 2.32: Summary Figure - TCF-1 deficiency in CD4 T cells. 

Loss of TCF-1 specifically in T cells leads to changes in CD4 T cell phenotype, function, 

and gene expression. Specifically, TCF cKO CD4 T cells show decreased cytokine 

production, altered proliferation, decreased cell survival, increased exhaustion, and 

changes to expression of many immunity-related genes, chemokines, and chemokine 

receptors. Together, these alterations allow TCF cKO CD4 T cells to cause much less 

severe and persistent GVHD when allotransplanted compared to WT CD4 T cells. 

Damage to target tissues such as small intestine, liver, and skin is reduced by loss of 

TCF-1.
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Figure 2.33: Summary Figure - TCF-1 deficiency in CD8 T cells.

Loss of TCF-1 specifically in T cells leads to significant changes in CD8 T cell 

phenotype, function, and gene expression. Specifically, this manifests as decreased 

cytokine production, altered proliferation, increased exhaustion and apoptosis risk, 

increased production of cytotoxic mediators, and changes to expression of many 

immunity-related genes, chemokines, and chemokine receptors. Additionally, a stem-like 

population of CXCR5+ CD8+ T cells is reduced by loss of TCF-1, and these cells may be

important in maintaining persistent disease during GVHD. Together, these alterations 

allow TCF cKO CD8 T cells to cause much less severe and persistent GVHD than WT 

cells, yet maintain GVL effects to kill residual malignant cells. Loss of TCF-1 also 

reduces damage to target tissues such as small intestine, liver, and skin. 
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CHAPTER III: Loss of TCF-1 promotes production of noncanonical Tregs in a cell-
intrinsic manner

Introduction
T cells are critical for production of an immune response against many types of 

threats. CD8+ T cells are cytotoxic cells that recognize specific peptide/MHC I 

complexes, whereas CD4+ T cells recognize specific peptide/MHC II complexes and 

provide help to developing immune cells1. Overactivation of T cells may lead to a state of

chronic inflammation and immunopathology, so several mechanisms are in place to avoid

inappropriate activation of T cells. The main mechanism that governs appropriate T cell 

reactivity is thymic education, which involves positive selection and negative selection of

T cells2. This process generates T cells that react weakly to self MHC/peptide complexes 

(positive selection), but deletes T cells that recognize self MHC/peptide complexes too 

strongly (negative selection)2, 3, 4. 

However, a small fraction of T cells may avoid negative selection during 

development in the thymus, which could potentially lead to autoimmunity in the 

periphery. When this occurs, peripheral mechanisms act to prevent the activation of these

potentially autoreactive T cells2, 5. One such mechanism involves the suppression of T cell

activation by regulatory T cells (Tregs), a subset of T cells with inhibitory function6. The 

importance of Tregs in protection against autoimmunity is exemplified by the systemic 

fatal autoimmunity that develops in Scurfy mice7, 8, which are deficient in Tregs, as well 

as in patients with IPEX (immune dysregulation, polyendocrinopathy, and X-linked) 

syndrome9. Scurfy mice and IPEX syndrome patients harbor a mutation in FOXP37, 8, 9, 
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which is essential for Treg development and function10. Thus, the presence of FOXP3+ 

Tregs is critical for the induction of peripheral tolerance.

Canonical Tregs are identified by expression of FOXP3 along with CD25 on 

CD4+ T cells9, 10, 11, 12, 13. FOXP3 is the defining lineage transcription factor for Tregs in 

mice, but other transcription factors can influence the development and maintenance of 

Tregs (see Chapter IV for more information)12. The influence of these factors contributes

to the number of Tregs that exit the thymus, exist in the periphery, and expand in 

response to immune activation. Tregs are typically defined as either natural/thymic Tregs 

(nTregs/tTregs), which develop in the thymus and exit to the periphery as mature cells, or

peripheral/induced Tregs (pTregs/iTregs), which develop suppressive functions in the 

periphery or in cell culture14. 

In the thymus, thymocytes experience positive and negative selection, which 

results in deletion of cells with high binding affinity for self-antigen2, 3, 4. However, 

precursors which receive stronger-than-average TCR signals (more than conventional T 

cells but less than clonally deleted T cells) have a CD25hi CD4+ phenotype, and can later 

express FOXP3 following stimulation by IL-2 and IL-1512. The high affinity of TCR-

MHC/peptide binding appears to be restricted to certain tissue antigens in these Treg 

precursors (as opposed to ubiquitous in clonally deleted cells), and these precursors 

develop into tTregs. For pTregs, naive CD4 T cells in the periphery are induced to 

develop a Treg phenotype by environmental, food, or microbial antigens, which are 
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presented by mucosal dendritic cells (DCs). In addition, the presence of retinoic acids, 

short chain fatty acids, and TGF-β can induce pTreg development12. Development of 

iTregs can be induced by culture with TGF-β and IL-2, in vitro exposure to antigen with 

suboptimal costimulation, or through a variety of other in vitro or in vivo approaches13. 

Tregs help to maintain tolerance and immune homeostasis by inhibiting the 

proliferation of and cytokine production by other T cells6, 10, 15. It is uncertain exactly how 

Tregs suppress other cells, but a variety of mechanisms have been described. These 

include: cell-contact dependent suppression (such as through Treg-expressed CTLA-4 

binding to CD28 on the target cell), release of inhibitory cytokines (i.e. IL-10 and TGF-

β), adsorption of IL-2, or modulation of dendritic cell/APC co-stimulation or contact15. 

Cell-contact dependent mechanisms may involve direct binding of Tregs to target cells by

complementary receptor-ligand pairs, or can include competition for binding sites on 

APCs, which prevents binding of the target cell to the APC for activation. Soluble factors

such as inhibitory cytokines (IL-10 and TGF-β) do not necessarily require cell contact, 

and can also induce production of inhibitory factors by nearby APCs10, 11. 

IL-2 adsorption can produce a competitive disadvantage for target cells, which 

express CD25 (IL-2 receptor-α) only after being activated, as compared to CD25+ Tregs 

which express the receptor constitutively. IL-2 is necessary for survival and proliferation 

of the target cells, so consumption of IL-2 by Tregs can inhibit the target cells10, 11. Using 

quantitative modeling, a recent study has also suggested that the major mechanism of 
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Treg suppression is through a reduction in division destiny – the number of total divisions

before a cell becomes quiescent – rather than by reducing proliferation or increasing cell 

death among conventional T cells15. Although the functional mechanisms of these cells 

are still unclear, Tregs are known to express CTLA-4, IL-10, and TGF-β when they are 

functionally capable of suppression16, 17, 18, 19.

Methods to identify Tregs specifically are often inconsistent, because markers 

such as CD25 and FOXP3 are not always reliable or specific indicators of Treg fate. 

Other markers have been identified in an attempt to improve Treg identification. Some of

these alternative markers include cytotoxic T lymphocyte-associated antigen 4 (CTLA-4),

lymphocyte activation gene-3 (LAG-3),  glucocorticoid-induced tumour necrosis factor 

receptor family-related gene (GITR), and IL-7 receptor-α (CD127)11. However, the 

proper combination of these or other markers that can be used to specifically distinguish 

Tregs from other T cell subsets (in both humans and mice) has yet to be determined. 

Some reports have identified a noncanonical population of Tregs which is 

FOXP3-positive and CD25-negative (FOXP3+ CD25-)20, 21. Unlike developing cells in 

the thymus, which can also express FOXP3 but not CD25, these noncanonical Tregs are 

found in the periphery lacking expression of CD25. These cells are called "noncanonical"

here to distinguish them from "canonical" Tregs which do express CD25; however, their 

functions and suppressive capabilities are thought to be similar. These noncanonical 

CD25- Tregs are suppressive in several experimental models, including autoimmune 
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encephalitis, inflammatory bowel disease, allergy, and diabetes models22, 23, 24, 25, 26. 

Despite the observation of these cells in many contexts, it is still unknown exactly which 

transcription factors drive production of these Tregs. However, CD25-deficient mice are 

unable to produce suppressive Tregs, suggesting that CD25 expression is required at 

some point for suppressive ability of CD25- Tregs, and is later lost in these cells24. In 

addition, the absence of CD25 expression on these Tregs suggests that IL-2 consumption 

may not be their major suppressive mechanism, since they would not have a competitive 

binding advantage over target cells10, 11. 

T Cell Factor-1 (TCF-1) was recently shown to promote Treg competitive 

survival when in combination with LEF-127. However, Treg-specific deletion of both 

TCF-1 and LEF-1 did not disrupt the suppressive capacity of Tregs, suggesting that these 

factors are critical for survival but not function of Tregs. TCF-1 and LEF-1 also had a 

critical role in maintaining activated Tregs (aTregs) and T follicular regulatory (Tfr) cells

to prevent autoimmunity27. Another study showed that TCF-1 restricts thymic Treg 

development, and global deletion of TCF-1 both increases thymic Tregs and allows for T 

cells with lower TCR affinities to become Tregs28. 

TCF-1 has also recently been identified as a suppressive factor of FOXP3, as it 

binds to the promoter region of FOXP3 to prevent aberrant expression of FOXP3 in 

conventional T cells29. Viral overexpression of TCF-1 in T cells showed that TCF-1 

suppresses induction of FOXP3 in conventional T cells under Treg-inducing culture 
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conditions. In addition, mice with global TCF-1 deficiency had an increased frequency of

CD25- FOXP3int T cells, and FOXP3 expression was also increased among CD8 T cells. 

These data, combined with the finding that these cells did not express CTLA-4 as 

expected, led the authors to suggest that loss of TCF-1 leads to aberrant FOXP3 

expression in T cells, not to expansion of true Tregs. Finally, the authors used CRISPR to

knock out TCF-1 in human and mouse CD4 T cells, and found an increase in FOXP3+ 

CD4 T cells29.

However, TCF-1 is a critical T cell transcription factor for T cell development, 

CD4/CD8 lineage maintenance, and responses to infection30, 31, 32, 33, 34, 35, 36, 37, so global 

deficiency of this factor drastically influences T cell development and function38. It is 

unknown whether TCF-1 deficiency in mature T cells only has a similar effect on 

FOXP3. The potential for off-target effects of CRISPR systems is also well-

documented39, 40, 41, leading to potentially faulty conclusions on the true role of TCF-1 in 

controlling mature T cell expression of FOXP3. Our studies instead utilized a T cell-

specific deletion of TCF-142 to investigate the effects of TCF-1 loss in mature cells on 

canonical (CD25+ FOXP3+) and noncanonical (CD25- FOXP3+) Tregs. Here, we sought

to address the gaps in knowledge regarding the role of TCF-1 in mature T cells for 

controlling Treg fates, as well as the potential contribution of TCF-1 to CD25- 

noncanonical Treg development and function. 
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Materials and Methods

Mouse Models. Thy1.1 (B6.PL-Thy1a/CyJ, 000406), B6-Ly5 (CD45.1+, AKA “WT” or 

B6.SJL-Ptprca Pepcb/BoyJ, 002014), and BALB/c mice (CR:028) were purchased from 

Charles River or Jackson Laboratory. TCF cKO mice (Tcf7 flox/flox x CD4cre)42 were 

obtained from Dr. Jyoti Misra Sen at the NIH and bred in our facilities. CD4cre (022071),

Eomes flox/flox (017293), and T-bet flox/flox (022741) mice were purchased from 

Jackson Laboratories. CD4cre mice were bred in our facilities with Eomes or T-bet flox 

mice to produce Eomes cKO or T-bet cKO mice, respectively. All mice used for 

transplants were female, and flow cytometry experiments were done with both male and 

female mice. All animal experiments were approved by the IACUC at SUNY Upstate 

Medical University. All procedures (including animal maintenance) were performed 

according to the rules and guidance provided by the IACUC. Mice aged 8 weeks or older 

were used, and all experiments were performed with age and sex-matched mice. 

Flow Cytometry. To analyze expression of Treg markers, lymphocytes were collected 

and stained for flow cytometry. Lymphocytes were obtained from organs, filtered with a 

70uM filter, and treated with RBC Lysis Buffer to remove red blood cells (RBCs). The 

cells were then washed with ice-cold MACS buffer (1x PBS with EDTA and 4g/L BSA) 

and plated in a 96-well V-bottom plate. Antibody cocktails were prepared in 1x PBS or 

MACS buffer and added to each well. The cells were stained for 30 minutes on ice, 

covered to protect them from light. The cells were then spun to remove antibodies and 

washed 1-2 times with ice-cold 1x PBS or MACS. Cells were fixed overnight at 4 °C in 

fixative (Fix/Perm Concentrate and Fixation Diluent from FOXP3 Transcription Factor 
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Staining Buffer Set, eBioscience cat. No. 00-5523-00). The next day, stained cells were 

permeabilized by washing twice with permeabilization buffer (eBioscience cat. No. 00-

5523-00) and then stained for intracellular markers for 40 minutes at room temperature 

with antibody in permeabilization buffer, covered to protect from light. Cells were then 

washed 1-2 times with permeabilization buffer, resuspended in FACS buffer 

(eBioscience cat. No. 00-4222-26), and transferred to flow tubes. Data were collected on 

a BD LSRFortessa cytometer (BD Biosciences). Data were analyzed using FlowJo v9 

(Treestar). 

Antibodies. All antibodies were purchased from eBioscience, Biolegend, or BD 

Biosciences. Antibodies used included: anti-CD4 (BV785, FITC), anti-FOXP3-APC, 

anti-CD25 (PE, BV421), anti-CD45.2-PE/Cy7, anti-CD45.1 (Pacific Blue, PE), anti-

Thy1.1-AF700, anti-Thy1.2-APC, anti-CD3-APC/Cy7, anti-CD8 (FITC, PE), anti-IL-2-

PE/Cy7, anti-CTLA-4-PE, and anti-IL-10-APC/Cy7. Anti-CD3 (clone 17A2, Biolegend 

cat. no. 100202) was used to coat stimulation plates, and Ultra LEAF-purified anti-CD28 

(clone 37.51, Biolegend cat. no. 102116) was used as a soluble stimulator.

Chimera Production. To produce bone marrow chimeras, Thy1.1 female mice aged 8-12 

weeks were lethally irradiated with 1000 cGys in a single dose (500 seconds at 1.2 

Gy/min, 160kV, 25mA, x-ray irradiation). Bone marrow was isolated from femur and 

tibia of WT (B6Ly5, CD45.1) and TCF cKO (CD45.2) mice, filtered through a 70uM 

filter, and counted. Bone marrow cells were mixed at a 1:4 (WT:TCF cKO) ratio to 

ensure survival of TCF cKO cells. Bone marrow cells were suspended in sterile 1x PBS 
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for transplantation. The mixed bone marrow was injected into the Thy1.1 recipients via 

the tail vein at 4 hours post-irradiation. At 9 weeks post-transplant, blood was collected 

from the Thy1.1 mice and stained for Thy1.1 (host), Thy1.2 (donor), CD45.1 (WT), and 

CD45.2 (TCF cKO) to test for the presence of both WT and TCF cKO cells via flow 

cytometry. At 10 weeks post-transplant, recipient mice were euthanized and splenocytes 

were obtained for flow cytometry as described above. 

Isolation of lymphocytes from liver. To isolate lymphocytes from liver, recipient mice 

were euthanized and the livers were perfused with 5 mL of cold 1x PBS. The livers were 

then mashed through a 70uM filter, washed with MACS buffer, and mixed with 40% 

Percoll in RPMI/PBS. The samples in Percoll were spun at 2200rpm for 22 minutes at 22 

°C, with no brake or acceleration, leading to isolation of lymphocytes in the pellet. These 

lymphocytes were then treated with RBC Lysis Buffer to remove RBCs, and processed 

for flow cytometry as described above. 

Isolation of lymphocytes from small intestine. To isolate lymphocytes from the small 

intestine, mice were euthanized, and following liver perfusion as described above, the 

entire small intestine was removed and placed in ice-cold media. The guts were cut open 

lengthwise to expose the lumen, and washed with ice-cold media. The tissue was then 

placed in a 50mL tube with 20mL of strip buffer (containing 1x PBS, FBS, EDTA 0.5M, 

and DTT 1M) and shaken at 37 °C for 30 minutes. This removes the epithelium from the 

guts, so following incubation, the tissues were vortexed, supernatent was discarded, and 

the tissue was moved to a new tube. The gut was minced into small pieces, and 10mL of 
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digestion buffer was added to each tube (containing collagenase, DNase, and RPMI). The

tissues were incubated for 30 minutes, shaking at 37 °C, and filtered into a clean tube 

using a 70uM filter. Remaining tissue pieces were ground onto the filter to obtain any 

remaining lymphocytes while leaving fat and structural cells behind. Finally, these cells 

were spun down in Percoll as described for livers, to isolate lymphocytes. RBC Lysis 

Buffer was not used on these cells. 

Cell culture for Treg markers. To test cells for the Treg markers (FOXP3, CD25, CTLA-

4, IL-2, and IL-10), splenocytes were obtained from WT or TCF cKO naive mice. These 

cells were split into three groups. Group 1 was simply stained for flow cytometry. Group 

2 was cultured in Lymphocyte Activated Killer (LAK) media for 6 hours with Brefeldin 

A (GolgiPlug), in wells previously coated with PBS as a control. Finally, Group 3 was 

cultured in LAK media for 6 hours with Brefeldin A in wells coated with anti-CD3 in 

PBS (1ug/mL), and anti-CD28 (2ug/mL) was added to the LAK media for culture. After 

6 hours of culture, all cells were collected from the stimulation plate and stained for flow 

cytometry. All cells were stained for extracellular markers, then fixed overnight with the 

Invitrogen Intracellular Fixation and Permeabilization buffer kit (cat. no. 88-8824-00). 

The next day, the cells were permeabilized and stained with intracellular markers 

(FOXP3 for all, IL-2 and IL-10 for cultured cells only). All samples were then run on a 

BD LSRFortessa flow cytometer. 

Statistics. All statistics were performed using one-way ANOVA or two-way ANOVA, 

depending on the dataset. ANOVA analyses included Tukey’s multiple comparisons test. 
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P-values are presented as ≤0.05 being significant. Data graphing and statistical testing 

were performed with GraphPad Prism v7 or v9 (GraphPad Software, San Diego, CA). 

Data are presented as means with standard deviation. All experiments were done with at 

least 3 mice per group as determined by previous experiments, and repeated at least twice

unless otherwise noted. The chimera experiment was done once with 5 chimeras (n=5 per

donor type). The CD8 Treg experiment was done once with n=3 per group (no 

significance reported). The Treg markers experiment was done once with n=3 per group 

(no significance reported). Results with changes between groups that are not significant 

are reported as numerically increased or decreased. These results may have been found to

be significant if a larger sample size was used in the study. 
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Results
Loss of TCF-1 in all T cells leads to increased production of noncanonical Tregs. 

When we observed that loss of TCF-1 led to less severe and persistent GVHD from CD4 

T cells (see Chapter II), we thought that loss of TCF-1 might affect production of Tregs.

Tregs have been used to ameliorate GVHD in animal and human studies43, 44, 45, so 

expansion of these subsets could affect GVHD outcomes. Therefore, we sought to 

determine whether loss of TCF-1 specifically in mature T cells would alter Treg 

populations. We obtained TCF cKO mice which are deficient in TCF-1 in all T cells 

following the DP stage of development42. We phenotyped these TCF-1-deficient mice 

(Fig. 3.1A), and found that loss of TCF-1 resulted in no change to canonical, FOXP3+ 

CD25+ Tregs (Fig. 3.1B-C). However, TCF cKO mice did have a significant increase in 

the frequency of noncanonical, FOXP3+ CD25- Tregs (Fig. 3.1B-C). These cells were 

not increased in CD4cre control mice (Fig. 3.1B-C), so the expansion of these cells was 

due to loss of TCF-1, not due to the CD4cre system for deletion. Therefore, TCF-1 

normally suppresses noncanonical Tregs, and loss of TCF-1 relieves this suppression, but

has no impact on canonical Tregs.

Downstream factors Eomes and T-bet do not impact noncanonical Treg frequency. 

TCF-1 controls the T cell downstream transcription factor Eomesodermin (Eomes), and 

may affect the factor T-box transcription factor 21 (T-bet) through control of the Tfh/Th1

axis37, 46. To examine whether changes in Eomes and T-bet during TCF-1 deficiency 

could play a role in the expansion of noncanonical Tregs, we performed the same 

phenotyping using Eomes cKO and T-bet cKO mice (Fig. 3.1D-E). 
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Figure 3.1: Loss of TCF-1 in T cells leads to increased production of noncanonical 

Tregs, with no effect of Eomes and T-bet deficiency.

Splenocytes were taken from naive mice and stained for CD4, CD25, and FOXP3 to 

identify Treg populations. Canonical Tregs are CD4+ CD25+ FOXP3+, and 

noncanonical Tregs are CD4+ CD25- FOXP3+. (A) Model showing how cells were 

obtained for flow cytometry. (B) Flow cytometry plots of Treg frequencies in WT, 

CD4cre heterozygous control, CD4cre homozygous control, and TCF cKO naive mice, 

shown out of CD4 T cells. One representative plot is shown per group. (C) Quantification

of (B), with CD4cre groups not shown.  (D) Flow cytometry plots of Treg frequencies in 

WT, T-bet cKO, or Eomes cKO naive mice, shown out of CD4 T cells. One 

representative plot is shown per group. (E) Quantification of (D), showing all groups. For

all graphs, n=3 per group and one representative experiment is shown. Mean and SD are 

shown, data were analyzed using two-way ANOVA, and ****=p≤0.0001. 
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Canonical Tregs were found to be increased in the T-bet cKO, similar to a 

previous report that CD4+ FOXP3+ cells were increased in lamina propria of T-bet KO 

mice47 (Fig. 3.1D-E). However, noncanonical Tregs were not impacted by loss of either 

Eomes or T-bet, suggesting that these factors are not critical for expansion or suppression

of these cells, as TCF-1 is (Fig. 3.1D-E). Therefore, TCF-1 has a direct impact on the 

frequency of noncanonical Tregs.

Expansion of noncanonical Tregs due to TCF-1 deficiency is cell-intrinsic. Changes in 

phenotype may be cell-intrinsic (due to loss of the factor in each individual cell) or cell-

extrinsic (from changes in the microenvironment in the mouse due to loss of the factor). 

We created bone marrow chimeras to test whether the change to noncanonical Tregs was 

cell-intrinsic or not. Briefly, bone marrow from WT and TCF cKO mice was mixed at a 

1:4 (WT:TCF cKO) ratio. The ratio was chosen based on our previous studies48, 49, and 

initial observations that TCF cKO T cells did not proliferate well in culture. The bone 

marrow mixture was transplanted into irradiated Thy1.1 mice (donor and host both on 

H2Kb background), and the mice were checked at 9 weeks by flow cytometry on blood to

ensure reconstitution (see Fig. 2.8). At 10 weeks, splenocytes were taken from these mice

and phenotyped by flow cytometry (Fig. 3.2A). We found that TCF cKO donor CD4 T 

cells in the chimeras still showed increased frequency of noncanonical Tregs, despite 

development in a normal WT thymus (Fig. 3.2B). These results show that TCF-1 cell-

intrinsically controls expansion of noncanonical Tregs. 
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Figure 3.2: TCF-1 deficiency induces cell-intrinsic expansion of WT- and TCF cKO-

derived noncanonical Tregs. 

Bone marrow cells from naive WT and TCF cKO mice were mixed at a 1:4 (WT:TCF) 

ratio, and injected into lethally irradiated Thy1.1 mice. At 10 weeks post-transplant, flow 

cytometry was performed to look at Treg markers (CD25, FOXP3). (A) Flow cytometry 

plots of Treg frequencies from WT donor-derived or TCF cKO donor-derived CD4 T 

cells within the chimeric mouse. One representative plot is shown per group. (B) 

Frequency of noncanonical Tregs out of CD4 T cells. (C) Number of noncanonical Tregs 

per 100,000 CD4 T cells. (D) Frequency of noncanonical Tregs out of CD3 T cells. (E) 

Number of noncanonical Tregs per 100,000 donor CD3 T cells. (F) Frequency of 

canonical Tregs out of CD4 T cells. (G) Number of canonical Tregs per 100,000 CD4 T 

cells. (H) Frequency of canonical Tregs out of CD3 T cells. (I) Number of canonical 

Tregs per 100,000 donor CD3 T cells. For all graphs, n=3-5 per group and one 

representative experiment is shown, mean and SD are also plotted. Data were analyzed 

with one-way ANOVA, *=p≤0.05, **=p≤0.01, ***=p≤0.001, and ****=p≤0.0001.
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TCF-1-deficient T cells induce increased production of WT noncanonical Tregs in a 

cell-intrinsic manner. We performed the chimera experiment described above to 

determine whether the effect of TCF-1 deficiency on noncanonical Tregs was cell-

intrinsic. Given that the increase in CD25- Tregs was cell-intrinsic, we next sought to 

determine whether the number of cells was impacted along with the frequency of these 

cells. Loss of TCF-1 in the TCF cKO model results in a lower frequency and number of 

CD4 T cells42; therefore, we wanted to know if the number of noncanonical Tregs was 

actually higher than in WT mice, given that the frequency is based out of CD4 T cells. 

When we looked at the cell numbers per 100,000 CD4+ T cells for naive mice, we

saw increased CD25- Treg numbers from TCF cKO mice versus WT mice, as expected 

based on the increased frequency out of CD4 T cells (Fig 3.2C). Next, we looked at the 

cell numbers for these Tregs in the chimeric mice. When we looked at the number of 

Tregs per 100,000 CD4+ T cells, we saw a reduced number of CD25- Tregs from WT 

chimeric donors compared to chimeric TCF cKO donors (Fig 3.2C). However, the 

number of noncanonical Tregs derived from WT T cells in the chimera was increased 

compared to the numbers found in the WT naive mice (Fig 3.2C), as was the frequency 

of these cells (Fig 3.2B). The frequency and number of WT-derived CD25- Tregs out of 

CD4 T cells were increased in the chimera to the levels found in the TCF cKO naive 

mice (Fig 3.2B-C). This is highly important as it suggests that, when in a mixed 

environment with WT cells, the TCF cKO T cells induce more WT T cells to adopt the 
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noncanonical Treg phenotype, resulting in a higher frequency and number of these Tregs 

than would occur in naive WT mice.

To determine whether this effect was due to true expansion or due to inequal 

proliferation of donor cells in response to lymphopenia, we examined Tregs out of CD3+ 

donor cells. The percent of noncanonical Tregs out of CD3 donor T cells was lower for 

WT naive donors than for all other groups, with no difference between TCF cKO naive, 

WT chimeric, or TCF cKO chimeric cells (Fig. 3.2D). When we looked at the number of 

CD25- FOXP3+ Tregs per 100,000 CD3 T cells in naïve or chimeric mice, we found that 

the number of noncanonical Tregs was also lower for WT naive mice than for all other 

groups (Fig. 3.2E). The WT chimeric cells group had slightly higher numbers of these 

cells than TCF cKO naive mice, and no difference from TCF cKO chimeric mice (Fig. 

3.2E). 

If lymphopenia-induced proliferation caused this expansion, then the number of 

Tregs out of both CD4 and CD3 T cells should be increased, with no change in frequency

(because the total cells would also be increased). Since both increased frequency and 

numbers of noncanonical Tregs were detected among CD4 and CD3 T cells for WT naive

versus chimeric cells, this effect likely represents true expansion of the noncanonical 

Treg population from WT donor cells. Therefore, even among total T cells, noncanonical 

Tregs make up a greater component of the T cells from TCF cKO mice than in WT mice, 
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and loss of TCF-1 produces a cell-intrinsic ability in T cells to promote nearby WT cells 

to develop a Treg phenotype.

For canonical Tregs, the frequency and number out of CD4 T cells was 

significantly increased in the TCF cKO chimeric cells, with no difference between the 

other groups (Fig 3.2F-G). Out of CD3 T cells, the frequency and number of canonical 

Tregs was not different between naive groups or between chimeric groups, with the only 

difference being an increase from WT chimeric mice compared to TCF cKO naive mice 

(Fig. 3.2H-I). 

Therefore, these data show that the presence of TCF cKO T cells in a WT 

chimeric microenvironment not only induces more WT cells to adopt a CD25- Treg fate, 

but also induces expansion of CD25+ Tregs from TCF cKO donor mice. 

Noncanonical Tregs are found at increased frequency in multiple tissues from TCF-

deficient mice. The noncanonical Treg population we observed in this model was 

identified in the spleen. To determine whether these cells existed only in the spleen, or 

could be found in other organs, we phenotyped lymphocytes from the spleen, thymus, 

liver, and small intestine of WT or TCF cKO mice (Fig. 3.3A). We found that 

noncanonical Tregs were present even in WT mice in all of the tested organs (Fig. 3.3B). 

Significantly higher frequencies of noncanonical Tregs were observed in the thymus, 

spleen, and liver of TCF cKO mice compared to WT mice (Fig. 3.3B). 
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Figure 3.3: Noncanonical Tregs are found at increased frequency in multiple tissues 

from TCF-deficient mice.

Lymphocytes were obtained from the spleen, thymus, small intestine (“gut”), and liver as 

described in the Methods section. These cells were taken from WT or TCF cKO naive 

mice, and stained for flow cytometry. (A) Flow cytometry plots of Treg frequencies in 

tissues of WT or TCF cKO naive mice, shown out of CD4 T cells. One representative 

plot is shown per group. (B) Frequency of CD25- Tregs in organs. (C) Frequency of 

CD25+ Tregs in organs. For all graphs, n=3 per group and one representative experiment 

is shown, mean and SD are also plotted. Data were analyzed using two-way ANOVA, 

*=p≤0.05, **=p≤0.01, and ***=p≤0.001.  
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It was very difficult to obtain total lymphocytes from the guts of TCF cKO mice 

(Fig. 3.3A). Thus, we were unable to clearly determine whether noncanonical Tregs are 

present in higher frequency in the guts. 

Therefore, noncanonical Tregs are present in multiple tissues in WT and TCF 

cKO mice, with higher frequencies appearing when TCF-1 is lost. Additionally, the 

thymus of TCF cKO mice showed an increase in canonical Tregs (Fig. 3.3C). Overall, 

these data show that CD25- Tregs are found in multiple tissues, with expansion due to 

loss of TCF-1 occurring in these peripheral tissues as well. 

Expansion of noncanonical Tregs is not due to aberrant FOXP3 expression. Delacher 

et al. [2020]29 recently claimed that global deficiency of TCF-1 led to aberrant expression

of FOXP3 in both CD4 and CD8 T cells, resulting in conventional T cells which 

appeared to be Tregs but were not. To determine whether aberrant FOXP3 expression 

was the reason for expansion of noncanonical Tregs, we first examined FOXP3 

expression on CD8 T cells in WT and TCF cKO mice (Fig. 3.4A). 

We found that there was no significant increase in FOXP3+ CD25- cells among 

CD8 T cells from TCF cKO naive mice (Fig. 3.4B). Therefore, aberrant expression of 

FOXP3 in CD8 T cells is not occurring in this model of TCF-1 deletion. 
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Figure 3.4: Aberrant FOXP3 expression is not visible in CD8 T cells from TCF cKO

mice. 

Splenocytes were taken from naive mice and either directly stained or cultured for 6 

hours with PBS or anti-CD3/anti-CD28 stimulation prior to staining for CD4, CD8, 

CD25, and FOXP3. CD8 T cells were examined for expression of FOXP3 and CD25 to 

identify aberrant expression. (A) Flow cytometry plots of “Treg” frequencies in WT or 

TCF cKO naive mice, shown out of CD8 T cells. One representative plot is shown per 

group. (B) Quantification of (A), showing noncanonical “Treg” frequencies for each of 

the three conditions. For all graphs, n=3 per group and one experiment is shown, mean 

and SD are also plotted. Data were analyzed using two-way ANOVA.
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Next, we examined whether CD25- Tregs from WT and TCF cKO mice 

expressed other functional Treg markers or IL-2 (Fig. 3.5). Briefly, splenocytes from 

naive mice were obtained, and split into three groups: one group was simply stained for 

flow cytometry, one was cultured for 6 hours with Brefeldin A in wells coated with PBS, 

then stained, and one was cultured for 6 hours with Brefeldin A in wells coated with anti-

CD3 and soluble anti-CD28 (in the media), then stained. The uncultured samples were 

stained for CTLA-4, while the cultured cells were stained for CTLA-4, IL-2, and IL-1011. 

For CTLA-4 expression, a significant increase was detected for CD25- Tregs 

from TCF cKO mice compared to from WT mice. This increasing frequency of CTLA-4 

expression was seen for all conditions (Fig. 3.5A-B). No significant difference was 

observed for IL-2 or IL-10 expression between WT and TCF cKO CD25- Tregs, but in 

both cases, the TCF cKO cells cultured with antibody stimulation showed a numerical 

increase (with no significance) in expression of these cytokines compared to WT cells 

(Fig. 3.5A, C-D). The level of IL-2 production was also similar for TCF cKO CD25- 

Tregs compared to WT CD25- Tregs, which are known to be suppressive in some cases 

(Fig. 3.5A, C).  
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Figure 3.5: Noncanonical Tregs express functional Treg markers.

Splenocytes were taken from naive mice and either directly stained, or cultured for 6 

hours with GolgiPlug and PBS or anti-CD3/anti-CD28 stimulation, prior to staining for 

CTLA-4, IL-2, and IL-10. CD25- Tregs were examined for expression of these Treg 

markers. (A) Flow cytometry plots showing expression of Treg markers in spleen, for 

PBS-cultured or antibody-stimulated cells. (B) CTLA-4 expression among CD25- Tregs 

for uncultured, control (PBS) cultured, and antibody-stimulated cultured T cells. (C) IL-2

expression among CD25- Tregs for control (PBS) cultured and antibody-stimulated 

cultured T cells. (D) IL-10 expression among CD25- Tregs for control (PBS) cultured 

and antibody-stimulated cultured T cells. For all graphs, n=3 per group and one 

experiment is shown, mean and SD are also plotted. Data were analyzed with two-way 

ANOVA, *=p≤0.05 and **=p≤0.01.
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We did note the same patterns for all three markers (CTLA-4, IL-2, and IL-10) in 

CD25+ Tregs, but the frequency of cells expressing these markers tended to be higher 

among CD25+ Tregs than in CD25- Tregs (Fig. 3.6). These data suggest that loss of 

TCF-1 may also enhance expression of these markers in canonical Tregs. Therefore, the 

CD25- Tregs observed in WT and expanded in TCF cKO mice are not simply the product

of aberrant FOXP3 expression. These cells express CTLA-4 and produce IL-2 and IL-10 

at similar frequencies as in WT mice, suggesting that they are truly noncanonical Tregs 

with suppressive function and not just activated conventional T cells11, 29.
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Figure 3.6: CD25+ Tregs from TCF-deficient mice are similar to those from WT 

mice.

Splenocytes were taken from naive mice and either directly stained, or cultured for 6 

hours with GolgiPlug and PBS or anti-CD3/anti-CD28 stimulation, prior to staining for 

CTLA-4, IL-2, and IL-10. CD25+ Tregs were examined for expression of these Treg 

markers. (A) Flow cytometry plots showing expression of Treg markers in spleen, for 

PBS-cultured and antibody-stimulated cells. (B) CTLA-4 expression among CD25+ 

Tregs for uncultured, control (PBS) cultured, and antibody-stimulated cultured T cells. 

(C) IL-2 expression among CD25+ Tregs for control (PBS) cultured and antibody-

stimulated cultured T cells. (D) IL-10 expression among CD25+ Tregs for control (PBS) 

cultured and antibody-stimulated cultured T cells. For all graphs, n=3 per group and one 

experiment is shown, mean and SD are also plotted. Data were analyzed using two-way 

ANOVA.
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Discussion

TCF-1 is a major T cell transcription factor which controls T cell development 

and lineage, and also has an important role in T cell responses to infection27, 29, 30, 31, 32, 33, 34, 

35, 36, 37, 38, 46. However, the role of TCF-1 in controlling mature T cells following normal 

development has not been well studied. Our work sought to determine whether loss of 

TCF-1 in mature T cells (lost during the DP phase of development) would impact Treg 

cell fates in vivo in the mouse, given that TCF-1 is known to repress FOXP3 expression29.

Loss of TCF-1 in this context – using a Tcf7 flox/flox x CD4cre mouse – resulted in 

production of a smaller number and frequency of CD4 T cells, as has been reported 

previously42. However, of the CD4 T cells present, there was a higher fraction of 

noncanonical Tregs found in the TCF cKO mice compared to WT, while no change in 

frequency was found for canonical Tregs. 

This suggests that the expression of FOXP3 in noncanonical Tregs from the TCF 

cKO mice may not simply be aberrantly elevated expression of FOXP3, because if that 

were the case, one would expect more canonical Tregs as well. In addition, the 

expression of IL-10 and CTLA-4 by CD25- Tregs from TCF cKO mice at levels similar 

to or higher than WT CD25- Tregs suggests that these expanded cells from TCF cKO 

mice are potentially suppressive Treg cells, not the product of abnormal FOXP3 

expression. This is in direct opposition to what Delacher et al. [2020] reported from use 

of global TCF-1 KO mice and CRISPR-mediated deletion of TCF-129, suggesting that 

TCF-1 may have a different role in mature cells than in developing cells in this case.
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Of note, our studies showed that the rise in noncanonical Tregs was cell-intrinsic, 

and not a result of microenvironment changes in the mouse due to loss of TCF-1, as may 

be more likely in a TCF-1 global KO42. In addition, TCF-1 controls Eomes and possibly 

T-bet expression37, 46, yet Eomes cKO and T-bet cKO mice showed no changes to 

noncanonical Tregs. This suggests that TCF-1 and loss thereof is directly responsible for 

the expansion of CD25- FOXP3+ Tregs. These noncanonical Tregs were found in small 

intestine, spleen, thymus, and liver, suggesting that they are either capable of migrating to

potential sites of immune responses where suppression may be needed, or are resident in 

those tissues. If these cells were simply aberrantly exiting the thymus without expression 

of CD25, we would expect the frequency of these cells to be higher in the thymus than 

other organs, but this was not the case. In fact, the frequency of these cells was higher in 

liver, guts, and spleen than in thymus, especially for the TCF cKO mice. Therefore, these 

noncanonical Tregs appear to be stable peripheral Tregs which have lost CD25 

expression at some point after exiting the thymus24. 

Our most important observation from this study came from our mixed bone 

marrow chimera, which involved mixing BM cells from WT and TCF cKO mice and 

allowing them to develop to maturity in a WT thymus. We then examined the frequency 

and number of CD25- Tregs in the spleen. This allowed us to determine that the 

expansion of CD25- Tregs is cell-intrinsic, because the rise in frequency of these cells for

TCF cKO mice compared to WT mice was preserved in this chimeric model. When we 

looked at the number of CD25- Tregs out of CD4 T cells in the chimera, we also saw 

increased CD25- Tregs for TCF cKO donor cells compared to WT donor cells. 
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However, the frequency and number of these noncanonical Tregs were higher for 

WT chimeric mice than for WT naive mice, and the cell numbers were at the same level 

as in TCF cKO naive mice. We thought that this expansion could possibly be due to 

increased proliferation of WT compared to TCF cKO donor cells in the chimera, induced 

by lymphopenia from the irradiation and transplant. To examine this possibility, we 

checked whether noncanonical Treg frequencies or numbers were altered out of CD3 T 

cells. 

If lymphopenia-induced proliferation of WT cells was the cause of this expansion,

we would expect that Treg numbers out of WT-derived CD3 and CD4 T cells would be 

increased for chimeric versus naive mice, but frequency out of both cell types would 

remain the same. This is because if all T cells are expanding, then the Tregs would not 

make up more or less of the T cell population, but their total numbers would be increased.

If this effect was instead due to true expansion of the Treg population, we would expect 

to see that both frequency and number of Tregs were affected. 

Indeed, we saw that frequency and number of noncanonical Tregs were increased 

for WT chimeric versus WT naive mice (out of CD4 and CD3 T cells). Additionally, 

frequency and number of CD25- Tregs were increased for TCF cKO versus WT cells, 

both in naive and chimeric mice when looking at CD4 T cells, and for naive mice only 

when looking at CD3 T cells. The WT chimeric donor cells showed CD25- Treg 

frequencies and numbers at levels similar to or higher than TCF cKO naive mice (both 

out of CD4 and CD3 cells), which in turn were higher than in WT naive mice. Therefore, 
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the presence of TCF cKO T cells in the chimera appears to induce true expansion of 

noncanonical Tregs from WT donor cells in the chimera. This is critical, as it suggests 

that loss of TCF-1 in T cells can alter the microenvironment (regardless of the fact that 

the cells in the microenvironment are WT), leading to alterations in the fate decisions and

phenotype of nearby cells. 

Despite the WT environment, TCF-deficient T cells are able to induce more 

production of CD25- Tregs from WT donors cells. This finding – and this trait generally 

– could have a major impact on attempts to raise yield of suppressive cells for therapeutic

purposes. It also shows how TCF-1 deficiency within a cell could impact nearby cells, 

most likely by release of factors into the microenvironment which can alter fate 

decisions. To our knowledge, the ability of TCF-1-deficient cells to alter WT cells in a 

WT environment in this fashion has not yet been described, so this trait is a major novel 

finding. 

The frequency and number of canonical CD25+ Tregs out of CD4 T cells were 

also increased only for TCF cKO cells in the chimera. This suggests that loss of TCF-1 

increases the yield of cells adopting a suppressive fate, while potentially disrupting the 

expression of CD25, given that similar numbers of CD25+ cells and more CD25- cells 

were observed in naive mice. CD25 is part of the IL-2 receptor50, so the reduced 

expression of CD25 suggests that the Tregs expanded by loss of TCF-1 may not be as 

receptive to IL-2 stimulation, possibly providing a clue as to the apparent reduction in 

proliferation or survival of T cells from TCF cKO donors. However, putting TCF cKO T 
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cells in a WT chimeric environment also enhanced production of CD25+ Tregs, which 

could be beneficial for treatment purposes.

IL-10 is one of the major suppressive cytokines produced by functional Tregs10, 11.

IL-10 expression by CD25- Tregs from TCF cKO mice is not significantly different from 

that of WT CD25- Tregs, and is numerically increased (without significance) in TCF 

cKO cells. Thus, we do not expect that IL-10 production would be disrupted by loss of 

TCF-1 in these Tregs. WT CD25- Tregs are suppressive in some infection or autoimmune

contexts20, 21, 22, 23, 24, 25, 26, and ITK KO CD25- Tregs are suppressive in a GVHD context 

(see Appendix B for more details). TCF cKO CD25- Tregs are phenotypically similar to 

WT CD25- Tregs, suggesting that suppressive function may be maintained in CD25- 

Tregs despite loss of TCF-127. CTLA-4 expression was also increased in TCF cKO 

CD25- Tregs, suggesting that they may be more suppressive than WT-derived CD25- 

Tregs.  

Additionally, the noncanonical Tregs do not express CD25, which is the alpha 

chain of the IL-2 receptor. Competitive consumption of IL-2 to restrict access to 

conventional target cells is one proposed mechanism of Treg suppression10, 11. However, it

is unlikely that this mechanism is used by noncanonical Tregs, since they would have no 

competitive binding advantage over conventional cells, which would express CD25 once 

activated. However, one report has shown that Tregs lacking both TCF-1 and LEF-1 are 

still suppressive, suggesting that TCF-1 deficiency does not affect Treg suppressive 
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mechanisms27. Therefore, we expect that TCF cKO CD25+ and CD25- Tregs will still be 

suppressive despite loss of TCF-1. 

Overall, these results show that TCF-1 normally suppresses FOXP3 in CD4 T 

cells, and that loss of TCF-1-driven suppression allows expansion of CD25- FOXP3+ 

Tregs. These cells also express other markers found on functional Tregs, including IL-10 

and CTLA-4, indicating they are true Tregs with the potential to be suppressive. The 

presence of TCF-deficient T cells in a WT environment induced increased production of 

these unique Tregs from WT donor cells, showing a cell-intrinsic ability of TCF cKO T 

cells to control cell fate in neighboring cells in the microenvironment. These CD25- 

Tregs are found in multiple tissues, suggesting they may be stable Tregs rather than a 

product of transient aberrant FOXP3 expression. CD8 cells expressing FOXP3 but not 

CD25 were not increased by loss of TCF-1, further showing that these cells are not 

arising due to aberrant FOXP3 expression. In all, these data suggest that TCF-1 normally 

suppresses FOXP3 to control expansion of this CD25- Treg subset, and modulation of 

TCF-1 may provide an opportunity to increase production of these cells (Fig. 3.7).

Future work should address the functional capacity of these Treg cells, although 

the suppressive ability of CD25- Tregs has been proven in several experimental models 

as mentioned above20, 21, 22, as well as by work in our lab using a GVHD model 

(Appendix B). Use of the allo-HSCT model leading to GVHD provides an optimal way 

to examine Treg suppression of activated conventional T cells. The mechanism or factors 

by which TCF-deficient cells evoke fate changes in WT cells in a mixed cell model 
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should also be examined, as this ability could have significant impacts on cell culture 

strategies for therapeutic uses.        
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Figure 3.7: Summary Figure - TCF-1 deficiency and Treg subsets. 
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Figure 3.7: Summary Figure - TCF-1 deficiency and Treg subsets.

Loss of TCF-1 in mature T cells led to expansion of noncanonical, CD4+ CD25- 

FOXP3+ Treg cells. These cells are present in WT mice but expanded by loss of TCF-1. 

These Tregs express Treg markers, are found in multiple tissues, and are not a product of 

aberrant FOXP3 expression. When WT and TCF cKO T cells are placed in a WT 

microenvironment together, CD25- Tregs from both donor types are expanded. The 

presence of TCF cKO T cells induces WT donor cells to produce CD25- Tregs at a level 

similar to TCF cKO naive mice. Thus, loss of TCF-1 in mature CD4 T cells helps expand

CD25- Tregs, which may be useful for amelioration of GVHD and other T cell-mediated 

disorders. 
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CHAPTER IV: Dissecting the regulatory network of transcription factors in T cell
phenotype/functioning during GVHD and GVT

Introduction
Transcriptional control of immune gene expression and immune system 

functioning has been widely studied to better understand how these processes can shape 

immune responses. However, it has become clear that in different contexts, the same 

factors can have vastly different (and often contradictory or unexpected) effects. For 

example, a factor which suppresses gene expression in one cell type may activate 

expression of the same genes in a different cell type. Beyond this, transcription factors 

can regulate each other in a complex network of activation, suppression, and 

enhancement, and disease states can alter their function. A significant amount of research

is needed to not only understand what genes are changing in a specific context, but also 

how those changes are regulated, and how the regulators are regulated in a network. As 

such, many elements of the immune system and its responses are only understood to a 

superficial level, and recent work has focused on deepening this knowledge. This review 

chapter seeks to summarize how transcription factors contribute to the functioning of 

mature alloactivated T cells, through study of GVHD and GVT effects. This chapter will 

also examine how these factors form a regulatory network to control alloresponses. This 

review will focus specifically on those factors expressed by and controlling activity of T 

cells of the various subsets involved in GVHD/GVT.

Transcription Factors
Generally, a transcription factor is a protein that contributes to the regulation of 

which genes are transcribed from DNA to RNA molecules1, 2, 3, 4. These proteins are 
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capable of binding at sites known as promoter regions, to either initiate or repress the 

start of transcription of the gene. Other possible binding sites can include enhancer 

regions or silencer regions, which can help to up- or downregulate (respectively) the 

current level of gene transcription that is occurring4. These regulatory elements may be 

close to the gene itself or a significant number of base pairs away1, 4. The interaction of 

multiple suppressive or activating factors within the same gene locus helps to form an 

exquisitely controlled regulatory program for that gene1, 2, 3, 4. These regulatory factors 

control the genetic program of all cell types, but this review will focus on their 

importance in alloactivated mature T cells.

Transcriptional   Control of T Cells  

 T cells progress through a series of life stages, starting with development in the 

thymus and ending with death in the peripheral tissues or secondary lymphoid organs5, 6, 7.

Depending on the events that occur in between (such as participation in an immune 

response), the T cell may also differentiate into a specific subset, perform effector 

functions, or become a memory T cell7, 8. Effector T cells have a much shorter lifespan 

than memory T cells, and they utilize different transcriptional programs which favor 

cytotoxic responses over long-term survival9. Indeed, at each stage of the T cell lifespan, 

transcriptional programs are at work to determine the T cell’s fate. 

Beginning in the thymus, factors such as T Cell Factor-1 (TCF-1), Notch, 

GATA3, ThPOK, and RUNX3 are critical for pushing the thymocyte through 
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developmental stages and into a single-positive CD4 or CD8 fate10, 11, 12, 13, 14. After 

development, the T cells are driven to specific subset or role fates. For example, T-bet or 

Blimp1 promote effector functions, while Eomes and TCF-1 typically promote memory 

cell development15, 16, 17. Each subset of helper T cell also has a “lineage-driving” 

transcription factor, such as T-bet for Th1 cells or Bcl6 for Tfh cells18, 19. During an 

immune response, production of cytokines and other cytotoxic mediators is also 

controlled by transcription factors. Factors such as Eomes, T-bet, NF-κB, NFAT, and 

various STATs promote production of mediators such as perforin, granzymes, IFN-γ, 

TNF-α, or Fas/FasL interactions20, 21, 22, 23, 24, 25, 26, 27. Factors such as CIITA and SOCS 

proteins help repress this cytotoxicity28, 29. 

At some point, the response must resolve, which is driven by loss of c-Rel. T cells

are kept active and proliferating by expression of c-Rel, so loss of this factor promotes 

contraction of the T cell pool30. Finally, T cells either become memory cells or die. 

Memory states are associated with Eomes and TCF-1 (among other factors), while a 

failure to receive important survival signals such as BCL-2, cytokines, BCL-XL, or 

others leads to cell death15, 31, 32. These interactions help to control and maintain the T cell 

at every stage of its life, and dysregulation of even one factor can have important 

consequences, as will be discussed below. 

Transcriptional Regulatory Networks
In addition to regulating the expression of genes, transcription factors can also 

regulate the functioning of other transcription factors. These factors can suppress each 
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other or other factors, such as in a negative feedback loop or in simple suppression of one

factor by another. This is seen in dendritic cell chromatin state regulation or stem cell 

pluripotency maintenance, for example33, 34. It is also possible for transcription factors to 

activate each other or other factors in a positive feedback loop, with one factor enhancing

expression/functioning of another or compensating for the other factor. This can be seen 

in circadian rhythm maintenance or regulation of p53 expression, for example35, 36. 

Another common regulatory mechanism occurs when one factor controls the 

balance between multiple programs. A clear example of this is the role of TCF-1 in 

deciding T cell fate between Th1 and Tfh programs. TCF-1 activates expression of Bcl6, 

which drives Tfh development. However, Bcl6 is normally suppressed by another factor, 

Blimp1, in Th1 cells. TCF-1 is also suppressed by Blimp1 in Th1 cells. Expression of 

TCF-1 in the T cell turns off Blimp1 and activates Bcl6, driving the cell to a Tfh cell fate.

Alternatively, if TCF-1 is successfully suppressed by Blimp1, then Bcl6 will also be 

suppressed and the cell will head to a Th1 cell fate37. 

In this way, transcription factors interact with each other to form complex 

networks of interaction, which can be naturally or artificially tuned to achieve certain 

outcomes. When the tuning is natural, it is the result of cellular or external signals, 

pathogen sensing, or nutrient deficiencies, for example38, 39, 40, 41. Artificial tuning is 

achieved by genetic manipulation, use of inhibitor drugs, or intentional cell fate control, 

such as inducing Treg cell fates to enhance the number of Tregs produced42, 43. Although 
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each individual transcription factor may alter signaling pathways or other outcomes on its

own, without a linked network of transcription factors, changes in one factor could not 

have such a drastic impact on the whole organism44. Therefore, to best understand the 

processes of GVHD and GVT, it is critical to first decipher the regulatory network that 

controls alloactivated T cells, which are responsible for driving these processes. This 

knowledge will help to find better targets and pathways which can be modulated to 

reduce disease severity, and ultimately, to separate GVHD from GVT.

 

GVHD and GVT/GVL
Graft-versus-host-disease (GVHD) and graft-versus-tumor (GVT) effects (also 

called graft-versus-leukemia or GVL effects) are intricately linked alloreactive processes 

driven primarily by naive T cells45, 46, 47. These T cells are alloactivated by presentation of 

non-self antigen by non-self HLA (MHC in mouse) molecules on the APCs of the host48, 

49. This results in proliferation of the T cells, differentiation to cytotoxic effector cells, 

migration to target organs or tumor sites, and release of cytokines and cytotoxic 

mediators50, 51. Each of these major functions are controlled by networks of transcription 

factors, which regulate expression of important genes used to perform these functions. 

While GVT effects help to rid the patient of residual malignant cells and prevent relapse 

of the cancer, GVHD damages the healthy host tissues50, 52. 

Thus, the main goal of research in this field is to eliminate or reduce GVHD while

preserving or enhancing GVT effects. These two processes are performed using similar 

pathways in the same T cells, and both rely on the major functions described above 
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(proliferation, migration, producing cytokines). Therefore, it is not possible to separate 

these effects simply by removing entire subsets of T cells without some sort of trade-off 

(such as increased infection rates post-transplant)50, 52, 53, 54, 55, 56. Instead, current research 

focuses on manipulating the underlying regulatory networks or signaling pathways of the 

T cell, to drive the cell to perform one process but not the other. A deeper understanding 

of these regulatory networks is therefore critical to achieving these goals. 

Models of Expression Changes in GVHD/GVT
The use of various knockout, knockdown, or knock-in genetic models have led to 

a better understanding of how different transcription factors participate in alloactivated T 

cell functioning. Transcription factors are notoriously difficult to target using 

chemical/pharmaceutical means, although recent breakthroughs have broadened the 

possibilities in this area57, 58, 59. Due to these difficulties, GVHD/GVT models typically 

rely on genetic manipulation to alter expression or functioning of the transcription factor. 

The sections below will summarize what has been discovered about a variety of critical 

factors in these processes.

a. TCF-1, Eomes, and T-bet

T Cell Factor-1 (TCF-1) is a T-cell specific transcription factor that is critical for 

T cell development. The double-negative stages of development in the thymus require 

expression of TCF-1, allowing the thymocyte to proceed correctly12, 13, 37, 60, 61, 62. Although 

TCF-1 has been previously studied in canonical activation as well37, 63, 64, 65, the role of 

TCF-1 in GVHD or GVT effects has not been studied (to our knowledge). We found that 
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expression of the factors Eomes and T-bet was increased in CD8 T cells from TCF-1 

cKO mice. This suggests that TCF-1 normally suppresses Eomes and T-bet in CD8 T 

cells, thereby contributing to regulation of alloactivation through these factors. CD8 T 

cells lacking TCF-1 also showed higher activation (by CD44 and CD122) and changes to 

memory phenotypes, while only CD44 and memory phenotypes were altered in CD4 T 

cells. We found that loss of TCF-1 specifically in T cells (CD4 and CD8) lead to reduced 

GVHD severity and persistence. Allotransplanted mice receiving TCF-1-deficient T cells 

had lower GVHD scores, less weight loss, better survival, and were able to resolve 

GVHD (instead of developing persistent disease).

For CD4 donor T cells, the reduced GVHD severity was due to reduced cytokine 

production and survival, increased exhaustion, and changes to gene expression and 

chemokine/chemokine receptor expression. An apparent migration defect was also seen 

that could increase as disease resolves, but this effect may also be due to reduced donor 

cell proliferation. For donor CD8 T cells, the reduction in disease was primarily due to 

reduced cytokine production, increased exhaustion and predisposition to apoptosis, and 

increased central memory cells pre-transplant. Gene expression and expression of 

chemokines/chemokine receptors were altered in donor cells by loss of TCF-1. In 

addition, a reduction in CXCR5+ CD8+ T cells was observed in TCF cKO-transplanted 

recipients. The peak frequency of these cells in allotransplanted mice correlated 

temporally with peak GVHD score. We therefore hypothesize that GVHD severity and 

persistence is reduced in part due to reduction in these cells, which are known to 
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contribute to and sustain chronic immune responses through stem-like functions66, 67, 68, 69, 

70. 

Despite reductions in GVHD severity, mice receiving TCF cKO T cells still 

mediated GVT effects, and tumor burden was maintained at the same level as in mice 

receiving WT T cells, indicating no defect in GVT effects. This is likely due to increases 

in perforin and granzyme B in TCF cKO donor CD8 T cells. Therefore, TCF-1 affects T 

cell phenotype, exhaustion, proliferation, survival, predisposition to apoptosis, gene 

expression, chemokine/chemokine receptor expression, and cytokine/cytotoxic mediator 

production to affect GVHD and GVT (see Chapter II for further information). 

Eomesodermin (Eomes) is a transcription factor typically associated with T cell 

memory, and thought to balance T-bet, which is associated with effector T cells. Many 

research reports examine both Eomes and T-bet together, rather than separately, because 

they are seen to be intricately linked. Some reports suggested that both Eomes and T-bet 

are important for antitumor immunity, but these studies were done after adoptive transfer,

not allogeneic transplant71. However, the importance of Eomes in both GVHD and GVT 

effects was shown by another group, which used a mouse model of allogeneic 

hematopoietic stem cell transplantation (allo-HSCT)72. 

Lack of Eomes in T cells led to reduced GVHD severity and improved survival. 

Interestingly, loss of Eomes reduced GVHD more than loss of T-bet (will be discussed 

further below). This reduction in GVHD was primarily due to reduced CD8 T cell 
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migration to target organs, an increase in Tregs, and decreased cytokine production in 

CD4 T cells. Proliferation and activation of CD4 T cells were also reduced when Eomes 

was lost. Introduction of tumor cells showed that loss of Eomes disrupted GVT effects, 

suggesting that Eomes is critical for this effect. Experiments with mixed WT or Eomes T 

cells showed that Eomes is important for CD8-driven GVT, but not for CD4-driven help 

during allo-HSCT. Therefore, although Eomes was important for both functions, Eomes-

deficient CD4 T cells could be used to separate GVHD from GVT effects72.

Histone deacetylase 11 (HDAC11) controls T cell phenotype through epigenetic 

changes. Loss of HDAC11 led to increased expression of Eomes and T-bet in T cells, as 

well as increased proliferation of the T cells. HDAC11 KO T cells also showed increased 

production of cytokines and cytotoxic mediators. These changes resulted in exacerbated 

GVHD in mice receiving HDAC11 KO T cells, but GVT effects were also enhanced. 

Therefore, loss of HDAC11 enhanced GVHD and GVT due to increased expression of 

Eomes73. Another group showed that T(R)1 cells (Type 1 Tregs) are the most frequent 

type of Tregs in allo-HSCT, and these cells require expression of Eomes to develop. 

These cells are also important for reducing GVHD, suggesting a role for Eomes in 

suppressing GVHD. Expression of Eomes in these cells requires expression of T-bet, 

further complicating matters32. Therefore, depending on the cell expressing it, Eomes 

may be helpful or harmful in GVHD. 
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Eomes also plays a role in GVT, but the exact role remains to be elucidated. Some

reports suggest that Eomes is important for CD8 T cell function during antitumor 

responses, primarily by promoting exhaustion. This suggests that Eomes would inhibit 

GVT effects. However, while loss of both Eomes alleles stopped development of tumor-

attacking CD8 T cells, loss of only one allele limited exhaustion in the T cells, which 

promoted antitumor immunity74. These experiments were done in canonical antitumor 

models, so they may not directly apply to GVT. More recent work showed that ITK KO 

mice, which have higher expression of Eomes (but not T-bet), have reduced GVHD 

severity but maintained GVT function55, 75. Therefore, Eomes appears to be critical for 

both GVHD and GVT, due to its affects on T cell migration and cytokine production. 

T-box transcription factor TBX21 (T-bet) is also a transcription factor critical for 

T cell function, and is typically associated with effector T cells. Reports showed that loss 

of T-bet (which controls development of Th1 cells) resulted in reduced GVHD severity. 

When both T-bet and RORγT (which controls Th17 cells) were lost, recipient mice 

showed no GVHD, as well as reduced migration to target organs, reduced Th1/Th17 

cytokine production, and reduced organ damage. However, these T-bet/RORγT DKO T 

cells had maintained GVT functions, separating GVHD from GVT76. Our data showed 

that loss of T-bet in T cells increased expression of Eomes (Chapter II), and since 

Eomes is critical for GVT effects72-75, this helps to explain the maintenance of GVT 

effects in the absence of T-bet. 
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Th1 cells were shown to be important in acute GVHD (aGVHD) in a rat model, 

and Th1 cell development is driven by T-bet77, 78. Interestingly, loss of T-bet in donor 

cells led to increased pulmonary GVHD in allotransplanted recipients. This was because 

when Th1 cells were reduced due to loss of T-bet, Th2 and Th17 cells expanded and 

produced cytokines, leading to damage79. Therefore, loss of T-bet alone may not prevent 

GVHD. In addition, in a mouse model of allogeneic heart transplant, loss of T-bet in T 

cells led to more rapid rejection of the allogeneic heart than loss of RORγT (or WT T 

cells). Loss of both T-bet and RORγT in T cells also caused rapid allorejection80. Thus, 

loss of T-bet may not be protective in all situations of allogeneic responses.  

More recently, work was done on loss of T-bet alone, rather than in combination 

with other deficiencies. This work showed that loss of T-bet in T cells led to reduced 

GVHD severity. This was due to reduced damage to organs by CD4 T cells because of 

reduced migration to target organs, and reduced cytokine production. Loss of T-bet 

specifically in Th17 cells also reduced GVHD. Finally, T-bet deficient T cells that were 

allotransplanted showed reduced GVT effects, although neutralizing IL-17 fixed this 

defect81. Loss of T-bet in allotransplant recipients also led to reduced GVHD severity82. 

These results suggest that T-bet is important for migration and cytokine production 

during GVHD and GVT. Loss of T-bet in donor T cells in a model of chronic GVHD and

autoimmunity led to an increase in FOXP3+ Tregs and reduced clinical signs after 

allotransplantation83. Dual TCR T cells, which are increased in chronic GVHD (cGVHD),

express T-bet, suggesting a role for T-bet even in cGVHD alloresponses84. Therefore, T-
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bet plays a role in GVHD and GVT through control of migration and cytokine 

production, as well as through interactions with Eomes. 

b. Notch, RORγT, and PLZF

Notch is a transcription factor which functions as a switch in T cell development. 

It controls fate decisions such as T cell versus B cell, CD4 versus CD8, and αβ versus γδ 

T cell fates85. Notch acts as both a receptor and a transcription factor, because it is found 

in the cell membrane until binding of a ligand, at which point the intracellular portion 

enters the nucleus to affect transcription86. There are several Notch receptors and several 

types of ligands, including Delta-group and Serrate-group molecules85. One study showed

that GVHD severity was reduced and survival was improved when Notch signaling was 

blocked in donor T cells. This was due to reduced production of cytokines and effector 

molecules, but there was a slight increase in proliferation of the T cells. Migration to 

target organs was also reduced by Notch inhibition. GVT effects were still maintained, 

despite the changes to cytokine production87. 

A later study showed that GVHD from both CD4 and CD8 T cells was prevented 

by Notch inhibition. T cells lacking Notch showed a drop in IFN-γ production, decreased 

NF-κB signaling, increased Eomes expression, normal expansion, and normal T-bet 

expression. Essentially, these T cells were hyporesponsive but kept their potential for 

cytotoxicity88. Blocking of all Notch signaling was found to be toxic, but Notch1/2 and 

Delta-like 1/4 (DLL1/4) were found to be most important for GVHD. Inhibition of Notch
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1 still produced toxicity, but blocking of DLL1/4 successfully prevented GVHD without 

off-target effects. Antitumor functions were still preserved, just like with Notch inhibition

in T cells, and temporary treatment was enough to provide stable protection89, 90, 91.  

Targeting of Notch1/2 and DLL1/4 was also effective in cGVHD92. 

One group found that Notch1, DLL4, and Jagged-1 in donor T cells were reduced 

when Tregs were present. The authors suggest that the Tregs use a CD39-dependent 

mechanism to directly downregulate this signaling pathway in donor T cells, leading to 

improved survival and reduced GVHD severity93. Another group suggested that Notch 

inhibition reduced GVHD by maintaining Treg function while lowering CD8 T cell and 

APC activation and proliferation94. More recent work by this group suggested that Tregs 

and central memory cells were increased when Notch was blocked, along with increased 

IFN-γ and lower TNF-α. They suggest that GVT effects were preserved because 

Fas/FasL components were not affected, and this pathway is primarily used for GVT95. 

Finally, use of selective Notch inhibition in CD4 T cells but not Tregs showed that the 

lack of Notch in CD4 T cells was critical to stop GVHD. When Notch was lost only in 

Tregs, this effect was lost96. Therefore, Notch affects T cell cytokine production, Treg 

expansion, and responsiveness to alloantigen, with loss resulting in reduced GVHD but 

maintained GVT effects97, 98. 

Retinoic-acid-receptor-related orphan nuclear receptor gamma, isoform T 

(RORγT) is a major lineage factor driving T cells to the Th17 fate. Due to the major role 
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of Th17 cells in GVHD, RORγT has been a factor of interest in GVHD research. Initial 

work showed that Th17 cells cause severe GVHD with increased migration to target 

organs and proliferation of alloreactive cells. However, loss of RORγT in donor mice did 

not affect the ability of CD4 T cells to cause GVHD. The group concluded that RORγT-

driven Th17 cells are sufficient, but not required for GVHD to occur99. Loss of RORγT 

was also shown not to affect alloresponse-driven colitis (intestinal GVHD), despite the 

role of Th17 cells in the process100. However, loss of both RORγT and T-bet did reduce 

GVHD severity. Interestingly, GVT effects were maintained despite loss of both 

factors101. Loss of both BATF and RORγT also reduced intestinal GVHD100. Other work 

showed that loss of RORγT relieved GVHD severity in an MHC-matched model of bone 

marrow transplant (BMT), but had no effect in an MHC-mismatched model102. 

In contrast, another group showed that treatment of donors cells with G-CSF 

before MHC-mismatched BMT resulted in reduced skin GVHD, with no impact on other 

organs. This was due to reduced expansion of RORγT+ T cells because of increased 

expression of SOCS3, an inhibitory factor103. In mice given a mismatched BMT and then 

treated with mesenchymal stem cells (MSCs) expressing ICOS, GVHD severity was 

reduced in part because of reduced RORγT expression (among other factors)104. One 

group suggested that accumulation of RORγT+ Th17 cells in target organs105, 106 is due to 

increased expression and activity of STAT3, which is critical for RORγT expression and 

Th17 fate105. 
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Expression of heme oxygenase-1 (HO-1) also correlated with reduced GVHD 

because it affects expression of RORγT and Th17 fate choices107. Most recently, ILCs 

expressing RORγT were found to be protective during intestinal GVHD, and were 

depleted in GVHD patients108. Thus, the role of RORγT still remains to be fully 

elucidated during GVHD, but T cells expressing this factor (Th17 cells) contribute to 

GVHD severity through increased migration and expansion. GVT effects do not seem to 

be affected by loss of RORγT, so this factor may not be critical for antitumor immunity. 

Promyelocytic leukemia zinc finger (PLZF) has also been studied in T cells in the 

context of GVHD. This factor is critical for development of invariant natural killer T 

cells (iNKT) but is not expressed in mature CD4 or CD8 T cells. To study this factor, one

group induced expression of PLZF using the Lck promoter to produce PLZF expression 

in mature CD4/CD8 T cells (called "PLZF-TG"). They found that these knock-in cells 

have a memory and innate-like phenotype without proliferation or stimulation by antigen.

In addition, these mice had higher frequencies of Tregs, similar homing potential (by 

CCR7 expression), higher IFN-γ and TNF-α levels, and less IL-2 production at baseline. 

Mice transplanted with these PLZF-TG cells had reduced GVHD severity as well as 

reduced pathology in small intestine, large intestine, and skin (but not liver). This 

attenuation of GVHD was primarily driven by CD4 T cells, which typically cause more 

severe disease109. 
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PLZF-TG T cells underwent apoptosis more frequently even though they were 

still capable of being alloactivated like WT cells. Once these cells were alloactivated, 

they produced the same amounts of IFN-γ and TNF-α as WT cells, but more IL-4 and 

less IL-2 than WT. Th2 cells were more prominently produced from PLZF-TG mice, due 

to enhanced IL-4 production and GATA-3 expression. Finally, expression of PLZF in 

these T cells resulted in better tumor clearance and survival. Therefore, PLZF expression 

contributed to regulation of apoptosis, Th2 cell fate, and Tregs, leading to reduced 

GVHD but maintained GVT effects109. However, because the expression of PLZF was 

induced in these cells but is not naturally present, it is unknown how these results may 

extrapolate to humans. 

c. NF-κB, STATs, and JAKs

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a 

transcription factor complex which controls DNA transcription, cell survival, cytokine 

production, and responses to a variety of stimuli. NF-κB can refer to the complex of 

factors or to the members NF-κB1 or NF-κB2. Early reports suggested a role for NF-κB 

in GVHD by examining the use of NF-κB inhibitors. One group tested the inhibitors 

bortezomib and PS-1145, and found that both could reduce GVHD severity in mice. This 

reduction occurred without disruption of engraftment, and was primarily due to reduced 

cytokine production in recipients. Interestingly, use of bortezomib (which is not NF-κB 

specific) for longer time periods caused more severe damage, while use of PS-1145 (NF-

κB specific) gave even better protection from GVHD than a shorter course110. These 
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results with PS-1145 were confirmed by another group, which found that the inhibitor 

allowed for reduced GVHD and responses to alloantigen, but maintained responses to 

mitogens111. Another study found that use of the cell cycle inhibitor (R)-roscovitine 

reduced GVHD severity, mainly due to reduced T cell expansion and TNF-α-driven NF-

κB activation112. 

Activation of NF-κB by TNF-α relies on NF-κB-inducing kinase (NIK). Lack of 

NIK in T cells that were allotransplanted into recipient mice prevented GVHD from 

developing. Overactivation of NIK in T cells led to fatal autoimmune responses due to 

excessive function of effector T cells and lack of suppressive function among Tregs. 

Therefore, changes in NIK can alter NF-κB activation levels to disrupt alloreactive T cell 

effector function and Treg development113. Rosiglitazone (a PPARγ agonist) was also 

examined in this context. This drug was found to inhibit GVHD, mainly by reducing 

cytokine production, increasing Tregs, and decreasing CD8 T cells (from both donor and 

host). Rosiglitazone also prevented NF-κB activation typically seen in GVHD, leading to 

a protective effect114. 

Dehydroxymethylepoxyquinomicin (DHMEQ) was created as an NF-κB 

inhibitor, and was also found to suppress GVHD in mice115. Tranilast, an NF-κB and 

TXNIP inhibitor, was found to reduce cGVHD development in MHC-matched, miHA-

mismatched mice116. A very recent study of SNPs in the NF-κB1 gene found that two 

specific SNPs in this gene were associated with aGVHD and mortality after transplant117. 
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Therefore, NF-κB clearly plays a role in GVHD, with primary effects on T cell 

proliferation, cytokine production, and Treg differentiation.

The NF-κB family is composed of five major subunits, one of which is c-Rel118. 

This factor plays a role in T cell alloresponses, as well as in canonical immunity. Several 

reports showed that loss of c-Rel in T cells leads to attenuated GVHD with preserved 

GVT responses119, 120, 121. In a study using T cells lacking c-Rel, the reduction in GVHD 

was primarily due to reduced expansion of T cells in secondary lymphoid organs, as well 

as a reduced ability to migrate to target organs (due to lower chemokine receptor 

expression). GVHD was reduced in both major and minor mismatch models. These cells 

had reduced Th1 and Th17 fate differentiation and increased Treg fate differentiation 

during alloactivation. Th1 cytokine production was reduced, as was production of TNF-α.

In addition, these c-Rel KO cells had higher rates of apoptosis than WT cells. However, 

c-Rel KO T cells were still able to perform GVT responses, although this ability was 

partly reduced121. 

Support for these findings came from use of a small molecule inhibitor of c-Rel. 

In this study, mice receiving WT T cells showed increased expression of c-Rel post-

transplant. This group identified pyrimidinetrione and its derivatives as inhibitors of c-

Rel which were highly specific and highly potent. Treatment of T cells prior to transplant 

with these c-Rel inhibitors reduced T cell expansion in the recipient mouse and reduced 

GVHD, even though c-Rel levels returned to normal within 4 days. These inhibitors did 
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not prevent GVT effects from occurring120. These studies show that c-Rel plays a critical 

role in GVHD processes by controlling T cell migration, expansion, cytokine production, 

and fate decisions. 

RelB is another subunit of NF-κB which plays a role in GVHD; however, this 

factor is primarily important for APCs during this response. RelB within APCs 

(specifically dendritic cells, DCs) was found to be critical for GVHD occurrence and 

persistence, as well as Th1 cell expansion. Loss of RelB did not affect Treg expansion or 

functioning122. Therefore, while it is not highly expressed in T cells during the 

alloresponse, RelB in APCs does play a role in how T cells can respond in this context.   

Finally, the RelA subunit of NF-κB has been shown to play a role in GVHD 

through its binding. Use of I-BET151 and JQ1, two inhibitors of bromodomain binding 

and histone acetylation, led to reduced GVHD in mice. These mice had maintained GVT 

effects, despite reduced cytokine production and proliferation of T cells. The authors 

suggested that these effects were mediated by disrupted binding of RelA with BRD4123. 

Thus, other components of the NF-κB family are also important for GVHD.

Signal Transducer and Activator of Transcription (STAT) family transcription 

factors are activated by JAK factors (see below) in the JAK/STAT pathway. STATs are 

primarily involved in immune responses, proliferation, differentiation, and apoptosis124. 
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These factors have many roles in diverse contexts, and have been heavily studied in 

GVHD, where STATs 1, 3, 4, 5, and 6 have been shown to be important. 

STAT1 was first identified as important in a study of GVHD using SAHA, an 

HDAC inhibitor. This treatment reduced the rapid STAT1 phosphorylation which 

occurred when GVHD was initiated, both in the liver and in the spleen. SAHA also 

reduced STAT3 phosphorylation. Use of this inhibitor resulted in less GVHD-driven 

mortality by lowering cytokine production of T cells125. These data suggest that STAT1 

(and possibly STAT3) is important for T cell cytokine production. Another group used 

STAT1-deficient mice to examine this factor’s role in GVHD. Again, GVHD severity 

was reduced in the absence of STAT1, primarily due to reduced activation and 

proliferation of donor T cells. Ablation of STAT1 also increased proliferation of Tregs, 

and inhibited apoptosis in these cells. These Tregs were hypersuppressive, helping to 

prevent GVHD damage126. 

One study sought to identify how and when STAT1 and STAT3 are activated 

during GVHD. After induction of GVHD, T cells (CD4 and CD8) with either STAT1 or 

STAT3 phosphorylation expand, followed by activation of STAT1/STAT3-driven gene 

expression127. These data suggest that STAT1 and STAT3 are critical to GVHD 

progression. While examining IL-22-driven GVHD pathology, another group found that 

GVHD patients had increased STAT1 expression in the GI tract128. Gain-of-function 

STAT1 mutations in humans also lead to autoimmunity and other problems, which were 
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successfully corrected with HSCT in one patient. Before treatment, this patient showed 

lowered IL-17 responses, increased IFN-γ production, and increased phosphorylation of 

STAT1129. Therefore, STAT1 is critical for regulation of T cell cytokine production, 

activation, expansion, and Treg fate decisions.

STAT3 was first examined in GVHD using a flow cytometry technique that was 

novel at the time, using antibodies to detect phosphorylation within cells. This study 

showed that STAT3 phosphorylation occurred during GVHD130, and these data were later

confirmed105, 131. Interruption of STAT3 phosphorylation with a small molecule inhibitor 

reduced T cell proliferation and activation both in vivo and in vitro, and reduced GVHD 

severity130. Use of cucurbitacin E (CuE), a selective STAT3 inhibitor, reduced aGVHD 

severity in mice by reducing production of pro-inflammatory cytokines and Th17 cells132.

 These results were supported by cGVHD studies in mice, which showed that 

STAT3-deficient donor CD4 T cells caused less GVHD than normal cells. This was due 

to reduced expansion and migration of donor T cells, not a change in the alloresponse of 

the T cells. Treg development was also enhanced by loss of STAT3133. Another study 

showed that loss of STAT3 in T cells enhanced natural Treg (nTreg) stability and 

promoted development of induced Tregs (iTregs) from CD4 naive T cells. Again, 

STAT3-deficient CD4 T cells protected against GVHD, although loss of STAT3 only in 

nTregs was not enough to stop GVHD134. Suppression of STAT3 by injection of PIAS3 

(protein inhibitor of activated STAT3) into mice to achieve PIAS3 overexpression 
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resulted in reduced GVHD severity. This inhibitor also reduced the Th1 and Th17 subsets

of T cells, while upregulating Th2 and Treg responses. STAT5 expression was also 

increased, which is discussed further below135. 

GRIM19, a regulator of STAT3 expression, was found to decrease the severity of 

GVHD when overexpressed, largely due to suppression of STAT3 signaling and Th17 

cell development, and enhanced Tregs and STAT5 expression136. Mice treated with IL-22

were found to have more severe GVHD, again primarily due to increased 

phosphorylation of STAT3 and changes to T cell subsets such as Th1 and Th17137. 

Treatment of mice with KD05 (an inhibitor of ROCK2) resulted in amelioration of 

cGVHD symptoms, due in part to reduced STAT3 and increased STAT5 

phosphorylation. Mice transplanted with T cells lacking STAT3 showed the same 

benefits, with lung function (lungs are a GVHD target) at the same level as healthy 

controls despite transplantation138. Finally, use of nifuroxazide, a STAT3 inhibitor, 

resulted in reduced aGVHD severity and delayed death from symptoms. This inhibitor 

blocks activation of STAT3, and this led to reduced production of cytokines and 

increased Tregs139. From this large body of data, it is clear that STAT3 impacts Treg and 

other helper T cell fates, cytokine production, and proliferation of alloreactive T cells. 

Loss of STAT4 was found to induce lethal aGVHD, as was STAT6 loss in T 

cells. GVHD was rapidly lethal when STAT6 was lost, with almost all mice dead by day 

7 post-transplant. Loss of STAT4 is typically associated with a defect in Th1 responses, 
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while STAT6 loss is associated with defective Th2 responses140. Overexpression of 

constitutively active STAT5b increased Tregs, producing a significant reduction in 

GVHD. These expanded Tregs were also hypersuppressive compared to those in WT 

mice. In addition, STAT5-overexpressing CD4 T cells also caused less GVHD, because 

these cells produced less proinflammatory and more anti-inflammatory cytokines. These 

transgenic mice still maintained GVT effects, suggesting that enhancement of STAT5 

signaling may be an effective therapy for GVHD141. 

These results were confirmed in a study of human T cells, which found that use of

CAS 285986-31-4 (a STAT5 inhibitor) reduced iTregs142. Finally, STAT6 was found to 

affect GVHD in mice. Treatment of T cells with IL-18 prior to allo-HSCT helped to 

reduce GVHD severity. When STAT6-deficient donor cells were used, this effect was 

removed, showing that STAT6 was required for this reduction in GVHD. IL-18 did not 

impact GVT effects, suggesting that STAT6 is important for GVHD but not GVT 

effects143. 

Janus kinase (JAK) family transcription factors are involved in the JAK/STAT 

signaling pathway, which controls T cell cytokine and growth factor signaling, 

inflammatory responses, and innate and adaptive responses144. A large body of evidence 

has emerged regarding the JAK 1/2 inhibitor ruxolitinib, which has been shown in 

research and clinical trials to reduce GVHD severity145, 146, 147. This reduction in disease 

was due to reduced proinflammatory cytokine production148, as well as reduced 
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chemokine receptor expression, which impacts T cell migration149. Ruxolitinib also 

decreased T cell proliferation and Treg differentiation in some reports150, 151. GVT effects 

were preserved in mice treated with ruxolitinib149. Tofacitinib, another JAK inhibitor, was

found to prevent GVHD and also to reverse existing disease in mice. This was primarily 

due to impaired proliferation and activation of alloreactive CD8 T cells in the mouse. 

This effect was also seen on human CD8 T cells152. An ocular inhibitor of JAK and SYK 

called R348 was tested in a pilot study, but was unsuccessful at inducing beneficial 

results for ocular GVHD153. 

One group used genetic ablation of JAK2 in donor T cells to examine the role of 

this specific JAK in GVHD. Loss of JAK2 reduced GVHD severity but preserved GVT 

effects. This was mainly due to reduced Th1 differentiation, and increased Th2 and Treg 

responses. The same group used pacritinib to target JAK2, and found that this drug 

reduced GVHD and rejection of skin grafts (xenogeneic) in mice. Again, GVT effects 

were preserved in treated mice. The same changes in cell fate were observed as with JAK

ablation154. Recently, a new clinical trial was performed to evaluate itacitinib, a JAK1 

selective inhibitor, in aGVHD patients. This drug was successful in preclinical models, 

and it showed benefit for 75 percent of patients in the study (response rate was 70.6 

percent among those whose GVHD was refractory to steroids). In addition, all of the 

study patients receiving the drug were able to decrease usage of corticosteroids155. These 

data suggest that targeting of JAK1 and/or JAK2 are successful strategies for limiting 

GVHD. 
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d. Tregs and FOXP3

Forkhead Box P3 (FOXP3) is the lineage-defining transcription factor for Tregs. 

FOXP3 was initially associated with GVHD when a study found that patients with 

GVHD had less expression of FOXP3 mRNA. This group also showed that stimulating 

CD4 T cells in vitro with self antigen increased expression of FOXP3, which in turn 

reduced proliferation of CD8 T cells156. This work showed that FOXP3-expressing CD4 

T cells could possibly be used to treat GVHD. A short time later, another group found 

that higher expression of FOXP3 among donor CD4 T cells indicated a lower risk of 

GVHD development in the recipient. They also confirmed that in GVHD patients, Tregs 

were reduced157. Tregs were found at a higher frequency in skin biopsies from patients 

with low grade treatment-responsive GVHD than in patients with more severe or non-

responsive GVHD158. 

At this point, research began on whether Tregs could be used as a therapy. 

However, natural Tregs (nTregs) are found in low numbers in the body, so iTregs 

(induced in vitro or in the periphery as opposed to in the thymus) were differentiated to 

try to provide a source for these cells. One study found that iTregs induced in vitro were 

limited in their ability to ameliorate GVHD symptoms because FOXP3 expression was 

not stable. After FOXP3 was lost from these cells, they reverted to an inflammatory state,

with production of cytokines and contribution to damage159. However, when iTregs were 

induced with antigen specificity, they were able to effectively prevent GVHD in recipient

mice expressing that antigen160. 
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Increasing stability of FOXP3 expression by blockade or loss of IL-27 increased 

the efficiency of iTregs at blocking GVHD. This treatment allowed better reconstitution 

of nTregs and iTregs, and also increased their suppressive ability161. Vitamin C was also 

shown to stabilize FOXP3 expression in CD8+ iTregs, which can suppress GVHD but 

still control tumors with the GVL effect162. Mice with GVHD that were given azacytidine 

showed reduced GVHD, largely due to increased Treg frequencies and expression of 

FOXP3163, 164. Furthermore, one group showed that CD4+ CD25- T cells could be 

engineered to ectopically express FOXP3, leading to a phenotype similar to nTregs which

suppressed GVHD but preserved GVL effects165. 

More recently, SNPs in the FOXP3 gene locus were found to be associated with 

GVHD outcomes. These SNPs were present at higher frequencies in patients with GVHD

than in patients without GVHD. One of these SNPs was predictive of risk for aGVHD, 

when analyzed on its own. Interestingly, these SNPs were also associated with a lower 

risk of infection post-HSCT166. These findings highlight a critical problem with allo-

HSCT, which is that the same effector T cells responsible for GVHD are also the cells 

which fight off pathogens. Therefore, having fewer Tregs allows GVHD to occur, but 

also allows better targeting of pathogens because Tregs are not inhibiting the effector 

cells. Inhibition of Sirtuin-1 (Sirt-1) also affected Tregs in GVHD, promoting the 

differentiation of iTregs. This led to reduced GVHD but maintained GVT effects. Sirt-1 

loss in iTregs stopped them from becoming cytotoxic T cells and increased the stability 
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of FOXP3. Sirt-1 inhibition with Ex-527 enhanced survival while reducing GVHD 

severity167. 

Although Tregs are traditionally defined as CD4+ FOXP3+ CD25+, recent work 

has shown that other types of Tregs do exist. One of these is CD8+ Tregs, which are 

known to have similar functions compared to CD4+ Tregs, but are otherwise 

understudied. CD8 Tregs also have transcriptional profiles similar to CD4 Tregs, and 

different from other CD8 T cells. However, murine studies of GVHD showed that these 

CD8 Tregs were not able to suppress GVHD as well as CD4 Tregs. This was mainly due 

to an increase in expression of Bim and less expression of Mcl-1. These expression 

changes made the CD8 Tregs more proapoptotic than CD4 Tregs, making them more 

likely to die. However, when Bim-deficient CD8 Tregs were transplanted, they had better

survival and stronger GVHD suppression than normal CD8 Tregs168. 

These findings suggested that CD8 Tregs could be used as therapy if their 

tendency towards apoptosis was addressed. Another approach to improve these CD8 

Tregs was to stabilize FOXP3 expression by deletion of JAK2. This allowed the Tregs to 

reduce GVHD but also maintained GVT effects. The CD8 Tregs were not converted to 

cytotoxic cells as easily, and they maintained high FOXP3 levels, making them more 

stable and capable of suppression169. 
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Double-negative suppressor/regulatory T cells (TCRα/β+ CD4/CD8-, called "DN 

T cells") were recently discovered as well, and these cells can suppress GVHD in mouse 

models. Allo-HSCT patients also show low levels of DN T cells in severe GVHD cases, 

and high levels of DN T cells in mild cases. One group found that these DN T cells 

inhibit CD4 T cell mTOR signaling. DN Tregs also change the metabolic program of 

CD4 T cells to stop them from causing as much damage170. Therefore, canonical Tregs 

use FOXP3 to suppress GVHD, and DN Tregs appear to also be suppressive during 

alloresponses. 

e. Other Factors

Enhancer of Zeste Homolog 2 (EZH2) is another T cell factor which has been 

shown to be important for GVHD. Initially, investigators suspected this factor would be 

critical because it methylates histone 3 at lysine 7, thereby controlling gene expression. 

However, inhibiting only this methylation process and not EZH2 itself did not reduce 

GVHD171, 172. Inhibiting EZH2 directly171 or by destabilizing the EZH2 protein through 

Hsp90 inhibition172 did reduce murine GVHD. This effect was reversed by manually 

adding EZH2 protein back into the T cells172. Another study using T cell conditional 

EZH2 deletion (EZH2 flox x CD4cre) showed reduced GVHD in mice with the 

deletion173. The authors reported that initially these knockout cells were more activated, 

but later on they lost control of proliferation/expansion and could not properly 

differentiate into IFN-γ-producing effector cells173. 
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Several reports also showed that while loss of EZH2 reduced GVHD, it 

maintained GVT effects172, 173. EZH2 is also important for expression of T-bet and 

STAT4. Importantly, more recent reports using human T cells in mice for a xenogeneic 

GVHD model showed no reduction in GVHD when EZH2 was lost, raising the question 

of whether this factor is also important in human disease171. However, at least in mice, 

EZH2 appears to directly control continued proliferation and IFN-γ production capability 

of the cells, while preserving GVT functions. 

 

B cell lymphoma 6 (BCL6) is a transcription factor important in Tfh cells and 

germinal center B cells. Its role in GVHD was only recently investigated. Mice which 

lack BCL6 in T cells or in B cells are unable to form germinal centers. To investigate the 

role of this factor in chronic GVHD, one group used mice lacking BCL6 in B cells 

(BCL6 flox x MB1cre) to induce cGVHD in recipient mice. Mice receiving splenocytes 

from these BCL6 cKO mice still experienced severe cGVHD symptoms, with no 

difference from mice receiving WT cells. Next, the group examined the impact of BCL6 

in T cells using a T cell-specific knockout (BCL6 flox x CD4cre). Importantly, mice 

receiving BCL6 cKO T cells had reduced cGVHD symptoms and histopathology, as well 

as reduced mortality. This occurred because BCL6 deficiency prevented CD4 effector T 

cells from expanding/proliferating174. 

These findings were recently confirmed by use of a BCL6 inhibitor, 79-6, to 

inhibit cGVHD in mice. Interestingly, transplanted mice given this inhibitor had reduced 
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cGVHD severity, but damage to the liver and colon was still seen, and Tfh numbers were 

not significantly changed. These data suggested that the BCL6 inhibitor primarily 

prevented B cell effects. However, this group found that BCL6 in both T cells and B cells

was important for cGVHD development175, 176. Therefore, BCL6’s role in T cells in 

cGVHD is to support development of Tfh cells which are capable of producing germinal 

centers, which are needed to cause disease, as well as to induce expansion of CD4 

effector T cells. It is unknown whether the same is true during aGVHD.  

Aryl hydrocarbon receptor (AhR) is a transcription factor which binds to 

environmental contaminants that are aromatic hydrocarbons, such as dioxin or pollutants 

found in the air. Exposure to these ligands causes activation of AhR, and transcription of 

downstream genes. Although the AhR receptor has roles in many processes, it has 

recently been associated with changes to immune responses, such as immunosuppression 

caused by exposure to dioxin. Ligands found in food can also lead to immune changes 

through AhR activation. AhR is upregulated when T cells are activated, indicating a role 

in T cell functioning for this factor177. Recent studies have identified a role for AhR in 

GVHD, with mice receiving AhR-/- T cells showing less severe aGVHD symptoms and 

better survival than mice receiving WT cells. This was primarily due to reduced 

proliferation of CD4 T cells, increased peripheral Treg (pTreg) numbers in the colon, and

less migration of CD8 T cells to the spleen after transplant178. 
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Importantly, loss of AhR only impacted accumulation of T cells in the lymphoid 

tissues early on, but not in the target organs later on. No changes were seen in apoptosis 

levels, but proinflammatory cytokine production (IL-6, IFN-γ, TNF-α, and IL-1α) was 

reduced in the colon of the AhR-/- T cell-receiving mice. GVHD attenuation was not due 

to loss of naive cells or a baseline increase in Tregs. In an experiment where mice 

received WT T cells or AhR-/- T cells and tumor cells, the KO cells still cleared the tumor

cells. However, twice as many KO cells were used as WT, because WT T cells caused 

severe GVHD, so the GVT effect may in fact be weakened in AhR-/- T cells178.

Interestingly, another group found seemingly contradictory results by feeding 

transplanted mice a diet low in diet-derived AhR ligands. These mice had a reduction in 

ILC3 cells, leading to increased aGVHD severity and mortality179. This work suggests 

that AhR has a protective role in GVHD responses, whereas the results described above 

suggest that AhR activation is detrimental. Earlier work by a different group showed that 

an engineered AhR ligand called 10-Cl-BBQ induced a Treg phenotype in CD4 T cells 

during a GVHD response. FOXP3 was not expressed by these cells, but the effect did 

require AhR. Treatment of mice with this compound also inhibited development of 

GVHD180. This work suggests that engagement of AhR by at least some ligands has a 

protective effect during GVHD by inducing Treg development. 

Finally, expression of IDO – an endogenous AhR ligand – was shown to be 

increased after allo-HSCT, and appears to help prevent/reduce lung pathology. IDO KO 
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recipients had more lung damage, higher mortality, and more severe GVHD symptoms181.

Therefore, the role of AhR is still unclear in GVHD, because some research shows a 

protective effect, while other work suggests a detrimental contribution. However, it is 

clear that AhR receptor engagement affects peripheral Tregs, and it also impacts cell 

proliferation, migration, and proinflammatory cytokine production. 

Basic leucine zipper transcription factor, ATF-like (BATF) drives differentiation 

of Th17 cells182, which are involved in GVHD-induced damage. Recent reports found that

this factor also impacts GVHD through control of IL-7-expressing T cells. BATF was 

found to induce differentiation of effector memory T cells which expressed IL-7 and 

GM-CSF, and were able to infiltrate peripheral tissues such as the colon. Mice receiving 

BATF-deficient T cells had milder GVHD and better survival compared to those 

receiving WT T cells. These BATF-/- T cells produced and induced less IL-6 when 

alloactivated. The GM-CSF/IL-7-producing T cells driven by BATF were not Th17 cells,

and had a distinct phenotype from other cell populations present. These cells were critical

for GVHD damage in the intestines183. These data suggest that although Th17 cells do 

cause damage, they may not be solely responsible for GVHD phenotypes, and other cell 

subsets play a role. Targeting of BATF may provide benefit aside from BATF’s role in 

Th17 development184.  

H  ypoxia-inducible factor-1 alpha (HIF-1  α  )   serves as a metabolic sensor in CD4 T

cells185, and enhances CD8 T cell cytotoxic functions186. HIF-1α also reduces 
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development of Treg cells when activated185. In chronic GVHD patients, bronchiolitis 

obliterans (a complication involving the lungs) was associated with higher expression of 

HIF-1α187, suggesting a role for the factor in GVHD. Echinomycin is a small-molecule 

HIF-1α inhibitor which reduces binding of targets to the transcription factor. Use of this 

inhibitor decreased Th17 cell development and survival, in a manner similar to that seen 

when HIF-1α was ablated in CD4 T cells188. 

Echinomycin treatment also reduced GVHD in mice receiving allo-HSCT. This 

was due to an increase in Tregs, as well as reduced Th1 and Th17 cells. However, GVL 

effects were still preserved, and echinomycin did not inhibit tumor cells directly at 

normal levels185. These results were recently confirmed in a humanized mouse model of 

aGVHD186. Thus, HIF-1α inhibition may have therapeutic value in place of Treg 

infusions by enhancing donor Treg expansion post allo-HSCT. 

Nuclear factor (erythroid-derived 2)-like 2 (NRF2) is a transcription factor which 

controls the cellular redox and cellular stress pathways, and it is expressed ubiquitously. 

Early reports on the role of this factor in alloresponses showed that NRF2 may contribute

to survival of transplanted tissues. Loss of NRF2 in recipient mice who were given 

allogeneic heart transplants resulted in reduced survival time for the graft. Activation of 

NRF2 in normal recipient mice with sulforaphane promotes graft survival. Thus, NRF2 

expression helped ensure survival of allogeneic tissues189. 
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Recently, reports have shown that NRF2 signaling plays a role in GVHD severity,

but the results were seemingly contradictory190, 191, 192. One group showed that loss of 

NRF2 by genetic ablation resulted in reduced aGVHD when these T cells were 

allotransplanted. This improved outcome was due to the presence of regulatory T cells 

expressing Helios, which were better able to persist when NRF2 was ablated. Loss of 

NRF2 did not affect proliferation, apoptosis, or activation of the T cells. In addition, CD8

alloreactive T cells had impaired migration to the gut due to decreased expression of 

LPAM-1 (a homing receptor). NRF2-deficient CD8 T cells still had effective cytotoxic 

responses, and the GVT effect was preserved in mice receiving these cells191. 

However, another group allotransplanted mice and treated them with sulforaphane

to induce NRF2 activation. These mice had better long-term survival, less pathological 

damage, and reduced migration of T cells to peripheral tissues than mice receiving 

untreated T cells192. A recent report showed that treatment with arsenic trioxide, which 

activates NRF2, resulting in reduced aGVHD severity193. Administration of dimethyl 

fumarate, a NRF2 activator, also reduced aGVHD severity but preserved GVL effects190. 

These data suggest that activation of NRF2 in the recipient reduces GVHD severity, 

while NRF2 activation in donor T cells promotes GVHD damage. Therefore, it is unclear 

if NRF2 expression is helpful or harmful during GVHD, but it is clear that Tregs and 

migration to peripheral tissues are affected by NRF2 changes.
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Nuclear factor of activated T cells (NFAT) represents a family of four 

transcription factor members, all of which are regulated by calcium and calcineurin. The 

role of NFAT factors varies depending on the cell type, and even the cell subset (i.e. 

Tregs versus activated T cells). Interestingly, drugs such as cyclosporine or tacrolimus 

which are used to treat GVHD suppress GVT effects, as well as inhibit calcineurin 

(thereby suppressing NFAT). One group showed that loss of NFAT in T cells resulted in 

reduced GVHD severity with maintained GVT effects. Ablation of NFAT1, NFAT2, or 

NFAT1/2 were examined with the same results194. 

This reduction in GVHD resulted from reduced T cell proliferation and migration,

as well as reduced production of effector cytokines. Loss of NFAT also increased the 

frequency of Tregs derived from donor cells, which were still suppressive. Despite the 

changes in T cell function, GVT effects and OVA-specific immune recall responses (i.e. 

T cell memory to antigen) were preserved in NFAT KO cells194. These results were 

supported by later work showing that downregulation of NFAT by overexpression of 

GRIM19 reduced the severity of GVHD136. Therefore, loss of NFAT reduced GVHD 

while maintaining GVT, largely through effects on migration, cytokine production, 

proliferation, and Treg differentiation. 

Mothers against decapentaplegic homolog 3 (SMAD3) is a transcription factor 

which is activated by TGF-β signaling. In a study examining the genetic profiles of 

human donor cells for allo-HSCT, SMAD3 was identified as the most sensitive gene for 
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predicting GVHD severity, and provided the most accurate predictions. Generally, higher

levels of SMAD3 were linked to less severe cases of GVHD195. One group showed that 

loss of SMAD3 in donor cells caused severe GVHD more frequently in an allo-HSCT 

mouse model, despite matching of major MHC markers. The intestines were the most 

impacted by GVHD damage, due to increased migration of SMAD3 KO CD4 T cells. 

These CD4 T cells expressed T-bet, indicating their ability to act as effectors by releasing

Th1 cytokines. These data suggest that increasing levels of SMAD3 would actually be 

beneficial for GVHD outcomes196. 

Another study found that SMAD3 plays a role in controlling allograft rejection of 

allotransplanted mouse hearts. However, in this case, survival of the transplanted hearts 

was improved when SMAD3 was lost in the donor mouse. This benefit was due to 

proinflammatory cytokine reduction and reduced migration of T cells into the tissue. 

Immune responses were shifted from Th1-driven to Th2-driven responses, and Th17 and 

Treg responses were also decreased. Thus, these results suggested that removing SMAD3

would be most beneficial in allotransplant197. However, in both studies, SMAD3 was 

shown to control T cell migration, fate decisions, and cytokine production.

c-Fos/c-Jun (AP-1) and c-Myc are proto-oncogenes that encode transcription 

factors of the same name, which are important for proliferation of cells, especially in 

response to stimuli such as growth factors. c-Fos and c-Jun proteins form a heterodimer 

to create the AP-1 complex, while c-Myc acts by itself198, 199. One study showed that in 
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patients recovering from allo-HSCT, regeneration of the immune system over time was 

correlated with increased expression over time of c-Fos, c-Jun, and c-Myc. In patients 

who did not survive, these genes were decreased over time. These data suggest that c-

Fos, c-Jun, and c-Myc are important early on for immune reconstitution200. 

Another group examined the use of curcumin, a plant-derived phytochemical 

from the turmeric root, in attenuating GVHD. Treatment of allo-transplanted mice with 

curcumin reduced GVHD severity and pathology, mainly through reduced T cell 

proliferation and cytokine production. Tregs were also increased in curcumin-treated 

recipient mice. The expression of c-Fos and c-Jun was reduced in target tissues such as 

skin and intestine when the mice were given curcumin, suggesting that AP-1 plays a role 

in mediating these processes. Therefore, downregulation of AP-1 (c-Fos/c-Jun) was 

beneficial by reducing migration and cytokine production of T cells, as well as enhancing

Tregs201. However, a later study showed that in human HSCT patients, c-Myc and c-Jun 

protein levels were reduced. c-Jun expression was higher in short-term HSCT survivors 

than long-term, and c-Fos expression was lower in non-surviving patients202. Therefore, it

is still unclear whether these factors are beneficial or harmful during GVHD. However, 

they appear to play a role in T cell migration, Treg fate, and cytokine production. 
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Summary/Conclusion

There is a wide array of transcription factors that contribute to GVHD and GVT 

alloresponses after allo-HSCT (Table 4.1). Although many of these factors have been 

studied through genetic or pharmaceutical abrogation, their role in these processes is still 

not fully certain. In addition, it is interesting to note that the role of these factors in 

controlling other factors – the basis of a transcriptional regulatory network – has not yet 

been discussed in many cases. In order to fully understand how best to target T cell 

factors to separate GVHD from GVT, it is essential to understand the downstream effects

of abrogation of a single factor. Therefore, the model pictured below (Fig. 4.1) may give 

an understanding of how each factor relates to GVHD/GVT, but it is still incomplete. 

Information about how each factor relates to each other factor must still be added as 

research progresses in this area. 
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Figure 4.1: Summary Model - Transcriptional Control of GVHD and GVT. 

Numerous transcription factors have an impact on T cell function during alloactivation. 

Alterations in these factors leads to changes in GVHD and/or GVT outcomes. Shown 

here is the contribution of each factor discussed to each of the major T cell functions, as 

well as the factor's role in GVHD (damaging or protective) and GVT (dispensable or 

critical). Figure created using BioRender.com. 
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Search Methods
Research articles and literature reviews were identified from the Pubmed and Google 

Scholar databases using any of the following search terms: 

“gvhd transcription factor”, “gvhd AND transcription factor”, “gvhd gvt transcription 

factor”, “gvhd gvl transcription factor”, “gvt transcription factor”, “gvl transcription 

factor”, “*name of factor* gvhd”, “*name* gvt”, “*name* gvl”, “*name* AND gvhd”, 

“*name* AND gvt”, “*name* AND gvl”, “alloactivation transcription factor”, “*name* 

alloactivation”

Articles were excluded if the article language was not English and no translation 

was available, if the full-text article was unavailable/irretrievable, if the factors under 

study were not considered transcription factors, and if the factor discussed was not 

expressed in T cells or the subject of study was not T cells (given that the focus of this 

review is on T cell-expressed factors). From the results of the search terms above, articles

found to be relevant were included.  
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CHAPTER V: GENERAL DISCUSSION

Introduction

Allogeneic hematopoietic stem cell transplant (allo-HSCT) can be a curative 

treatment for patients with cancer or other hematological malignancies, but as discussed 

in Chapter II, graft-versus-host disease (GVHD) is the primary barrier to using this 

technique1, 2, 3, 4. Mature alloactivated T cells cause damage to healthy host tissues during 

GVHD, but also destroy residual malignant cells with the graft-versus-tumor (GVT) 

effect1, 4, 5, 6, 7. Therefore, simply depleting mature T cells is not ideal, because the GVT 

effect is removed, engraftment is hindered, and infections become a bigger risk for 

patients1, 4, 8, 9. Instead, the work of our group and others has focused on how T cell 

signaling and regulation can be modulated to create an "optimal" T cell - one which 

performs GVT effects but does not cause GVHD1, 8, 10, 11, 12, 13, 14, 15. 

Previous work has shown that both Eomes and T-bet are important for GVHD and

GVT effects13, 14, 16. These transcription factors control T cell phenotype and functional 

abilities, so modulation of these factors can "tune" T cells to an ideal state. Additionally, 

Wnt signaling modulation has been shown to alter chronic GVHD (cGVHD) outcomes, 

and to affect intestinal stem cells during GVHD17, 18. Therefore, we decided to examine 

whether T Cell Factor-1 (TCF-1), a T cell transcription factor in the Wnt pathway that is 

upstream of Eomes and T-bet, could impact the function of T cells during GVHD/GVT. 

As TCF-1 is a critical T cell developmental factor, much work has been done to 

investigate its role in thymocyte development and control19, 20, 21. Some work has been 
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done more recently in infection contexts to attempt to elucidate whether TCF-1 plays a 

role in mature T cells as well, and if so, what that role is22, 23, 24, 25. However, at this point 

little is known about how TCF-1 regulates mature T cells. 

The studies described in this dissertation aimed to improve understanding of how 

alloactivated and mature T cells are regulated, what role TCF-1 may play in this process, 

and how T cell signaling may be modulated to separate GVHD from GVT effects to 

improve allo-HSCT patient outcomes. To our knowledge, no research has been done to 

address the role of TCF-1 in alloactivated T cells, which are distinct from canonically 

activated T cells in their function and gene expression. To address these gaps in 

knowledge, the following research questions were proposed:

1)  Does TCF-1 control the phenotype or suppressive profile of mature T cells before and 

during alloactivation, and if so, how?

2) Which mature T cell functions (if any) are controlled or contributed to by TCF-1 

during alloactivation?

3) Does loss of TCF-1 affect GVHD and GVT outcomes, and what targets become 

available from this modulation to separate GVHD and GVT?

4) Is TCF-1 part of the regulatory network of alloactivated T cells, and if so, how?

It is important to understand that no previous work had been done in alloactivated 

T cells to address these questions. Additionally, we were unable to extrapolate findings 
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from activated T cells or thymocytes directly to alloactivated T cells with any degree of 

certainty, because these cell types and contexts are very different. Therefore, although we

hypothesized that TCF-1 would play a role in controlling alloactivated T cell functioning,

we needed to address these questions from multiple levels. First, we identified a clinical 

change in GVHD (but not GVT) when TCF-1 was lost. Then, we addressed how TCF-1 

deletion could functionally alter the T cells, helping to explain this observed clinical 

benefit. Next, we examined how the phenotype of these T cells was altered by loss of 

TCF-1, contributing to functional differences. Finally, we examined how gene expression

programs were disrupted by loss of TCF-1, controlling the T cell on a molecular level. By

examining these questions from multiple perspectives, we were able to gain a 

comprehensive picture of how TCF-1 does in fact regulate mature alloactivated T cells.  

Chapter II

Generally, we found that TCF-1 has unique roles in mature alloactivated CD4 

versus CD8 T cells. This was unsurprising given that TCF-1 can open novel chromatin 

sites during development to promote proper lineage maintenance of CD4 and CD8 T 

cells26. This is important because TCF-1 is known to maintain lineage identity in single-

positive thymocytes by repressing improper expression of alternate lineage genes, as well

as by promoting expression of proper lineage genes19, 21, 26, 27. It was unclear whether TCF-

1 could continue to do this in mature T cells, especially in the context of alloactivation, 

when major changes to the T cell genetic program occur28, 29. Here, we have shown that 

TCF-1 is involved in the regulatory network of mature and alloactivated T cells. 
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We also found that loss of TCF-1 in T cells separates GVHD from GVT effects. 

While TCF-1 is indispensable for GVHD, it is dispensable for GVT effects, meaning that 

antitumor immunity is maintained despite reduced severity and persistence of host tissue 

damage. This is important because loss of TCF-1 provides an optimal clinical phenotype, 

allowing for GVT effects to occur yet not damaging healthy host tissues as severely. 

From our findings, we hypothesize that TCF cKO T cells are highly activated and 

proliferative following transplant, so they immediately begin attacking tumor cells (GVT 

effect). Some damage to healthy tissues occurs, but this is reduced by functional changes 

to cytokine production. After a short time, TCF cKO T cells become exhausted, stop 

proliferating, and die off, ending the period of damage to healthy tissues, yet having 

already cleared the residual malignant cells. This type of T cell program has been sought 

after in work done with CAR T cells, which often include a "suicide gene" portion to 

limit the lifespan of these highly active T cells30, 31. Here, we have shown that modulation 

of TCF-1 can achieve the same effect, with optimal disease outcomes.  

TCF-1 also does not universally suppress or promote all T cell functions. Based 

on the data presented here, TCF-1 primarily promotes T cell function during 

alloactivation (migration, survival, and possibly proliferation later in disease), but also 

suppresses production of cytokines and cytotoxic mediators. Expression of chemokines 

and chemokine receptors is also controlled by TCF-1, with different effects in CD4 and 

CD8 T cells. TCF-1 also has wide-reaching effects on gene expression both before and 

during alloactivation of mature T cells. This is important because the data show that 
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TCF-1 can be both a suppressive factor and a promoting factor in the same cells, and loss 

of this factor results in a clinically optimal balance of enhancement and suppression of T 

cell functions. It was previously unknown how TCF-1 could contribute to regulation of 

alloactivated mature T cells, so the studies described here have made a significant 

contribution towards understanding what role TCF-1 plays in this context. 

The major alloactivated T cell functions include proliferation and survival, 

migration to target organs, and production of cytokines and cytotoxic mediators. For both

CD4 and CD8 T cells, we have shown that loss of TCF-1 initially increases proliferation 

of T cells. This proliferation may later decrease, as suggested by disease resolution, 

reduced TCF cKO donor cell numbers, and the observed drop in serum IL-2 after day 7. 

Cell survival in CD4 T cells was also decreased by loss of TCF-1, with apoptosis being 

increased in CD8 donor T cells. Indeed, RNAseq data suggest that the extrinsic pathway 

of apoptosis may be more highly activated in TCF cKO donor CD8 T cells. This supports

the idea of a TCF-1-regulated "suicide program" that activates shortly after being 

transplanted. 

An apparent migration defect was observed for CD4 T cells only, although this 

could be due to altered cell survival or proliferation. Loss of TCF-1 also affected 

expression of chemokines and chemokine receptors on all donor T cells, although for 

CD4 T cells, the changes would not appear to disrupt migration. Donor T cells in the 

spleen and liver were also either trending towards or significantly more exhausted by day 
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7 post-transplant in mice given TCF cKO T cells (CD4 or CD8), compared to those given

WT T cells.   

Cytokine production by donor T cells was trending towards reduced (TNF-α for 

CD8s, TNF-α and IFN-γ for CD4s). Serum cytokines also dropped to WT levels after day

7 in mice given TCF cKO CD4 T cells, despite an initial increase in serum cytokines. For

mice given CD8 TCF cKO T cells, serum cytokine levels were lower than for WT-

transplanted mice even at day 7. Finally, cytotoxic mediator production (Granzyme B and

perforin) trended towards increased in pre-transplant TCF cKO CD8 T cells. Post-

transplant, TCF cKO donor CD8 T cells still showed a trend towards increased Granzyme

B expression, with little to no difference in perforin.

Taken together, these data definitively show that TCF-1 does control mature 

alloactivated T cell functioning, with impacts on each major function of the cell. As 

mentioned before, these effects differ between CD4 and CD8 T cells, but in either case, 

the functional profile is clinically optimal for the alloactivation context. TCF cKO T cells

are functional and highly activated early on, but quickly lose functionality and die off, 

resolving disease.

Next, we examined the phenotype of T cells from naive WT or TCF cKO mice at 

baseline. We again saw differences between CD4 and CD8 T cells with regard to TCF-1's

role. In CD4 T cells, the frequency of naive T cells was increased and transitioning/ 
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activating T cells were decreased by loss of TCF-1. In contrast, TCF cKO CD8 T cells 

showed increased expression of Eomes, T-bet, and CD122, with an increase in central 

memory T cells and a decrease in transitioning cells. Most of these phenotypic changes 

were cell-intrinsic, with some showing the effects of external factors as well. 

Additionally, since Eomes and T-bet were upregulated in TCF cKO CD8 T cells, we 

checked whether the changes in these factors could affect the observed phenotype. Loss 

of Eomes or T-bet in T cells did not fully recapitulate the expected phenotype, suggesting

that TCF-1 is directly responsible for these phenotypic changes. Therefore, we have 

conclusively shown that TCF-1 does impact mature T cell phenotype prior to 

allotransplant. We have also shown that TCF-1 is part of a regulatory network along with 

Eomes and T-bet in CD8 T cells, controlling T cell phenotype (and therefore function) by

suppressing Eomes and T-bet activation under normal conditions. 

We then sought to answer the question of whether the T cell suppressive profile is

also affected during allotransplant by loss of TCF-1. Knowing that baseline phenotype 

was altered by loss of TCF-1, we decided to examine expression of several T cell 

functional markers that could be affected by alloactivation, including PD-1, PD-L1, and 

CTLA-4. We found that PD-1 expression was decreased at later times post-transplant 

(day 14 and day 21), and PD-L1 expression was trending towards increased for some 

timepoints among TCF cKO CD4 and CD8 donor T cells. CTLA-4 expression was not 

affected by loss of TCF-1. Altogether, these data suggest that TCF-deficient T cells are 

less capable of being suppressed by tumor cells or nearby cells, potentially more capable 
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of suppressing other nearby cells, and do not have improper TCR signaling regulation32, 33,

34, 35, 36. Therefore, TCF-1 also impacts T cell phenotype during alloactivation, in addition 

to at baseline. 

TCF-1 is known to regulate Tfh cells by promoting Bcl6 expression (Tfh lineage 

marker), and repressing Blimp1 expression (Th2 marker)27, 37. Recent reports have 

described a stem-like population of CXCR5+ CD8+ T cells which help to maintain long-

term immune responses during chronic exposure to antigen. TCF-1 is thought to be the 

major critical factor for maintaining these unique cells22, 27, 35, 38, 39, 40, 41, 42, 43. Since GVHD 

involves chronic exposure to alloantigen and persistent disease1, 10, 11, we sought to 

determine whether these stem-like CXCR5+ CD8+ T cells could play a role in GVHD. 

Indeed, these stem-like cells were present in mice given WT or TCF cKO T cells, 

and peaked in the spleen around day 7, which correlates temporally with peak disease 

score. However, the frequency of these cells was lower in spleen of TCF cKO-

transplanted mice, both at the peak on day 7 and at day 14 and day 21 as well. No 

differences were seen in livers of transplanted mice. These results suggest that CXCR5+ 

CD8+ T cells are present in GVHD, and may contribute to disease persistence. 

Surprisingly, although TCF-1 is thought to be critical for production of these cells27, 

conditional loss of TCF-1 only in T cells did not completely abrogate this population. 
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Therefore, TCF-1 contributes to regulation of this potentially important subset, 

which may help to explain why GVHD resolves rather than persisting in mice given 

TCF-deficient cells. With this work, we have identified a novel potential target for 

GVHD modulation, because CXCR5+ cells would be easier to target or deplete directly 

using antibodies or other methods, compared to targeting TCF-1, a transcription factor. 

Additionally, despite the reduction in these stem-like cells, GVT effects are maintained 

by TCF cKO T cells, possibly because these CXCR5+ cells are most important for long-

term maintenance of the response, not short-term antitumor activity. Thus, CXCR5+ 

CD8+ stem-like T cells could be an ideal target for modulation to separate GVHD from 

GVT.       

Finally, we investigated the molecular-level impact of conditional TCF-1 deletion

in T cells. A large number of genes and pathways were altered both in pre-transplant and 

post-transplant donor T cells from TCF cKO versus WT mice. For CD4 donor T cells, we

found that gene pathways for cell cycle control, T cell differentiation, TCR signaling, 

FoxO signaling, and immune signaling pathways (such as NOD and RIG-I) were 

disrupted by loss of TCF-1 in pre-transplant splenic donor cells. Post-transplant, TCF 

cKO CD4 T cells had changes to pathways for cytokine/cytokine receptor interactions 

(spleen and liver), intestinal immunity (liver), and NOD signaling (liver). 

CD8 donor TCF cKO T cells did not show significant gene changes by FDR pre-

transplant, but using p-values, we found changes to pathways such as T cell 
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differentiation, cell adhesion, and signaling pathways (MAPK, NFkB, calcium, TCR, and

others). The lack of significant genes by FDR was likely because of the increased 

heterogeneity in genetic signatures for TCF cKO CD8 T cells. Post-transplant, pathways 

were impacted for cell cycle, necroptosis, cell senescence, and autophagy (spleen and 

liver), NOD- and TCR-signaling (liver), and metabolism, DNA replication, T cell 

differentiation, NFkB signaling, and TNF signaling (spleen). Genes involved in allograft 

rejection and graft-versus-host disease pathways were also altered in post-transplant 

spleen for TCF cKO CD8 T cells. 

Together, these data support the functional changes we observed from loss of 

TCF-1 in T cells. Additionally, we have definitively shown that TCF-1 controls mature 

alloactivated T cell gene expression programs before and during allotransplant. Thus, 

TCF-1 is a critical regulatory factor in T cells during GVHD/GVT, and modulation of 

this factor affects T cell phenotype, function, gene expression, and allotransplant clinical 

outcomes. 

Chapter III

When we investigated the ability of TCF cKO CD4 T cells to cause GVHD, we 

observed a drastic reduction in disease severity and persistence. Originally, we thought 

that this could be due to an increase in CD25+ FOXP3+ regulatory T cells (Tregs), which

are being studied in the clinic for use in humans to suppress alloreactive T cells44. 

Therefore, we examined TCF cKO mice to see whether these canonical Tregs were 
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increased. Surprisingly, we found no difference in the frequency of these cells, 

suggesting that other factors could be at play to reduce GVHD. However, we also noted 

expansion of a noncanonical, CD25- FOXP3+ subset of Tregs in the TCF cKO mice. 

These noncanonical Tregs have been identified in infection and other experimental 

contexts, and in some cases have been shown to be suppressive45, 46, 47, 48, 49 (see also 

Appendix B). However, it is unclear which transcription factors regulate these cells, and 

their origin in the periphery is also understudied. We found that loss of TCF-1 leads to an

increased frequency of these noncanonical Tregs, indicating that TCF-1 normally acts to 

suppress production of these cells. This is important because it suggests that on top of the

other functional and genetic changes described above, these noncanonical Tregs could 

also be suppressive during GVHD to help reduce disease severity and persistence when 

TCF-1 is lost.   

We also found that when TCF-deficient T cells are mixed with WT T cells and 

put into a WT mouse, the expansion of TCF cKO-derived CD25- Tregs still occurs, 

indicating that this is a cell-intrinsic effect driven by loss of TCF-1. Of critical 

importance, we also found that in this mixed model, the frequency and number (out of 

CD4+ cells) of WT-derived CD25- Tregs also increased to the levels seen in TCF cKO 

naive mice, suggesting that TCF-deficient T cells can induce this fate in nearby WT T 

cells, despite the WT microenvironment. The frequency and number of CD25- Tregs 

derived from WT donors was not significantly different from TCF cKO-derived Tregs 

when compared out of CD3+ T cells in the chimera. 
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These data suggest that the expansion of CD25- Tregs occurs due to some effect 

of TCF cKO T cells in the microenvironment, not just due to lymphopenia-induced 

expansion of WT cells. If this expansion was due to lymphopenia-induced proliferation, 

then the frequency of CD25- Tregs would be expected to remain stable between WT 

naive and WT chimeric cells, with only cell numbers from CD3+ and CD4+ T cells being

increased by expansion of WT cells. Instead, frequency and number of these Tregs were 

both increased for WT donor cells in the chimera, suggesting that the presence of TCF 

cKO T cells influenced more WT-derived cells to adopt the noncanonical Treg fate. This 

effect has been shown to occur in the opposite direction, where the WT 

microenvironment of the chimera causes knockout cells to regain a WT appearance (i.e. 

for cell-extrinsic changes)50, 51, 52, 53. However, to our knowledge, this ability of TCF cKO 

T cells to induce changes to cell fate of WT T cells in the same WT microenvironment 

has never been described.  

We also showed that these noncanonical Tregs are not simply the product of 

aberrant FOXP3 expression. A recent report suggested that TCF-1 normally suppresses 

the FOXP3 gene locus, so that loss of TCF-1 results in unbridled expression of FOXP3 in

both CD8 and CD4 T cells54. However, we have shown that FOXP3 expression is not 

changed in CD8 T cells by conditional loss of TCF-1 in T cells, suggesting that the 

expansion of these noncanonical Tregs is not simply due to expression of FOXP3 in non-

Treg cells. These noncanonical Tregs were also not affected in T-bet cKO or Eomes cKO

mice, suggesting that TCF-1 is directly responsible for their expansion. 
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These CD25- Tregs from TCF cKO mice express similar levels of IL-2 compared 

to WT CD25- and CD25+ Tregs. This suggests that these cells are not simply CD4 T 

cells expressing FOXP3, as Tregs are thought to produce little to no IL-2, but other T 

helper subsets can produce it. Additionally, although levels of CTLA-4 and IL-10 (Treg 

functional markers) were lower among CD25- Tregs than CD25+ Tregs, the expression 

levels were similar for WT and TCF cKO cells for both subsets. CTLA-4 expression was 

even increased in CD25- Tregs from TCF cKO mice. WT CD25- Tregs are known to be 

suppressive in some contexts45, 47, 48, 49, and ITK KO CD25- Tregs are suppressive in an 

alloactivation context (see Appendix B). It has also been reported that loss of TCF-1 and 

LEF-1 specifically in CD25+ Tregs does not disrupt Treg suppressive abilities55. 

Therefore, TCF cKO CD25- Tregs may also be suppressive like WT CD25- Tregs, given 

that they express similar (or increased) levels of CTLA-4 and IL-10 when stimulated. 

Finally, we showed that CD25- Tregs can be found in spleen, liver, small 

intestine, and thymus of both WT and TCF cKO naive mice. These noncanonical Tregs 

are significantly increased in all organs but small intestine (which trended towards 

increased) from TCF cKO mice, suggesting that they are not only found in the spleen, but

can also be found in peripheral tissues. 

From all of these data, we have shown that loss of TCF-1 leads to expansion of 

potentially suppressive CD25- FOXP3+ Tregs, without affecting canonical CD25+ Tregs.

These noncanonical Tregs are not arising due to aberrant FOXP3 expression, they are 
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also found in peripheral tissues, and they express Treg functional markers. Expansion of 

these Tregs is cell-intrinsic, and directly due to TCF-1 (not Eomes or T-bet). The 

presence of TCF cKO T cells in a WT chimeric microenvironment can induce WT donor 

cells to adopt the noncanonical Treg fate at higher frequencies. Therefore, these 

noncanonical Tregs are controlled and normally suppressed by TCF-1. These CD25- 

Tregs may also contribute to the reduced severity of GVHD seen in mice given TCF-

deficient CD4 T cells. 

Summary

The work presented in this dissertation has helped to answer the research 

questions discussed earlier. We can now show that TCF-1 does affect mature T cell 

phenotype and suppressive profiles before and during alloactivation. Interestingly, TCF-1

appears to be especially important for two unique T cell subsets - noncanonical CD25- 

Tregs and stem-like CXCR5+ CD8+ T cells. We have also demonstrated that TCF-1 

controls alloactivated T cell functions during GVHD and GVT (proliferation, survival, 

migration, cytokine production, and cytotoxic mediator production). Gene expression 

programs in mature and alloactivated T cells are controlled by TCF-1, especially with 

regard to the gene pathways underlying the aforementioned functions. Finally, this 

regulation of T cells occurs such that TCF-1 normally promotes sustained GVHD 

responses, and loss of this factor reduces severity and persistence of disease while 

maintaining beneficial GVT effects. The reduction in stem-like CXCR5+ CD8 T cells, as 
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well as the increase in CD25- Tregs due to loss of TCF-1, may also contribute towards 

providing optimal clinical outcomes following allo-HSCT.

We have made a significant contribution towards understanding the regulation of 

mature alloactivated T cells, and have helped to determine the role of TCF-1 in this 

process. Given that no previous work was done on this topic, the work presented here is 

critical for showing the importance of TCF-1 in the linked processes of GVHD and GVT.

Now that we have demonstrated a critical role for TCF-1 in this context, as well as in 

regulating mature and alloactivated T cells, CXCR5+ stem-like CD8 T cells, and 

noncanonical Tregs, future work should seek to address the limitations of these studies, 

and continue investigating this important factor further. 

Limitations

This dissertation provides a comprehensive analysis of the role of TCF-1 in T 

cells during GVHD and GVT, as well as in regulating a pool of noncanonical Treg cells 

(CD4+ CD25- FOXP3+). However, based on the design of these studies, there are certain

limitations which must be addressed. First, these studies were performed using a mouse 

model. There is no practical way to study TCF-1 modulation in GVHD and GVT effects 

using human subjects at this stage, and typically only serum or blood is available from 

these patients, which would significantly limit available techniques. To overcome this, 

mouse models of allo-HSCT leading to GVHD/GVT (as a result of MHC major 

mismatch) have been developed to imitate disease progress and responses in humans. 
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There are a large number of such models, each developed for different purposes4, 

56. We chose to use the B6 to BALB/c MHC major mismatch model, because these mouse

strains are easily obtained, the disease course is well characterized, and the disease 

progression observed closely models that of humans. The primary difference noted is that

in mice, skin symptoms tend to come after symptoms in other organs, while in humans, 

skin damage may occur early on4, 56.  

While disease course in this mouse model closely mimics disease in humans, our 

ability to examine organ damage is restricted to observation in mice. For example, the 

major target organs for GVHD are skin, liver, and guts. In humans, damage is assessed 

by the amount of skin covered in a rash, pain level statements from the patient, bilirubin 

levels from the liver, and stool output for the guts57. In mice, while it is possible to 

measure bilirubin or stool output, it is not practical to do so, especially in cages of mice 

where fecal pellets are captured from all mice together. Therefore, GVHD is assessed in 

mice using skin rash coverage and presence of diarrhea (as in humans), as well as 

measures of pain-related behaviors (poor grooming, lowered activity, hunched posture, 

and weight loss)4, 56. Therefore, the measures used to assess mice may be less precise than

in humans, but given that disease severity is compared between groups, this method of 

scoring is sufficient to detect changes between groups. In addition, the same scorer is 

used for all scoring sessions, providing consistency between potentially subjective 

gradings. 
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While GVHD in mice closely mimics that of humans, it is possible that regulation

of GVHD and GVT may differ between mice and humans. Mouse models ultimately 

serve as a tool to identify potential leads, which must be followed up on using human 

patient samples and eventually, clinical trials for treatments4, 56. Therefore, the results 

found in this and other mouse-modeled studies may differ for humans, but given that 

many signaling pathways and immune responses (including the Wnt pathway) are 

conserved between species, we do expect that TCF-1 will be critical in human 

GVHD/GVT as well. 

Another potential limitation of this study is the difficulty in targeting transcription

factors using currently available treatment strategies. While this barrier will probably be 

overcome in the near future, it is often difficult to target transcription factors with small 

molecules and drugs. This may mean that TCF-1 cannot be targeted easily in humans 

using drugs, at least not at the current time. However, modulation of TCF-1 is simpler 

than for most transcription factors, because TCF-1 is part of the Wnt signaling pathway, 

and both activators and inhibitors of this pathway already exist. By modulating Wnt 

signaling, it would be possible to affect TCF-1 signaling without needing to directly 

target TCF-158, 59. 

The goal of this study was not simply to look at the feasibility of targeting TCF-1.

Instead, this work sought to provide clarity on how alloactivated T cells are regulated. By

modulating TCF-1 in T cells, we found that the Wnt signaling pathway (culminating in 
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gene activation or repression by TCF-1) may be an important target for modulation in T 

cells to improve patient outcomes. Wnt signaling modulators already exist, and more are 

being created every day because of the importance of Wnt signaling in various diseases58, 

59. We were also able to identify CXCR5+ CD8+ stem-like T cells as another possible 

target for improving disease outcomes. In addition, we have identified what changes to 

the genetic program occur when TCF-1 is absent, to help understand what the “ideal” 

genetic alterations are for optimal clinical performance of T cells. Therefore, although it 

may not be possible to target TCF-1 directly, we have identified the importance of TCF-

1, Wnt signaling, and stem-like CD8 T cells, as well as many potential downstream 

targets in the altered genes in these T cells.   

Another of the potential limitations of this study is the use of ex vivo assays for 

functional tests. Ideally, our assays should be able to detect any significant differences 

between groups as far as T cell function is concerned. It would be optimal to be able to 

study these functions in vivo, to see the functions as they actually occur inside the mouse.

Although we can accomplish this with GVT studies (using bioluminescent tumor cells), it

is much more difficult to do this for functional studies on cytokine production, 

proliferation, migration, or cell survival. Therefore, we allow the functions to occur 

naturally, then remove the cells and test them ex vivo to examine what functions they 

performed. For example, the T cells are allowed to migrate to target organs, then we 

remove the organs and look for the presence of those donor T cells to see if they 

migrated. 
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In some cases, we can look at samples taken directly (such as examining recipient

serum for cytokines), but in other cases, we need to manipulate the system more ex vivo 

(such as restimulating donor T cells to make them produce cytokines again). These ex 

vivo assays may be less sensitive than some in vitro assays, but they are more realistic 

and translatable because they allow the T cells to perform functions while still in the 

actual disease environment. In the specific case of this dissertation, defects in 

proliferation/survival observed for TCF cKO T cells prevented us from performing in 

vitro assays, making this approach unusable. Thus, although our studies do require some 

manipulation of the cells ex vivo, our assays are optimized to study TCF-1 deficiency in T

cells while maintaining the cells in a disease environment. 

Finally, our studies use a mouse model of acute GVHD (aGVHD), which is 

distinct from chronic GVHD (cGVHD). Historically, acute GVHD was described as 

occurring in the first 100 days following transplant, while chronic GVHD was occurring 

after 100 days post transplant60. However, more recent guidelines now classify acute and 

chronic disease based on the observed clinical signs and symptoms61. It is now clear that 

acute GVHD and chronic GVHD are different diseases with unique mechanisms, rather 

than the same disease with differing times of onset. The mechanisms behind chronic 

GVHD are still unclear, although several potential options have been described. Acute 

GVHD may in some cases evolve into chronic GVHD62. The work described in this 

dissertation is focused on acute GVHD, and does not intend to address chronic GVHD. It 

is possible that TCF-1 modulation in T cells may also affect chronic GVHD, given that T 
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cells are also critical in this process. Therefore, further work should be done to address 

the role of TCF-1 in cGVHD, because cGVHD remains an important barrier to use of 

allo-HSCT. 

In summary, the work presented in this dissertation has some limitations, but the 

design of our experiments and models seeks to overcome these barriers. By carefully 

modeling allo-HSCT leading to GVHD/GVT in mice, and utilizing T cell-specific 

deletion of TCF-1, we have obtained critical information to improve patient outcomes. 

Modulation of TCF-1 and Wnt signaling, as well as downstream genes which were 

altered by loss of TCF-1, may prove useful as a therapeutic strategy to separate GVHD 

from GVT. 

Future Directions

To continue the work outlined in this dissertation, there are several future studies 

that should be completed:

1) Improve understanding of TCF-1-based regulatory network in alloactivated T cells

This work clearly identified TCF-1 as a critical regulatory transcription factor for 

alloactivated T cells. As shown in Chapter IV, many transcription factors are important 

for GVHD/GVT, but the actual network between these factors (and TCF-1) has not been 

sufficiently studied. To better understand how TCF-1 fits into a regulatory network in 
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these cells, ChIP-seq (chromatin immunoprecipitation sequencing) should be performed. 

By using this technique on pre- and post-transplanted donor T cells from WT, TCF cKO, 

Eomes cKO, and T-bet cKO mice, we can better understand how binding of TCF-1 

occurs at various sites in the genome before and after alloactivation. We will also be able 

to determine how the presence or absence of Eomes and T-bet (downstream factors 

controlled by TCF-1) impact TCF-1 binding during alloactivation. It may also be 

informative to perform ChIP-seq on Eomes/T-bet DcKO, Eomes/TCF-1 DcKO, 

T-bet/TCF-1 DcKO, Eomes/T-bet/TCF-1 TcKO, TCF-1 overexpressing, Eomes 

overexpressing, and/or T-bet overexpressing T cells. This would provide information 

about binding of TCF-1 in combined deficiency or overexpression contexts. Once factors 

of interest have been identified, a co-immunoprecipitation assay looking for factors that 

bind with TCF-1 during alloactivation may also be informative. 

It is also necessary to understand how loss of TCF-1 during alloactivation may 

affect traditional immune responses to pathogens. Following allotransplant, 

immunosuppressive drugs are necessary to prevent GVHD from manifesting. However, 

these drugs also impair canonical immunity, leaving the patient susceptible to a range of 

opportunistic and pathogenic infections. To be clinically useful, T cell modulations must 

prevent or reduce GVHD while maintaining antitumor and antipathogen immunity1, 4, 5, 6, 9, 

10, 11, 56. We have shown that loss of TCF-1 in T cells reduces GVHD while maintaining 

GVT effects. However, it is also necessary to determine whether antipathogen immunity 

– which may proceed by different mechanisms – is also preserved. 
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To do this, mice lacking TCF-1 in T cells (TCF cKO), as well as mice 

allotransplanted with TCF cKO donor T cells, should be exposed to common 

opportunistic pathogens such as LCMV or Pseudomonas aeruginosa63. Treatment with 

cyclosporine (a common immunosuppressant used in allo-HSCT) may be useful as a 

positive control for immunosuppression and subsequent infection64, 65, 66. If donor or 

recipient mice with TCF-1-deficient T cells are able to clear the pathogen, then loss of 

TCF-1 does not impair canonical immunity, despite reducing GVHD.   

2) Examine other ways of modulating TCF-1 in T cells, and determine efficacy for 

disease treatment

Our work used T cell-specific genetic ablation of TCF-1 to study the role of this 

factor in GVHD/GVT. In the clinic, genetic deficiency would be unlikely because donor 

cells are obtained directly from human donors. To provide a clinically useful method of 

ablating TCF-1, it may be possible to use CRISPR/Cas technologies to ablate TCF-1 

following removal of the donor cells from the donor54. It would be possible to test the 

effects of TCF-1 deficiency in human cells in humanized mice using xenogeneic 

transplants. In this context, human PBMCs are transplanted into humanized NSG mice, 

allowing for GVHD driven by human cells to be studied in the mouse4, 56. Ablation of 

TCF-1 in the human T cells could then be studied to assess whether TCF-1 in human 

cells also has an impact on GVHD/GVT. Prior to doing this study, it would be prudent to 

attempt CRISPR/Cas-mediated deletion of TCF-1 in murine T cells, followed by 
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allotransplantation into the established mouse model. This would allow us to determine 

whether the CRISPR/Cas-driven ablation caused similar behavior to genetic deletion in T

cells, and also to identify any major off-target effects of the approach. 

The activity of TCF-1 can also be modulated through alterations to the Wnt 

signaling pathway58, 59. The work described in Appendix A of this dissertation showed 

the effects of over-expressing human β-catenin in mouse T cells. We could also use Wnt 

modulators/Wnt ligands to treat WT T cells prior to transplant, or to treat allotransplanted

mice given WT T cells, as another way of assessing the efficacy of Wnt modulation 

during GVHD/GVT. 

It is also important to assess whether the functional capabilities of noncanonical 

Tregs (CD25- FOXP3+), which are expanded when TCF-1 is lost, can be maintained in 

an alloactivation context. Canonical CD25+ Tregs are currently being studied as a 

therapy for GVHD, because these cells can naturally suppress the activity of alloreactive 

T cells, which drive damage to healthy host tissues12. Although CD25- Tregs are known 

to be functional and suppressive in some contexts45, 47, 49 (see also Appendix B), it is still 

unknown whether the CD25- Tregs found in TCF cKO mice will also be functional. 

However, recent work has shown that loss of both TCF-1 and LEF-1 did not impair 

canonical Treg suppressive functions55. 
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Our results show that these CD25- Tregs are not the product of aberrant FOXP3 

expression. They express normal Treg functional markers (CTLA-4, IL-10, and similar 

levels of IL-2 compared to WT CD25+ Tregs). To test whether these noncanonical Tregs 

are suppressive during GVHD, I bred FOXP3-GFP mice with TCF cKO mice to develop 

a mouse strain with T cell-specific deletion of TCF-1 and expression of GFP in all cells 

expressing FOXP3. This is a novel mouse strain which will allow us to easily sort Tregs 

without relying on CD25, so that we can transplant them as a GVHD treatment.

Given that TCF cKO T cells proliferate poorly in culture, we were unable to 

perform an in vitro suppression assay to measure the activity of TCF-deficient Tregs. 

However, we successfully used our allo-HSCT mouse model as a way to track WT Treg 

suppressive function in vivo, as shown in Appendix B. To do this for TCF cKO Tregs, 

BALB/c mice would be allotransplanted with BALB/c bone marrow and luciferase-

expressing WT T cells. The mice would then be left untreated, or given WT CD25+ 

Tregs, WT CD25- Tregs, TCF cKO CD25+ Tregs, or TCF cKO CD25- Tregs. Each day 

following the transplant, the mice would be injected with D-luciferin and imaged to 

detect the WT T cells. We can then compare the level of bioluminescence from the WT T

cells in the untreated (BM and T cells only) mice to the levels in Treg-treated mice. 

Using this approach, we can obtain a correlate for Treg suppression of conventional T 

cell proliferation during alloactivation. 
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We can use also the mouse model of allo-HSCT described above to test whether 

canonical or noncanonical Tregs from TCF-1-deficient mice can ameliorate or suppress 

GVHD symptoms. To test suppression, we can transplant WT CD8 T cells and BALB/c 

bone marrow into several groups of mice. One group would receive only bone marrow, 

one would receive only bone marrow and WT T cells, and the remaining groups would 

additionally receive WT CD25+ Tregs, WT CD25- Tregs, TCF cKO CD25+ Tregs, or 

TCF cKO CD25- Tregs. We could then assess whether GVHD symptoms were reduced 

or prevented from onset by the presence of noncanonical versus canonical Tregs, and 

whether loss of TCF-1 in these Tregs has any effect on their function. 

To test amelioration, we could perform the same experiment, but with Tregs being

injected at 7 days post transplant instead of during transplantation. This would allow 

GVHD to be established and tissue damage to begin. If symptoms are then reduced after 

addition of Tregs, this would indicate that the Tregs were suppressing the activity of the 

alloreactive WT donor T cells. Normally, GVHD symptoms from WT T cells persist at 

the same level of severity over time, so any drop in symptom severity would result from 

suppressive functions of the added Tregs. If the TCF cKO noncanonical Tregs are found 

to be suppressive at similar or higher levels than WT canonical Tregs, then these CD25- 

cells may be useful in the clinic. The ability of TCF cKO T cells to induce higher 

numbers of these noncanonical Tregs from WT T cells suggests that yield of these cells 

could be enhanced for use as a therapy. 
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3) Determine potential role of CXCR5+ CD8 T cells in GVHD/GVT

As described in Chapter II, TCF-1-deficient donor T cells show reduced 

frequencies of CXCR5+ CD8+ T cells compared to WT donor T cells during GVHD. 

These unique cells have been described as stem-like, and help to maintain the pool of 

responding cells during situations with chronic exposure to antigen22, 27, 38, 39, 40, 42, 43. We 

hypothesized that these cells would also be critical in GVHD, during which alloreactive T

cells are continuously exposed to alloantigen67, 68, 69, 70, 71. To further explore this 

possibility, we plan to obtain CXCR5 flox/flox mice and breed them with CD8-cre 

mice72. This will produce a novel mouse strain with CD8 T cell-specific deletion of 

CXCR5, the first of its kind. The only other mouse models created to study CXCR5 in T 

cells were bone marrow chimeras, which are costly and difficult to produce73, 74. 

Using this new mouse model, we can perform the long-term GVHD and GVT 

experiments described in this dissertation with CXCR5 cKO CD8 T cells, and compare 

the results to WT or TCF cKO CD8 T cells. We hypothesize that if CXCR5+ CD8+ T 

cells are critical for GVHD, we will see a form of dose-response in GVHD severity. In 

this case, WT T cells would produce the most severe GVHD (high frequency of CXCR5+

CD8+ T cells), CXCR5 cKO T cells would produce the least severe GVHD (few to no 

CXCR5+ CD8+ T cells), and TCF cKO T cells would be somewhere in the middle 

(medium frequency of CXCR5+ CD8+ T cells). 
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If we find that CXCR5+ CD8+ T cells are important for GVHD, we can also 

assess whether loss of CXCR5 on CD8 T cells affects GVT, or other critical T cell 

functions such as proliferation, migration, or cytokine production. CXCR5 antibodies for 

human use are already under development, and will likely be available for use in the 

clinic in the future75, 76, 77, 78. Antibody depletion or genetic manipulation of CXCR5+ 

CD8+ T cells from the donor graft may be a simple and beneficial strategy to improve 

GVHD/GVT outcomes. 

4) Identify the role of TCF-deficient CD4 T cells in graft-versus-tumor cytotoxicity

Graft-versus-tumor responses are primarily driven by CD8 T cells, which are 

directly cytotoxic to infected cells or tumor cells. Most tumor cells express MHC-I, 

because they are host-derived cells, although some tumors downregulate MHC-I as a 

protective mechanism5, 6, 7. However, some tumor cells may express MHC-II, which 

would allow for direct killing by CD4 T cells79. This mechanism has been studied much 

less than GVT driven by CD8 T cells. Given that CD4 T cells lacking TCF-1 induce 

much less severe and persistent GVHD than WT CD4 T cells, it would be interesting to 

see whether antitumor immunity against MHC-II-positive tumor cells would be affected 

by loss of TCF-1. 

To do this, we would perform the same allo-HSCT experiments leading to GVHD

and GVT, but would transplant CD4+ donor T cells from WT or TCF cKO mice, along 
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with MHC-II-positive BALB/c-derived tumor cells. The recipients would then be imaged

using D-luciferin injection and IVIS imaging, as done in Chapter II. Additionally, we 

could determine whether CD4+ donor T cells from TCF cKO mice have differential 

abilities in supporting CD8-driven GVT. We could do this by transplanting both CD4 and

CD8 donor T cells along with the B-ALL tumor cells used in this dissertation, then 

tracking tumor growth. In some studies, CD8 T cells alone do not perform cytotoxic 

antitumor responses as well as if CD4 T cells are present6, 7, 80, so it would be helpful to 

know whether CD4 T cells could improve GVT, now that we know the impact of CD4 

and CD8 T cells separately.  

In summary, the work outlined in this dissertation has opened avenues for 

investigation on several important research topics. The future studies outlined above will 

enhance our understanding of the role of TCF-1, stem-like CXCR5+ CD8+ T cells, and 

noncanonical CD25- Tregs in alloactivation, GVHD, and GVT. By continuing these 

studies, we can further contribute to closing the gap in knowledge regarding TCF-1 in 

mature and alloactivated T cells. 

Conclusion

The aim of the work described in this dissertation was to determine the role of 

TCF-1, a T cell developmental transcription factor, in regulating mature alloactivated T 

cells. We have shown that TCF-1 controls mature alloactivated T cell phenotype, 

function, gene expression, and GVHD/GVT clinical outcomes. TCF-1 also regulates two 
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unique cell subsets (CD25- Tregs and CXCR5+ CD8+ T cells) which may be important 

for GVHD pathogenesis. This work has helped to fill a major gap in knowledge, because 

no prior work has been done on TCF-1 in alloactivated T cells, and little is known about 

its role in mature cells in other contexts. Thus, we have not only demonstrated the 

importance of TCF-1 in alloactivation and in mature T cells, but have also identified new 

potential targets for modulation, in order to separate GVHD from GVT and improve allo-

HSCT patient outcomes.  
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Abstract

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is one of the most

widely applied forms of adoptive immunotherapy. Both the detrimental graft-versus-host 

disease (GVHD) and the beneficial graft-versus-leukemia (GVL) effects occurring after 

allo-HSCT are largely mediated by alloantigen-reactive donor T cells in the graft. 

Separating GVHD from GVL effects is a formidable challenge, and a greater 

understanding of donor T cell biology is required to accomplish the uncoupling of GVHD

from GVL. Here, we tested a novel mouse model of transgenic over-expression of human

β-catenin (Cat-Tg) in an allo-HSCT model. Our data show that T cells from Cat-Tg mice 

did not cause GVHD. Surprisingly, Cat-Tg T cells maintained the GVL effect. Donor T 

cells from Cat-Tg mice exhibited significantly lower inflammatory cytokine production 

and reduced donor T cell proliferation, while upregulating cytotoxic mediators that 

resulted in enhanced cytotoxicity. RNA sequencing data revealed changes in the 

expression of over 150 genes involved in essential aspects of immune response and 

GVHD pathophysiology. Transgenic over-expression of human β-catenin primarily 

affects CD8+ T cell phenotype. Altogether, our data suggest that β-catenin is a druggable 

target for developing therapeutic strategies to reduce GVHD while preserving the 

beneficial GVL effects following allo-HSCT treatment.

Key Points:
Wnt/β-catenin affects T cell migration to GVHD target organs.
Wnt/β-catenin affects T cell cytokine production in a disease model.
Wnt/β-catenin affects T cell gene expression.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative 

treatment for patients with hematological malignancies, due to eradication of host 

malignant cells by donor T cells (graft-versus-leukemia or GVL effect) (1). In 40-70% of 

patients, the same donor T cells also attack healthy tissues like the gastrointestinal (GI) 

tract and liver, leading to graft-versus-host disease (GVHD) (2). The mortality rate due to

GVHD is higher than 20% (3, 4). Therefore, therapeutic protocols that enhance the 

control of GVL and diminish the effects due to GVHD are essential for the treatment of 

leukemia.

Wnt/β-catenin signaling plays a critical role in T cell development and tissue 

homeostasis (5). Wnt/β-catenin pathways also play an important role in thymocyte 

development, differentiation, polarization, and survival of mature T lymphocytes (6).  

Published data have shown that Wnt/β-catenin signaling is a key regulator of T cell 

development at various stages of thymocyte differentiation (7). The transcription factors 

T Cell Factor-1 (TCF-1), encoded by the Tcf7 gene, and Lymphoid Enhancer Binding 

Factor-1 (LEF-1), are the downstream transcriptional effectors of the canonical Wnt 

signaling pathway (8). Both Tcf7 and Lef1 are highly expressed by naïve CD8+ T cells, 

and as these cells encounter antigen, the levels of Tcf7 and Lef1 decrease in these cells

(9). 
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There are several lines of evidence suggesting that Wnt/β-catenin signaling 

downregulates production of proinflammatory cytokines (10). These cytokines include 

IL-1β, IL-6, IL-8, and TNF-α. Wnt/β-catenin signaling is critical for T cell 

differentiation, effector functions, and migration (11). The activation of β-catenin 

signaling turns CD8+ T cells into Tfh-like cells (12). β-catenin signaling can also 

differentiate CD8+ T cells into effector cells (13). There have also been reports that 

Wnt/β-catenin signaling pathways are highly expressed in naive CD8+ and memory CD8+

T cells, but expressed less in effector CD8+ T cells (11). Since the activation and 

maintenance of T cells are both required for anti-tumor immunity (GVL) and GVHD, we 

hypothesized that Wnt/β-catenin signaling may play an important role in these linked 

processes. 

In this study, we used a novel mouse model expressing transgenic β-catenin (Cat-

Tg mice) that enhances the expression of the protein by 2-3 fold (8, 14, 15). We 

demonstrate that donor T cells from Cat-Tg mice do not induce GVHD in an MHC-

mismatched mouse model, but still clear primary B-cell acute lymphoblastic leukemia 

(B-ALL) cells (16-18). Our data also showed that Cat-Tg mice had fewer naïve CD8+ T 

cells and an increase in T cells with an activated phenotype that may trend towards 

exhaustion. Interestingly, our data show that recipient mice allogeneically transplanted 

with T cells from Cat-Tg mice had significantly decreased proinflammatory cytokines in 

serum, and the donor T cells showed lower levels of expansion. 
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Unbiased analysis of gene expression using RNA sequencing showed that 

transgenic expression of β-catenin affected pathways like regulation of immune system 

processes, defense responses, T cell and B cell activation, T cell proliferation, adaptive 

immune responses, immune system development, inflammatory responses, cytokine 

production, signaling (NF-B, TNF, PLC-2, BLNK and others), cell adhesion, and 

chemokine receptors in CD4+ T cells. We also observed that similar pathways, along with

hematopoietic cell lineage, GVHD, allograft rejection, and Th1, Th2, Th17 

differentiation, were differentially regulated in CD8+ T cells with β-catenin over-

expression.

Importantly, trafficking of donor T cells to GVHD target organs is considered a 

hallmark of GVHD (3). Our data showed that transgenic expression of β-catenin 

specifically affects genes for cell chemotaxis, chemokine receptors, cell adhesion 

molecules, and cell migratory molecules. We confirmed the existence of a migration 

defect, and examined tissue damage to target organs using histology. Next, we examined 

TCR signaling, and we did not observe any differences in PLC-1, ERK, or IRF-4 

phosphorylation. 

For the first time, we have provided evidence that β-catenin has a significant 

impact on T cell functions in a GVHD model. This effect is due to changes in T cell 

phenotype, function, and gene expression. Here, we provide a mechanistic understanding 

of the manner in which enhancement of the Wnt/β-catenin-TCF1/LEF1 pathway protects 
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from GVHD while maintaining GVL. Thus, we have shown that β-catenin and Wnt 

signaling are potential druggable targets to separate GVHD and GVT to improve allo-

HSCT outcomes.
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Materials and Methods

Mice. Cat-Tg mice were described previously (14). C57BL/6, C57BL/6.SJL (B6-SJL), 

B6-Ly5.1 (B6.SJL-Ptprca Pepcb/BoyCrl), and BALB/c mice were purchased from Charles

River or Jackson Laboratory. Mice aged 8-12 weeks were used, and all experiments were 

performed with age and sex-matched mice. Animal maintenance and experimentation 

were performed in accordance with the rules and guidance set by the Institutional Animal

Care and Use Committee at SUNY Upstate Medical University.

Reagents, cell lines, and flow cytometry. Monoclonal antibodies were purchased from 

Biolegend or eBioscience and were used at 1:100 dilution. Antibodies used included: 

mouse anti-CD3 (cat#100102), anti-CD28 (cat# 102116), anti-CD3 BV605, anti-CD4-

PE, anti-CD8- Pe/Cy7, anti-Eomes-Pe/Cy7, anti-CD44-Pacific Blue, anti-CD122-APC, 

anti-CD62L-APC/Cy7, anti-T-bet-BV421, anti-CTLA-4-PE, anti-PD-1- BV785, anti-

H2Kb-Pacific Blue, anti-TNF-α-FITC, anti-IFN-γ-APC, anti-EdU-AF647, anti-CD45.1-

FITC, anti-CD122-APC, anti-TCF-1-PE, and anti-CD45.2-APC. We performed multiplex

ELISAs using the Biolegend LEGENDplex Assay Mouse Th Cytokine Panel kit 

(741043). D-Luciferin was purchased from Gold Bio (St Louis MO). Flow cytometry was

performed on a BD LSR Fortessa (BD Biosciences). Data were analyzed with FlowJo 

software (Tree Star, Ashland, OR). 

For cell sorting, T cells were purified with anti-CD90.2 magnetic beads or anti-

CD4 and anti-CD8 magnetic beads using MACS columns (Miltenyi Biotec, Auburn, CA)
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prior to cell surface staining. FACS sorting was performed with a BD FACS Aria IIIu 

cell sorter (BD Biosciences). Cells were sorted into sorting media (50% FBS in RPMI) 

for maximum viability, or Trizol for the RNAseq experiment. FACS-sorted populations 

were typically of > 95% purity. All cell culture reagents and chemicals were purchased 

from Invitrogen (Grand Island, NY) and Sigma-Aldrich (St. Louis, MO), unless 

otherwise specified. For signaling analysis, antibodies against PLC1, ERK, IRF-4, 

granzyme B, perforin, and β-actin (total and/or phosphoproteins) were purchased from 

Cell Signaling Technology (Danvers, MA). The primary mouse B-ALL blasts cells (16) 

were transduced with luciferase, and cultured as described previously (17, 18). 

Allo-HSCT and GVL studies. Lethally irradiated BALB/c mice (800 cGy, split into 2 

doses of 400 cGy with 12 hours between, x-ray irradiation at 1.2 Gy/min for 200 seconds 

per dose, 160 kV, 25 mA) were injected intravenously with 10x106 T cell-depleted bone 

marrow (TCDBM) cells with or without 1x106 MACS purified CD3+ T cells. Donor T cells 

were taken from WT (C57Bl/6), WT Ly5.1 (B6.SJL-Ptprca Pepcb/BoyCrl), or Cat-Tg 

mice. For GVL experiments, B-cell acute lymphoblastic leukemia (B-ALL) primary 

blasts(16-18) transduced with luciferase were cultured as described previously, and 

1x105 luciferase-expressing B-ALL blast cells were used. Mice were evaluated once a 

week from the time of leukemia cell injection for more than 60 days post-transplant by 

bioluminescence imaging using the IVIS 200 Imaging System (Xenogen) (19). Clinical 

presentation of the mice was assessed 3 times per week by a scoring system that sums 

changes in 6 clinical parameters: posture, activity, fur texture, diarrhea, weight loss, and 
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skin integrity (17, 18, 20-22). Mice were euthanized if they lost ≥ 30% of their initial 

body weight or became moribund. 

Cytokine production, cytotoxicity, and EdU incorporation assays. On Day 7 post-

transplantation, serum from cardiac blood and single cell suspensions of splenocytes were

obtained from allo-transplanted recipients. Serum levels of IFN-, TNF-IL-5, IL-12, 

IL-6, IL-10, IL-9, IL-17A, IL-17F, IL-22, and IL-13 were determined by a multiplex 

ELISA assay (Biolegend LEGENDplex) (17, 18). Splenocytes taken from allo-

transplanted recipients were stimulated with anti-CD3/anti-CD28 (2.5ug/ml) for 6 hours 

in the presence of Golgiplug (BD Cytofix/Cytoperm Plus kit cat#555028) (1:1000). After

incubation, the cells were fixed then permeabilized and stained intracellularly for 

cytokines (IFN- and TNF-). 

For the proliferation assay, recipient BALB/c mice were transplanted as described

above (1x106 CD3+ donor T cells and 10x106 WT TCDBM), and recipient mice were 

injected at day 5-6 with 25 mg/kg EdU (20518 from Cayman Chemicals) in PBS. At day 

7, the recipient mice were euthanized and lymphocytes from spleen were obtained. Cells 

were processed and stained using an EdU click chemistry kit (C10424 from Invitrogen), 

and also stained for H2Kb, CD3, CD4, and CD8 to identify donor cells as previously 

described (21, 22).
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For cytotoxicity assays, luciferase-expressing B-ALL cells were seeded in 96-well

flat bottom plates at a concentration of 3x105 cells/ml. D-firefly luciferin potassium salt 

(75 g/ml; Caliper Hopkinton, MA) was added to each well and bioluminescence was 

measured with the IVIS-50 Imaging System. Subsequently, effector cells (MACS-

purified) were added at 40:1, 20:1, and 10:1 effector-to-target (E:T) ratios and incubated 

at 37°C for 4 hours. Bioluminescence in relative luciferase units (RLU) was then 

measured for 1 minute. Cells treated with Western lysis buffer were used as a measure of 

maximal killing. Target cells incubated without effector cells were used to measure 

spontaneous death. Triplicate wells were averaged and percent lysis was calculated from 

the data using the following equation: % specific lysis = 100 * (spontaneous death RLU–

test RLU)/(spontaneous death RLU– maximal killing RLU) (17, 18, 23). 

Migration assays. Lethally irradiated BALB/c mice were injected intravenously with 

10x106 WT T cell-depleted bone marrow (TCDBM), and a 1:1 mixture of WT (B6-Ly5.1) 

CD45.1+ MACS-purified CD8+ and CD4+ T cells, and either WT (C57BL/6) CD45.2+ 

cells or Cat-Tg CD45.2+ cells (total 1x106 cells). The donor cells were checked pre-

transplant for a 1:1 ratio of donor types, and a 1:1 ratio of CD4:CD8 T cells within each 

donor type. Seven days post-transplantation, the mice were sacrificed and lymphocytes 

from the liver, small intestine, and spleen were isolated. Livers were perfused with PBS, 

dissociated, and filtered with a 70m filter. The small intestines were washed in media, 

shaken in strip buffer at 37°C for 30 minutes to remove the epithelial cells, and then 

washed, before digesting with collagenase D (100 mg/ml) and DNase (1mg/ml) for 30 
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minutes at 37°C, and followed by filtering with a 70 m filter. Lymphocytes from the 

liver and intestines were further enriched using a 40% Percoll gradient. The cells were 

analyzed for H2Kb, CD45.1 and CD45.2, CD3, CD8 and CD4 by flow cytometry as 

described before (17, 18). 

RNA sequencing. Three recipient BALB/c mice for each group were short-term 

transplanted as described above (1x106 CD3+ donor T cells and 10x106 WT TCDBM), and 

at day 7, recipient mice were euthanized and splenocytes were obtained for post-

transplant samples. Three WT or Cat-Tg mice were also euthanized, and fresh 

splenocytes were isolated for pre-transplanted samples. CD4+ and CD8+ T cells from each

pre- and post-transplanted mouse were FACS sorted as described above. These cells were

all sorted into Trizol and brought to the Molecular Analysis Core at SUNY Upstate 

(https://www.upstate.edu/research/facilities/molecular-analysis.php) for RNA extraction 

and library prep, followed by RNA sequencing analysis at the University at Buffalo 

Genomics Core (http://ubnextgencore.buffalo.edu). 

We generated RNA sequencing data from four groups for each cell subset 

(CD4/CD8): WT-pre tx or Cat-Tg pre tx cells (prior to transplantation); and WT-Day7 tx 

or Cat-Tg Day-7 tx (7 days post-transplantation). We were unable to sort enough donor T

cells from small intestines and liver of the recipient mice that received Cat-Tg CD3+ T 

cells to do sequencing. All data were processed and analyzed using the R programming 
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language (Version 4.0.4), the RStudio interface (Version 1.4.1106), and Bioconductor. 

For pseudoalignment and gene expression, transcript abundance of samples was 

computed by pseudoalignment with Kallisto41(version 0.46.2). Transcript per million 

(TPM) values were then normalized and fitted to a linear model by empirical Bayes 

method with the Voom and Limma R packages (24, 25), and differential gene expression 

was defined as a Benjemini and Hochberg adjusted p-value False Discovery Rate (FDR) 

of < 0.1. 

For functional enrichment analysis, the g:Profiler toolset (26) g:GOSt tool was 

used to illustrate Manhattan plots. Gene Set Enrichment Analysis (GSEA) was performed

against the Molecular Signatures Database (MSigDB) (27) using the Hallmark pathways 

collection. Data will be deposited upon final publication (https://www.ncbi.nlm.nih.gov/     

geo/). The RNAseq experiment described here was performed as part of the experiment 

described in other recent publications from our lab (17, 21, 22). Therefore, the data 

generated for WT pre- and post-transplanted samples (CD4 and CD8) are the same as that

shown in the papers mentioned, but here these data are compared to data for Cat-Tg mice.

Western blotting. Cells were lysed in freshly prepared lysis buffer made of RIPA buffer 

(Fisher Scientific cat#PI89900) + cOmplete protease inhibitor cocktail (Sigma Aldrich 

cat#11697498001), and centrifuged at 14000 rpm for 10 minutes at 4°C. Aliquots 

containing 5x106 cells were separated on a 12-18% denaturing polyacrylamide gel and 

transferred to nitrocellulose membranes for immunoblot analysis using specific 

antibodies. 
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Histopathological Evaluation. Lethally irradiated recipient mice were transplanted with 

10x106 T cell-depleted bone marrow cells, and 1x106 CD3+ T cells from WT or Cat-Tg 

mice. At day 7 post-transplantation, recipient mouse livers and small intestines were 

obtained and fixed in 10% neutral buffered formalin, then were sectioned and stained 

with H&E by the Histology Core at Cornell University (https://www.vet.cornell.edu/     

animal-health-diagnostic-center/laboratories/anatomic-pathology/services). Obtained 

tissues were graded for GVHD by a pathologist (A.M), who was blinded to the study 

group and disease status. Links for grading criteria used to assess GVHD grade are: 

(http://surgpathcriteria.stanford.edu/transplant/skinacutegvhd/printable.html, 

http://surgpathcriteria.stanford.edu/transplant/giacutegvhd/printable.html, 

http://surgpathcriteria.stanford.edu/transplant/livergvhd/printable.html). Statistical 

analysis was performed using Mann-Whitney U test. 

Statistics. All numerical data are reported as means with standard deviation unless 

otherwise noted in figure legends. Data were analyzed for significance with GraphPad 

Prism v7. Differences were determined using one-way or two-way ANOVA and Tukey’s 

multiple comparisons tests, or with a Student’s t-test when necessary. We used Mann 

Whitney U test for analysis of GVHD grades. P-values less than or equal to (≤) 0.05 are 

considered significant. All transplant experiments are done with N=3 mice per group, and

repeated at least twice according to power analyses, unless otherwise specified. Mice 

were sex-matched, and age-matched as closely as possible.
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Results

Donor T cells from Cat-Tg mice do not induce GVHD but maintain GVL function. To 

determine whether over-expression of β-catenin impacts GVHD pathogenesis after allo-

HSCT, we examined the effects of β-catenin signaling on donor CD4+ and CD8+ T cells 

in an allotransplant model. We used C57Bl/6 background mice (MHC haplotype b) as 

donors and BALB/c mice (MHC haplotype d) as recipients, producing an MHC-

mismatch to induce GVHD (17, 18). T cell-depleted bone marrow cells from WT mice, 

and T cells from C57BL/6 (B6) WT or Cat-Tg mice were injected into lethally irradiated 

BALB/c mice, along with luciferase-expressing B-cell acute lymphoblastic leukemia (B-

ALL-luc) tumor cells (16-18). Recipients were injected intravenously with 10x106 wild-

type (WT) T cell-depleted donor BM cells, 1x106 MACS-sorted donor CD3+ T cells, and 

1x105 B-ALL-luc blast cells as described(16-18). Recipient BALB/c mice were then 

monitored for cancer cell growth using IVIS bioluminescence imaging for over 60 days 

(Fig. A.1A)(17, 18). 

While leukemia cell growth was observed in mice given bone marrow without T 

cells, leukemia cell growth was not seen in mice transplanted with T cells from either WT

or Cat-Tg mice. As expected, mice transplanted with WT T cells cleared the leukemia 

cells (Fig. A.1A) but suffered significantly from GVHD (Fig A.1B-D). In contrast, mice 

transplanted with Cat-Tg T cells cleared the leukemia cells (Fig. A.1A) and displayed 

minimal signs of GVHD (Fig. A.1B-D). 
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Figure A.1: Wnt/β-catenin over-expression retains the GVL effect but avoids 

GVHD during allo-HSCT. 

1x106 purified WT or Cat-Tg CD3+ T cells were transplanted into lethally irradiated 

BALB/c recipient mice, along with 10x106 T cell-depleted bone marrow cells from 

WT mice and 1x105 B-ALL-luc cells. Host BALB/c mice were imaged using the 

IVIS 50 system three times a week. Group 1 received T cell-depleted bone marrow 

only (labeled as TCDBM). Group 2 received 10x106 
TCDBM from WT mice and 1x105 

B-ALL-luc cells (TCDBM+B-ALL luc+). Group 3 received 10x106 
TCDBM from WT 

mice and 1x106 purified WT CD3+ T cells, along with 1x105 B-ALL-luc cells 

(TCDBM+B-ALLluc+ WT). Group 4 received 10x106 
TCDBM from WT mice and 1x106 

purified Cat-Tg CD3+ T cells, along with 1x105 B-ALL-luc cells (TCDBM+B-ALLluc+ 

Cat-Tg). (A) Recipient BALB/c mice were imaged using IVIS 50 three times a week.

The mice were also monitored for (B) survival, (C) changes in body weight, and (D) 

clinical score for 65 days post BMT. (E) Quantitated luciferase bioluminescence of 

tumor growth. Statistical analysis for survival and clinical score was performed using

log-rank test and one-way ANOVA, respectively. For weight changes and clinical 

score, one representative of 2 independent experiments is shown (n = 3 mice for BM 

alone; n = 5 experimental mice/group for all three other groups). Survival is a 

combination of 2 experiments. Note: Control mouse is a naïve mouse used as a 

negative control for BLI.
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All animals transplanted with Cat-Tg T cells survived for more than 65 days post-

allo-HSCT (Fig. A.1B), with significantly reduced weight loss and clinical scores 

compared to those given WT T cells (scored based on weight loss, posture, activity, fur 

texture, and skin integrity, and diarrhea as previously described) (20) (Fig. A.1C-D).  

Quantification of tumor bioluminescence showed that mice given WT or Cat-Tg 

T cells cleared the tumor cells, while tumor burden remained high for mice only given 

bone marrow (Fig. A.1E). Our results indicate that donor T cells from Cat-Tg mice are 

dispensable for anti-leukemia immunity, but required for GVHD damage. 

Wnt/β-catenin affects T cell phenotype and cytotoxic function. To examine how the 

over-expression of Wnt/β-catenin affects T cell phenotype, we MACS-purified T cells 

from Cat-Tg or WT mice by CD90.2-positive selection. We examined the effects of Wnt/

β-catenin over-expression on CD4+ and CD8+ T cells in comparison to T cells from WT 

C57Bl/6 mice. Our data showed that CD8+ T cells from Cat-Tg mice exhibit an innate 

memory phenotype (IMP) (17, 28), as indicated by expression of high levels of CD44, 

CD122, and a key transcription factor Eomesodermin (Eomes) (Fig. A.2A-B). We did not

observe any changes in T-bet expression. CD8+ T cells from Cat-Tg mice showed a trend 

towards increased levels of PD-1, but had no differences in CTLA-4 expression 

compared to CD8+ T cells from WT mice (Fig. A.2A-B). We also did not observe 

significant differences in TCF-1 expression (Fig. A.2A-B). 
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Figure A.2: T cells from Cat-Tg mice exhibit enhanced T cell IMP phenotypes and 

enhanced GVL cytotoxicity. 

(A) WT and Cat-Tg CD8 T cells were examined for expression of CD44, CD122, Eomes,

T-bet, PD-1, CTLA-4, and TCF-1 by flow cytometry. Representative flow plots are 

shown for each marker. (B) Quantification of marker expression from (A), with data from

3 different experiments combined. (C) WT and Cat-Tg CD4 T cells were examined for 

expression of CD44, CD122, Eomes, T-bet, PD-1, CTLA-4, and TCF-1 by flow 

cytometry. Representative flow plots are shown for each marker.  (D) Quantification of 

marker expression from (C), with data from 3 different experiments combined. (E-F) 

Purified CD4+ (E) or CD8+ (F) T cells from WT and Cat-Tg mice were examined for 

effector memory, central memory, transitioning to activation (TA), and naïve population 

frequencies. (G) Purified T cells were examined for expression of perforin, granzyme B, 

and -actin by western blot. (H-I) Quantitative analysis of perforin (H) and granzyme B 

(I) expression from western blot data, normalized against Actin. (J) Ex vivo purified T 

cells were used in a cytotoxicity assay against primary tumor target B-ALL-luc cells at a 

40:1, 20:1, or 10:1 effector to target ratio. Statistical analysis was performed using two-

way ANOVA or one-way ANOVA confirmed by Student's t-test, p-values are presented. 

Symbol meanings for P-values are: ns - P > 0.05; * - P ≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 

0.001; **** - P ≤ 0.0001 (n = 3 mice per group).
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Next, we examined the effect of Wnt/β-catenin on CD4+ T cells. Our data show 

that CD4+ T cells from Cat-Tg mice also express higher levels of CD44 but had no 

differences in CD122, Eomes, or T-bet expression compared to CD4+ T cells from WT 

mice (Fig. A.2C-D). CD4+ T cells from Cat-Tg mice also express a significantly higher 

percentage of PD-1, but have no differences in CTLA-4 or TCF-1 compared to CD4+ T 

cells from WT mice (Fig. A.2C-D). 

Next, we examined whether T cells from Cat-Tg mice have changes in memory 

subsets. Our data show that CD4+ T cells from Cat-Tg mice had no differences in 

memory subsets compared to CD4+ T cells from WT mice (Fig. A.2E, Fig. AS.1A). We 

observed a significant decrease in naïve CD8+ T cells, and significantly increased central 

memory CD8+ T cells from Cat-Tg mice (Fig. A2.F, Fig. AS.1B). There were no 

significant differences in effector memory CD8 T cells or transitioning CD8 T cells from 

Cat-Tg mice compared to WT mice (Fig. A2.F, Fig. AS.1B).

To examine whether T cells from Cat-Tg mice have cytotoxic function, we 

purified CD3+ T cells from Cat-Tg mice and WT mice, and performed a western blot on 

the cell lysates. Our western data show that CD3+ T cells from Cat-Tg mice express 

higher levels of granzyme B and perforin than CD3+ T cells from WT mice (Fig. A.2G-

I). We quantified the band integrated density and normalized it to actin using Image 

Lab software (Fig. A.2H-I). 
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Next, we examined whether CD8+ T cells from Cat-Tg mice could mount a 

cytotoxic response, using a cytotoxicity assay against primary B-ALL cells in different 

effector to target ratios (16-18). We found that CD8+ T cells from Cat-Tg mice 

effectively killed significantly more primary leukemia cells in vitro than CD8+ T cells 

from WT mice (Fig. A.2J). Our findings demonstrate that CD8+ T cells from Cat-Tg 

mice have enhanced activation markers, significantly altered CD8+ T cell phenotypes, 

enhanced expression of granzyme B and perforin, and exert better cytotoxicity against 

primary leukemia cells than CD8+ T cells from WT mice. 

Wnt/β-catenin over-expression results in reduced cytokine production and donor T cell 

proliferation without affecting TCR signaling. The conditioning regimen for allo-HSCT 

elicits an increase in the production of inflammatory cytokines by donor T cells, known 

as a “cytokine storm”(29, 30). This is considered one of the hallmarks of GVHD 

pathogenesis (31). We assessed cytokine production by Cat-Tg T cells in our allo-HSCT 

model (B6 to BALB/c) by examining the levels of serum inflammatory cytokines. We 

observed that recipient BALB/c mice treated with CD3+ T cells from Cat-Tg mice 

expressed significantly less IFN-, TNF-α, IL-5, IL-2, IL-6, IL-10, and IL-22 in serum 

than recipient BALB/c mice treated with CD3+ T cells from WT mice (Fig. A.3A). We 

did not observe differences in IL-4, IL-9, IL-17A, IL-17F, or IL-13 on day 7 post 

allotransplantation (Fig. A.3A). 
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Figure A.3: Over-expression of -catenin reduces T cell inflammatory cytokine 

production and proliferation without affecting signaling molecules. 

(A) 1x106 purified WT or Cat-Tg CD3+ T cells were transplanted with TCDBM into 

irradiated BALB/c mice. At day 7 post allo-HSCT, recipient BALB/c were euthanized 

and serum cytokines (IFN-γ, TNF-α, IL-2, IL-5, IL-6, IL-4, IL-10, IL-9, IL17A, IL-17F, 

IL-22, and IL-13) were determined by multiplex ELISA. (B-C) Intracellular IFN-γ and 

TNF-α expression by donor CD4 (B) and CD8 (C) T cells after 6 hour stimulation with 

anti-CD3/anti-CD28 and GolgiPlug, as determined by flow cytometry. One 

representative flow plot shown for IFN-γ only. (D-E) Quantified expression of IFN-γ and

TNF-α expression for (B-C) in (D) CD4 or (E) CD8 T cells. (F-H) Ex vivo proliferation 

of donor CD4+ or CD8+ T cells from Cat-Tg or WT mice. Lethally irradiated recipient 

BALB/c mice were transplanted as mentioned above, with either WT or Cat-Tg donor 

CD3+ T cells. Recipient mice were given EdU in PBS i.p. (25 mg/kg in 100μl) for the last 

2 days. At 7 days post-allotransplantation, recipient mice were sacrificed and examined 

for proliferation by EdU incorporation via flow cytometry. Representative flow plots 

shown for EdU in (F) CD4 or (G) CD8 T cells, with data quantified in (H). (I) Purified 

CD3+ WT and Cat-Tg T cells were examined for expression of ERK, PLCγ -1, and IRF-4

by western blot. (J) Quantitative analysis from western blots in (I), using ImageLab 

software to normalize to actin. Symbol meanings for P values are: ns - P > 0.05; * - P 

≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001. For A-G, n = 4-5 mice per 

group, for H-I, n=3 mice used per group.
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We also examined cytokine production by donor CD8+ or CD4+ T cells from 

secondary lymphoid organs of recipients. Donor cells were identified using an anti-H2Kb

antibody (H2Kb is expressed by donor C57Bl/6 cells). Ex vivo donor T cells were 

cultured for 6 hours with GolgiPlug and stimulated with anti-CD3/CD28 antibodies (Fig. 

A.3B-C) or left unstimulated, followed by analysis of IFN- and TNF- cytokine 

production. Cat-Tg CD8+ and CD4+ T cells produced significantly less inflammatory 

IFN- when stimulated via anti CD3/CD28 antibodies, but we did not observe any 

differences in TNF-expression (Fig. A.3B-E).  

We next examined donor T cell proliferation using an EdU incorporation assay. 

We utilized short-term allo-transplantation as described above, and recipient mice were 

injected with EdU in PBS on day 5 and 6 post-transplant. Seven days post allo-

transplantation, splenocytes were obtained from recipients, and donor cells (identified by 

H2Kb+, CD3+, and CD4+ or CD8+) were examined for proliferation by EdU 

incorporation. Both donor CD4+ and CD8+ T cells from Cat-Tg mice showed a trend 

toward reduced proliferation compared to donor T cells from WT mice, but this effect 

was not significant (Fig. A.3F-H). 

We have recently shown that modulating TCR signaling through ITK causes T 

cells to acquire an innate-like memory phenotype (IMP) - distinguished by higher 

expression of CD44, CD122, and Eomes - due to attenuated TCR signaling (17, 18, 28), 

Modulation of ITK also affects ERK, PLC-1, and IRF-4 expression levels (17). We did 
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not observe significant differences in any of these signaling molecules on T cells from 

Cat-Tg or WT mice (Fig. A.3I-J). Therefore, our data suggest β-catenin over-expression 

leads to reduced inflammatory cytokine production and reduced proliferation of 

allogeneically transplanted T cells in a major mismatch model. Our data also show that 

over-expression of Wnt/β-catenin does not attenuate TCR signaling. These findings 

support our observations that GVHD severity is reduced by over-expression of -catenin.

Wnt/β-catenin expression regulates gene expression in T cells during GVHD. As an 

unbiased approach to further explore differences between CD4+ or CD8+ T cells from WT

and Cat-Tg mice, we employed RNA sequencing analysis. We examined the differences 

in gene expression between WT and Cat-Tg CD4+ and CD8+ T cells before and following

allo-HSCT. We sort-purified donor WT and Cat-Tg CD4+ or CD8+ T cells from freshly 

isolated splenocytes, and called these pre-transplanted cells (pre-tx). We also MACS 

purified CD3+ T cells from WT or Cat-Tg mice, and transplanted them along with T cell-

depleted bone marrow cells, into the tail vein of lethally irradiated BALB/c recipients. At 

day 7 post-transplantation, we sort-purified donor WT and Cat-Tg CD4+ or CD8+ T cells 

(using H2Kb antigen expressed by donor T cells) from recipients, and called these post-

transplant day 7 samples (Day 7-tx). The cells were sorted into Trizol reagent and 

transcriptionally profiled. 

Principal component analysis (PCA) of CD4+ T cells identified four clusters of 

samples, which clearly separated the pre-transplanted WT or Cat-Tg and post-

transplanted WT or Cat-Tg populations along PC1 (39.5%) and PC2 (17%) (Fig. A.4A).  
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Figure A.4: β-catenin over-expression differentially regulates gene expression in 

CD4+ T cells during GVHD. 

(A) PCA analysis showing clustering of pre-transplant and day 7 post-transplant CD4+ T 

cells by strain and by timepoint. Samples grouped for strain by dot color and for 

timepoint by shape and by group highlight color. All replicates are shown (n = 3). (B) 

Volcano plot displaying differentially expressed genes (FDR<0.1) between Cat-Tg and 

WT day 7 CD4+ T cell samples. Genes up-regulated (red) and down-regulated (blue) are 

labeled. (C) Hierarchical clustering and heat map illustrating expression of genes 

compared between different groups selected by strain and timepoint. All replicates are 

shown (n = 3) for each group. (D) Manhattan plot showing functional pathway analysis 

of CD4+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we 

assessed which biological processes (BP) were linked to the list of 150 significantly 

differentially expressed genes from CD4+ T cells. The x-axis represents functional terms 

that are grouped and color-coded by data sources [molecular function (MF), biological 

process (BP), cell component (CC)]. The y-axis shows the adjusted enrichment p-values 

on a negative log10 scale. Adjusted p-values g:GOSt used Bonferroni correction and a 

threshold of 0.1. On the table, adjusted p-values were color coded as yellow for 

insignificant findings to dark green with highest significance (n = 3 mice per group).
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Further analysis of these cell populations identified ∼150 differentially expressed 

genes (DEGs; FDR <0.1) between WT and Cat-Tg, of which 74 genes were 

downregulated and 76 genes were upregulated. These genes were plotted on a volcano 

plot (Fig. A.4B). The use of a Spearman correlation method associated with hierarchical 

clustering of CD4+ T cell samples showed that the WT and Cat-Tg post-transplant 

samples were most similar (while still clustering separately). Cat-Tg pre-transplant 

samples were also more similar to post-transplant samples than the WT pre-transplant 

samples were (Fig A.4C). DEGs between WT and Cat-Tg CD4+ T cells were averaged by

group, and gene co-regulation was determined by hierarchical clustering, using Pearson 

correlation with a grouping cutoff (k) of 4. Each generated module contributed to the 

enrichment of different pathways. Gene expression is averaged by group (n = 3) for 

clarity and displayed as a z score across each row (Fig. A.4C).  

Functional pathway analysis revealed that these DEGs in CD4+ T cells are 

involved in numerous biological pathways, including: immune system process, defense 

response, cell activation, adaptive immune response, cytokine production, regulation of T

cell activation and proliferation, MHC protein complex binding, regulation of 

programmed cell death, chemokine regulation, autoimmunity, TNF signaling, NF-kappa 

B signaling, and others which are illustrated in the Manhattan plot. The relevant 

pathways related to our project were highlighted and ID details are given about each 

pathway. This information is shown in the table according to the ID of each pathway 

(Fig. A.4D).
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When we performed GSEA analysis of these genes using the Hallmark pathways 

collection from Molecular Signatures Database (MSigDB) (27), we observed that TNF-

signaling via NF-Bis enriched in WT compared to Cat-Tg in pre-transplanted 

samples (Fig. AS.2A). Interestingly, in post-transplant day 7 samples, TNF-signaling 

via NF-BIFN-, IFN-, inflammatory responses, and apoptosis pathways are enriched 

in Cat-Tg rather than WT (Fig. AS.2B).  

We also analyzed the CD8+ T cell samples and performed principal component 

analysis (PCA) of CD8+ T cells. We again identified four groups in which pre-

transplanted samples were clearly separated, while post-transplant samples were not 

separated as well as pre-transplant samples along PC1 (32.2%) and PC2 (15.3%) (Fig. 

A.5A). Further analysis of these cell populations identified ∼250 differentially expressed 

genes (DEGs; FDR <0.1) between WT and Cat-Tg, of which 175 genes were 

downregulated while 80 genes were upregulated, and these DEGs are plotted on a 

volcano plot (Fig. A.5B). The use of a Spearman correlation method associated with 

hierarchical clustering of CD8+ T cell samples showed the same clustering as in CD4+ T 

cell samples (Fig. A.5C). DEGs between Cat-Tg and WT CD8+ T cells were averaged by 

group, and gene co-regulation was determined by hierarchical clustering using Pearson 

correlation with a grouping cutoff (k) of 4. Each generated module contributed to 

enrichment of different pathways. Gene expression is averaged by group (n = 3) for 

clarity and displayed as a z score across each row (Fig. A.5C). 
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Figure A.5: β-catenin over-expression differentially regulates gene expression in 

CD8+ T cells during GVHD. 

(A) PCA analysis showing clustering of pre-transplant and day 7 post-transplant CD8+ T 

cells by strain and by timepoint. Samples are grouped for strain by dot color and for 

timepoint by shape and by group highlight color. All replicates are shown (n = 3). (B) 

Volcano plot displaying differentially expressed genes (FDR<0.1) between Cat-Tg and 

WT day 7 CD8+ T cell samples. Genes up-regulated (red) and down-regulated (blue) are 

labeled. (C) Hierarchical clustering and heat map illustrating expression of genes 

compared between different groups selected by strain and timepoint. All replicates are 

shown (n = 3) for each group. (D) Manhattan plot showing functional pathway analysis 

of CD8+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we 

assessed which biological processes (BP) were linked to the list of 150 significantly 

differentially expressed genes from CD8+ T cells. The x-axis represents functional terms 

that are grouped and color-coded by data sources [molecular function (MF), biological 

process (BP), cell component (CC)]. The y-axis shows the adjusted enrichment p-values 

on a negative log10 scale. Adjusted p-values g:GOSt used Bonferroni correction and a 

threshold of 0.1. On the table, adjusted p-values were color coded as yellow for 

insignificant findings to dark green with highest significance (n = 3 mice per group).
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Functional pathway analysis revealed that the DEGs in CD8+ T cells are involved 

in similar biological pathways to the DEGs seen in CD4+ T cells, as well as in TCR 

signaling, hematopoietic cell lineage, Th1, Th2 and Th17 cell differentiation, 

inflammatory bowel disease, allograft rejection, graft-versus-host-disease, and others 

which are illustrated in the Manhattan plot. The important pathways related to our project

were highlighted and ID details about each pathway are shown in the table. This 

information is given according to the ID of each pathway (Fig. A.5D). 

When we performed GSEA analysis of these genes using the Hallmark pathways 

collection from Molecular Signatures Database (MSigDB) (27), we observed that TNF-

signaling via NF-BRAS signaling, IFN-response, inflammatory response, IL6-

JAK-STAT3 signaling, IL2-STAT-5 signaling, and allograft rejectionpathways are 

enriched in WT compared to Cat-Tg in pre-transplanted samples (Fig. AS.3A). Once 

again, in post-transplant day 7 samples, TNF-signaling via NF-BRAS signaling, 

PI3K/AKT/MTOR signaling, IFN-andIFN-response, inflammatory response, 

IL6/JAK/STAT3 signaling, IL2/STAT-5 signaling, and allograft rejection pathways are 

enriched in Cat-Tg compared to WT (Fig. AS.3B). Altogether, these data suggest that β-

catenin plays an important role in regulating the immune response to allo-antigens by 

controlling gene expression programs in mature and alloactivated T cells. 
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Figure AS.3: GSEA enrichment analysis for CD8+ T cells. 

(A) A bubble chart showing up- or downregulated pathways based on enrichment scores 

in GSEA in pre-transplanted WT or Cat-Tg CD8+ T cell samples. (B) A bubble chart 

showing up- or downregulated pathways based on enrichment scores in GSEA in day 7 

post-transplant WT or Cat-Tg CD8+ T cells. 
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Wnt/β-catenin over-expression specifically affects CD8+ T cell functions. The 

pathogenesis of GVHD involves migration of donor T cells into the target organs in the 

recipient, including liver, small intestine, and skin (32, 33). GVHD involves early 

migration of alloreactive T cells into these organs, followed by T cell expansion and later 

tissue destruction (34, 35). To examine whether over-expression of Wnt/β-catenin affects 

donor T cell migration, irradiated BALB/c recipient mice were injected with CD8+ T cells

and CD4+ T cells from Cat-Tg (CD45.2) and WT B6-Ly5.1 (CD45.1) mice mixed at a 1:1

ratio of WT: Cat-Tg. A total of 1x106 T cells were injected, and the cells were checked 

prior to transplant for a 1:1 ratio of CD4/CD8 total donor cells, and for a 1:1 ratio of 

donor strains (Fig. A.6A). As a control, we also transplanted WT CD45.2 (C57BL/6) and

WT CD45.1 (B6-Ly5.1) cells at 1:1 ratio of WT(CD45.2): WT(CD45.1). Once again, 

1x106 T cells were injected and cells were checked prior to transplant for a 1:1 ratio of 

CD4/CD8 total donor cells, and for a 1:1 ratio of donor strains (Fig. A.6A). 

At 7 days post transplantation, recipient mice were examined for the presence of 

donor T cells in the spleen, liver, and small intestines. Our data show that recipient mice 

transplanted with WT CD45.1 and WT CD45.2 T cells had significantly reduced donor 

CD4+ T cells versus donor CD8+ T cells in the spleen and liver. Next, we examined 

transplanted CD4+ and CD8+ T cells for CD45.1 and CD45.2 expression, and we did not 

observe significant differences among CD8+ T cells in spleen. We observed that donor 

CD4+ T cells were more skewed toward WT C57Bl/6 cells (CD45.2) (Fig. A.6B, Fig. 

AS.4A). 
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Figure A.6: Wnt/β-catenin over-expression specifically affects CD8+ T cell functions.

(A) Irradiated BALB/c mice were allo-transplanted and injected with MACS-sorted WT 

and Cat-Tg CD4+ or CD8+ T cells, mixed at a 1:1 ratio. Flow analysis of pre-transplant 

mixed T cells, showing an approximate 1:1 ratio of CD4:CD8 total donor cells, and an 

approximate 1:1 ratio of WT(CD45.1):Cat-Tg (CD45.2) cells (or 

WT(CD45.1):WT(CD45.2) as control). (B-C) At day 7 post-BMT, the spleen (B) and 

liver (C) were examined for donor WT(CD45.1) and WT(CD45.2) T cells. The 

percentage of WT(CD45.1) and WT(CD45.2) CD4+ and CD8+ T cells is shown, as well 

as the percentage of each donor cell type in spleen and liver. (D-E) At day 7 post-BMT, 

the spleen (D) and liver (E) were examined for donor WT(CD45.1) and Cat-Tg (CD45.2)

T cells. The percentage of WT(CD45.1) and Cat-Tg (CD45.2) CD4+ and CD8+ T cells is 

shown, as well as the percentage of each donor cell type in spleen and liver. (F) Pathways

involved in chemokine receptor activity, chemotaxis, migration, and proliferation from 

functional pathway analysis of CD4+ T cells (Fig. A.4D) and CD8+ T cells (Fig. A.5D). 

Table compares adjusted p values and number of genes involved in each pathways 

between CD4+ and CD8+ T cells. (G) At day 7 post-allo-HSCT, small intestines and liver 

were examined by H&E staining for tissue damage. Arrows show lymphocyte infiltration

and tissue damage. Statistical analysis was performed using one-way ANOVA, p-value 

presented with the figure. Symbol meaning for p-values are: ns - P > 0.05; * - P ≤ 0.05; 

** - P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001. For A-E, n = 5 mice per group, 

repeated twice, one representative is shown. For F-G, n=5 mice used per group.
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Figure AS.4: Wnt/β-catenin over-expression impacts migrating donor T cells.

(A-C) Quantitative analysis using flow cytometry of WT C57 and WT B6Ly5 donor 

CD8+ and CD4+ T cells isolated from recipient’s spleen (A), liver (B), and small intestine 

or "SI" (C) seven days post transplantation. Donor CD4+ and CD8+ T cells were further 

analyzed by CD45.1 (WT- B6-Ly5.1) and CD45.2 (WT control-C57BL/6) to identify 

donor strains. (D-F) Quantitative analysis using flow cytometry of WT B6Ly5 and Cat-

Tg donor CD8+ and CD4+ T cells isolated from recipient spleen (A), liver (B), and SI (C) 

seven days post transplantation. Donor CD4+ and CD8+ T cells were further analyzed by 

CD45.1 (WT) and CD45.2 (Cat-Tg) to identify donor strains. For statistical analysis we 

used one-way ANOVA and Student’s t-test, p-values are presented. Symbol meaning for 

p-values are: ns - P > 0.05; * - P ≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 0.001; **** - P 

≤ 0.0001. N = 5 mice per group, repeated twice, one representative experiment is shown.
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Next, we examined donor T cell migration into liver in recipient mice 

transplanted with WT CD45.1 or WT CD45.2 cells. We observed a similar effect on 

donor T cell migration as we observed in recipient spleen (Fig. A.6C, Fig. AS.4B). We 

also examined donor T cell migration into small intestines (SI) of recipient mice 

transplanted with WT CD45.1 or WT CD45.2 cells. We did not observe differences in 

CD4+ to CD8+ donor T cell ratios, or in CD45.1/CD45.2 expression in CD8+ T cells from 

small intestine. We did observe that donor CD4+ T cells were more skewed toward WT 

C57 cells (CD45.2+) (Fig. AS.4C). 

When we examined spleens from recipient mice transplanted with CD45.1 WT 

and CD45.2 Cat-Tg cells, we observed that the ratio of CD4+ and CD8+ T cells in the 

spleen was similar to that seen in spleen from WT (CD45.1):WT (CD45.2) transplanted 

mice. However, we observed a significant reduction in donor CD8+ T cells from CD45.2 

Cat-Tg mice in recipient mouse spleen (Fig. A.6D, Fig. AS.4D). We also observed that 

there was no significant migration defect on donor CD4+ T cells; however, we observed a

significant decrease in CD8+ T cell migration to recipient liver (one of the GVHD target 

organs) (Fig. A.6E, Fig. AS.4E). We also looked at the donor T cell migration into small 

intestines (another target organ of GVHD), and found significantly reduced CD4+ T cells 

compared to CD8+ T cells from donors after transplantation. There was a significant 

reduction in CD8+ donor T cells from Cat-Tg (CD45.2) mice in recipient SI, and we 

observed that donor CD4+ T cells were more skewed towards Cat-Tg cells (CD45.2) (Fig.

AS.4F). 
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To investigate the underlying mechanism behind these changes, we performed 

pathway analysis using RNA seq as an unbiased approach (see Figs. A.4-A.5). Our data 

confirmed that both CD4+ and CD8+ T cells are affected by Wnt/β-catenin over-

expression. We observed that KEGG pathways including cell adhesion molecules (10 

genes) were affected in CD4+  T cells from Cat-Tg mice compared to WT mice. Our data 

show that in CD8+ T cells from Cat-Tg mice compared to WT mice, in addition to the 

KEGG Cell adhesion molecules pathway, we also observed 18 genes regulating cell to 

cell adhesion pathways (from GO:BP source) that were differentially regulated. We also 

observed that C-C chemokine receptor activity, cell chemotaxis, and cell migration 

(specifically T cell migration) genes were more significantly affected in CD8+ T cells 

(Cat-Tg vs. WT mice) than in CD4+ T cells. Furthermore, we also observed that genes 

involved in lymphocyte and T cell proliferation were more significantly affected in CD8+ 

T cells (30 genes) than in CD4+ T cells (18 genes) (Fig. A.6F). 

 Using histological staining for H&E, we also observed leukocyte infiltration into 

GVHD target organs like liver and small intestine (SI)(32) in WT T cell recipients, but 

not as much in Cat-Tg T cell recipients (Fig. A.6G, Fig. AS.5). These data suggest that 

CD8+ T cells from Cat-Tg mice are significantly affected by -catenin over-expression, 

and cause less tissue damage to GVHD target tissues.  
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Discussion

In this report, we demonstrate that over-expression of Wnt/β-catenin regulates 

allo-reactive T cells for the treatment of hematological malignancies. Both CD4+ and 

CD8+ T cells from mice over-expressing catenin (Cat-Tg mice) showed significantly 

reduced GVHD pathogenesis, while maintaining GVL in models of allo-HSCT. CD8+ 

and CD4+ T cells from Cat-Tg mice expressed higher levels of CD44 and PD-1 markers. 

CD8+ T cells from Cat-Tg mice also expressed higher Eomes and CD122. We did not 

observe any differences in TCF-1, T-bet, or CTLA-4 expression. CD8+ T cells from Cat-

Tg mice showed enhanced frequencies of central memory and transitioning cells, but a 

reduced naïve cell population. 

Several lines of evidence suggested that CD44hi CD122hi T cells do not induce 

GVHD (36-38). Our data showed that a high proportion of CD4+ T cells from Cat-Tg 

mice are CD44hi and CD122hi, and express higher levels of Eomes (IMP phenotype) (17, 

28, 39). Previously, it has been suggested that the IMP phenotype might be due to higher 

expression of IL-4 in the thymus of Cat-Tg mice, which can result in the IMP phenotype

(39). However, published data have indicated that the IMP phenotype is not dependent on

IL-4 expression specifically in Cat-Tg mice (8, 40). These findings would indicate that 

higher expression of Eomes and the IMP phenotype in Cat-Tg mice due to catenin 

over-expression allows these cells to have anti-tumor activity in a T cell-intrinsic manner.
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Several lines of evidence also suggest that β-catenin plays a central role in T cell 

development (12, 14, 41). Experiments using either loss of β-catenin or enforced 

expression of stabilized β-catenin have further identified a role for β-catenin at multiple 

stages of T cell development (41, 42). Adoptive transfer of Wnt-treated CD8+ T cells was

shown to enhance anti-tumor activity in vivo (43). Our data provide evidence that CD8+ T

cells from Cat-Tg mice express higher levels of granzyme B and perforin, along with 

higher expression of Eomes, and these cells also exhibited enhanced cytotoxicity. 

Constitutive activation of the TCF-1/β-catenin pathway in vivo has been shown to favor 

generation of memory CD8+ T cells (44).  

To examine how T cells from Cat-Tg mice maintain GVL function without 

GVHD damage, we examined proinflammatory cytokine expression. Our data show that 

donor T cells from Cat-Tg mice express significantly less proinflammatory cytokines, 

both on a serum level and on a cellular level, in our allo-HSCT model. Over-expression 

of catenin did not alter the signaling molecules ERK, PLC1, and IRF-4. Wnt/β-

catenin signaling is a highly conserved pathway through evolution, and it regulates key 

cellular functions including proliferation, differentiation, migration, genetic stability, 

apoptosis, and stem cell renewal (42, 44). Donor T cells were examined for proliferation 

using an EdU incorporation assay. Both donor CD4+ and CD8+ T cells from Cat-Tg mice 

showed a trend toward reduced proliferation compared to donor T cells from WT mice. 
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To investigate how Wnt/β-catenin over-expression affects T cell gene expression, 

we utilized an unbiased RNA sequencing approach. Transcriptome analysis by RNA 

sequencing revealed that there were 150 differentially expressed genes in CD4+ T cells, 

and over 250 genes affected by over-expression of catenin in CD8+ T cells. Pathway 

analysis revealed that the differentially expressed genes in CD4+ T cells are involved in 

regulation of immune system processes, T cell and B cell activation, T cell proliferation, 

adaptive immune responses, immune system development, inflammatory responses, 

cytokine production, signaling, cell adhesion, and chemokine receptors. Genes that were 

differentially expressed in CD8+ T cells were involved in similar pathways, along with 

hematopoietic cell lineage, GVHD, allograft rejection, Th1/Th2/Th17 differentiation, and

other pathways. Therefore, catenin plays a critical role in regulating gene expression 

programs of mature T cells during alloactivation. Taken together, these data suggest that 

Wnt/β-catenin could represent a potential target for the separation of GVHD and GVL 

responses after allo-HSCT. 

Next, we sought to investigate how these transcriptome changes affected donor T 

cell function in the development of GVHD pathophysiology. Donor T cell proliferation 

and migration to GVHD target organs are considered hallmarks of GVHD (4, 35, 45, 46).

Therefore, we examined whether T cells from Cat-Tg mice are defective in migration to 

GVHD target organs. We observed that only CD8+ T cells from Cat-Tg mice are likely to

be defective in migration. This effect could also be due to the observed decrease in 
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proliferation or decreased cell survival, but alterations in gene programs related to 

migration suggested that Cat-Tg CD8+ T cells are at least partly migration-defective. 

When transplanting a 1:1 ratio of WT:Cat-Tg T cells, we did not observe any 

differences in migration of CD4+ T cells from Cat-Tg mice compared to WT mice in 

recipient spleen and liver. We observed a significant reduction in CD8+ T cells from Cat-

Tg mice in spleen. Similarly, we observed a significant reduction in CD8+ T cells from 

Cat-Tg mice in liver and small intestines as well. We also observed that donor T cells 

from Cat-Tg mice trend towards decreased proliferation. We also examined genes 

involved in total lymphocyte proliferation (specifically genes involved in T cell 

proliferation), which were affected in both CD4+ and CD8+ T cells, but more genes were 

affected in donor CD8+ T cells compared to CD4+ T cells from Cat-Tg mice. Therefore, 

Cat-Tg mice have defects in proliferation and migration, two of the major T cell 

functions which contribute to GVHD pathophysiology.

Activation-induced cell death (AICD) of lymphocytes is an apoptotic pathway 

that might be involved in the control of CD8+ T cell homeostasis in Cat-Tg mice (47). To 

determine whether this or other pathways related to T cell functioning were impacted in 

Cat-Tg mice, we performed pathway analysis on our RNAseq data. Our data confirmed 

that many pathways were significantly affected in both CD4+ and CD8+ T cells from Cat-

Tg mice. Cell adhesion molecules were more significantly affected in CD8+ T cells than 

in CD4+ T cells from Cat-Tg mice. Published data have shown that irradiation causes the 
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upregulation of cell adhesion molecules and provides early costimulatory signals to 

incoming donor T cells in the intestine, followed by a cascade of proinflammatory signals

in other organs once the alloresponse is established (48). Our data provide evidence that 

both CD4 and CD8 T cells from Cat-Tg mice show significant reductions in adhesion 

molecules, but CD8 T cells were more significantly affected. Adhesion molecules which 

play a role in T cell trafficking have also been studied as a potential target in GVHD 

prevention (i.e. ICAM-1/LFA-1) (49). 

We also examined pathways involved in lymphocyte migration by pathway 

analysis. We observed that genes involved in chemokine receptor activity, C-C 

chemokine binding, CCR1 chemokine receptor binding, CCR5 chemokine receptor 

binding, and several genes involved in the regulation of lymphocyte migration were 

affected in CD4+ T cells from Cat-Tg mice. More genes in similar pathways like C-C 

chemokine receptor activity, cell chemotaxis, chemokine receptors binding chemokines, 

and especially cell migration and T cell migration were found to be significantly altered 

in CD8+ T cells from Cat-Tg mice compared to WT mice. 

Inflammatory chemokines are expressed in inflamed tissues by both 

hematopoietic and non-hematopoietic cells upon stimulation by pro-inflammatory 

cytokines, including TNF-α and IFN-γ (50). Inflammatory chemokines of the CC, C, or 

CXC3C families are also increasingly expressed after allogeneic transplantation (50). 

Cellular sources of chemokines may differ between specific target organs, and contribute 
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considerably to the severity of GVHD. Our data show that inflammatory chemokines are 

significantly affected in T cells from Cat-Tg mice, which contributed to less severe 

GVHD development. Our model demonstrated that T cells from Cat-Tg mice 

significantly reduce the development of acute GVHD, partly through modulation of 

chemokines and receptors.  

Recently, several lines of evidence have suggested that modulation of intracellular

signaling pathways that regulate T cell responses and survival can be used to inhibit T 

cell alloresponses, T cell survival, and thus, GVHD (51-53). This has included targeting 

the transcription factor nuclear factor kappa B (NFκB). As NFκB has long been known to

play a critical role in T cell biology, particularly with respect to cytokine responses, it has

always been an attractive target (54). However, targeting of NFκB has been hampered by 

a lack of reagents that have favorable pharmacokinetics, specifically meaning reagents 

which result in systemic NFκB inhibition without toxicity (55, 56). Our data show that T 

cells (both CD4 and CD8+) from Cat-Tg mice have significant changes to the NFκB 

pathways. NF-κB is a transcription factor that controls the expression of a number of 

genes important for mediating immune and inflammatory responses. Several lines of 

evidence have recently suggested that inhibiting NFκB signaling ameliorates GVHD in 

both mice and humans (57). Bortezomib and PS-1145 are small molecule inhibitors that 

have been used to treat acute GVHD, taking advantage of NF-κB modulation (58). 
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In our RNAseq results, we also observed a number of B cell activation and 

regulation pathways, as well as immunoglobulin regulation pathways, which were 

significantly affected by β-catenin over-expression in both CD4 and CD8+ T cells. Even 

though we didn’t investigate how over-expression of β-catenin impacts B cells in GVHD 

pathogenesis at a functional level, it has been previously shown that B cells play an 

important role in pathogenesis of chronic GVHD (59, 60), so this could be another reason

why over-expression of β-catenin caused less GVHD.

The use of agonists to activate Wnt/β-catenin signaling will have considerable 

clinical implications for the improvement of immunotherapies based on ex vivo 

manipulation of T lymphocytes for adoptive transplantation. Several mouse models have 

shown that blocking GSK-3β using small molecule inhibitors resulted in the generation 

of stem-like memory CD8+ T cells, which have the potential to be highly effective in 

immunotherapy (61). Using pharmacological approaches, human CD8+ T cells with stem-

like properties can be generated using agonists of Wnt signaling, and can be genetically 

engineered to have tumor-specific properties (11, 62). For the first time, we showed that 

Wnt/β-catenin signaling is not only critical for T cell development, but also plays a 

significant role in T cell-mediated acute GVHD after allogeneic transplantation. Our 

functional and genetic data demonstrate that the Wnt/β-catenin pathway plays a central 

role in uncoupling GVHD from GVL functions (Fig. A.7). 
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Figure A.7: Impact of β-catenin over-expression in alloactivated T cells.

Over-expression of human β-catenin in mouse cells (called Cat-Tg mice) leads to 

significant changes to T cell phenotype, function, and gene expression. T cells from Cat-

Tg mice do not induce GVHD, in part due to decreased cytokine production and 

increased memory cells. However, these T cells maintain the GVL effect, likely due to 

increased production of cytotoxic mediators. The innate memory phenotype (IMP), 

identified by higher expression of CD122, CD44, and Eomes, was more highly expressed

among Cat-Tg T cells than WT T cells. Additionally, many gene pathways were altered 

by over-expression of β-catenin, including genes related to autoimmunity, allograft 

rejection, GVHD, T cell differentiation, TCR signaling, and others. Therefore, the Wnt/β-

catenin pathway may be a therapeutic target for modulation to separate GVHD from 

GVL effects. 
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Abstract
Regulatory T cells (Tregs) play a critical role in controlling autoimmunity and 

limiting tissue destruction and inflammation. IL2-inducible T cell kinase (Itk) belongs to 

the Tec family of tyrosine kinases and is an important component of TCR-mediated 

signaling. In this manuscript we show that either genetic ablation of Itk signaling or 

inhibition of Itk signaling pathways with our specific peptide resulted in increased 

frequency of “noncanonical” CD4+ CD25− FOXP3+ Tregs (ncTregs), as well as of 

“canonical” CD4+ CD25+ FOXP3+ Tregs (canTregs). Using in vivo models, we showed 

that ncTregs can prevent animals from developing acute graft-versus-host disease 

(GVHD), by reducing proinflammatory cytokine production, tissue damage, and 

conventional T cell proliferation. This reduction in GVHD occurred without disruption of

graft-versus-leukemia (GVL) effects. 

Furthermore, RNA sequencing revealed that a number of effector, cell adhesion, 

and migration molecules were upregulated in Itk-/-  ncTregs. We discovered that disrupting

SLP76:ITK signaling with our specific peptide inhibitor led to enhanced Treg expression 

in both mouse cells and primary human cells. Additionally, our peptide inhibitor also 

significantly reduced inflammatory cytokine production in primary GVHD patient 

samples and mouse T cells. We provide evidence that specifically targeting Itk signaling 

could be a therapeutic strategy to treat autoimmune disorders.
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Summary
Targeting Itk signaling resulted in increased CD25+ FOXP3+ canonical and CD25-

FOXP3+ noncanonical Tregs. Noncanonical Tregs inhibited GVHD induced by 

conventional CD4+ and CD8+ T cells, and reduced production of inflammatory cytokines 

in mice, without disrupting GVL effects. Disrupting ITK signaling by our specific peptide

inhibitor reduced proinflammatory cytokine production by T cells in GVHD patient 

samples.  

Introduction

Regulatory T cells (Tregs) play an important role in immunoregulation and 

promotion of immunological tolerance (Sakaguchi et al., 2008). Tregs have been used as 

immunotherapy in bone marrow and solid organ transplantation, autoimmune diseases, 

and allergy medicine (Heinrichs et al., 2016). In allogeneic hematopoietic stem cell 

transplantation (allo-HSCT), Tregs play a significant role in prevention of graft-versus-

host disease (GVHD) (Whangbo et al., 2020). However, there are several challenges to 

the use of Tregs as an immunotherapy. One of these challenges is the low number of 

Tregs in peripheral blood (Ruhnau et al., 2016). Expansion of the Treg population is 

challenging, as with in vitro expansion these cells lose FOXP3 expression (Li et al., 2015;

Shevach, 2018). Broad application of Tregs as a therapeutic approach may require 

standardization of Treg expansion methods and dosing (Fuchs et al., 2017). Inducible 

Tregs (iTregs) can be easily generated in vitro, but controversial pre-clinical findings and 

phenotype instability have hampered their translation into the clinic (Kanamori et al., 

2016).
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Several studies have established a direct association between GVHD severity and 

the number of Tregs present in recipient circulation or tissues post-transplantation (Li et 

al., 2010; Rieger et al., 2006). Although these studies have limitations in establishing the 

direct role of Treg cells in the severity of GVHD, other studies have demonstrated that 

depletion of Tregs led to onset of acute GVHD, while adding Treg cells significantly 

ameliorated the development of GVHD (Cohen et al., 2002). We and others have shown 

that T cells deficient in Interleukin-2-inducible T cell kinase (Itk) lead to a reduction in 

GVHD (or other diseases like colitis), without affecting GVL function (Gomez-

Rodriguez et al., 2014; Mammadli et al., 2020). We have further shown that disruption of 

SLP76/Itk interactions by our novel inhibitor leads to significantly decreased GVHD 

without affecting GVL function (Mammadli et al., 2021). 

It has been shown that knockdown of Itk leads to enhanced expression of FOXP3 

in human CD4 T cells, producing expansion of suppressive Tregs (Mamontov et al., 

2019). We have also recently shown that disruption of SLP76/Itk interactions led to 

enhanced expression of Tregs (Mammadli et al., 2021). Here, we report that even at high 

doses of CD4+ and CD8+ T cells from Itk-deficient mice (Itk-/-), the donor cells clear 

tumor cells but have significantly delayed GVHD development. We hypothesized that 

this delay in GVHD pathogenesis might be due to enhanced production of Tregs in Itk-/- 

mice.
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Canonical regulatory T cells (canTregs) are characterized by stable expression of 

CD25+ and FOXP3+, while noncanonical regulatory T cells (ncTregs) are FOXP3+ cells 

that do not express CD25 (Coleman et al., 2012; Harris et al., 2021). Even though 

inhibitory mechanisms of regulatory T cells may differ in vitro and in vivo, there are 

multiple mechanisms that regulatory T cells can use to suppress conventional T cells

(Sojka et al., 2008). We have recently shown that the T cell transcription factor T Cell 

Factor-1 (TCF-1) regulates production of noncanonical Tregs in a cell-intrinsic, prion-like

manner (Harris et al., 2021). Here, we report that both canTregs and ncTregs are 

significantly enhanced in Itk-/- mice, with cell frequencies increased by 20% and 115%, 

respectively, compared to C57BL/6 (B6) mice (Itk-/- mice are also on a C57Bl/6 

background). 

In order to investigate the functional mechanisms behind the ncTregs' suppression

ability, we compared in vitro CTLA-4, IL-2, and IL-10 expression in canTregs and 

ncTregs from WT and Itk -/- mice, with and without TCR stimulation. Our data revealed 

that noncanonical Tregs from Itk -/- mice express more CTLA-4, and less IL-2 and IL-10 

compared to WT noncanonical Tregs. We also revealed that the noncanonical Tregs from 

Itk -/- mice more frequently have an effector Treg phenotype and express more CXCR3, 

which has been previously shown to be an important chemokine receptor for regulatory T

cells in preventing GVHD (Hasegawa et al., 2008). Our data further show that ncTregs 

from Itk -/- mice significantly suppress conventional T cell proliferation in an in vivo 

model. Furthermore, histology revealed that ncTregs from Itk -/- mice reduced damage in 
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GVHD target organs. Recipient GVHD mice treated with ncTregs from Itk -/- donors had 

reduced proinflammatory cytokine production in recipient serum and by donor T cells.

RNA sequencing data revealed that in Itk-/- noncanonical Tregs, genes involved in 

cytokine and chemokine receptor activity were differentially upregulated compared to 

Itk-/- and WT canonical Tregs. Itk-/- noncanonical Tregs also upregulated T cell activation 

regulators and effector molecules (ICOS, Klrg1, Itga7 Gzmb, Glrx, Tigit) compared to 

Itk-/- and WT canonical Tregs.

Finally, we have shown that both primary human T cells and GVHD patient T 

cells treated with our peptide, SLP76pTYR (Mammadli et al., 2021), exhibited enhanced 

frequencies of canTregs and ncTregs. Our studies therefore identify the Itk signaling 

pathway as a potential therapeutic target for modulation of Treg populations, providing 

benefit for clinical treatment of T cell-mediated GVHD. This strategy could also be used 

to enhance Treg production for treatment of other autoimmune disorders.
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Results

T cells from Itk -/- mice delay GVHD even at high doses. We have recently reported that 

1x106 to 2x106 CD4+ and CD8+ T cells from Itk-deficient mice do not cause GVHD, 

compared to CD4+ and CD8+ T cells from WT mice, which do induce GVHD (Mammadli

et al., 2020). Here, we examined the maximum number of CD8+ and CD4+ T cells from 

WT or Itk-/- mice that would clear the tumor without inducing GVHD. To induce GVHD, 

we used MHC-mismatched donors and recipients, with T cell-depleted bone marrow 

(TCDBM) from C57Bl/6 (B6) mice, donor T cells from C57BL/6 (B6) WT or Itk-/- mice 

(MHC haplotype b), and lethally irradiated BALB/c (MHC haplotype d) mice as 

recipients. For GVL experiments, B-ALL primary blasts expressing luciferase (Cheng et 

al., 2016) (B-ALL-luc) were used as described previously (Mammadli et al., 2020; 

Mammadli et al., 2021). This transplant strategy is illustrated in Fig. B.1A.

As illustrated in Fig. B.1B, group one was recipient BALB/c mice that were 

transplanted with 10x106 
TCDBM cells from wild-type (WT) mice as a bone marrow only 

control. All TCDBM group mice survived for more than 50 days post-allo-HSCT with no 

signs of GVHD (Fig. B.1B-E). Group two received 10x106 TCDBM cells along with 2x105 

B-ALL-luc cells. All animals in this group developed tumors, as measured by 

bioluminescence, and later died of tumor ("death by tumor") (Fig.B.1B). Group three 

received 10x106 TCDBM cells along with 0.5x106 CD4+ and 0.5x106 CD8+ T cells from WT

mice, and 2x105 B-ALL-luc cells. This group of recipient mice cleared the tumor cells but

developed GVHD after 2 weeks ("death by GVHD") (Fig. B.1B). 
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Figure B.1: T cells from Itk -/- mice delay GVHD even at high doses.

Different numbers of CD4+ and CD8+ T cells from WT or Itk-/- mice were purified and 

mixed at a 1:1 ratio, then transplanted into lethally irradiated BALB/c mice along with 

2x105 B-ALL-luc cells and 10x106 T cell depleted bone marrow cells (TCDBM ). Group 1 

received only TCDBM. Group 2 received TCDBM and B-ALL-luc cells. Group 3 received 

TCDBM, 0.5x106 WT CD8+ and 0.5x106 CD4+ T cells (1:1 ratio), and B-ALL-luc cells. 

Group 4 received TCDBM, 2.5x106 WT CD8+ and 2.5x106 CD4+ T cells (1:1 ratio), and B-

ALL-luc cells. Group 5 received TCDBM, 5x106 WT CD8+ and 5x106 CD4+ T cells (1:1 

ratio), and B-ALL-luc cells. Group 6 received TCDBM, 0.5x106 Itk-/- CD8+ and 0.5x106 

CD4+ T cells (1:1 ratio), and B-ALL-luc cells. Group 7 received TCDBM, 2.5x106 Itk-/- 

CD8+ and 2.5x106 CD4+ T cells (1:1 ratio), and B-ALL-luc cells. Group 8 received TCDBM,

5x106 Itk-/- CD8+ and 5x106 CD4+ T cells (1:1 ratio), and B-ALL-luc cells. (A) Model 

showing the transplant scheme used. (B) Recipient BALB/c mice were imaged using 

IVIS 50 3 times a week. The mice were monitored for (C) survival, (D) changes in body 

weight, and (E) clinical score for over 60 days post BMT. (F) Quantitated luciferase 

bioluminescence of tumor growth. Statistical analysis was done with log-rank test 

(survival) or two-way ANOVA (clinical score, weight, bioluminescent signal). For D-F, 

one representative of 2 independent experiments is shown (n = 3 mice for BM alone; n = 

5 mice/group for other groups). C is a combination of 3 experiments. Symbol meaning 

for P values are: ns - P > 0.05; * - P ≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 

0.0001.
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Group four received 10x106 TCDBM cells, 2.5x106 CD4+ and 2.5x106 CD8+ T cells 

from WT B6 mice, and 2x105 B-ALL-luc cells. This group of mice also cleared tumor 

cells but developed GVHD, and all recipient animals died of GVHD with 2 weeks (Fig. 

B.1B). Group five received 10x106 TCDBM cells, 5x106 CD4+ and 5x106 CD8+ T cells from

WT B6 mice, and 2x105 B-ALL-luc cells. All animals in this group cleared the tumor 

cells rapidly, but all animals died of GVHD within 10 days (Fig. B.1B).

Group six received 10x106 TCDBM cells, 0.5x106 CD4+ and 0.5x106 CD8+ T cells 

from Itk-/- mice, and 2x105 B-ALL-luc cells. This group of animals cleared the tumor cells 

but did not develop GVHD, and all animals survived more than 50 days with minimal 

GVHD scores (Fig. B.1B). Group seven received 10x106 TCDBM cells, 2.5x106 CD4+ and 

2.5x106 CD8+ T cells from Itk-/- mice, and 2x105 B-ALL-luc cells. This group of recipient 

mice cleared the tumor cells, and only 2 of 10 mice died of GVHD, with 8 mice surviving

to 50 days post transplantation (Fig. B.1B). Group eight received 10x106 TCDBM cells, 

5x106 CD4+ and 5x106 CD8+ T cells from Itk-/- mice, and 2x105 B-ALL-luc cells. This 

group of mice cleared the tumor cells very quickly, but the animals started to develop 

GVHD at 40 days post-transplantation (Fig. B.1B).

Each group of animals was monitored for survival (Fig. B.1C), changes in weight 

(Fig. B.1D), and clinical score (scored based on weight, posture, activity, fur texture, 

diarrhea, and skin integrity as previously described (Cooke et al., 1996)) (Fig. B.1E). 

Quantitated luciferase bioluminescence of tumor growth was also determined, showing 
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that all the animals that received T cells from WT or Itk-deficient mice were able to clear 

the tumor cells and maintain the GVL effect (Fig. B.1F). These data indicated that even 

with 10x106 donor T cells (both CD4+ and CD8+ T cells) from Itk-deficient mice, GVHD 

was delayed compared to high doses of WT donor T cells, and was even delayed 

compared to low doses such as 1x106 CD4+ and CD8+ T cells from WT mice.

 Itk deficiency enhances noncanonical Treg production and phenotype. Given that 

GVHD induction was delayed in mice receiving even high doses of Itk-deficient donor T 

cells, we hypothesized that Treg populations may be expanded in mice lacking Itk, 

helping to suppress GVHD development. Several lines of evidence have suggested that 

both Itk and resting lymphocyte kinase (RLK) are important components of TCR 

proximal signal transduction pathways in regulatory Tregs (Gomez-Rodriguez et al., 

2014). Recently, we demonstrated that targeting SLP76:ITK interaction may increase 

Tregs (Mammadli et al., 2021), indicating that these molecules negatively regulate Treg 

production.

Even though the functional mechanisms of regulatory T cells are still unclear, and 

vary between in vivo and in vitro studies, there are several potential mechanisms which 

have been described. These include cell contact-dependent mechanisms (such as use of 

membrane bound TGF- (Li et al., 2006), expression of FAS and granzyme B (Janssens 

et al., 2003), LAG-3 (Huang et al., 2004), or CTLA-4 (Rudd, 2009)), secretion of 

inhibitory cytokines (such as TGF-β and IL-10 (Asseman et al., 1999) or IL-35 (Collison 
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et al., 2007)), and local competition for growth factors (such as consumption of IL2 (de la

Rosa et al., 2004), or cytokine deprived apoptosis via BCL-2 (Pandiyan et al., 2007)).

It has been previously shown that canonical regulatory T cells express CD25 and 

FOXP3, while noncanonical regulatory T cells are FOXP3+ cells which do not express 

CD25. These noncanonical Tregs are functional cells and have suppressive ability in 

some contexts (Coleman et al., 2012). Here, we observed that Itk-/- mice express not only 

a higher frequency of CD4+ CD25+ FOXP3+ Tregs, but also a significantly higher 

frequency of CD4+ CD25- FOXP3+ noncanonical Tregs (Fig. B.2A, Fig. BS.1A). 

To determine whether these expanded CD25- Tregs were a consequence of 

aberrant FOXP3 expression, we stained fresh, cultured/unstimulated, or cultured/ 

stimulated T cells for CD25 and FOXP3 expression. Briefly, naive T cells were obtained 

from WT and Itk -/- mice, and either stained immediately or cultured for 6 hours with 

GolgiPlug along with PBS (no stim. group) or anti-CD3/anti-CD28 (stim. group). We 

found that the frequency of CD8+ FOXP3+ cells (either CD25+ or CD25-) was not 

increased by Itk deficiency, so expansion of noncanonical Tregs is not the result of 

aberrant FOXP3 expression (Fig. BS.1B-C).
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Figure B.2: Itk deficiency enhances noncanonical Treg production, and alters Treg 

phenotypes. 

(A) Purified WT and Itk-/- CD4+ T cells were examined for expression of CD25 and 

FOXP3 by flow cytometry. (B-G) CD4+ T cells were obtained from WT and Itk -/- mice, 

and either stained immediately or cultured for 6 hours with or without anti-CD3/anti-

CD28. Cells were then stained for CTLA-4, IL-2, IL-10, CD3, CD4, CD25, and FOXP3. 

(B) CTLA-4 expression in CD25+ FOXP3+ (canonical) Tregs from WT or Itk -/- mice and 

(C) in CD25- FOXP3+ (noncanonical) Tregs from WT or Itk -/- mice. (D) IL-2 expression 

in canonical Tregs from WT or Itk -/- mice, and (E) in noncanonical Tregs from WT or 

Itk-/- mice. (F) IL-10 expression in canonical Tregs from WT or Itk -/- mice, and (G) in 

noncanonical Tregs from WT or Itk -/- mice. (H) CXCR3 expression in canonical and 

noncanonical Tregs from WT or Itk -/- mice. (I) CD44 and CD62L expression in canonical

and noncanonical Tregs from WT or Itk -/- mice. (J) CCR7 expression in canonical and 

noncanonical Tregs from WT or Itk -/- mice. One representative experiment is shown for 

A, one experiment is shown for B-J. Symbol meaning for P values are: ns - P > 0.05; * - 

P ≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001.
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Since CTLA-4 is an important factor for Treg function and identity (Sharma and 

Rudra, 2018), we examined whether Tregs from Itk-deficient mice expressed CTLA-4, 

IL-2, and IL-10. We found that expression of CTLA-4 was trending towards increased for

canonical Tregs from Itk -/- mice for all conditions (Fig. B.2B). Among noncanonical 

Tregs, CTLA-4 was trending towards increased for all conditions, and significantly 

increased upon antibody stimulation in the Itk-/- Tregs compared to WT Tregs (Fig. 

B.2C). We also found that expression of IL-2 was decreased for Itk -/- mice in both 

canonical and noncanonical Tregs, regardless of culture condition (Fig. B.2D-E). 

Expression of IL-10 was similar between WT and Itk-/- canonical Tregs, but was 

decreased for all culture conditions for the Itk-/- ncTregs (Fig. B.2F-G). These data 

suggest that the Itk-/- ncTregs are not simply T helper cells which aberrantly expressed 

FOXP3.

 Chemokines play an indispensable role in the recruitment of alloactivated donor 

T cells into GVHD target organs. Th1-like cytotoxic T cells use the receptor CXCR3 to 

migrate to GVHD target organs like liver, lungs, and small intestines (Duffner et al., 

2003). Adoptively transferring CXCR3-expressing Tregs can significantly ameliorate 

acute GVHD in liver, lung, and small intestines (Hasegawa et al., 2008). This effect was 

due to an increase in migration of the CXCR3+ Tregs, and because the Tregs maintained 

their function in the localized GVHD target organs for a longer time, resulting in better 

suppressive ability. Our data revealed that CXCR3 expression was significantly higher in 

noncanonical Tregs than in canonical Tregs, regardless of strain (WT or Itk-/-) (Fig. B.2H,
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Fig. BS.2A). Tregs from Itk-deficient mice also expressed more CXCR3 compared to 

Tregs from WT mice, regardless of canonical or noncanonical status (Fig. B.2H, Fig. 

BS.2A), suggesting that both canonical and noncanonical Tregs from Itk-/- deficient mice 

could have better suppressive ability in attenuating acute GVHD compared to canonical 

Tregs from WT mice. 

Central Treg cells (cTregs, CD62L+ CCR7+ CD44-) are naïve-like cells which 

activate to become effector Treg cells (eTregs, CD62L- CCR7- CD44+). These eTregs 

(also defined as activated Tregs or effector memory Tregs) express KLRG1, CD103, 

CTLA-4, and ICOS, which are important functional markers (Koizumi and Ishikawa, 

2019; Levine et al., 2014). Effector Tregs have more suppressive ability compared to 

central naïve-like Tregs. cTreg and eTreg cell maintenance relies on IL-2 and ICOS 

signals, respectively (Koizumi and Ishikawa, 2019). 

Our data show that canonical Tregs from Itk -/- mice have more eTregs 

(CD44+CD62L-), and fewer central naïve-like Tregs (CD44- CD62L+) than canonical 

Tregs from WT mice do (Fig. B.2I). Noncanonical Tregs have more effector Tregs 

compared to canonical Tregs, regardless of strain (WT or Itk-/-), and Tregs from Itk-

deficient mice also have more eTregs and fewer central naïve-like Tregs compared to 

Tregs from WT mice, regardless of canonical or noncanonical status (Fig. B.2I, Fig. 

BS.2B-C). 

444



F
ig

u
re

 B
S

.2
: 

T
re

g 
su

b
se

ts
 a

nd
 m

ar
k

er
 e

xp
re

ss
io

n
.

(A
) 

Q
ua

nt
if

ic
at

io
n 

of
 C

X
C

R
3 

ex
pr

es
si

on
 in

 c
an

on
ic

al
 a

nd
 n

on
ca

no
ni

ca
l T

re
gs

 f
ro

m
 W

T
 o

r 
It

k-/
- 
m

ic
e.

 (
B

-C
) 

Q
ua

nt
if

ic
at

io
n 

of

(B
) 

ce
nt

ra
l n

aï
ve

-l
ik

e 
T

re
gs

 a
nd

 (
C

) 
ef

fe
ct

or
 T

re
gs

 f
or

 c
an

on
ic

al
 a

nd
 n

on
ca

no
ni

ca
l T

re
gs

 f
ro

m
 W

T
 o

r 
It

k-/
- 
m

ic
e.

 (
D

) 
Q

ua
nt

if
ic

at
io

n 
of

C
C

R
7 

ex
pr

es
si

on
 f

or
 c

an
on

ic
al

 a
nd

 n
on

ca
no

ni
ca

l T
re

gs
 f

ro
m

 W
T

 o
r 

It
k-/

- 
m

ic
e.

 N
S

 -
 P

 >
 0

.0
5;

 *
 -

 P
 ≤

 0
.0

5;
 *

* 
- 

P 
≤ 

0.
01

; *
**

 -
 P

 ≤

0.
00

1;
 *

**
* 

- 
P 

≤ 
0.

00
01

(n
 =

 3
 m

ic
e 

pe
r 

gr
ou

p,
 o

ne
 e

xp
er

im
en

t s
ho

w
n)

.

                     445



This suggests that ncTregs from Itk-/- deficient mice could have better suppressive 

ability compared to other groups. CCR7 expression was also lower in canonical and 

noncanonical Tregs from Itk-deficient mice than in Tregs from WT mice, suggesting a 

more effector-like Treg phenotype (Fig. B.2J, Fig. BS.2D). Therefore, expanded 

noncanonical Tregs in Itk-deficient mice are not due to aberrant FOXP3 expression, they 

express functional Tregs markers, and they appear to have a more effector-like and 

suppressive Treg phenotype. Thus, these Tregs may be more suppressive than WT Tregs 

during GVHD.

Noncanonical Tregs suppress GVHD but maintain GVL effects. We next sought to 

examine whether ncTregs from Itk-/- mice are actually suppressive, and whether they 

could ameliorate GVHD responses while maintaining GVL efficacy. We utilized the 

MHC-mismatch mouse model of allo-HSCT (WT C57Bl/6 to BALB/c, i.e., H2Kb+ to 

H2Kd+). All BALB/c recipient mice were lethally irradiated and transplanted with 

10x106 T cell-depleted bone marrow cells (TCD BM). All groups of BALB/c recipient mice

were monitored for tumor growth twice a week using bioluminescence (via the IVIS 

system) for over 40 days.

The first group of recipient mice was transplanted with TCD BM alone as a control, 

and these mice all survived without developing GVHD (Fig. B.3A). 
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Figure B.3: Noncanonical Tregs suppress GVHD but maintain GVL effects.   

BALB/c recipient mice were lethally irradiated and transplanted with 10x106 T cell-

depleted bone marrow cells (TCD BM), 1x106 WT CD8+ T cells, and 1x105 primary tumor 

cells (B-ALL-luc). Tregs were sorted from WT or Itk-/- mice using an IRES-mRFP 

cassette marking FOXP3+ cells (FOXP3RFP). Recipient BALB/c mice were either 

untreated, or treated with 0.5x106 noncanonical or canonical Tregs from Itk-/- mice or 

canonical Tregs from WT mice. Group 1 received 10x106 TCDBM only. Group 2 received 

TCD BM and  B-ALL-luc cells. Group 3 received TCD BM, 1x106 WT CD8+ T cells, and B-

ALL-luc cells. Group 4 received TCD BM, 1x106 WT CD8+ T cells, and 0.5x106 canonical 

WT Tregs, along with B-ALL-luc cells. Group 5 received TCD BM, 1x106 WT CD8+ T 

cells, and 0.5x106 canonical Itk-/- Tregs, along with  B-ALL-luc cells. Group 6 received TCD

BM, 1x106 WT CD8+ T cells, and 0.5x106 noncanonical Itk-/- Tregs, along with B-ALL-luc 

cells. (A) Recipient BALB/c mice were imaged using IVIS 200 three times a week. The 

mice were also monitored for (B) survival, (C) changes in body weight, and (D) clinical 

score for more than 40 days post BMT. (E) Quantitated luciferase bioluminescence of 

tumor growth. (F) Mortality from GVHD and tumor during the experiment, as percent of 

mice dead. Statistical analysis was done with log-rank test (survival) or two-way ANOVA

(others). One representative experiment out of two is shown for A, C-E (n=3-5 mice per 

group), two experiments are combined for B and F (n=6-7 mice per group). "Gr" stands 

for group, and P values are presented with each figure. Symbol meaning for P values are: 

ns - P > 0.05; * - P ≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001. 
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A second group of recipient mice was transplanted with TCD BM and 1x105 B-

ALL-luc cells. These mice did not develop GVHD, but by day 31, all recipient mice died 

of tumors (Fig. B.3A). A third group of recipient mice was transplanted with TCD BM and 

1x105 B-ALL-luc cells, along with 1x106 MACS-purified WT CD8+ T cells. These mice 

were able to clear the tumor cells, but developed acute GVHD and died within 2 weeks of

transplantation (Fig. B.3A). 

A fourth group received TCD BM and 1x105 B-ALL-luc cells, along with 1x106 WT

CD8+ T cells and 0.5x106 canonical Tregs sorted from WT mice. Tregs were sorted using 

CD25+ and an IRES-mRFP cassette marking FOXP3+ cells (FOXP3RFP) (Huang et al., 

2017). These recipient BALB/c mice were able to clear B-ALL-luc cells, but showed 

delayed development of GVHD, and died within 4 weeks of transplantation (Fig. B.3A). 

A fifth group received TCDBM and 1x105 B-ALL-luc cells, along with 1x106 WT CD8+ T 

cells and 0.5x106 canonical Tregs sorted from Itk-/- mice by CD25+ FOXP3RFP. These 

animals were able to clear the tumor cells, and only 1 out of 6 animals died of GVHD 

(Fig. B.3A). A sixth group received TCD BM and 1x105 B-ALL-luc cells, along with 1x106 

WT CD8+ T cells and 0.5x106 noncanonical Tregs sorted from Itk-/- mice by CD25- 

FOXP3RFP. These animals were able to clear the tumor cells, and only 1 out of 7 animals 

died of GVHD (Fig. B.3A).

We did not observe any statistical differences in survival, weight loss, or clinical 

score for untreated recipient mice versus mice treated with canonical Tregs from WT 
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mice (group 3 vs. group 4) (Fig. 3B-D). We did observe statistical differences in survival 

and weight loss in the Itk-/- canTregs and ncTregs recipient groups compared to the WT 

canTregs recipient group (groups 5 and 6 vs. group 4) (Fig. B.3B-D). Clinical scores 

were significantly improved in the Itk-/- ncTregs group compared to the WT canTregs 

group (group 6 vs. group 4) (Fig. B.3D). Even though recipient BALB/c mice given Itk-/- 

canonical Tregs showed minimal signs of GVHD, similar to those given Itk-/- 

noncanonical Tregs, we observed increased signs of GVHD after 35 days (Fig. B.3D). 

At day 17 and day 24 post-transplant, bioluminescent imaging signals in mice 

from Group 2 were saturated, so we had to exclude those numbers. Even though because 

of this issue we couldn’t perform statistical analysis, the tumor growth trend was still 

observed (Fig. B.3E). All groups which received WT CD8+ T cells cleared the tumor 

cells, while mice not given T cells died from tumor burden (Fig. B.3E-F). Additionally, 

mice not given Tregs died of GVHD, while mice given Tregs (especially from Itk-/- 

donors) had better survival (Fig. B.3F). Our findings demonstrate that ncTregs from Itk-/- 

mice suppress GVHD mediated by conventional T cell damage without affecting GVL 

responses against primary tumor cells. Itk deficiency also improves the suppressive 

function of canonical Tregs during GVHD.

Noncanonical Tregs suppress inflammatory cytokine production by donor T cells. It is 

well known that the conditioning regimen for allo-HSCT elicits an increase in the 

production of inflammatory cytokines by donor T cells, known as a “cytokine storm”, and
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this is considered one of the hallmarks of GVHD pathogenesis (Henden and Hill, 2015). 

To assess suppression of inflammatory cytokine production by noncanonical Tregs from 

Itk-/- mice, we utilized the allo-HSCT model (B6 to BALB/c) as described above to 

induce GVHD using CD8+ T cells from WT mice. Recipient mice were also treated with 

canonical or noncanonical Tregs as described above. Seven days post-transplant, recipient

animals were euthanized and serum levels of proinflammatory cytokines were examined 

using multiplex ELISA (Fig. B.4).

Generally, we observed differences in IFN-, TNF-α, IL-17A, and IL-5 levels in 

the serum, and we did not observe significant differences in serum levels of IL-2 or TGF-

Fig. B.4A-FWe also examined IL-6, IL-4, IL-9, IL-10, IL-17F, IL-22, and IL-13, but

no significant differences were observed in the serum of recipient mice for these 

cytokines. Specifically, we observed that recipient BALB/c mice treated with canTregs 

from WT mice exhibited reduced serum levels of IFN- compared to mice given only WT

CD8+ T cellsWe did not observe differences in the serum level of IFN- among recipient

BALB/c mice treated with canTregs or ncTregs from Itk-/- mice, as compared to each 

other or to WT canTregs (Fig. B.4A). 

Our experiment also showed that recipient BALB/c mice treated with canTregs or

ncTregs from either WT or Itk-/- mice exhibited a significant decrease in TNF-α in the 

serum compared to nontreated recipient BALB/c mice (Fig. B.4B). 
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Figure B.4: Noncanonical Tregs suppress inflammatory cytokine production by 

donor T cells. 

(A-F) Serum was collected from allotransplanted mice which were untreated or given 

Tregs. At seven days post-transplant, we examined the levels of serum inflammatory 

cytokines (IFN-, IL-5, TNF-α, IL-2, IL-6, IL-4, IL-9, IL-10, IL-17A, IL-17F, IL-22, IL-

13, and TGF- by multiplex ELISA. (A) Serum cytokine level of IFN- in treated and 

nontreated groups. (B) Serum cytokine level of TNF-α in treated and nontreated groups. 

(C) Serum cytokine level of IL-17A in treated and nontreated groups. (D) Serum cytokine

level of IL-5 in treated and nontreated groups. (E) Serum cytokine level of IL-2 in treated

and nontreated groups. (F) Serum cytokine level of TGF- in treated and nontreated 

groups. (G-H) Lymphocytes from recipient spleen and lymph nodes were restimulated in 

vitro to produce cytokines at seven days post-transplant. Cytokine production was 

examined in donor T cells by flow cytometry. (G) IFN-γ expression by donor CD8+ T 

cells. (H) TNF-expression from donor CD8+ T cells. One representative experiment of 

three is shown for A-F, combined data from two independent experiments are shown for 

G-H. Statistical analysis was performed using one-way ANOVA, P value presented with 

each figure. Symbol meaning for P values are: ns - P > 0.05; * - P ≤ 0.05; ** - P ≤ 0.01; 

*** - P ≤ 0.001; **** - P ≤ 0.0001.
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We observed that recipient mice treated with ncTregs from Itk-/- mice exhibited a 

significant decrease in IL-17A in the serum compared to nontreated recipient mice (Fig. 

B.4C). We also observed that recipient mice treated with canTregs from either WT or 

Itk-/- mice exhibited a significant decrease in the serum level of IL-5. Recipient BALB/c 

mice treated with ncTregs from Itk-/- mice showed no reduction in serum level of IL-5 as 

compared to nontreated recipient mice (Fig. B.4D). Our data also showed that recipient 

mice treated with canTregs or ncTregs from Itk-/- mice show a trend towards lower IL-2 

levels in the serum compared to BALB/c mice treated with canTregs from WT mice or 

nontreated recipient mice, but this effect was not significant (Fig. B.4E). Recipient mice 

treated with ncTregs from Itk-/- mice showed similar serum TGF- levels compared to 

recipients in the other groups (Fig. B.4F).

We also obtained lymphocytes from the secondary lymphoid organs (spleen and 

inguinal lymph nodes) of recipients, and stimulated them with anti-CD3/anti-CD28, or 

left them unstimulated for 6 hours. Cells were cultured in the presence of GolgiPlug, 

followed by staining for H2Kb (expressed on donor cells), CD3, CD8, and CD4, and 

analysis of IFN- and TNF- cytokine production. We observed a significant reduction in

IFN- production by donor CD8 T cells from WT mice in animals treated with canTregs 

or ncTregs from WT or Itk-/- mice, compared to nontreated BALB/c mice (Fig. B.4G). No

difference was observed for TNF-a expression by donor T cells (Fig. B.4H), suggesting 

that donor production of IFN- was the primary target of Treg activity here. These data 

demonstrate that noncanonical Tregs from Itk-deficient mice decrease IFN- production 
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but have no effect on TNF- production by donor T cells on a cellular level. On the 

serum level, noncanonical Tregs can reduce production of IL-17A and TNF-.

Noncanonical Tregs suppress donor T cell proliferation in vivo, resulting in less 

damage to GVHD target organs. To examine how these the noncanonical Tregs from 

Itk-/- mice can suppress CD8+ T cell-mediated GVHD in allogeneic transplant, we used 

the MHC-mismatch mouse model of allo-HSCT (WT to BALB/c). We used CD8+ T cells 

from C57Bl/6 mice that expressed luciferase as donor cells (Mammadli et al., 2020; 

Mammadli et al., 2021). Recipient animals were then examined post-transplant for 

luciferase expression as a means to examine donor CD8+ T cell proliferation, as measured

by bioluminescence (Fig. B.5A). 

Group 1 BALB/c recipient mice were transplanted with TCD BM and 1x106 CD8+ T

cells from WT luc mice. This group of mice showed significant proliferation of donor T 

cells (Fig. B.5A-B). Group 2 received TCD BM, 1x106 CD8+ T cells from WT luc mice, and

0.5x106 canonical Tregs FACS sorted from WT FOXP3RFP mice by CD25+ FOXP3RFP. 

These animals exhibited a significant reduction in donor T cell proliferation compared to 

Group 1 (T cells only) (Fig. B.5A-B). Group 3 received TCD BM, 1x106 CD8+ T cells from

WT luc mice, and 0.5x106 canTregs sorted from Itk-/- FOXP3RFP mice by CD25+ 

FOXP3RFP. This group showed a significant reduction in donor T cell proliferation 

compared to Group 1 (T cells only) (Fig. B.5A-B). 
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Figure B.5: Noncanonical Tregs suppress donor T cell proliferation in vivo, resulting 

in less damage to GVHD target organs. 

(A) BALB/c recipient mice were lethally irradiated and transplanted with 10x106 T cell-

depleted bone marrow cells, 1x106 WT-luc CD8+ T cells, and FACS-sorted canonical or 

non-canonical Tregs from Itk-/- mice or canonical Tregs from WT mice. Recipient   

BALB/c mice were imaged using IVIS 50 every day for 7 days in order to track the 

transplanted WT-luc  CD8 T cells' proliferation in the different treatment groups. (B) 

Quantification of luciferase bioluminescence, representing donor CD8-luc T cell 

proliferation. Statistical analysis was performed using two-way ANOVA, one experiment 

is shown. (C-D) BALB/c mice were transplanted as for A-B. At day 7 post-

transplantation, recipient mouse livers and small intestines were obtained and stained 

with H&E. (E) Tissues obtained from recipient mice were graded for GVHD. Quantified 

GVHD scores for different groups are shown. One experiment is shown as a 

representative from two independent experiments. Statistical analysis was performed 

using Kruskal Wallis test, mean with standard deviation is graphed. P value presented 

with the figure. Symbol meaning for P values are: ns - P > 0.05; * - P ≤ 0.05; ** - P 

≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001. 
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Group 4 received TCD BM, 1x106 CD8+ T cells from WT luc mice, and 0.5x106 

ncTregs sorted from Itk-/- FOXP3RFP mice by CD25- FOXP3RFP+. This group also showed a

significant reduction in donor T cell proliferation compared to Group 1 (T cells only) 

(Fig. B.5A-B). All transplanted mice were monitored for bioluminescence (representing 

donor T cell proliferation) every day for 7 days (Fig. B.5A-B). At day 1 post-transplant, 

there was no significant difference in bioluminescence between groups, but at day 5 to 

day 7 post-transplant, all of the Treg-treated groups showed significantly reduced CD8+ T

cell proliferation (Fig. B.5B). The noncanonical Itk-/- Tregs demonstrated the most robust 

decrease in donor cell proliferation compared to the other groups (Fig. B.5B). 

Previous work suggested that a 1:1 ratio of Tregs to conventional T cells is needed

to see a persistent reduction in donor T cell proliferation (Hoffmann et al., 2002). Here, 

our data support this fact, as use of a 1:2 Treg:Tconv ratio for canTregs (WT or Itk-/-)  

allowed for initial suppression of donor T cell proliferation (Fig. B.5A-B), but GVHD 

was not permanently ameliorated (Fig. B.3). However, treatment with Itk-/- ncTregs even 

in a 1:2 Treg:Tconv ratio was able to reduce donor T cell proliferation early on (Fig. 

B.5A-B), as well as persistently alleviate acute GVHD signs (Fig. B.3). These data 

demonstrate that Itk-/- Tregs may have equal or superior suppressive abilities compared to 

WT canTregs.

To assess target organ damage, we again performed allo-HSCT (WT to BALB/c) 

using 1x106 CD8+ T cells from WT mice (without luciferase expression). Recipient mice 
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were either nontreated or treated with 0.5x106 FACS sorted Tregs from WT FOXP3RFP or 

Itk-/- FOXP3RFP mice (Tregs given on the same day as the transplant). Seven days post 

transplantation, animals were euthanized. Using histological staining for H&E, we 

observed significant leukocyte infiltration into GVHD target organs such as liver and 

small intestine (SI) in the nontreated group (Fig. B.5C-D). We did observe that mice 

treated with canonical and noncanonical Tregs from Itk-/- donors had less damage to the 

liver, and reduced infiltration of donor T cells compared to mice given no Tregs or WT 

canonical Tregs (Fig. B.5C-E). For the small intestine, all Treg-treated groups showed a 

decrease in GVHD damage compared to mice given no Tregs (Fig. B.5C-E). 

These data strongly suggest that noncanonical Tregs from Itk-deficient mice have 

a greater suppressive ability than canonical Tregs from WT or Itk-deficient mice. These 

noncanonical Tregs are capable of suppressing CD8+ T cell proliferation in an in vivo 

model of GVHD following allo-HSCT, supporting their utility as a treatment for T cell-

mediated disorders.

Noncanonical Tregs have different gene expression patterns than canonical Tregs. 

Next, we wanted to examine whether noncanonical Tregs from Itk-deficient mice 

have a unique genetic program compared to WT or Itk-deficient canonical Tregs. To do 

this, we obtained MACS-sorted CD4+ T cells from naive donor mice (3 replicates for each

group), and FACS sorted WT canonical and Itk-/- canonical and noncanonical Tregs using 

FOXP3RFP, CD4, CD3, and CD25 as markers. RNA was then extracted, the cDNA 
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libraries were prepped using the SMART-Seq HT kit (Takara Bio), and samples were 

sequenced on an Illumina NovaSeq 6000 sequencer. 

Analysis of the cell populations identified 74 differentially expressed genes 

(DEGs; FDR ≤0.05) between Itk-/- noncanonical Tregs and Itk-/-canonical Tregs (Fig. 

B.6A), and 123 differentially expressed genes between Itk-/- noncanonical Tregs and WT 

canonical Tregs (Fig. B.6B). Of these DEGs, 65 genes were downregulated and 58 genes 

were upregulated for Itk-/- ncTregs versus Itk-/- canTregs, and 42 genes were 

downregulated and 32 genes were upregulated for Itk-/- ncTregs and WT canTregs (Fig. 

B.6C). There were no genes that were differentially expressed only between Itk-/- 

canonical Tregs and WT canonical Tregs, suggesting that the genetic programs of Tregs 

are altered more by the noncanonical phenotype than by loss of Itk.

DEGs between groups of Tregs were averaged by group, and gene co-regulation 

was determined by hierarchical clustering using Pearson correlation with a grouping 

cutoff (k) of 3 (Hazra and Gogtay, 2016). Each generated module on the heatmap 

represents a group of altered genes that contributed to similar pathways. The Itk gene in 

module 1 was downregulated in Itk-/- samples, and Il2ra (CD25) in module 3 was 

downregulated only in Itk-/- ncTregs, which both served as a control showing that gene 

expression for the grouped samples was as expected for these genes (Fig. B.6D). 
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Figure B.6: Noncanonical Tregs have different gene expression patterns than 

canonical Tregs.

(A) Volcano plot showing differentially expressed genes (FDR≤0.05) between Itk-/- 

noncanonical and Itk-/- canonical Tregs. (B) Volcano plot showing differentially expressed

genes (FDR≤0.05) between Itk-/- noncanonical and WT canonical Tregs. (C) Table 

showing the number of up- or downregulated DEGs between groups. (D) Hierarchical 

clustering of genes and heat map illustrating expression of genes, compared between 

different groups selected by strain and Treg groups. All replicates are shown (n = 3) for 

each group. Modules are identified by numbers and by color. (E) Manhattan plot showing

functional enrichment analysis of differentially expressed genes, using the online tool 

gProfiler and the ordered g:GOSt query. The x-axis represents functional terms that are 

grouped and color-coded by data sources [molecular function (MF), biological process 

(BP), cell component (CC)]. The y-axis shows the adjusted p-values on a negative log10 

scale. Adjusted p-values from g:GOSt used Bonferroni correction and a threshold of 0.05.

On the table, adjusted p-values were color coded as light yellow for least significant 

findings to dark green with highest significance.
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Itk-/- ncTregs differentially express T cell activation regulator and effector 

molecules like Klrg1, Gzmb, Glrx, Itgb1, and ICOS (Lu et al., 2020). which were 

upregulated in Itk-/- ncTregs. CCR7, which is one of the naïve Treg cell markers (Koizumi

and Ishikawa, 2019), was downregulated in Itk-/- ncTregs, which correlates with the 

effector phenotype of those Tregs (Fig. B.6D). 

Chemokine receptors like CXCR3, CXCR6, CXCR5, and CCR2 were also highly 

upregulated (module 2), suggesting that these noncanonical cells could be highly 

differentiated Tregs with tissue-homing receptors (Fig. B.6D). Itk-/- ncTregs express 

higher levels of CXCR3 (Fig. B.2H, Fig. B. 6A-B,D), a chemokine receptor regulated by 

T-bet and associated with tissue Tregs that suppress Th1 responses (Koch et al., 2009). 

Adoptively transferring CXCR3-expressing Tregs can ameliorate acute GVHD in target 

organs like liver, lung, and small intestine (Hasegawa et al., 2008). Itk-/- ncTregs also have

higher expression of TIGIT (module 2) compared to other Tregs (Fig. B.6D). It has been 

previously shown that TIGIT-expressing Tregs are a functionally distinct Treg cell subset 

with a more suppressive activated phenotype (Kurtulus et al., 2015), which can 

specifically suppress pro-inflammatory T helper 1 (Th1) and Th17 cells (Joller et al., 

2014). This suggests that noncanonical Tregs from Itk-/- mice have a more suppressive 

Treg genetic program.

Genes that play a role in cell adhesion were also highly upregulated in Itk-/- 

ncTregs, including CD4, ICAM1, Itga7, Itgb1, and Pdcd1. Bcl-2, which is an anti-
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apoptotic marker, is differentially downregulated in Itk-/- ncTregs (module 1) (Fig. 

B.6D). It has been previously shown that inhibiting Bcl-2 with a small molecule leads to 

the Treg-dependent alleviation of acute GVHD (Gabriel et al., 2016). CXCR5 and ICOS 

upregulation in Itk-/- ncTregs suggests that this subset of Tregs may have Tfr (T follicular 

regulatory) -like properties. Tfr cells have revealed a new understanding of how the GC 

(germinal center) reaction is controlled, as Tfr cells have access to the GC and inhibit B‐

cell responses (Sage and Sharpe, 2015). Itk-/- ncTregs highly express genes required for 

the follicular regulatory Treg phenotype, like c-Maf  (Wheaton et al., 2017), CXCR5, and

ICOS (Sage and Sharpe, 2015) (Fig. B.6D).  

Our RNA-seq analysis showed that Itk-/- ncTregs downregulate eIF5A1, and it is 

known that eIF5A inhibition enriches Treg populations (Imam et al., 2019). Also, the 

Slc1a5 gene was downregulated in Itk-/- ncTregs, and previous work has shown that 

Slc1a5–/–mice were resistant to induction of T cell-dependent autoimmunity (Nakaya et 

al., 2014). There was also a number of other genes that were differentially expressed in 

Itk-/- ncTregs. These data suggest that Itk-/- ncTregs may be more Tfr-like, and express 

genetic programs that assist in their expansion and suppressive function.

We also performed functional enrichment analysis of differentially expressed 

genes using the gProfiler toolset and GOSt tool (Reimand et al., 2007). Our data revealed 

that these DEGs are involved in number of biological pathways, including: cytokine 

receptor activity, chemokine receptor activity, C-C chemokine receptor activity, immune 
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system processes, chemotaxis, TCR signaling pathway, inflammatory response, 

biological adhesion, lymphocyte activation, cell migration from GO terms, cell adhesion 

molecules, hematopoietic cell lineage, primary immunodeficiency, Th17 cell 

differentiation, NF-B signaling pathway from KEGG term, and a number of 

transcription factor motifs (SREBP, SREBP-1, STAT4, AP-1, Atf-1, MAF, p53). These 

pathways were highly altered and are illustrated in the Manhattan plot (Fig. B.6E). 

The pathways related to our project were highlighted and ID details are given about each 

pathway in the table (Fig. B.6E).

We also performed GSEA analysis using the C7 (immunological) and C2 

(curated) pathways collections from Molecular Signatures Database (MSigDB). Pathway 

titles ending in "_DN" are lists of genes downregulated in the listed comparison, while 

pathways ending in "_UP" are genes that were upregulated. The lists of genes from these 

comparisons were examined to identify whether they were enriched in our Treg 

populations. We observed only a small number of pathways that were significantly 

altered between Itk-/- canTregs and WT canTregs in both C2 and C7 MSigDB collections. 

This was expected when taking into account the results of the functional assays, and the 

DEGs between Itk-/- canTregs and WT canTregs groups (Fig. B.7A, B).
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Figure B.7: Gene set enrichment analysis of the Treg groups obtained from WT or Itk-/- 

mice.

(A) Gene Set Enrichment Analysis (GSEA) results of Itk-/- canTregs versus WT canTregs 

using MSigDB C7 (immunological) gene sets. Negative Normalized Enrichment score (NES)

is an indicator of downregulation, and positive NES is an indicator of upregulation of the 

genes in the corresponding pathway. Color specifies the group (Itk-/- canTregs or WT 

canTregs) in which expression is altered, color transparency indicates the negative Log10 of 

adjusted P value. (B) GSEA results of Itk-/- canTregs versus WT canTregs using MSigDB C2 

(curated) gene sets. (C) GSEA results of Itk-/- ncTregs versus WT canTregs using MSigDB 

C7 (immunological) gene sets.  (D) GSEA results of Itk-/- ncTregs versus Itk-/- canTregs using 

MSigDB C7 (immunological) gene sets. (E) Running enrichment score (ES) for the 

“ICHIBA_GRAFT_VERSUS_HOST_DISEASE_35D_UP” pathway genes, comparing Itk-/- 

ncTregs to WT canTregs. The ES for the pathway is defined as the peak score furthest from 

zero, with a negative ES meaning enrichment in the WT canTregs group. (F) Running 

enrichment score (ES) for the “BLANCO_MELO_COVID19_SARS_COV_2_POS_ 

PATIENT_LUNG_TISSUE_UP” pathway, comparing Itk-/- ncTregs to WT canTregs. The ES 

for the pathway is defined as the peak score furthest from zero, with a negative ES meaning 

enrichment in the WT canTregs group. (G) GSEA results of Itk-/- ncTregs versus WT 

canTregs using MSigDB C2 (curated) gene sets. (H) GSEA results of Itk-/- ncTregs versus 

Itk-/- canTregs using MSigDB C2 (curated) gene sets.
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When we compared the Itk-/- ncTregs to WT canTregs (Fig. B.7C), we observed 

that a number of pathways were significantly affected. We observed that genes which 

were downregulated in CXCR5+ Bcl6+ TFH cells versus CXCR5- Bcl6- CD4 T cells 

(GSE40068_CXCR5POS_BCL6POS_TFH_VS_CXCR5NEG_BCL6NEG_CD4_ 

TCELL_DN) and in CXCR5+ BCL6+ Tfh cells versus CXCR5+ BCL6- T cells 

(GSE40068_ BCL6_POS_VS _NEG_CXCR5_POS_TFH_DN) were enriched in the WT 

canTreg group (Fig. B.7C). 

Genes that were downregulated in CXCR5- BCL6- CD4+ T cells versus CXCR5+ 

BCL6- Tfh cells (GSE40068_CXCR5NEG_BCL6NEG_CD4_TCELL_VS_ CXCR5POS 

_BCL6NEG_TFH_DN) and in CXCR5+ BCL6+ Tfh cells versus CXCR+ BCL6- CD4 T 

cells (GSE40068_BCL6_POS_ VS_NEG_CXCR5_POS_TFH_UP) were highly enriched

in the Itk-/- ncTregs group (Fig. B.7C). This suggests that Itk-/- ncTregs could have Tfr (T 

follicular regulatory) properties. We also observed the same effect when we compared the

Itk-/- ncTregs with the Itk-/- canTregs, showing that these Tfr-like properties are specific to 

the Itk-/- ncTregs group (Fig. B.7D).

Our data also revealed that the genes that were downregulated between naïve to 

memory (GSE11057_NAIVE_VS_MEMORY_CD4_T_CELL_DN), naïve to central 

memory (GSE11057_NAIVE_CENT_MEMORY_CD4_TCELL_DN), and naïve to 

effector memory cells (GSE11057_NAIVE_VS_EFF_MEMORY_CD4_T_CELL_DN) 

were significantly enriched in the Itk-/- ncTregs group when compared with the WT 
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canTreg group (Fig. B.7C). The same naïve to effector memory pathway was also 

significantly enriched in the Itk-/- ncTregs group when compared with the Itk-/- canTreg 

group (Fig. B.7D), suggesting that Itk-/- ncTregs have more effector memory properties, 

which correlates with our flow cytometry data and DGE results.

When we interrogated Itk-/- ncTregs versus WT canTregs in the MSigDB C2 

(curated) collection, we observed that the genes upregulated in the hepatic graft-versus-

host disease on day 35 pathway (ICHIBA_GRAFT_VERSUS_HOST_DISEASE_ 

35D_UP) were enriched in WT canTregs (Fig. B.7E). Additionally, the genes strongly 

up-regulated (log2(FC)>3.58, p adj<0.05) in post-mortem lung tissue from COVID-19 

patients vs uninfected biopsy (BLANCO_MELO_COVID19_SARS_COV_2_POS_ 

PATIENT_LUNG_TISSUE_UP) were enriched in WT canTregs (Fig. B.7F). Genes in 

these pathways were downregulated in the Itk-/- ncTregs group, with a normalized 

enrichment score (NES) of -1.76 and -1.75 for GVHD and COVID-19, respectively (Fig. 

B.7E-G). 

We did not see differences in these pathways when we compared canTregs from 

WT and Itk-/- mice (Fig. B.7A-B), or when we compared ncTregs and canTregs from Itk-/- 

mice using the C2 curated collection (Fig. B.7H). This suggests that the effects on 

GVHD and COVID-19 pathways require both loss of Itk and the ncTreg phenotype. 

These are examples of pathways that are involved in different group of Tregs from Itk-/- 

and WT mice. Important pathways that are related to our study are illustrated in Fig. B.7 
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in more detail. These data confirm our hypothesis that Itk-/- ncTregs have a more 

suppressive effector-like and Tfr-like phenotype, and that Itk could be a potential 

therapeutic target for increasing regulatory T cells that can ameliorate GVHD. These 

noncanonical Tregs could also be used in other autoimmune diseases. 

Altogether, these data support our hypothesis that Itk-/- ncTregs differentially 

regulate a number of important genes that are involved in immune responses to pathogens

and alloantigens. Noncanonical Tregs also express more effector, cell adhesion, and 

migration molecules, leading to changes in their suppressive function.

The inhibitory peptide SLP76pTYR enhances Treg development and suppresses 

proinflammatory cytokine production in healthy human and GVHD patient samples. 

We recently developed a novel inhibitor, SLP76pTYR, that specifically targets Itk 

signaling by preventing the SH2 domain of Itk from docking onto SLP76 at the tyrosine 

145 position (Mammadli et al., 2021). Itk deficiency is known to enhance regulatory T 

cell production (Owen et al., 2019). Previously, we also showed that the SLP76pTYR 

peptide can expand Tregs in mouse cells (Mammadli et al., 2021). To determine whether 

the SLP76pTYR peptide can also enhance Treg development in human cells, healthy 

human PBMCs and GVHD patient PBMCs were incubated with SLP76pTYR or vehicle 

alone in the presence of anti-CD3 (clone OKT3) and polybrene (5ug/ml) for 5 to 24 

hours. We observed a significant increase in FOXP3+ CD4 T cells in GVHD patient 
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primary cells treated with SLP76pTYR peptide, and a trend towards increased FOXP3+ 

CD4 T cells in healthy human treated cells (Fig. B.8A, Fig. BS.3A-B).

In order to determine whether the SLP76pTYR peptide can also enhance ncTreg

development  in  primary mouse and human cells,  mouse primary T cells  and healthy

human or GVHD patient PBMCs were incubated with SLP76pTYR or vehicle alone, in

the presence of anti-CD3 and polybrene, for 5 to 24 hours. We observed a trend towards

increased production of ncTregs in mouse, healthy human, and GVHD patient primary T

cells treated with SLP76pTYR peptide (with significance in mouse cells), as well as a

trend  towards  increased  production  of  canTregs  for  mouse  and  GVHD  patient  cells

treated  with  peptide  (Fig.  B.8B,  Fig.  BS.3C-H).  This  provided  evidence  that  the

SLP76pTYR peptide has effects on noncanonical Treg populations in both mouse and

human.  Altogether,  these  data  demonstrated  that  disrupting  SLP76:ITK  signaling

increases Treg frequency. Our inhibitory peptide has the potential to be used in a clinical

setting to enhance Treg expansion for use in treating T cell-mediated disorders.

To assess the effect of the SLP76pTYR peptide on cytokine expression in GVHD

patients, peripheral blood of GVHD patients was obtained, and PBMCs were separated

then resuspended at 3×106 cells/mL in RPMI media. Cells were either left unstimulated,

or were stimulated with anti-CD3/anti-CD28, and cultured in the presence of polybrene,

GolgiPlug,  and  SLP76pTYR or vehicle. Cells  were cultured in  a 12 well  plate  for 6

hours, followed by analysis of IFN-and TNF-cytokine production (Fig. B.8C). 
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Figure B.8: Disruption of Itk/SLP76 Y145 signaling enhanced Treg expression and

decreased  proinflammatory  cytokines  in  healthy  human  and  GVHD  patient

samples. 

T cells were isolated from Peripheral Blood Mononuclear Cells (PBMCs) of GVHD 

patients or normal healthy donors. For Treg cell culture, the final product was 

resuspended in media and stimulated with anti-CD3 in the presence of polybrene and 

SLP76pTYR or vehicle. Cells were cultured for 5 to 24 hours, then stained for Treg 

markers. (A) CD4+ FOXP3+ cell percentage in 5-hour or 24-hour SLP76pTYR- or 

vehicle-treated healthy human or GVHD patient PBMCs. (B) Canonical (CD4+ CD25+ 

FOXP3+) and noncanonical (CD4+ CD25- FOXP3+) Tregs in SLP76pTYR- or vehicle-

treated mouse T cells, healthy human PBMCs, and GVHD patient PBMCs. (C) Human 

CD4+ or CD8+ T cells from GVHD patients were treated with SLP76pTYR or vehicle 

alone. Cells were either not stimulated, or stimulated with anti-CD3/anti-CD28 or 

PMA/Ionomycin, both in the presence of GolgiPlug for 6 hours. Cells were then stained 

for IFN-γ and TNF-α and analyzed by flow cytometry. (D) CETSA was performed using 

fresh cell lysates from purified cultured mouse T cells. Lysates prepared in non-

denaturing buffer were put a 96-well PCR plate in 10% RPMI/FBS (approx. 10000 cells/

well/50 µl), then subjected to a temperature gradient (37-60°C) for 20 min. Lysates were 

spun to sediment the unstable protein content. Supernatant was collected and an SDS-

PAGE gel was run, and immuno-detection was performed for ITK using the 

corresponding primary antibody. Band intensity was quantified on a LI-COR C-Digit 

Blot Scanner, and the Tagg (50) and Tagg(75) values were calculated for ITK. In a 

473



Figure B.8: Disruption of Itk/SLP76 Y145 signaling enhanced Treg expression and 

decreased proinflammatory cytokines in healthy human and GVHD patient samples

(continued).

subsequent run, fresh lysates from purified mouse T cells were treated at various doses 

with 3-fold dilutions (20, 6.6, 2.2, 0.75, 0.25, 0.08 and 0.027 µM) of the peptide 

SLP76pTYR or the DMSO control, for 1 hour. Samples were then subjected to heat 

challenge at Tagg (50) for 20 min, and unstable protein was removed by a centrifugation 

step. Following an immuno-blotting step, bands of remaining stable ITK were quantified,

normalized to loading control and plotted. EC50 values of engagement for both 

compounds with ITK were calculated. Statistical analysis was performed using one-way 

ANOVA, P value presented with each figure. Symbol meaning for P values are: ns - P > 

0.05; * - P ≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001. One experiment is 

shown as a representative from three independent experiments.
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Figure BS.3: Tregs from mouse, healthy human, and GVHD patient samples 

following SLP76pTYR treatment.

(A) Quantification of healthy human total Tregs in cells treated with SLP76pTYR or 

vehicle alone. (B) Quantification of GVHD patient total Tregs in cells treated with 

SLP76pTYR or vehicle alone for 5 to 24 hours. (C) Quantification of mouse canonical 

Tregs in cells treated with SLP76pTYR or vehicle alone. (D) Quantification of mouse 

noncanonical Tregs in cells treated with SLP76pTYR or vehicle alone. (E) Quantification

of healthy human canonical Tregs in cells treated with SLP76pTYR or vehicle alone. (F) 

Quantification of healthy human non-canonical Tregs in cells treated with SLP76pTYR 

or vehicle alone. (G) Quantification of GVHD patient canonical Tregs in cells treated 

with SLP76pTYR or vehicle alone for 5 to 24 hours. (H) Quantification of GVHD patient

noncanonical Tregs in cells treated with SLP76pTYR or vehicle alone for 5 to 24 hours. 

(I) Quantification of IFN- and TNF-production in T cells from GVHD patients, where 

T cells were treated with SLP76pTYR or vehicle alone. Data were analyzed using 

Student's t-test or two-way ANOVA, p-values are shown: NS - P > 0.05; * - P ≤ 0.05; ** -

P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001. Data from three independent experiments 

are combined and shown. 
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Our data show that GVHD patient T cells stimulated with anti-CD3/anti-CD28 

had significantly reduced IFN- and TNF- production from CD8 T cells, and 

significantly reduced TNF- production from CD4 T cells, when incubated in the 

presence of SLP76pTYR compared with the vehicle alone (Fig. B.8C, Fig. BS.3I). 

It is important to establish that this effect was due to direct engagement of the 

SLP76pTYR peptide with ITK. In order to demonstrate pharmacological interaction 

between the peptide and the target, we examined cellular target engagement using 

primary T cells. In an initial experiment, untreated primary T cells were subjected to a 

heat gradient, and the thermal melting profile of ITK was determined as Tagg (50) ~ 45.6 

°C, and Tagg (75) ~ 51.5 °C. In a subsequent experiment, primary T cells were treated with

a dose gradient of the SLP76pTYR peptide, then subjected to heat challenge at Tagg (50) 

determined in the first step. We measured a target engagement potency (EC50) of 0.68 

µM with ITK under these conditions (Fig. B.8D). These data demonstrate direct 

engagement of the SLP76pTYR peptide with ITK as an essential part of the mechanism 

of action in inhibiting cytokine expression by human T cells from GVHD patients.
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Discussion

We have recently shown that Itk-deficient T cells have higher expression of 

Eomes and other molecules responsible for the cytotoxic effect (Mammadli et al., 2021). 

T cells from Itk-deficient mice have higher expression of CD122 and CD44 in T cells 

from both the thymus and the periphery (Hu and August, 2008). Our data also showed 

that Itk-deficient T cells have the ability to clear tumor cells without inducing GVHD

(Mammadli et al., 2021), and it is known that Itk deficiency can expand canonical Tregs

(Gomez-Rodriguez et al., 2014). We have also recently shown that TCF-1 deficiency 

leads to expansion of ncTregs (Harris et al., 2021), and RNA-seq data from our previous 

work (Mahinbanu Mammadli, 2021) showed that TCF-1 expression was affected by loss 

of Itk. In this study, we sought to determine whether Itk deficiency also enhances 

ncTregs, and whether canTregs and ncTregs lacking Itk are functional.

Here, we demonstrate that the absence of Itk, the TCR-regulated kinase, 

significantly expanded regulatory T cells. Specifically, we showed that the lack of Itk led 

to significantly higher percentages of canonical CD4+CD25+FOXP3+ T cells (canTregs) 

and noncanonical CD4+CD25-FOXP3+ cells (ncTregs). We provided evidence that 

ncTregs from Itk-deficient mice express more CTLA-4 upon stimulation, and express less

IL-2 and IL-10. These data suggested that ncTregs from Itk-deficient mice function 

differently than WT canTregs. These Itk-/- ncTregs are more frequently effector Tregs 

(CD44+, CD62L-, CCR7-), and express more CXCR3 compared to other groups of Tregs, 

which suggested that this group of regulatory T cells (Itk-/- ncTregs) could have more 
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suppressive ability compared to canTregs. This would suggest that they can migrate and 

maintain their suppressive ability in the GVHD target organs longer than canonical Tregs 

from WT mice (Hasegawa et al., 2008). Also, it has been previously shown that CXCR3-

expressing Tregs can suppress the Th1 response (Koch et al., 2009).

We also showed that ncTregs have the ability to suppress GVHD pathogenesis, 

while maintaining GVL effects in a model of allo-HSCT. Our data also showed that 

transplanting Tregs from Itk-/- mice led to a decrease in proinflammatory cytokines in the 

serum and produced by donor conventional T cells. Treatment of recipient mice with 

Tregs (both canTregs and ncTregs) from Itk-deficient mice led to less tissue damage in 

GVHD target organs (liver and small intestine). WT canTreg-treated recipient mice also 

showed less tissue damage in the small intestines. Furthermore, we recently developed a 

novel peptide inhibitor that specifically inhibits Itk kinase phosphorylation (Mammadli et

al., 2021). Treating mouse and human T cells with this peptide (SLP76pTYR) led to a 

significant increase in canTregs and ncTregs.

Transcriptome analysis by RNA sequencing also revealed that at the gene level, 

Itk-/- canTregs and WT canTregs are similar, but the Itk-/- ncTregs are genetically different 

from the canonical groups. There was a large number of genes that were significantly 

regulated between Itk-/- ncTregs and canTregs from Itk-/- or WT mice. Our data show that 

ncTregs from Itk-/- mice express more effector, cell adhesion, and migration molecules 

than canTregs from Itk-/- or WT mice. TIGIT, ICOS, and KLRG1 were highly upregulated
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in Itk-/ ncTregs. GSEA analysis of C2 pathways also showed that genes related to GVHD 

and COVID19-SARS-CoV2 pathways were enriched in WT canTregs compared to Itk-/- 

ncTregs. Altogether, these data suggest that disrupting SLP76:ITK signaling could be a 

potential therapeutic target for treatment of GVHD and other diseases where Tregs are 

therapeutically useful.

Treg cells are usually administered in similar proportions to donor conventional T 

cells, whereas a lower ratio of Treg cells, similar to their physiological proportion, has no 

protective effect against GVHD (Hoffmann et al., 2002). In our experiments, we 

confirmed these findings. When we transplanted 1x106 CD8+ T cells from WT mice and 

treated with 0.5x106 CD25+FOXP3+ Tregs from WT mice, recipient mice were not 

protected from developing GVHD, but cleared tumor cells. They also showed decreased 

serum cytokines and less tissue damage in small intestines at day 7. Mice that were 

transplanted with WT canTregs started showing significant GVHD signs after day 10. 

In contrast, recipient mice transplanted with 1x106 WT T cells and 0.5x106  

canonical Tregs from Itk-/- mice had significantly delayed acute GVHD and increased 

survival rates compared to non-treated and WT canTreg-treated groups. Additionally, we 

observed that recipient mice transplanted with 1x106 WT T cells and 0.5x106 ncTregs 

from Itk-/- mice showed almost no signs of GVHD, and had increased survival rates 

compared to non-treated and WT canTreg-treated groups. This occurred despite the 1:2 
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Treg:Tconv ratio, suggesting that ncTregs from Itk-deficient mice may be more 

suppressive than canonical Tregs.  

Given their low numbers in the blood, it is difficult to obtain enough Tregs in the 

clinic for use as a therapy. If we could increase the number of canTregs and ncTregs able 

to be collected, patients could be better protected from GVHD and other autoimmune 

disorders. This limitation in cell numbers could be mitigated by in vitro expansion of 

Tregs, but data have shown that in vitro expansion causes loss of FOXP3 expression

(Cohen et al., 2002). The pharmacological treatments available to maintain FOXP3 

expression, such as CPG methylation, histone deacetylase inhibitors, and the mammalian 

target of rapamycin (mTOR) inhibitor rapamycin (sirolimus) (Polansky et al., 2008; Choi 

et al., 2010), can result in general immunosuppression, which could lead to tumor relapse 

and infection. Therefore, Itk deficiency could provide benefit by enhancing the yield of 

canonical and noncanonical Tregs available without the need for culture and 

pharmacological agents.

Our data showed that mouse, healthy human, and GVHD patient T cell samples 

treated with our specific peptide SLP76pTYR had increased canonical and noncanonical 

Tregs, as well as reduced expression of proinflammatory cytokines by donor T cells, 

which can exert direct effects on GVHD target tissues. Indeed, the presence of cytokine 

storm is considered one of the hallmarks of GVHD pathogenesis (Holler, 2002). Studies 

in animal GVHD models have shown that loss of Tregs or failure of Treg reconstitution 
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leads to increased production of proinflammatory cytokines by allo-reactive donor T cells

(Beres and Drobyski, 2013; Chen et al., 2007). Tregs are critical for the maintenance of 

tolerance, and transfer of Treg cells can ameliorate GVHD by restoring defective 

tolerance mechanisms (Beres and Drobyski, 2013). One of the biggest challenges is to 

isolate functional Tregs in large numbers for immunotherapy (Taylor et al., 2004). This 

challenge is due to the low number of Tregs in peripheral blood (Ruhnau et al., 2016). 

Our data are novel, since targeting Itk signaling leads to an enhanced frequency of highly 

potent Tregs. These Tregs provide a significant reduction in WT T cell-mediated GVHD. 

In summary, we have shown that genetic or pharmacological Itk ablation in T 

cells leads to an expansion of canonical and noncanonical functional Tregs. Treatment 

with these Tregs, especially those which are noncanonical, leads to attenuation of GVHD 

with relative preservation of GVL effects, suggesting that inhibiting Itk may be a 

potential therapeutic target for treatment of GVHD and other diseases where Tregs are 

therapeutically useful (Fig. B.9).
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Figure B.9: Summary Figure - ITK modulation expands Tregs and improves Treg 

phenotype. 

Genetic ablation of Itk or pharmacological inhibition of SLP76/Itk interactions leads to 

expansion of canonical (CD4+ CD25+ FOXP3+) and noncanonical (CD4+ CD25- 

FOXP3+) Tregs. This effect is seen in T cells from both mice and humans (healthy 

controls and GVHD patients). Noncanonical Tregs from Itk-/- mice have an effector Treg 

(eTreg) phenotype and express more CTLA-4 and CXCR3. These Tregs are capable of 

suppressing donor T cell proliferation and cytokine production in vivo, leading to reduced

GVHD severity yet maintained GVL effects. Many gene pathways are altered in 

noncanonical Tregs (compared to canonical Tregs), including cytokine and chemokine 

receptors, signaling, adhesion, migration, cell cycle, differentiation, and GVHD. These 

noncanonical Tregs may be therapeutically useful for Treg treatments, and modulation of 

Itk or SLP76/Itk interactions helps to expand this cell population. 
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Materials and Methods

Mice. Itk-/- mice were described previously (Liao and Littman, 1995). C57BL/6 WT luc 

mice were as described (Mammadli et al., 2021). B6.SJL-PtprcaPepcb/BoyCrl and BALB/

c mice were purchased from Charles River or Jackson Laboratory. C57BL/6-FOXP3RFP 

and Itk-/-FOXP3RFP mice were as described before (Huang et al., 2017). Mice aged 8-12 

weeks were used, and all experiments were performed with age and sex-matched mice. 

Animal maintenance and experimentation were performed in accordance with the rules 

and guidance set by the institutional animal care and use committees at SUNY Upstate 

Medical University.

Reagents, cell lines and flow cytometry. Monoclonal antibodies were purchased from 

Biolegend. Antibodies for culture used included mouse anti-CD3(cat#100102), mouse 

anti-CD28 (cat# 102116), human anti-CD3 (cat#317301), human anti-CD28 

(cat#302902). Mouse flow cytometry antibodies used were: anti-CD3-BV605, anti-CD4-

PE, anti-CD8-PE/Cy7, anti-CD25-BV421, anti-FOXP3-APC, anti-H-2Kb-Pacific Blue, 

anti-IFN-γ-APC, anti-TNF-α-FITC, anti-CTLA-4-PE, anti-IL-2-PE/Cy7, anti-IL-10- 

APC/Cy7, anti-CD44-PerCP, anti-CD62L-APC/Cy7, anti-CXCR3-PerCP/Cy5.5, and 

anti-CCR7-PE. Human flow cytometry antibodies used were: anti-CD3-APC, anti-CD4-

PE, anti-CD8-Pacific blue, anti-CD25-PerCP/Cy5.5, anti-FOXP3-Pacific Blue, anti-IFN-

γ-APC, and anti-TNF-α-PE/Cy7. 
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We used a multiplex ELISA kit from Biolegend (LEGENDplex Mouse Th 

cytokine panel 12-plex kit, cat no. 741044) and mouse B cell customized kit for the 

serum ELISA. D-luciferin was purchased from Gold Bio (St Louis MO). Flow cytometry 

was performed on a BD LSRFortessa flow cytometer (BD Biosciences). Data were 

analyzed with FlowJo software (Tree Star, Ashland, OR).

For cell sorting, T cells were purified with anti-CD4 magnetic beads using MACS

columns (Miltenyi Biotec, Auburn, CA) prior to cell surface staining. FACS sorting was 

performed with a BD FACSAria IIIu cell sorter (BD Biosciences). FACS-sorted 

populations were typically of > 95% purity. All cell culture reagents and chemicals were 

purchased from Invitrogen (Grand Island, NY) and Sigma-Aldrich (St. Louis, MO), 

unless otherwise specified. Primary B-ALL blast cells were described previously

(Mammadli et al., 2020; Mammadli et al., 2021).   

Allo-HSCT and GVL studies. For GVHD experiments, we utilized the MHC-mismatch 

mouse model of allo-HSCT (WT C57Bl/6 to BALB/c, i.e., H2Kb+ to H2Kd+). Lethally 

irradiated BALB/c mice (800 cGy in 2 doses of 400 cGy each, x-ray irradiation at 1.2 Gy/

min for 200 seconds per dose, 160 kV, 25 mA) were injected intravenously with 10x106 T

cell-depleted bone marrow (TCDBM) cells, with or without MACS-sorted CD8+ and CD4+ 

T cells from WT or Itk-/- mice, mixed at a 1:1 ratio. For GVL experiments, B-ALL 

primary blast cells were transduced with luciferase and were cultured as described 

previously (Karimi et al., 2014). 2×105 luciferase-expressing primary B-ALL blasts were 
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used for each transplanted mouse. Recipient mice were evaluated for bioluminescence 

using bioluminescent imaging (BLI), and for clinical signs of GVHD for 50 days.

Allo-HSCT and GVL studies with Treg treatment. For experiments on preventing 

GVHD with Tregs, recipient mice were lethally irradiated and transplanted with 10x106 T

cell-depleted bone marrow cells, 1x106 WT CD8+ T cells, and 1x105 primary tumor cells 

(B-ALL). Tregs were FACS sorted from either WT mice or Itk-/- mice using FOXP3 

tagged with red fluorescent protein (FOXP3RFP) and expression of CD4 and CD25. 

Recipient BALB/c mice were either untreated, or treated with 0.5x106 noncanonical or 

canonical Tregs from Itk -/- mice or canonical Tregs from WT mice. Recipient mice were 

evaluated for clinical signs of GVHD for more than 40 days. Clinical presentation of the 

mice for each experiment was assessed 2-3 times per week by a scoring system that sums 

changes in 6 clinical parameters: diarrhea, posture, activity, fur texture, weight loss, and 

skin integrity (Cooke et al., 1996). Mice were euthanized when they lost ≥ 30% of their 

initial body weight. Recipient mice were also evaluated twice a week from the time of 

tumor injection by bioluminescence imaging using the IVIS 200 Imaging System 

(Xenogen) as previously described (Mammadli et al., 2020).

Cytokine production assay. Mice were allotransplanted as above with BM, WT CD8+ T 

cells, and FACS sorted canonical or noncanonical Tregs from Itk-/-mice or canonical Tregs

from WT mice. At day 7 post-transplant, single cell suspensions of secondary lymphoid 

organs (spleen and inguinal lymph nodes) of recipients were obtained. Isolated 
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lymphocytes from the secondary lymphoid organs were left unstimulated or stimulated 

with anti-CD3/anti-CD28, and cultured for 6 hours in the presence of GolgiPlug (BD 

Cytofix/Cytoperm Plus kit cat#555028). Cells were stained with antibodies for H2Kb 

(expressed by donor C57Bl/6 cells), CD4, CD3, and CD8, then stained intracellularly for 

cytokines (IFN- and TNF-).

Cytokine Serum ELISA. Lethally irradiated BALB/c mice (800 cGy in 2 doses) were 

injected intravenously with 10x106 T cell-depleted bone marrow (TCDBM) cells along with

1x106 MACS-sorted WT CD8+ T cells. Transplanted mice were either untreated, or given 

0.5x106 noncanonical or canonical Itk-deficient Tregs or canonical WT Tregs. At day 7, 

the recipient mice were euthanized, and serum was obtained from cardiac blood. The 

serum was tested for various cytokines with a Mouse Th Cytokine LEGENDplex ELISA 

assay (Biolegend cat no 741044), following kit instructions. IL-2, TGF-, and IL-10 were

also tested using a customized Mouse B Cell Panel LEGENDplex ELISA assay 

(Biolegend, custom order). Data were collected on a BD LSRFortessa cytometer, and 

data were analyzed using the LEGENDplex software (provided with kit via Biolegend).

Cell culture for Treg markers. To test cells for the Treg markers (FOXP3, CD25, CTLA-

4, IL-2, and IL-10), we obtained splenocytes from WT or Itk-/- mice and either stained 

them immediately, or cultured them in LAK media in the presence of GolgiPlug (BD 

Cytofix/Cytoperm Plus kit cat#555028) for 6 hours. Cultured cells were either left 

unstimulated or were stimulated with anti-CD3 (1ug/mL) and anti-CD28 (2ug/mL) for 6 
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hours. Cells were stained for the Treg markers FOXP3, CD25, CTLA-4, IL-2, and IL-10, 

and data were collected on a BD LSRFortessa cytometer.

RNA sequencing. C57BL/6-FOXP3RFP and Itk-/--FOXP3RFP mice were euthanized, and 

MACS sorted CD4+ T cells were stained for CD3, CD4, CD25, and FOXP3 markers. 

Using a FACSAria IIIu cell sorter (BD Biosciences), CD3+ CD4+ CD25+ FOXP3+ 

(canonical) Tregs and CD3+ CD4+ CD25- FOXP3+ (noncanonical) Tregs were sorted. 

Only CD3+ CD4+ CD25+ FOXP3+ (canonical) Tregs could be sorted from C57BL/6-

FOXP3RFP CD4+ cells. The noncanonical C57BL/6-FOXP3RFP Treg percentage was so 

small that we couldn't sort enough cells for downstream applications. These Treg cells 

were all sorted into Trizol and brought to the Molecular Analysis Core (SUNY Upstate, 

https://www.upstate.edu/research/facilities/molecular-analysis.php) for RNA extraction 

and library prep, followed by RNA sequencing at the University at Buffalo Genomics 

Core on an Illumina NovaSeq 6000 sequencer (http://ubnextgencore.buffalo.edu).

Initially, the first 6 samples (2 samples per group) were library prepped using the 

Bio-Rad SEQ-uoia library prep kit, and the last 3 samples (1 sample for each group) were

library prepped using the SMART-Seq HT kit (Takara Bio). These 9 samples were 

sequenced in the same run, but the 6 samples (2 samples in each group) library prepped 

using the SEQ-uioa kit resulted in an insufficient number of reads, making comparison 

between groups impossible. Therefore, we had to re-prep and re-sequence the first 6 

samples using the SMART-seq HT kit. The batch effect from sequencing runs between 

the 6 samples re-prepped and the 3 original samples was later removed. We then 
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generated RNA sequencing data from three groups: WT canonical, Itk-/- canonical, and 

Itk-/- noncanonical Tregs.

Data were processed and analyzed using the R programming language (version 

4.0.4), the RStudio interface (version 1.4.1106), and Bioconductor. For pseudoalignment 

and gene expression, transcript abundance of samples was computed by pseudoalignment

with Kallisto (version 0.46.2) (Bray et al., 2016). Transcript per million (TPM) values 

were then normalized and batch effect was removed by fitting to a linear model by 

empirical Bayes method with the Voom and Limma R packages (Ritchie et al., 2015). 

Differential gene expression was defined as a Bonferroni and Hochberg (Andrade, 2019) 

adjusted p-value - False Discovery Rate (FDR) of < 0.05. For functional enrichment 

analysis, the g:Profiler toolset, g:GOSt tool was used to illustrate the Manhattan plots. 

Gene Set Enrichment Analysis (GSEA) was performed against the Molecular Signatures 

Database (MSigDB) using the C2 and C7 pathways collection. Data will be deposited 

upon final publication (https://www.ncbi.nlm.nih.gov/geo/).

In vivo T cell proliferation assay. For detecting T cell proliferation through in vivo 

bioluminescence imaging (BLI), BALB/c mice were irradiated and transplanted with 

10x106 T cell-depleted bone marrow cells, 1x106 WT luc+ CD8+ T cells, and 0.5x106 

FACS sorted canonical or noncanonical Tregs from Itk-/- mice or canonical Tregs from 

WT mice. Recipient BALB/c mice were imaged using IVIS 50 every day for 7 days. 

Imaging data were analyzed and quantified with Living Image Software (Xenogen) and 
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Igor Pro (Wave Metrics, Lake Oswego, OR). Statistical analysis was performed using 

two-way ANOVA.

Histopathological Evaluation. Lethally irradiated recipient mice were transplanted with 

10x106 T cell-depleted bone marrow cells, 1x106 WT CD8+  T cells, and 0.5x106 FACS 

sorted canonical or noncanonical Tregs from Itk-/- mice or canonical Tregs from WT mice.

At day 7 post-transplantation, recipient mouse livers and small intestines were obtained 

and stained with H&E. Stained tissues were graded for GVHD by a pathologist, who was 

blinded to the study group and disease status. Statistical analysis was performed using a 

Chi-square test and Kruskal Wallis test.

Human Patient Samples. T cells were isolated from Peripheral Blood Mononuclear Cells

(PBMCs) of GVHD patients or normal healthy donors as previously described (Karimi et

al., 2005). Briefly, mononuclear cells were isolated from GVHD patient or healthy human

samples by Ficoll-Paque density centrifugation. For Treg cell culture, the final product 

was resuspended at 3x106 cells/mL in RPMI media and stimulated with anti-CD3 (2.5 g/

ml), in the presence of 5ug/mL polybrene (Millipore Sigma cat#TR-1003-G) and 1 g/L

of SLP76pTYR or vehicle. The cells were plated in a 12 well plate for 5 to 24 hours in an

incubator (37 °C, 7% CO2). After incubation, the cells were transferred to a 96 well V-

bottom plate and stained for Treg markers. 
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For cytokine expression experiments, the cells were resuspended at 3x106 

cells/mL in RPMI media and stimulated with anti-CD3 (2.5 g/ml) and anti-CD28 (2.5 

g/ml), in the presence of 5 ug/mL polybrene, 1 l/mL GolgiPlug (BD Cytofix/Cytoperm

Plus kit cat#555028), and 1 g/L of SLP76 pTYR or vehicle. Cells were plated in a 12 

well plate for 6 hours and incubated (37 °C, 7% CO2). After incubation, the cells were 

transferred to a 96 well V-bottom plate and stained for extracellular markers, then fixed 

using the BD Cytofix/Cytoperm Plus kit. The next day, the cells were permeabilized and 

stained for TNF- and IFN-then analyzed by flow cytometry.

Cellular thermal shift assay (CETSA). CETSA was performed using purified mouse T 

cells cultured in 10% RPMI medium supplemented with 10% FBS. For an initial 

determination of the melting profile of ITK, fresh cell lysate prepared in non-denaturing 

buffer was dispensed into a 96-well PCR plate in the above medium (approx. 10000 cells/

well/50 µl), then was subjected to a temperature gradient (37-60°C) for 20 min. 

Subsequently, centrifugation was performed at 14,000 rpm to sediment the unstable 

protein content. Supernatant was collected and an SDS-PAGE gel was run, and immuno-

detection was performed for ITK using the corresponding primary antibody. Band 

intensity was quantified on a LI-COR C-Digit Blot Scanner, and the Tagg (50) and Tagg(75) 

values were calculated for ITK. In a subsequent run, fresh lysates from purified mouse T 

cells were treated at various doses with 3-fold dilutions (20, 6.6, 2.2, 0.75, 0.25, 0.08 and 

0.027 µM) of the peptide SLP76pTYR or the DMSO control, for 1 hour. Samples were 

then subjected to heat challenge at Tagg (50) for 20 min, and unstable protein was removed
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by a centrifugation step. Following an immuno-blotting step, bands of remaining stable 

ITK were quantified, normalized to loading control, and plotted using GraphPad Prism 

software. EC50 values of engagement for both compounds with ITK were subsequently 

calculated.

Statistical Analyses. Statistical analysis was performed using one-way ANOVA, two-way

ANOVA, or Student’s t-test, depending on the dataset. ANOVA analyses included 

Tukey’s multiple comparisons test. Kruskal Wallis test was used for histology grade 

analyses. P-values are presented as ≤0.05 being significant. Data graphing and statistical 

testing were performed with GraphPad Prism v7 or v9. Data are presented as means or 

medians with standard deviation unless otherwise noted in the legend. All experiments 

were done with at least 3 mice per group, according to power analyses, and repeated 

multiple times unless otherwise mentioned.
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Allogeneic hematopoietic stem cell transplantation is a potentially curative procedure for
many malignant diseases. Donor T cells prevent disease recurrence via graft-versus-
leukemia (GVL) effect. Donor T cells also contribute to graft-versus-host disease (GVHD), a
debilitating and potentially fatal complication. Novel treatment strategies are needed which
allow preservation of GVL effects without causing GVHD. Using murine models, we show
that targeting IL-2-inducible T cell kinase (ITK) in donor T cells reduces GVHD while
preserving GVL effects. Both CD8+ and CD4+ donor T cells from Itk-/- mice produce less
inflammatory cytokines and show decrease migration to GVHD target organs such as the
liver and small intestine, while maintaining GVL efficacy against primary B-cell acute
lymphoblastic leukemia (B-ALL). Itk-/- T cells exhibit reduced expression of IRF4 and
decreased JAK/STAT signaling activity but upregulating expression of Eomesodermin
(Eomes) and preserve cytotoxicity, necessary for GVL effect. Transcriptome analysis
indicates that ITK signaling controls chemokine receptor expression during alloactivation,
which in turn affects the ability of donor T cells to migrate to GVHD target organs. Our data
suggest that inhibiting ITK could be a therapeutic strategy to reduce GVHD while
preserving the beneficial GVL effects following allo-HSCT treatment.

Keywords: GVHD after blood transfusion, T cell, GvL, ITK deficiency, Eomesodermin (EOMES), JAK-STAT
signalling pathway

HIGHLIGHTS

• ITK-deficient donor T cells exhibit minimal GVHD, but maintain GVL activity.
• ITK-deficient donor T cells exhibit significantly reduced production of inflammatory cytokines

and migration to GVHD target organs.
• Eomes is required for the GVL effect.
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INTRODUCTION

During allogeneic hematopoietic stem cell transplantation (allo-
HSCT), alloreactive donor T cells are essential for the graft-
versus leukemia effect (GVL) (1–3). The same donor T cells may
also cause significant tissue damage to the host, known as graft-
versus-host disease (GVHD) (4). Development of GVHD results
in significant morbidity and mortality which complicates allo-
HSCT, a potentially curative treatment for leukemia. Standard
immunosuppressive therapy for GVHD is often therapeutically
sub-optimal and predisposes patients to opportunistic infections
such as Cytomegalovirus (CMV) and relapse of the underlying
malignancy (5, 6). Thus, specific signaling pathways that can be
targeted to allow the effects of GVL to persist while inhibiting
GVHD need to be identified. The Tec family nonreceptor
tyrosine kinase, Interleukin-2-inducible T cell kinase (ITK),
regulates activation of T cells downstream of the T cell
receptor (TCR). ITK is involved in the activation of
intracellular calcium signaling and MAPK pathways, as well as
polarization of the actin cytoskeleton, supporting an integral role
for ITK in T cell activation and function (7, 8). ITK is involved in
signaling which leads to cytokine production by T cell
populations, and also negatively regulates the development of a
distinct, innate-type cytokine-producing T cell population in the
thymus (9), referred to as innate memory phenotype (IMP) T
cells. These cells express significantly higher levels of CD122,
CD44, and Eomes compared to T cells from WT mice. Since the
activation, expansion, cytokine production, and migration of
alloreactive donor T cells to target organs are hallmarks of
GVHD (10, 11), and ITK is involved in these T cell activities,
we examined the role of ITK in GVHD and GVL in an allo-
HSCT model.

Previous studies have shown that Ibrutinib, an inhibitor of the
related Tec kinase Bruton’s tyrosine kinase (BTK) which can also
inhibit ITK, is able to reduce chronic GVHD (12). Here we use a
murine model of allo-HSCT involving allotransplant of T cells
from C57Bl/6 (WT) mice or Itk-/- mice into BALB/c mice, to
examine GVHD and GVL. We found that CD4+ and CD8+ T
cells transplanted from ITK-signaling-deficient mice induce
significantly less GVHD while retaining GVL function,
compared to T cells from WT mice. We also found that this
separation of GVHD from GVL was not dependent on the
development of IMP T cells since T cells from IL-4 receptor-
alpha and ITK-double knockout mice (Itk/Il4ra DKO), which
lack the IMP phenotype (13), did not induce GVHD, Instead, the
presence or absence of ITK separated GVHD from GVL in a cell-
intrinsic manner. Furthermore, Itk-/- donor T cells exhibited cell-
intrinsic reduction in proliferation, and both CD8+ and CD4+ T
cells donor T cells from Itk-/-mice exhibit increased expression of
perforin and significantly reduced expression of pro-
inflammatory cytokines. Both CD4+ and CD8+ T cells from
Itk-/- mice upregulate the key transcription factor Eomes, which
we found is critical for both GVHD and GVL, since Itk-/-

Eomesflox/flox CD4cre+ T cell donors (deficient in both Eomes
and ITK) did not mount a cytotoxic response against primary
leukemia cells or clear tumor cells, both in vitro and in vivo. Our
data further demonstrate that ITK deficiency affects JAK1/2 (14)

and IRF-4 (15) signaling, and CD4+ and CD8+ T cells from ITK-
deficient mice show defects in T cell migration into GVHD target
tissues, caused by reduced expression of chemokine receptors.
This leads to decreased tissue damage during allo-HSCT. Itk-/- T
cells can successfully clear leukemia cells in circulation, however
they are unable to clear subcutaneously growing leukemic cells
due to this migration defect. Finally, RNA sequencing data
revealed that ITK deficiency impacts genes involved in
cytokine production, cell adhesion, and chemokine and
cytokine receptor expression. These genes are involved in the
pathogenesis of GVHD. Our studies identify a specific and novel
potential therapeutic target and its downstream mechanism for
separating GVHD and GVL after allo-HSCT. Targeting ITK may
also prove beneficial for other T cell-mediated diseases.

MATERIALS AND METHODS

Mice
Itk-/-mice were described previously (16). C57BL/6, C57BL/6.SJL
(B6-SJL), ROSA26-pCAGGs-LSL-Luciferase, Thy1.1 (B6.PL-
Thy1a/CyJ), CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ), and BALB/c
mice were purchased from Charles River or Jackson Laboratory.
Eomesflox/flox mice, B6.129S1mice, and CD4cre mice were
purchased from Jackson Laboratory. Mice expressing Cre
driven by the CMV promoter (CMV-Cre) were purchased
from the Jackson Laboratory and crossed to ROSA26-
pCAGGs-LSL-Luciferase mice (B6-luc). B6-luc mice were bred
with Itk-/- mice to create Itk-/- luc mice. Itk-/-/Il4ra-/- double
knockout mice have been described (13). Mice aged 8–12 weeks
were used, and all experiments were performed with age and sex-
matched mice. Animal maintenance and experimentation were
performed in accordance with the rules and guidance set by the
institutional animal care and use committees at SUNY Upstate
Medical University and Cornell University.

Reagents, Cell Lines, Flow Cytometry
Monoclonal antibodies were purchased from eBiosciences (San
Diego, CA) or BD Biosciences (San Diego, CA). Antibodies
used included anti-CD3, anti-CD28, anti-CD3-FITC, Anti-
CD3-BV605, anti-CD8-FITC, anti-BrdU-APC, anti-IFNg-APC,
anti-TNFa-PE, anti-CD45.1-PerCPCy5.5, anti-CD122-APC,
anti-CD44-Pacific blue, anti-Eomes-PE-Cy7, anti-CD25-
BV421, anti-FoxP3-APC, anti-T-bet-BV421, anti-CD4-BV785,
anti-CD45.1-Pacific Blue, and anti-H-2Kd-Pacific Blue. We
performed multiplex ELISAs using Biolegend LEGENDplex
kits, and some kits were custom ordered to detect both mouse
and human cytokines. Luciferin was purchased from Perkin
Elmer (Waltham, MA) and Gold Bio (St Louis MO). Dead
cells were excluded from analysis with LIVE/DEAD Fixable
Aqua Dead Cell staining. Flow cytometry was performed using
a BD LSR-II or BD LSRFortessa cytometer (BD Biosciences).
Data were analyzed with FlowJo software (Tree Star,
Ashland, OR).

For cell sorting, T cells were purified with either anti-CD8 or
anti-CD4 magnetic beads using MACS columns (Miltenyi
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Biotec, Auburn, CA) prior to cell surface staining. FACS sorting
was performed with a FACS Aria III cell sorter (BD Biosciences).
FACS-sorted populations were typically of >95% purity.
Antibodies against IRF4, STAT3, JAK2, JAK1, GAPDH, and b-
Actin (for total and/or phospho proteins) were purchased from
Cell Signaling Technology (Danvers, MA). All cell culture
reagents and chemicals were purchased from Invitrogen
(Grand Island, NY) and Sigma-Aldrich (St. Louis, MO), unless
otherwise specified. The A20 cell lines (American Type Culture
Collection; Manassas, VA), and primary mouse B-ALL blast cells
(17) were transduced with luciferase, and cultured as described
previously (18).

Allo-HSCT and GVL Studies
Lethally irradiated BALB/c mice (800 cGy) were injected
intravenously with 10 × 106 T cell-depleted bone marrow
(TCDBM) cells with or without 1 × 106 FACS-sorted CD8+ T
cells, 1 × 106 CD4+ T cells, or CD8/CD4 cells mixed at a 1:1 ratio.
FACS-sorted total CD8+, total CD4+, or mixed donor CD4+ and
CD8+ T cells from WT (C57Bl/6) or Itk-/- mice were used. For
GVL experiments, B-cell acute lymphoblastic leukemia (B-ALL)
primary blasts (17) transduced with luciferase were cultured as
described previously (18), and 2 × 105 luciferase-expressing B-
ALL blasts were used. Mice were evaluated twice a week from the
time of leukemia cell injection for 65 days by bioluminescence
imaging using the IVIS 50 Imaging System (Xenogen) as
previously described (19). Clinical presentation of the mice
was assessed 2–3 times per week by a scoring system that
sums changes in five clinical parameters: weight loss, posture,
activity, fur texture, and skin integrity (20). Mice were
euthanized when they lost ≥30% of their initial body weight or
became moribund.

For chimera experiments, bone marrow cells from Itk-/-

(CD45.1+) or C57Bl/6 (CD45.2+) mice were mixed at different
ratios—1:1 (WT:Itk-/-), 1:2, 1:3, or 1:4—and transplanted into
lethally irradiated Thy1.1 mice. In some experiments, we used
Itk-/- on a CD45.2 background andWT on a CD45.1 background
as indicated in the figure legends. Mice were bled from the tail
vein after 9 weeks to determine the presence of Itk-/- and WT
cells. For GVHD assessment experiments, Itk-/- (CD45.1+) and
WT (CD45.2) T cells were FACS-sorted from Thy1.1 hosts and
then transplanted to irradiated BALB/c mice carrying leukemia
cells, along with TCDBM as described above. This was followed by
analysis of GVHD and GVL. In some experiments FACS-sorted
CD8+ T cells fromWT or Itk-/-mice were mixed at a 1:1 ratio and
injected into BALB/c mice (2 × 106 CD8+ T cells total).

Tissues Imaging
Allo-HSCT was performed with 10 × 106 WT T cell-depleted BM
cells and 1 × 106 FACS-sorted CD8+ or 1 × 106 FACS-sorted
CD4+ T cells (from B6-luc or Itk-/-lucmice) and bioluminescence
imaging of tissues was performed as previously described (21).
Briefly, 5 min after injection with luciferin (10 mg/g body weight),
selected tissues were prepared and imaged for 5 min. Imaging
data were analyzed and quantified with Living Image Software
(Xenogen) and Igor Pro (Wave Metrics, Lake Oswego, OR).

Cytokine Production, Cytotoxicity, and
BrdU Incorporation Assays
On Day 7 post-transplantation, serum and single cell
suspensions of spleens were obtained. Serum IL-33, IL-1a,
IFN-g, TNF-a and IL-17A content was determined by
multiplex cytokine assays (Biolegend LEGENDplex). T cells
were stimulated with anti-CD3/anti-CD28 for 4–6 h in the
presence of brefeldin A (10 mM) and stained intracellularly for
cytokines (IFN-g and TNF-a). Control cells were stimulated with
PMA and ionomycin in the presence of brefeldin A.

Proliferation Assays
For detection of BrdU, mice were given BrdU with an initial
bolus of BrdU (2 mg per 200 ml intraperitoneally) and drinking
water containing BrdU (1 mg/ml) for 2 days. BrDU
incorporation was performed using BrDU kit (Invitrogen)
according to the manufacturer’s instructions.

Cytotoxicity Assays
For cytotoxicity assays, luciferase-expressing A20 cells were seeded
in 96-well flat bottom plates at a concentration of 3x105 cells/ml. D-
firefly luciferin potassium salt (75 mg/ml; Caliper Hopkinton, MA)
was added to each well and bioluminescence was measured with the
IVIS 50 Imaging System. Subsequently, ex vivo effector cells
(MACS-sorted or FACS-sorted CD8+ T cells from bone marrow-
transplanted mice) were added at 40:1, 10:1, and 5:1 effector-to-
target (E:T) ratios and incubated at 37°C for 4 h. Bioluminescence
in relative luciferase units (RLU) was thenmeasured for 1min. Cells
treated with 1% Nonidet P-40 was used as a measure of maximal
killing. Target cells incubated without effector cells were used to
measure spontaneous death. Triplicate wells were averaged and
percent lysis was calculated from the data using the following
equation: % specific lysis = 100 × (spontaneous death RLU–test
RLU)/(spontaneous death RLU – maximal killing RLU) (22).

Migration Assays
Lethally irradiated BALB/c mice were injected intravenously
with 10 × 106 WT TCDBM cells from B6.PL-Thy1a/CyJ mice,
along with FACS-sorted CD8+ or CD4+ T cells from B6.SJL and
Itk-/- mice, mixed at a 1:1 (WT:Itk-/-) ratio. Seven days post-
transplantation, the mice were sacrificed and lymphocytes from
the liver, small intestine, spleen, and skin-draining lymph nodes
were isolated. Livers were perfused with PBS, dissociated, and
filtered with a 70 mm filter. The small intestines were washed in
media, shaken in strip buffer at 37°C for 30 min to remove the
epithelial cells, and then washed, before digesting with
collagenase D (100 mg/ml) and DNase (1 mg/ml) for 30 min
in 37°C, and followed by filtering with a 70 mm filter.
Lymphocytes from the liver and intestines were further
enriched using a 40% Percoll gradient. The cells were analyzed
for H2Kb, CD45.1+ and CD45.2+ CD8+ T cells by flow cytometry,
but we excluded any bone marrow-derived T cells (Thy1.1+).

RNA Sequencing
T cells from WT C57Bl/6 or Itk-/- mice were MACS purified and
FACS sorted, and 2 × 106 FACS sorted CD8+ T cells were
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transplanted into BALB/c mice, along with TCDBM as described
above. Seven days post transplantation, donor cells were purified
from spleen. Samples were submitted to SUNY Upstate Medical
University Sequencing core facility for RNA sequencing. We
were unable to sort enough donor T cells from small intestine of
the recipient mice that received Itk-/- T cells. Therefore, we
generated RNA sequencing data from five groups: WT-Pre and
Itk-/–Pre cells prior to transplantation; WT-Spleen, and Itk-/-

Spleen using cells isolated from 7 days post-transplantation.
Copy numbers were further analyzed in Gene Spring for
normalization, quality control, correlation, principal
component analysis, and gene differential expression. The
sequencing data is deposited in (https://www.ncbi.nlm.nih.gov/
geo/).

Western Blotting
Cells were lysed in freshly prepared lysis buffer using RIPA buffer
(Fisher Scientific) and Complete Protease Inhibitor Cocktail
(Fisher Scientific) and centrifuged for 10 min at 4°C. Aliquots
containing 70 mg of protein were separated on a 12–18%
denaturing polyacrylamide gel and transferred to nitrocellulose
membranes for immunoblot analysis using specific Abs.

qPCR Assay
To confirm the differences observed in RNA sequencing, pre-
and post-transplanted donor T cells were FACS sorted from
recipient mice on H2Kb markers, and total RNA was isolated
from T cells using the RNeasy kit from Qiagen (Germantown,
MD). cDNA was made from total RNA using a cDNA synthesis
kit (Invitrogen). qRT-PCR assay was performed with a premade
customized plate (Fisher Scientific, Hampton, NH).

Human Patient Samples
We also isolated plasma from GVHD patients and healthy donors
and performed cytokine ELISAs on these plasma samples using
multiplex ELISA kits (Biolegend, San Diego, CA). This work was
done under approved IRB protocol 1522145-2.

Statistics
All numerical data are reported as means with standard
deviation. Data were analyzed for significance with GraphPad
Prism. Differences were determined using one-way or two-way
ANOVA and Tukey’s multiple comparisons tests, or with a
student’s t-test when necessary. P-values less than or equal to
0.05 are considered significant. All transplant experiments are
done with N=5 mice per group, and repeated at least twice,
according to power analyses. Mice are sex-matched, and age-
matched as closely as possible.

RESULTS

Ablation of ITK Retains GVL effect but
Avoids GVHD During Allo-HSCT
To determine whether TCR-mediated activation of ITK impacts
GVHD pathogenesis after allo-HSCT, we examined the effects of

ITK signaling on donor CD4+ and CD8+ T cells in an allo-
transplant model, using C57Bl/6 mice (MHC haplotype b) as
donors and BALB/c mice (MHC haplotype d) as recipients. To
induce GVHD, we used MHC-mismatched donors and
recipients, TCDBM from B6.PL-Thy1a/CyJ (Thy1.1) mice, and
T cells from C57BL/6 (B6) WT or Itk-/- mice. Lethally irradiated
BALB/c mice were injected intravenously with 10 × 106 wild-type
(WT) TCDBM cells along with 2 × 106 FACS-sorted donor T cells
(1 × 106 CD8+ and 1 × 106 CD4+), followed by intravenous
challenge with 2 × 105 luciferase-expressing B-ALL-luc blast cells
as described (16). Recipient BALB/c mice were monitored for
cancer cell growth using IVIS bioluminescence imaging for over
60 days >>(Figure 1A). While leukemia cell growth was observed
in T cell-depleted BM-transplanted mice without T cells,
leukemia cell growth was not seen in mice transplanted with T
cells from either WT or Itk-/- mice. As expected, mice
transplanted with WT T cells cleared the leukemia cells but
suffered from GVHD. In contrast, mice transplanted with Itk-/- T
cells cleared the leukemia cells and displayed minimal signs of
GVHD. Most animals transplanted with Itk-/- T cells survived for
more than 65 days post-allo-HSCT (Figure 1B), with
significantly better survival and reduced clinical scores
compared to those transplanted with WT T cells [scored based
on weight, posture, activity, fur texture, and skin integrity as
previously described (19) (Figures 1C, D)]. BALB/c mice
transplanted with Itk-/- T cells showed only residual tumor cell
growth (as measured by bioluminescence), showing that the
donor cells maintained GVT functions similar to WT T cells
(Figure 1E). Donor CD8+ T cells are more potent than CD4+ T
cells in mediating GVL effects, but both CD4+ and CD8+ T cells
mediate severe GVHD in mice and humans (23–25). To
determine whether CD4+ T cell-intrinsic ITK signaling might
be sufficient to induce GVHD, we repeated the same experiments
using purified CD4+ T cells from either WT or Itk-/- mice in the
MHC-mismatch mouse model of allo-HSCT (B6!BALB/c)
(Supplementary Figures 1A–C). Recipients of WT CD4+ T
cells exhibited worse survival compared to mice receiving
TCDBM cells alone (Supplementary Figure 1A). In contrast,
recipients of TCDBM mixed with Itk-/- CD4+ T cells had greatly
reduced mortality and clinical scores (Supplementary Figure
1B), indicating that CD4+ T cell-intrinsic ITK signaling can
contribute to the severity of GVHD. Our results indicate that
ITK signaling is dispensable for anti-leukemia immunity, but
required for GVHD.

T Cells Innate Memory Phenotype Is Not
Sufficient for GVHD Effects, and the
Regulatory Function of ITK in GVHD Is T
Cell-Intrinsic
The innate memory phenotype (IMP: CD44hiCD122hi and
Eomeshi) (26) of Itk-/- CD8+ T cells arises in the thymus
during development, as opposed to memory CD8+ T cells that
are also CD44hi, but largely arise in the periphery of WT mice in
response to foreign antigens or due to homeostatic proliferation
(27). We examined pre-transplanted CD8+ T cells for
CD44hiCD122hi and Eomeshi expression, and observed that
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Itk-/- T cells expressed higher levels of CD44hiCD122hi and
Eomeshi compared to CD8+ T cells from WT mice (Figure
2A). We sought to understand whether the emergence of IMP
T cells is sufficient to separate GVHD from GVL. To test this, we
generatedWT IMP T cells using a mixed-bone marrow approach
in which T cell-depleted BM from WT and Itk-/- mice were
mixed at a 3:1 (WT: Itk-/-) ratio (26). The irradiated congenic
(B6) Thy1.1 hosts were reconstituted with this mixture of TCDBM
CD45.2+ WT and CD45.1+Itk-/- BM cells, along with a control
group receiving mixed CD45.2+ WT and CD45.1+ WT BM cells
(Figure 2B). WT BM-derived CD8+ thymocytes that develop in
such mixed BM chimera acquire an IMP phenotype due to their
development in the same thymus as the Itk-/- T cells (26), which
we also observed in our experiments (Figure 2B). Ten weeks
after reconstitution of the T cell compartment, T cells derived
from WT (CD45.2+Thy1.1-) and Itk-/- (CD45.1+) donor cells
were sorted from the bone marrow chimeras. These sorted T cells
were transplanted into irradiated BALB/c mice along with

TCDBM in the allo-HSCT model as described above, and tested
for their function in GVHD and GVL. Analysis of the BALB/c
recipients of these different IMP CD8+ T cells indicates that WT
IMP cells were not able to separate GVL and GVHD (Figures
2C–G). Thus, the appearance of IMP is not sufficient to separate
GVHD from GVL.

As previously discussed, Itk-/- CD8+ and CD4+ T cells exhibit
attenuated TCR signaling and an IMP (26), as indicated by
expression of high levels of CD44, CD122, and Eomes,
specifically by CD8+ T cells (Figures 3A, B). To examine
whether these IMP T cells from Itk-/- mice mount GVL
responses, we utilized the MHC-mismatch mouse model of
allo-HSCT (WT, Itk-/-!BALB/c, i.e., H2Kb+!H2Kd+). We
then sorted H2Kb+donor T cells back from recipient mice and
determined their cytotoxicity against B-ALL-luc cells. We found
that these donor cells effectively killed primary leukemia cells in
vitro, even in the absence of ITK (Figure 3C). Moreover, we
observed significantly increased expression of perforin in CD8+

A

B

D E

C

FIGURE 1 | Absence of ITK avoids GVHD while retaining GVL effects during allo-HSCT. 1 × 106 purified CD4+ and 1 × 106 CD8+ T cells (WT or Itk-/-) were mixed
at a 1:1 ratio, and transplanted along with 2 × 105 B-ALL-luc cells into irradiated BALB/c mice. Host BALB/c mice were imaged using the IVIS imaging system 3
times a week. Group 1 received 10 × 106 T cell depleted bone marrow only (labeled as TCDBM). Group 2 received 10 × 106 TCDBM along with 2 × 105 B-ALL-luc
cells (TCDBM+B-ALL luc+), Group 3 was transplanted with 1 × 106 purified WT CD8+ and 1 × 106 CD4+ T cells (1:1 ratio) along with 2 × 105 B-ALL-luc+ cells 10 ×
106 (TCDBM+B-ALL luc+ WT CD8+CD4). Group 4 received 1 × 106 purified Itk-/- CD8+ and 1 × 106 CD4+ T cells (1:1 ratio) along with 2 × 105 B-ALL-luc+ cells 10 ×
106 (TCDBM+B-ALLluc+ Itk-/- CD8+CD4). (A) Recipient BALB/c mice were imaged using IVIS 3 times a week. (B) The mice were monitored for survival, (C) changes
in body weight, and (D) clinical score for 65 days post BMT. (E) Quantified luciferase bioluminescence of leukemia cell growth. Statistical analysis for survival and
clinical score was performed using log-rank test and two-way ANOVA, respectively. For weight changes and clinical score, one representative of 2 independent
experiments is shown (n = 3 mice/group for BM alone; n = 5 experimental mice/group for all three groups. Survival is a combination of 2 experiments. P values
presented with each group. Two-way ANOVA and students t-test were used for statistical analysis. Note: Controls are naïve mice used as negative control for
bioluminescence (BLI).
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T cells from Itk-/-mice compared to T cells fromWTmice, in the
absence of activation (Figure 3D). Our findings demonstrate
that CD8+ T cells from Itk-/- mice have enhanced activation, and
exert cytotoxicity against primary leukemia cells.

IL-4 is known to upregulate Eomes in CD8+ T cells (26, 28),
which we verified by comparing T cells from WT and Itk/Il4ra
double KO (DKO) mice. Removing IL-4 signaling from the Itk-/-

mice led to decreased expression of Eomes in Itk-/- T cells
compared to T cells from Itk-/- and WT pre-transplanted
(Supplementary Figure 2A). Next, we used the short-term
allo-HSCT model, where T cells from WT or Itk/Il4ra DKO
were transplanted into irradiated BALB/c mice. 7 days post
transplantation, WT or Itk/Il4ra DKO donor T cells were then
sorted back from the BALB/c recipient mice, and Eomes
expression on these donor T cells was determined. We did not
observe any differences between the donor WT or Itk/Il4ra T
cells upon allo activation (Supplementary Figures 2A–C). Next,
we tested the function of Itk/Il4ra DKO T cells in the long term

allo-HSCT model, and observed that donor T cells from Itk/Il4ra
DKO mice did not induce GVHD, and most of the animals
survived compared to recipients of WT T cells (Supplementary
Figure 2D). BALB/c transplanted with Itk/Il4ra donor T cells
also had much less weight loss and significantly better clinical
scores compared to BALB/c mice transplanted with WT donor T
cells (Supplementary Figures 2D–G). Furthermore, Itk/Il4ra
DKO donor T cells cleared leukemia cells without inducing
GVHD. These data show that the IMP T cell phenotype may
not be critical for GVHD, but modulating ITK does impact
GVHD without affecting GVL.

To investigate the role of Eomes in clearing leukemia cells and
in cytotoxic function, we crossed Itk-/- mice with Eomesflox/flox

mice, and crossed these offspring with CD4cre mice, to delete
Eomes specifically in T cells (28, 29) to generate (Itk/Eomes
DKO). We performed similar allo-HSCT experiments as
described above, and used WT or Itk/Eomes DKO T cells.
Seven days post-transplant, donor T cells were sorted using

A B

D E
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C

FIGURE 2 | The regulatory function of ITK in GVHD is T cell-intrinsic. (A) Purified WT and Itk-/- CD8+ T cells were examined for expression of CD44, CD122, and
Eomes prior to transplantation. (B) Whole bone marrow cells isolated from C57Bl/6 WT (CD45.2) and Itk-/- (CD45.1) mice were mixed in 1:3 ration WT: Itk -/-, and
transplanted into irradiated Thy1.1 C57Bl/6 mice. 9-10 weeks later CD8+ T cells were sorted by CD45.2 and CD45.1 expression (donor T cells) and exclusion of
Thy1.1 positive (host T cells). Isolated sorted T cells were examined for expression of CD44, CD122, and Eomes and transplanted into irradiated BALB/c mice. This
experiment was repeated more than three times. (C) Irradiated BALB/c mice were divided in four different groups and transplanted with the sorted T cells described
in (B) as follows: Group one was transplanted with 10 × 106 TCDBM alone (TCDBM). Group two was transplanted with 10 × 106 TCDBM and 2 × 105 B-ALL-luc,
(TCDBM+B-ALLluc). Group three was transplanted with 10 × 106 TCDBM along with 1 × 106 purified WT CD8+ T cells and 2 × 105 B-ALL-luc (TCDBM+B-ALLluc+WT
CD45.2). The fourth group was transplanted 10 × 106 TCDBM along with and 1 × 106 purified Itk-/- CD8+ T cells and 2 × 105 B-ALL-luc (TCDBM+B-ALLluc+Itk-/-

CD45.1). These mice were monitored for leukemia cell growth using the IVIS system. (D) The mice were monitored for survival, (E) changes in body weight, and
(F) clinical score for 47 days post BMT. For body weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3 mice/group
for BM alone; n = 5 experimental mice/group for all three groups). (G) Quantified luciferase bioluminescence of luciferase expressing B-ALL-luc cells. Statistical
analysis for survival and clinical score was performed using log-rank test and two-way ANOVA, respectively. One representative experiment out of 2. Survival is a
combination of 2 experiments, 3 mice per group of control TCDBM, and 5 mice per group for all of the experimental groups. P value presented with each figure.
Note: Controls are naïve mice used as negative control for BLI.
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H2Kb expression, and in vitro cytotoxicity assays were performed
at a 5:1, 20:1 and 40:1 ratio (effector: target). Our data show that
ex vivo donor Itk/Eomes DKO were unable to kill cancer targets
(Figure 3E). To examine the role of Eomes in the allo-HSCT
model, BALB/c mice were lethally irradiated and injected
intravenously with 10 × 106 WT TCDBM cells along with
FACS-sorted CD8+ and CD4+ T cells from donor mice (WT,
Itk-/-Eomes DKO). This was followed by intravenous challenge
with 2 × 105 luciferase-expressing B-ALL-luc blast cells as
described (17). Recipient animals transplanted with WT T cells
cleared the tumor cells but had reduced survival and GVHD
(Figures 3F–I). Recipient animals transplanted with Itk-/-Eomes
DKO T cells however, did not cleared the leukemia cells without
showing signs of GVHD (Figure 3I). Notably, recipient animals
transplanted with Itk/Eomes DKO T cells mice were unable to
clear the tumor and all died from cancer burden. These data
provided further evidence that Eomes is required for the GVL effect.

ITK Deficiency Results in Reduced
Cytokine Production
It is known that the conditioning regimen for allo-HSCT elicits
an increase in the production of inflammatory cytokines by
donor T cells, and this is considered to be one of the hallmarks
of GVHD pathogenesis (30). We obtained blood samples from
GVHD patients and healthy donors and examined the levels of
serum inflammatory cytokines such as IL-33, IL-1a, IFNg, TNFa
and IL-17A. We observed that patients with GVHD have
significantly higher levels of serum proinflammatory cytokines
compared to healthy controls (Figure 4A). Next, we assessed
cytokine production by Itk-/- CD8 and CD4 T cells in our allo-
HSCT model (B6!BALB/c), examining the levels of serum
inflammatory cytokines such as IL-33, IL-1a, IFN-g, TNF-a
and IL-17A on day 7 post allotransplantation (Figures 4B, C).
We found that serum IFN-g and TNF-a were significantly
reduced in recipients that received Itk-/- CD8+ T or CD4+ T
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FIGURE 3 | IMP T cells are not sufficient for GVL effect. (A, B) Purified WT and Itk-/- CD8+ and CD4+ T cells were examined for expression of CD44, CD122, and
Eomes by flow cytometry. (C) Purified WT or Itk-/- T cells were transplanted into irradiated BALB/c mice, at day 7 purified T cells were sorted using H2Kd, CD45.1 and
CD45.2 expression. Ex vivo purified CD8+T cells were used in cytotoxicity assay against primary leukemia target B-ALLluc+ cells at a 40:1, 20:1, or 5:1 ratio. (D) Purified
T cells were examined for perforin by western blot. Quantitative analysis of perforin expression by western blot with data normalized against b–Actin. (E) Purified WT or
Itk/Eomes DKO donor T cells were transplanted into irradiated BALB/c mice. On day 7 donor T cells were purified as described and used in an ex vivo cytotoxicity assay
against B-ALLluc-cells at 5:1, 20:1, and 40:1 ratio. (F) 1 × 106 purified WT and Itk-/- Itk/Eomes DKO CD8+ T cells and 1 × 106 purified CD4+ T total of 2 × 106 mixed
CD4+ and CD8+ T cells were mixed and transplanted along with 2 × 105 B-ALL-luc cells and 10 × 106 TCDBM into irradiated BALB/c mice. Host BALB/c mice were
imaged using IVIS 3 times a week. Group one received 10 × 106 TCDBM alone as (TCDBM). Group two received 10 × 106 TCDBM along with 2 × 105 B-ALL-luc cells
(TCDBM+B-ALLluc). Group three were transplanted with 10 × 106 TCDBM and 1 × 106 purified WT CD8+ T cells +1 × 106 CD4+ T cells and 2 × 105 B-ALL-luc cells
(TCDBM+B-ALLluc+WT CD8+CD4). Group four received 10 × 106 T TCDBM and 1 × 106 purified CD8+ T cells +1 × 106 CD4+ T cells from Itk/Eomes DKO along with 2 ×
105 B-ALL-luc cells (TCDBM+B ALLluc+ Itk-/- EomesFF+CD4cre CD8+CD4). Group five received 10 × 106 TCDBM and 1 × 106 CD8+ T cells +1 × 106 CD4+ purified T cells
Itk/Eomes DKO CD4+ T cells along with 2 × 105 B-ALL-luc cells (TCDBM+B-ALLluc+ Itk-/- EomesFF+CD4cre- CD8+CD4). (F) The mice were monitored for survival, (G) body
weight changes, and (H) clinical score for 60 days post BMT. For weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3
mice/group for BM alone; n = 5 experimental mice/group for all three group. The survival groups are a combination of all experiments. (I) Quantitated luciferase
bioluminescence of tumor growth. Statistical analysis for survival and clinical score was performed using log- Two-way ANOVA were used for statistical analysis
confirming by students t test, p values are presented. Note: Controls are naïve mice used as negative control for bioluminescence (BLI).
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cells compared to those that received WT CD8+ or CD4+ T cells
(Figure 4B, C). Thus, we confirmed that the findings in our pre-
clinical model correlated with what we found in human GVHD
samples. We also isolated Itk-/- donor T cells from the secondary
lymphoid organs of recipients using anti-H2Kb antibodies
(expressed by donor C57Bl/6 cells). 7 days post allo-
transplantation, cells were stimulated with anti-CD3/CD28
(Figure 4D), or PMA/ionomycin [to bypass the proximal TCR
signaling defect (31) (Supplementary Figure 3)], in the presence
of Brefeldin A, or left unstimulated for 6 h, followed by analysis
of IFN-g and TNF-a cytokine production. Itk-/- T cells were
capable of producing IFN-g and TNF-a at levels comparable to
WT cells when both CD8+ and CD4+ T cell signaling was
bypassed by re-stimulation with PMA and ionomycin
(Supplementary Figure 3). However, the Itk-/- cells produced
significantly less inflammatory cytokines when stimulated via
TCR/CD28 than WT cells did (Figures 4D, E). Next, we
determined whether the reduction of cytokine production by
Itk-/- donor T cells was due to cell-intrinsic or -extrinsic factors.
We mixed purified Itk-/- CD8+ T and CD4 T cells with purified
WT CD8+ or CD4+ T cells separately at a 1:1 ratio, and
transplanted the mixed cells into irradiated BALB/c mice as
described above. On day 7, donor T cells were isolated from
recipient mice using H2Kb+ and examined for IFN-g and TNF-a

expression as described above. We found that WT donor CD8+

and CD4+ T cells produced higher levels of inflammatory
cytokines than Itk-/- donor CD8+ and CD4+ T cells,
respectively, suggesting that the reduced cytokine production
observed by Itk-/- donor T cells is T cell-intrinsic (Figure 4F).

We next examined donor CD4+ and CD8+ T cell proliferation
using a BrdU incorporation assay. 7 days post allo-
transplantation as described above, transplanted splenic CD4+

and CD8+ T cells were examined for proliferation by BrdU
incorporation. Itk-/- donor CD8+ showed statistically
significantly reduced proliferation compared to WT donor
CD8+ T cells, although there was no difference in proliferation
betweenWT and Itk-/- CD4+ T cells (Figure 4G). To determine if
the reduced proliferation of Itk-/- donor T cells was due to cell-
intrinsic mechanisms, we mixed sort purified mixed Itk-/- and
WT CD4+ or Itk-/- and WT CD8+ at a 1:1 ratio, followed by
transplantation as described above. Interestingly, no difference
was observed in BrdU incorporation in donor T cells from
spleens of recipient mice between WT and Itk-/- donor CD4+

and CD8+ T cells in the mixed transplant models, indicating that
the reduced proliferation of donor Itk-/- T cells proliferation was
due to cell-extrinsic effects (Figure 4H). Thus, both cell intrinsic
and extrinsic mechanisms regulate the behavior of Itk-/- CD8+

and CD4+ donor T cells.
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FIGURE 4 | ITK deficiency results in reduced cytokine production. (A) Serum from several GVHD patients was isolated and examined for inflammatory cytokine
production (IL-33, IL1a, IFN-g and TNF-a, IL1b and IL-17A) as determined by ELISA. (B, C) 1 × 106 purified WT or Itk-/- CD8+ T or CD4+ T cells were separately
transplanted with into irradiated BALB/c mice. At day 7 post allo-HSCT, recipient BALB/c were euthanized and serum cytokines (IL-33, IL1a, IFN-g, and TNF-a and IL-
17A) were measured by ELISA. (D) Intracellular IFN-g and TNF-a expression by donor CD8+ and CD4+ T cells after stimulation with anti-CD3/anti-CD28 as determined by
flow cytometry. (E, F) Combined data from 3 independent experiments is shown for each experiment shown in figures. (F) Flow cytometry analysis of purified WT and
Itk-/- T cells that were mixed at a 1:1 ratio for transplantation into irradiated BALB/c mice. At day 7 donor T cells were gated for expression of H-2Kb, CD45.1, and
CD45.2 and intracellular expression of IFN-g and TNF-a was analyzed by flow cytometry after stimulation with anti-CD3/anti-CD28. Combined data from four independent
experiments is shown, and the p value for each experiment is shown. (G) Purified WT or Itk-/- donor CD8+ and CD4+ T cells were transplanted into irradiated BALB/c. At
day 7 donor cells were analyzed for donor T cell proliferation by examining BrdU incorporation by flow cytometry. (H) Purified WT and Itk-/- donor T cells were mixed at a
1:1 WT: Itk-/- ratio and transplanted into irradiated BALB/c mice, at day 7 splenic donor T cells were gated for the expression of H-2Kb, CD45.1, and CD45.2 and
analyzed for BrDU incorporation. (I) Purified WT and Itk-/-T cells were stimulated with CD3 and CD28 overnight examined for the expression and phosphorylation of IRF4,
JAK1/2 and STAT3 by western blot. For statistical analysis we used two-way ANOVA and student’s t test, p values are presented.

Mammadli et al. ITK Differentiate GVL From GVHD

Frontiers in Immunology | www.frontiersin.org November 2020 | Volume 11 | Article 5938638

509

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


The transcription factor IRF4 has been shown to play critical
roles in maintaining TCR signaling, including TCR signal
strength such as those regulated by ITK (32). The JAK/STAT
signaling pathway is also critical for the response of T cells to
cytokines (33, 34). To examine whether there was a difference in
these signaling pathways between WT and Itk-/- donor T cells in
the GVHD and GVL model, we examined expression of IRF4,
JAK1, JAK2 and STAT3 by purified splenic T cells that had been
stimulated overnight with CD3 and CD28 followed by lysis for
analysis of protein. Our data showed that Itk-/- donor T cells
expressed significantly less IRF4, JAK1, JAK2, and STAT3 as well
as phosphorylated forms of JAK1, JAK2 and STAT3 (Figure 4I
and Supplementary Figures 4A–D). Our data suggest that the
lack of ITK affects the expression of IRF4, and thus the amount of
cytokine signals the cells received. These data may explain the
reduced cytokine production and proliferation in Itk-/- T cells
observed above.

ITK Differentially Regulates Gene
Expression in T Cells During GVHD
As an unbiased approach to further explore differences between
WT and Itk-/- CD8+ T cells, we employed RNA sequencing
analysis to examine the differences in gene expression between
WT and Itk-/- CD8+ T cells following allo-HSCT. We sort-
purified donor WT and Itk-/- CD8+ T cells (using H-2Kb

antigen expressed by donor T cells) before and 7 days after
they were transferred into irradiated BALB/c recipients, and
RNA sequences was done. Although WT and Itk-/- CD8+ T cells
are distinct prior to transplantation due to the enhanced IMP in
the absence of ITK, WT and Itk-/- T cells which homed to the
spleen post-transplantation are similar as revealed by the fact
that they clustered within a close proximity in the Principal
Component Analyses (PCA) (Figure 5A). We were unable to
collect enough cells from the intestine of the Itk-/- T cell
recipients, since they are deficient in homing to the intestine
(see Figures 6B–D). To further determine the differentially
expressed genes that are unique in WT CD8+ T cells and
associated with their ability to home to the GVHD target
organs, we compared the lists of genes that were up- or down-
regulated after the cells were transferred into the recipients and
homed to different organs. Genes that are differentially expressed
in WT T cells that were able to home to the GVHD target organ
may reveal signals that are deficient due to the absence of ITK.
We therefore extracted the list of genes that are up- or down-
regulated in only WT T cells isolated from the gut of the
recipient’s post-transplantation (Figures 5B, C shows 20 up-
regulated and 27 down-regulated genes). The differentially
expressed genes between WT and Itk-/- donor T cells were
enriched for transcripts encoding lymphocyte homing
molecules such as adhesion molecules and chemokine
signaling proteins, which might contribute to the defective
homing capability of Itk-/- donor T cells (Figure 5E). The
results of critical genes that were differentially expressed were
confirmed by q-RT-PCR (Figure 5D). Using pathway
enrichment analyses, our data also revealed a critical role for
ITK in regulating genes involved in T cell cytokine/cytokine
receptor interaction, cell adhesion, graft-versus-host disease,

allograft rejection, and chemokine signaling pathways (Figure
5E). These data suggest that ITK regulates the expression of
signature genes associated with the homing of the transplanted
cells into the GVHD targeted organs, while it does not have an
apparent effect on T cell homing in the spleen. This may, in part,
explain the ability of Itk-/- T cells to maintain GVL effects while
being unable to home to the GVHD target organs and participate
in GVHD.

ITK Signaling Is Required for T Cell
Migration to the GVHD Target Tissues
GVHD involves early migration of alloreactive T cells into the
target organs, followed by T cell expansion and tissue
destruction. Modulation of alloreactive T cell trafficking has
been suggested to play a significant role in ameliorating
experimental GVHD (35). Therefore, we examined the
trafficking of donor T cells to GVHD target tissues as
previously described (35). Irradiated BALB/c recipient mice
were injected with CD8+ and CD4+ T cells from Itk-/-

(CD45.2+) and WT B6LY5(CD45.1+) mice mixed at a 1:1 ratio
(Figure 6A), and at 7 days post transplantation, recipient mice
were examined for the presence of donor CD8+ and CD4+ T cells
in the spleen, lymph nodes, liver and the small intestines. While
the WT: Itk-/- CD8+ and CD4+ T cell ratio remained
approximately 1:1 in the spleen and lymph nodes (Figure 6B),
this ratio in the liver and small intestine was significantly
elevated, suggesting that Itk-/- CD8+ and CD4+ T cells were
defective in migration to and/or expansion in those tissues.
Using histological staining for H&E, we also observed
significant leukocyte infiltration into GVHD target organs –
liver, skin, and small intestine (SI) (36) in WT T cell recipients
but not in Itk-/- T cell recipients (Figure 6C). As an alternative
approach, we tracked both CD8+ and CD4+ T cells in allo-BMT
mice by using donor CD8+ and CD4+ T cells from WT and Itk-/-

mice that also express luciferase, which could be monitored by
bioluminescence (37). We observed that both CD8+ and CD4+

donor T cells from Itk-/- mice had significantly impaired
residency in GVHD target organs, including the liver and
small intestine (SI), compared to WT, despite no differences in
spleen and lymph nodes (Figure 6D). Secondary lymphnodes
(spleen and Lymph nodes) and GVHD target oragns small
intest ine (SI) , and liver were quantified luciferase
bioluminescence (Supplementary Figures 5A, B). In the
mixed T cell transfer model, we had determined that Itk-/- T
cell proliferation was comparable to that of WT cells; therefore, it
is very likely that the reduced number of Itk-/- T cells in the liver
and small intestine was due to impaired T cell trafficking. Pro-
inflammatory conditioning treatment may promote T cell
migration into GVHD target tissues (38, 39). Indeed, in the
same mixed T cell transfer model, we found that chemokine and
chemokine receptor expression (Aplnr, Cxcr5, Accr2, CCL12,
CCL2, CCL5, Ccr9, Ackr4, and Cmtm4) was also significantly
reduced in Itk-/- CD8+ and CD4+ T cells at day 7 post-
transplantation (Figure 6E). These data suggest that Itk-/-

CD8+ T cells display attenuated chemokine receptor
expression, which correlates with defective migration to
GVHD target organs and reduced target organ pathology.
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Given that Itk-/- T cells exhibit defective migration to target
organs of GVHD, we predicted that although Itk-/- T cells can
clear leukemia cells in the blood and secondary lymphoid organs,
they would not be able to kill leukemia cells that reside in tissues.
To test this possibility, lethally irradiated BALB/c mice were BM-
transplanted together with FACS-sorted WT or Itk-/- CD8+ T
cells, and challenged with subcutaneously injected B-All luc cells.
Although Itk-/- CD8+ T cells did not cause GVHD, the
subcutaneously injected leukemia cells were cleared only in
mice transplanted with WT CD8+ T cells, and not in those
given Itk-/- CD8+ T cells (Figure 6F–J). Together, these data
suggest that the ITK signaling in T cells can separate GVHD
from GVL effects, but only for leukemia cells that reside in the
circulation and in secondary lymphoid organs (such as
hematologic malignancies).

DISCUSSION

In this report, we demonstrate that the absence of the TCR-
regulated kinase ITK significantly suppresses GVHD, while
maintaining the GVL effect in models of allo-HSCT. Loss of

ITK also altered expression of IRF4, and the JAK/STAT pathway
components JAK1, JAK2, and STAT, which play critical roles in
controlling cytokine expression (14, 39). Transcriptome analysis
by RNA sequencing revealed that ITK signaling controls
chemokine receptor expression during this process, which in
turn affects the ability of donor T cells to migrate to GVHD
target organs. Taken together, these data suggest that ITK could
represent a potential target for the separation of GVHD and GVL
responses after allo-HSCT.

The ability of Itk-/- T cells to induce GVL without causing
GVHD indicates that the ITK signaling pathway is involved in
the pathogenesis of GVHD. Itk-/- T cells develop into IMP cells
(CD122+ CD44hi phenotype) in the thymus, and it is possible
that such cells are responsible for the GVHD and GVL effects we
observe. In experiments where WT T cells developed into IMPs,
we found that they retained the capacity to induce both acute
GVHD and GVL, suggesting a T cell-intrinsic function of ITK in
promoting GVHD during allo-HSCT. Similarly, the cytotoxicity
of Itk-/- CD8+ T cells is not dependent on the IMP. While IMP
cells express significantly higher Eomes compared to their WT
non-IMP counterparts, we found that IMP CD8+ T cells are not
responsible for distinguishing GVHD and GVL. To our surprise,

A
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FIGURE 5 | ITK differentially regulates gene expression in T cells during GVHD. WT and Itk-/- CD8+ T cells were FACS sorted then transplanted into irradiated BALB/c
mice. At day 7 post-transplant, donor T cells were sort-isolated (based on expression of H-2Kb, CD3 and CD8) from host spleen. Sorted donor T cells were subjected to
RNA sequencing. (A) Principal component analysis of genes with ≥2-fold change in any pairs of group combinations, with false discovery rate (FDR) ≤ 0.05. WT-Pre and
Itk-/–Pre denotes cells prior to transfer, and WT-Spl, and Itk-/–Spl denotes cells isolated from the spleen (Spl) of the recipients post-transfer. (B) Venn diagram of genes
that are ≥2-fold up- or down- regulated in the indicated comparisons, with FDR (P) ≤ 0.05. (C) Heat map of differentially expressed genes listed as (1) WT pre. (2) ITK-/-
pre, (3) WT post spleen, and (4) ITK-/- post spleen. (E) Differentially expressed genes were enriched for pathway analysis comparing WT and Itk-/-. (D) WT and Itk-/- CD8+

T cells were FACS sorted then transplanted into irradiated BALB/c mice. At day 7 post-transplant, donor T cells were sort-isolated (based on expression of H-2Kb, CD3
and CD8) from host spleen and small intestine (Gut). Total RNA was isolated from sorted donor T cells were and qPCR was performed.
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we noted that Itk-/- CD8+ T cells exhibit similar or higher in vitro
cytotoxicity compared to WT CD8+ T cells. This may be due to
the higher levels of perforin expressed by Itk-/- T cells compared
to WT T cells.

Our data also show that Itk-/- donor CD4+ and CD8+ T cells
exhibit reduced expression of chemokine receptors compared to
WT counterparts. Moreover, the migration of Itk-/- donor T cells
to target organs was also severely defective, reflecting the reduced
expression of key chemokine receptors. The defective migration
of Itk-/- CD8+ and CD4+ T cells likely contributes to the
attenuation of GVHD, since these T cells continue to display
GVL effects against leukemia cells that were injected
intravenously and reside in secondary lymphoid organs. In
contrast, WT but not Itk-/- CD8+ T cells were able to inhibit
leukemia cell growth when the leukemia cells were injected
subcutaneously. The compartmentalization of T cells to

secondary lymphoid organs can be an effective strategy for
preventing GVHD, while leaving GVL effects against
hematologic malignancies intact. It is noteworthy that
Ibrutinib, an inhibitor of BTK which can also inhibits ITK, is
able to reduce chronic GVHD (12). In addition, previously
published work showed that IFN-gR signaling constitutes a
major mechanism for donor T cell migration to GVHD target
organs (40, 41), and we observed that the lack of ITK affects
production of IFN-g. The retention of T cells to secondary
lymphoid organs by FTY720-mediated inhibition of S1P1 also
ameliorates GVHD while maintaining GVL effects (42, 43).
Similarly, inhibition of T cell migration to GVHD target
organs by targeting the chemokine receptors CCR2 or CCR5
protects against GVHD-induced pathology (44, 45), which at
least with CCR2 deficiency was shown to preserve the GVL effect.
Importantly, in a clinical study, CCR5 blockade by a small
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FIGURE 6 | ITK signaling is required for T cell migration to the GVHD target tissues. (A) Irradiated BALB/c mice were allo-HSCT-transplanted and injected with FACS-
sorted WT and Itk-/- CD8+ T and CD4+ T cells mixed at a 1:1 ratio. FACS analysis of sorted T cells pre-transplant shown. (B) At day 7 post-BMT, the spleen, liver, and
small intestine (SI) were examined for donor WT and Itk-/- T cells. The ratio of WT: Itk-/- CD8+ and CD4+ T cells in the organs was determined. (C) At day 7 post-allo-HSCT,
small intestines were examined by H&E staining. (D) Irradiated BALB/c mice were BM-transplanted and injected with CD8+ T CD4+ T cells from luciferase-expressing WT or
Itk-/- mice. (E) On Day 7 post-allo-HSCT, donor T cells were isolated and examined for the expression of Aplnr, Cxcr5, Accr2, CCL12, CCL2, CCL5, CCr9, Ackr4, and
Cmtm4 using q-RTPCR. P values were calculated using 2-way ANOVA and Student’s t test, p values are listed. (F) Irradiated BALB/c mice were transplanted with C57Bl/
6-derived BM and FACS-sorted WT or Itk-/- 1 × 106 CD8+ T cells, and challenged subcutaneously with 2 × 105luciferase-expressing B-All luc cells. Recipient animals were
monitored for weight changes. Group one of recipient mice was transplanted with 10 × 106 TCD BM. The second group of recipient mice was transplanted with 10 × 106

TCDBM and 2 × 105 primary B-ALL luc+ cells(TCDBM+B-ALLluc). The third group of recipient mice was transplanted with 10 × 106 TCDBM along with 1 × 106 T cell from WT
mice along with 2 × 105 B-ALL-luc+ cells (TCDBM+B-ALLluc+WT CD8). The fourth group of recipient mice was transplanted with 10 × 106 TCDBM and 1 × 106 T cell from
Itk-/- mice along with 2 × 105 B-ALL-luc+ cells. (TCDBM+B-ALLluc+ Itk-/- CD8). Representative bioluminescence images of leukemia cell-bearing mice on days 9, 16, 30, 38,
and 47 are shown. Note: Controls are naïve mice used as negative control for bioluminescence (BLI). (G) Animals were monitored for survival over 47 days, (H) for changes
in weight loss, (I) and for clinical score. (J) Recipient mice were monitored for leukemia cell growth using the IVIS imaging system and quantified data is shown. For weight
changes and leukemia cell growth, one representative of 2 independent experiments is shown (n = 3 mice/group for control, n = 5 mice for WT, and n = 5 mice for Itk-/-).
Survival groups were combined from both experiments. P values were calculated using two-way ANOVA and Student’s t test, p values are listed.
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molecule antagonist led to a reduction in GVHD with no
significant difference in relapse rates, suggesting that blocking
T cell migration to target tissues could reduce GVHD severity
without compromising the beneficial GVL effect (45). In
addition, the inhibition of CXCR3 ameliorates GVHD in allo-
HSCT mice (46). Activated alloreactive CD8+ T cells upregulate
the expression of CX3CR1 and CXCR6 after allo-HSCT (47, 48),
and these receptors are important for the homing of CD8+ T cells
to the liver and intestines. Thus, CXCR6 deficiency or blockade
of the CXCR3 and CXCR6 ligands attenuates GVHD (47).
Importantly, the GVL effect is still maintained under these
conditions (49). Thus, blocking T cell migration by chemokine
receptor blockade could be beneficial in the treatment of GVHD
after allo-HSCT. Since activated Itk-/- T cells displayed
significantly reduced expression of chemokine receptors, the
compartmentalization of CD8+ T cells to secondary lymphoid
organs likely contributes to the preservation of GVL effects while
severely attenuating GVHD (48).

Although suppression of TCR signaling can prevent GVHD,
the complete suppression of T cell responses negates the
beneficial GVL effect that is also provided by the same donor
T cells after allo-HSCT (50). The fact that mice transplanted with
Itk-/- T cells are able to mount GVL responses is an exciting
feature. The preservation of the GVL response could have
occurred for several reasons. First, the proliferation and
cytotoxic activity of Itk-/- T cells are preserved compared to
pro-inflammatory cytokine production. The manifestations and
severity of GVHD are highly influenced by local cytokines, which
then activate transcription factors and drive development toward
a cytokine storm. In addition, proinflammatory cytokines exert
direct effects on GVHD target tissues (51–53). Indeed, the
presence of cytokine storm is considered one of the hallmarks
of GVHD pathogenesis (54), and our data showed that cytokine
production was significantly reduced in mice that received Itk-/-

T cells. We also confirmed that cytokine production is T cell-
intrinsic while proliferation is T cell-extrinsic. To explore the
potential mechanism of this observed difference in cytokine and
chemokine receptor expression between WT and Itk-/- donor
CD4+ and CD8+ T cells, we analyzed key transcription factors
and pathways that may be involved in these processes. We found
significant differences in expression of the transcription factor
IRF4 and the JAK/STAT signaling pathways, which regulate the
expression of key molecules required for the maintenance of T
cell effector function, cytokine production, and chemokine
receptor upregulation. Since IRF4 has been shown to play
critical roles in modulating TCR signal strength and T cell
function (32), it is likely that reduction in the activation of
IRF4 and of the JAK/STAT pathway contribute to reduced
cytokine expression, thus alleviating the cytokine storm in
GVHD (15). Our data show that the reduced proliferation seen
in donor T cells from Itk-/- mice is cell-extrinsic. ITK deficiency
has been shown previously to affect T cell proliferation (54) and
cytokine production, but during allogenic activation, ITK-
deficient T cells can still proliferate. This might be due to the
redundant function of ITK and other Tec kinases (55). This
finding is in line with our cytokine data, which show that Itk-/- T

cells produce less cytokines, both in serum and on a per-cell
basis. When transplanting either CD4+ or CD8+ T cells in a 1:1
ratio of WT:Itk-/- cells, we observed similar levels of proliferation
for both WT and Itk-/- donor cells. Our data therefore provide
further evidence that donor T cell proliferation is influenced by
inflammatory conditions (56).

All together our data show that attenuating TCR signaling
reduces donor T cell-mediated cytokine production, resulting in
less severe GVHD. In addition, the inability of T cells to migrate
to target organs may also affect this process, and thus explains the
reduced ability of the Itk-/- donor T cells to induce GVHD.
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SUPPLEMENTARY FIGURE 1 | Itk-/- CD4+ T cells exhibit attenuated induction
of GVHD compared to WT T cells. (A) 10 × 106 TCDBM and 1 × 106 purified WT or
Itk-/- CD4+ T cells were transplanted into irradiated BALB/c mice. (A) The mice were
monitored for survival, (B) changes in body weight, and (C) clinical score for 70 days
post-BMT. For weight changes and clinical score, one representative of 2
independent experiments is shown (n = 3 mice/group for BM alone; n = 5
experimental mice/group for all three groups). The p values are presented. Two-way
ANOVA and Student’s t test were used for statistical analysis.

SUPPLEMENTARY FIGURE 2 | IMP T cells are not sufficient for GVHD effect. (A-
C) Itk/Il4ra DKO andWT T cells were examined for Eomes expression pre- and post-
transplantation. (D) 2 × 106 purified WT and Itk/Il4ra DKO CD8+ T and 1 × 106

purified CD4+ T cells were mixed and transplanted along with 2 × 105 primary B-ALL-
luc+ cells into irradiated BALB/c mice. Recipient BALB/c mice were imaged using
IVIS 3 times a week. Group one received 10 × 106 TCDBM alone (TCDBM). Group two
received 10 × 106 TCDBM along with 2 × 105 B-ALL-luc cells (TCDBM+B-ALLluc).
Group three was transplanted 10 × 106 TCDBM with 2 × 106 purified (CD8+

and CD4+) from WT mice and 2 × 105 B-ALL-luc cells (TCDBM+B-ALL luc +WT
CD8+CD4). Group four was transplanted 10 × 106 TCDBM and 2 × 106 purified T

cells (CD8+ and CD4+) from Itk/Il4ra DKO along with 2 × 105 B-ALL-luc cells (TCDBM
+B-ALLluc+ Itk/Il4ra DKO CD8+CD4). Recipient animals were monitored for survival,
(E) changes in weight, and (F) clinical score. (G) Leukemia cell growth wasmonitored
as in Figure 1, and quantitated bioluminescence is shown. One representative of 2
independent experiments is shown (n = 3 mice/group for BM alone; n = 5
experimental mice/group for all three groups. The survival groups were combinations
of all experiments.

SUPPLEMENTARY FIGURE 3 | Itk-/- T cells are capable of cytokine production.
Purified WT and Itk-/- T cells were transplanted into irradiated BALB/c mice. At day
7, donor T cells were gated for expression of H-2Kb, CD45.2, and CD45.1, and
analyzed for intracellular expression of IFN-g and TNF–a following ex vivo stimulation
with PMA/ionomycin. Data from several experiments were combined and statistical
analysis was performed using two-way ANOVA and Student’s t test, with p values
presented.

SUPPLEMENTARY FIGURE 4 | Quantitative analysis of JAK/STAT and IRF
expression and phosphorylation. Quantitative analysis from western blots using
Image Lab to normalize to b–Actin, data from 3 independent experiments. (A)
Phospho and total STAT3. (B) Phospho and total JAK1. (C) Phospho and total
JAK2. (D) Total IRF-4. For statistical analysis we used two-way ANOVA and
student’s t test, p values are presented.

SUPPLEMENTARY FIGURE 5 | Quantitative analysis of tissue BLI. For tissue
imaging experiments, allo-HSCT was performed with 10 × 106 WT T cell-depleted
BM cells and 1 × 106 FACS-sorted (A) CD8+ T cells or (B) CD4+ T cells (from B6-luc
or Itk-/-luc mice) and bioluminescence imaging of tissues was performed as
previously described20. Briefly, 5 min after injection with luciferin (10 mg/g body
weight), selected tissues were prepared and imaged for 1 min. Imaging data were
analyzed and quantified with Living Image Software (Xenogen) and Igor Pro (Wave
Metrics, Lake Oswego, OR).
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Targeting SLP76:ITK interaction separates
GVHD from GVL in allo-HSCT
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SUMMARY

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative ther-
apy for hematological malignancies, due to graft-versus-leukemia (GVL) activity
mediated by alloreactive donor T cells. However, graft-versus-host disease
(GVHD) is also mediated by these cells. Here, we assessed the effect of attenu-
ating TCR-mediated SLP76:ITK interaction in GVL vs. GVHD effects after allo-
HSCT. CD8+ and CD4+ donor T cells from mice expressing a Y145F mutation in
SLP-76 did not cause GVHD but preserved GVL effects against B-ALL cells.
SLP76Y145FKI CD8+ and CD4+ donor T cells also showed less inflammatory cyto-
kine production and migration to GVHD target organs. We developed a novel
peptide to specifically inhibit SLP76:ITK interactions, resulting in decreased phos-
phorylation of PLCg1 and ERK, decreased cytokine production in human T cells,
and separation of GVHD from GVL effects. Altogether, our data suggest that in-
hibiting SLP76:ITK interaction could be a therapeutic strategy to separate GVHD
from GVL effects after allo-HSCT treatment.

INTRODUCTION

Graft-versus-host disease (GVHD) is primarily orchestrated by mature donor T cells (Breems and Lowen-

berg, 2005). Mature T cells in the graft facilitate stem cell engraftment and, most importantly, ensure the

therapeutic graft-versus-leukemia (GVL) effect (Breems and Lowenberg, 2005; Tugues et al., 2018). Howev-

er, these alloreactive T cells also facilitate the unwanted effect of GVHD (Bastien et al., 2012). Standard

immunosuppressive therapy for GVHD is not optimal because it leaves patients susceptible to opportu-

nistic infections such as Cytomegalovirus and relapse of the malignancy being treated (Bleakley et al.,

2012) (Ferrara, 2014). The pathophysiology of GVHD depends upon interactions between donor T cells

and host antigen-presenting cells (APCs). T cell receptor (TCR)-mediated activation of donor T cells by

APCs is critical for both GVHD and GVL effects (Guinan et al., 1999). Following TCR activation and expan-

sion in secondary lymphoid organs, the alloreactive T cells migrate to target organs and cause tissue dam-

age by producing inflammatory cytokines and by exhibiting cytotoxicity against healthy tissues (Ferrara,

2014). Thus, GVHD can be treated by interfering with T cell activation and proliferation using calcineurin

inhibitors (cyclosporine, tacrolimus), mTOR inhibitors (sirolimus), and antiproliferative agents (metho-

trexate, cyclophosphamide, or mycophenolate) (Reddy and Ferrara, 2008; Baxter and Hodgkin, 2002).

However, while alleviating GVHD, global inhibition of T cell activation also negates the beneficial GVL ef-

fect. Thus, specific signaling pathways, which can be targeted to allow GVL effects to occur while inhibiting

GVHD, need to be identified. T cell signaling requires a multimolecular proximal signaling complex, which

consists of adapter proteins such as SLP76 (Koretzky et al., 2006; Kambayashi et al., 2009). SLP is involved in

phosphorylation of phospholipase C-gamma isoforms by IL-2-inducible T cell kinase (ITK) in T cells (Su

et al., 1999). ITK is a critical mediator of TCR signaling (Bunnell et al., 2000).

SLP-76 activates ITK through its N-terminal tyrosine at the position Y145 (Bogin et al., 2007; Jordan et al.,

2006). When phosphorylated, the tyrosine residue 145 (Y145) of SLP76 binds to and activates the Tec family

tyrosine kinase ITK (Bogin et al., 2007). Thus, a Y/F mutation at Y145 of SLP76 leads to defective TCR-

mediated ITK activation (Jordan et al., 2006). The SLP76 Y145 and ITK interaction is involved in signaling

pathways that lead to cytokine production by T cell populations, as well as in regulating the development

of a distinct, innate-type cytokine-producing T cell population in the thymus (Atherly et al., 2006), referred

to as innate memory phenotype (IMP) T cells. CD4+ and CD8+ T cells from SLP76Y145FKI mice express

significantly higher CD122, CD44, and Eomes compared to T cells from WT mice on a basal, unstimulated

1Department of Microbiology
and Immunology, SUNY
Upstate Medical University,
766 Irving Avenue,
Weiskotten Hall Suite 2281,
Syracuse, NY 13210, USA

2Department of
Pathobiological Sciences,
School of Veterinary
Medicine, Louisiana State
University, Baton Rouge, LA
70803, USA

3Division of Hematology,
translational research, SUNY
Upstate Medical University,
Syracuse NY 13210, USA

4Department of Microbiology
and Immunology, College of
Veterinary Medicine, Cornell
University, Ithaca, NY 14853,
USA

5Department of Radiology,
Jiangxi Health Vocational
College, Nanchang, 330052,
China

6Department of Biochemistry
andMolecular Biology, SUNY
Upstate Medical University,
Syracuse, NY 13210, USA

7Lead contact

*Correspondence:
karimim@upstate.edu

https://doi.org/10.1016/j.isci.
2021.102286

iScience 24, 102286, April 23, 2021 ª 2021 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

518

mailto:karimim@upstate.edu
https://doi.org/10.1016/j.isci.2021.102286
https://doi.org/10.1016/j.isci.2021.102286
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.102286&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


level (Mammadli et al., 2020). Since the activation, expansion, cytokine production, and migration of allor-

eactive donor T cells to target organs are hallmarks of GVHD (Henden and Hill, 2015; Lynch Kelly et al.,

2015), efforts to understand signaling pathways that allow separation from GVL will enable us to develop

target-specific therapeutic modulators. Both CD4+ andCD8+ T cells with CD44 low (CD44lo) are considered

naive cells. CD4+ and CD8+ T cells with CD44 high (CD44hi) are considered antigen-experienced and acti-

vated cells. Both CD4+ and CD8+ T cells from SLP76Y145F- and ITK-deficient mice express a higher propor-

tion of cells with CD44hi and CD122hi (Mammadli et al., 2020). Both CD4+ and CD8+ T cells with CD44hi and

CD122hi from SLP76Y145FKI- and ITK-deficient mice arise in the thymus during development, unlike mem-

ory CD44hi CD4+ and CD8+ T cells that mainly arise in the periphery of WT mice in response to foreign an-

tigens or because of homeostatic proliferation (Mammadli et al., 2020). Experimental studies in CD44hi and

CD44lo cells arising in the periphery ofWTmice show conflicting results (Dutt et al., 2011; Zheng et al., 2009;

Loschi et al., 2015; Anderson, 2003; Huang et al., 2019). In this report, we show that WT CD8+CD44lo T cells

induce severe GVHD, and that while WT CD8+CD44hi T cells induce less GVHD, as has been reported, they

eventually cause GVHD (Zhang et al., 2005; Huang et al., 2019). In contrast, SLP76Y145FKI CD8+CD44lo

T cells are much less likely to induce GVHD, and SLP76Y145FKI CD8+CD44hi T cells do not cause GVHD

but maintain a significant GVL effect (Mammadli et al., 2020). Both CD8+ and CD4+ SLP76Y145FKI T cells

exhibit attenuated TCR signaling and an IMP as indicated by expression of high levels of CD44 and

CD122, and CD8+ SLP76Y145FKI T cells also express higher levels of the transcription factor Eomes (Huang

et al., 2014; Carty et al., 2014). Our data suggest that IMP phenotype may not be enough to separate the

wanted effect of GVL from the unwanted GVHD effect. We also show that disruption of the SLP76Y145/ITK

interaction allows T cells to differentiate GVHD from GVL effects. Proinflammatory cytokines play a key role

in the development of GVHD pathophysiology (Holler, 2002), and we further show that both CD4+ and

CD8+ T cells from SLP76Y145FKI mice have reduced proinflammatory cytokine production, both on a serum

level and a cellular level. Next, we examined how CD8+ T cells from SLP76Y145FKI mice maintained GVL

effects. We also observed that about 70–80% CD8+ T cells from SLP76 Y145FKI and ITK-deficient mice ex-

press Eomes, and we found these Eomes-expressing cells to be critical for GVL effects. We further provided

evidence that Eomes-deficient WT or SLP76Y145FKI T cells did not mount a cytotoxic response against pri-

mary leukemia cells, both in vitro and in vivo (Cheng et al., 2016).Disrupting SLP76Y145 and ITK signaling in

T cells also led to defects in migration to GVHD target organs.

Finally, to make our findings clinically relevant, we developed a novel peptide inhibitor, named

SLP76145pTYR, that disrupts the interaction between SLP76 and ITK (Stritesky et al., 2012). We show

that SLP76145pTYR specifically inhibits the phosphorylation of ITK and downstream signaling molecules,

including PLCg1 and ERK, in both human and mouse T cells (Kim et al., 2009). Furthermore, treating

T cells with SLP76pTYR enhances the development of FoxP3+ mouse regulatory T cells, while significantly

reducing IFN-g (Lu and Waller, 2009) and TNF-a (Mancusi et al., 2018) production by T cells from primary

healthy human blood samples. Finally, SLP76145pTYR significantly reduced GVHD pathophysiology but

maintained GVL function in a murine allogeneic hematopoietic stem cell transplantation (allo-HSCT) major

mismatch model. Our studies therefore identify a novel, specific inhibitor capable of separating GVHD and

GVL after allo-HSCT, with potential benefits for other T cell-mediated diseases as well (Summary Figure).

RESULTS

Disruption of ITK: SLP76 Y145 signaling allows tumor clearance without inducing GVHD

We recently showed that ITK is differentially required for GVHD and GVL (Mammadli et al., 2020). There-

fore, we tested whether this distinction depends on the interaction of ITK with SLP76. T cell signaling re-

quires a multimolecular proximal signaling complex that includes adapter proteins such as SLP76 (Koretzky

et al., 2006; Kambayashi et al., 2009). When SLP76 is phosphorylated on tyrosine residue 145 (Y145), it binds

to and activates the Tec family tyrosine kinase ITK (Bogin et al., 2007). Thus, a Y/Fmutation at Y145 of SLP-

76 leads to defective TCR-mediated ITK activation (Jordan et al., 2006), with effects on signaling pathways

that lead to cytokine production by T cell populations. Given the role of SLP76 in regulating ITK signaling

downstream of the TCR, we tested whether GVL effects would remain intact when allo-BMT was performed

with T cells from SLP76 Y145FKI mice. To induce GVHD, we used MHC-mismatched donors and recipients,

with T cell-depleted bone marrow (TCDBM) from B6.PL-Thy1a/CyJ (Thy1.1) mice, donor T cells from C57BL/

6 (B6) WT or SLP76Y145FKI mice (MHC haplotype b), and lethally irradiated BALB/c (MHC haplotype d)

mice as recipients. Recipient mice were injected intravenously with 10X106 wild-type (WT) TCDBM cells

along with 23106 FACS-sorted donor T cells (1X106 CD8+ and 1X106 CD4+). 2X105 luciferase-expressing

primary B-cell acute lymphoblastic leukemia (B-ALL)-luc blast cells as previously described (Cheng et al.,
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2016) were mixed with TCDBM and CD4 and CD8 T cells, and intravenously injected into recipient BALB/c

mice by tail vein. B-ALL is a primary B cell acute lymphoblastic leukemia, syngeneic to BALB/c mice and

allogeneic to C57BL/6 (B6) mice. B-ALL cells were mixed with donor T cells and TCDBM right before injec-

tion. Recipient BALB/c mice were monitored for cancer cell growth using IVIS bioluminescence imaging for

over 60 days (Figure 1A). Although leukemia cell growth was observed inmice given T cell-depleted BMbut

no T cells, leukemia cell growth was not seen in mice transplanted with CD4+ and CD8+ T cells from either

WT or SLP76Y145FKI mice. As expected, mice transplanted with WT CD4+ and CD8+ T cells suffered from

GVHD, while mice transplanted with SLP76 Y145FKI CD4+ and CD8+ T cells displayed minimal signs of

GVHD and survived for >65 days post-HSCT and tumor challenge (Figure 1). Most animals transplanted

with SLP76Y145FKI T cells survived for more than 65 days post-allo-HSCT (Figure 1B), with significantly bet-

ter survival and reduced clinical scores compared to those transplanted with WT T cells (scored based on

weight, posture, activity, fur texture, and skin integrity as previously described (Cooke et al., 1996) (Figures

1C and 1D)). BALB/c mice transplanted with SLP76Y145FKI T cells showed only residual tumor cell growth

(as measured by bioluminescence), indicating that the donor cells maintained GVL functions similar to WT

T cells (Figure 1E). Donor CD8+ T cells aremore potent than CD4+ T cells in mediating GVL effects, but both

CD4+ and CD8+ T cells mediate severe GVHD in mice and humans (Amir et al., 2012; Yu et al., 2006; Wu

et al., 2013). To determine whether CD4+ T cell-intrinsic SLP76:ITK signaling might be sufficient to induce

GVHD, we repeated the same experiments using purified CD4+ T cells from either WT or SLP76Y145FKI

mice in the MHC-mismatch mouse model of allo-HSCT (B6/BALB/c) (Figures S1A–S1C). Recipients of

Figure 1. Disruption of ITK / SLP76 Y145 signaling allows tumor clearance without inducing GVHD

1X106 purified CD8+ T cells and 1X106 purified CD4+ T cells fromWT or SLP76 Y145FKI mice were mixed at a 1:1 ratio and

transplanted with 2X105 B-ALL cells and 10 3 106 T cell-depleted bone marrow (TCDBM) cells transplanted into irradiated

BALB/c mice. Host BALB/c mice were imaged using the IVIS 50 system three times a week.

(A) Group one received 10 3 106 T cell depleted bone marrow cells (TCDBM) only. Group one mice are used as negative

controls while imaging other groups that have luciferase-expressing primary leukemia cells. Group two received 10X106

TCDBM with 2X105 B-ALL-luc cells (TCDBM + B-ALL luc). The third group was transplanted with 10X106 TCDBM cells and

1X106 purified WT CD8+ and 1X106 CD4+ T cells (1:1 ratio) along with 2X105 B-ALL -luc cells (TCDBM + B-ALL-luc + WT

CD8+ and CD4+). Group four received 10X106 TCDBM cells and 1X106 purified CD8+ and 1X106 CD4+ T cells (1:1 ratio from

SLP76 Y145FKI) along with 2X105 B-ALL-luc B-ALL-luc cells (TCDBM + B-ALLluc + SLP76Y145F CD8+CD4).

(B–D) (B) We monitored the survival of recipient animals, (C) body weight changes, and (D) clinical score for 65 days post-

BMT. For weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3 mice/group

for BM alone; n = 5 experimental mice/group for all three groups).

(E) We have quantitated tumor growth via luciferase bioluminescence. Statistical analysis for survival and the clinical score

was performed using the log rank test and two-way ANOVA, respectively. Note: Controls are naive for cancer, but

transplanted with 10 3 106 T cell depleted bone marrow alone (TCDBM)and used as a negative control for BLI. See also

Figures S1 and S2.
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WT CD4+ T cells exhibited worse survival than mice receiving TCDBM cells alone (Figure S1A). In contrast,

recipients of TCDBM mixed with SLP76Y145FKI CD4+ T cells had greatly reduced mortality and clinical

scores compared to those given WT CD4+ T cells (Figure S1C), indicating that CD4+ T cell-intrinsic

SLP76:ITK signaling can contribute to the severity of GVHD.

To test whether the IMP observed in SLP76Y145FKI T cells is necessary to separate the effects of GVL

from GVHD, irradiated recipient BALB/c (MHC haplotype d) mice were transplanted with sorted CD8+-

CD44hi (expressing the IMP) or CD8+CD44lo (control) T cells from WT or SLP76Y145FKI mice (Figure S2A).

Before transplantation into recipient mice, donor T cells were examined for CD44 expression before and

after sorting based on CD44 expression. Recipient mice were injected with 10X106 WT C57Bl/6 TCDBM

cells, with or without 1X106 FACS-sorted CD8+ CD44loCD122lo or CD8+CD44hiCD122hi (IMP) T cells

from WT or SLP76Y145FKI mice (Figure S2B). Recipient mice were challenged with 1X105 primary B-

ALL-luc (Cheng et al., 2016) tumor cells and monitored for survival, weight changes, clinical score, and

tumor burden (monitored by bioluminescence imaging twice a week) for at least 60 days (Figure S2B).

We found that WT CD8+CD44loCD122lo T cells cleared the tumor, but recipients developed acute

GVHD, while WT CD8+CD44hiCD122hi IMP T cells cleared the tumor but exhibited delayed induction

of GVHD. In contrast, CD8+CD44hiCD122hi IMP (Mammadli et al., 2020) T cells from SLP76Y145FKI

mice cleared the tumor, but recipients did not develop GVHD, while CD8+CD44loCD122lo T cells from

SLP76Y145F mice cleared the tumor effectively, but three out of 10 mice developed GVHD. These

data indicate that WT donor CD8+CD44hiCD122hi IMP T cells exhibited delayed GVHD but eventually

caused GVHD, while SLP76Y145FKI CD8+CD44hiCD122hi IMP T cells induce GVL but avoid the induction

of GVHD (Figures S2B–S2F).

SLP76Y145FKI T cells produce less proinflammatory cytokines and exhibit reduced

proliferation

Proinflammatory cytokine production by donor T cells is considered to be one of the hallmarks of GVHD

(D’Aveni et al., 2015). To assess whether CD4+ or CD8+ T cells with attenuated TCR signaling produce

inflammatory cytokines similar to CD4+ or CD8+ T cells from WT mice, we transplanted 1X106 CD4+ or

CD8+ T cells in separate experiments from either WT mice or SLP76Y145FKI mice to irradiated BALB/c

mice as recipients. At day seven post-transplantation, recipient BALB/c mice were sacrificed, and serum

was obtained and assessed for levels of the proinflammatory cytokines IL-33, IL-1a, IFN-g, TNF-a, and IL-

17A by multiplex ELISA (Figures 2A and 2B). We discovered that recipient animals transplanted with

CD4+ or CD8+ T cells (in separate experiments) from SLP76Y145FKI mice had significantly less produc-

tion of proinflammatory cytokines compared to recipient mice transplanted with CD4+ or CD8+ T cells

from WT mice (Figures 2A and 2B). To examine the sources of these observed proinflammatory cyto-

kines, we restimulated spleen cells from recipient mice that were transplanted with CD4+ or CD8+

T cells from WT or SLP76Y145FKI mice in separate experiments. Spleen cells were restimulated with

anti-CD3 and anti-CD28 in the presence of Brefeldin A, and donor CD4+ and CD8+ T cells were gated

by flow cytometry using anti-H2Kb antibodies (expressed by donor cells), anti-CD3, anti-CD4, and anti-

CD8. We observed that donor CD4+ and CD8+ T cells from SLP76Y145FKI mice produced significantly

less IFN-g and TNF-a compared to donor CD4+ and CD8+ T cells from WT mice. Thus, these data

confirm that the changes in proinflammatory cytokine serum levels result from changes in production

by the donor T cells, and that T cells from TCR-attenuated mice produce less inflammatory cytokines

(Figures 2C–2E). To examine whether SLP76Y145FKI T cells are capable of producing cytokines in gen-

eral, spleen cells from recipient mice transplanted with either WT or SLP76Y145FKI T cells were stimu-

lated with PMA/ionomycin (to bypass the proximal signaling defect (Figure S3)), or left unstimulated

for 6 hr in the presence of Brefeldin A, followed by the analysis of IFN-g and TNF-a production.

SLP76Y145FKI T cells were capable of producing IFN-g and TNF-a when T cell signaling was bypassed

by re-stimulation with PMA and ionomycin (Figure S3); however, compared to WT T cells, they produced

significantly less inflammatory cytokines when stimulated via TCR (anti-CD3 and anti-CD28) (Figures 2C–

2E). Next, we determined whether the reduction in cytokine production by SLP76Y145FKI donor T cells

was due to cell-intrinsic or cell-extrinsic factors. We mixed purified SLP76Y145FKI CD8+ and CD4+ T cells

with purified WT CD8+ or CD4+ T cells separately at a 1:1 ratio, and transplanted the mixed cells into

irradiated BALB/c mice as described above. The congenic markers CD45.1 (WT C57BL/6) and CD45.2

(SLP76Y145FKI) were used to distinguish donor cells from the different strains of mice within the same

recipient. On day 7, donor T cells were isolated from recipient mice using flow cytometry (anti-H2Kb)

and examined for IFN-g and TNF-a expression as described above. We found that WT donor CD8+
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and CD4+ T cells (CD45.1) produced higher levels of inflammatory cytokines than SLP76Y145FKI donor

CD8+ and CD4+ T cells (CD45.2), suggesting that the reduced cytokine production observed by

SLP76Y145FKI donor T cells is T cell-intrinsic (Figure 2F).

Next, we examined whether SLP76Y145FKI donor T cells proliferated similarly toWT donor CD4+ and CD8+

T cells. Lethally irradiated recipient BALB/c mice were transplanted as mentioned above, with either WT or

SLP76Y145FKI donor CD4+ or CD8+ T cells. Recipient mice were injected with BrdU as described, and seven

days post-allotransplantation, recipient mice were sacrificed and examined for proliferation by BrdU incor-

poration. SLP76Y145FKI donor T cells showed reduced proliferation compared to WT donor T cells Fig-

ure 2G. To determine if the reduced proliferation by SLP76Y145FKI donor T cells was due to cell-intrinsic

mechanisms, we mixed sort-purified SLP76Y145FKI and WT CD4+ and CD8+ at a 1:1 ratio, followed by

transplantation as described above in (Figure 2G). Interestingly, no difference was observed in BrdU incor-

poration by WT and SLP76Y145FKI donor CD4+ and CD8+ T cells in spleens of recipient mice in the mixed

transplant models, indicating that the reduced proliferation of donor SLP76Y145FKI T cell proliferation was

due to cell-extrinsic effects (Figure 2H).

Figure 2. SLP76Y145FKI donor CD8+ and CD4+ T cells exhibit reduced cytokine production and reduced proliferation

1X106 purified CD8+ or CD4+ T cells from C57Bl/6 WT or C57Bl/6 SLP76Y145FKI (MHC haplotype b) mice were transplanted into irradiated. BALB/c (MHC

haplotype d) mice in separate experiments.

(A and B) At day seven post-allo-HSCT, recipient BALB/c mice transplanted with either CD8+ or CD4+ T cells were euthanized, and ELISA was performed to

determine serum cytokines (IL-33, IL1a, IFN-g, TNF-a, and IL-17A) from recipient mice.

(C and D) Donor CD4+ or CD8+ T cells were examined for IFN-g and TNF-a by intracellular staining after stimulation with anti-CD3/anti-CD28, as determined

by flow cytometry.

(E) Donor CD8+ or CD4+ T cells from several experiments were examined for IFN-g and TNF-a as above.

(F) Flow cytometry analysis of purified CD4+ or CD8+WT and SLP76Y145FKI T cells that were mixed at a 1:1 ratio for transplantation into irradiated BALB/c

mice. At day seven donor T cells were stimulated with anti-CD3/anti-CD28 and then were gated for expression of H-2Kb, CD45.1, CD 45.2. on WT T cells and

SLP76Y145FKI cells and intracellular expression of IFN-g and TNF-a analyzed by flow cytometry. Combined data from two independent experiments is

shown, and the p value for each experiment is shown.

(G) Purified CD8+ or CD4+ WT or SLP76Y145FKI donor T cells were transplanted into irradiated BALB/c mice. On day seven, donor T cells were analyzed for

donor CD8+ or CD4+ T cell proliferation by examining BrdU incorporation by flow cytometry.

(H) Purified CD8+ or CD4+ T cells from WT or SLP76Y145FKI mice were mixed at a 1:1 WT:SLP76Y145FKI ratio and transplanted into irradiated BALB/c mice.

At day 7, splenic donor T cells were gated for the expression of H-2Kb, CD45.1, and CD45.2 and analyzed for BrdU incorporation. See also Figure S3.
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Eomes is required for cytotoxicity and GVL effect by both SLP76Y145FKI and WT T cells

The IMP (IMP: CD44hiCD122hiEomeshi) (Mammadli et al., 2020; Huang et al., 2013) of SLP76Y145FKI CD8+

and CD4+ T cells arises in the thymus during development, as opposed to memory CD8+ and CD4+ T cells

that are also CD44hi, but largely arise in the periphery of WT mice in response to foreign antigens or due to

homeostatic proliferation (Weinreich et al., 2010). We examined pre-transplanted CD4+ and CD8+ T cells

for the CD44 and CD122 phenotype, and CD8+ T cells for CD44, CD122, and Eomes expression, and

observed that SLP76Y145FKI T cells expressed higher levels of CD44, CD122, and Eomes compared to

CD8+ T cells from WT mice (Figures 3A and 3B).

To further investigate the role of Eomes in tumor clearance and cytotoxic function, we crossed

SLP76Y145FKI mice with Eomesflox/flox mice and crossed these offspring with CD4cre to delete Eomes spe-

cifically in both CD4+ and CD8+ T cells (Jordan et al., 2008; Carty et al., 2014; Pikovskaya et al., 2016)

(SLP76Y145FKI Eomes conditional knockout, SLP76Y145FKI cKO). To obtain ex vivo activated cells, we

Figure 3. Eomes is required for cytotoxicity and GVL effect by both WT and SLP76Y145FKI T cells

(A and B) Purified WT and SLP76Y145FKI CD8+ and CD4+ T cells were examined for expression of CD44, CD122, and Eomes by flow cytometry.

(C) Purified donor CD8+ T cells from either WT or SLP76 Y145FKI Eomes-sufficient, Eomes-deficient, or Eomes-flox control mice were transplanted into

irradiated BALB/c (MHC haplotype d) mice. On day seven, donor T cells were purified as described and used in an ex vivo cytotoxicity assay against B-ALL-luc

cells at 40:1, 20:1, and 10:1 ratios.

(D) 1X106 purified WT or SLP76Y145FKI. Eomes-sufficient, Eomes-deficient, or Eomes-flox control CD8+ T cells and 1X106 purified CD4+ T cells were mixed

and transplanted along with 2X105 B-ALL-luc cells and 10 3 106 T cell-depleted bone marrow TCDBM cells into irradiated BALB/c mice. Host BALB/c mice

were imaged using IVIS 3 times a week. Group one received 10 3 106 T TCDBM alone. Group two received 10X106 TCDBM along with 2X105 B-ALL-luc cells

(TCDBM + B-ALLluc). Group three was transplanted with 10X106 TCDBM and 1X106 purified WT CD8+ T cells +1X106 CD4+ T cells, and 2X105 B-ALL-luc cells

(TCDBM + B-ALLluc + WT CD8+CD4). Group four received 10X106 TCDBM and 1X106 purified CD8+ T cells +1X106 CD4+ T cells from SLP76 Y145FKI Eomes-

sufficient mice along with 2X105 B-ALL-luc cells (TCDBM + B ALLluc + SLP75Y145FKI CD8+CD4). Group five received 10X106 TCDBM and 1X106 CD8+

T cells +1X106 CD4+ purified T cells from SLP76 Y145FKI Eomes-deficient mice along with 2X105 B-ALL-luc cells (TCDBM + B-ALLluc + SLP75Y145FKI Eomes-

cKO CD8+CD4). Group six received 10X106 TCDBM and 1X106 CD8+ T cells +1X106 CD4+ purified T cells fromWT Eomes-deficient mice along with 2X105 B-

ALL-luc cells (TCDBM + B-ALLluc + WT Eomes cKO CD8+CD4).

(E–G) (E) The mice were monitored for survival, (F) body weight changes, and (G) clinical score for 50 days post-BMT. For weight changes and clinical score,

one representative of 2 independent experiments is shown (n = 3 mice/group for BM alone; n = 5 experimental mice/group for all three groups). The survival

groups are a combination of all experiments.

(H) We have quantitated luciferase bioluminescence of tumor growth. Statistical analysis for survival and the clinical score was performed using log

calculation. Two-way ANOVA was used for statistical analysis and results were confirmed by students t-test, p values are presented. Note: Controls are naive

for tumor but transplanted with 10 3 106 T cell depleted bone marrow alone (TCDBM) and used as a negative control for BLI. See also Figure S4.
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performed similar allo-HSCT experiments as described above and used WT or SLP76Y145FKI CD8+ T cells

with or without Eomes expression. Seven days post-transplant, donor CD8+ T cells were sorted as previ-

ously described by H2Kb positivity, and in vitro cytotoxicity assays were performed at a 40:1, 20:1, and

10:1 ratio (effector: target). We observed that donor T cells lacking Eomes from either SLP76Y145FKI or

WT mice could not kill tumor targets (Figure 3C). Next, we examined the role of Eomes in the allo-HSCT

model. Lethally irradiated BALB/c mice were injected intravenously with 10X106 WT T cell-depleted BM

cells along with 1X106 FACS-sorted CD8+ and CD4+ T cells from either WT mice or SLP76Y145FKI

Eomesflox/flox (SLP76Y145FKI Eomes cKO) mice, with or without CD4cre (to delete Eomes specifically in

CD4+ and CD8+ T cells), along with 2X105 luciferase-expressing B-ALL-luc blast cells as described (Cheng

et al., 2016). Recipient animals transplanted with WT T cells cleared the tumor cells but developed acute

GVHD (Figure 3D). Recipient animals transplanted with Eomes sufficient (Eomesflox/flox mice without

CD4cre) SLP76Y145FKI T cells cleared the tumor without showing signs of GVHD (Figure 3D). These animals

were monitored for survival (Figure 3E) and weight loss (Figure 3F). Recipient animals were also evaluated

for clinical score 2–3 times per week by a scoring system that sums changes in 6 clinical parameters: (1)

weight loss, (2) posture, (3) activity, (4) fur texture, (5) diarrhea, and (6) skin integrity (Cooke et al., 1996).

Animals that lost R30% of their initial body weight were euthanized (Figure 3G). The bioluminescence

data were analyzed and quantified with Living Image Software (Xenogen) and Igor Pro (Wave Metrics,

Lake Oswego, OR) (Figure 3H). Notably, recipient animals transplanted with Eomes-deficient (Eomesflox/flox

mice with CD4cre, called SLP76Y145FKI Eomes cKO) T cells could not clear the tumor, and all died from

tumor burden. Recipient animals transplanted with WT Eomes-deficient (Eomesflox/flox mice with CD4cre,

called WT Eomes cKO) T cells developed severe GVHD and were also unable to clear transplanted leuke-

mia cells. We have confirmed the deletion of Eomes using the Eomesflox/flox CD4 cre mice by flow cytometry

(Figure S4). These data provided further evidence that Eomes is required for the GVL effect.

SLP76Y145/ITK signaling is required for T cell migration to the GVHD target tissues

GVHD involves early migration of alloreactive donor T cells into the target organs, followed by T cell expan-

sion and tissue destruction (Ferrara, 2014). Modulation of alloreactive T cell trafficking has been suggested

to play a significant role in ameliorating experimental GVHD (Lu et al., 2010). Therefore, we examined

the trafficking of donor T cells to GVHD target tissues, as previously described (Lu et al., 2010). Irradiated

BALB/c recipient mice were injected with CD8+ and CD4+ T cells from C57Bl/6 background SLP76Y145FKI

(CD45.2+) and WT B6LY5 (CD45.1+) mice mixed at a 1:1 ratio (Figure 4A), and seven days post-transplan-

tation, recipient mice were examined for the presence of donor CD8+ and CD4+ T cells in the spleen, lymph

nodes, liver, and small intestines (SIs). While the WT: SLP76Y145FKI T cell ratio for both CD8+ and CD4+

cells remained approximately 1:1 in the spleen and lymph nodes (Figures 4B and 4C), this ratio in the liver

and small intestine was significantly elevated, suggesting that SLP76Y145FKI CD8+ and CD4+ T cells were

defective in migration to and expansion in those tissues (Figures S5A and S5B). Using histological staining

for H&E, we also observed significant leukocyte infiltration into GVHD target organs such as liver, skin, and

SI (Cho et al., 2020), in WT T cell recipients but not in SLP76Y145FKI T cell recipients (Figure 4D).

Pro-inflammatory conditioning treatment may promote donor T cell migration into GVHD target tissues

(Wysocki et al., 2004; Seif et al., 2017). We therefore examined if the observed defect in trafficking was

due to chemokine receptor expression on donor T cells. Irradiated BALB/c recipient mice were injected

with WT and SLP76Y145FKI CD8+ and CD4+ T cells as described previously, and at seven days post-trans-

plantation, donor CD4+ and CD8+ T cells were FACS sorted from the recipient using H2Kb expression. Pu-

rified donor CD4+ and CD8+ T cells were examined for chemokine receptor expression by qPCR. Indeed,

we found that expression of chemokine receptors and other molecules that play a critical role in T cell

migration (CXCR3, CX3r1, CXCR1, CCR12, s1pR1, CrTAM, CXCR6, CCR9, CXCR5, CXCr4) were significantly

reduced in SLP76Y145FKI CD8+ and CD4+ T cells at day 7 post-transplantation compared to WT CD8+ and

CD4+ T cells (Figures 4E and 4F).

As an alternative approach, we tracked both CD8+ and CD4+ T cells in allo-BMTmice by using donor CD8+

and CD4+ T cells from WT and SLP76Y145FKI mice that also express luciferase, which could be monitored

by bioluminescence (Negrin and Contag, 2006). We observed that both CD8+ and CD4+ donor T cells from

SLP76Y145FKI mice had significantly impaired residency in GVHD target organs—including the liver and

SI—compared to WT, despite no differences in spleen and lymph nodes (Figure 4G). Luciferase biolumi-

nescence was quantified for secondary lymphoid organs (spleen and lymph nodes) and GVHD target or-

gans (SI and liver) (Figures S6A and S6B). These data suggest that SLP76Y145FKI CD8+ and CD4+ T cells
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display attenuated chemokine receptor expression, which correlates with defective migration to GVHD

target organs and reduced target organ pathology.

Novel peptide inhibitor SLP76pTYR specifically targets ITK signaling and enhances Treg cell

development

Since T cells from SLP76Y145FKI mice can separate GVHD from GVL, we sought to determine whether

disruption of ITK signaling with pharmacological agents would have a similar effect. When we used several

commercially available small molecule inhibitors, including 10n (Carson et al., 2015; Riether et al., 2009),

CTA056 (Guo et al., 2012), and GSK2250665A (Alder et al., 2013), we observed that these small molecules

also inhibit several other kinases including mTOR and AKT, suggesting that these molecules were not spe-

cific (Figures S7A–S7F). Thus, we sought to design a novel inhibitor that would explicitly target the SLP76-

ITK interaction and signaling by preventing the SH2 domain of ITK from docking onto SLP76 at tyrosine 145.

Since evolution usually selects residues at specific protein:protein interfaces for certain properties (Plet-

neva et al., 2006), we analyzed the physico-chemical and structural properties of the interface of the

SH2 domain and SLP76-pY145 in our quest to generate a potent inhibitor of the ITK-SH2 domain:

Figure 4. SLP76Y145/ITK signaling is required for T cell migration to the GVHD target tissues

(A) Irradiated BALB/c mice were allo-transplanted and injected with FACS-sorted CD8+ or CD4+ T cells mixed at a 1:1 ratio fromWT B6.SJL (Ly5 CD45.1) and

WT C57B16 (CD45.2) mice. We also transplanted FACS-sorted CD8+ or CD4+ T cells from B6.SJL (Ly5 CD45.1) and SLP75Y145FKI (C57B16 in background,

CD45.2) mice at a 1:1 ratio. FACS analysis of sorted T cells pre-transplant is shown.

(B and C) On day seven post-transplantation, the spleen, liver, and small intestine (SI) from recipients were examined for donor CD4 and CD8+ T cells by

H2Kb+ CD45.1+ (LY5) or CD45.2+(B6). We also examined donor CD4 or CD8+ T cells from WT mice by H2Kb+ CD45.1+, and from SLP75Y145FKI mice by

H2Kb+ and CD45.2+. The ratio of WT: SLP75Y145FKI CD8+ and CD4+ T cells in the organs was determined.

(D) We transplanted either CD4+ or CD8+ T cells separately into irradiated BALB/c mice, in separate experiments. At day 7 post-allo-HSCT, liver and small

intestines were examined by H&E staining (10X) magnification).

(E and F) On Day 7 post-allo-HSCT, donor CD8+ or CD4+ T cells from separate experiments were isolated and examined for the expression of CXCr3, CX3r1,

CXCr1, CCR12, s1pR1, CrTAM, CXCR6, CCR9, CXCR5, and CXCr4 using q-PCR. p values were calculated using two-way ANOVA and Student’s t test, p values

are listed.

(G) Irradiated BALB/c mice were BM-transplanted and injected with CD8+ T cells and CD4+ T cells from luciferase-expressing WT or SLP75Y145FKI mice

(C57Bl/6 background). On day 7 post-allo-HSCT, recipient BALB/c mice were injected with D-luciferin. Spleen, lymph nodes, liver, and small intestine were

examined for donor CD8+ T cells or CD4+ T cells by luciferase expression. One representative of 2 independent experiments is shown (n = 3 mice/group for

control, n = 5 mice for WT, and n = 5 mice for SLP75Y145FKI. p values were calculated using two-way ANOVA and Student’s t test, p values are listed). See

also Figures S5 and S6.
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SLP76-pY145 interaction (Figures 5A and 5B). We examined the Y145 region of SLP76 to design a short pep-

tide that can inhibit ITK via competitive binding. In addition, to avoid the unintended non-specific binding

of our peptide to the more than hundred other SH2 domains (and/or to other unexpected targets) in vivo

(Andersen et al., 2019), we incorporated as many distinctive features of the SLP76 region around the pY145

as possible. We used the previously published atomic-resolution NMR spectroscopy structures of the SH2

domain of ITK, free and in complex with a short peptide containing a pTyr residue (Pletneva et al., 2006), as

a guide (Figure 5A). The SH2 domain of ITK contains a complementary electrostatic surface, because the

phosphotyrosine binding pocket, as well as the surrounding surface groove, is highly positively charged,

suggesting that electrostatics most likely will play a vital role in this interaction (Figure 5B). These efforts

led to the design of a novel SLP76pTYR peptide predicted to bind to the ITK SH2 domain and prevent

ITK from docking onto SLP76 at the tyrosine at 145 position (Figure 5C). BLASTing (Altschul et al., 1990)

the peptide sequence of our novel peptide SLP76145pTYR against the non-redundant human proteome

showed minimal identity with other proteins, suggesting that the interaction between SLP76pTYR and

the SH2 domain is unique, and most likely will be specific toward ITK signaling. The SLP76pTYR construct

consists of two components (Figure 5C): (i) amino acid residues 132 to 155 of SLP76 with phosphorylated

tyrosine at position 145 and (ii) a TAT peptide sequence (GRKKRRQRRRPQ) for cell membrane penetration

(i.e. 132NEEEEAPVEDDADpYEPPPSNDEEA155-TAT). To test the effect of this construct to inhibit the

Figure 5. Development of a novel peptide that disrupts the interaction between SLP76 and ITK

(A) NMR spectroscopy structure of murine ITK SH2 domain showing its complex with a peptide containing a pTyr residue (PDB code:2ETZ) that was

previously solved by Pletneva et al. (46). The SH2 domain is rendered in surface representation (wheat), while the peptide derived from residues 143–148 of

SLP76 with a sequence (143ADpYEPP148) is shown in stick model. In contrast, our SLP76pTYR inhibitor consists of residues 132–155 of SLP76.

(B) Electrostatic profile is shown, calculated using the APBS plugin in Pymol.

(C) Top: Organization of the domain architecture of full-length ITK showing the c-terminal Kinase domain, Src-homology 2 (SH2), the Src-homology 3 (SH3)

domains, the intrinsically disordered proline-rich region (PRR), and the N-termimal Pleckstrin homology (PH) and Tec homology (TH) domains. Bottom:

Organization of the domain architecture of full-length SLP76 adaptor protein showing the N-terminal SAM domain, the intrinsically disordered region

containing phosphotyrosines pY112, pY128, pY145, which are followed by a proline-rich domain (PRD) and a C-terminal SH2 domain. Bottom: Design of the

novel peptide, SLP76pTYR with an N-terminal FITC tomonitor the peptide in cells and a C-terminal TAT sequence (GRKKRRQRRRPQ TAT sequences) for cell

membrane permeability. Also shown are the amino acid sequence of residues 132–155 of SLP76, which was used to design the SLP76pTYR peptide inhibitor.

(D) T cells were examined for percentage FITC positive by fluorescence microscopy. A single cell in focal plane near the cover glass was imaged.

(E) Primary cells cultured with SLP76pTYR or the non-specific peptide were washed and examined for FITC expression by flow cytometry.

(F) Quantification of the FITC expression for (E). We used two-way ANOVA for statistical analysis and confirmed our statistical finding by Student’s t-test was

performed. See also Figure S7.
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interaction of ITK and SLP76, we cultured T cells with a FITC-conjugated SLP76pTYR peptide, vehicle, or

nonspecific peptide, and examined the cells for FITC uptake using microscopy and flow cytometry. We

observed that significant numbers of cells were positive for FITC following treatment with the SLP76pTYR

peptide (Figures 5D–5F). The peptide was localized in specific locations in the cell as observed by imaging

the cells in a single focal plane near the cover glass. This result would be expected if the peptide were bind-

ing to ITK in signalosomes in the cell (Figure 5D).

ITK deficiency is known to enhance the development of regulatory T cells (Tregs) (Elmore et al., 2020; Owen

et al., 2019) so we tested the peptide inhibitor to determine whether inhibition of the ITK:SLP76Y145 inter-

actions using SLP76pTYR would induce Tregs. First, we examined the frequency of Tregs by expression of

CD4+ and FoxP3+ (Figure 6A). Next, total mouse T cells were stimulated with anti-CD3 (Sugie et al., 2004) in

the presence of either SLP76pTYR, non-specific peptide, or vehicle alone for 5 to 24 hr, and cells were har-

vested and examined for the presence of Tregs (CD4+CD25+FoxP3+). We observed significantly enhanced

differentiation of Treg cells in T cell cultures treated with SLP76pTYR peptide compared to vehicle alone or

nonspecific peptide (Figures 6B and 6C). Next, we stimulated mouse T cells with anti-CD3 and anti-CD28

for 5 min, in the presence of SLP76pTYR or vehicle alone, and observed a reduction in ITK phosphorylation.

Figure 6. Novel peptide SLP76pTYR specifically targets SLP76:ITK signaling and enhances Treg cell development

(A) Murine CD4+ T cells were examine for total CD4+ and FOXP3 expression prior to treatment with SLP76pTYR. n = 3, and one representative experiment is

shown.

(B) Total T cells stimulated in the presence of SLP76pTYR, nonspecific peptide, or vehicle alone were examined for total CD4 cells that are FoxP3+. n = 3, and

one representative experiment is shown.

(C) Quantification of three experiments as in (A).

(D) Cell lysates were obtained from mouse T cells stimulated with anti-CD3 and anti-CD28 in the presence of SLP76pTYR, or vehicle alone. Lysate from

stimulated cells and non-stimulated cells were examined for phosphorylated ITK, total ITK (size 50–75kDa), phosphorylated PLCg1, total PLCg1 (size

~155kDa), phosphorylated ERK, total ERK (size ~42kDa), phosphorylated PI3K, total PI3K, (size ~85kDa), phosphorylated AKT, and total AKT (size ~60kDa).

n = 3 and one representative experiment is shown.

(E) Cell lysates from human T cells, non-stimulated or stimulated with OKT3 for 5min in the presence of SLP76pTYR or vehicle alone, were examined for

phosphorylated pPLCg1 and total PLCg1 on stimulated and non-stimulated T cells. Cell lysate from stimulated and non-stimulated cells were examine for

pERK and total ERK. Lysates from stimulated and non-stimulated were also examined for phosphorylation and total AKT. n = 3 and one representative

experiment is shown.

(F) Primary human T cells from PBMCs were stimulated with anti-CD3 and anti-CD28, or with PMA/Ionomycin, for 6 hr in the presence of vehicle alone or

SLP76pTYR in the presence of Brefeldin A (BFA) (Webb et al., 2015). Intracellular IFN-g and TNF-a expression by CD8+ and CD4+ T cells was determined by

flow cytometry. For statistical analysis we used two-way ANOVA and Student’s t test. p values are presented. See also Figure S8.
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We did not observe a reduction in non-stimulated phosphorylation ITK, nor did we observe any reduction

for non-stimulated total ITK or stimulated total ITK. Similarly, we only observed a reduction in stimulated

phosphorylation PLCg-1; we did not observe any reduction with non-stimulated phospho-PLCg-1 or either

stimulated or non-stimulated PLCg-1. We also observed similar effects on ERK as those we observed in ITK

and PLCg-1(Figures 6D and S8A–S8C). We did not observe any differences in the phosphorylation of PI3K

or AKT, either stimulated and non-stimulated, or on total PI3K and AKT (Figures 6D, S8D, and S8E). Next,

we investigated the effects of SLP76pTYR peptide on human PBMC samples from healthy human patients.

T cells from these patients were stimulated with anti-CD3 (OKT3) (Karimi et al., 2005) for 5 min in the pres-

ence of SLP76pTYR or vehicle alone. We observed reduced phosphorylation of PLCg1 and ERK, in stimu-

lated T cells (Figure 6E). We did not observe any differences in non-stimulated phospho PLCg1 and ERK

(Figures 6E, S8F, and S8G). We also did not observe any differences in total AKT or either stimulated or

unstimulated phospho AKT. We also did not observe any differences in stimulated or unstimulated total

human AKT (Figures 6E and S8H), providing evidence that the SLP76pTYR peptide has an impact on

signaling pathways downstream of SLP76 in both mouse and human T cells. Notably, SLP76pTYR peptide

exhibited minimal off-target effects against other kinases, including PI3K and AKT (Figures S8A–S8H). It is

possible that PI3K and AKT lie downstream of ITK, but that the specific pathways affected by the disruption

of the SLP76:ITK interaction does not affect the activation of PI3K and AKT. These data provide further ev-

idence that our peptide affects early T cells signaling (Figure 6E). Next, we investigated the ability of

SLP76pTYR peptide to affect the production of proinflammatory cytokines in human PBMCs. T cells from

healthy human were stimulated with anti-CD3 (OKT3) and anti-CD28 in the presence of SLP76pTYR or

vehicle alone, along with Brefeldin A. We also examined T cells incubated with SLP76pTYR or vehicle alone

in the presence of PMA+ Ionomycin and Brefeldin A for 6 hr. Our data show that T cells stimulated with anti-

CD3/anti-CD28 had significantly reduced IFN-g and TNF-a production when incubated in the presence of

SLP76pTYR compared with the vehicle alone (Figure 6F).

Inhibition of SLP76-ITK interaction and signaling by the peptide SLP76pTYR allows tumor

clearance without inducing GVHD

Next, we examined whether our peptide can inhibit SLP76:ITK interaction in vivo and separate GVL from

GVHD as proof of principle for the approach. WTCD8+ and CD4+ T cells weremixed at a 1:1 ratio and trans-

duced with a retrovirus carrying SLP76pTYR-pCherry or empty vector. Lethally irradiated recipient BALB/c

mice were transplanted with 103 106 T cell-depleted BM (TCDBM) as described, alone or together with WT

CD8+ and CD4+ T cells transduced with SLP76pTYR-pCherry or empty vector-carrying virus. Recipient mice

were also given 1x105 primary B-ALL-luc tumor cells as described (Cheng et al., 2016). While tumor growth

was observed in TCDBM-transplanted mice that did not receive donor T cells, tumor growth was not seen in

mice transplanted with either untransduced T cells, or T cells transduced with either empty viruses or

SLP76pTYR-pCherry carrying viruses. Notably, mice transplanted with untransduced T cells or T cells trans-

duced with empty virus suffered from GVHD, while mice transplanted with T cells transduced with

SLP76pTYR-pCherry carrying virus survived for >40 days post-HSCT without tumor growth, with minimal

signs of GVHD (Figures 7A–7E). Tumor growth was observed in only 1 out of 9 mice in the group that

received the T cells transduced with SLP76pTYR-pCherry carrying virus (Figure 7F).

Altogether, these data demonstrate that disruption of SLP76:ITK signaling can separate GVHD from GVL.

Inhibition of ITK signaling by SLP76pTYR, by specifically targeting the SLP76 and ITK interaction, allows tu-

mor clearance and minimizes development of GVHD. Finally, our novel peptide inhibitor of ITK is specific

and has the potential to be used in a clinical setting for T cell-mediated disorders. (Summary Figure)

DISCUSSION

This report shows that targeting the SLP76:ITK interaction and its downstream factors significantly sup-

presses GVHD pathogenesis while maintaining GVL effects in an allo-HSCTmodel. Since GVHD is primarily

caused by donor T cells, modulating donor T cells by specifically targeting kinase activity will enable us to

separate GVHD from GVL. Our data suggest that the SLP76:ITK signaling pathway could represent a po-

tential target for the separation of GVHD and GVL responses after allo-HSCT.

The adapter protein SLP76 plays an essential role in regulating T cell activation downstream of the TCR by

assembling a multimolecular signaling complex that includes ITK. The phosphorylation of SLP76 at Y145

leads to the activation and recruitment of ITK, which phosphorylates PLCg1, leading to its activation, mobi-

lization of calcium, and activation of the NFAT transcription factor (Sahu and August, 2009). T cells that carry
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a Y145F mutation in SLP76 fail to phosphorylate and activate PLCg1 in response to TCR stimulation (Jordan

et al., 2008). Although T cells expressing the SLP76 Y145Fmutation exhibit signaling defects downstream of

TCR stimulation, not all T cell functions are lost when ITK recruitment and activation is defective. For

example, SLP76Y145FKI mice can clear acute LCMV infection (Smith-Garvin et al., 2010). The ability of

T cells from SLP76Y145FKI mice to induceGVL without GVHD indicates that the SLP76:ITK pathway controls

these functions. Several groups have reported that both naive CD44lo CD4+ and CD8+ T cells can induce

lethal GVHD, while CD44hi T cells do not (Dutt et al., 2011). Since a high proportion of CD4+ and CD8+

T cells from SLP76 Y145Fmice are CD44hi and CD122hi and express higher levels of Eomes (IMP phenotype)

(Weinreich et al., 2010), we investigated the capacity of this IMP population to induce GVHD and GVL

compared to CD8+ and CD4+ CD44loCD122lo T cell populations in our allo-HSCT model. We found that

WT CD8+ and CD4+, CD44loCD122lo T cells induced acute GVHD, while CD8+ and CD4+ with IMP pheno-

type had reduced ability to do so, with significantly delayed induction of GVHD. However, animals eventu-

ally succumbed to the symptoms of GVHD, confirming previous reports (Zhang et al., 2005). Although the

SLP76Y145F mice exhibit defects in the development of other T cells in addition to the IMP cells, such as

iNKT (Gerth and Mattner, 2019; Muro et al., 2019) cells and gamma delta T cells (Muro et al., 2019; Navas

et al., 2017), we have specifically focused on the role of CD8+ and CD4+ T cells in GVL vs. GVHD. We also

noted that both CD8+ and CD4+ SLP76Y145FKI T cells with IMP phenotype as well as those lacking the IMP

phenotype exhibit GVL with reduced capacity to induce GVHD. It is likely that the altered signaling expe-

rienced by the cells with the SLP76Y145FKI mutation allows these cells to be able to have anti-tumor activity

in a T cell-intrinsic manner.

Figure 7. Inhibition of T cells by the peptide SLP76pTYR allows tumor clearance without inducing GVHD

(A) Purified WT CD8+ and CD4+ T cells were mixed (1X106 total) at a 1:1 ratio, and transduced with viruses containing

SLP76pTYR or empty vector, then transplanted along with 1X105 B-ALL- luc cells and 53 106 T cell-depleted bonemarrow

cells into irradiated BALB/c mice. Host BALB/c mice were imaged using IVIS 200 3 times a week. Group one received 103

106 T cell-depleted bone marrow alone (TCDBM). Group two received 10X106 TCDBM along with 1X105 B-ALL-luc cells

(TCDBM + B-ALLluc). The third group was transplanted with 10X106 TCDBM and a 1:1 ratio of purified WT CD8+ and CD4+

T cells (1X106 total) along with 1X105 B-ALL-luc cells (TCDBM + B-ALLluc + WT CD8+CD4). Group four received 10X106

TCDBM and a 1:1 ratio of purifiedWT CD8+ and CD4+ T cells (1X106 total) transduced with control viruses along with 2X105

B-ALL-luc cells (TCDBM + B-ALLluc + EmptyCD8+CD4). Group five received 10X106 TCDBM, a 1:1 ratio of purifiedWT CD8+

and CD4+ T cells (1X106 each) transduced with SLP76pTYR-carrying viruses, and with 1X105 B-ALL-luc cells (TCDBM + B-

ALLluc + SLP76pTYR virus CD8+CD4).

(B–D) (B) The mice were monitored for survival, (C) body weight changes, and (D) clinical score for 40 days post BMT. For

weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3 mice/group for BM

alone; n = 5 experimental mice/group for all three group).

(E) Quantitated luciferase bioluminescence of tumor growth.

(F) Tumor incidence for each of the experimental groups.

Statistical analysis for survival and clinical score was performed using log rank test and two-way ANOVA, respectively.

Note: Controls are naive for tumor, but transplanted with 10 3 106 T cell depleted bone marrow alone (TCDBM) and used

as a negative control for BLI.
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Recently, several convergent lines of evidence have suggested that inflammatory cytokines act as media-

tors of acute GVHD (Lynch Kelly et al., 2015; Holler, 2002; Ju et al., 2005). Therefore, we investigated

whether donor T cells with attenuated TCR signaling might reduce cytokine storm mediated by donor

T cells. Our data showed that both CD8+ and CD4+ T cells from WT C57Bl/6 mice (MHC haplotype b) pro-

duced significantly higher cytokines both on a serum and a cellular level when transplanted into BALB/c

mice. In contrast, both donor CD8+ and CD4+ T cells from SLP76 Y145FKI C57Bl/6 mice produced signif-

icantly less cytokines on both a serum and a cellular level. Both donor CD8+ and CD4+ T cells from

SLP76 Y145FKI also exhibited reduced expression of chemokine receptors compared to WT donor

T cells. The defective migration of donor CD8+ and CD4+ SLP76Y145FKI T cells likely contributes to the

attenuation of GVHD. The retention of T cells in secondary lymphoid organs by FTY720-mediated inhibition

of S1PR1 also ameliorates GVHD while maintaining GVL effects (Villarroel et al., 2014; Liu et al., 2012).The

chemokine receptor CXCR3 has an important role in the migration of effector T cells in GVHDmodel (Duff-

ner et al., 2003). CX3r1, CXCr1, CCR12, CrTAM, CXCR6, CCR9, CXCR5, and CXCR4 have been shown to

play a significant role in donor T cell migration to GVHD target organs (Barrett, 2015; Castor et al., 2012;

Hsiao et al., 2020). In a clinical study, blockade of these chemokine receptors by a small molecule antago-

nist led to a reduction in GVHD with no significant difference in relapse rates, suggesting that blocking

T cell migration to target tissues could reduce GVHD severity without compromising the beneficial GVL ef-

fect (Vadakekolathu and Rutella, 2017). Activated alloreactive CD8+ T cells upregulate the expression of

CX3CR1 and CXCR6 after allo-HSCT (Duffner et al., 2003; Vadakekolathu and Rutella, 2017), and these re-

ceptors are important for the homing of CD8+ T cells to the liver and intestines. Thus, CXCR6 deficiency or

blockade of the CXCR3 and CXCR6 ligands attenuates GVHD (Duffner et al., 2003), and importantly, the

GVL effect is still maintained under these conditions (Sato et al., 2005). Thus, blocking T cell migration

by chemokine receptor blockade could be beneficial in the treatment of GVHD after allo-HSCT. We

have also demonstrated as a proof of concept that specific targeting of the SLP76: ITK interactions can

be achieved to potentially differentially modulate GVL and GVHD by pharmacologic agents. Rather than

directly inhibiting the activity of the kinase domain of ITK, which could result in complete blockage of all

ITK kinase activity in T cells (and potentially non-specifically affect other tyrosine kinases), we developed

a strategy to specifically disrupt the SLP76-pY145-mediated activation of ITK function in T cells. The inter-

action between ITK and SLP76 involves the phospho-tyrosines at position pY145 and the proline-rich

domain (PRD) of SLP76 docking onto the SH2 and SH3 domains of ITK, respectively. This multivalent

anchoring of ITK on the different SLP76 docking sites results in distinct downstream signaling effects (Gra-

sis et al., 2010). Previous work fromGrasis et al. has shown that blocking the interaction between the PRD of

SLP76 and SH3 domain of ITK, using a peptide mimicking the PRD of SLP76, inhibited the TCR-induced as-

sociation between ITK and SLP-76 and the transphosphorylation of ITK, as well as actin polarization at the T-

cell contact site and expression of Th2 cytokines (Grasis et al., 2010). Based on our findings that

SLP76Y145FKI mutant T cells can mediate tumor clearance through GVL without inducing unwanted

GVHD effects, we took advantage of this fact and blocked the SLP76 pY145-mediated docking of ITK

through its SH2 domain. Thus, converting Y145 to F145 in SLP76 or preventing SH2 docking by our novel

SLP76145pTYR peptide does not entirely abolish the interaction between SLP76 and ITK, but significantly

affects ITK kinase activity and results in severe defects in specific downstream signaling pathways (An-

dreotti et al., 2010). Targeting this specific interaction would therefore retain signaling pathways that main-

tain GVL effects but ameliorate GVHD. When we utilized the SLP76pTYR peptide to specifically target ITK

signaling, we observed specific effects only on ITK signaling, without significant effects on other tyrosine

kinases. Furthermore, SLP76pTYR inhibition of ITK signaling also enhances Tregs frequency in vitro, con-

firming the peptide’s ability to affect ITK signaling and T cell effector functions. We recently reported

similar effects using a model of ITK deficiency (Mammadli et al., 2020)

This SLP76pTYR peptide significantly reduced IFN-g and TNF-a production by TCR stimulated primary hu-

man T cells isolated from PBMCs. Treatment of murine donor T cells with SLP76pTYR before transfer

resulted in tumor clearance without inducing GVHD. Future therapies involving our novel SLP76pTYR pep-

tide inhibitor and small molecule inhibitors could potentially be an effective strategy for enhancing GVL

while avoiding GVHD. Thus, more selective ITK inhibition using our SLP76pTYR peptide could be beneficial

in the treatment of autoimmune diseases while maintaining T cell effector functions.

Limitations of the study

Currently, this study’s limitation is the use of our novel peptide SLP76pTYR, which can only be used in vitro

or as a construct to transduce T cells. We are working with structural and medicinal chemists to make our
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peptide smaller and more stable, allowing it to be used for in vivo studies. From our in vitro studies, our

peptide does reproduce the effects seen in SLP76Y145FKI mice.

Resource availability

Lead contact

(1) for SLP76Y145FKI mice permission from lead contact Dr. Martha S. Jordan (University of Pennsylva-

nia) (jordanm@mail.med.upenn.edu) is required by Material transfer Agreement (MTA) rules.

(2) ITK-deficient mice permission from lead contact Dr. Avery August, Department of Microbiology and

Immunology Cornell University College of Veterinary Medicine Ithaca, NY 14853 (aa749@cornell.

edu) by MTA rules.

(3) SLP76pTYR is patented (P38257) by The Research Foundation For The State University of New York,

at SUNY Upstate Medical University Registration No. 43,497. At this point, this material is under

further consideration and might not be available immediately.

(4) For all other reagents please contact Mobin Karimi, Department of Microbiology and Immunology.

MTA rules will be applied. SUNY Upstate Medical University,766 Irving Ave Weiskotten Hall Suite

2281, Syracuse, NY 13210 (karimim@upstate.edu)

Materials availability

All resources are available to anyone by request. SLP76pTYR is under further consideration and might not

be available immediately.

Data and code availability

No software products, custom code, or algorithms were developed for this manuscript.

METHODS

All methods can be found in the accompanying transparent methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102286.
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Supplemental Information 

Transparent Methods 

Mice: SLP76 Y145FKI mice were a kind gift of Dr. Martha S. Jordan (University of Pennsylvania) 

(Jordan et al., 2008). ROSA26-pCAGGs-LSL-Luciferase, Thy1.1 (B6.PL-Thy1a/CyJ), CD45.1 

(B6.SJL-Ptprca Pepcb/BoyJ) and BALB/c mice were purchased from Charles River or Jackson 

Laboratory. Eomesflox/flox, B6.129S1, and CD4cre mice were purchased from Jackson Laboratory. Mice 

expressing Cre driven by the CMV promoter (CMV-Cre) were purchased from the Jackson Laboratory 

and crossed to ROSA26-pCAGGs-LSL-Luciferase mice (B6-luc). B6-luc mice were bred with SLP76 

Y145FKI mice to create SLP76 Y145FKI luc mice. Mice aged 8-12 weeks were used, and all 

experiments were performed with age and sex-matched mice. Animal maintenance and experimentation 

were performed in accordance with the rules and guidelines set by the institutional animal care and use 

committees at SUNY Upstate Medical University.  

 

Reagents, cell lines, flow cytometry: Most monoclonal antibodies for flow cytometric analysis were 

purchased either from eBiosciences (San Diego, CA) or Biolegend (San Diego, CA). For TCR 

mediated activation, we used anti-CD3 and anti-CD28. For flow cytometry analysis, we used mouse 

antibodies anti-CD3-FITC, anti-CD8-FITC, anti-CD4-PE anti-BrdU-APC, anti-IFN-γ-APC, anti-TNF-

α-PE, anti-CD122-APC, anti-CD25-BV421, and anti-FoxP3-APC. Mice migration studies we used anti 

CD45.1 APC, anti-CD45.2-PE, H2KB PerCP. Anti-CD44 Pacific Blue, anti-CD122 APC and anti-

Eomes PE.  Human antibodies: anti-CD3-APC, anti-CD4-PE, anti-CD8-Pacific Blue, anti-TNF-α-

Pe/Cy7, anti-IFN-γ-APC/Cy7.  For serum ELISAs, we used Biolegend LEGENDplex kits, some of 

which were custom ordered to detect both mouse and human cytokines.  For bioluminescent imaging, 

luciferin was purchased from Gold Bio (St Louis, MO). To exclude dead cells from analyses, we used 

LIVE/DEAD Fixable Aqua Dead Cell staining. All flow cytometry was performed on a BD LSR 

Fortessa flow cytometer (BD Biosciences). Flow data were analyzed with FlowJo software (Tree Star, 
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Ashland, OR). T cells were purified with anti-CD8 or anti-CD4 magnetic beads using MACS columns 

(Miltenyi Biotec, Auburn, CA). Cells were sorted with a FACS Aria cell sorter (BD Biosciences). 

FACS-sorted cells showed > 95% purity. For signaling analysis, antibodies against for both human and 

mouse ITK, PLC1, ERK, GAPDH, AKT, PI3K and β-Actin (total and/or phosphoproteins) were 

purchased from Cell Signaling Technology (Danvers, MA). Cells culturing reagents were purchased 

from Invitrogen (Grand Island, NY) and Sigma-Aldrich (St. Louis, MO), unless otherwise specified. 

Primary mouse B-cell acute lymphoblastic leukemia (B-ALL) blasts and primary cells (Cheng et al., 

2016) were transduced with luciferase, and cultured as described previously (Edinger et al., 2003).  B-

ALL was chosen for this model because (1) these cells are syngeneic with BALB/c mice and allogeneic 

to C57Bl/6 mice, and (2) B-ALL was selected to be more related to human disease (Cheng et al., 2016).  

 

GVHD and GVL studies: Recipient BALB/c mice (MHC haplotype d) as recipients   

 were lethally irradiated with 800 cGy total in two split doses of 400cGy. Bone marrow cells were 

harvested from mouse legs, and total bone marrow cells were incubated with CD90.2 beads, using 

100ul of beads per mouse according to manufacturer protocols. We also depleted NK cells and by DX5 

beads, and CD122+ cells with anti PE beads. Recipient mice were injected intravenously with 10X106 T 

cell-depleted bone marrow (TCDBM) cells, with or without donor T cells, either 1X106 or 2X106 FACS-

sorted CD8+, CD4+ T cells, or CD8+ and CD4+ cells mixed at a 1:1 ratio from WT or SLP76 Y145FKI 

mice. For GVL experiments, primary B cell acute lymphoblastic leukemia (B-ALL, syngeneic to 

BALB/c and allogeneic to C57Bl/6) blasts were transduced with luciferase as described previously 

(Cheng et al., 2016), and 2X105 luciferase-expressing B-ALL-luc cells were used per recipient mouse 

unless otherwise specified. All recipient animals were examined for tumor burden twice a week from 

the time of challenge with B-ALL luc injection until 70 days post-transplant, using bioluminescence 

imaging with the IVIS 50 and IVIS 200 imaging systems (Xenogen) as previously described (Contag 

and Bachmann, 2002). Each mouse was injected with 10μg/g body weight of luciferin and imaged for 1 
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minute. The bioluminescence data were analyzed and quantified with Living Image Software 

(Xenogen) and Igor Pro (Wave Metrics, Lake Oswego, OR). Recipient animals were evaluated for 

clinical score 2-3 times per week by a scoring system that sums changes in 6 clinical parameters: (1) 

weight loss, (2) posture, (3) activity, (4) fur texture, (5) diarrhea and (6) skin integrity (Cooke et al., 

1996). Animals which lost ≥ 30% of their initial body weight were euthanized.  

 

Cytokine production assays: Animals were lethally irradiated and transplanted with donor T cells as 

described above. On Day 7 post-transplantation, serum was isolated from recipient mice to examine 

cytokines in circulation. Serum was examined for IL-33, IL-1, IFN-, TNF- and IL-17 by 

multiplex cytokine assays (Biolegend LEGENDplex). For restimulation, splenocytes were processed to 

obtain single cells, and T cells were stimulated with anti-CD3 and anti-CD28 for 6 hours in the 

presence of brefeldin A (10M). After 6 hours, stimulated cells were stained for surface markers and 

stained intracellularly for cytokines (IFN- and TNF-). As a control, T cells from the same spleen 

were stimulated with PMA and ionomycin in the presence of brefeldin A.  

 

Proliferation Assays: For detection of BrdU, transplanted mice (as described above) were given BrdU 

with an initial bolus of BrdU (2 mg per 200 μl intraperitoneally) and drinking water containing BrdU (1 

mg/ml) for 2 days. BrDU incorporation was performed using a BrDU kit (Invitrogen) according to the 

manufacturer’s instructions.  

 

Cytotoxicity assays: For cytotoxicity assays, luciferase-expressing A20 and B-ALL cells (both 

allogenic to BALB/c) were seeded in 96-well flat bottom plates at a concentration of 3X105 cells/ml. 

D-firefly luciferin potassium salt (75 g/ml; Caliper Hopkinton, MA) was added to each well and 

bioluminescence was measured with the IVIS 50 Imaging System. Subsequently, ex vivo effector cells 
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(MACS-sorted or FACS-sorted CD8+ T cells from bone marrow-transplanted mice) were added at 40:1, 

20:1, and 10:1 effector-to-target (E:T) ratios and incubated at 37°C for 4 hours. Bioluminescence in 

relative luciferase units (RLU) was then measured for 1 minute. Cells treated with 1% Nonidet P-40 

were used as a measure of maximal killing. Target cells incubated without effector cells were used to 

measure spontaneous death. Triplicate wells were averaged and percent lysis was calculated from the 

data using the following equation: % specific lysis = 100 × (spontaneous death RLU–test 

RLU)/(spontaneous death RLU– maximal killing RLU)(Karimi et al., 2014).  

 

Tissue Imaging: Allo-HSCT was performed with 10X106 WT T cell-depleted BM cells and 1X106 

FACS-sorted CD8+ or 1X106 FACS-sorted CD4+ T cells (from B6-luc or SLP76Y145FKI luc mice) 

and bioluminescence imaging of tissues was performed as previously described (Beilhack et al., 2005). 

Briefly, 5 minutes after injection with luciferin (10 μg/g body weight), selected tissues were prepared 

and imaged for 5 minutes. Imaging data were analyzed and quantified with Living Image Software 

(Xenogen) and Igor Pro (Wave Metrics, Lake Oswego, OR). 

 

Migration assays: Lethally irradiated BALB/c mice were injected intravenously with 10X106 WT 

TCDBM cells from B6.PL-Thy1a/CyJ mice, along with FACS-sorted CD8+ or CD4+ T cells from B6.SJL 

(Ly5 CD45.1) and SLP76Y145FKI (C57B16 background CD45.2) mice, mixed at a 1:1 (WT: 

SLP76Y145FKI) ratio. Seven days post-transplantation, the mice were sacrificed and lymphocytes 

from the liver, small intestine, spleen, and skin-draining lymph nodes were isolated. Livers were 

perfused with PBS, dissociated, and filtered with a 70m filter. The small intestines were washed in 

media, shaken in strip buffer at 37°C for 30 minutes to remove the epithelial cells, and then washed, 

before digesting with collagenase D (100 mg/ml) and DNase (1mg/ml) for 30 minutes in 37°C, and 

followed by filtering with a 70 m filter. Lymphocytes from the liver and intestines were further 
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enriched using a 40% Percoll gradient. The cells were analyzed for CD8+ T cells and CD4+ T cells and 

presence of H2Kb, CD45.1+ and CD45.2+ (to identify the transferred T cell populations) by flow 

cytometry, but we excluded any bone marrow-derived T cells (Thy1.1+). 

 

Western blotting:  For protein analysis, T cells were either nonstimulated, or stimulated with anti-CD3 

and anti-CD28 for 24 hours overnight,  and were lysed with freshly prepared lysis buffer (RIPA 

Buffer(Fisher Scientific cat#PI89900) + cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich; cat# 

11697498001)) and centrifuged for 10 minutes at 14000rpm  at 4°C. Protein aliquots of 70μg of protein 

were loaded on a 12-18% denaturing polyacrylamide gel and transferred to nitrocellulose membranes 

for immunoblot analysis using antibodies specific to proteins of interest. 

 

qPCR assay: Post-transplanted donor CD8+ and CD4+ T cells from C57Bl/6 mice (MHC haplotype b) 

were FACS sorted from recipient mice on H2Kb markers, and total RNA was isolated from T cells 

using the RNeasy kit from Qiagen (Germantown, MD). cDNA was made from total RNA using a 

cDNA synthesis kit (Invitrogen). qPCR assay was performed with a premade customized plate (CXCr3, 

CX3r1, CXCr1, CCR12, s1pR1, CrTAM, CXCR6, CCR9, CXCR5, CXCr4) (Fisher Scientific, 

Hampton, NH).  

 

SLP76pTYR Peptide: To generate a molecule that specifically inhibits the interaction between pY145 

of SLP76 and the SH2 domain of ITK, we designed a peptide based on the amino acid sequence of 

SLP76 from N132 to A155, which contains a phosphorylated tyrosine residue at Y145 (Fig. 5). To 

ensure that our peptide easily enters cells and that its cellular localization can be monitored, we 

incorporated a C-terminal TAT peptide (GRKKRRQRRRPQ) and an N-terminal fluorescent FITC dye, 

respectively, and named it SLP76pTYR peptide (Fig. 5). Both SLP76pTYR peptide (FITC Dye -

132NEEEEAPVEDDADpYEPPPSNDEEA155-TAT) and non-specific control peptide (FITC Dye-
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IIMTTTTNNKKSSRRVVVVAAAADD-TAT) were synthesized by Genscript Inc (Piscataway, NJ). 

These peptides were initially dissolved in 3% ammonia water to a final concentration of 10 g/L and 

then further diluted into PBS to a final concentration of 0.1 g/L. Fresh splenocytes were isolated 

from WT mice, and T cells were generated from splenocytes as previously described (Baker et al., 

2001). Briefly, T cells were isolated from splenocytes using MACS beads (Miltenyi Biotec), then 

cultured in complete RPMI media (3X106 cells/mL) and plated on anti-CD3 (2.5 mg/ml; Biolegend; 

cat#100202) and anti-CD28 (2.5 mg/ml; Biolegend; cat#102116) antibody-coated tissue culture plates 

until otherwise specified. T cells were incubated with SLP76pTYR, control peptide or vehicle alone at 

different concentrations ranging from 100 ng/ml to 1 g/ml in the presence of 4 g/ml of protamine 

sulfate. Protamine sulfate significantly increased peptide delivery into primary cells. Within 60 

minutes, we observed that peptides were inside the cells.  Cells were cultured for 5 minutes prior to 

investigating signaling changes. Cells were examined for the presence of FITC by microscopy using a 

Leica DMi8 microscope equipped with an infinity total internal reflection fluorescence (TIRF) and DIC 

modules, a Lumencor SOLA SE II light box, a 150 mW 488 (GFP) laser and filter cube, a 100x/1.47 

NA objective, and an Andor iXon Life 897 EMCCD camera. FITC expression was confirmed by flow 

cytometry as well. Cells were lysed and used in Western blots. 

 

Human Samples: According to our IRB protocol (1140566-4), blood samples were obtained by vein 

puncture, and T cells were isolated from peripheral blood mononuclear cells (PBMC) of regular healthy 

donors as previously described(56). T cells were isolated from patient and healthy donor samples by 

Ficoll-Hypaque density centrifugation. The final product was resuspended at 3X106 cells/ml in media 

and stimulated with OKT-3/anti-CD3 (2.5 mg/ml; Ortho Bio-Tech) and anti-human CD28 (2.5 mg/ml; 

Biolegend; cat#302902) presence of  4 g/ml of protamine sulfate and 1 g/ml SLP76pTYR or vehicle 

for five minutes.  T cell lysates were used in western blot analysis.  
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Transducing primary T cells with SLP76pTYR: We generated viruses that specifically express 

SLP76pTYR; the sequences encoding SLP76pTYR we cloned as a fusion protein with pCherry ordered 

through Integrated DNA Technology (IDT). The insert was cloned into a pQCX-I-X retroviral vector 

between MLU1 and Xho1 restriction sites, and the insert was confirmed by digestion and sequencing. 

To generate retroviral supernatants, Phoenix packaging cells were plated in 60 cm2 dishes and 

transfected with 20 μg of the vector using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA), 

according to the manufacturer’s protocol. The medium was changed after 8–12 hours, and viral 

supernatants were harvested after 24–36 hours. Concentrated viral supernatants were re-suspended in 

MDM media (Invitrogen) and used to transduce primary T cells in the presence of protamine sulfate 

(4μg/ml) to enhance transduction efficiency. T cells were transduced with viruses containing either 

SLP76pTYR-pCherry or empty plasmid for 24 hours and then injected into mice. 

 

Statistics. All numerical data are reported as means with standard deviation. Data were analyzed for 

significance with GraphPad Prism. Differences were determined using one-way or two-way ANOVA 

and Tukey’s multiple comparisons tests, or with a student’s t-test when necessary. P-values less than or 

equal to 0.05 are considered significant. According to power analyses, all transplant experiments were 

done with N=5 mice per group and repeated at least twice. Mice were sex-matched and age-matched as 

closely as possible.  
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Supplementary Figure Legends 

 

 

Supplementary Figure 1. SLP76 Y145FKI CD4+ T cells exhibit attenuated induction of GVHD 

compared to WT T cells, Related to Figure 1. 10X106 T cell-depleted bone marrow cells and 

1X106 purified WT or SLP76 Y154FKI CD4+ T cells were transplanted into irradiated BALB/c 

mice. (A) The mice were monitored for survival, (B) changes in body weight, and (C) clinical score for 

70 days post BMT. For weight changes and clinical score, one representative of 2 independent 

experiments is shown (n = 3 mice/group for BM alone; n = 5 experimental mice/group for all three 

groups). The p values are presented. Two-way ANOVA and Student’s t-test were used for statistical 

analysis. 
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Supplementary Figure 2. The innate memory phenotype of CD8+ T cells does not separate GVHD 

and GVL effects, Related to Figure 1. (A) Purified T cells from WT and SLP76Y145FKI mice were 

examined for expression of CD44 pre- and post-sort. (B) All recipient BALB/c mice were lethally 

irradiated and divided into six different groups. Group one was transplanted with 10X106 
TCDBM. 

Group 2 was transplanted with 10X106 
TCDBM and 1X105 B-ALL-luc. Group 3 was transplanted with 

10X106 
TCDBM along with 1X106 purified WT CD8+ CD44lo T cells and 1X105 B-ALL-luc. Group 4 

was transplanted with 10X106 TCDBM along with 1X106 purified WT CD8+ CD44hi T cells, and 1X105 

B-ALL-luc. Group 5 was transplanted 10X106 TCDBM along with 1X106 purified 

SLP76Y145FKI CD8+ CD44lo T cells and 1X105 B-ALL-luc. Group 6 was transplanted with 10X106 

TCDBM and 1X106 purified SLP76Y145FKI CD8+ CD44hi T cells and 1X105 B-ALL-luc. These mice 

were monitored for tumor growth using the IVIS 50 system. (C) The mice were monitored for 

survival, (D) changes in body weight, and (E) animal clinical score for 65 days post BMT. For body 

weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3 
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mice/group for BM alone; n = 5 experimental mice/group for all other groups. (F) Quantitated 

luciferase bioluminescence of luciferase-expressing B-ALL cells. Statistical analysis for survival and 

the clinical score was performed using the log-rank test and two-way ANOVA, respectively. P values 

are presented with each figure. Note: Controls are naïve for tumor, but transplanted with 10X106 T cell 

depleted bone marrow alone (TCDBM) and used as a negative control for BLI.  

 

Supplementary Figure 3. SLP76Y145FKI T cells are capable of cytokine production, Related to 

Figure 2. Purified T cells from WT and SLP76Y145FKI C57Bl/6 mice were transplanted into 

irradiated BALB/c mice (MHC haplotype d) as recipients.  On day 7, donor T cells were gated for 

expression of H-2Kb, CD45.2, and CD45.1, and analyzed for intracellular expression of IFN- and 

TNF- following ex vivo stimulation with PMA/ionomycin. Data from several experiments were 

combined, and statistical analysis performed using two-way ANOVA and Student’s t-test, with p values 

presented. 
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Supplementary Figure 4. Eomes deletion on CD8+ and CD4+ T cells, Related to Figure 3.  (A) 

Purified donor CD8+ and CD4+ T cells from either WT or WT Eomes-deficient (Eomes cKO) mice on a 

C57Bl/6 background were examined for Eomes expression. (B) Quantitative analysis from flow 

cytometry data of several experiments. For statistical analysis we used two-way ANOVA and student’s 

t test, p values are presented.  
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Supplementary Figure 5. Quantitative analysis of donor T cells in secondary lymphoid organs 

and GVHD target organs, Related to Figure 4. (A) Quantitative analysis from flow cytometry data. 

CD8+ and CD4+ T cells from WT and SLP76Y145FKI C57Bl/6 mice were transplanted into BALB/c 

mice (MHC haplotype d) as recipients.  In several experiments, donor CD4+ and CD8+ T cells were 

analyzed for migration in the secondary lymphoid organs spleens and lymph nodes. (B) Quantitative 

analysis from flow cytometry data. In several experiments donor CD4+ and CD8+ T cells were analyzed 

for the presence of donor T cells in GVHD target organs, liver and small intestine. For statistical 

analysis we used two-way ANOVA and student’s t test, p values are presented.  
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Supplementary Figure 6. Quantitative analysis of tissue bioluminescence imaging (BLI), Related 

to Figure 4. For tissue imaging experiments, allo-HSCT was performed with 10X106 WT TCDBM cells 

and 1X106 FACS-sorted CD8+ T cells (A) or CD4+ T cells (B) (from B6-luc or SLP76Y145FKI luc 

mice) and bioluminescence imaging of tissues was performed as previously described (Mammadli et 

al., 2020). Briefly, 5 minutes after injection with D-luciferin (10 μg/g body weight), selected tissues 

were prepared and imaged for 1 minute. Imaging data were analyzed and quantified with Living Image 

Software (Xenogen) and Igor Pro (Wave Metrics, Lake Oswego, OR) 
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Supplementary Figure 7. ITK inhibitors 10n and CTA056 are not specific for ITK, Related to 

Figure 5. (A) WT mouse T cells were cultured with either 10n or vehicle, then lysed post-incubation, 

and lysates were western blotted for pITK (size 50-75kDa) , pPLC1 (size ~155kDa), pERK (size 

~42kDa), pAKT (size ~60kDa), and pmTOR(size 240kDa). (B) Western blots from three experiments 

were quantitated and normalized to actin. (C) T cells from primary human PBMCs were isolated 

and  cultured with commercially available 10n or vehicle and western blotted for pPLCg1, pERK, 

pAKT, and pmTOR. (D) Western blots from three experiments were quantitated and normalized to 

actin.  (E)  Mouse T cells were cultured with either CTA056 or vehicle, the cells were lysed post-

incubation, and lysates were western blotted for pITK, pPLC1, pAKT, pmTOR, and 

pERK. (F) Western blots from three experiments were quantitated and normalized to -Actin. Two-way 

ANOVA and Student’s t-test were used for statistical analysis.  
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Supplementary Figure 8. Quantitative analysis of SLP76:ITK signaling protein expression in 

cells treated with peptide SLP76pTYR, Related to Figure 6. (A-E) Quantitative analysis of cell 

lysates were obtained from mouse T cells stimulated with anti-CD3 and anti-CD28 in the presence of 

SLP76pTYR, or vehicle alone. Lysate from stimulated cells or non-stimulated cells were examined for 

phosphorylated ITK, total ITK, phosphorylated PLC total PLC  phosphorylated ERK, total ERK, 

phosphorylated PI3K, total PI3K, phosphorylated AKT, and total AKT.  n=3 and one representative 

experiment is shown. (A-E) Quantitative analysis of cell lysates from human T cells, non-stimulated or 

stimulated with OKT3 for 5min in the presence of SLP76pTYR or vehicle alone, were examined for 

phosphorylated pPLC1 and total PLC on stimulated and non-stimulated T cells. Cell lysate from 

stimulated and non-stimulated cells were examine for pERK and total ERK . Lysates from stimulated 

and non-stimulated were also examined for phosphorylation and total AKT. n=3 and one representative 

experiment is shown. 
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	Materials and Methods
	Flow Cytometry. To analyze expression of Treg markers, lymphocytes were collected and stained for flow cytometry. Lymphocytes were obtained from organs, filtered with a 70uM filter, and treated with RBC Lysis Buffer to remove red blood cells (RBCs). The cells were then washed with ice-cold MACS buffer (1x PBS with EDTA and 4g/L BSA) and plated in a 96-well V-bottom plate. Antibody cocktails were prepared in 1x PBS or MACS buffer and added to each well. The cells were stained for 30 minutes on ice, covered to protect them from light. The cells were then spun to remove antibodies and washed 1-2 times with ice-cold 1x PBS or MACS. Cells were fixed overnight at 4 °C in fixative (Fix/Perm Concentrate and Fixation Diluent from FOXP3 Transcription Factor Staining Buffer Set, eBioscience cat. No. 00-5523-00). The next day, stained cells were permeabilized by washing twice with permeabilization buffer (eBioscience cat. No. 00-5523-00) and then stained for intracellular markers for 40 minutes at room temperature with antibody in permeabilization buffer, covered to protect from light. Cells were then washed 1-2 times with permeabilization buffer, resuspended in FACS buffer (eBioscience cat. No. 00-4222-26), and transferred to flow tubes. Data were collected on a BD LSRFortessa cytometer (BD Biosciences). Data were analyzed using FlowJo v9 (Treestar).
	Antibodies. All antibodies were purchased from eBioscience, Biolegend, or BD Biosciences. Antibodies used included: anti-CD4 (BV785, FITC), anti-FOXP3-APC, anti-CD25 (PE, BV421), anti-CD45.2-PE/Cy7, anti-CD45.1 (Pacific Blue, PE), anti-Thy1.1-AF700, anti-Thy1.2-APC, anti-CD3-APC/Cy7, anti-CD8 (FITC, PE), anti-IL-2-PE/Cy7, anti-CTLA-4-PE, and anti-IL-10-APC/Cy7. Anti-CD3 (clone 17A2, Biolegend cat. no. 100202) was used to coat stimulation plates, and Ultra LEAF-purified anti-CD28 (clone 37.51, Biolegend cat. no. 102116) was used as a soluble stimulator.
	Chimera Production. To produce bone marrow chimeras, Thy1.1 female mice aged 8-12 weeks were lethally irradiated with 1000 cGys in a single dose (500 seconds at 1.2 Gy/min, 160kV, 25mA, x-ray irradiation). Bone marrow was isolated from femur and tibia of WT (B6Ly5, CD45.1) and TCF cKO (CD45.2) mice, filtered through a 70uM filter, and counted. Bone marrow cells were mixed at a 1:4 (WT:TCF cKO) ratio to ensure survival of TCF cKO cells. Bone marrow cells were suspended in sterile 1x PBS for transplantation. The mixed bone marrow was injected into the Thy1.1 recipients via the tail vein at 4 hours post-irradiation. At 9 weeks post-transplant, blood was collected from the Thy1.1 mice and stained for Thy1.1 (host), Thy1.2 (donor), CD45.1 (WT), and CD45.2 (TCF cKO) to test for the presence of both WT and TCF cKO cells via flow cytometry. At 10 weeks post-transplant, recipient mice were euthanized and splenocytes were obtained for flow cytometry as described above.
	Isolation of lymphocytes from liver. To isolate lymphocytes from liver, recipient mice were euthanized and the livers were perfused with 5 mL of cold 1x PBS. The livers were then mashed through a 70uM filter, washed with MACS buffer, and mixed with 40% Percoll in RPMI/PBS. The samples in Percoll were spun at 2200rpm for 22 minutes at 22 °C, with no brake or acceleration, leading to isolation of lymphocytes in the pellet. These lymphocytes were then treated with RBC Lysis Buffer to remove RBCs, and processed for flow cytometry as described above.
	Isolation of lymphocytes from small intestine. To isolate lymphocytes from the small intestine, mice were euthanized, and following liver perfusion as described above, the entire small intestine was removed and placed in ice-cold media. The guts were cut open lengthwise to expose the lumen, and washed with ice-cold media. The tissue was then placed in a 50mL tube with 20mL of strip buffer (containing 1x PBS, FBS, EDTA 0.5M, and DTT 1M) and shaken at 37 °C for 30 minutes. This removes the epithelium from the guts, so following incubation, the tissues were vortexed, supernatent was discarded, and the tissue was moved to a new tube. The gut was minced into small pieces, and 10mL of digestion buffer was added to each tube (containing collagenase, DNase, and RPMI). The tissues were incubated for 30 minutes, shaking at 37 °C, and filtered into a clean tube using a 70uM filter. Remaining tissue pieces were ground onto the filter to obtain any remaining lymphocytes while leaving fat and structural cells behind. Finally, these cells were spun down in Percoll as described for livers, to isolate lymphocytes. RBC Lysis Buffer was not used on these cells.
	Cell culture for Treg markers. To test cells for the Treg markers (FOXP3, CD25, CTLA-4, IL-2, and IL-10), splenocytes were obtained from WT or TCF cKO naive mice. These cells were split into three groups. Group 1 was simply stained for flow cytometry. Group 2 was cultured in Lymphocyte Activated Killer (LAK) media for 6 hours with Brefeldin A (GolgiPlug), in wells previously coated with PBS as a control. Finally, Group 3 was cultured in LAK media for 6 hours with Brefeldin A in wells coated with anti-CD3 in PBS (1ug/mL), and anti-CD28 (2ug/mL) was added to the LAK media for culture. After 6 hours of culture, all cells were collected from the stimulation plate and stained for flow cytometry. All cells were stained for extracellular markers, then fixed overnight with the Invitrogen Intracellular Fixation and Permeabilization buffer kit (cat. no. 88-8824-00). The next day, the cells were permeabilized and stained with intracellular markers (FOXP3 for all, IL-2 and IL-10 for cultured cells only). All samples were then run on a BD LSRFortessa flow cytometer.
	Statistics. All statistics were performed using one-way ANOVA or two-way ANOVA, depending on the dataset. ANOVA analyses included Tukey’s multiple comparisons test. P-values are presented as ≤0.05 being significant. Data graphing and statistical testing were performed with GraphPad Prism v7 or v9 (GraphPad Software, San Diego, CA). Data are presented as means with standard deviation. All experiments were done with at least 3 mice per group as determined by previous experiments, and repeated at least twice unless otherwise noted. The chimera experiment was done once with 5 chimeras (n=5 per donor type). The CD8 Treg experiment was done once with n=3 per group (no significance reported). The Treg markers experiment was done once with n=3 per group (no significance reported). Results with changes between groups that are not significant are reported as numerically increased or decreased. These results may have been found to be significant if a larger sample size was used in the study.
	For CTLA-4 expression, a significant increase was detected for CD25- Tregs from TCF cKO mice compared to from WT mice. This increasing frequency of CTLA-4 expression was seen for all conditions (Fig. 3.5A-B). No significant difference was observed for IL-2 or IL-10 expression between WT and TCF cKO CD25- Tregs, but in both cases, the TCF cKO cells cultured with antibody stimulation showed a numerical increase (with no significance) in expression of these cytokines compared to WT cells (Fig. 3.5A, C-D). The level of IL-2 production was also similar for TCF cKO CD25- Tregs compared to WT CD25- Tregs, which are known to be suppressive in some cases (Fig. 3.5A, C).
	We did note the same patterns for all three markers (CTLA-4, IL-2, and IL-10) in CD25+ Tregs, but the frequency of cells expressing these markers tended to be higher among CD25+ Tregs than in CD25- Tregs (Fig. 3.6). These data suggest that loss of TCF-1 may also enhance expression of these markers in canonical Tregs. Therefore, the CD25- Tregs observed in WT and expanded in TCF cKO mice are not simply the product of aberrant FOXP3 expression. These cells express CTLA-4 and produce IL-2 and IL-10 at similar frequencies as in WT mice, suggesting that they are truly noncanonical Tregs with suppressive function and not just activated conventional T cells11, 29.
	Figure 3.6: CD25+ Tregs from TCF-deficient mice are similar to those from WT mice.
	Figure 3.6: CD25+ Tregs from TCF-deficient mice are similar to those from WT mice.
	Splenocytes were taken from naive mice and either directly stained, or cultured for 6 hours with GolgiPlug and PBS or anti-CD3/anti-CD28 stimulation, prior to staining for CTLA-4, IL-2, and IL-10. CD25+ Tregs were examined for expression of these Treg markers. (A) Flow cytometry plots showing expression of Treg markers in spleen, for PBS-cultured and antibody-stimulated cells. (B) CTLA-4 expression among CD25+ Tregs for uncultured, control (PBS) cultured, and antibody-stimulated cultured T cells. (C) IL-2 expression among CD25+ Tregs for control (PBS) cultured and antibody-stimulated cultured T cells. (D) IL-10 expression among CD25+ Tregs for control (PBS) cultured and antibody-stimulated cultured T cells. For all graphs, n=3 per group and one experiment is shown, mean and SD are also plotted. Data were analyzed using two-way ANOVA.
	Discussion
	TCF-1 is a major T cell transcription factor which controls T cell development and lineage, and also has an important role in T cell responses to infection27, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 46. However, the role of TCF-1 in controlling mature T cells following normal development has not been well studied. Our work sought to determine whether loss of TCF-1 in mature T cells (lost during the DP phase of development) would impact Treg cell fates in vivo in the mouse, given that TCF-1 is known to repress FOXP3 expression29. Loss of TCF-1 in this context – using a Tcf7 flox/flox x CD4cre mouse – resulted in production of a smaller number and frequency of CD4 T cells, as has been reported previously42. However, of the CD4 T cells present, there was a higher fraction of noncanonical Tregs found in the TCF cKO mice compared to WT, while no change in frequency was found for canonical Tregs.
	This suggests that the expression of FOXP3 in noncanonical Tregs from the TCF cKO mice may not simply be aberrantly elevated expression of FOXP3, because if that were the case, one would expect more canonical Tregs as well. In addition, the expression of IL-10 and CTLA-4 by CD25- Tregs from TCF cKO mice at levels similar to or higher than WT CD25- Tregs suggests that these expanded cells from TCF cKO mice are potentially suppressive Treg cells, not the product of abnormal FOXP3 expression. This is in direct opposition to what Delacher et al. [2020] reported from use of global TCF-1 KO mice and CRISPR-mediated deletion of TCF-129, suggesting that TCF-1 may have a different role in mature cells than in developing cells in this case.
	Of note, our studies showed that the rise in noncanonical Tregs was cell-intrinsic, and not a result of microenvironment changes in the mouse due to loss of TCF-1, as may be more likely in a TCF-1 global KO42. In addition, TCF-1 controls Eomes and possibly T-bet expression37, 46, yet Eomes cKO and T-bet cKO mice showed no changes to noncanonical Tregs. This suggests that TCF-1 and loss thereof is directly responsible for the expansion of CD25- FOXP3+ Tregs. These noncanonical Tregs were found in small intestine, spleen, thymus, and liver, suggesting that they are either capable of migrating to potential sites of immune responses where suppression may be needed, or are resident in those tissues. If these cells were simply aberrantly exiting the thymus without expression of CD25, we would expect the frequency of these cells to be higher in the thymus than other organs, but this was not the case. In fact, the frequency of these cells was higher in liver, guts, and spleen than in thymus, especially for the TCF cKO mice. Therefore, these noncanonical Tregs appear to be stable peripheral Tregs which have lost CD25 expression at some point after exiting the thymus24.
	Our most important observation from this study came from our mixed bone marrow chimera, which involved mixing BM cells from WT and TCF cKO mice and allowing them to develop to maturity in a WT thymus. We then examined the frequency and number of CD25- Tregs in the spleen. This allowed us to determine that the expansion of CD25- Tregs is cell-intrinsic, because the rise in frequency of these cells for TCF cKO mice compared to WT mice was preserved in this chimeric model. When we looked at the number of CD25- Tregs out of CD4 T cells in the chimera, we also saw increased CD25- Tregs for TCF cKO donor cells compared to WT donor cells.
	However, the frequency and number of these noncanonical Tregs were higher for WT chimeric mice than for WT naive mice, and the cell numbers were at the same level as in TCF cKO naive mice. We thought that this expansion could possibly be due to increased proliferation of WT compared to TCF cKO donor cells in the chimera, induced by lymphopenia from the irradiation and transplant. To examine this possibility, we checked whether noncanonical Treg frequencies or numbers were altered out of CD3 T cells.
	If lymphopenia-induced proliferation of WT cells was the cause of this expansion, we would expect that Treg numbers out of WT-derived CD3 and CD4 T cells would be increased for chimeric versus naive mice, but frequency out of both cell types would remain the same. This is because if all T cells are expanding, then the Tregs would not make up more or less of the T cell population, but their total numbers would be increased. If this effect was instead due to true expansion of the Treg population, we would expect to see that both frequency and number of Tregs were affected.
	Indeed, we saw that frequency and number of noncanonical Tregs were increased for WT chimeric versus WT naive mice (out of CD4 and CD3 T cells). Additionally, frequency and number of CD25- Tregs were increased for TCF cKO versus WT cells, both in naive and chimeric mice when looking at CD4 T cells, and for naive mice only when looking at CD3 T cells. The WT chimeric donor cells showed CD25- Treg frequencies and numbers at levels similar to or higher than TCF cKO naive mice (both out of CD4 and CD3 cells), which in turn were higher than in WT naive mice. Therefore, the presence of TCF cKO T cells in the chimera appears to induce true expansion of noncanonical Tregs from WT donor cells in the chimera. This is critical, as it suggests that loss of TCF-1 in T cells can alter the microenvironment (regardless of the fact that the cells in the microenvironment are WT), leading to alterations in the fate decisions and phenotype of nearby cells.
	Despite the WT environment, TCF-deficient T cells are able to induce more production of CD25- Tregs from WT donors cells. This finding – and this trait generally – could have a major impact on attempts to raise yield of suppressive cells for therapeutic purposes. It also shows how TCF-1 deficiency within a cell could impact nearby cells, most likely by release of factors into the microenvironment which can alter fate decisions. To our knowledge, the ability of TCF-1-deficient cells to alter WT cells in a WT environment in this fashion has not yet been described, so this trait is a major novel finding.
	The frequency and number of canonical CD25+ Tregs out of CD4 T cells were also increased only for TCF cKO cells in the chimera. This suggests that loss of TCF-1 increases the yield of cells adopting a suppressive fate, while potentially disrupting the expression of CD25, given that similar numbers of CD25+ cells and more CD25- cells were observed in naive mice. CD25 is part of the IL-2 receptor50, so the reduced expression of CD25 suggests that the Tregs expanded by loss of TCF-1 may not be as receptive to IL-2 stimulation, possibly providing a clue as to the apparent reduction in proliferation or survival of T cells from TCF cKO donors. However, putting TCF cKO T cells in a WT chimeric environment also enhanced production of CD25+ Tregs, which could be beneficial for treatment purposes.
	IL-10 is one of the major suppressive cytokines produced by functional Tregs10, 11. IL-10 expression by CD25- Tregs from TCF cKO mice is not significantly different from that of WT CD25- Tregs, and is numerically increased (without significance) in TCF cKO cells. Thus, we do not expect that IL-10 production would be disrupted by loss of TCF-1 in these Tregs. WT CD25- Tregs are suppressive in some infection or autoimmune contexts20, 21, 22, 23, 24, 25, 26, and ITK KO CD25- Tregs are suppressive in a GVHD context (see Appendix B for more details). TCF cKO CD25- Tregs are phenotypically similar to WT CD25- Tregs, suggesting that suppressive function may be maintained in CD25- Tregs despite loss of TCF-127. CTLA-4 expression was also increased in TCF cKO CD25- Tregs, suggesting that they may be more suppressive than WT-derived CD25- Tregs.
	Additionally, the noncanonical Tregs do not express CD25, which is the alpha chain of the IL-2 receptor. Competitive consumption of IL-2 to restrict access to conventional target cells is one proposed mechanism of Treg suppression10, 11. However, it is unlikely that this mechanism is used by noncanonical Tregs, since they would have no competitive binding advantage over conventional cells, which would express CD25 once activated. However, one report has shown that Tregs lacking both TCF-1 and LEF-1 are still suppressive, suggesting that TCF-1 deficiency does not affect Treg suppressive mechanisms27. Therefore, we expect that TCF cKO CD25+ and CD25- Tregs will still be suppressive despite loss of TCF-1.
	Overall, these results show that TCF-1 normally suppresses FOXP3 in CD4 T cells, and that loss of TCF-1-driven suppression allows expansion of CD25- FOXP3+ Tregs. These cells also express other markers found on functional Tregs, including IL-10 and CTLA-4, indicating they are true Tregs with the potential to be suppressive. The presence of TCF-deficient T cells in a WT environment induced increased production of these unique Tregs from WT donor cells, showing a cell-intrinsic ability of TCF cKO T cells to control cell fate in neighboring cells in the microenvironment. These CD25- Tregs are found in multiple tissues, suggesting they may be stable Tregs rather than a product of transient aberrant FOXP3 expression. CD8 cells expressing FOXP3 but not CD25 were not increased by loss of TCF-1, further showing that these cells are not arising due to aberrant FOXP3 expression. In all, these data suggest that TCF-1 normally suppresses FOXP3 to control expansion of this CD25- Treg subset, and modulation of TCF-1 may provide an opportunity to increase production of these cells (Fig. 3.7).
	Future work should address the functional capacity of these Treg cells, although the suppressive ability of CD25- Tregs has been proven in several experimental models as mentioned above20, 21, 22, as well as by work in our lab using a GVHD model (Appendix B). Use of the allo-HSCT model leading to GVHD provides an optimal way to examine Treg suppression of activated conventional T cells. The mechanism or factors by which TCF-deficient cells evoke fate changes in WT cells in a mixed cell model should also be examined, as this ability could have significant impacts on cell culture strategies for therapeutic uses.
	Figure 3.7: Summary Figure - TCF-1 deficiency and Treg subsets.
	Figure 3.7: Summary Figure - TCF-1 deficiency and Treg subsets.
	Loss of TCF-1 in mature T cells led to expansion of noncanonical, CD4+ CD25- FOXP3+ Treg cells. These cells are present in WT mice but expanded by loss of TCF-1. These Tregs express Treg markers, are found in multiple tissues, and are not a product of aberrant FOXP3 expression. When WT and TCF cKO T cells are placed in a WT microenvironment together, CD25- Tregs from both donor types are expanded. The presence of TCF cKO T cells induces WT donor cells to produce CD25- Tregs at a level similar to TCF cKO naive mice. Thus, loss of TCF-1 in mature CD4 T cells helps expand CD25- Tregs, which may be useful for amelioration of GVHD and other T cell-mediated disorders.
	
	References
	Introduction
	Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative treatment for patients with hematological malignancies, due to eradication of host malignant cells by donor T cells (graft-versus-leukemia or GVL effect) (�1)�. In 40-70% of patients, the same donor T cells also attack healthy tissues like the gastrointestinal (GI) tract and liver, leading to graft-versus-host disease (GVHD) ��(�2)�. The mortality rate due to GVHD is higher than 20%�� (�3, 4)�. Therefore, therapeutic protocols that enhance the control of GVL and diminish the effects due to GVHD are essential for the treatment of leukemia.
	Wnt/β-catenin signaling plays a critical role in T cell development and tissue homeostasis ��(�5)�. Wnt/β-catenin pathways also play an important role in thymocyte development, differentiation, polarization, and survival of mature T lymphocytes ��(�6)�. Published data have shown that Wnt/β-catenin signaling is a key regulator of T cell development at various stages of thymocyte differentiation�� (�7)�. The transcription factors T Cell Factor-1 (TCF-1), encoded by the Tcf7 gene, and Lymphoid Enhancer Binding Factor-1 (LEF-1), are the downstream transcriptional effectors of the canonical Wnt signaling pathway (�8)�. Both Tcf7 and Lef1 are highly expressed by naïve CD8+ T cells, and as these cells encounter antigen, the levels of Tcf7 and Lef1 decrease in these cells ��(�9)�.
	There are several lines of evidence suggesting that Wnt/β-catenin signaling downregulates production of proinflammatory cytokines (�10)�. These cytokines include IL-1β, IL-6, IL-8, and TNF-α. Wnt/β-catenin signaling is critical for T cell differentiation, effector functions, and migration (�11)�. The activation of β-catenin signaling turns CD8+ T cells into Tfh-like cells ��(�12)�. β-catenin signaling can also differentiate CD8+ T cells into effector cells ��(�13)�. There have also been reports that Wnt/β-catenin signaling pathways are highly expressed in naive CD8+ and memory CD8+ T cells, but expressed less in effector CD8+ T cells (�11)�. Since the activation and maintenance of T cells are both required for anti-tumor immunity (GVL) and GVHD, we hypothesized that Wnt/β-catenin signaling may play an important role in these linked processes.
	����
	In this study, we used a novel mouse model expressing transgenic β-catenin (Cat-Tg mice)�� that enhances the expression of the protein by 2-3 fold ��(�8, 14, 15)�. We demonstrate that donor T cells from Cat-Tg mice do not induce GVHD in an MHC-mismatched mouse model, but still clear primary B-cell acute lymphoblastic leukemia (B-ALL) cells ��(�16-18)�. Our data also showed that Cat-Tg mice had fewer naïve CD8+ T cells and an increase in T cells with an activated phenotype that may trend towards exhaustion. Interestingly, our data show that recipient mice allogeneically transplanted with T cells from Cat-Tg mice had significantly decreased proinflammatory cytokines in serum, and the donor T cells showed lower levels of expansion.
	Unbiased analysis of gene expression using RNA sequencing showed that transgenic expression of β-catenin affected pathways like regulation of immune system processes, defense responses, T cell and B cell activation, T cell proliferation, adaptive immune responses, immune system development, inflammatory responses, cytokine production, signaling (NF-B, TNF, PLC-2, BLNK and others), cell adhesion, and chemokine receptors in CD4+ T cells. We also observed that similar pathways, along with hematopoietic cell lineage, GVHD, allograft rejection, and Th1, Th2, Th17 differentiation, were differentially regulated in CD8+ T cells with β-catenin over-expression.
	Importantly, trafficking of donor T cells to GVHD target organs is considered a hallmark of GVHD (3). Our data showed that transgenic expression of β-catenin specifically affects genes for cell chemotaxis, chemokine receptors, cell adhesion molecules, and cell migratory molecules. We confirmed the existence of a migration defect, and examined tissue damage to target organs using histology. Next, we examined TCR signaling, and we did not observe any differences in PLC-1, ERK, or IRF-4 phosphorylation.
	For the first time, we have provided evidence that β-catenin has a significant impact on T cell functions in a GVHD model. This effect is due to changes in T cell phenotype, function, and gene expression. Here, we provide a mechanistic understanding of the manner in which enhancement of the Wnt/β-catenin-TCF1/LEF1 pathway protects from GVHD while maintaining GVL. Thus, we have shown that β-catenin and Wnt signaling are potential druggable targets to separate GVHD and GVT to improve allo-HSCT outcomes.
	Mice. Cat-Tg mice were described previously (�14)���. C57BL/6, C57BL/6.SJL (B6-SJL), B6-Ly5.1 (B6.SJL-Ptprca Pepcb/BoyCrl), and BALB/c mice were purchased from Charles River or Jackson Laboratory. Mice aged 8-12 weeks were used, and all experiments were performed with age and sex-matched mice. Animal maintenance and experimentation were performed in accordance with the rules and guidance set by the Institutional Animal
	Care and Use Committee at SUNY Upstate Medical University.
	Reagents, cell lines, and flow cytometry. Monoclonal antibodies were purchased from Biolegend or eBioscience and were used at 1:100 dilution. Antibodies used included: mouse anti-CD3 (cat#100102), anti-CD28 (cat# 102116), anti-CD3 BV605, anti-CD4-PE, anti-CD8- Pe/Cy7, anti-Eomes-Pe/Cy7, anti-CD44-Pacific Blue, anti-CD122-APC, anti-CD62L-APC/Cy7, anti-T-bet-BV421, anti-CTLA-4-PE, anti-PD-1- BV785, anti-H2Kb-Pacific Blue, anti-TNF-α-FITC, anti-IFN-γ-APC, anti-EdU-AF647, anti-CD45.1-FITC, anti-CD122-APC, anti-TCF-1-PE, and anti-CD45.2-APC. We performed multiplex ELISAs using the Biolegend LEGENDplex Assay Mouse Th Cytokine Panel kit (741043). D-Luciferin was purchased from Gold Bio (St Louis MO). Flow cytometry was performed on a BD LSR Fortessa (BD Biosciences). Data were analyzed with FlowJo software (Tree Star, Ashland, OR).
	Allo-HSCT and GVL studies. Lethally irradiated BALB/c mice (800 cGy, split into 2 doses of 400 cGy with 12 hours between, x-ray irradiation at 1.2 Gy/min for 200 seconds per dose, 160 kV, 25 mA) were injected intravenously with 10x106 T cell-depleted bone marrow (TCDBM) cells with or without 1x106 MACS purified CD3+ T cells. Donor T cells were taken from WT (C57Bl/6), WT Ly5.1 (B6.SJL-Ptprca Pepcb/BoyCrl), or Cat-Tg mice. For GVL experiments, B-cell acute lymphoblastic leukemia (B-ALL) primary blasts����(�16-18)� ��transduced with luciferase were cultured as described previously����, and 1x105 luciferase-expressing B-ALL blast cells were used. Mice were evaluated once a week from the time of leukemia cell injection for more than 60 days post-transplant by bioluminescence imaging using the IVIS 200 Imaging System (Xenogen) ��(�19)���. Clinical presentation of the mice was assessed 3 times per week by a scoring system that sums changes in 6 clinical parameters: posture, activity, fur texture, diarrhea, weight loss, and skin integrity ��(�17, 18, 20-22)�����. Mice were euthanized if they lost ≥ 30% of their initial body weight or became moribund.
	Cytokine production, cytotoxicity, and EdU incorporation assays. On Day 7 post-transplantation, serum from cardiac blood and single cell suspensions of splenocytes were obtained from allo-transplanted recipients. Serum levels of IFN-, TNF-IL-5, IL-12, IL-6, IL-10, IL-9, IL-17A, IL-17F, IL-22, and IL-13 were determined by a multiplex ELISA assay (Biolegend LEGENDplex) ��(�17, 18)�. Splenocytes taken from allo-transplanted recipients were stimulated with anti-CD3/anti-CD28 (2.5ug/ml) for 6 hours in the presence of Golgiplug (BD Cytofix/Cytoperm Plus kit cat#555028) (1:1000). After incubation, the cells were fixed then permeabilized and stained intracellularly for cytokines (IFN- and TNF-).
	For the proliferation assay, recipient BALB/c mice were transplanted as described above (1x106 CD3+ donor T cells and 10x106 WT TCDBM), and recipient mice were injected at day 5-6 with 25 mg/kg EdU (20518 from Cayman Chemicals) in PBS. At day 7, the recipient mice were euthanized and lymphocytes from spleen were obtained. Cells were processed and stained using an EdU click chemistry kit (C10424 from Invitrogen), and also stained for H2Kb, CD3, CD4, and CD8 to identify donor cells as previously described ��(�21, 22)�.
	Migration assays. Lethally irradiated BALB/c mice were injected intravenously with 10x106 WT T cell-depleted bone marrow (TCDBM), and a 1:1 mixture of WT (B6-Ly5.1) CD45.1+ MACS-purified CD8+ and CD4+ T cells, and either WT (C57BL/6) CD45.2+ cells or Cat-Tg CD45.2+ cells (total 1x106 cells). The donor cells were checked pre-transplant for a 1:1 ratio of donor types, and a 1:1 ratio of CD4:CD8 T cells within each donor type. Seven days post-transplantation, the mice were sacrificed and lymphocytes from the liver, small intestine, and spleen were isolated. Livers were perfused with PBS, dissociated, and filtered with a 70m filter. The small intestines were washed in media, shaken in strip buffer at 37°C for 30 minutes to remove the epithelial cells, and then washed, before digesting with collagenase D (100 mg/ml) and DNase (1mg/ml) for 30 minutes at 37°C, and followed by filtering with a 70 m filter. Lymphocytes from the liver and intestines were further enriched using a 40% Percoll gradient. The cells were analyzed for H2Kb, CD45.1 and CD45.2, CD3, CD8 and CD4 by flow cytometry as described before ��(�17, 18)�.
	RNA sequencing. Three recipient BALB/c mice for each group were short-term transplanted as described above (1x106 CD3+ donor T cells and 10x106 WT TCDBM), and at day 7, recipient mice were euthanized and splenocytes were obtained for post-transplant samples. Three WT or Cat-Tg mice were also euthanized, and fresh splenocytes were isolated for pre-transplanted samples. CD4+ and CD8+ T cells from each pre- and post-transplanted mouse were FACS sorted as described above. These cells were all sorted into Trizol and brought to the Molecular Analysis Core at SUNY Upstate (https://www.upstate.edu/research/facilities/molecular-analysis.php) for RNA extraction and library prep, followed by RNA sequencing analysis at the University at Buffalo Genomics Core (http://ubnextgencore.buffalo.edu).
	We generated RNA sequencing data from four groups for each cell subset (CD4/CD8): WT-pre tx or Cat-Tg pre tx cells (prior to transplantation); and WT-Day7 tx or Cat-Tg Day-7 tx (7 days post-transplantation). We were unable to sort enough donor T cells from small intestines and liver of the recipient mice that received Cat-Tg CD3+ T cells to do sequencing. All data were processed and analyzed using the R programming language (Version 4.0.4), the RStudio interface (Version 1.4.1106), and Bioconductor. For pseudoalignment and gene expression, transcript abundance of samples was computed by pseudoalignment with Kallisto41(version 0.46.2). Transcript per million (TPM) values were then normalized and fitted to a linear model by empirical Bayes method with the Voom and Limma R packages ��(�24, 25)�, and differential gene expression was defined as a Benjemini and Hochberg adjusted p-value False Discovery Rate (FDR) of < 0.1.
	For functional enrichment analysis, the g:Profiler toolset (�26)� g:GOSt tool was used to illustrate Manhattan plots. Gene Set Enrichment Analysis (GSEA) was performed against the Molecular Signatures Database (MSigDB) ��(�27)� using the Hallmark pathways collection. Data will be deposited upon final publication (https://www.ncbi.nlm.nih.gov/ geo/). The RNAseq experiment described here was performed as part of the experiment described in other recent publications from our lab ��(�17, 21, 22)�. Therefore, the data generated for WT pre- and post-transplanted samples (CD4 and CD8) are the same as that shown in the papers mentioned, but here these data are compared to data for Cat-Tg mice.
	Western blotting. Cells were lysed in freshly prepared lysis buffer made of RIPA buffer (Fisher Scientific cat#PI89900) + cOmplete protease inhibitor cocktail (Sigma Aldrich cat#11697498001), and centrifuged at 14000 rpm for 10 minutes at 4°C. Aliquots containing 5x106 cells were separated on a 12-18% denaturing polyacrylamide gel and transferred to nitrocellulose membranes for immunoblot analysis using specific antibodies.
	Histopathological Evaluation. Lethally irradiated recipient mice were transplanted with 10x106 T cell-depleted bone marrow cells, and 1x106 CD3+ T cells from WT or Cat-Tg mice. At day 7 post-transplantation, recipient mouse livers and small intestines were obtained and fixed in 10% neutral buffered formalin, then were sectioned and stained with H&E by the Histology Core at Cornell University (https://www.vet.cornell.edu/ animal-health-diagnostic-center/laboratories/anatomic-pathology/services). Obtained tissues were graded for GVHD by a pathologist (A.M), who was blinded to the study group and disease status. Links for grading criteria used to assess GVHD grade are: (http://surgpathcriteria.stanford.edu/transplant/skinacutegvhd/printable.html, http://surgpathcriteria.stanford.edu/transplant/giacutegvhd/printable.html, http://surgpathcriteria.stanford.edu/transplant/livergvhd/printable.html). Statistical analysis was performed using Mann-Whitney U test.

	Statistics. All numerical data are reported as means with standard deviation unless otherwise noted in figure legends. Data were analyzed for significance with GraphPad Prism v7. Differences were determined using one-way or two-way ANOVA and Tukey’s multiple comparisons tests, or with a Student’s t-test when necessary. We used Mann Whitney U test for analysis of GVHD grades. P-values less than or equal to (≤) 0.05 are considered significant. All transplant experiments are done with N=3 mice per group, and repeated at least twice according to power analyses, unless otherwise specified. Mice were sex-matched, and age-matched as closely as possible.
	Figure A.1: Wnt/β-catenin over-expression retains the GVL effect but avoids GVHD during allo-HSCT.
	Figure A.1: Wnt/β-catenin over-expression retains the GVL effect but avoids GVHD during allo-HSCT.
	1x106 purified WT or Cat-Tg CD3+ T cells were transplanted into lethally irradiated BALB/c recipient mice, along with 10x106 T cell-depleted bone marrow cells from WT mice and 1x105 B-ALL-luc cells. Host BALB/c mice were imaged using the IVIS 50 system three times a week. Group 1 received T cell-depleted bone marrow only (labeled as TCDBM). Group 2 received 10x106 TCDBM from WT mice and 1x105 B-ALL-luc cells (TCDBM+B-ALL luc+). Group 3 received 10x106 TCDBM from WT mice and 1x106 purified WT CD3+ T cells, along with 1x105 B-ALL-luc cells (TCDBM+B-ALLluc+ WT). Group 4 received 10x106 TCDBM from WT mice and 1x106 purified Cat-Tg CD3+ T cells, along with 1x105 B-ALL-luc cells (TCDBM+B-ALLluc+ Cat-Tg). (A) Recipient BALB/c mice were imaged using IVIS 50 three times a week. The mice were also monitored for (B) survival, (C) changes in body weight, and (D) clinical score for 65 days post BMT. (E) Quantitated luciferase bioluminescence of tumor growth. Statistical analysis for survival and clinical score was performed using log-rank test and one-way ANOVA, respectively. For weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3 mice for BM alone; n = 5 experimental mice/group for all three other groups). Survival is a combination of 2 experiments. Note: Control mouse is a naïve mouse used as a negative control for BLI.
	Wnt/β-catenin expression regulates gene expression in T cells during GVHD. As an unbiased approach to further explore differences between CD4+ or CD8+ T cells from WT and Cat-Tg mice, we employed RNA sequencing analysis. We examined the differences in gene expression between WT and Cat-Tg CD4+ and CD8+ T cells before and following allo-HSCT. We sort-purified donor WT and Cat-Tg CD4+ or CD8+ T cells from freshly isolated splenocytes, and called these pre-transplanted cells (pre-tx). We also MACS purified CD3+ T cells from WT or Cat-Tg mice, and transplanted them along with T cell-depleted bone marrow cells, into the tail vein of lethally irradiated BALB/c recipients. At day 7 post-transplantation, we sort-purified donor WT and Cat-Tg CD4+ or CD8+ T cells (using H2Kb antigen expressed by donor T cells) from recipients, and called these post-transplant day 7 samples (Day 7-tx). The cells were sorted into Trizol reagent and transcriptionally profiled.
	Principal component analysis (PCA) of CD4+ T cells identified four clusters of samples, which clearly separated the pre-transplanted WT or Cat-Tg and post-transplanted WT or Cat-Tg populations along PC1 (39.5%) and PC2 (17%) (Fig. A.4A).
	Figure A.4: β-catenin over-expression differentially regulates gene expression in CD4+ T cells during GVHD.
	Figure A.4: β-catenin over-expression differentially regulates gene expression in CD4+ T cells during GVHD.
	(A) PCA analysis showing clustering of pre-transplant and day 7 post-transplant CD4+ T cells by strain and by timepoint. Samples grouped for strain by dot color and for timepoint by shape and by group highlight color. All replicates are shown (n = 3). (B) Volcano plot displaying differentially expressed genes (FDR<0.1) between Cat-Tg and WT day 7 CD4+ T cell samples. Genes up-regulated (red) and down-regulated (blue) are labeled. (C) Hierarchical clustering and heat map illustrating expression of genes compared between different groups selected by strain and timepoint. All replicates are shown (n = 3) for each group. (D) Manhattan plot showing functional pathway analysis of CD4+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we assessed which biological processes (BP) were linked to the list of 150 significantly differentially expressed genes from CD4+ T cells. The x-axis represents functional terms that are grouped and color-coded by data sources [molecular function (MF), biological process (BP), cell component (CC)]. The y-axis shows the adjusted enrichment p-values on a negative log10 scale. Adjusted p-values g:GOSt used Bonferroni correction and a threshold of 0.1. On the table, adjusted p-values were color coded as yellow for insignificant findings to dark green with highest significance (n = 3 mice per group).
	Further analysis of these cell populations identified ∼150 differentially expressed genes (DEGs; FDR <0.1) between WT and Cat-Tg, of which 74 genes were downregulated and 76 genes were upregulated. These genes were plotted on a volcano plot (Fig. A.4B). The use of a Spearman correlation method associated with hierarchical clustering of CD4+ T cell samples showed that the WT and Cat-Tg post-transplant samples were most similar (while still clustering separately). Cat-Tg pre-transplant samples were also more similar to post-transplant samples than the WT pre-transplant samples were (Fig A.4C). DEGs between WT and Cat-Tg CD4+ T cells were averaged by group, and gene co-regulation was determined by hierarchical clustering, using Pearson correlation with a grouping cutoff (k) of 4. Each generated module contributed to the enrichment of different pathways. Gene expression is averaged by group (n = 3) for clarity and displayed as a z score across each row (Fig. A.4C).
	Functional pathway analysis revealed that these DEGs in CD4+ T cells are involved in numerous biological pathways, including: immune system process, defense response, cell activation, adaptive immune response, cytokine production, regulation of T cell activation and proliferation, MHC protein complex binding, regulation of programmed cell death, chemokine regulation, autoimmunity, TNF signaling, NF-kappa B signaling, and others which are illustrated in the Manhattan plot. The relevant pathways related to our project were highlighted and ID details are given about each pathway. This information is shown in the table according to the ID of each pathway (Fig. A.4D).
	When we performed GSEA analysis of these genes using the Hallmark pathways collection from Molecular Signatures Database (MSigDB) ��(�27)�, we observed that TNF-signaling via NF-kB is enriched in WT compared to Cat-Tg in pre-transplanted samples (Fig. AS.2A). Interestingly, in post-transplant day 7 samples, TNF-signaling via NF-kBIFN-, IFN-, inflammatory responses, and apoptosis pathways are enriched in Cat-Tg rather than WT (Fig. AS.2B).
	We also analyzed the CD8+ T cell samples and performed principal component analysis (PCA) of CD8+ T cells. We again identified four groups in which pre-transplanted samples were clearly separated, while post-transplant samples were not separated as well as pre-transplant samples along PC1 (32.2%) and PC2 (15.3%) (Fig. A.5A). Further analysis of these cell populations identified ∼250 differentially expressed genes (DEGs; FDR <0.1) between WT and Cat-Tg, of which 175 genes were downregulated while 80 genes were upregulated, and these DEGs are plotted on a volcano plot (Fig. A.5B). The use of a Spearman correlation method associated with hierarchical clustering of CD8+ T cell samples showed the same clustering as in CD4+ T cell samples (Fig. A.5C). DEGs between Cat-Tg and WT CD8+ T cells were averaged by group, and gene co-regulation was determined by hierarchical clustering using Pearson correlation with a grouping cutoff (k) of 4. Each generated module contributed to enrichment of different pathways. Gene expression is averaged by group (n = 3) for clarity and displayed as a z score across each row (Fig. A.5C).
	Figure A.5: β-catenin over-expression differentially regulates gene expression in CD8+ T cells during GVHD.
	Figure A.5: β-catenin over-expression differentially regulates gene expression in CD8+ T cells during GVHD.
	(A) PCA analysis showing clustering of pre-transplant and day 7 post-transplant CD8+ T cells by strain and by timepoint. Samples are grouped for strain by dot color and for timepoint by shape and by group highlight color. All replicates are shown (n = 3). (B) Volcano plot displaying differentially expressed genes (FDR<0.1) between Cat-Tg and WT day 7 CD8+ T cell samples. Genes up-regulated (red) and down-regulated (blue) are labeled. (C) Hierarchical clustering and heat map illustrating expression of genes compared between different groups selected by strain and timepoint. All replicates are shown (n = 3) for each group. (D) Manhattan plot showing functional pathway analysis of CD8+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we assessed which biological processes (BP) were linked to the list of 150 significantly differentially expressed genes from CD8+ T cells. The x-axis represents functional terms that are grouped and color-coded by data sources [molecular function (MF), biological process (BP), cell component (CC)]. The y-axis shows the adjusted enrichment p-values on a negative log10 scale. Adjusted p-values g:GOSt used Bonferroni correction and a threshold of 0.1. On the table, adjusted p-values were color coded as yellow for insignificant findings to dark green with highest significance (n = 3 mice per group).
	Wnt/β-catenin over-expression specifically affects CD8+ T cell functions. The pathogenesis of GVHD involves migration of donor T cells into the target organs in the recipient, including liver, small intestine, and skin ��(�32, 33)�. GVHD involves early migration of alloreactive T cells into these organs, followed by T cell expansion and later tissue destruction ��(�34, 35)�. To examine whether over-expression of Wnt/β-catenin affects donor T cell migration, irradiated BALB/c recipient mice were injected with CD8+ T cells and CD4+ T cells from Cat-Tg (CD45.2) and WT B6-Ly5.1 (CD45.1) mice mixed at a 1:1 ratio of WT: Cat-Tg. A total of 1x106 T cells were injected, and the cells were checked prior to transplant for a 1:1 ratio of CD4/CD8 total donor cells, and for a 1:1 ratio of donor strains (Fig. A.6A). As a control, we also transplanted WT CD45.2 (C57BL/6) and WT CD45.1 (B6-Ly5.1) cells at 1:1 ratio of WT(CD45.2): WT(CD45.1). Once again, 1x106 T cells were injected and cells were checked prior to transplant for a 1:1 ratio of CD4/CD8 total donor cells, and for a 1:1 ratio of donor strains (Fig. A.6A).
	Figure A.6: Wnt/β-catenin over-expression specifically affects CD8+ T cell functions.
	Figure A.6: Wnt/β-catenin over-expression specifically affects CD8+ T cell functions.
	(A) Irradiated BALB/c mice were allo-transplanted and injected with MACS-sorted WT and Cat-Tg CD4+ or CD8+ T cells, mixed at a 1:1 ratio. Flow analysis of pre-transplant mixed T cells, showing an approximate 1:1 ratio of CD4:CD8 total donor cells, and an approximate 1:1 ratio of WT(CD45.1):Cat-Tg (CD45.2) cells (or WT(CD45.1):WT(CD45.2) as control). (B-C) At day 7 post-BMT, the spleen (B) and liver (C) were examined for donor WT(CD45.1) and WT(CD45.2) T cells. The percentage of WT(CD45.1) and WT(CD45.2) CD4+ and CD8+ T cells is shown, as well as the percentage of each donor cell type in spleen and liver. (D-E) At day 7 post-BMT, the spleen (D) and liver (E) were examined for donor WT(CD45.1) and Cat-Tg (CD45.2) T cells. The percentage of WT(CD45.1) and Cat-Tg (CD45.2) CD4+ and CD8+ T cells is shown, as well as the percentage of each donor cell type in spleen and liver. (F) Pathways involved in chemokine receptor activity, chemotaxis, migration, and proliferation from functional pathway analysis of CD4+ T cells (Fig. A.4D) and CD8+ T cells (Fig. A.5D). Table compares adjusted p values and number of genes involved in each pathways between CD4+ and CD8+ T cells. (G) At day 7 post-allo-HSCT, small intestines and liver were examined by H&E staining for tissue damage. Arrows show lymphocyte infiltration and tissue damage. Statistical analysis was performed using one-way ANOVA, p-value presented with the figure. Symbol meaning for p-values are: ns - P > 0.05; * - P ≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001. For A-E, n = 5 mice per group, repeated twice, one representative is shown. For F-G, n=5 mice used per group.
	Figure AS.4: Wnt/β-catenin over-expression impacts migrating donor T cells.
	Discussion
	Figure A.7: Impact of β-catenin over-expression in alloactivated T cells.
	Figure A.7: Impact of β-catenin over-expression in alloactivated T cells.
	Over-expression of human β-catenin in mouse cells (called Cat-Tg mice) leads to significant changes to T cell phenotype, function, and gene expression. T cells from Cat-Tg mice do not induce GVHD, in part due to decreased cytokine production and increased memory cells. However, these T cells maintain the GVL effect, likely due to increased production of cytotoxic mediators. The innate memory phenotype (IMP), identified by higher expression of CD122, CD44, and Eomes, was more highly expressed among Cat-Tg T cells than WT T cells. Additionally, many gene pathways were altered by over-expression of β-catenin, including genes related to autoimmunity, allograft rejection, GVHD, T cell differentiation, TCR signaling, and others. Therefore, the Wnt/β-catenin pathway may be a therapeutic target for modulation to separate GVHD from GVL effects.
	Author contributions: MM, RH, SM, AM, RD, and MK performed experiments. JMS provided valuable reagents and helped edit the manuscript. AV provided reagents. AW helped with RNA sequencing analysis. MM, RH, and MK designed experiments, analyzed the data, and wrote the manuscript.
	Appendix A (bcat)_new cover2.pdf
	Wnt/β-catenin regulates alloreactive T cells for the treatment of hematological malignancies
	MM, RH, SM, AM, RD, and MK performed experiments; JMS provided valuable reagents and helped edit the manuscript. AV provided reagents. AW helped with RNA sequencing analysis. MM, RH, and MK designed experiments, analyzed the data, and wrote the manuscript.

	Noncanonical Tregs suppress donor T cell proliferation in vivo, resulting in less damage to GVHD target organs. To examine how these the noncanonical Tregs from Itk-/- mice can suppress CD8+ T cell-mediated GVHD in allogeneic transplant, we used the MHC-mismatch mouse model of allo-HSCT (WT to BALB/c). We used CD8+ T cells from C57Bl/6 mice that expressed luciferase as donor cells ���(Mammadli et al., 2020; Mammadli et al., 2021)�. Recipient animals were then examined post-transplant for luciferase expression as a means to examine donor CD8+ T cell proliferation, as measured by bioluminescence (Fig. B.5A).
	Group 1 BALB/c recipient mice were transplanted with TCD BM and 1x106 CD8+ T cells from WT luc mice. This group of mice showed significant proliferation of donor T cells (Fig. B.5A-B). Group 2 received TCD BM, 1x106 CD8+ T cells from WT luc mice, and 0.5x106 canonical Tregs FACS sorted from WT FOXP3RFP mice by CD25+ FOXP3RFP. These animals exhibited a significant reduction in donor T cell proliferation compared to Group 1 (T cells only) (Fig. B.5A-B). Group 3 received TCD BM, 1x106 CD8+ T cells from WT luc mice, and 0.5x106 canTregs sorted from Itk-/- FOXP3RFP mice by CD25+ FOXP3RFP. This group showed a significant reduction in donor T cell proliferation compared to Group 1 (T cells only) (Fig. B.5A-B).
	Figure B.5: Noncanonical Tregs suppress donor T cell proliferation in vivo, resulting in less damage to GVHD target organs.
	Figure B.5: Noncanonical Tregs suppress donor T cell proliferation in vivo, resulting in less damage to GVHD target organs.
	(A) BALB/c recipient mice were lethally irradiated and transplanted with 10x106 T cell-depleted bone marrow cells, 1x106 WT-luc CD8+ T cells, and FACS-sorted canonical or non-canonical Tregs from Itk-/- mice or canonical Tregs from WT mice. Recipient BALB/c mice were imaged using IVIS 50 every day for 7 days in order to track the transplanted WT-luc CD8 T cells' proliferation in the different treatment groups. (B) Quantification of luciferase bioluminescence, representing donor CD8-luc T cell proliferation. Statistical analysis was performed using two-way ANOVA, one experiment is shown. (C-D) BALB/c mice were transplanted as for A-B. At day 7 post-transplantation, recipient mouse livers and small intestines were obtained and stained with H&E. (E) Tissues obtained from recipient mice were graded for GVHD. Quantified GVHD scores for different groups are shown. One experiment is shown as a representative from two independent experiments. Statistical analysis was performed using Kruskal Wallis test, mean with standard deviation is graphed. P value presented with the figure. Symbol meaning for P values are: ns - P > 0.05; * - P ≤ 0.05; ** - P ≤ 0.01; *** - P ≤ 0.001; **** - P ≤ 0.0001.
	Group 4 received TCD BM, 1x106 CD8+ T cells from WT luc mice, and 0.5x106 ncTregs sorted from Itk-/- FOXP3RFP mice by CD25- FOXP3RFP+. This group also showed a significant reduction in donor T cell proliferation compared to Group 1 (T cells only) (Fig. B.5A-B). All transplanted mice were monitored for bioluminescence (representing donor T cell proliferation) every day for 7 days (Fig. B.5A-B). At day 1 post-transplant, there was no significant difference in bioluminescence between groups, but at day 5 to day 7 post-transplant, all of the Treg-treated groups showed significantly reduced CD8+ T cell proliferation (Fig. B.5B). The noncanonical Itk-/- Tregs demonstrated the most robust decrease in donor cell proliferation compared to the other groups (Fig. B.5B).
	Previous work suggested that a 1:1 ratio of Tregs to conventional T cells is needed to see a persistent reduction in donor T cell proliferation ���(Hoffmann et al., 2002)�. Here, our data support this fact, as use of a 1:2 Treg:Tconv ratio for canTregs (WT or Itk-/-) allowed for initial suppression of donor T cell proliferation (Fig. B.5A-B), but GVHD was not permanently ameliorated (Fig. B.3). However, treatment with Itk-/- ncTregs even in a 1:2 Treg:Tconv ratio was able to reduce donor T cell proliferation early on (Fig. B.5A-B), as well as persistently alleviate acute GVHD signs (Fig. B.3). These data demonstrate that Itk-/- Tregs may have equal or superior suppressive abilities compared to WT canTregs.
	To assess target organ damage, we again performed allo-HSCT (WT to BALB/c) using 1x106 CD8+ T cells from WT mice (without luciferase expression). Recipient mice were either nontreated or treated with 0.5x106 FACS sorted Tregs from WT FOXP3RFP or Itk-/- FOXP3RFP mice (Tregs given on the same day as the transplant). Seven days post transplantation, animals were euthanized. Using histological staining for H&E, we observed significant leukocyte infiltration into GVHD target organs such as liver and small intestine (SI) in the nontreated group (Fig. B.5C-D). We did observe that mice treated with canonical and noncanonical Tregs from Itk-/- donors had less damage to the liver, and reduced infiltration of donor T cells compared to mice given no Tregs or WT canonical Tregs (Fig. B.5C-E). For the small intestine, all Treg-treated groups showed a decrease in GVHD damage compared to mice given no Tregs (Fig. B.5C-E).
	These data strongly suggest that noncanonical Tregs from Itk-deficient mice have a greater suppressive ability than canonical Tregs from WT or Itk-deficient mice. These noncanonical Tregs are capable of suppressing CD8+ T cell proliferation in an in vivo model of GVHD following allo-HSCT, supporting their utility as a treatment for T cell-mediated disorders.
	Discussion
	Mice. Itk-/- mice were described previously �(Liao and Littman, 1995)�. C57BL/6 WT luc mice were as described (Mammadli et al., 2021). B6.SJL-PtprcaPepcb/BoyCrl and BALB/c mice were purchased from Charles River or Jackson Laboratory. C57BL/6-FOXP3RFP and Itk-/-FOXP3RFP mice were as described before ���(Huang et al., 2017)�. Mice aged 8-12 weeks were used, and all experiments were performed with age and sex-matched mice. Animal maintenance and experimentation were performed in accordance with the rules and guidance set by the institutional animal care and use committees at SUNY Upstate Medical University.
	Reagents, cell lines and flow cytometry. Monoclonal antibodies were purchased from Biolegend. Antibodies for culture used included mouse anti-CD3(cat#100102), mouse anti-CD28 (cat# 102116), human anti-CD3 (cat#317301), human anti-CD28 (cat#302902). Mouse flow cytometry antibodies used were: anti-CD3-BV605, anti-CD4-PE, anti-CD8-PE/Cy7, anti-CD25-BV421, anti-FOXP3-APC, anti-H-2Kb-Pacific Blue, anti-IFN-γ-APC, anti-TNF-α-FITC, anti-CTLA-4-PE, anti-IL-2-PE/Cy7, anti-IL-10- APC/Cy7, anti-CD44-PerCP, anti-CD62L-APC/Cy7, anti-CXCR3-PerCP/Cy5.5, and anti-CCR7-PE. Human flow cytometry antibodies used were: anti-CD3-APC, anti-CD4-PE, anti-CD8-Pacific blue, anti-CD25-PerCP/Cy5.5, anti-FOXP3-Pacific Blue, anti-IFN-γ-APC, and anti-TNF-α-PE/Cy7.
	We used a multiplex ELISA kit from Biolegend (LEGENDplex Mouse Th cytokine panel 12-plex kit, cat no. 741044) and mouse B cell customized kit for the serum ELISA. D-luciferin was purchased from Gold Bio (St Louis MO). Flow cytometry was performed on a BD LSRFortessa flow cytometer (BD Biosciences). Data were analyzed with FlowJo software (Tree Star, Ashland, OR).
	Allo-HSCT and GVL studies. For GVHD experiments, we utilized the MHC-mismatch mouse model of allo-HSCT (WT C57Bl/6 to BALB/c, i.e., H2Kb+ to H2Kd+). Lethally irradiated BALB/c mice (800 cGy in 2 doses of 400 cGy each, x-ray irradiation at 1.2 Gy/min for 200 seconds per dose, 160 kV, 25 mA) were injected intravenously with 10x106 T cell-depleted bone marrow (TCDBM) cells, with or without MACS-sorted CD8+ and CD4+ T cells from WT or Itk-/- mice, mixed at a 1:1 ratio. For GVL experiments, B-ALL primary blast cells were transduced with luciferase and were cultured as described previously ���(Karimi et al., 2014)�. 2×105 luciferase-expressing primary B-ALL blasts were used for each transplanted mouse. Recipient mice were evaluated for bioluminescence using bioluminescent imaging (BLI), and for clinical signs of GVHD for 50 days.
	Allo-HSCT and GVL studies with Treg treatment. For experiments on preventing GVHD with Tregs, recipient mice were lethally irradiated and transplanted with 10x106 T cell-depleted bone marrow cells, 1x106 WT CD8+ T cells, and 1x105 primary tumor cells (B-ALL). Tregs were FACS sorted from either WT mice or Itk-/- mice using FOXP3 tagged with red fluorescent protein (FOXP3RFP) and expression of CD4 and CD25. Recipient BALB/c mice were either untreated, or treated with 0.5x106 noncanonical or canonical Tregs from Itk -/- mice or canonical Tregs from WT mice. Recipient mice were evaluated for clinical signs of GVHD for more than 40 days. Clinical presentation of the mice for each experiment was assessed 2-3 times per week by a scoring system that sums changes in 6 clinical parameters: diarrhea, posture, activity, fur texture, weight loss, and skin integrity��� (Cooke et al., 1996)�. Mice were euthanized when they lost ≥ 30% of their initial body weight. Recipient mice were also evaluated twice a week from the time of tumor injection by bioluminescence imaging using the IVIS 200 Imaging System (Xenogen) as previously described ���(Mammadli et al., 2020)�.
	Cytokine production assay. Mice were allotransplanted as above with BM, WT CD8+ T cells, and FACS sorted canonical or noncanonical Tregs from Itk-/-mice or canonical Tregs from WT mice. At day 7 post-transplant, single cell suspensions of secondary lymphoid organs (spleen and inguinal lymph nodes) of recipients were obtained. Isolated lymphocytes from the secondary lymphoid organs were left unstimulated or stimulated with anti-CD3/anti-CD28, and cultured for 6 hours in the presence of GolgiPlug (BD Cytofix/Cytoperm Plus kit cat#555028). Cells were stained with antibodies for H2Kb (expressed by donor C57Bl/6 cells), CD4, CD3, and CD8, then stained intracellularly for cytokines (IFN- and TNF-).
	Cytokine Serum ELISA. Lethally irradiated BALB/c mice (800 cGy in 2 doses) were injected intravenously with 10x106 T cell-depleted bone marrow (TCDBM) cells along with 1x106 MACS-sorted WT CD8+ T cells. Transplanted mice were either untreated, or given 0.5x106 noncanonical or canonical Itk-deficient Tregs or canonical WT Tregs. At day 7, the recipient mice were euthanized, and serum was obtained from cardiac blood. The serum was tested for various cytokines with a Mouse Th Cytokine LEGENDplex ELISA assay (Biolegend cat no 741044), following kit instructions. IL-2, TGF-, and IL-10 were also tested using a customized Mouse B Cell Panel LEGENDplex ELISA assay (Biolegend, custom order). Data were collected on a BD LSRFortessa cytometer, and data were analyzed using the LEGENDplex software (provided with kit via Biolegend).
	Cell culture for Treg markers. To test cells for the Treg markers (FOXP3, CD25, CTLA-4, IL-2, and IL-10), we obtained splenocytes from WT or Itk-/- mice and either stained them immediately, or cultured them in LAK media in the presence of GolgiPlug (BD Cytofix/Cytoperm Plus kit cat#555028) for 6 hours. Cultured cells were either left unstimulated or were stimulated with anti-CD3 (1ug/mL) and anti-CD28 (2ug/mL) for 6 hours. Cells were stained for the Treg markers FOXP3, CD25, CTLA-4, IL-2, and IL-10, and data were collected on a BD LSRFortessa cytometer.

	RNA sequencing. C57BL/6-FOXP3RFP and Itk-/--FOXP3RFP mice were euthanized, and MACS sorted CD4+ T cells were stained for CD3, CD4, CD25, and FOXP3 markers. Using a FACSAria IIIu cell sorter (BD Biosciences), CD3+ CD4+ CD25+ FOXP3+ (canonical) Tregs and CD3+ CD4+ CD25- FOXP3+ (noncanonical) Tregs were sorted. Only CD3+ CD4+ CD25+ FOXP3+ (canonical) Tregs could be sorted from C57BL/6-FOXP3RFP CD4+ cells. The noncanonical C57BL/6-FOXP3RFP Treg percentage was so small that we couldn't sort enough cells for downstream applications. These Treg cells were all sorted into Trizol and brought to the Molecular Analysis Core (SUNY Upstate, https://www.upstate.edu/research/facilities/molecular-analysis.php) for RNA extraction and library prep, followed by RNA sequencing at the University at Buffalo Genomics Core on an Illumina NovaSeq 6000 sequencer (http://ubnextgencore.buffalo.edu).
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	In vivo T cell proliferation assay. For detecting T cell proliferation through in vivo bioluminescence imaging (BLI), BALB/c mice were irradiated and transplanted with 10x106 T cell-depleted bone marrow cells, 1x106 WT luc+ CD8+ T cells, and 0.5x106 FACS sorted canonical or noncanonical Tregs from Itk-/- mice or canonical Tregs from WT mice. Recipient BALB/c mice were imaged using IVIS 50 every day for 7 days. Imaging data were analyzed and quantified with Living Image Software (Xenogen) and Igor Pro (Wave Metrics, Lake Oswego, OR). Statistical analysis was performed using two-way ANOVA.
	Histopathological Evaluation. Lethally irradiated recipient mice were transplanted with 10x106 T cell-depleted bone marrow cells, 1x106 WT CD8+ T cells, and 0.5x106 FACS sorted canonical or noncanonical Tregs from Itk-/- mice or canonical Tregs from WT mice. At day 7 post-transplantation, recipient mouse livers and small intestines were obtained and stained with H&E. Stained tissues were graded for GVHD by a pathologist, who was blinded to the study group and disease status. Statistical analysis was performed using a Chi-square test and Kruskal Wallis test.
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