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ABSTRACT 

Memory and Effector B cell Responses to Viral and Intracellular Bacterial Infection 

Author: Krista L. Newell 

Sponsor: Gary M. Winslow 

Infection with an intracellular pathogen presents the host with the immunological 

challenge of intracellular access and of clearing infection without excessive damage to 

host tissues. This challenge was long thought to be addressed primarily by cell-mediated 

immunity, but is now known to include a significant humoral component. To better 

understand the B cell-mediated contribution to intracellular pathogen control, we 

investigated memory and effector B cell responses to the intracellular bacterial pathogen 

Ehrlichia muris, and SARS-CoV-2 infection. B cells expressing the transcription factor 

T-bet were identified in both mice and humans, and T-bet played an important role in 

directing antibody class switch recombination, but not in the generation of memory B 

cells during E. muris infection. T-bet expression was identified in cells resembling 

murine B-1 B cells, an innate-like subset of B cells important for early T cell-independent 

B cell responses. These results suggest that T-bet expression in B-1 B cells may 

contribute to their participation in the early B cell response to murine intracellular 

bacterial infection. Following human SARS-CoV-2 infection, we revealed that in 

addition to the canonical class-switched B cell memory response, the presence of a 

substantial pool of peripheral blood unswitched IgM+ memory B cells was correlated 

with reduced symptom duration and enhanced generation of antigen-specific antibody. 

These IgM+ memory B cells were stable, unlike the contracting plasmablast response. 

These studies underscore the importance of innate and unswitched B cell subsets to the 
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functional plasticity of the humoral response and contribute to our understanding of 

correlates of innate protection and adaptive immunity.  
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Upon introduction of a pathogen-associated stimulus, an intricately coordinated 

response by a multitude of specialized innate and adaptive immune cells is essential for 

host defense. These cells must assume effector functions and regulatory roles, and 

generate a reservoir of quiescent cellular memory. To realize these diverse cellular roles, 

individual cells are endowed with lineage-specific traits, but also must modify specific 

functional abilities, often through the regulation of cell proliferation, metabolism, 

anatomical location, and surface protein expression. These lineage-specified and 

adaptable attributes are the basis for the categorization of individual immune cell subsets 

and their graded functional characteristics. This approach can be applied in the 

categorization of B lymphocytes (B cells), which are the focus of this thesis. 

B cell subsets 

During a B cell response, naïve B cells are activated by molecules or molecular 

structures called antigens. The ability of the B cell to bind antigen and to become 

activated is determined by the binding specificity of the membrane-bound 

immunoglobulin (Ig), the B cell receptor (BCR). Upon activation, some B cells switch 

their BCR class from IgM to another isotype, and some differentiate into specialized 

effector cells that produce a secreted antibody molecule of the same specificity. B cells 

primarily play a role in antibody secretion, but also have functions such as antigen 

presentation and cytokine production. B cells develop first in the fetal liver, and then in 

the bone marrow. One subset of B cells, B-1 B cells, is thought to bypass bone marrow 

development. Other subsets of B cells require the bone marrow environment for 

maturation, and include marginal zone (MZ), transitional, follicular (FO), and memory B 

cells, and antibody-secreting cells (ASCs). 
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B-1 B cells 

In mice, B-1 B cells are produced during the fetal and subsequent neonatal phase. 

B-1 cells later home to the pleural and peritoneal body cavities, where they contribute to 

an “innate-like” antibody response and are maintained by self-renewal. Natural B-1 B 

cell-derived immunoglobulins bind to molecular patterns conserved on bacteria, other 

pathogens, and sometimes the host, but are innate in that they do not require cognate T 

cell help for secretion (1). Several models of B-1 cell development are still under 

scrutiny. However, there is evidence for a “division of labor” between B-1 B cells 

expressing the inhibitory glycoprotein CD5 (B-1a) and those that do not (B-1b). The 

lineage theory posits that the B-1a subset develops exclusively in the fetal liver, is highly 

sensitized to CD19 co-stimulation, and contributes to “natural” IgM secretion in the 

steady state that may be critical for first-line defenses and the clearance of dead cell 

debris (2, 3). B-1b cells, in contrast, are thought to be generated independently from both 

the fetal liver and adult bone marrow, and contribute to protective antigen-specific 

responses by differentiating into ASCs or B-1 memory B cells (4).  

Several alternative selection-based theories postulate that CD5+ and CD5-negative 

B-1 cells are generated from the same precursor and are selected into each subset via 

binding to self-antigens, BCR stimulation, or by bypassing canonical selection within the 

fetal liver (5–7). B-1 B cell subsets will be discussed in Chapter 3, where it will be shown 

that cells resembling this population expand during the response to intracellular bacterial 

infection.  
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Marginal zone B cells 

MZ B cells are also an innate-like B cell subset with the capacity to differentiate 

into ASCs 1-2 days following antigen exposure. These cells develop later than B-1 B 

cells, and do so in response to Notch signaling in the spleen (8). A functional equivalent 

to B-1 and MZ B cells is likely to exist in humans, but a consensus on the 

immunophenotype of such a subset has not been reached (9). 

Transitional B cells  

Transitional B cells are developmentally-intermediate bone marrow-derived B 

cells that are present in the peripheral blood and secondary lymphoid tissues of both mice 

and humans (10). This subset matures into MZ or FO B cells in the secondary lymphoid 

organs following selection against autoreactivity (11). 

Follicular B cells 

FOs are mature B cells that circulate in the blood and lymphatics and home to B 

cell follicles within secondary lymphoid organs such as the spleen, lymph nodes, and 

Peyer’s patches. FO B cells are positioned within the B cell follicle advantageously for 

interaction with T cells and antigen, and are therefore the subset that participates in 

germinal center reactions during a canonical B cell response to particulate antigen (12). 

While in germinal centers, FO B cells are referred to as germinal center B cells (GC Bs), 

and canonically express the surface markers GL7 and CD95.  

Antibody-secreting cells 

ASCs are terminally-differentiated effector B cells that can be short- or long-

lived, and while proliferative, are known as plasmablasts. ASCs can also undergo 

maturation to generate long-lived plasma cells (LLPC), which constitutively secrete 
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antibodies for years to decades, largely within the bone marrow (13). ASCs will be 

discussed in the context of both E. muris and SARS-CoV-2 infections in the forthcoming 

chapters. 

Memory B cells 

 Memory B cells are long-lived quiescent mature B cells that maintain the 

potential to become activated. Memory B cells can be derived from GC, FO, or B-1 B 

cells. The memory B cell subset is primarily thought to recirculate, but evidence for 

secondary lymphoid organ-restricted and tissue-resident memory B cells is accumulating 

(14, 15). Human memory B cells comprise a significantly higher proportion of the total B 

cell pool compared to murine counterparts, making up an average of 40% of all adult 

human B cells (16). Memory B cells can be class-switched (IgM/IgD-neg) or unswitched 

(IgM+ IgD-neg or IgM/IgD+), and originate from T lymphocyte-independent or -dependent 

responses (17). Regardless of origin, co-stimulation via CD40 is required for memory B 

cell generation (18). Memory B cells have a long lifespan, and undergo more rapid and 

robust activation than naive B cells (16).  

Class-switched memory B cells have been extensively studied, and are known to 

contribute to high-affinity antibody generation during repeated challenge with the same 

antigen (19). In contrast, non-switched IgM+ memory B cells are long-lived and retain the 

ability to differentiate upon reactivation to produce all B cell subsets, including effector 

ASCs, GCBs, and new memory B cells (20). By retaining the ability to re-enter GCs, 

unswitched memory B cells can undergo affinity maturation and class switch 

recombination earlier than activated naïve B cells which must obtain T cell help to do the 

same (21). The human memory B-cell pool is highly variable, and in any given individual 
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displays evidence of extensive clonal expansions (16). Data from both murine and human 

studies indicate that memory B cells, like LLPC, are critical for protection from recurring 

infectious agents. Memory B cells are a major focus of this thesis and will be discussed in 

the context of murine intracellular bacterial infection, in Chapters 2 and 3, and in human 

viral infection, in Chapter 4. 

 

Antibody production and diversification 

The Y-shaped structure of the Ig molecule consists of four peptide chains: a pair 

each of (identical) heavy and (identical) light chains linked by disulfide bonds. Each 

chain contains a constant and variable region, together comprising two primary functional 

segments: the Fab and Fc. The Fc region is encoded by the Ig heavy chain locus only, and 

is not exposed in the membrane-bound BCR form. The Fc segment also determines the 

isotype, or class, of the Ig, which can be IgM, IgD, IgG, IgA, or IgE. The Fab segment, 

on the other hand, is the source of most Ig variability and is encoded by both the heavy 

and light chain genes (22). The Fab segment contains the variable domain, or antigen-

binding region, which is specific for a particular epitope, or antibody-binding region, on 

the antigen. This region permits BCR-antigen binding, and direct neutralization or 

labeling for destruction by antibody-mediated phagocytosis. To ensure an effective 

response to a variety of antigens, the collective variable domains of all of the B cells in an 

individual must be capable of binding a wide range of epitopes.  

A means for generating the level of diversity required within the Ig repertoire was 

first formally described by Burnet’s clonal selection theory (23). Burnet’s theory 

proposed that each ASC generates antibodies of a single specificity, and suggested that 
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binding of a BCR to antigen could induce proliferation of a single clone. Tonegawa later 

described the molecular mechanism by which clonal Ig gene rearrangement occurs during 

B cell development (24). B cells undergo a process called V-(D)-J (variable (V), diversity 

(D), and joining (J) gene segments) rearrangement theoretically capable of producing 

1016 possible combinations of joined V, D, and J gene segments (1). In a developing B 

cell, gene segments of the heavy chain locus (IgH) and kappa and lambda light chain loci 

(IgK, IgL) are rearranged via V-(D)-J recombination; random pairing of one heavy and 

one light chain per cell determines the specificity of the BCR. The second Ig locus is 

suppressed upon productive arrangement of the IgH and IgK/L at the first locus, via a 

process termed allelic exclusion. Additional insertions and trimming during the 

recombination process contribute to the overall diversity of the V-D-J junctions, which 

shapes the complementarity-determining regions (CDRs) that are critical for binding to 

antigens (25).  

In addition to antigen specificity, affinity and avidity also contribute to the 

function of an Ig molecule in both the secreted and membrane-bound forms. Affinity 

refers to the strength of the interaction between an antigen and the Ig, whereas avidity is 

the total strength of all non-covalent interactions between them. By having two identical 

antigen-binding sites, an Ig can avidly bind multivalent antigens, such as bacterial 

polysaccharides, and supporting BCR cross-linking and the formation of antigen-immune 

complexes (22). While the secreted forms of IgG, IgD, and IgE molecules exist as 

monomers, IgM and IgA form pentamers and dimers, respectively, that further augment 

avidity. These characteristics greatly enhance antibody effector functions and BCR-

mediated activation.  
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Somatic hypermutation  

Although V-(D)-J rearrangement generates a considerable amount of Ig diversity, 

B cells that become activated can further diversify their IgV regions by undergoing 

somatic hypermutation (SHM). SHM is mediated by the enzyme activation-induced 

cytidine deaminase (AID), which is produced upon B cell stimulation and introduces 

point mutations within the Ig variable regions. A stringent selection process positively 

selects clones with mutations that enhance affinity for antigen. These mutations 

preferentially accumulate in the CDRs, contributing added diversity in regions critical for 

antigen binding (26). SHM will be discussed further in the context of the germinal center 

reaction.  

Class switch recombination  

  Class switch recombination (CSR) is the process wherby activated B cells change 

Fc region-mediated effector function while retaining the same Fab region. The change in 

Fc region confers the functional effector isotype or subclass by altering its ability to bind 

to cells and receptors. Like SHM, this process involves genetic modification that results 

in the somatic diversification of rearranged IgH genes. For CSR to occur, AID activity 

must be induced, along with germline IgH switch region transcription, and active 

modification of histones in these switch regions. B cells must first receive a primary 

stimulus, which can be CD4+ T cell-dependent or -independent. CD4+ T cell stimulation 

of CSR is mediated by ligation of CD40, while the T cell-independent route requires co-

stimulation with a toll-like receptor (TLR) and transmembrane activator and calcium-

modulating cyclophilin ligand interactor (TACI), or BCR stimulation synergized with 
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both TACI and TLR signals (27). The primary CSR-inducing signals are transduced in a 

stimulus-specific manner to activate NF-kB and subsequent AID activity.  

B cells must also receive a secondary CSR stimulus via cytokines, which activate 

specific transcription factors that initiate germline transcription at particular Ig heavy 

chain promoters. These promoters are upstream of corresponding switch regions, thereby 

specifying the switch regions that are to undergo recombination (28). Following 

transcription, splicing leads to the excision of intervening switch regions between one 

encoding IgM and the new region, resulting in a switch from expressing IgM to IgG, IgA, 

or IgE (29). Subsequent CSR can also occur from one class-switched region to another 

region further downstream in the IgH sequence. IgD is produced via alternative splicing 

of the germline transcripts encoding IgM without requiring CSR. Although SHM and 

CSR were long thought to occur simultaneously during the germinal center reaction, it is 

now proposed that CSR occurs during the GC initiation stage, within only a few days of 

B cell activation and prior to commitment to a GC fate when SHM occurs (30). CSR will 

be discussed in Chapter 2, where a role for the transcription factor T-bet in this 

mechanism will be described.  

 

The B cell response 

B cell responses occur within B cell follicles in secondary lymphoid organs. The 

organization of immune cells within the follicle is regulated by chemokines and 

anatomical architecture, features important for movement of both antigen and immune 

cells (1). A primary B cell response involves the activation and differentiation of naïve B-

1, MZ, or FO B cells, and can be classified by whether this process occurs in a T cell-
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dependent or -independent manner. T cell help during B cell responses can include direct 

co-stimulatory interactions and cytokine signals from T or invariant natural killer T 

(iNKT) cells. T and iNKT cells are lymphocytes that mature in the thymus and 

participate in immune responses upon specific recognition of peptides presented within 

major histocompatibility complexes (MHC). A T cell-dependent B cell response is 

historically defined as dependence on interactions within the germinal center. It is now 

known that T cell help can also occur outside of germinal centers, and even outside of the 

B cell follicle.  

T cell-dependent B cell responses 

 T cell-dependent (TD) B cell responses require cognate recognition of the same 

antigenic structure between B cells and T cells. As part of this process, dendritic cells 

(DCs) take up soluble or particulate antigen, process it, and present the antigen to both B 

and T cells. B cells that recognize the presented antigen via the BCR become activated, 

“pick up” and process the antigen from DCs, and migrate to the border of the B cell/T 

cell zone of the B cell follicle. Antigen presentation by DCs also serves to activate and 

induce differentiation of CD4+ T cells (31). Activated CD4+ Th cells can recognize 

antigen peptides presented on B cell MHC II molecules, and these interactions result in 

further activation of conjugate T and B cells. Cognate recognition is complemented by 

binding of CD40/CD40L, other co-stimulatory molecules, and local IL-21 secretion. 

Following initial activation, cytokine and CD40L help can sometimes be provided 

without MHC/antigen recognition (32). The acting T cell in a TD B cell response is 

typically a CD4+ helper T cell (TH), but can also be an iNKT cell (33). iNKT cells are 

restricted to recognition of glycolipid antigens in the context of non-canonical MHC-like 
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molecules (34). Following T or iNKT cell activation, some B cells will differentiate into 

plasmablasts, generating a first burst of early antibody. Other B cells will become 

memory B cells, and some will enter germinal centers and interact with activated T cells 

known as T follicular helper cells (TFH). 

The germinal center response 

The germinal center (GC) is a region of the B cell follicle that acts as a functional 

niche for B cell proliferation and selection that occurs following activation. Cycles of 

BCR diversification and selective apoptosis foster the refinement of BCRs by affinity 

maturation, which leads to the generation of memory B cells and PCs that yield high-

affinity antibody (35). Although CSR occurs primarily prior to GC induction, SHM of Ig 

genes occurs in a coordinated manner, with selection for BCR specificity and affinity, 

and clonal expansion. The transit of an individual B cell within the germinal center is 

thought to take only 4-6 hours, while the entire GC reaction during an acute B cell 

response can last 14-21 days (34). 

The GC can be divided into dark and light zones, where proliferation and 

selection take place, respectively. B cell transit between dark and light zones is dependent 

upon chemokine signaling and the appropriate positioning of participant cells (35). 

Within the dark zone, reticular cells that express CXCL12 and ligands for CXCR4 

support the proliferation of CXCR4+ B cells as they undergo SHM (36). Upon transit to 

the light zone, B cells with mutated BCRs bind antigen presented by follicular dendritic 

cells (FDCs), and are subsequently selected by TFH. This selection process is determined 

by the BCR’s affinity for antigen, and the capacity of TFH cells to present antigens via 

major histocompatibility complex (MHC) class II molecules. B cells that exit the GC 
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differentiate into either memory B cells or LLPCs. The mechanisms that direct memory 

cell and plasma cell fates are not known, and are an area of intense investigation.  

GCs are disordered, absent, or delayed during some infectious settings, including 

during Ehrlichia muris infection (37). Within GC-independent or disordered B cell 

follicles, T cell help can be provided by “TFH1” cells, which stimulate activated B cells 

via the cytokines interleukin 21 (IL-21) and interferon gamma (IFN-γ) (38), unlike 

canonical TFH cells that do not secrete IFN-γ. GC-independent B cell responses relevant 

to E. muris infection will be addressed in Chapters 2 and 3, and GC-dependent responses 

during SARS-CoV-2 infection discussed in Chapter 4.  

T cell-independent B cell responses 

B cells are not always reliant upon T cell help for activation and differentiation. 

T-independent (TI) antigens either do not elicit, or do not require a response from T cells 

for B cell activation to occur. TI antigens often have highly repetitive structural patterns 

which are common among bacteria. TI type 1 (TI-1) antigens, such as lipopolysaccharide 

(LPS), unmethylated cytosine triphosphate deoxynucleotide-phosphodiester-guanine 

triphosphate deoxynucleotide motifs (CpG), or polyinosinic-polycytidylic acid (poly IC) 

can bind to mitogenic receptors on immature or mature B cells independently of the 

BCR, although B cell activation via TLRs can synergize with BCR activation (39). TLR 

stimulation is able to induce CSR in a limited capacity, and is enhanced by the presence 

of cytokine signals. Similarly, TLR and BCR co-activation can induce AID expression at 

a low level. MZ and B-1 B cells respond rapidly and strongly to TLR ligands, while FO 

B cells are less sensitive to this form of activation. 
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TI type 2 (TI-2) antigens, unlike TI-1 anitgens, cross-link multiple BCRs on the 

same mature B cell, transducing a strong activation signal (22). At high concentrations of 

TI-2 antigen, this type of activation causes the B cell to become anergic. Thus, epitope 

density can critically regulate TI-2 B cell responses. Bacterial polysaccharides and viral 

capsid components are among this class of antigen. TI B cell responses are typically 

short-lived and quickly produce low-affinity IgM-dominant ASC accumulation in splenic 

extrafollicular regions, or auxiliary sites of TI activation (40). A canonical TI immune 

response is accompanied by an initial extrafollicular burst of IgM secretion.  

 

Transcriptional regulation of B cell fate and function 

GC-derived and GC-independent B cells assume different roles through 

transcriptional regulation. Transcription factors are proteins which bind and recognize 

specific DNA sequences, usually upstream of the transcriptional start site, to promote or 

repress the transcriptional activity of a target gene. Some transcription factors are specific 

to a single promoter type and corresponding gene, while others can bind to many 

different promoters. Additionally, transcription factors can function epigenetically, by 

promoting or preventing histone modification and CpG methylation. Many transcription 

factors are common to several cell types, or are even ubiquitous, while others are cell-

specific and play a role in determining the characteristics of the cell. The latter are often 

referred to as lineage-restricted or lineage-defining transcription factors, for many of 

which there is evidence of participation in immune cell differentiation or the ability to 

impart anti-pathogen functional capacity. Several lineage-defining transcription factors 

are expressed in B cells, including T-bet, Bcl6, and Blimp1, although gene and protein 
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expression has been shown to not always translate to functional relevance (41). Other 

transcription factors important for B cell development and specific effector functions, 

such as Pax5, EBF1, and Bach2, are also important in the regulation of B cell fate and 

function, and have been reviewed elsewhere (42, 43).  

T-bet, a member of the T-box family, is one example of a lineage-defining 

transcription factor expressed in several cell types involved in the type I immune 

response. It was first characterized by Glimcher and colleagues in 2000, primarily in T 

cells (44). T-bet expression is critical for the differentiation and maturation of CD4+ TH1, 

NK, and NKT cells, and promotes the cytotoxic functions of CD8+ T cells (41). In T 

cells, T-bet has been shown to function as a homodimer to activate transcription via a 

DNA looping mechanism (45). It is thus thought to have the capacity to potently regulate 

the differentiation of immune cells due to its ability to bind to multiple recognition 

sequences at the same time. B cells were observed to express T-bet in early studies, but 

the role of this transcription factor in B cells has only recently been investigated in depth. 

T-bet is known to induce permissive histone H3K4 methylation at the CXCR3 and IFNG 

promoters by recruiting histone methyltransferase activity, via its conserved T-box 

domain, but requires independent transactivation activity to induce transcription (45). 

Although expression of CXCR3 and IFN-γ are induced by T-bet expression in B cells, 

work by Lund and colleagues (46) demonstrated that T-bet can also act as an epigenetic 

transcriptional repressor at the Ifng locus. They showed that IFN-γ signaling, via the IFN-

γ receptor, induces ASC-promoting BLIMP1 expression, but also initiates an 

inflammatory gene program in B cells that is incompatible with commitment to an ASC 

fate. By regulating chromatin accessibility at the Ifng and Ifng2r loci, T-bet represses 
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Nfkb and Stat1 expression. Thus, T-bet is thought to be required in B cells for TH1-driven 

effector B cell differentiation. The function of T-bet in B cells during the immune 

response to E. muris infection will be discussed in Chapters 2 and 3.    

 

B cells and Type 1 immune responses  

Immune responses are often categorized by the major driving immune cell 

populations involved, and the patterns of cytokines and effector mechanisms used. 

Although there are a growing number of “types” of immune responses, the primary 

bifurcation in T cell-dependent responses is between type I (TH1) and type 2 (TH2) 

immune programs. The Type 2 response is characterized by CD4+ T cells expressing the 

transcription factor GATA3, production of IL-4, 5, 10, and 13, and generation of ASCs of 

the IgE and IgG1 isotypes (47). Type 2 responses are associated with effective 

opsonizing humoral responses against extracellular parasites and bacterial infection, but 

also with allergic inflammation.  

In contrast, type I immune responses are optimized for responding to infection by 

intracellular viral, parasitic, or bacterial pathogens. Type 1 responses are characterized by 

T-bet expression, production IL-2, IFN-γ, and tumor necrosis factor alpha (TNF-α).  IFN-

γ drives STAT1-mediated T-bet expression in B cells, synergistically with BCR 

stimulation (48), which promotes the production of antibodies and CSR to favor antibody 

isotype subclass IgG2a in BALB/c mice and IgG2c in C57BL/6 mice, or IgG1 and IgG3 

in humans (49, 50). The Fc effector region of IgG2a/c has high affinity for activating vs. 

inhibitory Fcγ receptors, giving this isotype subclass an enhanced capacity to elicit 

complement-dependent cytotoxicity, antibody-dependent cellular cytotoxicity, and 
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intracellular antibody-mediated degradation (51). These Fc-mediated mechanisms are 

critical for the clearance of free pathogen, destruction of infected cells, and further 

activation of innate immune cells. Thus, during a type I immune response, IFN-γ 

promotes a class-switched antibody response tuned to target infected cells and recruit 

additional specialized innate effector cells.  

B cell function during intracellular bacterial infection 

Infection with facultative or obligate intracellular bacteria was long held to be out 

of the reach of humoral immunity. This was largely due to the prevailing idea of a 

division of labor between humoral and cellular arms of the immune system, and because 

of the intracellular location of the pathogen (52). The concept is thought to have been 

fueled by debates over the ultimate source of immunity by early discoveries by Ehrlich 

and Metchnikoff, who promoted humoral and cellular immunity, respectively (53). As 

microscopy and immunohistochemical methodology modernized, it became apparent that 

many intracellularly resident pathogens can actually be found outside of cells at some 

point during their life cycle and/or following destruction of infected cells (54). Exposure 

of pathogens to the extracellular environment makes them vulnerable to the action of 

antibodies, often complemented by activation of immune cells via binding of Fc 

receptors. Indeed, antibody has been shown to favorably alter the course of infection with 

a growing number of intracellular pathogens, including Legionella pneumophila, 

Leishmania mexicana, and Salmonella enterica serovar typhimurium (55–57).  

Early studies from our laboratory were some of the first to demonstrate protection 

against an obligate intracellular bacterium by specific antibody, independently of T cell-

mediated help. This pioneering work showed protection from murine infection with the 
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causative agent of human monocytic ehrlichiosis, Ehrlichia chaffeensis (58–60). 

Subsequent studies examined the cellular mechanisms and kinetics of the B cell anti-

ehrlichial response, extending investigation to a related strain, Ehrlichia muris. E. muris 

infection is non-lethal in immunocompetent mice, but results in pronounced 

splenomegaly, thrombocytopenia, anemia, and extramedullary hematopoiesis. Work in 

the E. muris model demonstrated a source of protective antibody to be T cell-independent 

extrafollicular splenic plasmablasts expressing the integrin CD11c and innate-like surface 

markers, in the apparent absence of functional splenic germinal centers (61–63). Later, 

the omentum and bone marrow were found to support CD11c+ plasmablast and IgM 

production, and expression of the transcription factor T-bet was identified in the 

plasmablasts (64–66).  

T-bet+ B cells 

CD11c expression was also observed on a novel population of T cell-dependent 

long-lived IgM+ memory B cells found to be required for the production of IgG E. muris 

antigen-specific recall responses (67). These CD11c+ memory B cells express the 

transcription factor T-bet and several characteristic integrins, along with memory B cell-

associated markers such as PD-L2, CD73, and CD80 (20, 67). The CD11c+ T-bet+ 

memory B cells generated during E. muris infection can differentiate into all effector B 

cell lineages following rechallenge, undergo self-renewal, and provide long-term multi-

functional immunity and antibody production during chronic infection (20).  

B cells expressing T-bet have now been identified in a variety of other 

immunological contexts, including viral, parasitic, intracellular bacterial, and 

autoimmune diseases (68). Furthermore, aged mice accumulate T-bet+ B cells over time 
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(69). A common thread between contexts in which T-bet+ B cells have been found is 

chronic antigenic stimulation, whether from pathogen or host self-molecules. Infectious 

settings featuring this B cell subset are characterized by IFN-γ-driven type I immune 

programs. For example, repeated infection with Plasmodium falciparum, a causative 

agent of malaria, leads to the emergence of T-bet+ plasmablasts and memory B cells (50, 

70, 71). Similarly, individuals with chronic HIV infection demonstrate elevated 

frequencies of T-bet+ B cells (50). 

Although commonly observed in the context of chronic conditions, T-bet+ B cells 

also emerge during primary viral infections. Extensive studies of T-bet+ B cells during 

murine influenza infection have been described in vivo, ex vivo, and in vitro (46). This 

work demonstrated that T-bet expression is induced in a B cell-intrinsic manner via IFN-

γ- IFN-γR signaling. Investigating the transcriptional effects of this expression, T-bet was 

found to act as a repressor of the IFN-γ-induced inflammatory gene program. By limiting 

the IFN-γ-driven feed-forward loop of inflammatory gene expression within the activated 

T-bet+ B cells, the epigenetic state of the cells is made favorable for rapid differentiation 

into ASCs via upregulation of IRF4 and BLIMP1 upon BCR stimulation. A similar 

repressor mechanism for the T-bet-mediated appearance of autoreactive ASCs in human 

systemic lupus erythematous (SLE) patients was demonstrated in a series of studies (72–

74). Thus, studies of T-bet+ B cells will likely lead to a better understanding of type I B 

cell responses in a variety of clinically relevant settings. The role of T-bet+ B cells during 

intracellular E. muris bacterial infection will be discussed in Chapters 2 and 3. B cell 

expression of T-bet will also be discussed following human SARS-CoV-2 infection in 

Chapter 4. 
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B cell function during viral infection 

The role of B cells during viral infection is in many ways similar to the humoral 

response to intracellular bacterial infection, such as the production of antibody isotype 

classes with high affinity for activating Fc receptors. However, one difference is that 

while many intracellular bacterial and parasitic infections cause gross disruption of the 

splenic architecture and germinal center response, anti-viral B cell activation usually 

progresses in a T cell and germinal center-dependent process. The mechanism of 

recognition and activation by a viral pathogen can also differ from that of bacterial 

infection. Several TLRs are specialized to detect viral pathogen-associated molecular 

patterns (PAMPS), and additional innate activation mechanisms contribute to detection of 

viral infection and a robust adaptive immune response. In addition to canonical activation 

of the adaptive B cell response, natural, unmutated antibodies produced by innate-like B 

cells are also known to play a crucial role in anti-viral defense by blocking pathogen 

dissemination to vital organs, and enhancement of immunogenicity by trapping antigen 

within secondary lymphoid organs (75). 

B cells and SARS-CoV-2  

In late 2019, a novel single-stranded RNA virus in the Coronaviridae family 

surfaced and rapidly spread across the globe. Reaching pandemic status, severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused extensive morbidity and 

mortality. Like closely-related human-infecting coronaviruses (HCoV), SARS-CoV-2 

elicits a vigorous ASC response in most individuals (76). Two species of HCoVs cause 

severe disease in the upper respiratory tract, but infections with SARS-CoV and MERS-

CoV have not had widespread persistence within the human population. Four milder CoV 
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strains are known to be endemic in humans, including HCoV-HKU1, -229E, NL63, and -

OC43. These strains can cause severe disease in immunocompromised individuals, but 

are generally mild and self-limited in the healthy human population (77).  

SARS-CoV-2 encodes several antigens that are the targets of the antibody 

response. These targets include the nucleocapsid (N), external spike (S), and receptor-

binding domain (RBD) of the spike.  The spike RBD binds to the angiotensin-converting 

enzyme 2 (ACE2) receptor within the host to facilitate entry, and accordingly is a critical 

target for neutralizing antibodies (78). It has been proposed that many non-exposed 

individuals have cross-reactive T cells against peptide epitopes shared between endemic 

HCoV strains and SARS-CoV-2 (79). Furthermore, SARS-CoV-2 spike subunit epitopes 

have been identified that bind to cross-reactive antibodies from endemic HCoVs and 

SARS-CoV-2 (80). Cross-reactive antibodies from SARS-CoV-2-infected individuals 

bound preferentially to endemic strains of HCoV, particularly strain HCoV-OC43. These 

findings suggest that previous infection with an endemic strain of HCoV may contribute 

to the memory B cell response to subsequent SARS-CoV-2 infections. 

Studies of B cell responses in SARS-CoV-2-infected individuals with severe 

disease revealed a largely canonical B cell response, with highly polyclonal naïve B cell 

activation, followed by CSR to IgG and IgA, and gradual accumulation of SHM (81). In 

some individuals, this early activation of B cells results in extrafollicular ASC expansion 

with features of autoimmune disease and fatal inflammatory sequelae (82). Examination 

of memory B cell responses has consistently demonstrated resolution of early 

proliferative ASC proliferation and the development of durable B cell memory in the 

form of both IgM+ and switched memory B cells (77). The role of B cells during viral 
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infection will be discussed further in the context of SARS-CoV-2 infection in Chapter 4 

of this thesis.  

 

Summary 

For the first several decades of immunological research, B cells were only 

considered essential for combating infection with extracellular pathogens. While our 

understanding of B cell function during type I immune responses has advanced greatly, 

the extent to which B cells participate remains unclear. The central finding of this thesis 

is that B cells are an important component of the immune response to intracellular 

infection. The three chapters (Chapters 2-4) separately address key aspects of the type I B 

cell response. Chapter two extends and refines the body of knowledge concerning T-bet+ 

memory B cells and ASCs. Chapter three identifies the peritoneal cavity as a novel site of 

residence for T-bet+ memory B cells and describes the B cell response to intracellular 

bacterial infection at this site. Chapter four examines peripheral B cell and antibody 

characteristics following viral infection with SARS-CoV-2. Collectively, these studies 

shed light on the diverse roles B cells play within specific locations and phases of the 

type I immune response. A shared theme within each chapter is the importance of natural 

and pre-existing B cell functions during infection with intracellular pathogens. Thus, the 

findings within this thesis contribute to, and underscore the significance of understanding 

the interrelationships between innate-like, effector, and memory B cell responses to 

achieve the overarching objective of combating infectious disease. 
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CHAPTER 2 

B Cell-Intrinsic T-bet is Dispensable for the 

Development of CD11c+ Memory B Cells, but 

Critical for the Production of IgG2c 
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Chapter introduction 

This chapter contributes to the broad aim of this thesis of elucidating the role of 

type I B cell responses during infection with intracellular pathogens by examining the B 

cell-intrinsic role of the transcription factor T-bet in the generation of memory B cell and 

antibody responses to E. muris infection. Our findings demonstrate that T-bet is not a 

lineage-defining transcription factor in B cells, but is critical in directing adaptive 

antibody effector function. One figure from a collaborative publication is included within 

this chapter and is referenced with a figure footnote and was published in 2020 (38). The 

entirety of the figure is my independent work and was approved for reuse by the first 

author and the publishing journal. The remaining data are this chapter is likewise 

independent work, but were unpublished at the time of the writing of this thesis. 

Introduction 

T-bet+ B cells have emerged as a major B cell subset associated with both 

protective immunity and autoimmunity. This transcription factor is considered to be a 

master regulator of type I adaptive immune responses to intracellular pathogens, 

associated with the production of IFN-γ. Often characterized by the expression of the 

integrin CD11c, T-bet+ B cells accumulate in the context of chronic stimulation. Our 

studies have shown that infection with the tick-borne intracellular bacterium, E. muris, 

generates T-bet+ CD11c+ plasmablasts as well as long-lived T-bet+ CD11c+ memory cells 

that play an important role in the antigen-specific response. Indeed, T-bet is widely 

considered to be a lineage-defining factor for this type I B cell subset. However, we 

found that the transcription factor is dispensable for CD11c+ B cell development and 

function during ehrlichial infection. Consistent with T-bet’s known influence on 
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immunoglobulin class switching in B cells, we observed that antigen-specific IgG2c was 

no longer the dominant serum antibody isotype and subclass associated with ehrlichial 

infection; rather, in the absence of T-bet, the B cells produced IgG1, IgG2b, and IgG3. 

Thus, although T-bet likely regulates many genes, our data suggest that the primary 

function of T-bet in B cells is to drive the production of protective antibodies of the 

appropriate class, by directing class switching to IgG2c. Our findings are likely to be 

relevant to how T-bet+ B cells function not only in pathogen responses, but also in 

autoimmune diseases such as SLE, wherein antibody isotype is of critical importance. 

 

Materials and Methods 

Mice  
 
Tbx21fl (B6.129- Tbx21tm2Srnr/J) and Mb1-cre (B6.C(Cg)-Cd79atm1(cre)Reth/EhobJ) mice were 

obtained from The Jackson Laboratory (Bar Harbor, ME) and bred in the State University 

of New York Upstate Medical University Animal Care Facility (Syracuse, NY) in 

accordance with institutional guidelines for animal welfare. All mice used for 

experiments were at least 6 weeks old, and both male and female mice were used unless 

otherwise stated.  

 
Bacterial infections and immunizations 
 
Mice were infected i.p. with 5 x 104 E. muris bacterial copies, as determined by 

quantitative PCR and as previously described (83). Antigen re-challenge was performed 

by administering recombinant OMP-19 precipitated in alum (Imject, Thermo Fisher 

Scientific, Waltham, MA), shaken for 30 min. at room temp., i.p. under isoflurane 

anesthesia as described previously (62). 
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Flow cytometry and antibodies  
 
Spleens were disaggregated using a 70-mm cell strainer (BD, Franklin Lakes, NJ), and 

erythrocytes were removed by incubation with Ammonium–Chloride– Potassium Lysing 

Buffer (Quality Biological, Gaithersberg, MD). Cells were treated with anti-CD16/32 

(2.4G2) prior to incubation with the following Abs: PerCp-Cy5.5–conjugated anti-CD19 

(6D5), Alexa Fluor 700–conjugated anti-CD19 (6D5), APC eFluor 780–conjugated anti-

CD11c (N418), V500-conjugated anti-B220 (RA3-6B2), Alexa Fluor 647–conjugated 

anti–T-bet (4B10), PerCp-Cy5.5–conjugated anti–T-bet (4B10), PerCp-Cy5.5-conjugated 

anti-B220 ( RA3-6B2), FITC-conjugated anti-CD86 (GL-1), PE-Cy7-conjugated anti-

CD80 (16-10A1), BV650-conjugated anti-CD38 (90/CD38), BV421-conjugated anti-

CD73 (TY/11.8), BV786-conjugated anti-CD95 (Jo2), PE-conjugated anti-PD-L2 

(TY25). The cells were stained at 4˚C for 30 min, washed, and analyzed. For intracellular 

staining, surface-stained cells were fixed/permeabilized for 40 min at 4˚C using the 

Transcription Factor Buffer Set Fixation/ Permeabilization Buffer (BD Pharmingen), 

washed, stained at 4˚C for 30 min, washed, and analyzed. Unstained cells were used to 

establish the flow cytometer voltage settings, and single-color positive controls were used 

to adjust compensation. Data were acquired on a BD Fortessa flow cytometer with Diva 

software (BD Biosciences) and were analyzed with FlowJo software (BD Life Sciences).  

 
ELISAs  
 
Serum ELISAs were performed as previously described (67). Recombinant OMP-19 was 

coated on Flat-Bottom Immuno plates at a concentration of 10 ug/ml in PBS (Thermo 

Fisher Scientific) and Ag-specific IgM, pan-IgG, IgG1, IgG2b, IgG2c, and IgG3 serum 
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Antibodies (Abs) were detected with alkaline phosphatase-conjugated goat anti-mouse 

Abs (SouthernBiotech, Birmingham, AL), followed by p-nitrophenyl phosphate (Sigma), 

a colorimetric substrate for alkaline phosphatase. The absorbance was read at 405 nm 

using a ThermoMax microplate reader (Molecular Devices, Sunnyvale, CA) 

 

ELISpot analyses. ASC number and frequency were determined using an ELISpot 

assay, as described previously (37). Microtiterplates were coated with 1 ug of 

recombinant OMP-19128 per well, overnight at 4°C. Splenocyte suspensions from 

infected mice were cultured overnight in Complete Tumor Media. Goat anti-mouse 

alkaline phosphatase-conjugated antibodies were used to detect IgG2b- and IgG2c-

secreting cells., followed by development with 5-Bromo-4-chloro-3-indolyl 

phosphate/nitro blue tetrazolium (BCIP/NBT) solution (Sigma, St. Louis, MO), a 

substrate and precipitating dye solution for alkaline phosphatase. Spots were imaged 

using a CTL Series 6 Ultra-V Analyzer (Cellular Technology, Cleveland, OH), and 

enumerated using CTL ImmunoSpot software.  

 
Statistical analysis  
 
Statistical analysis was performed using Prism version 9.1.0 (GraphPad, San Diego, CA). 

Statistical significance was represented as shown: NS was p > 0.05, *p < 0.05, **p < 

0.01, ***p < 0.001, and ****p < 0.0001. The statistical tests performed are indicated in 

the figure legends. The column in each plot indicates the arithmetic mean of the dataset, 

and upper and lower bounds indicate SD of the dataset. 
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Results 

CD11c+ B cells develop in the absence of T-bet  

Studies in our laboratory have demonstrated that infection with the intracellular 

bacterium E. muris generates T-bet+ CD11c+ plasmablasts as well as long-lived T-bet+ 

CD11c+ memory cells that play an important role in the antigen-specific response (61, 66, 

67). We have shown that IL-21 signaling is crucial for the generation of CD11c+ T-bet+ 

memory B cells during E. muris infection (38, 67); however, other studies have 

demonstrated that IL-21 signaling can drive the generation of CD11c+ B cells in vitro, 

without inducing T-bet expression (84). In addition, studies in other experimental models 

have shown that B cells with characteristics of T-bet+ B cells can be generated in the 

absence of T-bet (85–88). Therefore, we addressed whether T-bet was required for 

CD11c+ T-bet+ B cell development following ehrlichial infection by eliminating 

expression using Mb1-cre x T-betfl/fl mice, wherby T-bet was eliminated in all B cells. 

The frequency of CD11c+ B cells was increased in E. muris-infected, B cell–specific, T-

bet-deficient mice, although the absolute number remained the same (Figure 2.1a), and 

the B cells were largely identical in phenotype to T-bet-sufficient CD11c+ memory B 

cells (Figure 2.1b). No differences were observed in the expression of several 

characteristic T-bet+ B cell surface markers, including CD11c, CD73, CD38, PD-L2, and 

CD80 (Figure 2.1b). These results suggest that although all CD11c+ memory B cells in 

the spleen during E. muris infection express T-bet, it is not required for their generation. 
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T-bet deficiency in B cells influenced E. muris - specific (OMP-19) antibody 

production following primary infection. 

IgG2c is the dominant IgG isotype subclass detected 30 days following E. muris 

infection, and CD11c+ memory B cells are required for its generation (67). As these same 

CD11c+ memory B cells express T-bet, and T-bet is known to drive class switch 

recombination to the IgG2c isotype (49), we sought to determine whether B cell T-bet 

expression was required during infection for the generation of E. muris-specific IgG2c. 

As has been shown in other experimental models, T-bet-deficient B cells produced little 

antigen-specific IgG2c and instead generated IgG of other isotypes not normally found 

during ehrlichial infections (Figure. 2.1c). These results suggest that the primary role of 

T-bet expression among B cells during ehrlichial infection is the regulation of antibody 

class switching, not lineage determination. 
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Figure 2.1  
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Figure 2.1.  

CD11c+ B cells develop in the absence of T-bet.  

(A) Splenocytes from E. muris– infected Mb1-cre x T-betfl/fl (black circles), Mb1-cre x T-

betfl/+ control mice (black circles), or T-betfl/fl control mice lacking Mb1-cre (open circles) 

were analyzed on day 30 post-infection. Representative dot plots show the percentages of 

CD11c+ B220+ B cells among total B cells. The graphs represent aggregate data from two 

independent experiments. Statistical significance was determined using a two-tailed 

unpaired t test (left, p = 0.0081, df = 16; right, p = 0.1754, df = 16). (B) CD11c+ B220+ B 

cells from E. muris–infected Mb1- cre x T-betfl/fl or T-betfl/fl mice were analyzed for 

expression of CD86, CD38, CD73, CD80, CD95, and PD-L2 30 d post-infection.  

(C) Sera from E. muris–infected Mb1-cre x T-betfl/fl or T-betfl/fl mice on day 30 post-

infection were analyzed by ELISA for IgM, pan-IgG, IgG1, IgG2b, IgG2c, and IgG3. 

Sera were collected in two independent experiments. Statistical significance was 

determined using an ordinary one-way ANOVA (p < 0.0001, F = 18.21, df = 11) with 

Sidak multiple comparisons test (IgM, p > 0.9999; IgG, p = 0.5553; IgG1, p = 0.0380; 

IgG2b, p = 0.2164; IgG2c, p < 0.0001; IgG3, p = 0.9537, df = 78). ns, p > 0.05, *p < 

0.05, **p <0.01, ****p < 0.0001. Figure and legend re-used with permission from 

Levack et al., 2020 (38). 
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T-bet deficiency in B cells altered OMP-19 - specific IgG isotype subclass switching 

following secondary antigen challenge. 

 We next sought to determine whether T-bet’s role in the regulation of class 

switching to the isotype subclass IgG2c was similarly important during the recall 

response to antigen stimulation. To address this question, we infected B cell-specific, T-

bet-deficient mice and control mice with E. muris and re-challenged each group with 

recombinant OMP-19 after 30 days. OMP-19 is an ehrlichial outer membrane protein 

known to be immunodominant (59, 89). 12 days following re-challenge, OMP-19-

specific serum antibody levels of isotype subclasses IgG1, IgG2b, IgG3 increased 

compared to mice that were not re-challenged, however T-bet–deficient B cells produced 

little antigen-specific IgG2c during re-challenge, as seen during the primary response 

(Figure 2.2). Increases in serum IgG1, but not IgG2c, in control serum here are likely 

due to the use of alum as an adjuvant during rechallenge, as this adjuvant is associated 

with Th2-biased CSR in mice (90). These results demonstrate that the B cell-intrinsic T-

bet-driven transcriptional program is required for the generation of Ig2c, even in the 

presence of Th2-inducing stimuli.  
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Figure 2.2  
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Figure 2.2.  

IgG2c is not produced in the absence of T-bet during secondary ehrlichial challenge. 

(A-D): Sera from E. muris-infected Mb1-cre+/- x T-betfl/fl, Mb1-cre+/- x T-betfl/+ or Mb1-

cre-/- x T-betfl/fl mice were analyzed by ELISA for anti-OMP-19 (A) IgG1, (B) IgG2b, (C) 

IgG3, and (D) IgG2c on day 42 following infection only (OMP-19 -), or infection and 

OMP-19 rechallenge on day 30 (OMP-19 +). Sera were collected in two independent 

experiments using male (black circles) and female (open circles) cohorts. Statistical 

significance was determined using a Brown-Forsythe ANOVA where ns, p > 0.05, *p < 

0.05, **p < 0.01, ****p < 0.0001. 
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Splenic ASCs do not secrete IgG2c in the absence of T-bet.  

Our previous work demonstrated that germinal centers in the lymph nodes are not 

disrupted during E. muris infection, as they are in the spleen (62). Therefore, it was 

possible that ASCs in the spleen may contribute OMP-19-sepecific IgM, but not IgG2c. 

To verify that IgG2c was being produced by ASCs within the spleen, to determine 

whether T-bet-dependent class switching defects observed were restricted to the LNs, we 

assessed ASCs isolated from the spleen for their capacity to secrete OMP-19-binding 

IgG2b and IgG2c on day 42 after re-challenge or primary infection only. Consistent with 

observations from serum assays, T-bet-deficient B cells isolated from the spleens of E. 

muris-infected mice were unable to produce IgG2c, while their control counterparts were 

competent (Figure 2.3). These results suggest that T-bet expression in splenic CD11c+ B 

cells drives antigen-dependent antibody responses of the type I IgG2c isotype subclass. 
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Figure 2.3  
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Figure 2.3.  

Splenic ASCs do not secrete IgG2c in the absence of T-bet. 

Splenocytes from E. muris-infected Mb1-cre+/- x T-betfl/fl (T-bet -), or Mb1-cre-/- x T-

betfl/fl (T-bet +) control mice were analyzed on day 42 post-infection by ELISPOT for 

anti-OMP-19 antibody secretion following infection only, or infection and OMP-19 

rechallenge on day 30. (A) Images of ELISPOT plate wells show representative wells 

following detection of secreted antibody of the denoted isotype subclass. (B) Total 

number of spots counted following detection of anti-OMP-19 Ig2b. (C) Total number of 

spots counted following detection of anti-OMP-19 Ig2c. Total numbers of splenocytes 

and ASCs did not differ significantly between groups. Statistical significance was 

determined using a Brown-Forsythe ANOVA ((B) p = 0.4675, F = 0.9045, df = 15, (C) p 

= 0.0449, F = 3.636, df = 15). ns, p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001. 
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Discussion 

Although T-bet+ B cells are now widely considered to play important roles in 

many disease contexts, we demonstrate that T-bet is not required for the lineage 

determination of CD11c+ B cells in our model. CD11c+ B cells, which appear nearly 

identical to canonical T-bet+ B cells, still develop normally in the absence of T-bet, 

although T-bet was important for IgG2c switching, as previously reported (48, 49, 91, 

92). Our data suggest that the primary function of T-bet expression in developing CD11c+ 

T-bet+ memory B cells during E. muris infection is not to determine lineage specification, 

but rather to drive class switching to isotypes that provide protective immunity. In this 

regard, although depletion of T-bet in B cells has been shown to ameliorate symptoms of 

SLE in a mouse model of lupus, this outcome was likely due to changes in autoantibody 

isotype, as IgG2c is well known to contribute to disease pathogenesis in SLE (85). 

Additionally, a role for CXCR3 expression on T-bet+ B cells, which is absent in T-bet-

deficient B cells (data not shown) is yet to be explored. The chemokine receptor could 

contribute to the migratory capacity and localized effector functions of the T-bet+ B cell 

subset. 

Our findings also contrast with studies of T-bet+ B cells during malaria infection, 

where T-bet contributed to B cell affinity maturation in GCs. However, T-bet is unlikely 

to have any effects on the affinity maturation of T-bet+ B cells during E. muris infection, 

as these B cells develop in the absence of GCs and have very low levels of accumulated 

mutations. Therefore, although T-bet expression may not contribute to the generation of 

CD11c+ memory B cells in ehrlichial infection, its expression still has important 
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consequences for type I immunity and autoimmune disease pathogenesis, in particular via 

its role in antibody isotype determination. 

Future studies isolating the Fc effector function of IgG2c from the antigen-

binding Fab region will be helpful for determining the contribution of this particular 

antibody isotype subclass to protection against E. muris infection. Indeed, structural 

analyses of mouse IgG2c Fc loop residues demonstrated that IgG2c has superior Fc 

receptor binding affinity compared to IgG2b (93). Activation of Fc receptors may be 

critically important for control of ehrlichial disease, as infection with the closely related 

E. chaffeensis is thought to suppress inflammatory innate immune cell activation and 

cytokine secretion (94). High-affinity IgG may also contribute to bacterial clearance via a 

novel intracellular TRIM-21-mediated mechanism identified in E. chaffeensis (95). 

Complexes of human IgG and bacteria were shown to be phagocytosed and degraded by 

selective autophagy following binding to the intracellular Fc receptor TRIM-21. This 

mechanism also promoted NF-kB activation, enhancing the production of effector 

cytokines. These and future studies of mechanisms of antibody-mediated clearance of 

intracellular infection will promote the development and refinement of vaccines to a wide 

range of clinically important pathogens. 
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T-bet+ B Cells Dominate the Peritoneal Cavity     

B Cell Response During Murine Intracellular 

Bacterial Infection 

 

  



 40 

Chapter introduction 

This chapter contributes to our goal of understanding the type I B cell response by 

examining the role of the peritoneal cavity as not only a site of infection, but as a 

functional immunological compartment. The entirety of the results presented and 

described in this chapter were the product of my independent efforts and are in 

preparation for publication at the time of the writing of this thesis. 

Abstract 

T-bet+ B cells have emerged as a major B cell subset associated with both 

protective immunity and immunopathogenesis. T-bet is a transcription factor in the type I 

adaptive immune response to intracellular pathogens driven by IFN-g signaling. Our 

studies have shown that infection with the intracellular bacterium E. muris generates 

protective extrafollicular T cell-independent T-bet+ CD11c+ IgM-secreting plasmablasts, 

as well as T cell-dependent T-bet+ CD11c+ IgM memory cells. In addition to T-bet+ 

plasmablasts in the spleen, we show here that antibody secreting cells can also be found 

within the peritoneal cavity; these B cells, as well as their CD138-negative counterparts, 

also expressed T-bet. A large fraction of the T-bet+ peritoneal B cells detected during 

early infection were highly proliferative, and expressed CXCR3 and CD11b, although not 

CD11c. T-bet+ CD11b+ memory B cells, possibly derived in situ, were the dominant B 

cell population in the peritoneal cavity at 30 days post-infection. Our data reveal a niche 

for T-bet+ B cells within the peritoneal cavity during intracellular bacterial infection, 

suggesting T-bet expression supports a transcriptional program that favors local B cell 

expansion and memory B cell persistence at sites of infection.  
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Introduction 

An effective immune response to infection generates antibody-secreting effector 

B cells, and B cell memory, the latter of which facilitates recall antibody responses upon 

re-exposure to the same antigenic stimulus. A canonical B cell response requires T cell 

and B cell cognate interactions, wherein T cell-dependent antigens, primarily proteins, 

activate GC responses within or near secondary lymphoid organ B cell follicles (96). GCs 

produce memory B cells and long-lived plasma cells, favoring the selection of high-

affinity matured BCRs. However, it has become clear in recent years that canonical GCs 

are not always necessary for an effective immune response, and that the generation of T-

bet+ memory B cells, with or without GCs, may be an appropriate means of maintaining 

an adaptable effector potential against chronic or antigenically-variable challenges (20). 

Indeed, memory B cells expressing the transcription factor T-bet have been identified 

following viral, intracellular bacterial, and parasitic infections, and have been associated 

with autoimmune diseases and aging (68, 97).  

Our laboratory has identified a population of T-bet+ CD11c+ memory B cells that 

are generated, in the apparent absence of germinal centers, following infection with the 

intracellular bacterium, E. muris (20, 67). Studies of E. muris infection have 

demonstrated an essential role for humoral immunity in host defense, mediated by T-bet+ 

plasmablasts and T-bet+ memory B cells (61, 66). Recent studies have proposed IFN-γ-

driven T-bet expression to confer memory B cells with an antibody-secreting “poised” 

epigenetic state, priming them to generate robust responses to secondary challenge and to 

contribute to autoimmune pathogenesis (46, 74, 98). These studies suggest that ASC 
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generation during the type I recall response is dependent upon B cell-intrinsic T-bet 

expression.  

T-bet+ B cells have been studied extensively in secondary lymphoid organs such 

as the spleen and lymph nodes (97), as well as in the peripheral blood (14) and liver (89). 

However, peritoneal T-bet+ B cells have not been described. Within the peritoneal cavity, 

subsets of B cells have been identified that possess broad antigen reactivity, in some 

cases to self-antigens. The BCR repertoires of these cells are specialized for protection 

against challenge with microbial or host antigens, such as bacterial polysaccharides, outer 

membrane porin proteins, or cellular debris (99). These T-independent B cell responses 

are driven by B-1 B cells that largely reside in and home to the pleural and peritoneal 

cavities.  

The classification of B-1 cell subsets is complicated by the selective expression of 

definitive surface markers, dependent upon locale and activation state, a topic reviewed 

extensively elsewhere (99). B-1 B cells are commonly categorized by the absence or 

expression of the inhibitory glycoprotein CD5. While CD5 expression and TLR signals 

have been shown to be required for the activation and differentiation of B-1 cells, 

subsequent re-organization of the BCR can lead to the downregulation of CD5 expression 

and increased BCR signaling (6). These same TLR signals, coupled with BCR activation, 

have been shown to drive the expression of T-bet in B cells (84, 100). These findings 

suggest T-bet may be expressed in B cells during intracellular bacterial infection not only 

in splenic B cells, but also as part of the peripheral B-1 cell response. 

In this study, we show that intracellular bacterial infection induces T-bet 

expression in B-1-like B cells within the peritoneal cavity, and that the CXCR3+ T-bet+ B 
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cells are proliferative. Longitudinal analysis of these peritoneal B cells revealed a 

synchronous shift in the ratio of CD5-positive and -negative B cells accompanying T-bet+ 

B cell expansion.  Furthermore, the peritoneal cavity can function as a reservoir for a 

large and persistent population of T-bet-expressing CD11b+ memory B cells. Our 

findings reveal the murine peritoneal cavity to be a site of T-bet+ B-1-like cell expansion 

during intraperitoneal infection, as wells as a site of T-bet+ memory B cell persistence.  
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Materials and Methods 

Mice 

C57BL/6J, Tbx21fl (B6.129-Tbx21tm2Srnr/J), Mb1-cre (B6.C(Cg)-Cd79atm1(cre)Reth/EhobJ), 

and Rosa26eYFP (B6.Cg-Gt(ROSA)26Sortm3(CAG-EYFP)Hze/J) mice were obtained from The 

Jackson Laboratory (Bar Harbor, ME). All mice were housed in a specific pathogen-free 

environment in the SUNY Upstate Medical University Animal Care Facility (Syracuse, 

NY) in accordance with federal guidelines and with approval of the Institutional Animal 

Care and Use Committee. All mice used for experiments were at least 6 weeks old, with 

male and female mice used in single and mixed-sex replicate experiments, excluding the 

transfer experiments.  

 
Bacterial infection and quantitation  

Mice were infected intraperitoneally (i.p.) with 5x104 copies of E. muris, as previously 

described (83). Quantitative real-time PCR was used to determine the E. muris copy 

number in infected liver tissue (101). The PCR products were analyzed with an Applied 

Biosystems Step-One Real-Time PCR System (Applied Biosystems, Foster City, CA). 

The copy number of the E. muris dsb gene was determined using known quantities 

of dsb amplicon as standards. We have made the simplifying assumption that bacterial 

copy number and numbers of viable bacteria were equivalent in our experimental model. 

 
Peritoneal cavity wash and parallel adoptive transfer 

Peritoneal cavity cells were collected by lavage with 10 mL sterile wash buffer according 

to standard protocol. The cells were washed and resuspended with sterile wash buffer, 

counted on a particle counter (Beckman Coulter, Brea, CA), and transferred i.p. to mice 



 45 

synchronously infected with E. muris. Transfer was validated following negative 

selection of peritoneal macrophages by FACS or culture in flasks to rule out appreciable 

differences in bacterial load potentially carried within transferred macrophages. No 

appreciable differences in bacterial load were observed, and therefore negative selection 

was not performed for the reporter experiments shown to ensure maximum cell viability. 

 
Flow cytometry and antibodies 

Cells were treated with anti-CD16/32 (2.4G2), stained with fixable viability Live/Dead 

stain in Aqua or Far Red (Invitrogen, Carlsbad, CA), and washed prior to incubation with 

the antibodies shown in Table 3.1.  

 



 46 

 

 

 

 

  



 47 

Table 3.1 

Antibodies used for flow cytometry 

Fluorescently conjugated antibodies used to stain cells for flow cytometry analysis. 
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The cells were stained at 4°C for 30 min, washed, and analyzed. For intracellular 

staining, surface-stained cells were fixed/permeabilized for 50 minutes at 4°C using BD 

Pharmingen Transcription Factor fixation/permeabilization buffer, washed, stained at 4°C 

for 30 minutes and analyzed. Unstained cells were used to establish the flow cytometer 

voltage settings, and single-color positive controls were used to adjust compensation. 

Data were acquired on a BD Fortessa flow cytometer with Diva software (BD bioscience, 

Franklin Lakes, NJ) and were analyzed with FlowJo software for Mac v. 10.7.1 (BD Life 

Sciences). FlowSOM (102) and Cluster Explorer plugins were provided by FlowJo via 

their website. 

 
ELISAs 

Serum ELISAs were performed by coating flat-bottom Immuno plates (Thermo 

Scientific, Waltham, MA) with recombinant OMP-19 in PBS overnight at 4°C, washing, 

and blocking with buffer containing fetal bovine serum. The plates were washed and 

incubated with thawed serum at a 1:10 dilution in ELISA wash buffer and diluted 1:2 

serially down the plate. After washing, plates were incubated with alkaline phosphatase-

conjugated goat anti-mouse IgM, pan IgG, IgG1, IgG2b, IgG2c, and IgG3 serum 

antibodies (Southern Biotechnology Associates, Birmingham, AL). After washing again, 

antigen-specific antibodies were detected with glycine buffer and phosphatase substrate 

(67).  

Serum ELISAs for IFN-g and TNF-α were performed using the Mouse IFN-g and TNF-α 

ELISA Ready-SET-Go! kits from eBioscience (San Diego, CA) according to the 

manufacturer’s instructions.  

 



 49 

Sorting and transcriptional analysis of peritoneal cavity B cells 

CXCR3+ and CXCR3-negative live singlet IgM+ IgD-neg CD19+ CD138-neg peritoneal 

cavity B cells were sorted directly into RLT+ buffer (Qiagen, Hilden, Germany) on a BD 

FACS Aria II, and snap-frozen on dry ice. The gating strategy is included in the 

supplemental data. Total RNA was extracted using the Illumina preparation kit according 

to the manufacturer’s recommendations, and quality and quantity were assessed on an 

Agilent Bioanalyzer (Agilent, Santa Clara, CA). Library preparation was performed using 

the Illumina Library Preparation kit (Illumina, San Diego, CA) according to the 

manufacturer's protocol. Libraries were sequenced on an Illumina NextSeq 550 

instrument using the NextSeq 500/550 Mid Output Kit v2.5 (150 Cycles). Sequencing 

parameters were set for 150 cycles, 75 cycles for each paired-end read. Prior to 

sequencing, library quality and concentration were assessed using an Agilent 4200 

TapeStation. All extraction, QC, and sequencing was performed at the SUNY Upstate 

Molecular Analysis Core. 

 
Gene expression analysis and visualization 

Sample demultiplexing was performed within the BaseSpace Sequence Hub (Illumina), 

according to the manufacturer's recommendations, using the default settings. Gene 

expression pseudoalignment was performed using Kallisto (103) following quality 

assessment using FastQC (104) and MultiQC (105). Transcript pseudoalignment was 

performed against a mouse reference library using Kallisto and the Ensembl GRCm39 

cDNA FASTA (106). Data normalization, visualization, and differential gene expression 

were performed using the statistical computing environment R version 3, RStudio version 

1.3.1093 (107) and Bioconductor (108). Transcript-level counts and abundance were 
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summarized to genes using the TxImport package (109). Data were filtered and 

normalized using the Trimmed Mean of M-values (TMM) method in EdgeR package 

(110). Differential gene expression analysis was performed using linear modeling and 

Bayesian statistics in the R package Limma with Benjamini-Hochberg correction for 

multiple testing (111). Gene Set Enrichment Analysis (GSEA) was carried out using the 

GSEAbase package (112). Gene ontology (GO )analysis was carried out using the 

PANTHER Overrepresentation test (released 20210224) using all genes in the Mus 

musculus upload_1 GO Ontology database (113), Fisher’s exact test and Bonferroni 

correction.  

 
Statistical analysis 

Statistical analysis was performed using Prism version 9.1.0 (Graphpad). Statistical 

significance was represented as shown: ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 

0.001, and ****: p < 0.0001. Individual analyses performed and sample size (n) are 

indicated in the figure legend. Statistical tests were chosen based on descriptive statistics 

for the specified dataset. The column in each column plot indicates the arithmetic mean 

of the dataset and upper and lower bounds indicate standard deviation of the dataset. For 

GSEA, the false discovery rate (FDR) q value denotes the estimated probability that the 

normalized enrichment score represents a false positive finding, while the normalized 

enrichment score (NES) means the enrichment score for the gene set after normalization 

across all analyzed gene sets. 

 
Data availability 

All data are available upon request. 
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Results  

The peritoneal cavity is a site of T-bet+ B cell responses during early infection 

We have demonstrated that E. muris infection results in the generation of both 

CD11c+ T-bet+ plasmablasts and IgM+ memory B cells (20). Our earlier published studies 

indicated that the T-independent CD11c+ plasmablasts in the spleen on day 10 post-E. 

muris infection had characteristics of both marginal zone MZ and B-1 cells, and produce 

the majority of splenic IgM, and nearly all antigen-specific IgM during early infection 

(61, 67). Further examination demonstrated that the protective anti-E. muris IgM 

response was highly polyreactive, and was independent of both B cell-dependent MZ-

characteristic Notch signaling and secondary lymphoid organs (63, 65). Additionally, 

several studies have demonstrated the capacity of peritoneal cavity B-1 cells to migrate to 

the spleen wherein they become ASCs (114, 115). These observations collectively 

suggested the potential participation of peritoneal cavity B-1 B cells in the E. muris B cell 

response. We therefore examined the peritoneal cavity to determine if B-1 cells at the site 

of infection express T-bet during E. muris infection.  

Peritoneal cavity B cells detected during E. muris infection did indeed express T-

bet; however, peritoneal B-1-like cells (i.e., B220+ IgMhi IgD-neg CD23neg CD11b+) 

exhibited higher intracellular expression of T-bet than ASCs present at the same time 

post-infection (Figure 3.1a-c), suggesting that T-bet may have a functional role in B-1 B 

cells. To address when T-bet expression was initiated, we assessed the kinetics of 

cellularity and T-bet expression within this anatomical compartment, relative their 

counterpart splenic B cells. While the absolute number of T-bet+ B cells was consistently 

higher in the spleen, due to the higher cellularity of the organ (Figure 3.1d-i), the 
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frequency of T-bet+ B cells among leukocytes increased over time post-infection in both 

the peritoneal cavity and the spleen (Figure 3.1j, k). The number and proportion of cells 

expressing both B-1 cell markers and T-bet increased in both the spleen and peritoneal 

cavity until day 9, at which time the T-bet- expressing B-1-like cells were reduced in the 

peritoneal cavity, concomitant with an increase in spleen T-bet+ B cells (Figure 3.2a, b). 

These data reveal the peritoneal cavity to be a site of T-bet+ B cell response early during 

infection, implicating T-bet-expressing B-1-like cells as participants in the early T-

independent response to E. muris. 
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Figure 3.1 

B-1-like cells in the peritoneal cavity expressed T-bet during intracellular bacterial 

infection. 

(A-C): Peritoneal cavity cells from E. muris-infected WT mice were analyzed on day 8 

post-infection. Plots in (A) show T-bet expression among CD11b+ CD19hi IgMhi, IgD-

negative, dump (CD4/CD8/Ter119/Gr-1/NK1.1)-negative live leukocytes (B) CD138+ 

cells among live lymphocytes. (C) The histogram shows mode-normalized frequency 

vs. fluorescent intensity for anti-T-bet. Data are representative of 3 biological 

replicates with similar results. (D-E): Cells from infected WT mice were enumerated 

on days 0, and 4-9 post-infection from the (D) spleen and (E) peritoneal cavity. (F-G): 

Cells from E. muris-infected WT mice were analyzed on days 0, and 4-9 post-

infection. The graphs show the number of CD19 and/or B220+ dump 

(CD4/CD8/Ter119/Gr-1/NK1.1)-negative live leukocytes from the (F) spleen and (G) 

peritoneal cavity. Each dot represents an individual mouse. (H-K): Cells from infected 

WT mice were analyzed on days 0, and 4-9 post-infection. Plots show the number of 

T-bet+ CD19 and/or B220+ cells among live dump-negative leukocytes from the (H) 

spleen and (I) peritoneal cavity. Frequencies of T-bet+ CD19 and/or B220+ cells 

among live dump-negative leukocytes are shown for the (J) spleen and (K) peritoneal 

cavity.  
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Expression of T-bet among peritoneal cavity B cells coincided with loss of CD5. 

B-1 cells are categorized on the basis of CD5 expression; B-1a cells are CD5+, 

and B-1b cells are CD5-negative (99). To determine if T-bet was expressed preferentially 

in CD5-negative or CD5+ B-1-like cells, we examined the frequency of CD5-negative 

and CD5-positive T-bet+ B cells over time in the peritoneal cavity. Although T-bet+ B-1-

like cells were largely absent prior to day 8 post-infection in the spleen (data not shown), 

the peritoneal cavity contained a substantial population of T-bet+ B-1-like cells by day 5 

post-infection (Figure 3.2a, b). Moreover, the ratio of CD5+ to CD5-negative peritoneal 

cavity B-1-like cells decreased as infection progressed (Figure 3.2c, d), suggesting that 

T-bet expression may lead to downregulation of CD5, or favor the expansion of CD5-

negative B-1-like cells. 

To characterize potential heterogeneity among the CD5-negative B-1-like cells in 

the peritoneal cavity, we used the clustering and visualization algorithm FlowSOM, 

which analyzes flow cytometry data using a self‐organizing map (102). B-1-like cells 

from the peritoneal cavity were found to consist of three main phenotypic clusters. The 

majority of B-1-like cells on day 8 post-infection were found within one cluster of cells 

characterized by T-bet, CD11b, and B220 expression, but lacking CD5 (Figure 3.2e-g). 

This primary cluster did not differ appreciably from the other clusters in expression of 

CD19, suggesting that paucity of CD5 expression was not due to CD19 deficiency in T-

bet-expressing cells. This finding is important, because changes in CD19 signaling can 

have significant effects on the development and responsiveness of CD5-expressing B-1a 

cells (3). Our data suggest that E. muris elicits a B-1b-like response in the peritoneal 

cavity that coincides with increasing B cell T-bet expression. 
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Figure 3.2 

Expression of T-bet among peritoneal cavity B-1-like cells coincided with a loss of 

CD5.  

(A-B): Peritoneal cavity cells from infected WT mice were analyzed on days 0, and 4-8 

post-infection. Plots show the (A) number and (B) frequency of T-bet+ cells among 

CD11b+ or CD43+ CD19+ IgMhi, IgD-negative live leukocytes. (C-D): Peritoneal cavity 

cells from infected WT mice were analyzed on days 0, and 4-8 post-infection. Plots show 

the frequency and number of (C) CD5+ and (D) CD5-negative cells among CD11b+ or 

CD43+ CD19+ IgMhi, IgD-negative live leukocytes. (E-G): Peritoneal cavity cells from 

infected WT mice were analyzed on day 8 post-infection. Cluster Explorer representation 

of FlowSOM analysis of CD11b+ CD19+ IgMhi, IgD-negative live leukocytes by flow 

cytometry. (E) Event (cell) number, (F) T-bet and CD19 expression, and (G) transformed 

relative expression levels of each marker among color-coded clusters. Representative 

shown of 3 biological replicates with similar results.  
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CXCR3+ T-bet-expressing B cells in the peritoneal cavity were transcriptionally 

distinct and were enriched for genes involved in cell proliferation. 

We next sought to determine whether T-bet+ and T-bet-negative B cells in the 

peritoneal cavity during E. muris infection are transcriptionally divergent, and to identify 

biological pathways that are differentially-enriched in the T-bet+ B cells at this location. 

Therefore, we performed RNA-sequence analysis on peritoneal cavity B-1-like cells. 

Because intracellular staining for T-bet requires fixation, which can damage nucleic acid, 

we used CXCR3 as a surrogate surface marker of T-bet-expressing B cells which allowed 

us to isolate the cells without fixation. Although not all T-bet+ B cells in the peritoneal 

cavity on day 8 post-infection express CXCR3 (Figure 3.3a), all CXCR3+ splenic B cells 

have been shown to express T-bet (45, 116). For our studies, CXCR3+ and CXCR3-

negative CD19hi IgMhi IgD-neg CD138-neg cells isolated from the peritoneal cavity were 

enriched by flow cytometric cell sorting and their transcripts were compared to identify 

differentially expressed genes (Supplemental figure 3.1). A total of 4631 genes were 

differentially expressed, using an adjusted p value below 0.05 between CXCR3+ and 

CXCR3-negative B-1-like cells on day 8 post-infection. Genes involved with DNA 

replication, cell division, and metabolism were the most highly represented and most 

differentially expressed in the enriched gene set (Figure 3.3b), indicating that the 

CXCR3+ subset of B-1-like cells were metabolically active and proliferating.  

To infer functional differences between the CXCR3+ and CXCR3-negative B-1-

like cells, we next identified functional groups of genes commonly enriched between our 

dataset and publicly available genes sets. Gene Set Enrichment Analysis revealed an 

antigen-stimulated transcriptional profile of the CXCR3+ population and enhanced 
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expression of Tbx21(T-bet); moreover, this CXCR3+ population was highly enriched for 

genes also upregulated following BCR stimulation, relative to CXCR3-negative B-1-like 

cells (Figure 3.3c). These data suggest that the CXCR3+ T-bet+ B-1-like peritoneal cavity 

cells had been stimulated by antigen and were in the process of differentiating into pre-

plasmablasts, an event also observed at a later time in the infected spleen and liver (89).  

Beyond the abundance of proliferation-associated genes, CXCR3+ B-1-like cells 

in the peritoneal cavity exhibited enhanced expression of genes known to be expressed 

downstream of IFN-γ signaling, such as Ighg2c (IgG2c) (46, 117). Expression of genes 

involved in immune cell trafficking such as Ccr6, and the integrin-encoding Itga4 (LFA-

4 subunit), were also enriched in the CXCR3+ subset, suggesting that this population may 

be migratory (Figure 3.3d). Numerous B1a cell-associated genes were enriched in the 

CXCR3-negative population, including the inhibitory molecules Cd5, Siglecg (118, 119). 

Additionally, expression of genes encoding canonical B-1 immunoglobulin heavy chain 

variable sequences, Ighv11-2 and Ighv12-3 was enriched in the CXCR3-negative B-1-like 

cell population (Figure 3.3d). Enrichment for these sequences is associated with binding 

to phosphatidylcholine (PtC), a component of cell membranes, and is characteristic of 

natural antibody-producing B-1a cells (120, 121). The CXCR3+ and CXCR3-negative 

populations did not, however, differ in expression of other B-1 B cell-defining genes, 

including Itgam (CD11b) and Spn (CD43), suggesting a common lineage. These data 

implicate T-bet gene regulation in the apparent antigen stimulation-induced loss of the 

canonical B-1a peritoneal B cell pool, and/or in the preferential expansion CXCR3+ B-

1b-like cells. 
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Figure 3.3 

T-bet+ CXCR3+ peritoneal cavity B cells were transcriptionally enriched for 

proliferation, metabolic activity, but not B-1a characteristics on day 8 post-

infection. 

(A) Peritoneal cavity B cells from infected WT mice were analyzed on day 8 post-

infection. Flow cytometric analysis of CXCR3 expression among T-bet+ peritoneal cavity 

B cells gated for singlet live dump-negative (CD4/CD8/Ter119/Gr-1/NK1.1) CD19hi 

IgMhi CD138-neg T-bet+ cells is shown. The data were representative of 3 biological 

replicates is shown. (B-D): RNA sequencing analysis of sorted CXCR3+ and negative 

CD19hi IgMhi IgDneg CD138neg cells isolated from the peritoneal cavity of 3 mice per 

group (n = 6). Enrichment was interpreted as average expression in CXCR3+ - CXCR3-

neg. (B) Gene Ontology analysis of differentially expressed genes (DEGs) was performed 

by a PANTHER Overrepresentation test. Redundant/subsets of family processes were 

omitted for clarity.  

(C) Gene Set Enrichment Analysis was performed for enrichment against a publicly 

available dataset, which compared control vs. 12 hr anti-IgM stimulated murine B cells 

(GSE13547_3163_200_UP). (D) Volcano plot representation of DEGs between CXCR3+ 

and CXCR3-negative populations.  
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Supplemental Figure 3.1 

Flow cytometric gating strategy for RNA sequencing.  

CXCR3+ and CXCR3-negative live singlet IgM+ IgD-neg CD19+ CD138-neg peritoneal 

cavity B cells were sorted directly into lysis buffer. 
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T-bet+ B-1-like cells did not emigrate from the infection site. 

We identified expression of CXCR3, a known target gene of T-bet in B cells 

(116), on a large proportion of the total and B-1-like T-bet+ B cells in the peritoneal 

cavity (Figure 3.3a). Given that CXCR3 promotes lymphocyte trafficking to sites of 

inflammation in response to the ligands CXCL9, CXCL10, and CXCL11 (122), and that 

B-1 cells have been shown to migrate from the peritoneal cavity to the spleen (114, 123), 

we hypothesized that peritoneal cavity T-bet+ B-1-like cells were capable of migration to 

the spleen, perhaps as a means of enhancing the response at that location.  

To address whether peritoneal cavity T-bet+ B-1-like cells were capable of 

migrating to the spleen, we utilized tamoxifen-inducible T-bet-CreERT2 mice that were 

bred to mice expressing ROSA26-stop-flox eYFP (124). In these mice, all cells 

expressing T-bet at the time of tamoxifen administration can be irreversibly labeled with 

enhanced yellow fluorescent protein (eYFP). T-bet reporter mice were infected and fed 

tamoxifen-containing chow from days 6-9 post-infection. Peritoneal cavity cells were 

harvested on day 9 (Figure 3.4a, b), transferred intraperitoneally to synchronously-

infected wild-type mice, and assessed 40 hours later. Analysis of eYFP expression 

revealed that most labeled T-bet+ B cells were still present in the peritoneal cavity 2 days 

post-transfer, although a small number of cells migrated to the spleen (Figure 3.4c-f). 

These observations were confirmed following ex-vivo labeling of peritoneal cavity cells 

with CellTrace violet prior to transfer (data not shown). These results suggested that most 

T-bet+ B-1-like cells do not migrate from the peritoneal cavity to the spleen during early 

E. muris infection, as occurs following LPS stimulation (114, 123). Rather, during E. 



 65 

muris infection, specialized T-bet+ B cell subsets appear to reside within the tissue 

wherein they are activated. 
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Figure 3.4 

T-bet+ peritoneal cavity B cells did not migrate to the spleen on days 9-11 post-

infection. 

(A-C): T-bet-creERT2 x Rosa26EYFP mice were fed tamoxifen chow from days 6-9 post-

infection, and on day 9 post-infection their peritoneal cavity cells were analyzed by flow 

cytometry and transferred at a 1:1 ratio to the peritoneal cavity of mice synchronously-

infected. After 2 days, the recipient mice were analyzed by flow cytometry. (A-B) Flow 

cytometric analysis of T-bet expression among donor peritoneal cavity B cells on day 9 

post-infection after gating for singlet live dump-negative (CD4/CD8/Ter119) cells. (C-D) 

Flow cytometric analysis of T-bet expression among recipient peritoneal cavity B cells on 

day 11 post-infection gated for singlet live dump-negative (CD4/CD8/Ter119) cells is 

shown. (E-F) Flow cytometric analysis of T-bet expression among recipient splenic B 

cells on day 11 post-infection gated for singlet live dump-negative (CD4/CD8/Ter119) 

cells. A representative of 2 biological replicates with similar results is shown. 
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T-bet-expressing CD11b+ memory B cells dominated the peritoneal cavity B cell 

pool during chronic infection. 

We have previously observed T-bet+ plasmablasts preceding the generation and 

long-term maintenance of T-bet+ memory B cells in the spleen during E. muris infection 

(125). The observation that T-bet+ B-1-like cells remained in the peritoneal cavity 

following transfer led us to ask whether these cells were present following resolution of 

infection. We therefore assessed the peritoneal B cell population 30 days following E. 

muris infection. We first observed that the CD5+ B cell compartment did not recover as 

the most prevalent B-1-like cell subset following acute infection. Instead, the peritoneal 

cavity B cell pool consisted primarily of T-bet+ CD11b+ PD-L2+ CD80+ CD73+ memory 

B cells (Figure 3.5a). These cells are nearly identical to the T-bet+ memory B cells we 

and others have described in the spleen and liver during E. muris infection (89, 125). One 

notable difference we observed was that T-bet+ memory B cells in the peritoneal cavity 

expressed the integrin CD11b, but not CD11c as expression of both integrins is observed 

on splenic T-bet+ memory B cells (38). This disparity may reflect the influence of 

peritoneal cavity-restricted activation or maturation on this B cell type, as has been 

suggested (126, 127).  

A small population of CD138+ ASCs was also present in the peritoneal cavity on 

day 30 post-infection, and these cells almost exclusively expressed IgM (Figure 3.5b). 

These ASCs were also B220+ CD19lo/neg, and IgD-neg (data not shown). While the 

majority of these ASCs were CD5-negative (Figure 3.5c), the CD5+ subset expressed 

much higher levels of T-bet (Figure 3.5d). T-bet+ B cells were not present in the 

peritoneal cavity of uninfected mice, and the majority of B cells in the peritoneal cavity 
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on day 30 post-infection expressed T-bet (Figure 3.5e). These observations demonstrate 

that the peritoneal cavity is a reservoir for T-bet+ ASCs and type I memory B cells.  

Our studies demonstrate that peritoneal intracellular bacterial infection induces T-

bet expression in B-1-like B cells at the infection site, and that T-bet expression 

coincided with a loss of CD5 expression among B-1-like cells. CXCR3+ T-bet+ B-1-like 

cells in the peritoneal cavity were found to be proliferative and lacked enrichment for 

canonical B-1a variable region genes. T-bet-expressing cells adoptively transferred 

between infected peritoneal cavities did not migrate to the spleen. Moreover, we 

identified the peritoneal cavity as a reservoir for a sizeable pool of T-bet-expressing 

CD11b+ memory B cells. Our study reveals the murine peritoneal cavity to be a site of T-

bet+ B-1-like cell expansion during intraperitoneal infection, and a site of T-bet+ memory 

B cell persistence. 
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Figure 3.5 

The peritoneal cavity is a site of T-bet+ memory B cells and ASC residence during 

chronic E. muris infection. 

(A) Peritoneal cavity B cells from E. muris-infected WT mice were analyzed on day 30 

post-infection. Representative dot plot shows gating of T-bet+ and T-bet-negative B cells 

pre-gated as singlet, live, B220 and/or CD19+ cells. Histograms show mode-normalized 

frequency vs. fluorescence intensity for the marker indicated.  Representative data from 3 

biological replicates with similar results are shown. (B-D): Singlet, live peritoneal cavity 

cells from day 30 post-infection were analyzed for expression of (B) CD138 and IgM, 

and (C) sub-gated by CD5 expression.   (D) Histogram shows mode-normalized 

frequency vs. fluorescent intensity for anti-T-bet. Representative shown of 3 biological 

replicates with similar results. (E) Singlet, live peritoneal cavity cells from naïve mice 

(left) and day 30 post-infection (right) were analyzed for expression of CD138 (ASCs), 

B220 and CD19 (B cells), T-bet+ among B cells (T-bet+ B cells), IgD-neg CD23-neg CD138-

neg IgM+ CD11b+ B cells (B-1-like cells), and T-bet+ among B-1-like cells (T-bet+ B-1-

like cells). Frequencies among leukocytes were used to determine absolute counts from 

4-16 um particle counter values. 
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Discussion  

We demonstrate that E. muris infection causes a shift in the peritoneal cavity B 

cell landscape, fostering dominance of a B-1b-like phenotype, and retention of T-bet+ B 

cell memory. These data suggest that in the setting of murine type I immunity, the site of 

infection may provide the first wave of innate effector B cell activity in a cytokine-driven 

manner. This site may then maintain a substantial pool of memory B cells. Other studies 

have demonstrated that expression of CD5 and its subsequent downregulation are 

required for calcium mobilization, NF-kB pathway activation, and differentiation to IgM-

secreting B-1 plasmablasts (6). Our work suggests that this mechanism could lead to the 

development of ASC that migrate to the lymph nodes, but that the T-bet-expressing B-1-

like cells identified in the peritoneal cavity are not B-1a B cell-derived. These B-1-like T-

bet+ B cells are likely capable of generating ASC and memory responses to intracellular 

bacterial infection.  

Because the B cell response to E. muris is in many ways similar to those of other 

intracellular bacterial and parasitic infections wherein T-bet+ B cells have been identified, 

it is likely that our observations extend to human diseases. The innate stimulus that 

activates the innate immune system during E. muris has not yet been identified, and the 

pathogen does not encode genes for any known TLR ligands (128, 129). 

Notwithstanding, MyD88 and NF-kB signaling appear to be important for controlling E. 

muris infection (130), suggesting that a yet to be identified TLR contributes to activation 

of innate myeloid-derived and B cells in a manner similar to that observed during other 

T-bet+ B cell-producing infections (84, 85). Alternatively, it is possible that crosslinking 

of the BCR, combined with innate cytokine signals from IFN-γ and/or IL-12, is sufficient 
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to induce T-bet expression in B cells. If this is the case, a B-1 origin for T-bet+ B cells 

during E. muris infection is an attractive inference consistent with the co-localization of 

resident peritoneal cavity cells with free ehrlichia upon intraperitoneal inoculation. In this 

way, bacteria outside of cells could activate B-1 B cells to initiate the early B cell 

response within the peritoneal cavity. 

The inability of peritoneal cavity B cells to migrate to the spleen upon parallel 

transfer generates additional questions as to the influence of initial B cell stimuli on 

homing and migration characteristics. We attribute the disparity between our 

observations and others’ to the signaling pathway-specific changes in integrin expression 

and signaling following TLR4 ligation (115), which is not likely to occur during E. muris 

infection. It is also possible that some cells migrated to other sites that were not 

examined, such as the lymph nodes, although we have not observed T-bet-expressing B 

cells at this site during E. muris infection. In support of our findings, dwelling within the 

peritoneal cavity has been shown to imprint B cells with an inherent affinity for serosal 

cavity and omental residence (131, 132). It will be important to examine whether the T-

bet+ CD11b+ memory B cells we identified in the peritoneal cavity during E. muris are 

similarly non-recirculating, as described for resident memory B cells identified within the 

lung following murine influenza infection (133).  

The observation of reduced expression of Siglecg and Cd5 in CXCR3+ B-1-like 

cells in the peritoneal cavity supports the idea that this population is activated, as Siglec-

G and CD5 have both been shown to have inhibitory functions in B-1 cells (119, 134). 

The robust enrichment for genes involved in replication and metabolism made it difficult 

to parse out genes that may have been less differentially-expressed, but also strongly 
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support the hypothesis that loss of CD5 following infection with E. muris permitted these 

cells to respond to BCR crosslinking and cellular activation as described in other studies 

(6, 135). Indeed, results from Kreuk and colleagues proposed a model wherby activation 

of B-1a cells via TLR signaling leads to negative regulation of an inhibitor of BCR 

signaling, rendering these cells responsive to BCR stimulation (136). Our results suggest 

that T-bet expression may indirectly mediate this negative regulation of CD5 and/or 

Siglec-G, leading to an activation-permissive cellular state. In support of this model, B 

cell-specific T-bet-deficient mice have reduced frequencies and number of plasmablasts 

during the T-independent phase following infection (K.N., G.W. unpublished 

observations). The mechanism by which T-bet contributes to this process is still an active 

area of investigation, but an attractive hypothesis is that T-bet may interact with the basic 

helix-loop-helix transcription factors Bhlhe40 and Bhlhe41. These transcriptional 

repressors were expressed equally in both CXCR3+ and CXCR3-negative B-1-like B cell 

populations, and have been shown to inhibit cell proliferation and delay cell cycle 

progression following stimulation via the BCR or TLR9, leading to an anergic state or 

maintenance of B-1a identity (136, 137). As Bhlhe40 acts as a cofactor for T-bet activity 

at the Ifng locus in iNKT cells (138), we speculate that T-bet may also suppress the 

repressive activity of Bhlhe40 to permit proliferation of activated B-1 cells. This would 

be aligned with T-bet’s role as an epigenetic repressor, which has been shown to be 

critical for adoption of a plasma cell fate in B-2 B cells (46). 

Our study did not exclude the possibility that the population of B-1-like T-bet+ B 

cells in the peritoneal cavity could have expanded from the small subset of B-2 cells 

resident in the peritoneal cavity, or immigrated from other tissues known to be sites of T-
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bet+ B cell generation, such as the spleen and liver (14, 89). The definitive identification 

of the peritoneal cavity T-bet+ B cells as B-1 or B-2-derived was not achieved using our 

described approaches. Indeed, there does not exist, to our knowledge, a consensus in the 

field on a definitive immunophenotype for B-1 cells. Both confirmatory markers we used 

in our study, CD11b and CD43, are used in current literature. Furthermore, peritoneal 

cavity resident B-2 cells have been proposed to adopt an intermediate phenotype and 

functional capacity within the peritoneal cavity (139). Despite this, the combination of 

anatomical location, absence of FO, naive, plasma cell, and myeloid-derived cell surface 

markers, and high expression of CD19 and IgM indicate that these cells are B-1 B cells. 

For these reasons we refer to this population of T-bet-expressing cells as B-1-like.  

Given the contribution B-1 cells have been proposed to have in the development 

of autoimmune manifestations in mice and the implication of T-bet-expressing B cells 

during autoimmune disorders in both mice and humans, the findings here have the 

potential to bridge observations made in numerous other studies. It will be important to 

determine the significance of T-bet expression within innate-like B cells in humans, as it 

is still unclear as to the level of homology between murine B-1 cell subsets and 

phenotypically similar CD5+ B cells in human blood and tissues (9). Thus, our studies 

have potential implications beyond a greater understanding of bacterial 

immunopathogenesis. 
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CHAPTER 4  

Switched and Unswitched Memory B Cells 

Detected During SARS-COV-2 Convalescence 

Correlate with Limited Symptom Duration 
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Chapter introduction 

Our studies of effector and memory B cells were redirected upon the onset of the 

SARS-CoV-2 pandemic in the United States in the spring of 2020. As part of a 

collaborative institutional COVID-19 working group, our laboratory processed and 

analyzed peripheral blood samples donated by participants of an emergency-use 

convalescent plasma trial at Upstate Medical University. This chapter describes the major 

findings collected from these analyses and their significance for understanding the 

immune response to SARS-CoV-2. Our studies described here provided some of the first 

evidence of a protective role for unswitched IgM+ memory B cells during SARS-CoV-2 

infection, and demonstrated that this population of B cells was stable and was correlated 

with shorter symptomatic illness. This work was published in January of 2021 (140), and 

represents my own independent work, excluding the conceptualization and execution of 

the ELISAs. The SARS-CoV-2 pandemic is estimated to have caused the deaths of over 

3.1 million individuals as of the writing of this thesis (141).  

Abstract 

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative 

agent of the pandemic human respiratory illness COVID-19, is a global health 

emergency. While severe acute disease has been linked to an expansion of antibody-

secreting plasmablasts, we sought to identify B cell responses that correlated with 

positive clinical outcomes in convalescent patients. We characterized the peripheral 

blood B cell immunophenotype and plasma antibody responses in 40 recovered non-

hospitalized COVID-19 subjects that were enrolled as donors in a convalescent plasma 

treatment study. We observed a significant negative correlation between the frequency of 
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peripheral blood memory B cells and the duration of symptoms for convalescent subjects. 

Memory B cell subsets in convalescent subjects were composed of classical CD24+ class-

switched memory B cells, but also activated CD24-negative and natural unswitched 

CD27+ IgD+ IgM+ subsets. Memory B cell frequency was significantly correlated with 

both IgG1 and IgM responses to the SARS-CoV-2 spike protein receptor binding domain 

(RBD) in most seropositive subjects. IgM+ memory, but not switched memory, directly 

correlated with virus-specific antibody responses, and remained stable over 3 months. 

Our findings suggest that the frequency of memory B cells is a critical indicator of 

disease resolution, and that IgM+ memory B cells may play an important role in SARS-

CoV-2 immunity. 

Introduction 

There have now been over 36 million reported cases of SARS-CoV-2, including 

at least 1.05 million deaths worldwide (141). As the work to develop effective vaccines 

and therapies to control the pandemic progresses, it is important to develop reliable 

approaches for assessing durable immunological memory. Identification of correlates of 

immunity to SARS-CoV-2 has been challenging, as clinical presentation and serological 

profiles vary between patients. Rare SARS-CoV-2-specific antibodies with potent 

neutralizing capacity have been isolated from recovered COVID-19 patients (142). 

Additionally, acute COVID-19 patients have been observed to have perturbations of 

immune profiles, and have been grouped into three or more immunotype clusters (143). 

On the basis of these findings, we focused on correlates of clinical outcomes in 

convalescent plasma donors that could be inferred through cell-based assays. Recent 
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studies have correlated B cell responses in some individuals with immunity and 

protection (144). 

B cells participate in the antiviral immune response by first rapidly releasing 

germline or near-germline antibodies from plasmablasts, via an extrafollicular pathway. 

Upon appropriate cytokine stimulation with or without T cell-mediated CD40 ligation, B 

cells undergo class switching and/or enter germinal centers within secondary lymphoid 

organs to undergo affinity maturation. This maturation process produces both long-lived 

plasma cells and memory B cells capable of responding to secondary challenge with 

homotypic or heterotypic antigenic challenge. 

While many studies of the B cell response to SARS-CoV-2 have focused on 

plasmablast expansion, the benefit of this expansion has not been clear (82, 143, 145). 

Indeed, clinical outcome correlations suggest that extrafollicular B cell activation and 

subsequent plasmablast generation are detrimental to host survival and COVID-19 

symptom resolution. Memory B cells are also generated following SARS-CoV-2 

infection (144). B memory cells are found as multiple subsets, including canonical 

CD27+ class-switched memory B cells, but also activated CD24-negative and “innate-

like” natural CD27+ IgD+ IgM+ subsets. Increased memory B cell frequencies can reveal a 

successful response to acute viral infection, and can provide information regarding the 

quality of cytokine production and T cell help during the acute immune response. In this 

study, we monitored memory B cell subsets and their relationship to clinical parameters 

in convalescent COVID-19 subjects. We provide evidence of stable B cell memory 

populations in recovered subjects that correlate with attenuated symptom duration. We 
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propose that a well-developed memory B cell response provides a reliable measure of 

immunity that may also be useful for evaluating SARS-CoV-2 vaccine efficacy. 

 

Materials and Methods 

Study design 

Study participants were recruited at the SUNY Upstate Medical University 

Clinical Research Unit starting from March 2020 and is ongoing. Participants meeting 

eligibility criteria were adults aged 18 or older who have tested positive for SARS-CoV-2 

and are at least 14 days past their first symptom. Exclusion criteria included the inability 

to give informed consent and/or an inability to donate plasma or blood transfusion in the 

past. Study participants were interviewed by study staff, and presented to the SUNY 

Upstate Clinical Research Unit for peripheral blood collection. Information regarding 

symptoms, including dates of first and last symptom, was self-reported. Donors were 

questioned about acute symptoms such as fever, shortness of breath, sore throat, cough 

that impacted activity, and fatigue that impacted activity. These indications were used to 

calculate dates of symptoms retrospectively. Lingering symptoms such as loss of taste 

and smell, mild cough or tickle in the throat, or lingering fatigue that did not impact their 

daily activity were not considered part of the acute illness and therefore not included in 

the length of illness. For donors reporting no symptoms, the date of positive RT-PCR test 

was used for the start and stop date of symptoms. These subjects were not included in 

correlative analysis of symptom duration. Seventeen of the original 40 convalescent 

plasma donors consented to a follow-up visit at 3 months. Two of these donors (one 

asymptomatic, one late convalescent) were excluded from analysis due to B cell 
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abnormalities considered to be unrelated to SARS-CoV-2. Healthy control subjects were 

adults aged 18 or older who denied infection with or known exposure to SARS-CoV-2. 

Healthy controls were screened by anti-RBD plasma ELISA to confirm negative 

exposure status. Sample size was determined based on subject availability. All samples 

were de-identified following collection, and researchers conducting assays were blinded 

to clinical data until final comparative analysis. 

Blood sample processing and storage 

PBMCs were obtained following gradient centrifugal separation of peripheral 

blood using Cell Preparation Tubes (CPT; BD Biosciences, Franklin Lakes, NJ, USA) for 

30 minutes at 1700 x g. Plasma was separated, aliquoted, and stored at -20°C for 

antibody assays. The mononuclear layer was washed in PBS prior to counting on a 

Coulter particle counter (Beckman Coulter, Brea, CA, USA). PBMCs were either directly 

stained for flow cytometry (initial visit samples), or frozen slowly to -80°C in FBS and 

DMSO for short-term storage (3-month visit samples). Flow cytometry panel was 

validated using a sample of fresh vs. frozen PBMCs to ensure comparability in target 

detection. 

Flow cytometry 

The following antibodies used for flow cytometry were obtained from BioLegend 

(San Diego, CA, USA): CD21 (Bu32), T-bet (4B10), CD38 (HIT2), CD11c (Bu15), CD3 

(HIT3A), CD14 (HCD14), IgD (IA6-2), CD24 (MC5), IgM (MHM-88), CD27 (O323), 

and CD19 (HIB19). For flow cytometric analysis, single-cell suspensions were incubated 

with 1 microg/ml anti-CD16/CD32 in 2% normal goat serum/HBSS/0.1% sodium azide 



 83 

(in-house Fc blocking solution). The cells were then stained with aqua Live/Dead stain 

(Invitrogen, Carlsbad, CA, USA) and washed prior to incubation with Abs. Cells were 

fixed, permeabilized, and stained for intracellular targets using an intracellular staining 

kit (BD Biosciences). Unstained controls were used to set the flow cytometer 

photomultiplier tube voltages, and single-color positive controls were used to adjust 

instrument compensation settings. Data from stained samples were acquired using a BD 

Fortessa flow cytometer equipped with DIVA software (BD Biosciences) and were 

analyzed using FlowJo™ Software (Becton, Dickinson and Company, Ashland, Oregon, 

USA). t-SNE visualization was generated using FlowJo™ automatic (opt-SNE) learning 

configuration, with 1000 iterations, a perplexity of 30, learning rate of 3179, exact KNN 

algorithm, and Barnes-Hut gradient algorithm. 

ELISA 

Plasma samples were first heat-inactivated at 56°C for 30 mins before use in 

assays. Recombinant Twin-Strep-tagged RBD protein was purified from 293T cells 

transfected with the plasmid pαH-RBD SD1-3CH25, generously provided by Jason S. 

McLellan (University of Texas, USA), as previously described (146). RBD protein was 

coated on Strep-Tactin® microplates plates (IBA Lifesciences, Göttingen, Germany) in 

binding buffer (100mM Tris pH 8, 150mM NaCl, 1mM EDTA) overnight at 4°C. Plates 

were washed three times with PBS-T (1x PBS/0.05% Tween-20) and subsequently 

blocked with 3% BSA (MilliporeSigma, St. Louis, MO, USA) in PBS-T for 1 hour at RT. 

Diluted plasma (1:40, 5-fold serially to 1:25 000) was loaded onto plates and incubated 

for 2 hours at RT. After incubation, plates were washed three times with PBS-T and 

HRP-conjugated secondary anti-human antibodies were used for detection. Total IgG was 
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detected using goat-anti-human-IgG-HRP (Rockland Immunochemicals, Gilbertsville, 

PA, USA, #209–1304). IgM was detected using goat-anti-human-IgM-HRP 

(MilliporeSigma, #A6907), and IgG subclass antibodies were detected with mouse 

horseradish peroxidase (HRP)-conjugated anti-human IgG1 (9054–05), IgG2 (9060–05), 

IgG3 (9210–05), and IgG4 (9200–05) from SouthernBiotech (Birmingham, AL, USA). 

Wells were washed three times with PBS-T before the addition of HRP substrate 

SIGMAFAST OPD (MilliporeSigma, #P9187). Reaction was quenched with 1M 

hydrochloric acid (Fisher Scientific, Waltham, MA, USA, #S25856) and analyzed at 490 

nM on a BioTek Synergy LX multi-mode plate reader.  

Area under the curve (AUC) analysis was performed using GraphPad Prism 

software (v8.4.3 for Mac, San Diego, California, USA), ignoring peaks with a height 

under 10% of the distance above baseline (Y = 0). Baseline was established by averaging 

the OD reading of all negative control plasma samples for the corresponding isotype. 

Negative controls were plasma from healthy control donors run in triplicate on each plate, 

and were validated against pre-COVID-19 pandemic plasma (prior to 2019). Both 

negative control and subject plasma samples were compared to matched serum to rule out 

interference due to plasma components. Plasma ELISAs for total human immunoglobulin 

isotype quantitation were performed using the Human Immunoglobulin Isotyping 

LEGENDplex 6-plex kit (BioLegend) according to the manufacturer’s instructions. Data 

were collected using a BD LSR II flow cytometer and analyzed using LEGENDplex Data 

Analysis Software. 
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Statistical analyses 

Statistical analyses were performed using GraphPad Prism software (v8.4.3). 

Analysis of correlation between flow cytometry, total serum immunoglobulin ELISA 

data, and continuous clinical data was performed using Pearson correlation coefficients 

for normally-distributed data sets, or nonparametric Spearman’s Rank correlation for data 

sets with fewer than 35 values. p-values are two-tailed and 95% confidence intervals 

shown where noted in figure legends. Statistical analysis of cell subset frequency 

between healthy and the total convalescent donor cohort from flow cytometry assays was 

performed using unpaired nonparametric Mann-Whitney test with two-tailed p-values 

and 95% confidence intervals. Multiple comparison analysis between each convalescent 

subject subgroup was done with Kruskal-Wallis test with Dunn’s correction. Adjusted p 

value was used to determine family-wise significance at alpha = 0.05.  

Statistical analysis of anti-RBD plasma ELISA data was performed using area 

under the curve (AUC) analysis within GraphPad Prism software (v8.4.3), ignoring peaks 

with a height under 10% of the distance above baseline (Y = 0). Baseline was established 

by averaging the OD reading of all negative control samples for the corresponding 

isotype. NS indicates a p value > 0.05, *p, < 0.05, **p, < 0.01, ***p, < 0.001, and ****p, 

<0.0001. The statistical tests performed are indicated in the figure legends. For column 

graphs, the column in each plot indicates the arithmetic mean of the dataset, and upper 

and lower bounds indicate SD of the dataset. 
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Study approval 

All participants provided written informed consent prior to participation in the 

study, which was performed according to a protocol approved by the Institutional Review 

Board (IRB) of the SUNY Upstate Medical University under IRB number 1587400. All 

clinical investigation was conducted according to Declaration of Helsinki principles. 

Graphics 

Supplemental Figure 4.2 was created using images from Servier Medical Art 

Commons Attribution 3.0 Unported License. (http://smart.servier.com). 
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Results 

Longitudinal sampling of plasma donors with previous SARS-CoV-2 infection 

To assess clinically-informative phenotypic characteristics of the B cell response 

in convalescent plasma donors, we evaluated peripheral blood PBMCs from this cohort 

and healthy volunteers by flow cytometry. Forty convalescent donors were recruited 

through the State University of New York Upstate Medical University Clinical Research 

Unit. They were sampled at an average of 69 days post-symptom onset, aged a mean of 

51.6 years, and were composed of 35% males and 65% females. Donors and healthy 

controls were predominately white and non-Hispanic (Supplemental Figure 4.1). 

Convalescent donors were recruited following a positive SARS-CoV-2 PCR and at least 

2 weeks following the last symptom, or for asymptomatic subjects, after a repeat SARS-

CoV-2 PCR test that was negative. Fifteen subjects were also sampled at a 3-month 

follow-up visit, selected only for availability and consent. This latter subset included one 

asymptomatic subject, as well as those sampled in early, mid, and late convalescence. 

Healthy volunteers had a similar demographic profile to the convalescent cohort, and 

were considered healthy if reporting no known exposure to, or symptoms of, COVID-19. 

Characteristics of the study population and design are summarized in Supplemental 

Figure 4.2. 
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Supplemental Figure 4.1 
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Supplemental Figure 4.1 

Demographic data. 

(A-C) Distribution of (A) gender, (B) age, and (C) ethnicity among the convalescent 

plasma donor cohort (n = 40). (D-F) Distribution of (D) gender, (E) age, and (F) ethnicity 

among healthy donors (n = 24). (G-H) Distribution of (G) gender and (H) age among the 

subset convalescent plasma donor cohort (n = 15) analyzed in Figure 4.4, three months 

after initial visit. (I) Cumulative table of demographic data. 
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Supplemental Figure 4.2 
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Supplemental Figure 4.2 

Study design and clinical data. 

(A) Graphical representation of convalescent subject groupings and gender (n = 40). All 

grouping and subset designations were done retrospectively. (B) Symptom and sampling 

timeline for symptomatic subjects (n = 35), ordered by length of convalescence. 
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B cell profiles varied widely during SARS-CoV-2 convalescence both between and 

within individuals 

As has been observed in other studies (82, 142), the B cell profiles of 

convalescent plasma donors were diverse. Using a well-defined gating strategy described 

by Sanz et al. (147) (Supplemental Figure 4.3), we identified convalescent subjects with 

expanded B cell memory, a robust plasmablast population, and a B cell phenotype 

resembling that of many healthy control samples (Figure 4.1a). We did not observe a 

difference in total CD19+ B cell frequency between convalescent and healthy subjects 

(Figure 4.1b), but as expected, convalescent naïve, transitional, and activated B cell 

frequencies followed an inverse trend relative to memory frequencies over time (Figure 

4.1c–e, 4.1g–i). Memory B cell frequencies ranged widely, in both convalescent subjects 

and healthy controls (Figure 4.1d), potentially due to the minimal exclusion criteria used 

to select healthy volunteers. Despite this variation, convalescent subjects exhibited an 

inverse trend between naïve B cell and memory B cell frequencies, suggesting expansion 

of B cell memory in at least some subjects (Figure 4.1c and d). The plasmablast 

compartment was the only major B cell subset analyzed that remained significantly 

skewed in the convalescents, compared to healthy controls (Figure 4.1f). Moreover, 

elevated plasmablast frequencies were only observed in a subset of subjects. We 

observed that the majority of convalescent subjects had normal to elevated frequencies of 

both switched and unswitched CD38-negative CD24+ memory B cells (Figure 4.1g and 

h). These data contrast with observations of memory B cell loss in COVID-19 patients 

with acute severe disease (148), although we were unable to make conclusions regarding 

antigen-specific memory B cells in this study. 
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Supplemental Figure 4.3 
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Supplemental Figure 4.3 

Flow cytometry gating strategies for B cell subset analysis. 

(A) Representative plots demonstrating gating strategy for flow cytometric identification 

of B cell subsets. (B) Flow chart showing the dichotomy and subset discrimination used 

to assess B cell subsets from peripheral blood PBMCs. 
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Figure 4.1 
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Figure 4.1 
 
The B cell profiles of convalescent plasma donors were diverse. 

(A) Representative flow plots of live, singlet, CD19+ lymphocytes demonstrating 5 

primary B cell subsets in one healthy and 4 convalescent subjects. (B-I) Histograms of 

healthy and convalescent donor frequencies of (B) total CD19+ B cells, and (C) naïve & 

transitional type 3, (D) memory, (E) transitional type 1 and 2, (F) plasmablast (G) 

IgM+ memory, (H) switched Memory, and (I) activated naïve/memory subsets among 

viable CD19+ lymphocytes. Bars represent mean +/- SD. Statistical analysis between each 

donor subgroup was done with non-parametric Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons. Adjusted p value was used to determine family-wise 

significance at alpha = 0.05. Healthy control and total convalescent groups also compared 

by Mann-Whitney test with two-tailed p value, alpha = 0.05. Healthy control n = 24, 

conv. total n = 40, asymp. n = 5, conv. early n = 12, conv. mid n = 6, conv. late n = 17, 

except for (E) and (F), where 1 and 2 healthy control statistical outliers were omitted, 

respectively. 
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Given the demonstrated role of CD11c+ T-bet+ B cells in responses to viral 

antigens (50, 149), and their presence during acute SARS-CoV-2 infection (144), we 

screened convalescent donor samples for the presence of CD11c+ T-bet+ B cells. The 

frequency of both CD11c+ and T-bet+ B cells were only slightly elevated in convalescent 

subjects compared to healthy controls, likely reflecting a return to B cell homeostasis 

(Supplemental Figure 4.4a and b). Likewise, significantly elevated frequencies of 

double-negative (DN) IgD-negative CD27-negative B cells were not observed in 

convalescent subjects (Supplemental Figure 4.4c) in our cohort. These finding suggests 

that activated and DN populations may be preferentially involved in the early phase 

and/or critical clinical presentation of SARS-CoV-2 infection, as observed by Woodruff 

et al. (82) during acute severe COVID-19. 

To further examine memory B cells in convalescent subjects, we visualized the 

flow cytometry datasets using an unbiased t-distributed stochastic neighbor embedding (t-

SNE) algorithm (Supplemental Figure 4.4d). This approach allowed us to resolve 

populations within clusters that may not be discrete using gating strategies alone, and to 

assess marker expression within these clusters. Using this approach, we observed that 

activated CD38-negative CD24-negative B cells were the primary clusters in which 

CD11c and T-bet were expressed (Supplemental Figure 4.4d). These analyses reveal 

substantial heterogeneity not just in the B cell immunophenotype between subjects, but 

also within the B cell memory compartment itself. 

  



 98 

 

 

 

  

Supplemental Figure 4.4 
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Supplemental Figure 4.4  
 
B cell subset and cluster analysis.  
 
(A-C) Healthy and convalescent donor cell frequencies for (A) CD11c+, (B) T-bet+, and 

(C) DN subsets among viable CD19+ lymphocytes. Bars represent mean +/- SD. Statistical 

analysis between each donor subgroup was done with non-parametric Kruskal-Wallis test 

with Dunn’s correction for multiple comparisons. Adjusted p value was used to 

determine family-wise significance at alpha = 0.05. Healthy control and total 

convalescent groups also compared by Mann-Whitney test with two-tailed p value, alpha 

= 0.05. Healthy control n = 24, conv. total n = 40, asymp. n = 5, conv. early n = 12, conv. 

mid n = 6, conv. late n = 17, except for T-bet (B), where n = 4, 9, 6, and 16, respectively, 

due to technical limitations. (D) tSNE representation of flow cytometry data sub-gated to 

highlight key clusters of viable CD19+ lymphocytes from a representative convalescent 

donor with an enriched memory B cell subset. Heatmap overlay shows median 

expression for the target below each plot. 
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Shorter symptom duration was correlated with increased switched and IgM+ 

memory B cell frequencies in convalescent subjects 

While we observed diverse B cell subsets in convalescent subjects, it was still 

uncertain which, if any, of these subsets were correlated with clinical outcomes following 

symptomatic COVID-19 infection. An association between frequencies of memory B 

cells and enhanced recovery following COVID-19 pneumonia has been reported (148). 

We therefore analyzed our B cell immunophenotyping dataset for its correlation with 

self-reported symptoms in our convalescent cohort. Our analysis revealed a significant 

negative correlation between the duration of COVID-19 symptoms and the frequency of 

memory B cells (Figure 4.2a). Similar correlations were observed for the IgM+ and 

switched memory B cell subsets (Figure 4.2b and c). 

To determine whether these observations were due solely to the time of sampling, 

we analyzed the frequency of B cell subsets in convalescent subjects and the number of 

days between last symptom and sample collection, as well as the number of days between 

symptom onset and sampling. In these analyses, IgM+ and switched memory B cell 

frequencies were stable or enhanced over time, and we failed to observe any correlation 

between IgM+ or switched memory B cell frequency and the time since the last reported 

symptom (Figure 4.2d and e), or the time since symptom onset (Figure 4.2g and h). 

Longer symptom duration correlated with increased frequency of naïve and transitional B 

cells, though the reason for this relationship is unclear (Figure 4.2j and k). Neither age 

nor gender were observed to have a statistically significant influence on any of the 

clinical or immunophenotypic parameters examined in this dataset. 
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Several studies have reported robust expansion of peripheral blood plasmablasts 

during SARS-CoV-2 infection in some patients (82, 145). In agreement with these data, 

our cohort of convalescent subjects contained individuals with dramatically elevated 

frequencies of CD38hi CD24-negative CD19+ plasmablasts (see Figure 4.1f). Despite this 

trend, this subset was not significantly correlated with the duration of COVID-19 

symptoms at the time point at which we sampled (Figure 4.2l). Plasmablast frequency 

among convalescent B cells did appear to wane over the time since last symptom, and 

symptom onset, confirming the contraction of the acute response (Figure 4.2f and i). 

Collectively, these data suggest that the presence of B cell memory, but not plasmablasts, 

is a clinical correlate of shorter duration of COVID-19 disease detectable during 

convalescence. 
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Figure 4.3 
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Figure 4.2 

The frequency of memory B cells in the peripheral blood was correlated with 

shorter symptom duration following infection with SARS-CoV-2, and stable over 

time. 

(A-C) Scatterplot correlation of symptom duration in days, vs. the frequency among 

viable CD19+ B cells of (A) total memory, (B) IgM+ memory, and (C) switched memory. 

(D-F) Scatterplot correlation of days since last symptom vs. (D) IgM+ memory, (E) 

switched memory, and (F) plasmablast frequency among viable CD19+ lymphocytes. (G-

I) Scatterplot correlation of days since symptom onset vs. (G) IgM+ memory, (H) 

switched memory, and (I) plasmablast frequency among viable CD19+ B cells. (J-L) 

Scatterplot correlation of symptom duration in days, vs. (J) naïve and transitional type 3, 

(K) transitional type 1 and 2, and (L) plasmablast frequency among viable CD19+ B cells. 

Pearson’s correlation r value and 95% confidence intervals shown with two-tailed p 

values, alpha = 0.05. n = 35 (all symptomatic subjects) for all. 
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Memory B cell frequency was correlated with anti-RBD antibody production in 

most seropositive convalescent subjects 

We next addressed whether the frequency of B cell memory in convalescent 

subjects correlated with the generation of anti-spike receptor-binding domain (RBD) 

antibodies. The spike RBD is thought to be required for SARS-CoV-2 binding and entry 

via the ACE2 receptor, and both inhibitory and neutralizing anti-RBD antibodies have 

been identified in infected and recovered subjects (144, 150). In seropositive 

convalescent subjects, IgG1 anti-spike RBD was significantly correlated with 

CD24+ CD38-negative memory B cell frequency (Figure 4.3a, b and f) in most 

individuals, and with IgM anti-spike RBD for all seropositive subjects. This correlation 

was not observed for IgG2, IgG3, or IgG4 (Figure 4.3c-e; for the full cohort, including 

subjects that were seronegative for each isotype, see Supplemental Figure 4.5). The 3 

subjects with detectable IgG1 that did not correlate with memory B cell frequency all had 

relatively low proportions of memory B cells. Further studies of a larger sample group 

are warranted to explore potential causes of this grouping. 

The positive relationship between IgG1 and total memory B cells held for 

IgM+ memory B cells (Figure 4.3g), but not for switched memory cells in most subjects 

(Figure 4.3j; for the full cohort including subjects that were seronegative for each 

isotype, see Supplemental Figure 4.6). For most anti-RBD IgG1-producing subjects, 

there was a nearly dose-dependent correlation between and anti-RBD IgG1 and 

IgM+ memory B cell frequency (Figure 4.3g). Anti-RBD IgM was significantly 

correlated with both switched and unswitched memory in these subjects, although not as 

markedly (Figure 4.3i and l). Memory B cell frequency and total immunoglobulin levels 
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were not correlated, except for a weak positive correlation between memory and total 

IgG2 (Supplemental Figure 4.6g–l). These results suggest that subjects with higher 

frequencies of IgM+ memory B cells may also generate a stronger SARS-CoV-2-reactive 

antibody response. 
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Figure 4.3 
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Figure 4.3 
 
Anti-spike RBD antibody levels correlated with memory B cell frequency in most 

seropositive convalescent plasma donors. 

(A-F) Correlation of area under the curve for anti-RBD plasma absorbance vs. memory B 

cell frequency from convalescent subjects seropositive for each isotype (IgG1 & 

IgG3 n = 15, IgM n = 16). Subjects whose data points are circled in (A) were isolated 

from apparent outliers for statistical analysis of IgG1 in (B, G, and J; n = 12). (G-I) 

Scatterplot correlation of area under the curve for anti-RBD plasma absorbance vs. 

IgM+ memory B cell frequency among viable CD19+ lymphocytes. (J-L) Correlation of 

area under the curve for anti-RBD plasma absorbance vs. switched memory B cell 

frequency among viable CD19+ lymphocytes. Spearman’s correlation rs value and 95% 

confidence intervals shown with two-tailed p value, alpha = 0.05 for all analyses. 

Regression lines shown to demonstrate trend only. Sample number distribution was the 

same between total, IgM+ and switched memory B cell analyses. 
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Supplemental Figure 4.5 
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Supplemental Figure 4.5 
 
Symptom duration vs. anti-spike RBD-specific and total antibody levels in full 

cohort of convalescent plasma donors.  

(A-E) Scatterplot correlation of area under the curve for plasma anti-RBD absorbance vs. 

symptom duration for individual Ig isotypes and subclasses. (F-K) Scatterplot correlation 

of total plasma antibody concentration vs. symptom duration for individual Ig isotypes 

and subclasses. Pearson’s correlation r value and 95% confidence intervals shown with 

two-tailed p value, alpha = 0.05. n = 35 (all symptomatic subjects) for all plots. 
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Supplemental Figure 4.6 
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Supplemental Figure 4.6 

Memory B cell frequency vs. anti-RBD antibody and total immunoglobulin in full 

cohort of convalescent plasma donors. 

(A-E) Scatterplot correlation of area under the curve for anti-RBD plasma antibody 

absorbance vs. memory B cell frequency for individual Ig isotypes and subclasses. (G-L) 

Scatterplot correlation of total plasma antibody concentration vs. memory B cell 

frequency from all convalescent subjects. Units reflect relative abundance of isotype, and 

were adjusted for graphical consistency. Pearson’s correlation r value and 95% 

confidence intervals shown with two-tailed p value, alpha = 0.05. n = 40 for all anti-RBD 

plots, n = 39 for total Ig plots (one asymptomatic subject was not tested). 
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Among anti-RBD IgG1 seropositive subjects, we observed a clear negative trend 

between plasma anti-RBD IgG1 and symptom duration, although due to sample size 

limitations this effect was not statistically significant (Supplemental Figure 4.7a). This 

trend was not observed for anti-RBD IgM in this group of subjects (Supplemental 

Figure 4.7b). Within this IgG1-producing cohort, symptom duration also negatively 

correlated with both activated naïve/activated memory and T-bet+ B cell subsets, but 

positively correlated with age (Supplemental Figure 4.7d-f). A correlation between 

circulating plasmablast frequency and symptom duration remained absent however 

(Supplemental Figure 4.7c), likely due to the convalescent timepoint during which we 

sampled. Following the resolution of the acute response and clearance of virus, antibody 

production occurs largely via long-lived plasma cells, rather than short-lived circulating 

plasmablasts (144). As our study only examined the peripheral blood, the majority of this 

bone marrow and secondary lymphoid organ-resident population would not have been 

identified. The association of T-bet+ and activated B cells with shorter symptom duration 

within anti-RBD IgG1 seropositive subjects aligns well with descriptions of this B cell 

subset having a low threshold for differentiation to the ASC fate (74). Considered 

together, these results suggest that the apparent protective benefit of IgM+ memory B 

cells in limitation of symptom duration is mediated, at least in part by their contribution 

to, or parallel generation with, the SARS-CoV-2-reactive antibody response. 
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Supplemental Figure 4.7 
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Supplemental Figure 4.7  
 
Symptom duration correlations in anti-RBD IgG1-producing convalescent plasma 

donors.  

 
(A-B) Scatterplot correlation of area under the curve for plasma anti-RBD (A) IgG1 and 

(B) IgM absorbance vs. symptom duration. (C) Scatterplot correlation of symptom 

duration in days vs. frequency of (C) plasmablasts, (D) activated naive/memory, and (E) 

T-bet+ cells among CD19+ B cells. Scatterplot correlation of symptom duration vs. age in 

years. n = 11 for all plots, circled in Fig 3A. Spearman’s correlation rs value and 95% 

confidence intervals shown with two-tailed p value, alpha = 0.05 for all analyses. 

Regression lines shown to demonstrate trend.  
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Memory B cell frequencies were maintained or increased as plasmablasts returned 

to baseline 

We next addressed whether the memory B cells were a stable population, or 

waned, as did the plasmablast response. We re-sampled a subset of the convalescent 

cohort at least 3 months after the initial visit, based on availability and informed consent 

(Supplemental Figures 1 and 2). Results from this longitudinal analysis showed a 

significant contraction of the plasmablast response in the majority of subjects with a 

plasmablast frequency initially above 2%, as was expected during late convalescence 

(Figure 4.4a and b). We also observed that memory B cell frequencies and subset 

distribution were maintained or increased in most subjects (Figure 4.4c–e). Naïve B cell 

frequency remained nearly constant (Figure 4.4f), and transitional subset frequencies 

fluctuated over time, without exhibiting a trend (Figure 4.4g). Although data from 

individual subjects demonstrated temporal variability with regards to the frequency of 

activation-associated B cell subsets, the frequency of T-bet+, CD11c+, DN, and activated 

B cells did not change significantly over time for the 3-month cohort as a whole (Figure 

4.4h–k). Additionally, these trends were not obviously impacted by the stage of 

convalescence when the first sample was obtained. 

Of the B cell subsets analyzed, only plasmablasts exhibited a statistically 

significant change over the 3-month period wherein we assessed our convalescent cohort, 

suggesting a return to B cell homeostasis. This contraction is likely accompanied by the 

generation of germinal center-derived long-lived plasma cells, but that assessment is 

beyond the scope of this study of peripheral blood B cells. These findings suggest the 
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potential for a role for switched and unswitched memory B cells in the maintenance of 

stable, durable SARS-CoV-2 immunity.  
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Figure 4.4 
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Figure 4.4 

Convalescent SARS-CoV-2 subjects displayed a contraction of plasmablasts over 

time, but maintained memory B cells. 

(A-K) Frequency of (A and B) plasmablasts without and with SD, respectively, (C) total 

memory, (D) switched memory, (E) IgM+ memory, (F) naïve + transitional 3, (G) 

transitional 1 + 2, (H) T-bet+, (I) CD11c+, (J) DN, and (K) activated cells among 

CD19+ viable lymphocytes from 15 convalescent plasma donors at initial draw and 3-

month follow-up visit. Follow-up donors were not selected, but the first available 

convalescent plasma donors to consent to a follow-up visit. Each pair of connected points 

(and color) represents an individual subject. Symbol shapes indicate convalescent subset. 

Bars represent mean, SD omitted for clarity in all except (B). Initial vs. 3-month intra-

individual convalescent samples were compared by Wilcoxon matched-pairs signed rank 

test with two-tailed p value, alpha = 0.05. 
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Discussion 

In this study we identified both unswitched and switched B cell memory as 

correlates of shorter COVID-19 symptom duration. Moreover, IgM+ memory correlated 

strongly with the anti-RBD IgG1 and IgM antibody response. These data suggest that a 

protective memory response occurs in at least some COVID-19 patients, preceded or 

accompanied by the generation of IgM+ memory B cells. We envision three possible 

explanations for these findings. First, it is possible that memory B cells identified in some 

individuals were generated in response to a previous coronavirus infection. 

Coronaviruses as a group likely generate cross-reactive B and T cells responses (79). The 

observation that the anti-RBD IgG1 response was correlated with IgM+ memory cell 

frequency is paradoxical, given that IgM+ memory cells don’t produce switched 

immunoglobulin. We propose that IgM+ memory cells are generated in abundance during 

coronavirus infections, and that some of these undergo class switching with or without 

entering a germinal center reaction following a related coronavirus infection, thereby 

contributing to enhanced antigen-specific or cross-reactive IgG1 and IgM production. 

The capacity of IgM+ memory cells to preferentially enter germinal centers upon 

activation has been well-documented in mouse and human studies (125, 151, 152). This 

characteristic versatility of IgM+ memory cells could be advantageous for immunity to 

pathogens, such as the coronaviruses, where infections with closely related strains often 

occur. 

Alternatively, or coincidentally, the IgM+ memory B cells we identified in 

convalescent subjects could have developed in a T-independent manner from “MZ-like” 

B cells, with the promotion of IgG class-switch recombination driven by cytokines. 
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Indeed, a large proportion of the IgM+ IgD+ memory B cells we identified in convalescent 

subjects expressed low levels of CD38, indicating that they may be re-circulating “MZ-

like” B cells. Examination of this IgD+ IgM+ CD38+/low CD24+ CD27+ B cell subset in 

isolation generated the same negative correlation with symptom duration, and positive 

correlation with anti-RBD IgG1 for seropositive subjects as observed for the total 

IgM+ memory B cell pool (data not shown). As natural or “innate-like” memory B cells 

are thought to be generated independently of germinal center reactions (153), our 

findings raise the important question as to whether natural, germinal center- and possibly 

T cell-independent B cell memory contributes to protection during SARS-CoV-2. 

The lack of correlation between the frequency of resting memory B cells and 

CD11c+ and/or T-bet+ B cells in the full cohort of convalescent subjects was unexpected, 

given the pivotal role these molecules play in type-1 B cell immunity (50, 86, 149). We 

hypothesize that these cells play a key role during the acute phase and during chronic 

viral infections, but are not essential during the convalescent phase of SARS-CoV-2 

infection where antigen is unlikely to be present. The negative correlation between 

symptom duration, and T-bet+ and activated B cells observed in anti-RBD IgG1-

producing subjects suggests that these cells may have contributed to protection during the 

acute response, but also intimates that antigen persistence may vary between individuals 

during convalescence. Additional prospective studies and kinetic analyses of previously-

exposed and naïve individuals will help to resolve this question. 

A second explanation for the enhancement of COVID-19 recovery coincident 

with memory B cell expansion, is that naïve subjects whose B cells received more 

efficient T cell help during primary infection generated a larger pool of memory B cells. 
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This explanation is consistent with the close relationship between memory and pathogen-

specific antibody production we observed. This explanation would suggest that T cells 

contributed to a better germinal center response in some individuals. In contrast, subjects 

whose B cells received insufficient or inappropriate T cell help would generate poor 

germinal center reactions, fewer antigen-specific antibodies, and have a longer 

symptomatic disease period. 

T cell help occurs largely within germinal centers, suggesting that the local 

immune environment may influence the B cell response to SARS-CoV-2. Indeed, severe 

disruption of lymphatic tissue organization and germinal center formation have been 

observed in severe COVID-19 cases (154). Moreover, studies from our laboratory have 

shown that follicle architecture disruption, acute plasmablast expansion, and type-1 

cytokine skewing occurs during murine intracellular bacterial infection (37, 38, 61). We 

observed IgM+ memory to be protective during E. muris infection, despite severe 

immunopathology associated with primary infection. In this way, it is possible that during 

mild infection, low levels of the inflammatory cytokines thought to cause germinal center 

disruption during severe SARS-CoV-2 infection contribute to the generation of protective 

IgM+ B cell memory in a GC-dependent or GC-independent manner. The data herein 

suggests that IgM+ memory B cells may complement long-lived plasma cells and provide 

protection against subsequent SARS-CoV infection. 

Finally, the benefit of memory B cell expansion may only be an indication that 

acute inflammation and excessive cytokine production did not occur in some individuals. 

Under inflammatory conditions, such as those occurring in systemic lupus erythematous 

(SLE), B cell subsets have been shown to be skewed toward an activated, extrafollicular 
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effector fate (155). It has been suggested that B cell responses to severe acute COVID-19 

disease have similar characteristics to those observed in SLE (82). The variability in the 

penetrance of this phenotype may be explained by the influence of gender and pre-

existing autoimmunity. Future work using animal models of COVID-19 may help to 

resolve these questions. Additionally, we were unable to recruit a racially-diverse study 

cohort for both convalescent and healthy subjects. Considering the known disparities in 

SARS-CoV-2 disease severity between racial backgrounds, this limitation should be 

taken into consideration in application of our findings. 

The retrospective and descriptive nature of our study should also be considered, 

including the variation in time between last symptom and sample draw. While we 

attempted to address this variable by examining B cell subset frequencies over time, it 

was not possible to completely isolate the contribution of time to our findings with the 

available sample size and study design. Indeed, changes in the B cell response over time 

may have contributed to the correlations between antibody responses and memory B cell 

frequencies in some individuals. Nevertheless, our data support the consideration of B 

cell memory as a measure of SARS-CoV-2 protection, even if the effect is indirect. 

Our studies support other work that has reported that stable populations of 

memory B cells are likely generated following SARS-CoV-2 infection, and that these 

memory B cells are a correlate of an effective primary response (144, 148). These studies 

challenge early claims of waning immunity shortly after SARS-CoV-2 infection. Our 

data also show that some individuals may have better natural immunity, as the frequency 

of memory B cells was widely variable among both healthy controls and convalescent 

donors. While we cannot exclude the possibility of unreported non-SARS-CoV-2 



 123 

infection or pathogenic immune activation in our healthy donor cohort, we consider this 

unlikely to contribute significantly. We also propose that both IgM+ and switched 

memory B cells may provide a good indication of vaccine efficacy, and that individuals 

with large numbers of IgM+ memory B cells may be better protected from future re-

infection with homotypic or heterotypic infection. Our findings suggest that 

IgM+ memory B cells are central to the COVID-19 adaptive immune response, and 

highlight the need for prospective SARS-CoV-2 studies to determine whether large 

memory B cell populations are a pre-existing correlate of protection, or a durable 

measure of the antiviral immune response. 
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These studies expand our understanding of B cell function during intracellular 

infection, and reveal the importance of both pre-existing and natural B cell responses. 

Although intracellular pathogens present the host with the challenging task of controlling 

infection without excessive damage to host tissues, pathogen entry and dissemination are 

critical points during which natural immunity and previous exposures can significantly 

limit pathogenesis. We performed studies of B cell responses to intracellular pathogens in 

two very different contexts. Our studies of the intracellular bacteria Ehrlichia muris show 

that both memory and “innate-like” B cells participate in the IFN-γ- and T-bet-driven 

antibody response. We also show that unswitched peripheral blood memory B cells are a 

stable population in individuals previously infected with SARS-CoV-2, and likely 

responsible for the enhanced generation of SARS-CoV-2-specific antibody and 

attenuated symptom duration. Thus, our findings implicate innate and unswitched 

memory B cell subsets as key regulators of the development and resolution of 

intracellular infection.  

 

Chapter 2: B cell-intrinsic T-bet is Dispensable for the Development of CD11c+ 

Memory B cells, but Critical for the Production of IgG2c 

The work summarized in Chapter 2 contributes to our understanding of CD11c+ 

T-bet+ B cells in the type I B cell response in several ways. First, we demonstrate that 

although all CD11c+ B cells observed during E. muris infection express T-bet, T-bet is 

not required for the generation of CD11c+ memory B cells. Our data suggest that T-bet+ 

CD11c+ memory B cells contribute to secondary responses to intracellular pathogens via 

differentiation and the subsequent generation of IgG2c-secreting ASCs.  
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Our work also demonstrates that T-bet expression is critical for the generation of 

antigen-specific IgG2c. Indeed, infections with obligate and facultative intracellular 

pathogens are known to preferentially induce the generation of IgG2c. This is 

appropriate, as IgG2c is a more potent activator of Fc gamma receptors on innate immune 

cells than other IgG subclasses (156). Fc-mediated mechanisms are thought to be 

important for control of E. muris infection (95); therefore, understanding the requirement 

for the T-bet-directed class-switching will aid in the development or refinement of 

treatment and vaccination against ehrlichial and related diseases.  

Although we propose that a major role for T-bet is in regulating CSR, there may 

also be other mechanisms by which B cell-intrinsic T-bet contributes to the anti-E. muris 

humoral response. It is possible that T-bet regulates differentiation of activated naïve B 

cells into plasmablasts, as has been suggested by Lund and colleagues (46). Indeed, our 

preliminary studies have demonstrated a reduction in splenic plasmablasts in the absence 

of B cell-intrinsic T-bet expression (data not shown). Interpretation of these findings was 

complicated by concurrent reductions in bacterial load during early infection in T-bet-

deficient mice. Thus, a paucity of antigen-induced plasmablasts in these mice could have 

been attributed solely to lower levels of antigen. Reduced bacterial burden in these mice 

coincided with significantly higher levels of serum IFN-γ and TNF-α (K.N., unpublished 

observations), cytokines known to be important for control of E. muris infection. Murine 

B-1a B cells are reported to have the ability to robustly activate CD4+ T cells, the major 

producers of both IFN-γ and TNF-α in the E. muris-infected peritoneal cavity (K.N., 

unpublished observations). In light of our observations of fewer CD5+ B-1-like B cells as 

T-bet expression rises in the peritoneal cavity, we speculate that B cell T-bet deficiency 
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in B-1 cells favors the retention of a B-1a phenotype and accompanying CD4+ T cell-

stimulatory functions. Further studies will be required to confirm this hypothesis. An 

inferred model of the induction and activity of T-bet in B cells is illustrated in Figure 5.1. 

Our findings reveal that the primary role of T-bet in B cells during E. muris-

infection is CSR regulation, not lineage specification. Other groups have established that 

T-bet plays a role in proper polarization of the GC and affinity maturation (88, 157). In 

contrast, we show that in the apparent absence of GCs during E. muris infection, T-bet 

still performs a critical role in B cell immunity by directing CSR. As such, our work adds 

to the body of knowledge on the importance of T-bet in immunity outside of its role 

during the GC-dependent response.   
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Figure 5.1 
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Figure 5.1 

Inferred model of the induction and activity of T-bet in B cells. 

Binding of antigen to the BCR, and IFN-γ and IL-12 receptor ligation lead to intracellular 

signal transduction events. Phosphorylation and homodimerization of STAT1/4 result in 

nuclear translocation and transcriptional activation of T-bet and BLIMP1 expression. NF-

kB activity downstream of BCR crosslinking promotes expression of genes required for 

activation and proliferation. T-bet promotes expression of CXCR3, and epigenetically 

represses a proinflammatory feedback loop of NF-kB and STAT1 expression to permit 

differentiation to the ASC. 
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Chapter 3: T-bet+ B Cells Dominate the Peritoneal Cavity B Cell Response During 

Murine Intracellular Bacterial Infection 

The findings described in Chapter 3 also add to our understanding of the type I B 

cell response in several ways. First, we demonstrate that the peritoneal cavity is a site of 

T-bet+ B cell responses during early infection with E. muris. While studies of the 

omentum and spleen led us to suspect that the peritoneal cavity contributes to the E. 

muris-elicited B cell response, this work formally confirms this premise. This observation 

has implications for other disease contexts such as peritoneal tuberculosis and Listeria 

monocytogenes-induced peritonitis, where type I-skewing pathogens access this body 

cavity(158, 159). Furthermore, the use of intraperitoneal cavity immunization or 

inoculation is common practice during murine immunological studies. Our data suggest 

that “innate-like” B cells contribute to the local generation of antibody and B cell 

memory when pathogen or antigen is delivered to this site. The identification of T-bet 

expression in B cells within the peritoneal cavity reveals a novel anatomical compartment 

associated with T-bet+ B cells.  

Our work also suggests that B-1 B cells, which have been shown to generate B 

cell memory, may be a source of T-bet+ memory B cells within the peritoneal cavity. 

Indeed, intracellular bacterial infections are known to induce the generation of B-1 

memory B cells (4), and given that B-1 B cells are potently activated by TLRs (6, 135), it 

is likely that B-1 B cells can serve as a precursor to memory B cells expressing T-bet, as 

naïve B-2 B cells do. Alternatively, it is possible that resident or immigrant B-2 B cells 

accumulate or proliferate within the peritoneal cavity. For example, both B-1 and B-2 B 

cells have been shown to preferentially home to the peritoneal cavity if they were 
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collected from this site initially, or were collected following transfer from the spleen to 

the peritoneal cavity in the absence of antigen (132). Thus, there are strong 

environmental cues within this compartment that make an ontological determination 

difficult. However, given the generation of omental CD11c+ ASCs (which also express T-

bet) following splenectomy and genetic secondary lymphoid organ deficiency (65), and 

the paucity of B-2 B cell phenotypic characteristics, it seems likely that the T-bet+ B-1-

like cells identified in the peritoneal cavity during E. muris infection are derived from B-

1 B cells.  

Moreover, our studies demonstrate that as E. muris infection progresses, the ratio 

of CD5+ to CD5-negative B-1-like cells is reduced significantly. It is known that 

infections with Borrelia hermsii, Salmonella enterica serovar typhimurium, and influenza 

virus induce apparent downregulation of CD5 on B-1 B cells (6, 160); however, a 

potential role for T-bet has not been proposed. Our findings indicate that T-bet expression 

is coincident with CD5 downregulation or expansion of CD5-negative B-1-like B cells. 

This observation suggests that T-bet expression may also mediate a transcriptional 

change in the ability of B-1 B cells to be activated. Indeed, CD5 is known to be inhibitory 

for BCR stimulation, and our data indicate that CXCR3+ T-bet+ B-1-like B cells are 

actively proliferating and have lower expression of CD5 and Siglec-G. Alternatively, the 

apparent relationship between CD5 and T-bet expression may be indirect. Because IFN-γ 

signaling is thought to epigenetically poise developing T-bet+ B cells for differentiation, 

IFN-γ signals could plausibly lead to both CD5 repression and T-bet expression (46, 73, 

74).  
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Finally, we demonstrate that while B-1 B cells have been shown to migrate from 

the peritoneal cavity to the spleen following LPS stimulation (114, 123), very few 

peritoneal B cells migrated to the spleen following trans-peritoneal transfer during E. 

muris infection. Given that CXCR3 is a receptor for inflammation-driven CXCL9, 

CXCL10, and CXCL11, we propose that inflammation within the peritoneal cavity and 

adjacent tissue may retain CXCR3+ B-1-like cells in this cavity. Alternatively, it is 

possible that migration of B-1-like cells occurs earlier during infection and the 

environmental cues necessary for emigration from the peritoneal cavity are no longer 

present at the timepoints wherein we performed our transfer studies. Indeed, in a 

landmark study, Cyster and colleagues showed that CXCL13, produced by cells in the 

omentum, as well as peritoneal macrophages, was essential for appropriate 

compartmentalization of B-1 B cells in the pleural and peritoneal cavities, and for natural 

IgM production (161). However, this requirement was not observed during T cell-

independent B-1b cell responses (162). Graphical abstracts of our two working 

hypotheses are shown in Figure 5.2. 
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Figure 5.2 

Models of hypothesized emergence and differentiation of peritoneal cavity T-bet+ B-

1-like B cells during E. muris infection. 

(A) In the B-1-centric/residential model, either CD5+ B-1a B cells downregulate CD5, or 

CD5-negative B-1b B cells preferentially expand within the peritoneal cavity in response 

to infection. These cells proliferate, express T-bet, and differentiate into ASC or memory 

B cells. (B)  In the B-2-centric/migratory model, B-2-derived B cells either migrate to the 

peritoneal cavity or expand from B-2 B cells residing within the peritoneal cavity and 

take on B-1 B cell characteristics. These cells proliferate, express T-bet, and differentiate 

into ASC or memory B cells. 
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Clearly, a deeper understanding of B cell responses within this critical anatomical 

site is warranted. As such, our work highlights the adaptive nature of the B cell response 

to regional context, and suggests that studies of type I B cell activation be extended to 

include serosal cavities. Further investigation will be required to determine whether other 

serosal spaces, namely the pleural and cardiac cavities, may also harbor T-bet+ memory B 

cells, the long-term persistence of these cells, and the extent of their functional relevance. 

 

Chapter 4: Switched and Unswitched Memory B Cells Detected During SARS-CoV-

2 Convalescence Correlate with Limited Symptom Duration 

The study summarized in Chapter 4 makes several novel contributions to our 

knowledge of the B cell response to SARS-CoV-2 infection. First, we demonstrate that 

both class-switched and unswitched memory B cells correlate with shorter symptom 

duration following SARS-CoV-2 infection. While previous infection with related strains 

of HCoVs have been suspected of contributing to antibody-mediated protection from 

severe or protracted illness (80), our work provides additional support for this hypothesis. 

Our data suggest that unswitched IgM+ and switched memory B cells generated during a 

previous HCoV infection contribute to cross-reactive antibody responses via direct ASC 

differentiation and GC re-entry, and subsequent generation of affinity-matured antibody. 

In addition to providing more rapid production of antibody and earlier generation of high-

affinity antibody, re-entry of memory B cell-derived IgM+ and IgG+ B cells into the GC 

is thought to permit higher antibody diversity by selecting for sub-dominant epitopes over 

extended periods of time (163). Alternatively, the unswitched memory B cells that 

correlated with shorter symptom duration could have been derived from innate-like 
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memory B cells, which are thought to be naturally polyreactive (151). Indeed, many 

immunological studies of memory B cells have focused solely on the IgG+ population, 

due to historical evidence of the superiority of IgG in B cell responses, and the technical 

ease with which switched memory B cells can be studied. Thus, our studies support the 

importance of examining both switched and unswitched memory B cells to fully 

understand the peripheral B cell response. 

Another interpretation of the correlation of both class-switched and unswitched 

memory B cells with shorter symptom duration is that both switched and unswitched 

memory B cells are generated during the primary SARS-CoV-2 B cell response and are 

an indication that a robust adaptive response occurred with appropriate T cell help and 

balanced inflammation. This interpretation would infer that longer symptom duration was 

due to weaker T cell help with or without excessive inflammation that could impede 

efficient GC responses, as has been described in severe SARS-CoV-2 cases (155). 

Finally, our work also suggests that while the peripheral blood plasmablast 

response contracts over time following SARS-CoV-2 infection, memory B cell 

populations that correlated with RBD-specific antibody were stable over at least 6 

months. Our study was limited by the inability to demonstrate the memory B cell pools 

expanded in some individuals to be SARS-CoV-2-specific, as has been shown in later 

studies by other groups (77, 144). Nevertheless, the presence of large populations of 

circulating memory B cells, even if not elicited by SARS-CoV-2 infection, may serve as 

a valuable indicator of immunocompetence.  

 Together our findings reveal that stable memory B cell populations are likely 

generated following SARS-CoV-2 infection, and that these memory B cells, both 
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switched and unswitched, are a correlate of a successful primary response. Furthermore, 

our findings, along with those of others, highlight the vastly different levels of pre-

existing immunity between individuals. These observations underscore the critical 

importance of understanding the mechanisms by which switched and unswitched memory 

B cells are generated for the optimal design of vaccines and adjuvants. Based on our 

findings, a vaccination strategy capable of generating LLPCs, and both IgM+ and IgG+ 

memory B cells may offer more adaptable and stable protection. 

 

Significance of this Dissertation 

The studies described herein reveal multiple novel aspects of immune responses 

targeting intracellular pathogens that are widely relevant. First, our studies in E. muris 

highlight the regional flexibility of the B cell response, demonstrating that the peritoneal 

cavity can serve as a reservoir for memory B cells previously thought to only persist 

within specialized lymphoid organs and privileged tissues. These conclusions are 

applicable on a basic level to intraperitoneal immunization, an extensively used method 

for studies of infection during murine immunological studies. These findings are also 

relevant for infections of the peritoneal cavity, as occurs in some cases of Mycobacterium 

tuberculosis (158), and conditions in which the integrity of the intestinal barrier are 

breached. Furthermore, the expression of T-bet in B cells within the peritoneal cavity 

during intracellular bacterial infection has not been previously described, and may lead to 

the discovery of previously unrecognized functions for B cells within this anatomical 

compartment. 
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Second, the identification of a requirement for B cell T-bet expression in CSR to 

E. muris-specific IgG2c is an important contribution to understanding the pathogenesis of 

ehrlichial diseases. These findings, coupled with future studies into the innate stimuli that 

trigger the immune response to these pathogens, will aid in the development and 

refinement of vaccines against ehrlichia. Moreover, co-infection is common among tick-

borne diseases (164), so a deeper understanding of ehrlichial immune responses could 

help to predict immunopathogenic or synergistic B cell responses to other infectious 

agents during ehrlichial infection.   

Third, we characterized the B cell immunophenotypes of plasma donors in the 

convalescent phase of SARS-CoV-2 infection. These studies are the first to describe 

unswitched and switched memory B cells as clinical correlates of abbreviated symptom 

duration; moreover, we demonstrated that the plasmablast response contracts 

appropriately in individuals who recover from non-life-threatening SARS-CoV-2 

infection. A role for unswitched or pre-existing memory B cells is not a common 

hypothesis in the current field of immunology, despite a growing body of literature 

providing evidence for protective IgM+ memory in a wide range of disease contexts (151, 

165). Thus, we have provided a foundation for continued investigation of IgM+ memory 

B cell function and IgM generation during SARS-CoV-2 infection (77, 166). Our data 

suggest that vaccines that favor the generation of unswitched memory B cells may be 

advantageous during recall responses to antigenically variable pathogens. 

Altogether, our findings demonstrate the importance of adaptable natural humoral 

immunity. The work described in this dissertation advances our understanding of effector 

and memory B cell responses to intracellular infection, and should promote continued 
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studies of how both cell-intrinsic and pathogen-induced mechanisms unite to shape these 

responses. 
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