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Thesis Abstract 

Endosomal trafficking is key to intercellular communication and metabolic regulation of 

immunological development. Rab4a, an endosomal trafficker, is elevated in lupus T cells and 

polymorphisms of the Rab4a gene have been linked to disease susceptibility. Here, we report the 

constitutive activation of Rab4a increases susceptibility and severity to lupus nephritis in the 

genetic SLE1.2.3. model of lupus and is corrected by the deletion of Rab4a in T cells. 

Alternatively, in a pristane model of induced autoimmunity, the deletion of Rab4a in T cells 

magnifies the pulmonary manifestations of diffuse alveolar hemorrhage that is otherwise 

protected by the constitutive activation of Rab4a.  

Rab4a mediates these changes through control over mTOR, mitochondrial function and 

homeostasis, and immunological development. In particular, inactivation of Rab4a in T cells 

reduces expression of activation signals, mitochondrial mass and electrochemical potential. 

Alterations to Rab4a activity drives the aberrant development and function of anti-inflammatory 

regulatory T cells and pro-inflammatory double-negative T cells. These data provide new 

insights into the regulation of metabolism and immunological development through endosomal 

trafficking. As such, the targeting of Rab4a is a novel therapeutic approach in the treatment of 

autoimmune diseases such as lupus, which has lacked new targeted therapeutics for more than 

half a century. 
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Introduction to the Immune system 

 A simple saying, yet its understanding is so enigmatic: we are what we eat. The 

nutrients we consume, coupled with our genetics and environmental influences, dictate 

the activation, differentiation, and function of our body’s immune system. Within the last 

decade, a relatively new field of immunometabolism has flourished. Classically, the 

signaling pathways that regulate the immune response are linear phosphorylation-based 

cascades initiated at the cellular surface and transmitted to the cytoplasmic targets or 

nucleus. However, increasing data suggest that these pathways are highly integrated with 

cellular metabolism, which not only acts to fuel active cells but to guide development, 

differentiation, and ultimately cell fate. Dysregulation of these pathways results in a 

variety of diseases that range from oncological transformations to Systemic Lupus 

Erythematosus (SLE), an autoimmune disorder involving multi-organ dysfunction. 

The immune system is one of the most important aspects of the human body and 

provides us protection as we drift through seas of pathogens. The system is a vastly 

complex network of many cell types, organs, proteins, and tissues, but the biggest 

division is often into the innate and the adaptive immune system. The innate immune 

system often referred to as the nonspecific arm of our immune system, is present at birth. 

The main components include physical epithelial barriers (i.e. skin), leukocytes 

comprised of granulocytes, monocytes, dendritic cells, natural killer cells, and circulating 

plasma proteins. Innate immunity typically functions within the first 12-24 hours of 

infection, whereas the adaptive immune response takes over several days to weeks later. 

Comprised of mainly B and T lymphocytes, the adaptive immune system develops after 

birth and evolves according to environmental exposures. 
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Inflammation is a protective response of the immune system and is elicited by 

physical, chemical, and biological agents such as mechanical trauma, excessive sunlight, 

and infectious agents. It is characterized by hemodynamic changes, capillary 

permeability, and leukocyte exudation. Hemodynamic changes occur soon after injury 

and begin with the dilation of the vasculature. In conjunction with increased permeability, 

the resulting increase in perfusion causes leakages of protein-rich fluids and cells into the 

extravascular compartment causing the swelling or edema associated with inflammation. 

The infiltration of cells also referred to as leukocytic exudation, are the most important 

factors of this discussion. These leukocytes are the first responders, populated by cells of 

the innate immune system within the span of hours that primarily function via 

phagocytosis. The infiltrate is predominantly composed of neutrophils, macrophages, and 

dendritic cells that additionally secrete cytokines to attract and initiate the adaptive 

immune response. In addition, the antigen-presenting cells, classically the dendritic cells, 

act to promote activation of the adaptive immune response. It is this milieu of 

immunoregulatory components, their interactions, and metabolic remodeling that shapes 

the immune response protecting our bodies. These interactions are separately categorized 

into two types: pro-inflammatory and anti-inflammatory. 

Pro- and anti-inflammatory cells are characterized by the cytokine secretion profiles. 

The secreted cytokines have a specific effect on the interactions and communications 

between cells and may act locally (autocrine and paracrine action) or distally (endocrine 

action). Various redundancies exist as different cell types can secrete the same cytokine, 

or different cytokines are able to perform the same function. Produced primarily by the 

helper T cells and macrophages, pro-inflammatory cytokines such as interleukin (IL)-1, 
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IL-12, IL-18, tumor necrosis factor, and interferon-gamma (IFNγ) promote inflammation, 

fever, and tissue destruction. Anti-inflammatory cytokines such as IL-4, IL-6, IL-10, IL-

11, and IL-13 are produced primarily by helper T cells (TH2), macrophages (M2), and 

regulatory cells. They serve to control and limit the pro-inflammatory cytokine response 

by suppressing the function and growth of the effector cells.  

The juxtaposition of these arms of our immune system is critical to our everyday life. 

On the one hand, if the balance leans towards a pro-inflammatory state, patients present 

with an immune system that can frequently target one-self in a state of autoimmunity, as 

will be discussed further below. On the opposite side of things, if the immune system 

favors an anti-inflammatory state, there is a tendency towards cancer development. Our 

immune system provides constant surveillance of our body for any abnormalities, 

whether foreign or derivative of self (i.e., in the case of cancer). However, the 

suppression of the normal surveillance function of our body can allow for the 

development of infections and even cancer. An understanding of the balance and the 

mechanisms that underlie deviations from the normal is critical to clinical therapeutic 

development. 

 

Introduction to Metabolism 

The functions of the immune system in host defense and homeostasis are controlled 

by a complex group of regulatory networks. In its simplest form, they are controlled by 

inducers, sensors, mediators, and effectors1,2. Inducers are triggers of the inflammatory 

response such as pathogen-associated molecular patterns (PAMPs), processed antigens, 

cytokines, and growth factors. The sensors and mediators are the proteins and molecules 
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that detect and signal to activate the effector responses. Lastly, the effectors are the 

downstream metabolic programs that dictate the desired phenotype via the initiation of 

distinct signaling pathways that converge on a small group of conserved metabolic 

regulators such as the phosphatidylinositide 3-kinase (PI3K)/protein kinase B 

(Akt)/mammalian target of rapamycin (mTOR) pathway that then initiates metabolic 

adaptations3. 

From rudimentary glycolysis, a process that converts glucose to pyruvate which can 

further be processed into lactate or acetyl-CoA, to the highly efficient mitochondrial 

oxidative phosphorylation (OXPHOS) which utilizes the mitochondria and the ETC to 

satisfy the cell’s energy requirements; these processes dictate the delicate balance 

between catabolic (the breakdown of nutrients for energy) and anabolic (buildup of 

nutrients for growth and biosynthesis) metabolism. Catabolic processes are often seen as 

the predominant factor in metabolism that breaks down nutrients to generate adenosine 

triphosphate (ATP), the energy source of our bodies. Processes such as glycolysis are 

highly inefficient, generating approximately 2 ATP molecules per glucose molecule 

compared to OXPHOS with 36 molecules of ATP per glucose. Despite this energy 

discrepancy, glycolysis is heavily utilized during periods of anabolic growth where the 

metabolites of glucose can additionally create building blocks for the synthesis of 

macromolecules such as ribonucleic acid (RNA), deoxynucleic acid (DNA), and proteins 

necessary for proliferation. Thus, in response to extracellular signals, cellular metabolism 

is critical to the activation, proliferation, and maturation of immune cells. 

Metabolic adaptions are categorized into two subcategories: acute vs. chronic. Acute 

adaptations are achieved through post-translational modifications of specific enzymes, 
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whereas the chronic or long-term adaptations are achieved via the activation of 

transcriptional regulators that alter the gene expression of appropriate substrate utilization 

programs. In the latter manner, the cells are metabolically primed to permit the enactment 

of specific cell fate programs depending on demand. Unlike the metabolic transitions that 

occur in diseases such as cancer, these changes are not permanent. In fact, immune cells 

shift between glycolysis and OXPHOS in their development and differentiation4 and 

retain this capacity in response to external signals. Although both the adaptive and innate 

immune system transition from quiescent to activated states, a natural divide forms as the 

adaptive immune cells hold the unique capacity to generate a memory response after a 

period of rapid proliferation. 

All cells, whether proliferating, activated or quiescent, require ATP and the synthesis 

of macromolecules to maintain cellular functions. These bioenergetic requirements are 

met in part by three major metabolic processes: glycolysis, the tricarboxylic acid cycle 

(TCA), and OXPHOS depicted in Figure 1. While glycolysis occurs in the cytoplasm, the  
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latter two predominate in the mitochondria. When glucose initially enters the cells via 

glucose transporters (four types depending on location, function, and insulin 

dependence), it is quickly phosphorylated by hexokinase to glucose-6-phosphate (G6P), 

which serves a dual purpose; to lock the glucose within the cell and to commit the 

glucose to glycolysis. G6P additionally can serve as an entry point for a branch of the 

pentose phosphate pathway (PPP), which generates ribose (used in the synthesis of DNA 

and RNA) and nicotinamide adenine dinucleotide phosphate (NADPH) for fatty acid 

synthesis and the respiratory burst of phagocytes. In the following steps of glycolysis, 

glucose is metabolized to pyruvate to generate two molecules, each of ATP and 

nicotinamide adenine dinucleotide (NADH). The fate of pyruvate afterward is dependent 

on the availability of oxygen. Under normoxic conditions, pyruvate is oxidized in the 

Figure 1. Metabolic processes of the immune system. Processes of metabolism and 

a broad illustration of their involvement in the immune system 
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TCA to CO2 and H2O, which additionally generates 5 NADH. The NADH generated 

from TCA and glycolysis can feed into the electron transport chain on the inner 

mitochondrial membrane in OXPHOS to generate ATP and NAD+. In contrast, under 

hypoxic conditions, pyruvate is reduced to lactate and NAD+. While CO2 and H2O are 

secreted, the NAD+ is used to sustain glycolysis.  

Glucose isn’t the only source of energy, though. Fatty acid metabolism is also a large 

component of our metabolism. Fatty acids are broken down through a process called ß-

oxidation to generate acetyl-coenzyme-A (acetyl-CoA). Acetyl-CoA can then be oxidized 

through the TCA to generate CO2 and NADH. NADH can enter the electron transport 

chain via complex I to generate ATP. In addition, succinate, an intermediate of the TCA, 

can also enter the electron transport chain via complex II and contribute to the 

mitochondrial proton gradient and ATP production. Overall, the complete oxidation of 

glucose can generate 30-36 molecules of ATP by the end of the electron transport chain 

via OXPHOS. Acetyl-CoA can additionally serve as the substrate for the synthesis of 

cholesterol, fatty acids, and for post-translational modifications of histones and proteins 

(i.e. acetylation)5. 

Anabolically, glycolysis, and the TCA can provide intermediates for the 

biosynthesis of riboses, fatty acids, and nonessential amino acids (NEAA). Riboses are 

products of the PPP that later go on to form the foundations of both DNA and RNA. In 

addition, PPP is responsible for the regeneration of NADPH and glutathione, an 

antioxidant that is involved in neutralizing ROS. Synthesis of fatty acids can start from 

citrate, a metabolite of the TCA, which can be converted to acetyl-CoA via ATP citrate 

lyase and then further used for fatty acid synthesis. NEAAs can be made from various 
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pathways: glycolysis intermediates such as 3-phosphoglycerate and pyruvate lead to the 

synthesis of serine, cysteine, glycine, and alanine. Whereas TCA intermediates 

oxaloacetate and α-ketoglutarate are involved in the synthesis of aspartate, asparagine, 

proline, and arginine. In order for these synthesis reactions to extract metabolic 

intermediates from glycolysis and the TCA cycle, cells require the capacity to regulate 

the flux through these pathways, which can be seen in activated immune cells6,7. In the 

TCA cycle, there are two mechanisms by which flux is regulated; first is the conversion 

of pyruvate to oxaloacetate via pyruvate carboxylase, and the second is the conversion of 

glutamate to α-ketoglutarate via glutamate dehydrogenase. By removing pyruvate and 

glutamate via these two reactions, cells compensate by increasing uptake of glucose for 

glycolysis or glutamine for the TCA, respectively. Additionally, neither glucose nor 

glutamine is completely oxidized to generate ATP in activated immune cells8 suggesting 

their diversion into the anabolic pathways described above. The ability to increase flux 

through glycolysis and the TCA comes with a need for NAD+ to maintain substrate 

availability, which is done via pyruvate to lactate. This preferential reliance on glycolysis 

and glutaminolysis in excess of what is required to sustain cellular ATP levels is often 

referred to as the Warburg effect9. 

 

Autoimmunity and Systemic Lupus Erythematosus (SLE)  

Autoimmunity is characterized by aberrant immunological responses against our 

healthy cells and tissues. Low-levels of autoimmunity are necessary for our everyday 

function, but it is the high level of auto-reactivity that results in a slew of immune de-

regulations. T cells are responsible for the inflammation, while the B cells act as both 



10 
 

antigen-presenting cells (APCs) and producers of antibodies. As APCs, B cells help 

achieve optimal CD4+ T cell activation, expansion, memory formation, and cytokine 

production10,11. As antibody producers, B cells can further propagate the immune 

response as well as cause immune complex depositions that manifest into diseases such 

as lupus nephritis. Anti-inflammatory cascades meanwhile are often characterized by the 

malfunction of regulatory cells. The balance between these two response types is critical 

to maintaining homeostasis. Imbalance in one direction can cause overgrowth resulting in 

cancer. Meanwhile, imbalance in the opposite direction can cause autoimmunity. 

As a prototypic autoimmune disease involving persistent immune activation, SLE is 

a multi-organ dysfunction secondary to immune dysregulation. The prevalence of SLE is 

very gender and racially dependent and can range anywhere from 0.001% to 0.4%12-14. 

Traditionally a B cell disease, breakdown of immune tolerance, was thought to be the 

initiating factor resulting in the production of autoantibodies, inflammation, and, 

ultimately, tissue damage15.  

Recent evidence has begun to elucidate the importance of T cells in disease 

progression as they provide substantial help to the B cells by stimulating them to 

proliferate, differentiate and mature in addition to supporting their antibody class 

switching16.  Both T cell activation and signaling are thought to contribute to the aberrant 

B cell response, and thus, recent developments have focused on the metabolic shifts in T 

cells of SLE patients. In contrast to healthy lymphocytes, SLE T cells primarily use 

OXPHOS for adenosine triphosphate (ATP) production rather than upregulating aerobic 

glycolysis17. Glycolysis in chronically stimulated human T cells can be significantly 

lower than acutely activated cells18. This increase in the TCA flux results in leakiness of 



11 
 

the electron transport chain (ETC), which in turn explains the elevated mitochondrial 

potential and reactive oxygen species (ROS) production seen in SLE patients. Evidence 

accumulated over the last decade has begun to suggest that SLE is a disease associated 

with increased oxidative stress and excessive oxidative capacity as the underlying reason 

for immune dysfunction19,20. Dysfunctional mitochondria have been identified as the 

main source of excess ROS in SLE21. Correlated with SLE disease activity scores, a link 

between the production of IL-4122 and IL-17123 in SLE patients was established with 

increased mammalian target of rapamycin (mTOR) complex 1 (mTORC1) activity22. 

mTORC1 is under the regulatory control by adenosine monophosphate (AMP)-activated 

protein kinase (AMPK), where phosphorylation by AMPK inactivates mTORC1. AMPK, 

as previously described, is associated with increased mitochondrial biogenesis and a shift 

toward OXPHOS. The increased mTORC1 activity seen in SLE patients would suggest 

that AMPK is not or is insufficiently activated, which is unexpected under conditions of 

high mitochondrial activity and ROS production. Metabolomics analysis of SLE patient 

serum revealed that metabolites from glycolysis, fatty acid oxidation (FAO), and AA 

metabolism all appear to be dampened, while free fatty acids were increased, suggesting 

that SLE is associated with abnormalities in lipid metabolism23. In a recent study, SLE T 

cells were found to have significantly elevated lipid raft-associated glycosphingolipids24. 

The increased formation of these lipid rafts is thought to contribute to the abnormal T cell 

receptor signaling as it increases lipid raft localization of critical signaling mediators such 

as protein tyrosine kinase LCK and CD45. Inhibition of this metabolic pathway 

normalized CD4+ T cell signaling and decreased dsDNA production by B cells 

suggesting lipid biosynthesis is closely correlated with function.  



12 
 

As you can probably gather from the previous description, SLE is a complex disease 

that has yet to have a singular defined etiology. The pathogenesis typically revolves 

around the complex metabolic pathways that define our immune disease. These pathways 

are further complicated by the geographic, racial, and gender discrimination of this 

disease. Geographic and racial distributions suggest that the disease is more common in 

urban areas and has a higher prevalence among Asians, African Americans, African 

Caribbean, and Hispanic Americas compared with Caucasians14,25,26. Interestingly 

enough, there is a low prevalence of SLE in Africa14,27.   

The most disparaging distinction, however, is the gender gap that shows an increased 

frequency of SLE among women, attributed in part to an estrogen hormonal effect28,29. 

The ratio, while dependent on ethnicity and age, still consistently shows a trend that 

favors women with a female to male ratios of 3:1 in children, 7:1 to 15:1 in adults and in 

older individuals, especially post-menopausal women with a ratio of 8:130. It should be 

noted that factors related to the X chromosome may be important to the female 

disposition, such as three predisposing gene variants located on the X chromosome 

(IRAK1, MECP2, TLR7)31. Other possibilities have been speculated such as X-

inactivation, imprinting, X or Y chromosome genetic modulators, differential methylation 

of DNA and acetylation of histones bound to DNA, intrauterine influences, 

chronobiologic differences, microchimerism following pregnancies and menstruation32-34. 

However, without further studies, most of those are just speculative ideas that require 

more scientific thought. It is important to note that the SLE occurrences in men is 

clinically different and tend to be worse in prognosis35.  
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While significant headways have been made in understanding SLE, the etiology 

remains unknown and clearly multifactorial. Many observations suggest a role for 

genetic, hormonal, immunologic, and environmental factors, and a large extent is 

intricately linked by the metabolic processes that are shared among all these reagents. As 

such, an understanding of these metabolic pathways is necessary and as such has erupted 

into the field of immunometabolism. What once was an array of cells and signals have 

now evolved into complex integration of metabolic processes that can dictate not only 

immune cell development but also differentiation and function. Nutrient sensors such as 

mTOR play critical regulatory roles. From the metabolic processes of glycolysis, TCA 

cycle, OXPHOS, and FAO, evolved an immune system where the juxtaposition between 

anabolic and catabolic metabolism can dictate the division into pro- and anti-

inflammatory components; the balance of which shapes our immune system’s capacity to 

maintain homeostasis. Shifts toward pro-inflammatory states favor autoimmune disorders 

that result in attacks on self. The opposite shift toward anti-inflammatory states favor 

diseases that flourish in immunosuppressive environments such as cancer. An 

understanding of this intricate balance is critical in designing new therapeutic targets and 

approaches to disease management. 

 

Metabolic control during development, function, and disease 

From rudimentary glycolysis, a process that converts glucose to pyruvate in the 

cytosol to highly efficient OXPHOS which utilizes the ETC mitochondria, cells satisfy 

cellular their demands by striking a delicate balance between the breakdown of nutrients 

for energy and biosynthesis of molecules in support of growth, proliferation, and lineage-
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specific immunological function. Processes such as glycolysis generate 2 ATP molecules 

per glucose molecule compared to 36 ATP molecules that can be made by OXPHOS36. 

Despite this energy discrepancy, glycolysis is heavily utilized during periods of anabolic 

growth where glucose can be shunted through the PPP to create building blocks for the 

synthesis RNA, DNA, and NADPH that is required to maintain a reducing intracellular 

environment that protects from oxidative stress 37. While ROS is primarily generated by 

mitochondria in B and T cells of the adaptive immune system, it is also produced by 

NADPH oxidase and peroxisomes in neutrophils, macrophages, and dendritic cells of the 

innate immune system. Thus, in response to extracellular signals that drive proliferation 

and differentiation during development and pathological conditions, metabolism is 

critical both for support of cellular function and survival.  

Metabolic control starts at the heart and source of our immune system (Figure 2), 

the hematopoietic stem cell (HSCs). Within HSCs, mitochondrial respiration reduction 

occurs through autophagy of mitochondria or mitophagy38. When the HSCs develop into 

immune cells, there is a metabolic shift to increase mitochondrial mass, largely through 

Figure 2. Metabolic profile of the immune system. As the immune system develops 

from the hematopoietic stem cell (HSC), there is a shift in the metabolic profile 

between glycolysis and OXPHOS as the majority source of energy. Whereas HSCs 

and activated effector T cells almost entirely utilize glycolysis, naïve T cells and 

memory T cells rely more on OXPHOS 
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inhibition of mitophagy. The resulting increase in mitochondrial respiration increases 

ROS production and cause stem cells to differentiate into progenitor/naïve 

lymphocytes39. ROS also has a plethora of roles controlling differentiation and function 

of myeloid innate immune cells, such as macrophages and neutrophils, through 

coordinately regulating their gene expression and metabolic machinery40. 

Mass spectroscopy of sera23,41 and peripheral blood lymphocytes provide clear 

evidence for global metabolic changes reflecting oxidative stress in patients with SLE42. 

These metabolic adaptations may be initiated by the depletion of antioxidant moieties, 

such as reduced glutathione (GSH), cysteine, and NADPH. However, the underlying 

mechanisms are likely more complex and involve secondary changes in DNA 

methylation, gene transcription, and post-translational modifications of metabolic 

enzymes and non-metabolic proteins via glutathionylation, S-nitrosylation, carbonylation, 

citrullination, and other mechanisms43.  Immune cells shift between glycolysis and 

OXPHOS in their development and differentiation4 and retain this capacity in response to 

external signals. Although both the adaptive and innate immune system transition from 

quiescent to activated states, a natural divide forms as the adaptive immune cells hold the 

unique capacity to generate a memory response after a period of rapid proliferation. 

Given that susceptibility to SLE is affected by genetic predisposition, it is essential to 

consider how the involved genes control metabolic response to oxidative stress. 

 

mTOR control of metabolism 

Mechanistic target of rapamycin (mTOR) is a nutrient sensor system that links 

metabolic cues to the genetic programs that control cell growth and differentiation44. 
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Composed of two complexes, mTORC1 is activated, while mTORC2 is reduced in 

hepatocytes and activated T cells in mice45 and patients with SLE22,46. The global 

consequences of such changes in mTOR pathway activation, and whether such changes 

are limited to hepatocytes and pro-inflammatory T cells, are presently unknown. 

Activation of mTORC1 is generally considered a trigger for TH1 and TH17 expansion and 

regulatory T cell (Treg) depletion during normal development47. The effect of mTORC1 

on lineage specification is mediated through metabolic changes, which involve increased 

expression of hypoxia-induced factor 1-α (HIF-1α)48. Further downstream, HIF-1α 

transcriptionally activates Glut1, a glucose transporter, and phosphoglycerate kinase 

(PGK), a rate-limiting enzyme in glycolysis49. Together, they increase the uptake of 

glucose and the flux through glycolysis. In the absence of HIF-1α, both glycolysis and 

ATP production are severely compromised. However, genetic variants of HIF-1α have 

not been linked to SLE50, which could suggest that elevated HIF-1α activity in SLE is 

secondary to redox-dependent mTORC1 activation51. 

The accumulation of metabolites such as kynurenine, a key metabolic indicator of 

SLE and a tryptophan metabolite with immunomodulatory functions42 can sufficiently 

activate mTORC1 in CD4+ T cells, suggesting that its presence may contribute to disease 

progression. The mechanism of this accumulation is mediated by a decrease in 

breakdown via NADPH-dependent kynurenine hydroxylase52. Treatment with N-

acetylcysteine (NAC) not only restores the NADPH levels but also corrects the elevated 

kynurenine levels in lupus PBL42. The NADPH depletion can come from many sources, 

but one likely possibility is the increased oxidative stress due to mitochondrial 

hyperpolarization associated-mitochondrial dysfunction46. Similarly, branched amino 
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acids, such as valine, leucine, and isoleucine, also stimulate mTORC153. However, none 

of these amino acids are accumulated in lupus PBL41,42.  All of these mechanistic insights 

support the importance of mTORC1 in disease development but none other than a disease 

known as tuberous sclerosis (TSC) where mutations in TSC1 (hamartin) or TSC2 

(tuberin) result in the inability to properly form the TSC complex which normally inhibits 

mTORC1 activation. As reported in several cases54-56, TSC patients may develop severe 

lupus and thus demonstrate the precipitating effect of unrestrained mTORC1 activation 

on the development of SLE. 

mTOR is also linked to the production of the sphingolipid, sphingosine-1 

phosphate (S1P)57. Abnormal production of S1P is linked to oxidative stress58. S1P levels 

are elevated in lupus sera59, which may originate from inflamed kidneys60 and thus 

further amplify mTOR activation in SLE.  The S1P receptor (S1PR) pathway involves 

mTORC1 to promote preferential differentiation of TH1over Tregs 
57. FTY720 

(fingolimod), a modulator of S1P receptors, is FDA-approved for the treatment of 

multiple sclerosis (MS), and it has also shown clinical efficacy in animal models of 

SLE61,62. 

 

Immunomodulation through autophagy  

At times of increased metabolic demand, cells turn to alternative strategies to 

satisfy nutritional needs, such as degradation of dispensable proteins and organelles in a 

process called autophagy where the organelle or molecule is trafficked to the lysosome 

for degradation63. This trafficking is enhanced in SLE, possibly through the elevated 

expression levels of Rab4a46, which is a small GTPase that regulates endocytic recycling 
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and targets CD4, CD3ζ, CD2AP46, and dynamin-related protein 1 (Drp1) for lysosomal 

degradation64. Drp1 is essential to trigger mitochondrial fission, a process that initiates 

mitochondrial autophagy or mitophagy65. Accordingly, Rab4a-mediated depletion of 

Drp1 limits mitophagy and causes the retention of mitochondria during metabolic 

stress64,66. Thus, deficient mitophagy and the resultant accumulation of mitochondria 

contribute to oxidative stress. Very clearly, the redox-sensitive activation of mTORC1 

also enhances oxidative stress, as shown by the rapamycin-responsive accumulation of 

mitochondria in T cells of SLE patients67 and hepatocytes of lupus-prone mice45. 

mTORC1-dependent oxidative stress in the liver precedes the production of 

antiphospholipid and antinuclear autoantibodies (ANA) and disease onset in lupus-prone 

mice, which supports the notion that parenchymal organs participate in the metabolic 

control of immune responses. There is an increasing consensus that mTORC1 activation 

occurs at the surface of the lysosomal membrane in response to changes in amino acid 

sufficiency68. Due to its localization to recycling endosomes69, increased traffic to the 

surface of lysosomes may also facilitate activation of mTORC1 in lupus T cells46 (Figure 

3). The activation of mTORC1 is responsive to oxidative stress51 and accumulation of 

branched amino acids (V/L/I)53, glutamine (Q)70, and kynurenine (Kyn)42 (Figure 3). 

Exogenous tryptophan promotes lysosomal localization and activation of mTORC1 in 
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macrophages68. The involvement of this mechanism in other cell types, such as DCs, 

neutrophils, and B cells, remains to be determined.  
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Figure 3. Autophagy defects drive pathogenesis in SLE. (A) During metabolic stress, 

cells turn to autophagy to obtain nutrients to satisfy nutritional demands through 

trafficking of molecules or organelles to the lysosome for degradation. Activation of 

endosomal traffic by Rab4A promotes autophagy of surface receptors CD4 and CD3ζ and 

mitochondrial fission initiator Drp1. Increased traffic and lysosomal degradation of Drp1 

results in diminished mitophagy and accumulation of large, elongated and ROS-

generating mitochondria. Sensing metabolic stress, the activation of mTORC1 occurs on 

the surface of lysosomes in response to oxidative stress and accumulation of branched 

amino acids (V/L/I), glutamine (Q), and kynurenine (Kyn). Color-coded arrows reflect 

activation (red) and suppression (blue) in SLE. (B) Autophagy plays opposite roles in 

development and function of proinflammatory CD4, CD8, and DN T cells, which 

produce IL-4, IL-17, and IL-21, and anti-inflammatory CD4 and CD8 T cells and Treg 

cells, which produce IFNγ and TGFß, respectively. Cells and cytokines are color coded to 

reflect elevation (red) and reduction (blue) in SLE. Expanded CD4 cells have effector 

phenotypes, exhibit increased autophagy, and respond to mTOR blockade with 

rapamycin71,72. In contrast, CD4 and CD8 memory T cells are depleted in SLE, which is 

attributed to diminished autophagy in CD4 memory T cells and Treg cells of SLE 

patients71. Further studies are needed to delineate the contribution of autophagy to 

rapamycin-sensitive accumulation of mitochondria and proinflammatory activation of 

DN T cells in SLE67,72. 

 

 

Role of metabolism in autoimmune diseases 

 

 Autoimmune diseases are characterized by a slew of immune de-regulations, 

which result in either an overactive pro-inflammatory or an underwhelming anti-

inflammatory response. The pro-inflammatory cascade, typically from the T and B cells, 

reacting to self-antigens, causes an attack on the self. Imbalance in one direction can 

cause overgrowth resulting in cancer. Meanwhile, imbalance in the opposite direction can 

cause autoimmunity.  

Rheumatoid arthritis (RA), is a classic autoimmune disease due to excessive 

cytokine, auto-antibody production, the dysregulated proliferation of synovial fibroblasts, 

and uncontrolled osteoclast activation73. RA was initially thought to be largely due to the 

auto-antibody production and targeting; however, the ideology has shifted as anti-

nonspecific findings have been discovered. Proteomic analysis of synovial fluid from RA 
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patients revealed protein abnormalities in the glycolytic pathway74. Isolation and culture 

of T cells from RA patients confirmed a functional decrease in ATP and lactate 

production in the presence of significant proliferation75. Molecular analysis revealed that 

fructose-2,6,-biphosphatase 3 (PFKFB3) was significantly suppressed in the same cells. 

PFKFB3, is a rate-limiting enzyme in the glycolytic pathway. Suppression of PFKFB3 

shunts glucose through the PPP, which increases the production of NADPH and 

regeneration of glutathione resulting in a decrease of ROS. ROS was traditionally thought 

to function via damage to proteins, lipids and DNA. However, recent evidence points to 

its important role as a regulator of cellular pathways (such as the differentiation of 

lymphocytes as previously described). Decreased ROS production has been associated 

with increased severity of joint inflammation in RA patients76. Furthermore, PFKFB3 has 

been implicated in the suppression of autophagy75. Seen in RA T cells, deficiency of 

PFKFB3 results in apoptosis susceptibility and could contribute to the shorter lifespan of 

RA T cells77. 

 

Function and role of Rab4a in disease.  

Rab GTPases are a family a small GTPases that control vesicular trafficking and 

movement, facilitating a wide variety of functions that serves to play vital roles in 

essential daily function78. For instance, Rab GTPases play an important role in receptor 

internalization and membrane signaling. Activation of pathways oftentimes requires 

endosome function for trafficking to the lysosome for degradation, which can produce 

metabolites used in downstream signaling of metabolic items such as mTOR42. 
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HTLV-1 related endogenous sequence (HRES1)/Rab4 or its murine homolog, 

Rab4a, is linked to SLE as polymorphic alleles of the HRES-1 locus were found to 

influence the expression of Rab4a and confer susceptibility to different manifestations of 

lupus79. Rab4a and Rab5A are early endosomal Rab GTPases that are overexpressed in 

SLE T cells46 and function by regulating recycling and endocytosis of receptors from the 

plasma membrane, respectively. Rab4a specifically has been linked to development and 

disease manifestations of SLE, where specific haplotypes of Rab4a predispose to 

manifestations such as renal or lung disease and the presentation of antiphospholipid 

syndrome79. mTOR colocalizes with Rab4a and Rab4 on early endosomes and with Rab7 

on the late endosome46,80. mTOR is recruited to Rab7 late endosomes by the Ragulator 

complex, which associates RagB and RagD, small GTPases that bind the regulatory 

associated protein of mTOR (raptor), and the amino acid transporter PAT1 to recruit 

mTOR to localize to endosomal/lysosomal compartments during nutrient activation by 

amino acids81. To sustain activation, mTOR participates in a positive feedback loop with 

the early endosome. mTOR over-expression in SLE T cells results in increased 

expression of HRES-1/Rab4, modified by rapamycin treatment46. In addition to 

enhancement of mTOR activity, activation of the endocytic pathway in SLE T cells 

increases the recycling of the T cell antigen receptor (TCR) and CD4 co-receptor in T 

cells, which enhances T cell activation. 

Recycling of both CD3ζ and CD4 surface receptors is increased on SLE T 

lymphocytes, associated with increased expression of HRES-1/Rab4, an early endosomal 

small GTPase over-expressed in SLE T cells46. HRES-1/Rab4 forms direct interactions 

with CD4 and CD3ζ, and its overexpression results in targeting of CD4 and CD3ζ to 
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lysosomes for degradation46,82. The E3 ubiquitin ligase Cbl down-regulates the TCR upon 

sustained engagement through targeting CD3ζ83, which could be mediated by HRES-

1/Rab4 through the formation of a Rab4-CD2 adaptor protein-Cbl complex84.  HRES-

1/Rab4 could also direct CD3ζ for degradation by microautophagy, a catabolic process 

that delivers cytosolic cargo into multivesicular bodies formed from endosomes, which 

transfers cargo to lysosomes by fusion85. Overexpression of Rab4a in SLE T-cells 

contributes to alterations of the TCR-associated components86 and activation of the 

mammalian target of rapamycin (mTOR)80.  

The intermix of metabolic processes such as lipid oxidation, glycolysis, and 

oxidative phosphorylation can ultimately determine cell fate and function87-91. Rab4 has 

been found to colocalize with LC3, a microtubule-associate protein light chain 3, a 

signature component of the autophagosome membrane. Rab4a is involved through the 

regulation of endosomal trafficking, the formation of autophagosomes, and mitochondrial 

turnover66. Overexpressed in SLE T-cells, Rab4a’s role in autophagy and regulation of 

mTOR is central to SLE pathogenesis64. Dysfunction in autophagy results in the 

accumulation of damaged organelles leading to disease and defects in proliferation and 

effector functions92. 

Given the importance of the class of Rab GTPases in membrane trafficking and 

human health93, it is surprising that there are only a limited number of diseases associated 

with this class. In large part, it could be due to the interconnectedness of this class of 

proteins such that compensatory mechanisms are triggered to account for any deficiencies 

as a result of mutations. Nevertheless, there are still several mutations in Rab GTPases 

that are associated with genetic diseases94. Examples include albinism, 
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immunodeficiencies, neuropathies, mental retardation, and ciliopathies. Despite the desire 

to target this class of proteins in the treatment of diseases, the interventions are limited 

due to the wide-spanning nature of the class and how different Rab’s are associated with 

similar, but different functions. Possible modes of inhibition include disruption of 

membrane association through prenylation inhibitors, guanine nucleotide exchange factor 

(GEF) inhibitors to block activation; nucleotide-binding inhibitors to block activation 

analogous to kinase inhibitors; and protein-protein inhibitors95. Due to the nonspecific 

nature of these targets, it becomes prudent to identify mechanisms by which to target 

diseases like above, or like SLE that has linkages to Rab4 polymorphisms. One potential 

mechanism for which we will explore here is the downstream targeting of modifications 

made due to Rab4. The strong linkage of Rab4 with mTOR provides ample evidence that 

the targeting of mTOR could be a potential therapeutic target using rapamycin. 

Rapamycin has long been used in renal transplants to avoid transplant reject, and more 

recently has newfound therapeutic efficacy in the treatment of SLE96. 

 

Therapeutic modulation of metabolism in a cell-type-specific manner 

Many cell types are implicated in autoimmune diseases such as SLE. Here, we 

discuss how some of the players, including macrophages, dendritic cells, T cells, and B 

cells, are metabolically controlled in disease and later summarize how therapeutic 

interventions modulate their activity. 
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Macrophages 

While our understanding of the role of metabolism in macrophages has drastically 

improved in the last decade, their role in the pathogenesis of SLE is still unclear. As part 

of the innate immune system, macrophages situationally reprogram their metabolism. For 

example, the pro-inflammatory state requires a full commitment to glycolysis through 

transcriptional activation of HIF-1α, the expression of which functionally links glycolytic 

metabolism to its microbicidal and inflammatory capacity. The deletion of HIF-1α 

dramatically reduces Glut1 and PGK expression levels. Consequently, the production of 

lactate and ATP is reduced, resulting in decreased clearance of bacteria49. Downstream of 

glucose uptake, PFKFB3 is an enzyme that converts fructose-6-phosphate to fructose-

2,6,-biphosphate and controls the rate-limiting step in the glycolytic pathway catalyzed 

by phosphofructokinase-1. PFKFB3 is upregulated in M1 macrophages and is thought to 

be responsible for the metabolic shift toward glycolysis97. 

In contrast, M2 macrophages, an important component of tissue repair, wound 

healing, and controlling immunological repair, rely on a mixed state driven by enhanced 

glucose utilization and OXPHOS. M2 macrophages decrease the expression of PFKFB3 

to preserve their oxidative metabolism. Similarly, carbohydrate kinase-like protein 

(CARKL), a sedoheptulose kinase involved in the PPP, restricts glucose through 

glycolysis and the PPP, and thus it also depletes NADPH98. The upregulation of CARKL 

in M2 macrophages is vital for the metabolic switch towards OXPHOS. Conversely, the 

knockdown of CARKL by siRNA increases glycolytic metabolism and M1 activation, 

while it reduces expression of mannose receptor C type 1 (Mrc1), which is a hallmark of 

M2 polarization99.  
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M1 and M2 macrophages have opposing roles in a disease where M1 

macrophages are associated with increased disease severity, while their M2 counterparts 

reduce severity100. mTORC1 activity in SLE is characteristic of pro-inflammatory T cell 

development. However, its activity in macrophages appears to shift polarization towards 

the M2 phenotype101. Renal biopsies of patients with lupus nephritis are dominated by 

M2 macrophages102.  Macrophages also exhibit increased expression of IDO103, which 

may underlie tryptophan depletion in SLE patients41. Additionally, IDO interacts with 

eIF-2α-kinase GCN2, an amino acid metabolic-stress sensing kinase, the activity of 

which protects mice from immune complex-induced nephritis104. GCN2 can also 

potentiate the effect of IDO in T cells and inhibit mTORC1 activation, suggesting a 

possible mechanism by which rapamycin has contributed to the clinical efficacy of SLE 

patients via blockade of the M1-M2 differentiation. However, additional studies are 

warranted to understand the intricate roles of metabolism and mTOR in polarization and 

function of macrophages.  

 

Dendritic Cells  

Dendritic cells (DCs) are considered the most efficient APCs that carry antigen 

from tissue sites of exposure to draining lymphoid organs105. They play critical roles in 

the initiation and regulation of adaptive immune responses and the development of 

immunological memory and tolerance. DCs can be divided morphologically and 

functionally into two groups: myeloid-derived DCs (mDCs) and plasmacytoid DCs 

(pDCs). mDCs generally display a short half-life of approximately 3–6 days and in adults 

are constantly replenished from HSC-derived bone marrow precursors106. cDCs secrete 
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IL-23 and generally promote TH17-type immune responses involved in the defense 

against extracellular fungal and bacterial infections105. In contrast, pDCs are CD11c–

CD123+ and have the unique property to sense viral nucleic acids through toll-like 

receptors TLR7-TLR-9RNA and rapidly secrete IFN-α, IFN-β107, and IL-6108.   

DC activation primarily uses glycolytic metabolism driven by HIF-1α and the 

PI3K/Akt pathway109. The activation of AMPK, which promotes mitochondrial 

biogenesis and increased mitochondrial respiration, inhibits their maturation, suggesting a 

general mechanism by which activation requires upregulation of glycolytic metabolism. 

mTOR plays a vital role in DC differentiation and function and integrates the various 

activation signals with metabolic changes110. Constitutive activation of mTORC1 in 

TSC1-deficient mice appears to impair the survival and proliferation of both mDCs and 

pDCs. mTORC1-mediated blockade of DC development occurred with increased 

glycolysis, lipid synthesis, mitochondrial respiration, and ROS production, which was 

partially dependent on c-Myc and entirely blocked by rapamycin110. Along these lines, 

inactivation of mTORC1 via deletion of Raptor expanded cDCs and promoted dextran 

sodium sulfate-induced colitis111. Inhibition of mTORC1 also extends the lifespan of 

TLR-activated DCs, which have been derived from bone marrow in the presence of 

granulocyte-macrophage colony-stimulating factor (GM-CSF), by favoring mitochondrial 

ATP production112. However, mTORC1 promotes type I interferon production by 

plasmacytoid DCs113,114. Such expansion may involve increased mitochondrial oxidative 

stress and oligomerization of mitochondrial anti-viral signaling proteins (MAVS)115. 

mTORC1 is also required for accumulation of CD103+ cDCs and alveolar macrophages 

in the lung116. While numbers of mTOR-deficient lung CD11b+ DCs were not changed, 
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they were metabolically reprogrammed to skew allergic inflammation from eosinophilic 

T helper cell 2 (TH2) to neutrophilic TH17 polarity. The mechanism for this change was 

independent of translational control but dependent on inflammatory DCs, which 

produced interleukin-23 and increased mitochondrial fatty acid β-oxidation116.  

 

T cells  

Chronic activation of CD4+ T cells from healthy and SLE patients show high levels 

of oxygen consumption18,117 suggestive of increased reliance on oxidative 

phosphorylation. Despite this, these T cells also display elevated glycolysis118, which 

could be associated with an increased demand for proliferation as well as a compensatory 

mechanism to account for the decreased ATP production by the dysfunctional 

mitochondria observed in SLE. This dual elevation of glycolysis and oxidative 

phosphorylation is also observed in CD4+ memory T cells119, a subset that is also 

expanded in SLE120. These factors not only suggest that SLE T cells have an intrinsically 

high metabolic profile, but these very metabolic processes may fuel the pro-inflammatory 

age development of TH1 and TH17 cells.  

Signaling through the  T cell receptor initiates metabolic changes that include 

mitochondrial hyperpolarization (MHP)121, which predisposes to increased OXPHOS and 

ROS production91,122 and increased glycolysis91,122. Mechanistically, the co-stimulation of 

T cells through CD28 activates the PI3K/Akt pathway to induce Glut1 expression, which 

facilitates glucose uptake123,124. Activated by the PI3K/AKT pathway, mTORC1 also 

plays a central role in reprogramming gene expression in support of glycolysis and 

differentiation into TH1, TH2, and TH17 helper T cells while restricting differentiation into 
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Tregs 
47. In CD4+ T cells, the deletion of Rheb, a component of mTORC1, skews 

development toward TH2 cells and inhibits the differentiation to TH1and TH17 cells125.  

Conversely, deletion of rapamycin insensitive companion of mTOR (rictor), a 

principal component of mTORC2 complex, has no effect TH1and TH17 differentiation but 

prevents TH2 development126. However, in the absence of Raptor, a principal component 

in maintaining the catalytic activity of mTORC1 also prevents differentiation into TH2 

cells in-vivo or in-vitro127. These cells also were unable to produce IL-2 or proliferate, 

suggesting that mTOR is required in the activation and proliferation of naïve CD4+ T 

cells. In SLE patients, increased mTORC1 activity was linked to the expansion of TH17 

and IL4-producing CD3+CD4-CD8- double-negative (DN) T cells22, the latter of which 

may act as TH2 cells and stimulate anti-DNA autoantibody production by B cells128.  

Pharmacological inhibition of mTOR with rapamycin, promotes Treg development 

and inhibition of TH1, TH2, and TH17 development in mice 47 and patients with SLE 

(Figure 4)67. These results are consistent with our current understanding that T helper 

cells maintain a highly glycolytic metabolic profile dependent on mTOR signaling, 

whereas the Tregs rely more on fatty acid oxidation129. The importance of mTORC1  

activation in SLE is solidified as the treatment of patients with rapamycin has been safe 

and effective130. 
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Figure 4. Modulation of lineage specification in the immune system through 

metabolism. Quiescence of HSCs depends on taming of mTORC1, while its 

hyperactivity promotes proinflammatory lineage skewing and autoimmunity. Intricate 

complexity of mTOR-dependent metabolic regulation and transcriptional control is 

illustrated for T cell development. Although metabolic control mechanisms that 

modulate B cell development, M1 and M2 differentiation of macrophages, and 

activation of pDCs are less well characterized, involvement of the mTOR pathway and 

shifting reliance between glycolysis and OXPHOS has been demonstrated for each of 

these lineages. Color coding reflects activation (red) and suppression (blue) of 

metabolic pathways in SLE. Therapeutic impacts of mTOR blockade by rapamycin, 

metformin, and NAC have been indicated. Abbreviations: AMPK, AMP-activated 

kinase; BAFF, B cell activating factor; CARKL, carbohydrate kinase-like protein; 

CREMa, cAMP response element modulator (CREM)a; FAO, fatty acid oxidation; 

GSK3, glycogen synthase kinase 3; HIF-1a, hypoxia-inducible factor-1a; HSC, 

hematopoietic stem cell; IFN, interferon; Mpc2, mitochondrial pyruvate carrier 2; 

mTOR, mechanistic target of rapamycin; mTORC, mTOR complex; OXPHOS, 

oxidative phosphorylation; pDC, plasmacytoid dendritic cell; PFKFB3, 6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; PGI, phosphoglucose 

isomerase; SLE, systemic lupus erythematosus; STAT, signal transducer and activator 

of transcription.  
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One of the hallmarks of a successful T cell response is the generation of Tmem cells, 

which establishes antigenic memory of the infection and allows for a faster and more 

robust defense with future re-infections. These cells are unique in that they have 

transformed into a developmental state that is metabolically quiescent, and yet is 

positioned to respond rapidly to any re-infection reliant primarily on FAO131,132. Loss of 

tuberous sclerosis 1 (TSC1/hamartin), a negative regulator of mTORC144, results in 

increased mTORC1 activity, increased effector CD4 T  cell differentiation with a paucity 

of memory T cell precursors133. By contrast, blockade of mTORC1 with rapamycin134 or 

genetic disruption of Rheb, fosters memory T cell generation135, and dampen 

inflammation in the setting of systemic autoimmunity130. 

 

B cells 

B cells play a significant role in autoimmunity, in particular, through the 

production of anti-nuclear autoantibodies. B cells also contribute to inflammation and 

disease pathogenesis through sensing nucleic acids136,137, acting as APCs138, and 

producing cytokines139. However, the metabolic pathways that control each of these 

functions are largely uncharacterized. As expected, the metamorphosis into plasma cells 

involves profound changes in metabolite concentrations that can be sequentially 

monitored in the supernatant of differentiating B cells140. B-cell proliferation was 

accompanied by increased lactate production and consumption of essential amino acids. 

Ig secretion by plasma cells was paralleled by alanine and glutamate production, inferring 

that glutamine was used as a carbon and energy source. The late-phase proliferation of 

plasma resulted in increased secretion of ethanol and 5'-methylthioadenosine (MTA)140. 
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Interestingly, MTA inhibits DNA methyltransferase in T cells, which could 

contribute to autoreactivity in SLE141. MTA also inhibits the expression of tumor necrosis 

factor α (TNFα), which contributes to apoptosis defect in SLE142. In addition to having 

massive demand for amino acids in support of de novo protein synthesis, glucose is also 

required to allow for glycosylation of antibodies as well as to generate pyruvate for 

mitochondrial respiration that is needed for the survival of long-lived plasma cells143.  

 CpG/TLR9 stimulation alone induces the differentiation of CD27+IgD+ 

unswitched memory B cells into CD27-IgD- memory B cells with high cytokine 

production, which occurred with the activation of AMPK and suppression of mTORC1 

144. In contrast, the combination of CpG/TLR9 and IFN-α markedly induced the 

differentiation of CD27+IgD+ unswitched memory B cells into CD27hiCD38hi 

plasmablasts, which occurred with mTORC1 activation and increased lactate production, 

indicating a shift to glycolysis144. CD19+ B cells of SLE patients exhibit increased 

mTORC1 activity, which may represent a driver of plasmablast expansion144. These 

findings are consistent with a blockade of plasma cell development in mice lacking 

Raptor145. 

The critical role of mTORC1 in B cell development is also indicated by the 

inhibitory effect of rapamycin on proliferation and survival signals initiated by B-cell 

activating factor (BAFF)146. From a metabolic standpoint, activated B cells are highly 

glycolytic. A murine model that overexpresses BAFF results in a lupus-like disease with 

autoantibody production. The B cells of these mice end up more glycolytic than their 

nontransgenic littermates suggesting a similar situation in SLE patients who have been 

found to have increased BAFF levels in serum147. As noted above, pyruvate import into 
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the mitochondria appears to be central to the survival of long-lived plasma cells143. Taken 

together, metabolic checkpoints of B-cell to plasmablast transition, such as blockade of 

BAFF, glucose utilization, and mTORC1, could be utilized as synergistic therapeutic 

interventions in SLE 

 

Metabolism as a therapeutic target 

As progress is made into the field of immunometabolism, a thorough 

understanding of the metabolic effects of drugs is necessary to maximize clinical efficacy 

as well as ensure safety and prevention of unwarranted side effects or development of 

resistance (Table 1). The field of rheumatic diseases was revolutionized in the mid-20th 

century by the development glucocorticoids, which function by binding to the 

glucocorticoid receptor to regulate transcription of genes involved in metabolism148. 

Efficacy was linked to an inhibition of glycolysis but had unwarranted secondary 

metabolic effects, such as stimulation of autophagy and mTOR. The latter is due to a 

glucocorticoid effect on increasing gluconeogenesis, which leads to fat accumulation and 

consequently, an increase in leptin levels in patients with SLE (Figure 3)149,150. Leptin is 

an activator mTORC1151 and has been linked to SLE through its ability to promote 

autoantibody production and inhibiting both Treg development and function152. While 

glucocorticoids were a mainstay of immunosuppressive therapy in the last century, their 

secondary metabolic effects may underlie the development of resistance to this modality 

of therapy. 

The metabolic checkpoints that control autoimmunity have evolved into attractive 

targets for treatment in the last decade (Table 1). At the center is the mTOR signaling 
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cascade that operates as a sensor of metabolic cues and effector in immune development 

and function125. Rapamycin, a direct inhibitor of mTORC1, has proved safe and 

therapeutically effective in proof-of-concept clinical studies67,153, reducing not only 

disease activity, but also normalizing T-cell lineage skewing in SLE96 (Figure 2). 

Currently, no specific inhibitors are available to block mTORC2, and dual inhibitors of 

both complexes have not been tested for treatment of SLE. The clinical use of 

peroxisome proliferation-activated receptor γ (PPARγ) agonists indirectly inhibits 

mTOR, and as such, pioglitazone is currently in clinical trials for SLE with encouraging 

results 154,155. 

Mycophenolate mofetil (MMF), which was originally developed to inhibit DNA 

synthesis by metabolically blocking inosine monophosphate dehydrogenase type II, a 

rate-limiting enzyme in guanosine and therefore DNA synthesis, also abrogates signaling 

through the PI3K/Akt/mTOR axis in CD4+ T cell156. Treatment with mycophenolic acid, 

the active metabolite of MMF, reduces both the glycolytic and oxidative metabolism of 

CD4+ T cells in vitro117. While MMF’s role in immunometabolism is still minimal, it is 

widely used in the treatment of SLE. 

Metformin, a glucose-normalizing drug approved worldwide for treatment of 

diabetes, has been gaining new attention due to its immunomodulatory properties. 

Metformin suppresses immune responses owing to its direct activation of AMPK, an 

inhibitor of mTORC1157, and blockade of mitochondrial complex I activity158. Its ability 

to reduce ROS formation has been found to block netosis and IFNα production in SLE159. 

Moreover, in conjunction with a 2-deoxyglucose, an inhibitor of glycolysis, metformin 

has been found to reduce IFNγ production, block disease activity in lupus-prone mice and 
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restore defective IL-2 production in CD4+ T cells117. Consequently, metformin is being 

developed for the treatment of autoimmune diseases with clinical trials ongoing in 

patients with SLE. 

Another class of antidiabetic drugs that stimulate PPARγ, such as pioglitazone, 

expand Tregs, and exhibit anti-inflammatory properties in lupus-prone mice160. Their 

clinical efficacy has been attributed to interaction with an iron-binding protein that is N-

terminally anchored into the external mitochondrial membrane and thus termed 

mitoNEET161, which may account for the antioxidant properties162 and indirect blockade 

of mTORC1 by pioglitazone163. 

N-acetylcysteine (NAC), a precursor required for glutathione synthesis, has also 

become a treatment modality due to the depletion of NADPH and GSH in SLE42. NAC is 

a stable and membrane-permeable analog of cysteine, which is a precursor required for de 

novo synthesis of GSH, a principal natural antioxidant in mammalian cells. The depletion 

of cysteine in both lymphocytes42 and plasma of SLE patients 41 further warrants its use, 

if not as a mainstay, as a supplement to other modalities of treatment. In a double-blind 

placebo-controlled pilot study of SLE patients, NAC not only demonstrated safety and 

clinical efficacy but blocked mTORC1 in DN T cells51. Follow-up clinical trials with 

NAC are clearly warranted, which should be aimed at refining its mechanism of action 

and identifying biomarkers that predict clinical responsiveness. 

Mitoquinone (MitoQ) is a mitochondrion-targeted antioxidant, which contains 

ubiquinol as the antioxidant component that is continually recycled by complex II of the 

ETC161. MitoQ reduces mitochondrial ROS production and oligomerization of MAVS in 

lupus T cells115. In turn, T cells secrete oligomerized MAVS into the plasma that triggers 
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type I interferon production by pDCs in patients with SLE, which are all responsive to 

treatment with mitoQ115. Furthermore, mitoQ has been found to suppress the activation of 

the NLRP3 inflammasome, thereby decreasing the production of IL-1ß and IL-18 and 

ameliorating disease activity in a mouse model of colitis164. MitoQ also suppresses 

autoimmune encephalomyelitis in mice165.  

Rab geranylgeranyltransferase blockade with 2-[3-pyridinyl]-1-

hydroxyethylidene-1,1-phosphonocarboxylic acid (3-PEHPC) has reversed the depletion 

of Drp1 and the accumulation of mitochondria in B and T cells and macrophages and 

blocked ANA production and nephritis in lupus-prone mice64. 

As progress is made in the field of immunometabolism, a thorough understanding 

of the mechanism of action of conventional drugs with validated efficacy is also 

necessary to maximize the contribution of new therapies (Table 1). The prognosis of 

patients with lupus and other autoimmune diseases has been revolutionized by the 

introduction of glucocorticoids for the treatment of inflammatory arthritis. Efficacy has 

been attributed to the blockade of effector T cells166 and their reliance on glycolysis167. 

As proof of this therapeutic paradigm, 2-deoxyglucose (2-DG) selectively blocks 

glycolysis by directly inhibiting phosphoglucose isomerase and also exerts clinical 

efficacy in SLE117. In turn, steroid resistance has been linked to stimulation of 

autophagy168 and mTOR activity169, both of which are already enhanced by the disease 

process itself in SLE64. In particular, steroids induce leptin170, which is a robust activator 

of mTORC1171 and promoter of SLE152. Given the rapid onset of steroid efficacy, they 

should be combined and eventually replaced by interventions that block autophagy, such 

as chloroquine, and mTORC1, such as rapamycin and NAC (Table 1).   



37 
 

 

 

Models of SLE 

Models of lupus provide immensely useful information to our understanding of a 

disease that still has unknown etiologies with multitudes of manifestations. The many 

Table 1. Therapeutic modulation of the immune system through targeting of metabolic pathways in 

autoimmune disorders. SLE, systemic lupus erythematosus; CIA, collagen-induced arthritis; EAE, 

experimental autoimmune encephalomyelitis; RA, rheumatoid arthritis; PsA, psoriatic arthritis; JRA, 

juvenile rheumatoid arthritis; SjS, Sjogren’s syndrome; MS, multiple sclerosis; IBD, inflammatory bowel 

disease; PSS, progressive systemic sclerosis. 

Pathway Molecular Target Therapy Disease References 

Mitochondria Complex I Metformin SLE, CIA 7, 102 

 Complex II MitoQ SLE,EAE 37,90  

 mitoNEET Pioglitazon

e 

SLE 89,90 

Glycolysis GCR Corticoster

oid 

SLE, RA, 

PsA 

97,103 

 PGI 2DG SLE 7 

Nucleotide metabolism DHFR Methotrexa

te 

RA 104 

 TPMT/PRT Imuran RA 105 

 IMPDH Mycophen

olate 

SLE 106 

 DHODH Leflunomi

de 

RA 107 

Autophagy mTORC1 Rapamycin SLE 20,21 

   Lupus 

nephritis 

19,108-111 

   PSS 112 

   RA 113 

   SjS 114 

 Lysosome Chloroquin

e 

RA,SLE,PsA 115 

Mitophagy Drp1 3-PEHPC SLE 15 

GSH Cysteine NAC SLE 9,116 

   RA/CIA 117,118 

   SjS 119,120 

   EAE 121 

  Selenium Thyroiditis 122 

Sphingolipid signaling S1P receptor Fingolimo

d 

SLE,RA,MS,

IBD 

60 

  DHS1P PSS 123 

Table 1. Therapeutic modulation of metabolic pathways in autoimmune 
disorders. SLE, systemic lupus erythematosus; CIA, collagen-induced arthritis; EAE, 
experimental autoimmune encephalomyelitis; RA, rheumatoid arthritis; PsA, psoriatic 
arthritis; JRA, juvenile rheumatoid arthritis; SjS, Sjogren’s syndrome; MS, multiple 
sclerosis; IBD, inflammatory bowel disease; PSS, progressive systemic sclerosis 
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different types of models that each recapitulate various aspects of the human disease from 

the autoantibody production seen in pristane induced models to the manifestations of 

lupus nephritis in the various genetic models. The models can be separated into inducible 

and genetic, and since no model is a perfect representation of the disease itself, it is 

important to study multiple models in parallel, particularly in the preclinical testing of 

therapeutic targets. 

Inducible models allow for the rapid study of diseases that can be further super-

imposed onto genetic modifications to study the outcome of disease. Furthermore, these 

inducible models provide an opportunity to study rare manifestations of disease that 

would otherwise not occur or occur at such a rare frequency that it is impossible to study 

consistently. The pivotal aspect of inducible models is the target. Almost any target can 

be effectively chosen to mimic an autoimmune response to the target. For instance, in 

experimental autoimmune encephalomyelitis (EAE), the priming of the immune system 

to myelin basic protein produces profound neurologic symptoms that largely mimic 

multiple sclerosis172. However, due to the autoimmune nature of the model, it still 

provides insight into the neurological aspects of SLE. Alternatively, priming using 

pristane, a natural saturated terpenoid alkane from shark liver oil, can induce anti-nuclear 

antibody production and immune-complex glomerulonephritis173. Furthermore, the 

pristane model provides a rare opportunity to study pulmonary involvement in SLE, such 

as in the case of diffuse alveolar hemorrhage (DAH), which is rare, occurring in 1.5-3.7% 

in all SLE associated admissions174,175, but has a high mortality of nearly 50%174-177. It 

was found that the pristane model has about a 50% occurrence of DAH 178 and, therefore, 

could provide a great insight into this rare occurrence. Lastly, the adoptive transfer of 
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non-compatible mice provides an opportunity to study graft-versus-host disease (GVHD), 

which can further even be distinguished between chronic (cGVHD) vs. acute (aGVHD). 

While aGVHD is largely seen in transplant patients, cGVHD draws similarities to SLE, 

including the production of ANA, lupus-specific autoantibodies, and immune complex-

mediated glomerulonephritis. Furthermore, the gender discrepancy seen in cGVHD 

allows for the study of the gender-biased lupus etiology179. 

The three most common and commercially-available models of spontaneous lupus 

include the New Zealand Black x New Zealand White F1 (NZB/W), 

B6.NZM.Sle1.Sle2.Sle3 triple-congenic, and the MRL/lpr strains.  Each of these models 

is characterized by the production of ANA, proliferative expansion of lymphoid cells, and 

development of autoimmune glomerulonephritis.  However, each model has a specific 

history and provides unique aspects to study SLE.  

The NZB/W F1 is the oldest classical model of lupus generated by the F1 hybrid 

between the NZB and the NZW strains. Both NZB and NZW displayed limited 

autoimmunity, but the hybrid develops lupus-like phenotypes comparable to humans180. 

Disease development was found to be mediated through the production of ANA, resulting 

in immune-complex mediated glomerulonephritis (GN) that starts around 5-6 months of 

age, leading to renal failure and death by one year of age. Unlike the other models, 

NZB/W F1 strain lacks autoantibodies against RNA-containing complexes. Similar to 

humans, the disease in this strain strongly favors females who have been linked to 

estrogen levels. Ovariectomy of these mice, not only delayed disease onset but also 

decreased autoantibody production. Furthermore, restoration of estradiol in the same 

ovariectomized mice reestablished the disease phenotype181. These mice were eventually 
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backcrossed with NZW mice to generate 27 different recombinant inbred strains of New 

Zealand Mixed (NZM) mice that exhibit differing levels of disease with NZM2328 and 

NZM2410 as the most popular models182-184. The NZM2410 model itself was eventually 

found to be caused by the interplay of 3 genetic intervals, Sle1, Sle2, and Sle3184.  Each 

locus was cloned separately onto a C57BL/6 non-autoimmune susceptible background to 

determine its influence on the development of autoimmunity. The Sle1, Sle2, and Sle3 

susceptibility loci are located on mouse chromosome 1, 4, and 7, respectively. Sle1 was 

linked to the major histocompatibility complex (MHC) class II and mediated a loss of 

tolerance to nuclear antigens resulting in autoreactivity in T and B lymphocytes185.  It is 

required for autoantibody production and the development of fatal glomerulonephritis. 

Sle 2 confers B cell hyperreactivity, increased production of B-1 cells, the formation of 

IgM autoantibodies, and promotes co-stimulation of T and B cells. Sle 3 reduces 

activation-induced cell death (AICD) within CD4+ T cells186,187. Expression of Sle1, 

Sle2, and Sle3 in a non-autoimmune susceptible C57BL/6 background (the 

B6.Sle1.Sle2.Sle3 mouse) resulted in systemic autoimmunity with the production of 

autoantibodies at five months of age and development of proliferative glomerulonephritis 

at 9 months of age, recapitulating the phenotype observed in the NZB/W and NZM2410 

backgrounds. 

Lastly, the MRL/lpr is an inbred of multiple strains that are largely influenced by the 

lpr mutation, located on chromosome 1, causing a single amino acid change (Leu to Phe), 

thereby rendering the Fas receptor nonfunctional188. The SLE-phenotype manifests due to 

defective Fas-mediated apoptosis and disease manifests as generalized 

lymphoproliferative disease, autoimmunity, and production of autoantibodies such as 
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ANA, anti-ssDNA, anti-Sm, and rheumatoid factors that together result in large amounts 

of immune complexes189. In humans, defective Fas signaling can lead to the development 

of autoimmune lymphoproliferative syndrome (ALPS), which shares many symptoms 

with SLE, although GN is not a characteristic in human ALPS190. MRL/lpr mice, as such, 

develop disease extremely early within weeks of being born and progress rapidly and die 

within 3-4 months of age. As such, the MRL/lpr provides a quick and robust model of 

studying immune-complex mediated GN. 

 

Conclusion 

 Immunometabolism is a rapidly rising field filled with complex metabolic 

pathways where small proteins such as Rab4a can play a large role. Rab4a has been 

found to be elevated in lupus T cells and has links to mTOR activation. In diseases that 

stem from a dysregulated immune system such as SLE, and understanding of how 

metabolic changes impact the disease pathogenesis can provide clues to new therapeutic 

targets. Here, we explore the effects of Rab4a in the pristane inducible model of 

autoimmunity (Chapter 1) and followed up in a genetic SLE1.2.3 mouse model that best 

recapitulates human SLE (Chapter 2). We hypothesize that the Rab4a gene is pivotal in 

the complex metabolic machinery that drives immunological development. As such, 

changes in Rab4a activity, through the knock-in constitutively active mutation or the 

knockout of Rab4a, can significantly impact immunological development and thereby 

change the course of disease progression. Using two distinct models of lupus that aims to 

recapitulate different aspects of the disease, the pulmonary manifestations of pristane 

induced autoimmunity and the renal manifestations of the SLE1.2.3 genetic model, we 
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identified how Rab4a drives disease progression and elicited potential mechanisms that 

underly the disease pathogenesis. 
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Chapter 1 

 

 

Rab4a control over metabolism and T-cell lineage specification protects from intra-

alveolar hemorrhage in mouse model of SLE 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contributions: 

Figure 1A utilized western blots generated by Thomas Winans. 

Figure 1C was scored by Dr Katalin Banki 

Figure 1E was scored by Dr Mark Haas 

Figure 3A and 3B reflects data generated by Zachary Oaks 
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Introduction 

 Systemic Lupus Erythematosus (SLE) is a chronic autoimmune disease 

characterized by the production of autoantibodies and systemic or multi-organ 

involvement. The most common manifestations are often skin rash, arthritis, and 

glomerulonephritis. However, due to the systemic nature of this disease, many organs can 

be affected, including the lung. Although pulmonary manifestations are not common or 

pathognomonic of SLE, they are often some of the hardest to treat and carry the highest 

fatality rates. They can present in a variety of forms such as respiratory distress 

syndrome, diffuse alveolar hemorrhage (DAH), and chronic pneumonitis, among which 

DAH is the most serious in SLE. While the incidence of DAH is only 1.5-3.7% in all 

SLE associated admissions174,175, it carries a fatality rate of nearly 50%174-177. As such, it 

is essential to study this disease and develop therapeutics for this often-life-threatening 

complication of SLE. 

Pristane (2, 6, 10, 14-tetramethylpentadecane) is a hydrocarbon derived from 

shark liver oil that can induce the production of lupus-related autoantibodies, arthritis, 

and glomerulonephritis with a single injection173,191. Within 2-4 weeks of pristane 

induction, C57BL/6 (B6) mice develop DAH with capillaritis within 2-4 weeks after 

pristane injection192 and are characterized by an accumulation of monocytes, 

macrophages, and neutrophils.  Furthermore, the model involves a complex immune 

reaction with B cells to generate the antibody production that causes immune complex 

formation and deposition, and later, the development of renal disease173,193. 

Rab4a belongs in a class of GTPases that are responsible for endosomal 

formation, maturation, trafficking, and recycling. Rab4a plays an intricate role in the 
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communication within cells and, by extension, the distant organs. Polymorphic alleles of 

the Rab4a gene are linked to SLE, and specific alleles confer susceptibility or protection 

to manifestations of disease79. Here, we attempt to create a correlation and show that 

Rab4a is a driver of the protection from DAH development and try to provide 

mechanisms by which this occurs. 

 

Methods 

 

Pristane injection and evaluation. Mice matched for age and gender were injected 

intraperitoneally with 0.5 ml per 20 g of body weight of pristane. Mice were evaluated on 

a weekly basis for proteinuria and disease activity. The mice were sacrificed after two 

weeks and evaluated for pulmonary capillaritis. Urine was saved for Bradford analysis of 

proteinuria. The serum was saved for autoantibody measurements and cytokine 

measurements. Lungs were saved in 10% formalin and later made into slides for blind 

scoring by a renal pathologist, Dr. Mark Haas64,194. Spleens were collected for 

downstream evaluation by flow cytometry and regulatory T cell function, as described 

below. As part of a long-term study, proteinuria and glomerulonephritis were evaluated in 

mice six months after pristane induction. 

 

Clodronate liposome. The protocol was based on a previous publication from Zhuang et 

al195. 50ul of clodronate liposomes (CloLip, ClodronateLiposomes.com, Amsterdam, The 

Netherlands) or control liposomes were injected intraperitoneally one day before and 

seven days after pristane induction.  
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Flow cytometry. Cells were stained using the list of antibodies provided (Appendix, 

Table 1). Permeabilization of for intracellular markers such as forkhead box p3 (Foxp3) 

utilized the Foxp3 Transcription Factor Staining Buffer Set (Thermofisher Scientific Cat 

00-5523-00). Cells were analyzed using either the Fortessa (BD Biosciences) or the 

LSRII (BD Biosciences). 

 

T cell isolation and culture. Complete culture media is RPMI 1640 supplemented with 

10% Fetal Bovine Serum (FBS), 100 U/mL penicillin, 100 ug/mL streptomycin, 10 

ug/mL amphotericin B, 2 mM L-Glutamine, 1 mM sodium pyruvate, 50 uM beta-

mercaptoethanol, and 10 mM HEPES. Splenocyte single-cell suspension was made by 

crushing a freshly isolated spleen through a 70uM mesh filter in a sterile setting and 

washing with 10mL of media. The suspension is stored on ice until all the mice are 

harvested and processed together. The cell suspension was spun down at 300G’s for 8 

minutes at 4°C. The supernatant was removed, and the pelleted was resuspended in 5 mL 

of ACK lysis buffer (Cold Spring Harbor recipe) for 5minutes, after which the solution 

was chased with 5mL of complete media and spun down at 300G’s for 8 minutes at 4°C. 

The resulting pellet was resuspended in media and processed for downstream 

applications such as flow cytometry or cell isolation. For cell isolations, the cells were 

processed according to the published company reference protocol. Isolations were 

prepared in the following sequence: CD4 positive isolation (ThermoFisher Scientific Cat 

11461D), CD8 positive isolation (ThermoFisher Scientific Cat 11462D), B cell negative 

isolation (ThermoFisher Scientific Cat 11422D). The resulting cells were counted and 

seeded at a starting density of 2mil/ml in complete culture medium + 0.5 ug/ml anti-
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CD28 (BioLegend Cat 102121) on a plate coated a day prior with 5 ug/ml anti-CD3 

(BioLegend Cat 100253).  

 

T cell culture: CD4+ and CD8+ T cells were cultured on plates coated overnight at 4°C 

with 5 ug/ml of anti-CD3 (BioLegend Cat 100253) in complete medium containing 0.5 

ug/ml soluble anti-CD28 (BioLegend Cat 102121). TH1cells were cultured in the same 

conditions as CD4+ cells with the addition of 10 ng/ml IL-12 (RnD systems Cat 419-ML-

010), 20 ng/ml IL-2 (RnD systems Cat 402-ML-100), 1 ug/ml anti-IFNγ (BioLegend Cat 

505706), and 5 ug/ml anti-IL-4 (BioLegend Cat 504108). TH17 cells were cultured in the 

same conditions of as CD4+ cells with the addition of 20 ng/ml IL-6 (RnD systems Cat 

406-ML-005), 2.5 ng/ml TGF-ß, 20 ng/ml IL-2, 10 ng/ml IL-23 (RnD systems Cat 1887-

ML-010), 10 ng/ml IL1ß (BioLegend Cat 503514), 10 ug/ml anti-IFNγ (BioLegend Cat 

505706), 5 ug/ml anti-IL-4 (BioLegend Cat 504108). 

 

Seahorse Metabolic Flux Analysis. Cells were cultured according to their specific 

requirements. On the day of the assay, the cells were counted and plated onto a Cell-Tak 

Coated (Corning Cat 354240) treated XF-96 cell culture plate in either glycolysis 

medium (Seahorse XF Base Medium (Seahorse Bioscience Cat 102353-100), 2 mM 

glutamine, 10 mM glucose) or mitochondrial stress test medium (Seahorse XF Base 

Medium, 2 mM glutamine,1 mM pyruvate). Seeding density was 250,000 cells per 175 ul 

volume of media. Cells were spun down to 300Gs for 10 seconds in the 96-well seahorse 

plate to seed the cells onto the Cell-Tak. Plate was equilibrated at 37°C in ambient 

atmosphere (no CO2) for 60 minutes before using a Seahorse XFe96 Analyzer (North 
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Billerica, MA). For the glycolysis assay, we injected 10 mM glucose, 1 μM oligomycin, 

and 50 mM 2-deoxyglucose. For the mitochondrial stress test, we injected 1 μM 

oligomycin, 0.5 μM carbonyl cyanide-4- (trifluoromethoxy)phenylhydrazone (FCCP), 

and 500 nM rotenone/antimycin A. 

 

Treg Suppressor Assay. Isolation of Tresponders and Tregs utilized the Dynabeads 

FlowComp Mouse CD4/CD25 Isolation Kit (Thermofisher Scientific Cat 11463D). The 

protocol follows the established protocol with the kit. Tresponders were stained with 

CellTrace CFSE Cell Proliferation Kit (Thermofisher Scientific Cat C34554). 

Tresponders (CD4+CD25-) were cultured at 50,000 cells/well with 200 ul final volume of 

media per well of a 96-well plate. Tregs (CD4+CD25+)  were added to the culture at 

various densities unstained. Dynabeads™ Mouse T-Activator CD3/CD28 for T-Cell 

Expansion and Activation (Thermofisher Scientific Cat 11452D) were used to activate 

both the Tresponders and Tregs in all the conditions. After 3 days of culture at 37 ° C, the 

supernatant was saved from all the culture conditions. The cells were resuspended ten 

times with a narrow pipette to dissociate beads from cells. Cell solutions were run on 

flow cytometry via the BD Fortessa. 

 

Cytokine measurements. Serum was collected at the end of the experimental endpoint 

and stored in -80°C. The serum was processed later using the MILLIPLEX MAP Mouse 

Cytokine/Chemokine Magnetic Bead Panel - Premixed 32 Plex - Immunology Multiplex 

Assay (MilliporeSigma Cat MCYTMAG-70K-PX32). The assay examined 32 different 
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types of cytokines, and the data was analyzed using student T-tests and graphed using 

GraphPad Prism Version 5. 

 

Raptor and Rictor mice. Mice were obtained from Dr Hongbo Chi196 with both rictor 

and raptor flanked by loxP sites. The mice were bred with our CD4Cre mice to knockout 

rictor or raptor in CD4 expressing cells. The downstream assays follow the protocols 

established above. 

 

Rab4aQ72L and Rab4aQ72LCD4Cre mice. Rab4aQ72L84 (FL) mice have constitutive 

activation of Rab4a due to the elimination of GTPase activity and thus locks the Rab4a in 

a GTP-bound or active state. The mutation is ubiquitously expressed throughout the mice. 

The Rab4aQ72LCD4Cre mice are the crossbreed of the FL mouse described above with a 

CD4Cre mouse where the Cre expression is dependent on the expression of CD4. These 

mice effectively have Rab4a deleted in all the T cells, CD4+ and CD8+, as they undergo a 

phase in which they are double positive. T cells are primarily separated into CD4+ helper 

T cells and CD8+ cytotoxic T cells where at some point in a T cell lifetime, the T cell will 

go through a phase where it is one of these two cell types. Furthermore, at some point in 

development, a T cell undergoes a transformation from a double-negative to a double-

positive CD4+CD8+ T cell before finally choosing one of the lineages to pursue. Due to 

this transient state as CD4+ in the double-positive state, all T cells will have expressed 

Cre recombinase at some point in the CD4Cre murine model. Hence, due to development, 

it is necessary to mention that our KO mice have deleted Rab4a in both CD4+ and CD8+ 

T cells.  
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Statistical analysis.  Data were assessed for variance between groups using an ANOVA 

via Graphpad Prism Version 5. Secondary T-Tests were used to assess for significance 

between groups in Excel, taking into account the equality of variances. Log 

transformations were completed when necessary to better gauge large changes, as seen in 

some of the flow cytometric data and the cytokine measurements. The statistical 

significance of the t-tests is drawn out with brackets that stem from the left. Multiple 

brackets on one horizontal line indicate comparisons with the left-most bracket as the 

comparison target. 

 

Results 

Note: For simplicity, the mice will be here forth referred to as follows: 

Rab4aWT = WT 

Rab4aQ72L = FL 

Rab4aQ72LCD4Cre = KO 

 

Knock out of Rab4a in T cells protects from DAH and development of 

glomerulonephritis (GN) 
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Western blotting confirmed the genotypes of the mice (Figure 1A) with KO mice 

noticeably lacking Rab4a expression and simultaneously having increased Cre 

recombinase expression. FL mice had no Cre recombinase expression and had somewhat 

increased Rab4a expression, although expression appeared heterogeneous. 

On examination alone, KO mice had a significant increase in disease incidence 

and severity. Representative images (Figure 1B) illustrate how the WT mice have slight 

Figure 1. Rab4a protects from DAH and GN. A, Macroscopic (upper panel) and microscopic 
images (lower panel) of lung tissues 14 days following pristane injection. Relative to WT 
mice, KO mice had markedly increased lung hemorrhage, while FL mice were protected. B. 
Western blot of CD4+ cells shows KO mice have Rab4A knocked out in T cells that correspond 
to increased Cre recombinase expression. FL mice express Rab4A, although expression levels 
are mixed. C, Vasculitis scores were scored by Dr Katalin Banki where KO mice had 
significantly elevated disease scores compared to WT or FL mice. Opposingly, FL mice had 
significantly decreased scores relative to both WT and KO mice. D, Representative detection 
of GN, hypercellularity in WT mice, rare crescentic GN in KO mice, and lack of pathology in 
PAS-stained kidney of FL mice. E, Cumulative renal pathology outcomes of long-term pristane 
were scored by a renal pathologist (Dr Mark Haas). KO mice (n=5) had significantly higher 
glomerulonephritis (GN) scores and % crescents than WT_FL mice (n=14). 
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discoloration in lung examination. Previous work established by Satoh et al. 

reports173,178,191 between 10-50% of C57BL/6 B(B6) mice died within the first four weeks 

of IP pristane injection due to pulmonary hemorrhage178. While we experienced some 

heterogeneity with our mice, the disease incidence was approximately the same. WT 

mice presented with a consistent slight discoloration on visual examination of the organ 

once stored in formalin. Comparatively, the KO mice have a significant amount of 

hemorrhage that renders the lung entirely black on a visual exam. FL mice appear 

protected from disease with little to no discoloration. Histological examination of these 

lungs by Dr Katalin Banki (Figure 1C ) show markedly increased lung hemorrhage and 

infiltration of immune cells in the KO mice lungs whereas the FL mice had relatively 

healthy lungs free of infiltration. WT mice had an average value of 2.4 ± 0.44. KO mice 

had an increased score of 3.6 ± 0.19 (p=0.042), compared to the protection observed in 

FL mice with a score of 1.16 ±  0.07 (p=0.021). 

 Kidneys from a long-term pristane experiment were harvested six months after 

the initial pristane injection and histologically scored blind by Dr. Mark Haas, a renal 

pathologist. On visual exam (Figure 1D), the KO mice have a significant amount of 

disease that includes the formation of crescents, a characteristic seen in acute renal 

damage, and rapidly progressive glomerulonephritis. Histological scoring assessed 

disease based on glomerulonephritis and % of glomeruli (Figure 1E). WT, KO, and FL 

mice had an average rating of 1 ± 0.35, 1.7 ± 0.37, and 0.57 ± 0.18 in glomerulonephritis, 

respectively, where KO was significantly elevated relative to the FL mice (p=7.6E-04). 

Additionally, only KO mice kidneys had crescents, a feature found commonly in lupus 
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nephritis. Some studies have reported ranges of 16 – 51.6% incidence rate197. As such, 

this may be a clear indication that KO mice have a significant amount of renal disease. 

 

Expansion and infiltration of Gr1+ and Gr1+CD11b+ myeloid cells in Rab4aKO 

mice. 

 Analysis of the lungs by flow cytometry revealed a massive influx of GR1+ and 

GR1+CD11b+ (Figure 2A, 2B) myeloid cells, which are likely neutrophils and 

macrophages as previously described191,192. KO mice have a reported 5.4-fold increase 

(p=0.002) in the GR1+ cells, whereas FL mice have a 57% decrease relative to WT 

controls. Similarly, the GR1+CD11b+ myeloid cells were also increased 2.8-fold in the 

KO mice and decreased by 53% in the FL mice relative to WT. 
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Figure 2. Expansion of both Gr1
+
 and Gr1

+
CD11b

+
 myeloid cells in Rab4A

KO
 

mice. KO mice have a 5.4-fold increase of infiltrating Gr1
+
 cells into the lung whereas 

FL mice show a 57% decrease relative to WT mice. Gr1
+
CD11b

+
 myeloid cells were 

increased 2.8-fold in KO mice and reduced by 53% in FL mice. Connecting bars 

represent differences at p <0.05 between genotypes with two-tailed t-test using 

GraphPad software. (C) Clinically intervening by removing the peritoneal 

macrophages using clodronate liposomes in only the KO mice, showed moderate 

efficacy with clodronate reducing the disease severity score from 2.5 (control 

liposomes) to 1.5 (clodronate liposomes). Flow cytometry analysis also revealed that 

that CD11b+ infiltrating neutrophils were depleted in the spleen. 
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Previous studies, such as the one completed by Zhuang et al195 illustrate the 

effectiveness of clodronate liposomes on mitigating the pathogenesis of DAH by 

removing the peritoneal macrophages198. Clodronate liposomes are engulfed via 

phagocytosis. Once ingested by macrophages, the phospholipid bilayers of these 

liposomes are disrupted in the presence of lysosomal phospholipases, releasing the 

clodronate to accumulate intracellularly. At high enough levels, the clodronate becomes 

toxic and can induce apoptosis199. Clodronate is relatively cell impermeable and has a 

short half-life in circulation, and is useful in only depleting the engulfing macrophages 

without causing collateral damage. Subsequently, the DAH mitigation, as Zhuang et al. 

reported, found the peritoneal macrophages are large instigators of disease. Since these 

are similar cells to the ones we found infiltrating the lungs of the KO mice, we tested the 

efficacy of clodronate in our mouse models. 

 Clodronate treated mice were protected from DAH (Figure 2C). Out of 6 control 

mice, one died before the experimental endpoint of 14 days and had active DAH after 

dissection. The lung was accounted for in the scoring of the mice but is not included in 

the picture due to untimely death. Out of the six control-liposome injected mice, 4 out of 

6 had DAH. In contrast, clodronate liposomes limited the disease such that all the mice 

survived, three were protected from DAH development, one had significant DAH, and 

two had a moderate illness. Flow cytometric analysis revealed a decrease in CD11b+ 

expressing cells (Figure 2D) in the spleen and limited change in the lung.  

 

Expansion of TH17 and mTORC1 activity in KO mice corresponds with changes in 

metabolic activity 
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In the examination of the spleen, we found a subset of surface markers identifying 

CD3+CD4+CCR6+CCR4+ cells, which are established surrogate markers for TH17 

cells200. These cells were increased by 3.6 fold in KO mice relative to FL mice (p=0.01), 

which saw a 48% decline relative to WT (p=0.03). Within these same TH17 cell changes, 

mTORC1 activity was increased 4.1-fold (p=0.03) in KO mice relative to FL mice. A 

multiplex study looking at various cytokines also showed an elevation in IL-17 (Figure 

3C) with a measurement of 1.8 and 2.3 pg/ml in the WT and FL mice, whereas the KO 

mice were increased to 115 pg/ml (p=0.019 vs. WT, p=0.036 vs. FL). Additionally, IL-

15, a cytokine highly linked to SLE patients201,202, was elevated with KO serum values 

registering as 963 pg/ml relative to WT values of 83 pg/ml (p=0.0017) or to FL values of 

near 0.6 pg/ml (p=0.033). 
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Previous findings indicated a pro-inflammatory milieu associated with a higher 

metabolic state203, especially with regards to glycolysis. As such, we isolated CD4+ cells 

and cultured them under polarizing conditions towards TH1 and TH17 lineages. The cells 

were subsequently analyzed using a glycolytic stress test using the Seahorse metabolic 

flux analyzer (Figure 3D). TH1 polarized cells did not have differences in baseline 

extracellular acidification rate (ECAR) (Figure 3E) as measured in mpH/min, but was 

had decreases in glycolysis, glycolytic capacity and glycolytic capacity by 27% 

(p=0.025), 35% (p=0.001), and by 56% (p=0.04), respectively in KO cells relative to WT 

cells (Figure 3F). Comparatively, TH17 polarized cells had a 31% increase (p=0.006) in 

baseline ECAR in KO (Figure 3E) cells relative to WT. Measurements in glycolysis, 

glycolytic capacity, and glycolytic reserve were not changed (Figure 3F) between the 

genotypes. 

Figure 3. Activation and expansion of T
H

17 cells in the CD4 T-cell compartment 

of Rab4A
KO

 mice. KO mice spleens had a 3.6 fold increase in the number of TH17 

cells (A) relative to FL mice. Opposingly, FL mice had a 48% decrease in the number 

of TH17 cells relative to WT controls. Within these TH17 cells, mTORC1 activity was 

increased by 4.1 fold (B) in KO mice cells. (C) Multiplex studies of plasma from these 

mice revealed increases of serum IL17 in KO mice to nearly 115 pg/ml compared to 

1.8 and 2.3 pg/ml seen in WT and FL, respectively. IL15, which has strong links to 

SLE, has been found to be elevated in KO and almost non-existent in FL mice. (D) 

Seahorse metabolic studies were conducted on splenic CD4+ cells after in-vitro culture 

under TH1 and TH17 growth conditions. A clear distinction between WT and KO mice 

was observed where (E-F) KO TH1 cells had no difference in baseline glycolytic 

activity, but saw decreases in glycolysis, glycolytic capacity and glycolytic reserve 

upon stimulation. TH17 cells opposingly had increases in baseline activity but had no 

differences in functional capacity. Connecting bars represent significant differences at 

p<0.05 with two-tailed t-test using GraphPad software. 
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Assessment of the mitochondrial activity revealed significant changes between 

the TH1 and TH17 lineages. ATP production in KO mice was significantly decreased 

(Figure 4A, B), which could correspond to the lack of TH1 activity. Furthermore, ATP 

production was dramatically elevated to oxygen consumer rates (OCR) of 20-30 

pmol/min (Figure 4B) compared to the near-zero values for WT and FL mice (p<0.001, 

both). Together, this suggests the KO mice have a preferential shift towards TH17 lineage 

differentiation and are likely driven by increased mTORC1 activity and mitochondrial 

respiration. Antibodies directed to IL-17 have been FDA-approved for the treatment of 

psoriasis and psoriatic arthritis and show promise in lupus204,205.   
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Regulatory T cells are depleted, compartmentalized and functionally incapacitated 

in KO mice 

Regulatory cells in the spleen of both KO and FL mice had decreases of 37% 

(p=0.0003) and 28% (p=0.02) in CD4+Helios+ Tregs (Figure 5A), respectively relative to 

WT mice. Similarly, other populations of Tregs such as CD4+CD152+, which are CTLA4 

(cytotoxic T-Lymphocyte Associated Protein 4) expressing Tregs were decreased 25% in 

the KO mice (p=0.027) relative to WT, whereas the FL mice were unchanged. 

CD4+Helios+ Tregs were found to have decreased mTORC1 and mTORC2 activity in 

both the FL and KO mice. Relative to WT, mTORC1 activity was decreased by 53% 

(p=0.012) and 51% (p=0.08) in KO and FL mice, respectively. Similarly, mTORC2 

activity was decreased by 52% (p=0.004) and 52% (p=0.005) in KO and FL mice, 

respectively. Similar decreases in mTORC2 and mTORC1 activity were seen in other 

Treg subsets such as CD4+CD25+ cells (Figure 5B), although with varying degrees of 

statistical significance. 

 

Figure 4. T
H

17 expansion occurs with increased mitochondrial oxygen 

consumption rate (OCR) and ATP production in mice lacking Rab4A in T cells. 

Splenic CD4+ cells were magnetically isolated and cultured under polarizing 

conditions. A, TH17 polarizing conditions induced drastically elevated mitochondrial 

OCR in KO cells relative to those isolated from WT or FL mice under the same 

condition. The opposing effect was observed in TH1 lineage where OCR was reduced 

in KO mice. B, ATP production rates in polarized TH 1, TH 17 and Treg cells. 2x10
5
 

cells were analyzed per well of XF96 Seahorse plates. Glycolytic metabolism, which 

were analyzed in the same plate for each mouse, were not changed among the three 

cell lineages (not shown). n ≥ 5 mice were analyzed for each genotype. P values below 

OCR time course reflect comparison with repeated measures ANOVA; p values 

comparing ATP production reflect comparison with two-tailed t-test using GraphPad. 
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Figure 5. Regulatory T cells are depleted and have reduced function. (A) 

Depletion of CD4+Helios+ and CD4+CD152+ Tregs in spleen of KO mice relative to 

WT mice. (B) mTORC1 and mTORC2 activity are decreased respectively in both KO 

and FL mice in both the spleen and lung. Tregs were compartmentalized into the lung 

(C). Treg suppression studies assessing functionality of these Tregs from spleen also 

reveal a decreased suppressive capacity in the KO mice (D) with the division index, a 

calculated marker of cell growth.  
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With such differences in Tregs, we next assessed the function of these cells. 

CD4+CD25+ Tregs were isolated using magnetic bead separation that generated two 

populations of cells: CD4+CD25- Tresponders (Tresp) and CD4+CD25+ Tregs. Tresp 

were stained using carboxyfluorescein succinimidyl ester (CFSE) to assess cell growth. 

Tresp cells were cultured for three days at various dosages of Tregs, and then 

proliferation/suppression was assessed using flow cytometry. We found KO mice had a 

significant diminution of their suppressive capacity (Figure 5D). Relative to WT Tresp, 

KO cells grew 3.8 fold more (p=0.04) as measured by the division index, suggesting that 

the regulatory T cells from KO mice are significantly less suppressive than their WT 

counterpart. Together, this suggests that the reduction and compartmentalization of Tregs 

in the KO mice in conjunction with their diminished suppressive capacity could be one of 

the drivers of disease activity.  

 

Inactivation of mTORC1 protects from disease progression 

 The changes observed in mTOR activity seen above led us to hypothesize that 

mTOR was driving the changes associated with the disease. Treatment with rapamycin 

(data not shown) revealed no difference in KO mice relative to vehicle control in disease 

outcomes. Pharmacological intervention has wide-ranging issues from drug delivery, to 

metabolic degradation, or dosage and could require more time to optimize. We opted to 

test a genetic model of mTOR inactivation. Using mice obtained from Hongbo Chi (as 

described in methods), mTORC1 and mTORC2 were effectively inactivated by 

specifically deleting essential components of their machinery: raptor and rictor, 

respectively, in CD4 expressing cells (T cells). 
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 Rictor deleted mice had limited disease in the WT controls (Figure 6A). Knockout 

of rictor in T cells and thereby, the inactivation of mTORC2, did not have any impact on 

disease outcome. With the same scoring system from the clodronate liposomes (Figure 

2), there was no difference in the average lung scores between the genotypes.  
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Figure 6. Depletion of mTORC1 in T cells protects for development of DAH. 
To assess the impact of mTORC1 vs mTORC2 activity in disease, mice with Rictor or 

raptor deleted in T cells were injected with pristane. There was no impact on disease 

severity in Rictor mice (A). In Raptor knockout mice, disease severity in WT mice 

maintained the published efficacy of DAH occurrence of nearly 50% (B). Mice with 

Raptor deleted in T cells had a nearly complete protection from disease. These mice 

(C) were characterized by an increase in CD4+CD152+Foxp3+ and 

CD4+CD25+CD152+ expressing regulatory T cells. Flow cytometry screening of the 

spleen revealed increased IFNy producing CD4 cells (D) and increased auto reactive B 

cells (E). 



66 
 

Raptor mice produced vastly different results, with the WT mice having 

approximately 55% incidence of DAH. In contrast, knockout of raptor in T cells and 

thereby, the inactivation of mTORC1, dramatically helped the mice with none of the 

mice developing DAH (Figure 6B). While the Raptor WT mice had scores of 2 ± 0.44, 

Raptor KO mice had significantly reduced scores of 0.42 ± 0.19 (p=0.009). 

 Flow cytometry assessment of the Raptor mice revealed significant increases in 

regulatory T cells (Figure 6C) where CD4+CD152+Foxp3+ and CD4+CD25+CD152+ 

Tregs were increased 4.2 (p=2.31E-05) and 3.7 (p=1.26E-05) fold, respectively, in the 

Raptor KO mice relative to the WT controls.  

 Alternatively, there was an increase in IFNγ producing cells with about a 2.7-fold 

increase (p=0.017) in the Raptor KO mice relative to WT controls (Figure 6D). There 

were also increases in autoreactive B cells206-208 that express CD19+CD11c+ and 

CD19+CD11c+CD11b+ (Figure 6E). Relative to WT controls, Raptor KO mice had 

increases in such subtypes of 1.80 (p=0.0037) and 1.83 (p=0.032) fold, respectively. 

Despite these findings that would suggest the mice are in a pro-inflammatory state, the 

mice are protected from the development of DAH. 

 

Discussion 

  The expression and activity of Rab4a have a definite impact on DAH 

development and progression (Figure 1). The knockout of Rab4a in T cells enhances the 

susceptibility to DAH incidence and severity, whereas the constitutive activation of 

Rab4a protects from the disease activity. One of the most notable changes seen in the KO 

mice on broad profiling of the spleen and lung is a huge influx of Gr1+ and GR1+CD11b+ 
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infiltrating myeloid cells into the lung (Figure 2). Gr1 is a marker found on granulocytes, 

which include macrophages, monocytes, neutrophils, while CD11b is an integrin 

expressed on a variety of subtypes. However, together, they help to identify neutrophils, 

macrophages, and granulocytes. With nearly a 5.4 fold increase in the KO mice, it 

becomes evident that the T cells are interacting with them to drive disease. How this 

interaction occurs requires further investigation.  

 Gr1, a commonly expressed marker in macrophages209, was found elevated in the 

lungs of our mice. As reports have indicated the driver of DAH is the peritoneal 

macrophages195, we wanted to assess if the DAH can be mitigated in our KO mice, which 

have enhanced disease. In this pilot, we found that clodronate liposomes did protect from 

DAH development. There was about twice as much DAH development in the control 

liposomes. Furthermore, CD11b+ cells were decreased in the spleen of the KO mice 

suggesting the possible depletion of these infiltrating cells derived from the gut. 

However, there lacked any differences in CD11b expressing cells in the lung and could 

suggest that the cells are migrating elsewhere. The data warrants a complete experimental 

set utilizing all the genotypes so we can account for the controls necessary to determine 

what is driving the changes. The disease persists with treatment using clodronate 

liposomes. While the deletion of Rab4a does mitigate the disease, it does not do so 

abrogate the manifestation, which could suggest a secondary mechanism that underlies 

the disease pathogenesis. 

 We correspondingly found increased TH17 cells in the KO mice (Figure 3) and 

decreased in the FL mice. An increase in mTORC1 activity characterized these cells. 

Cytokine measurements of serum corroborated the with significant elevation of nearly 50 
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fold increase in serum levels of IL-17 in KO mice (Figure 3C). TH17 cells are the main 

producers of IL-17, a pro-inflammatory cytokine that has been linked to lupus 

GN205,210,211 and increased pristane-induced systemic autoimmunity212 and can expand 

Gr1+CD11b+ myeloid cells213. Correspondingly, IL15, another pro-inflammatory 

markedly found in SLE patients201, was also elevated. Together, these findings suggest 

the KO mice are in a highly pro-inflammatory state that may be a driver of disease. 

 To study the mTOR activity in further detail, we knocked out mTORC1 and 

mTORC2 complexes, specifically in T cells, without influencing Rab4a activity. We 

found that inactivation of mTORC2 had no impact on disease, but mTORC1 deletion 

completely protects from disease (Figure 6). The raptor-knockout mice were in a 

heightened pro-inflammatory state, characterized by the production of IFNγ by CD4+ 

cells (Figure 6D), and the increase of autoinflammatory B cells (Figure 6E). However, 

while these characteristics are defined mainly in pro-inflammatory states, they can also 

be necessary to support a proper immunological response. IFNγ, for instance, has been 

shown in EAE as essential for an appropriate immunological response to support the 

innate and adaptive branches of the immune system and also exacerbates the disease 

activity of multiple sclerosis214-216. In concert, there was an increase in regulatory T cells 

(Figure 6C) that we observed in these mTORC2 deficient mice. The protection seen in 

this model stems likely from the juxtaposition of the necessary pro-inflammatory 

cytokines with the anti-inflammatory modalities that are necessary to abrogate the 

development of autoimmunity.  

 In examining why such a pro-inflammatory state exists in the KO mice, we 

polarized CD4+ isolated T cells towards TH1and TH17217,218, two of the major helper T 
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cells with associations with disease states. We examined their metabolic states (Figure 

3D-F), and TH1polarized states in KO mice have decreased glycolytic activity suggestive 

of reduced functionality. Furthermore, the mitochondrial activity (Figure 4) in the TH1 

cells was significantly reduced from the WT or FL mice, further supporting the decreased 

functionality and dependence on TH1 cells to drive. Alternatively, the TH17 cells 

appeared to have an increased baseline ECAR registering increased basal activity (Figure 

3D-F), akin to being excited and ready to fire. Mitochondrial activity, especially ATP 

production, was significantly enhanced (Figure 4B) relative to WT or FL mice 

corroborating an increased metabolic profile that preferentially shifts lineage 

development towards TH17 cells and activity and ultimately driving IL-17 production and 

likely fueling the pathogenesis of DAH. As Shah previously described 218, SLE is 

characterized by a balance between the TH1and TH17 responses. IL-17 is a pro-

inflammatory cytokine with implications in many diseases such as experimental 

autoimmune encephalomyelitis, multiple sclerosis, rheumatoid arthritis, inflammatory 

bowel disease, and psoriasis 210,219,220. Likely, SLE patients have elevated amounts of IL-

17 in serum and plasma and contribute significantly to the lupus phenotype as IL-17 acts 

in conjunction with BAFF to promote the survival and proliferation of B cells and their 

subsequent differentiation into antibody-producing cells. IFNγ often is seen as a counter 

to this as it interferes with TH17 development221. 

 Regulatory T cells are defined by their roles in regulating the immune cell 

response. They are pivotal in maintaining self-tolerance by suppressive activation and 

proliferation of autoreactive cells through both cellular interactions and cytokine 

production222 223. While the identification of these cell types varies dependent on the cell 
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type and the lab studying, there are many surrogate markers for them that we found 

decreased in the KO mice (Figure 5). We additionally found the suppressive capacity of 

KO mice was significantly diminished. Together, this decreased immunological 

suppression and surveillance is likely one of the main drivers of the pro-inflammatory 

state driving disease in the KO mice.  

 

Conclusion 

Rab4a expression and activity in T cells play a pivotal role in controlling disease 

progression in a model of DAH and SLE. The knockout of Rab4a creates a pro-

inflammatory state that is characterized by a decreased in regulatory T cells and increased 

production of pro-inflammatory cytokines. Together, these findings drive both an innate 

and adaptive immunological response that enhances the severity and progression of 

DAH. The constitutive activation of Rab4a in T cells correspondingly protects from 

DAH. 
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Chapter 2 

 

Rab4a interactions with mTOR drives metabolic shifts that alter the inflammatory 

landscape to offer protection from the development of lupus nephritis 

 

 

 

 

 

 

 

 

 

 

 

 

Contributions: 

Figure 1D, 1E – Brandon Wyman helped with running the ELISAs of the serum for 

ANA, ApoH, and cardiolipin. 

Figure 1G, 1H, 2B – Histological scoring by Dr Mark Haas. Analysis and graphs by Nick 

Huang 

Figure 2A, 3C – Netosis assay ran by Dr MJ Kaplan group. Analysis and graphs by Nick 

Huang 
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Introduction 

Systemic lupus erythematosus (SLE) is a chronic inflammatory disease with 

unmet medical needs due to significant mortality and limited therapeutic development. 

Although the etiology is incompletely understood, the pathogenesis involves metabolic 

dysregulation of the immune system19. Overexpressed in SLE T-cells, Rab4a is linked to 

disease susceptibility and organ-specific disease severity79,224. Rab4a belongs to a class of 

GTPases that regulate endosomal traffic and autophagy64,66. Rab4a interacts with the 

mammalian target of rapamycin (mTOR) complexes225, and they colocalize on the 

surface of lysosomes46,69. mTOR, as a key sensor of nutrients, plays a central role in 

metabolic pathways that mediate immune cell lineage specification and function47,226. 

Through the formation of two interacting complexes, mTORC1 and mTORC2, mTOR 

regulates the differentiation of helper T cells into TH1 and TH17 lineages47 and blocks the 

expansion of regulatory T cells (Tregs)22. As such, the role of mTOR activation in T-cell 

lineage skewing is considered as fundamental for disease pathogenesis in SLE130. Our 

goal here is to understand what role Rab4a plays in this situation and how it regulates the 

immunological response in a genetic model of SLE. 

Our previous studies revealed that deficiency of Rab4a in T cells promotes diffuse 

alveolar hemorrhage (DAH) and glomerulonephritis (GN) in a pristane-induced model of 

autoimmunity227, which is underlain by the expansion of mTORC1+/mTORC2- TH17 

cells. TH17 cells produce IL-17, a pro-inflammatory cytokine that has been linked to 

increased pristane-induced systemic autoimmunity212.  
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Rab4a’s role in trafficking and recycling of receptors such as with CD71, CD482, and 

TCRζ46, is well established, however, the mechanism of its interaction with mTORC1 

and their co-localization to lysosomes46, remains unknown. Our lab previously found that 

Rab4a promotes overall autophagy228, a cellular process that breaks down organelles and 

proteins into nutrients such as amino acids, which in turn activate mTORC1 on the 

surface of the lysosome229. In contrast, Rab4a reduces mitophagy through targeting of 

mitochondrial fission factor, Drp1 for lysosomal degradation64, which allows the survival 

of stressed cells through retention of mitochondria51,66,67.  

Here we present evidence that Rab4a’s impact on lupus disease development is 

through interactions that drive mTOR related changes and thereby causing shifts in the 

metabolic landscape in a cell type-specific manner. We investigate how these metabolic 

shifts drive T cell development and assess the efficacy of therapeutic interventions 

targeting mTOR. We additionally provide evidence that Rab4a can be a therapeutic 

option that specifically influences disease development. 

 

Methods 

 

Mice. Mice abbreviations used in the manuscript are listed below. Rab4aQ72L mice have 

knock-in alleles of a constitutively active form of Rab4a locked in its GTP state and 

flanked by loxP sites. Rab4aKO-CD4Cre mice are Rab4aQ72L crossed with CD4-Cre mice to 

give offspring deficient of Rab4a in T cells. The B6.SLE1.SLE2.SLE3 or SLE1.2.3 strain 

was bred onto the Rab4aQ72L and Rab4aKO lines to give the WT, KO, and FL mouse lines 

for each background. 
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WT = CD4Cre 

WT_FL = Rab4aQ72L   

WT_KO = Rab4aQ72L/CD4Cre 

SLE_WT = SLE1.2.3./C57Blk6 

SLE_FL = SLE1.2.3./Rab4aQ72L 

SLE_KO = SLE1.2.3./Rab4aQ72L/CD4Cre 

 

Disease activity measurements. Proteinuria was measured by Bradford protein assay 

(Bio-Rad, catalog 500-006) using 5 ul of urine. In parallel, serum was collected via 

submandibular bleeding for measurement of autoantibody production (ANA, cardiolipin, 

ApoH). Autoantibody production was measured using 1ul of serum by enzyme-linked 

immunosorobent assay (ELISA) using manufacturer’s protocol (Alpha Diagnostics 

International Cat 5210). Results were read using a spectrometer at 450 nm and 630 nm. 

Mice were also assessed for weight to gauge relative health. 

 

Rapamycin treatment. Rapamycin solid was dissolved in dimethyl sulfoxide (DMSO) 

and then diluted in a 0.2% CMC (Sigma C5013) solution with the appropriate dosages. 

This solution was made fresh for every injection. Mice were injected intraperitoneally for 

14 weeks averaging three injections per week. Mice were loaded with a dosage of 3ug 

rapamycin / g of mouse and was increased to 5 ug/g for the second half of the experiment 

(weeks 7-14) when the mouse appeared healthy and did not lose any weight. 
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T cell isolation and culture. Complete culture media is RPMI 1640 supplemented with 

10% Fetal Bovine Serum (FBS), 100 U/mL penicillin, 100 ug/mL streptomycin, 10 

ug/mL amphotericin B, 2 mM L-Glutamine, 1 mM sodium pyruvate, 50 uM beta-

mercaptoethanol, and 10 mM HEPES. Splenocyte single-cell suspension was made by 

crushing a freshly isolated spleen through a 70 uM mesh filter in a sterile setting and 

washing with 10mL of media. The suspension is stored on ice until all the mice are 

harvested and processed together. The cell suspension was spun down at 300 G’s for 8 

minutes at 4°C. The supernatant was removed, and the pelleted was resuspended in 5 ml 

of ACK lysis buffer (Cold Spring Harbor recipe) for 5minutes, after which the solution 

was chased with 5mL of complete media and spun down at 300 G’s for 8 minutes at 4°C. 

The resulting pellet was resuspended in media and processed for downstream 

applications such as flow cytometry or cell isolation. For cell isolations, the cells were 

processed according to the published company reference protocol. Isolations were 

prepared in the following sequence: CD4 positive isolation (ThermoFisher Scientific Cat 

11461D), CD8 positive isolation (ThermoFisher Scientific Cat 11462D), B cell negative 

isolation (ThermoFisher Scientific Cat 11422D). The resulting cells were counted and 

seeded at a starting density of 2mil/ml in complete culture medium + 0.5 ug/ml anti-

CD28 (BioLegend Cat 102121) on a plate coated a day prior with 5 ug/ml anti-CD3 

(BioLegend Cat 100253).   

 

T cell culture: CD4+ and CD8+ T cells were cultured on plates coated overnight at 4°C 

with 5 ug/ml of anti-CD3 (BioLegend Cat 100253) in complete medium containing 0.5 

ug/ml soluble anti-CD28 (BioLegend Cat 102121). TH1 cells were cultured in the same 
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conditions as CD4+ cells with the addition of 10 ng/ml IL-12 (RnD systems Cat 419-ML-

010), 20 ng/ml IL-2 (RnD systems Cat 402-ML-100), 1 ug/ml anti-IFNγ (BioLegend Cat 

505706), and 5 ug/ml anti-IL-4 (BioLegend Cat 504108). TH17 cells were cultured in the 

same conditions of as CD4+ cells with the addition of 20 ng/ml IL-6 (RnD systems Cat 

406-ML-005), 2.5 ng/ml TGF-ß, 20 ng/ml IL-2, 10 ng/ml IL-23 (RnD systems Cat 1887-

ML-010), 10 ng/ml IL1ß (BioLegend Cat 503514), 10 ug/ml anti-IFNγ (BioLegend Cat 

505706), 5 ug/ml anti-IL-4 (BioLegend Cat 504108). 

 

Histological scoring. Kidneys were saved in 10% formalin and sent to Histowiz 

(Histowiz) for sectioning and staining. Sections were sent for blind scoring by a renal 

pathologist, Dr. Mark Haas64,194. Spleens were collected for downstream evaluation by 

flow cytometry and regulatory T cell function, as described below.  

 

Netosis. Plasma was sent to the Mariana J. Kaplan group, who graciously ran the assay to 

assess for netosis blinded for the group settings. The data was analyzed using Excel and 

Graphpad Prism Version 5. 

 

CBC. Anti-coagulated blood was collected via submandibular bleeding. 100 ul of blood 

was set aside in combination with 2 ul of 0.5 M EGTA for anticoagulation. The blood 

was stored on ice and measured using the Hemavet 950 (Drew Scientific). 

 

Cytokine measurements. Serum was collected at the end of the experimental endpoint 

and stored in -80 ° C. The serum was processed later using the MILLIPLEX MAP Mouse 
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Cytokine/Chemokine Magnetic Bead Panel - Premixed 32 Plex - Immunology Multiplex 

Assay (MilliporeSigma Cat MCYTMAG-70K-PX32). The assay examined 32 different 

types of cytokines, and the data was analyzed using student T-tests and graphed using 

GraphPad. 

 

Treg Suppressor Assay. Isolation of Tresponders and Tregs utilized the Dynabeads 

FlowComp Mouse CD4/CD25 Isolation Kit (Thermofisher Scientific Cat 11463D). The 

protocol follows the established protocol with the kit. Tresponders were stained with 

CellTrace CFSE Cell Proliferation Kit (Thermofisher Scientific Cat C34554). 

Tresponders (CD4+CD25-) were cultured at 50,000 cells/well with 200 ul final volume of 

media per well of a 96-well plate. Tregs (CD4+CD25+)  were added to the culture at 

various densities unstained. Dynabeads™ Mouse T-Activator CD3/CD28 for T-Cell 

Expansion and Activation (Thermofisher Scientific Cat 11452D) were used to activate 

both the Tresponders and Tregs in all the conditions. After 3 days of culture at 37 ° C, the 

supernatant was saved from all the culture conditions. The cells were resuspended ten 

times with a narrow pipette to dissociate beads from cells. Cell solutions were run on 

flow cytometry via the BD Fortessa. 

 

Flow cytometry. Cells were stained using the list of antibodies provided (Appendix 

Table 1). Permeabilization of for intracellular dyes such as Foxp3 utilized the Foxp3 

Transcription Factor Staining Buffer Set (Thermofisher Scientific Cat 00-5523-00). Cells 

were analyzed using either the Fortessa (BD Biosciences) or the LSRII (BD Biosciences). 
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Seahorse Metabolic Flux Analysis. Cells were cultured according to their specific 

requirements. On the day of the assay, the cells were counted and plated onto a Cell-Tak 

Coated (Corning Cat 354240) treated XF-96 cell culture plate in either glycolysis 

medium (Seahorse XF Base Medium (Seahorse Bioscience Cat 102353-100), 2 mM 

glutamine, 10 mM glucose) or mitochondrial stress test medium (Seahorse XF Base 

Medium, 2 mM glutamine,1 mM pyruvate). Seeding density was 250,000 cells per 175 ul 

volume of media. Cells were spun down to 300Gs for 10 seconds in the 96-well seahorse 

plate to seed the cells onto the Cell-Tak. The plate was equilibrated at 37°C in ambient 

atmosphere (no CO2) for 60 minutes before using a Seahorse XFe96 Analyzer (North 

Billerica, MA). For the glycolysis assay, we injected 10 mM glucose, 1 μM oligomycin, 

and 50 mM 2-deoxyglucose. For the mitochondrial stress test, we injected 1 μM 

oligomycin, 0.5 μM carbonyl cyanide-4- (trifluoromethoxy)phenylhydrazone (FCCP), 

and 500 nM rotenone/antimycin A. 

 

Statistical analysis.  Data were assessed for variance between groups using an ANOVA 

via Graphpad Prism Version 5. Secondary T-Tests were used to assess for significance 

between groups in Excel, taking into account the equality of variances. Log 

transformations were completed when necessary to better gauge large changes, as seen in 

some of the flow cytometric data and the cytokine measurements. The statistical 

significance of the t-tests is drawn out with brackets that stem from the left. Multiple 

brackets on one horizontal line indicate comparisons with the left-most bracket as the 

comparison target. 
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Results 

Constitutive activation of Rab4a increases susceptibility and severity to lupus 

nephritis and is corrected by deletion of Rab4a in T cells 

 The SLE1.2.3 mice are of white color (not pictured). After a cross with our Rab4a 

line (Figure 1A, WT), they maintain a grey-like skin tone (Figure 1A, SLE). The onset of 

glomerulonephritis, as measured by the production of autoantibodies and development of 

proteinuria, starts around weeks 20-30 of age and is dependent on gender, similar to 

human SLE, where females have a higher prevalence of the disease. Male WTs had an 

average proteinuria measurement of 1.123 ug/ul at 10-19 (baseline) weeks of age and 

declining to 0.541 ug/ul by 50 weeks of age (Data not shown). While males and females 

behaved somewhat differently in terms of their proteinuria production, their peak onset of 

production is approximately the same. At 20-29 weeks of age (Figure 1B), male mice 

produce between 1-1.5 ug/ul of proteinuria in all the genotypes with WT mice producing 

approximately 1.03 ug protein/ul of urine. WT_FL and WT_KO mice at their peak 

produce 1.50 (p=0.004 vs WT) and 1.54 (p=0.015 vs WT) ug/ul of proteinuria, 

respectively. Within the SLE background, the male mice did not have significant changes 

between the genotypes with SLE_WT, SLE_FL, and SLE_KO mice, producing 1.19, 

1.17, and 0.97 ug/ul proteinuria, respectively. No significant differences detected 

between WT and SLE_WT, however, SLE_FL and SLE_KO mice both had less 

proteinuria than their WT counterparts with a 23% (p=0.0014) and 37% (p=0.0062) 

reduction in proteinuria, respectively.  
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 Female mice (Figure 1C) WT mice produced, on average, 0.493 ug/ul proteinuria. 

WT_FL and WT_KO produced 0.754 (p=0.0056) and 0.894 ug/ul (p=0.008), 

respectively. There was no detected difference between WT and SLE_WT, which had a 

proteinuria value of 0.566 ug/ul. Most notably, and a juxtaposition from their male 

counterparts, was the significant increase in proteinuria of the SLE_FL and SLE_KO. 

SLE_FL mice had proteinuria levels of 1.11 ug/ul relative to WT_FL mice of 0.754 

(p=0.04). Opposingly, SLE_KO mice produced 0.564 ug/ul compared to the WT_KO 

mice, which produced 0.894 ug/ul (p=0.10, NS). Relative to SLE_WT, SLE_KO mice 

Figure 1. Rab4A overactivation predisposes SLE to progressive renal disease. (A) 

WT and SLE mice were assessed for proteinuria and began disease presentations at 

20-29 weeks of age (B, C) in both males and females. Disease activity was confirmed 

with the measurement of autoantibodies from serum (D, E) and later corroborated 

with histological scoring of the kidneys by Dr. Mark Haas, a renal pathologist. 
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had significant enhancement of disease with approximately a 96% increase over 

SLE_WT (p=0.006). SLE_KO appeared protective and brought the proteinuria down to 

SLE_WT levels with a 49% reduction from SLE_FL (p=0.009). 

 Autoantibody production behaved similarly for both male and female cohorts. In 

male mice (Figure 1D), autoantibody production of ANA, ApoH, and cardiolipin was 

increased in all SLE genotypes relative to WT control. Most notably, SLE_WT mice had 

an increase of 4.7 (p=2E-08), 2.3 (p=1.5E-04), and 2.5 (p=8E-06) fold in the production 

of ANA, ApoH and cardiolipin antibodies, respectively, compared to WT controls. 

SLE_FL mice saw an increase in all three autoantibodies of 26% (p=0.037), 38% 

(p=0.014) and 42% (p=0.008), respectively, relative to SLE_WT. SLE_KO mice were 

protected relative to SLE_FL mice with significant decreases of 20% (p=0.041) and 23% 

(p=0.018) in ApoH and cardiolipin production, respectively. While ANA production in 

SLE_KO mice also saw a 16% decrease (p=0.084) relative to SLE_FL mice, the standard 

deviation was too high to have statistical meaning. 

 Female autoantibody production (Figure 1E) is very similar to male mice. There 

was an SLE background effect, although to a lesser degree than males, which 

recapitulates human disease as males often present with the same symptoms as females 

but with greater severity and lower frequently230. SLE_WT mice had fold increases of 

ANA, ApoH and cardiolipin antibodies of 1.91 (p=0.044), 2.07(p=0.005) and 

2.06(p=0.024) over WT controls, respectively. SLE_FL mice did not significantly deviate 

in autoantibody production with SLE_WT mice. However, SLE_KO mice produced 

significantly less of all three with a 33% (p=0.0001), 31% (p=0.0073) and 27% (p=0.001) 
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reduction seen in ANA, ApoH and cardiolipin production relative to SLE_FL mice, 

respectively.  

 Histologically (Figure 1F), mice were scored based on glomerulonephritis (GN), 

glomerulosclerosis (GS), and% of glomerulus with sclerosis or hyalinosis. Male mice 

(Figure 1G) had a significant increase in scores in SLE genotypes relative to the WT 

controls. Interestingly, SLE_KO mice in the male background did not seem to correlate 

to protection from disease. In fact, scores from glomerulosclerosis and% glomeruli with 

sclerosis or hyalinosis from SLE_KO mice were 1.85 and 23.7%, respectively, which 

were significantly increased to SLE_FL which had values of 0.95 (p=0.033) and 3.05% 

(p=0.015), respectively. Female mice (Figure 1H) also shared increases in scores in the 

SLE mice compared to WT backgrounds. In contrast, SLE_KO mice were protected from 

disease development, especially in scores for glomerulonephritis, where SLE_KO mice 

saw reduced scores of 0.78 compared to 1.31 (p=0.0643) for SLE_WT and 1.43 

(p=0.034) for SLE_FL. 

 

Knockout of Rab4a in T cells creates a pro-inflammatory environment that protects 

from disease 

 The imbalance between neutrophil extracellular traps (NETs) formation and 

clearance have been shown to play a prominent role in the perpetuation of autoimmunity 

and exacerbation of disease231. As such, we obtained measurements of netosis in the 

plasma of our mice (Figure 2A). WT_FL has a 90.1% ± 0.23 (p=0.033) increase in 

netosis over WT controls. Meanwhile, the effect of the SLE background drew a decrease 

of 35% ± 0.04 (p=0.005) in SLE_WT relative to WT mice. The knockout of Rab4a in  
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both backgrounds drive an increase in netosis, but mostly in SLE where SLE_KO mice 

saw a 36% increase (p=0.004) relative to the SLE_WT mice. 

 CBC of the blood (Figure 2B) collected from SLE mice revealed a pro-

inflammatory state of SLE_KO mice. SLE_WT mice had average values of WBC, 

neutrophils, lymphocytes, and monocyte of 4.87 ± 0.59 K/ul, 1.15 ± 0.17 K/ul, 3.43 ± 

0.43 K/ul, and 0.25 ± 0.02 K/ul, respectively. Relative to the SLE_WT, SLE_KO mice 

saw a 200% increase (p=0.0008) in WBC to 9.74 ± 0.6 K/ul, a 193% increase (p=0.012) 

Figure 2. Knockout of Rab4A in T cells creates a pro-inflammatory environment 

that protects from disease. Measurements were taken to assess the inflammatory 

states of mice. (A) Netosis studies of plasma were completed by Dr Kaplan’s group 

and found significant differences between genotypes in the WT and SLE backgrounds. 

(B) CBC studies of mouse blood obtained from submandibular bleeding of mice also 

found increased pro-inflammatory cells in the SLE_KO mice. This predisposition 

towards inflammatory cells led to the wide-profiling of many cytokines found in mice 

serum associated with chemo-attraction (C) and inflammation (D) illustrating how the 

KO mice are in an increased inflammatory state.  
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in neutrophils to 2.22 ± 0.39 K/ul, a 196% increase (p=0.0007) in lymphocytes to 6.72 ± 

0.07 K/ul and a 177% increase (p=0.08, NS) in monocytes to 0.44 ± 0.09 K/ul. 

We found in young mice, under 20 weeks old, the presence of a pro-inflammatory 

state in WT_KO and SLE_KO mice (Figure 2C-D). Chemo-attractants such as MCP-1 

(aka Monocyte Chemoattract Protein 1 or CCL2), MIP-1ß (aka CCL4), and RANTES 

(aka Regulated on Activation, Normal T cell Expressed and Secreted or CCL5) were 

elevated KO mice relative to controls. MCP-1 was elevated from WT levels of 96 pg/ml 

to 1763 pg/ml seen in WT_KO (p=0.06, NS). This effect was exaggerated in the SLE 

background where SLE_WT measured at 40 pg/ml and was increased to 5889 pg/ml in 

SLE_KO (p=0.008). RANTES also saw dramatic increases in KO mice with WT_KO 

mice measuring at 1518 pg/ml relative to the WT control mice of 60 pg/ml (p=0.0001). 

Similarly, SLE_KO mice had values of 5667 pg/ml relative to SLE_WT values of 

21pg/ml (p=0.004). MIP-1ß saw slight elevation in WT_KO mice that measured at 92 

pg/ml relative to WT controls values of 82 pg/ml. However in the SLE background, MIP-

1ß was measured at 299 pg/ml relative to SLE_WT values of 21 pg/ml (p=0.011). A 

milieu of pro-inflammatory cytokines also followed the same trend as the 

chemoattractants (Figure 2D) in the KO mice. Similar patterns emerged for IL-1ß, IL-2, 

IL-5, IL-6, IL-9, IL-12, IL-13, IL-17, TNFα, and IFNγ. Relative to WT controls, WT_KO 

mice saw significant increases from 19 to 1224 pg/ml in IL-5 (p=0.06, NS), 1 to 1334 

pg/ml in IL-6 (p=0.044), 17 to 33 pg/ml in IL-12 (p=0.02), 15 to 353 pg/ml in IL-17 

(p=0.04), and 32 to 150 pg/ml in TNFα (p=0.05). The increases were even more 

prominent in the SLE background where relative to SLE_WT controls, SLE_KO mice 

saw increases from 10 to 10503 pg/ml in IL-1ß (p=0.008), 29 to 199 pg/ml in IL-2 
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(p=0.009), 47 to 5760 pg/ml in IL-5 (p=0.004), 2 to 13882 pg/ml in IL-6 (p=0.0003), 737 

to 2571 pg/ml in IL-9 (p=0.016), 30 to 8201 pg/ml in IL-12 (p=2.76E-05), 149 to 1519 

pg/ml in IL-13 (p=0.0185), 11 to 6716 pg/ml in IL-17 (p=0.005), 10 to 7157 pg/ml in 

TNFα (p=0.0003), and 0 to 218 pg/ml in IFNγ (p=0.001). FL mice were relatively 

unaffected in WT and SLE backgrounds. We only observed massive increases in the KO 

genotypes, which were significantly enhanced in the SLE background indicating a pro-

inflammatory environment that would otherwise be suggestive of disease. However, as 

we observe protection from disease in the SLE_KO mice, this milieu would suggest that 

these cytokines are acting in a protective manner. 

 

Treatment with rapamycin clinically prevents disease pathogenesis 

We therapeutically intervened using rapamycin to abrogate the metabolic effects 

noted previously. A mice cohort, optimized for age such that disease would peak during 

the treatment period, was used. Expectedly, SLE_FL mice huge increases in spleen size 

that correlated with disease activity (Figure 3A)  Spleen size of SLE_FL spleen weighed 

in at 1.19g relative to SLE_WT which weighed 0.29g (p=0.012) or SLE_KO spleens that 

weighed 0.17g (p=0.028). Rapamycin was able to clinically reduce spleen size in 

SLE_WT mice from 0.29 to 0.13 g (p=0.017) and in SLE_FL mice from 1.19 to 0.13 g 

(p=0.0024). In SLE_KO mice, the spleen size was also reduced from 0.17 to 0.14 g 

(p=0.29) but lacked statistical significance. The size of change in SLE_KO spleens was 

also dramatically smaller. The treatment with rapamycin reduced all the spleen weights 

down to around 0.13 g.  

 



88 
 

 

 

 

 

Proteinuria measurements indicated no differences between the genotypes (data 

not shown), but histological scoring showed protection in the SLE_FL mice (Figure 3B), 

the genotype with the enhanced disease as described above. Scores were reduced for 

glomerulonephritis from 1.5 to 0 (p=7E-06), for glomerulosclerosis from 1.5 to 0.2 

(p=0.004), and for% kidney with sclerosis and hyalinosis from 18.4% to 0.1% (p=0.032). 

SLE_WT and SLE_KO mice remained unchanged, although SLE_KO mice were already 

protected, suggesting that rapamycin didn’t reduce the disease any further.  

Netosis, which is elevated in SLE_KO mice (Figure 2A) is also elevated in the 

cohort treated with rapamycin (Figure 3C). SLE_KO mice, when treated with vehicle, 

had a 185% increase (p=0.029) in netosis formation relative to SLE_FL. Rapamycin 

Figure 3. Treatment with rapamycin clinically prevents disease pathogenesis. 

Clinical intervention in-vivo with rapamycin found significant alleviation of disease 

activity in SLE_FL mice corresponding to decreased spleen size (A) and decreased 

renal disease on histology (B). Rapamycin had limited impact on netosis formation as 

measured from plasma (C), and decreased the inflammatory milieu found in the serum 

of SLE_KO mice (D). 
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appears to have abolished the pro-inflammatory formation of the NETs in the SLE_KO 

mice but had little to no impact on the SLE_WT or SLE_FL mice, which suggests that 

NETs are not the driving factors of disease as some have suggested232,233. Similarly, pro-

inflammatory cytokines that were elevated in SLE_KO mice and which were abrogated 

through the in-vivo treatment of rapamycin (Figure 3D).  

In summary, renal disease and autobody production can be linked to Rab4a 

activity in T cells. SLE_FL genotype enhanced the disease activity compared to 

SLE_WT and SLE_KO mice as measured by proteinuria, autoantibody production and 

renal histologic scoring. Opposingly, the deletion of Rab4a in T cells of SLE_KO mice 

protected from disease activity, but created an pro-inflammatory milieu of cytokines. The 

therapeutic intervention of rapamycin reduced the disease severity scores, the pro-

inflammatory profile, and equalized the disease activity scores.  

 

Expression of Rab4a shifts T-cell lineage development and this influences severity 

and progression of glomerulonephritis 

SLE mice show the compartmentalization of T cells with a shift in CD4+ and 

CD8+ cells (Figure 4A) between the FL and KO mice. Relative to FL mice, WT_KO 

mice had a 24% decrease in CD4+ cells (p=0.0014). A similar decrease of 18% 

(p=0.0076) was observed in SLE_KO mice relative to SLE_FL. Alternatively, CD8+ cells 

were increased in WT_KO mice by 39% (p=0.0013) relative to WT_FL mice and 

increased by 19% (p=0.016) in the SLE_KO relative to SLE_FL.  
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CD4-CD8- double negative (DN) cells behaved differently depending on age. At 

an early age, when the disease has not progressed to proteinuria or autoantibody 

production, FL mice had lower numbers of DN cells (Figure 4B) with a 34% decrease 

(p=0.0037) in SLE_FL relative to SLE_KO mice. However, as the mice age and develop 

the disease, especially as seen in the rapamycin-treated cohort (Figure 4C), DN cells are 

increased in the SLE_FL mice by 71% over SLE_WT (p=0.0037). Meanwhile, SLE_KO 

Figure 4. Rab4a modification skews lineage development. Freshly isolated 

splenocytes were analyzed by flow cytometry using various flow panels. Rab4a skews 

the T cell development of CD4 and CD8 cells (A). FL mice favor production of CD4 

cells and decreased numbers of CD8 cells. Furthermore, there is an age effect, where 

the DN negative cells are decreased in young mice (B), but subsequently increased as 

mice age and develop disease (C). There is an increase in TH1 producing IFNγ cells 

(D) and TH17 producing IL-17 cells (E). We further found that KO genotype in both 

WT and SLE backgrounds decreases Treg numbers (G). Treatment with rapamycin 

reduced the Treg numbers in the SLE_WT mice slightly, and much more drastically in 

SLE_FL mice (H), with limited effect on the SLE_KO mice. 
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sees a decrease of 37% (p=0.026) back down to levels comparable to SLE_WT. This 

corresponds to studies that have established links of double-negative T cells as drivers of 

SLE67,204,234. However, it is interesting that while rapamycin reduces the DN population 

in the more disease phenotype seen in SLE_FL mice, it increases the number of DN cells 

in SLE_WT and SLE_KO mice and corresponds to less disease. 

Cytokines such as IL-17 and IFNγ that were elevated in KO mice (Figure 2) were 

also found to have corresponding increases in cell populations that produce such 

cytokines. Flow cytometry measurements showed IFNγ producing CD4+ cells, or TH1 

helper cells, were increased by 56% (p=0.017) in the SLE_KO mice relative to SLE_WT 

(Figure 4D) and increased by 31% (p=0.05) relative to SLE_FL mice. Similarly, IL-17 

producing CD4+ cells were also increased by 44% (p=0.035) in SLE_KO relative to 

SLE_WT and increased by 66% (p=0.011) relative to SLE_FL mice. 

Perhaps the most important and consistent of all the lineage skewing is the 

regulatory T cells, which saw decreases in regulatory T cells similar to our previous 

findings in the pristane induced model (Chapter 1). Regulatory T cells are heterogeneous 

and can be defined by a number of markers as well as their origin of source, but most 

commonly, their identify, and functional activity can be linked to their transcription of 

Foxp3235. However, the nature of transcriptional factors makes it rather difficult to stain, 

such as when paired with metabolic dyes. Often, surrogate markers found on cell 

surfaces, such as CD25 or CD152, are required. As such, we examined multiple different 

markers to ensure the validity of our findings and found that a consistent depletion of 

Tregs in SLE_KO mice. In an older cohort of mice (Figure 4G), Tregs, defined by Foxp3 

and Helios expression, are decreased in SLE_KO mice. Alternatively, we found the same 
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trend in the rapamycin-treated cohort, a well-matched cohort at an age primed for disease 

development (Figure 4H). SLE_FL mice had similar levels to SLE_WT, although 

specific subsets like CD4+CD152+Foxp3+ cells were elevated 35% relative to SLE_WT 

(p=0.007). Similarly, CD4+Helios+Foxp3+ Tregs, a reference to their thymic-derived 

heritage236, was increased 31% (p=0.02) relative to SLE_WT. Most importantly though, 

we saw decreases of SLE_KO Tregs as defined by CD4+CD25+, CD4+CD152+Foxp3+, 

and CD4+Helios+Foxp3+ by 51% (p=0.01), 55% (p=0.001), and by 56% (p=0.006), 

respectively with regards to SLE_FL mice. 

 

Decreased regulatory T cells and function correlate with protection from disease. 

Baseline functional studies of female Rab4a_KO and Rab4a_FL mice under non-

diseased conditions (Figure 5) showed diminished regulatory cell function of Rab4a_KO 

mice. In the setting of a Treg suppression assay, the suppressive capacity of regulatory T 

cells was measured by assessing the amount of responder cell growth in the presence of 

various quantities/ratios of Tregs. The proliferation index of WT_KO mice was increased 

by 75% (p=0.006) and 32% (p=0.0014) than Rab4aFL counterparts at ratios of 

Tregs:Tresp of 1:1 and 1:2, respectively (Figure 5A). Intuitively, the increased growth 

suggests a decreased regulatory T cell function.  

  

 

 

 

 



94 
 

 

 

 

 

 

 



95 
 

 

 

 

 

 

 

 



96 
 

 

Figure 5. Decreased Tregs numbers and function is correlated with protection 

from disease. CD4+CD25+ Tregs were isolated using magnetic bead separation from 

mouse spleens. CD4+CD25- cells were used as the responder cells from each 

respective mouse. Tresponders were stained with CFSE and then cultured with Tregs 

are various ratios in-vitro for 3 days before assessing suppressive capacity by flow 

cytometry. WT_KO mice show increased growth of responder cells when cultured 

with Tregs (A) indicating decreased suppressive capacity. The SLE background 

increases the suppressive capacity in the WT and FL genotypes, but has limited effect 

in the KO genotype (B, C, D). When Rab4A is knocked out specifically in Foxp3 

expressing cells (E-I), we observed similar reductions in suppressive capacity of cells 

from female mice (F-H) but saw no impact in cells from male mice (I).  
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Analysis of the three phenotypes of mice in SLE and WT backgrounds found that 

the SLE background enhances the suppressive capacity of Tregs only in WT and 

Rab4a_FL modified mice (Figure 5B-D). There is no significant impact of the SLE 

background in the KO mice. At 1:1, 1:2 and 1:4 ratios of Tregs:Tresp, WT mice had 

about a 16%, 9%, and 4% suppression, respectively. Meanwhile SLE_WT had a 

significantly enhanced suppressive capacity of 37% (p=0.0008), 34% (p=3E-07) and 18% 

(p=0.0018), at the same respective ratios. Similarly, WT_FL mice had almost no 

suppression with approximately 0% at 1:1 Treg:Tresp ratio and 0% at 1:2 and 1:4 ratios. 

Whereas the SLE_FL mice, the suppression was dramatically increased to 31% (p=6.8E-

08), 27% (p=1.3E-06), and 15% (p=3.7E-05), at respective ratios. SLE_KO mice have 

significantly reduced suppressive capacities compared with SLE_WT and SLE_FL 

(Figure 5C). SLE_WT had a proliferation index indicating suppression of 37%, 18%, and 

9% as Tregs were decreased from a ratio of Treg:Tresp of 1:1, down to 1:4, respectively. 

Relative to the SLE_WT, SLE_FL mice had a suppressive capacity of 31% (p=0.0016), 

27% (p=0.0014), 15% (p=0.0036), at respective ratios. The difference is small, but the 

SLE_FL cells had decreased suppressive capacity relative to SLE_WT. Meanwhile, 

SLE_KO mice saw a decrease in suppressive capacity relative to SLE_WT. At the same 

respective ratios as above, the SLE_KO mice had only 8% (p=6.74E-09), 5% (p=6.28E-

09), 1% (p=2.36E-06) suppression (Figure 5C). 

 With such changes in both Treg suppression and numbers, we investigated the 

effect of Rab4a deletion, specifically in Tregs using our unique Rab4a-FoxP3YFP model. 

This model has the expression of YFP and the Cre recombinase under the Foxp3 

promoter with Rab4a flanked by loxP sites. Cells expressing Foxp3 will express the Cre 
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recombinase and YFP. The YFP was not used, mainly because the signal was extremely 

weak that disappeared after cell permeabilization. The expression of Cre will effectively 

cause cleavage of the loxP sites and remove Rab4a from regulatory cells, which are 

defined by their expression of Foxp3237-239.  

Within these mice, females had dramatically different suppression effects than 

their male counterparts (Figure 5E-I). The growth rate (Figure 5F) measured by flow 

suggested that Rab4a/Foxp3YFP mice grew 63% (p=0.035) and 59% (p<0.01) more at 

ratios of 1:1 and 1:2 (Tregs:Tresp). Furthermore, growth is increased above baseline 

levels of growth where there are no Tregs, suggesting that the regulatory T cells of 

Rab4a/FoxP3 mice are non-suppressive and contribute to the growth of the responder 

cells. Growth as measured by proliferation index (Figure 5G) in conditions of 1:1 and 1:2 

were increased 6.5% and 8.3% (p=0.015 and p=0.013), respectively) in the Rab4aFoxp3 

mice. A similar increase of Rab4Foxp3YFP mice in 1:1 and 1:2 conditions as measured 

by the division index (Figure 5H) of 8.7%  and 14.5% (p=0.03 and p<0.001), 

respectively. Alternatively, male mice saw no difference in growth and, by extension, 

percent suppression under all Treg conditions (Figure 5I). Furthermore, proliferation and 

division index were not changed between the genotypes (data not shown).  

In summary, the diminished suppressive function seen in female SLE_KO cells 

function in conjunction with the decreased number of regulatory T cells in these mice 

likely contributes to the pro-inflammatory nature of these cells. However, we observe 

fewer regulatory differences in male mice, which likely corresponds to the alternative 

phenotype observed in male SLE_KO mice with more disease. 
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Rab4a modification drives mTOR related changes 

 mTOR saw a host of changes, especially related to Tregs. Young mice were found 

to have an increase in mTORC1 activity (Figure 6A) in WT_KO CD4+CD25+CD152+ 

Tregs of 89% relative to WT (p=0.034) controls and an increase of 45% (p=0.038) in 

SLE_KO Tregs relative to SLE_WT controls. The SLE background also had an 

interesting effect increasing mTORC1 activity in WT (+70%, p=0.09, NS) and KO 

(+29%, p=0.067, NS) mice, with no impact of the SLE background on FL mice. 

mTORC2 activity (Figure 6B) was also seen increased due to SLE in WT (+74%, 

p=0.015) and KO (+55%, p=0.0031) Tregs. Opposingly, SLE_FL Tregs saw a 21% 

decline in mTORC2 activity relative to WT_FL control (p=0.038). These significant 

deviations in Treg mTOR activity likely contributed to the efficacy of the in-vivo 

rapamycin treatment (Figure 4H) and offered an explanation for the decreased number of 

Tregs after treatment. 
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 Activity in many other cell types was also modified and largely in the same 

manner. CD4+ cells (Figure 6C) saw increased mTORC1 SLE_FL mice by 35% (p=0.09, 

NS) and a decrease in SLE_KO mice by 57% (p=0.0035). mTORC2 activity was not 

changed in SLE_FL mice but was decreased by 60% (p=0.009) relative to SLE_WT. 

Figure 6. Rab4A modification depends on mTOR. Freshly isolated splenocytes 

were analyzed for mTOR activation using flow cytometry. Cells were fixed and 

permeabilized prior to staining. Rab4A drives mTOR changes in a cell specific 

manner. Cells from freshly isolated spleens were analyzed by flow cytometry. Tregs 

with mTORC1 (A) and mTORC2 (B) activity are increased in SLE_KO mice. 

mTORC1 and mTORC2 activity are decreased in SLE_KO CD4+ cells (C), CD8+ cells 

(D) and B cells (E). Opposingly, the same activity is observed to be increased in 

SLE_FL mice of all 3 cell types.  
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Both mTORC1 and mTORC2 activity was abrogated by rapamycin. Similarly, CD8+ 

cells saw the same pattern of increased activity in mTORC1 and mTORC2 in SLE_FL 

mice, although with varying degrees of significance (Figure 6D). Their activity was 

reduced by replacement in nearly all the genotypes. Lastly, mTORC1 and mTORC2 

activity followed the same pattern in B cells as well (Figure 6E), and saw increases in 

activity of both complexes in SLE_FL mice and decreased activity of both complexes in 

SLE_KOmice. Rapamycin decreased the activity of both complexes in all genotypes.  

 In summary, rapamycin does not appear to have a selective preference between 

Tregs, CD4, and CD8 positive cells, but rather diminishes mTORC1 and mTORC2 

activity ubiquitously. However, the diminution of mTOR activity when a specific 

genotype like the FL mice is has enriched basal activity and could explain the 

pronounced effects we observe in the SLE_FL mice when treated with rapamycin. 

Similarly, when mTOR activity is already diminished due to the knockout of Rab4a, the 

further reduction of activity by rapamycin is minimal since the activity is so low already. 

In concordance with the mTOR activity levels, the treatment with rapamycin followed 

similar patterns where there was a large reduction of mTOR activity in SLE_KO mice 

and dramatically smaller reductions in the SLE_WT and even more so in the SLE_KO 

mice. 

 

Rab4a controls mitochondrial homeostasis and metabolism 

Analysis of freshly isolated spleen by flow cytometry revealed WT_FL CD4+ 

cells have elevated mitochondrial mass (+21%, p=0.02) relative to WT mice (Figure 7A, 

B) and increased by 36% (p=0.014) relative to WT_KO mice. This effect trends in the 
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opposite direction when SLE_FL mice have decreased levels of MTG relative to both 

SLE_WT (-37%, p=NS) and SLE_KO (-25%, p=NS) mice. Relative to the WT_FL 

levels, SLE_FL has a steep drop in MTG levels of 52% (p=0.0015).  
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Interestingly, we found SLE_KO cells to have a more highly mitochondrially 

active population, defined as MTG+TMRM+ by flow cytometry (Figure 7C). Most 

notably, there was a 171% (p=9.07E-05) increase in SLE_KO in CD4+MTG+TMRM+ 

cells relative to SLE_WT. Rapamycin treatment in-vivo saw increasing levels of this 

subset with an increase (Figure 7C) in SLE_WT by 130% (p=0.0003), in SLE_FL by 

223% (p=0.026) and in SLE_KO by 32% (p=0.065, NS) due to treatment with 

rapamycin. Of all three genotypes, rapamycin appeared to affect the SLE_FL the most, 

and SLE_KO mice the least, a possible contribution from the mTOR activity discussed 

above. 

Figure 7. Rab4A regulates metabolic activity. Within the freshly isolated 

splenocytes, flow cytometry revealed that constitutive activation of Rab4A in CD4+ 

cells drives an increase in mitochondrial mass in the WT background (A, B), but 

reverses in the SLE background. The knockout of Rab4A increases the number of 

CD4+ cells with high mitochondrial potential and mass (C). CD4+ and CD8+ cells were 

isolated by magnetic bead separation and stimulated through the TCR for three to five 

days depending on health and growth before analysis by Seahorse. We found that 

CD4+ cells had an increase in mitochondrial activity of KO mice (D, E). Treatment 

with rapamycin increases the mitochondrial respiration (F) in SLE_KO CD4+ cells. 

CD8+ cells behave similarly. Mitochondrial mass was found to be decreased in the 

freshly isolated SLE CD8+ cells(G). Knockout of Rab4a in SLE T cells increases 

mitochondrial mass (H) and corresponds to an increase in the mitochondrial activity as 

measured by the mitochondrial stress test (I). 
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 Seahorse metabolic analysis (Figure 7D-F) unveiled increases in the 

mitochondrial activity of CD4+ cells in SLE_FL and SLE_KO mice as measured by basal 

respiration, maximal respiration, ATP production, and spare respiratory capacity (Figure 

7E, F). SLE_FL mice saw a 65% increase in non-mitochondrial respiration (p=0.0085) 

relative to SLE_WT (Fig 7E). Maximal respiration in SLE_KO mice was increased by 

51% (p<0.001) relative to SLE_WT. However, the SLE_FL did have a greater increase of 

89% but was not statistically significant (p=0.21). ATP production saw a 52% increase 

(p=0.031) in SLE_FL mice and a 26% increase (p=0.017) in SLE_KO mice relative to 

SLE_WT. Spare respiratory capacity was increased 174% in SLE_FL (p=0.14, NS) and 

increased by 116% (p=0.00022) in SLE_KO mice relative to SLE_WT. Treatment with 

rapamycin seemingly normalized all the mitochondrial measurements in SLE_FL down 

to the levels of SLE_WT (Figure 7F), all the while increasing the activity observed in 

SLE_KO mice. Of the mice treated with rapamycin (Figure 7F), maximal respiration and 

spare respiratory capacity were increased in SLE_KO mice by 53% (p=0.046) and 99% 

(p= 0.0002), respectively relative to SLE_WT.  

Similar trends were noted in the mitochondrial mass of CD8+ cells (Figure 7G-I). 

Preliminary studies indicated the SLE mice had an overall decline of 35% in MTG levels 

relative to WT (Figure 7G). However, mitochondrial activity was not different between 

the genotypes (data not shown). In the rapamycin-treated cohort, baseline levels of 

mitochondria in SLE_KO mice (Figure 7H) were elevated by 175% (p=0.0003) relative 

to SLE_WT. Correspondingly, the mitochondrial activity of SLE_KO mice was elevated 

over those of WT and SLE_WT mice. Similar to CD4+ cells, CD8+ responded to in-vivo 

rapamycin treatment with increases in mitochondrial mass. Thus, the mitochondrial 
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activity in these cell types is affected in the same manner, and the knockout of Rab4a in T 

cells of SLE_KO mice generates an increasing amount of mitochondrial activity that is 

further enhanced by rapamycin treatment.  

 

Rab4a mediates calcium signaling through the TCR  

Measurement of calcium release of utilized a set of Jurkat cell lines we have 

developed in our laboratory82. In short, under the doxycycline-inducible system, 4480 

expresses GFP, 6678 expresses Rab4, and 9035 expresses Rab4-DN (dominant negative). 

This system was used because Jurkat cells are leukemic cells that are reproducing but still 

have the capacity to undergo activation through the T-cell receptor (TCR). As such, 

agents like C305, which is a monoclonal antibody that causes crosslinking of the T-cell 

receptor complex (TCR/CD3), can be used to study metabolic perturbations of activation. 

Previous studies have shown TCR crosslinking results from an initial rise due to 

intracellular stores followed by a sustained secondary calcium influx through plasma 

membrane channels that can be abolished by EGTA240. We further tested the behavior of 

our cells under the presence of EGTA and found surprising results. As a positive control, 

we utilized ionomycin, a selective calcium ionophore that allows the greatest influx of 

calcium. Ionomycin induction showed no significant changes in maximum amplitude of 

calcium uptake between the three cell lines, and all have approximately a 9-fold of 

baseline values respective of each cell line (data not shown). 

Under such conditions, and relative to each cell’s individual baseline values, 4480 

were found to have a maximum after stimulation of 2.91±0.04 of baseline (Fig 8A). The 

6678 cell line, which has overexpressed Rab4, had a decreased maximum of 1.88±0.06 
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(p=0.0006) and opposingly 9935, which expresses the dominant-negative Rab4a had an 

increased maximum calcium flux of 4.1±0.02 (p=0.0004). One significantly interesting 

item in question is when the cells were cultured in the presence of EGTA, a chemical 

classically associated with the chelation of extracellular calcium; we observed an initial 

drop of 1-5% in calcium influx. However, within a minute, the flow of calcium spiked. 

Although the spike in calcium influx was not as high as due to C305 or ionomycin 

activity, we observed a similar trend to previous findings with C305. WT 4480 cells have 

a magnitude of amplitude of change of 1.5 ± 0.12 fold of baseline values, while 6678 

Rab4 cells have a maximum amplitude of 0.75 ± 0.08 (p=.019) from baseline (Fig 8B). 

Opposingly, 9035 Rab4-DN cells maximum amplitude was higher at 1.74 ± 0.1 (p=0.05 

vs. 4480, p=0.003 vs. 6678) of baseline. Most notably, the curve produced demonstrated 

that relative to the WT 4480, 6678 Rab4 cells not only have a reduced maximum of 

calcium influx, but the time to reach the peak is also affected. WT4480 cells required, on 

average, 80±5 seconds to reach maximum amplitude. Meanwhile, 6678 required 101.25 ± 

3.75 seconds (p=0.038 vs 4480), and opposingly the 9035 required less time of 70.01 ± 

0.01 seconds (p=0.038 vs 6678, NS vs WT) (Data based off of Figure 8b). 9035 cells 

behaved precisely in the opposite manner, producing a response to EGTA that was both 

faster in time and higher in amplitude. Furthermore, the recovery, while not entirely 

quantifiable due to time constraints, also shows that 6678 requires more time to recover 

back to baseline levels whereas 9035 and 4480 recovery takes a similar amount of time. 
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A dose-dependence was also noted in all three cell lines. Stimulation with 5, 10, 

20, and 50 ul/ml of C305 yielded (Figure 8C) continuously increasing values of calcium 

release. The increasing values only stopped at 50ul/ml for 9035 cell line. As such, the 

most optimal condition for the stimulation of C305 was 20ul/ml. In every concentration 

tested, the overexpression of Rab4a caused a reduced influx of calcium as measured by 

the flex station and was corrected in the opposing direction with the expression of the 

dominant-negative Rab4a. This clearly suggests a modification to the calcium influx 

machinery due to Rab4a modulation.  

 With all these changes in mind, it is clear that calcium influx is regulated by 

Rab4a. We hypothesized that these changes are result from the recycling of certain 

receptors that allow for calcium signaling; The overexpression of Rab4a causes 

internalization and recycling of these receptors that then causes both the decrease in 

amplitude of response and increase in the time needed for maximum response. Some 

receptors, such as the ryanodine receptor (ryr) could be implicated in these findings. 

Figure 8. Rab4A regulates metabolic activity through calcium signaling. Calcium 

flux was assessed using doxycycline-inducible Jurkat cell lines that express GFP, wild 

type Rab4 or the dominant negative (DN) Rab4. Overexpression of Rab4-DN 

increases the calcium flux relative to the GFP expressing Jurkat cell line upon 

crosslinking the TCR by C305 (A). Overexpression of Rab4-WT mediates the 

opposing effect and reduces calcium flux. Stimulation using EGTA (B) creates a 

stimulatory effect where the Rab4-DN experiences an increased amplitude and speed 

of response. The dose response curve to C305 is plotted (C). Ryanodine receptor 

expression is increased Rab4-DN Jurkat cells (D) and CRAC channels are elevated in 

WT_FL mice (E). Flow cytometry from freshly isolated spleens were analyzed by 

flow cytometry to assess for CD38 expression levels, which were found to be 

decreased in SLE B cells (F) and unchanged in SLE T cells (G). Within the rapamycin 

treated cohort of mice, which are at an age that is best suited to capture the disease 

state, CD38 expression was found to be increased in SLE_KO B cells (H) and 

decreased in CD3+ (I), CD4+ (J) and CD8+ cells (K). Rapamycin treatment decreased 

CD38 expression levels in CD3+ T cells of SLE_WT and SLE_KO (I) but had limited 

impact on SLE_FL mice of all lineages (H-K).  
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Western blot staining showed that the expression of dominant-negative Rab4a in the 9035 

Jurkat cell line produced a ~2 fold increase in expression of the ryanodine receptor 

protein level (Figure 8D), which could offer an explanation to both the increased rate of 

calcium influx and amplitude of the response. Mice Ryr levels have yet to be examined. 

 CD38 is a NAD hydrolase and often is seen as an activation marker with links to 

calcium signaling. Within a young cohort of SLE mice, at an age where there were no 

detectable differences in proteinuria and ANA production, we found that CD38 

expression was depreciated in CD19+ B cells SLE mice of all three genotypes, but no 

statistical differences between the genotypes. Furthermore, when we examined the CD3+ 

T cells, there were no discernable differences between genotypes or SLE and WT mice 

(Figure 8E). As mice aged out, we examined a cohort at the peak of disease development; 

we found similar trends of decreased CD38 expression in SLE B cells (Data not shown). 

Relative to SLE_WT B cells (Figure 8F), SLE_KO B cells had a 40% increase in CD38 

expression (p=5.77E-05). SLE_KO CD3+ T cells alternatively had a -63% decrease 

(p=0.0009) in expression of CD38+ relative to SLE_WT T cells. Furthermore, expression 

levels of CD38 are decreased by around 30% when mice were treated in-vivo with 

rapamycin, although statistical significance varied.  

 Breaking down CD3+ lymphocytes further, we found similar patterns in CD38 

expression in CD4 and CD8 cells (Figure 8G) in SLE_FL cells. Meanwhile, SLE_KO 

cells saw a decrease of CD38+ cells of 47% (p=0.0055) in CD4+ cells and a marked 80% 

reduction in CD8+ cells (p=0.0019 (Figure 8G) relative to SLE_WT. Rapamycin 

treatment in SLE_WT and SLE_FL mice produced significant decreases of -30 to -40% 
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reduction in expression (p<0.05) but had limited effect in SLE_KO mice where there was 

minimal change.  

 

Discussion 

The numerous findings depicted are summarized briefly in Appendix Table 2. The 

expression of Rab4a has a definite impact on SLE disease pathogenesis in the SLE1.2.3 

murine model. Mice develop disease as monitored by proteinuria and autoantibody 

production and peaks initially between 20-29 weeks of age (Figure1B-E). Prior to 20 

weeks of age, there is limited disease development between WT and SLE backgrounds. 

At some point in time between 20 and 30 weeks of age, a portion of female SLE_KO 

mice begin to manifest disease and results in the death of a portion of mice. We observed 

a similar spike in proteinuria around 40 weeks of age and attributed this effect to mouse 

heterogeneity. Alternatively, this could be due to an early onset disease characteristic that 

would require further studying. 

The remaining majority of mice develop disease by 40 weeks of age and can be 

monitored via Bradford’s and ELISAs. Furthermore, as the mice age to 50+ weeks, we 

noticed less disease overall, which could be attributed to the death of the sicker mice. We 

also observed fewer phenotypical differences between our genotypes. There could 

potentially be a substantial age effect within our model that requires further investigation. 

 Gender discrepancy exists in our model, with females generating more disease in 

the SLE_KO phenotype compared with male counterparts (Figure 1B-C). Similarly, 

measurements of autoantibody production are also correspondingly different (Figure 1D, 

E), where the protection seen in the SLE_KO genotype is enhanced in females, although 
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both genotypes show a decrease in disease activity in the SLE_KO mice relative to 

SLE_FL. Where the separation starts to differ is in disease activity scores based on 

histological grading. Male SLE_KO mice have increased disease relative to SLE_FL 

mice (Figure 1G), which opposes the female findings that SLE_KO are protective (Figure 

1C, E, H). Gender issues are of great importance as they play a significant role in human 

disease with females more affected and is well established that certain autoimmune 

disorders such as SLE where there can be upwards of a 14x prevalence in females than 

males241. In Type 1 diabetes, females are 1.3-4.4 times more likely to have disease. More 

recently, these gender biases have been linked to the microbiome242,243, which offers 

protection to varying degrees and has even been associated with protection from 

cancer244. Here, we postulate the effect that Rab4a is influenced by gender differences 

that, in turn, could be driving changes in metabolism and subsequent downstream disease 

activity. 

 We identified that the SLE_KO mice are characterized by a pro-inflammatory 

environment (Figure 2) that could very well be contributing to the increased disease 

severity based on histology seen in male mice. Kaplan et al. 245 have noted the 

importance of the balance between NET formation and clearance that plays a role in SLE 

pathogenesis. More specifically, that in SLE, there is an enhanced NET formation246,247. 

Our findings suggest the opposite with decreases in NET formation in nearly all 3 

genotypes (Figure 2A) in the SLE background relative to WT counterparts. Furthermore, 

the genotype that is most protective of disease formation, the SLE_KO, shows the most 

NET formation and is significantly elevated relative to SLE_WT. This could be specific 

to just our model in that it is not fully representative of lupus disease, especially in regard 
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to NET formation. However, the increase in NET formation in SLE_KO mice does match 

alongside the pro-inflammatory milieu of cytokines we have found. Further study is 

needed to identify the source that is driving the increased netosis and identify whether it 

is the same proponent in driving the disease pathogenesis in our model. 

Regulatory T cells (Figure 5) were also depleted both in function and numbers, 

corresponding to the pro-inflammatory environment previously mentioned. Without the 

capacity to suppress, it is very well likely that the SLE_KO mice have a pro-

inflammatory lineage skewing that favors the development of cytotoxic T cells and 

inflammatory TH1 and TH17 cells (Figure 4). This environment is, however, protective in 

female SLE_KO mice from the development of nephritis opposing the dogma that IL-17 

is a driver of lupus disease248. However, while studies currently indicate the IL-17 is 

upregulated in SLE patients and is a potential target for therapy, there exists no direct 

evidence that IL-17 inhibition in SLE patients is efficacious249. One possible explanation 

for this is the immune system is a balance of many compartments and that a certain 

amount of IL-17 is necessary for homeostasis. The current dogma reflects IL-17 as a pro-

inflammatory cytokine found in many diseases such as experimental autoimmune 

encephalomyelitis, multiple sclerosis, rheumatoid arthritis, inflammatory bowel disease, 

and psoriasis210,219,220. IL-17 contributes significantly to the lupus phenotype by acting in 

conjunction with BAFF to promote the survival and proliferation of B cells and their 

subsequent differentiation into antibody-producing cells. However, other studies have 

found that IL-17 has anti-inflammatory activity and can suppress the development of 

autoimmune uveitis250. Alternatively, many other cytokines play similar roles in disease. 

For instance, the interferon class of cytokines, such as IFN Type I are increased in SLE 
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patients251. Similarly, IFNγ has also been correlated with disease SLE disease severity252 

and has long been necessary for spontaneous and induced models of lupus253. However, 

IFNγ has its role in normal immunological function, such as aiding in T cell 

differentiation and immunoglobulin class switching in B cells. Furthermore, it can act in 

an anti-inflammatory manner to inhibit TH17 development221. As such, the balance 

between the multitude of immunological subtypes and functions is why the study of SLE 

is so complicated and requires further investigation. 

 mTOR signaling plays a critical role in SLE154,254. mTOR activation is a result of 

metabolic stress seen in SLE17,255,256 and can be found elevated lupus T cells, B cells, 

macrophages, hepatocytes, and renal vascular cells. At its core, mTOR is a master 

regulator of several crucial processes, including cellular growth, proliferation, autophagy, 

and metabolism. As such, mTOR is intricately involved in the development of various 

cell lineages. A disturbance in the pathway can shift the balance towards a pro-

inflammatory state that progresses to disease256. In our model, we find increased mTOR 

activation through both mTORC1 and mTORC2 complexes in SLE_FL mice (Figure 6) 

relative to SLE_WT controls. This correlates with the increased disease phenotype in the 

SLE_FL mice. Consequently, the SLE_KO mice are protected from disease and saw a 

decrease in mTOR activation. The only differing area was in the regulatory T cells, where 

mTOR activation was increased, despite lower numbers of Tregs. It is possible that the 

activation of mTOR in the Tregs is causing the lack of Treg development as mTOR 

inactivation through pharmacological intervention has been found to promote Treg 

development257.  
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In conjunction with our mTOR findings, we also find that mitochondrial 

respiration, as measured by the seahorse metabolic flux analysis (Figure 7), are higher in 

SLE mice. The knockout of Rab4a increases the mitochondrial activity, similar to if the 

mice were treated with rapamycin. There is increasing evidence that mTOR is linked to 

mitochondrial activity. One group showed that mTORC1 specifically stimulates the 

expression of ETC proteins and oxidative phosphorylation258,259. Alternatively, treatment 

with rapamycin can also promote mitochondrial respiration, when the succinate 

dehydrogenase activity is blocked260. Similarly, Treg development is highly dependent on 

mitochondrial fatty acid oxidation, and studies have found that treatment with rapamycin, 

which effectively blocks mTORC1 activity, increases Treg numbers 96. As such, it is 

interesting how our data points towards the opposite; that the protection from disease in 

the KO mice promotes an increase in mitochondrial metabolism similar to the effects of 

rapamycin. We speculate that there is an alternative mechanism that is driving the 

changes we observe, such as calcium regulation. Interestingly, calcium signaling appears 

altered by Rab4 expression (Figure 8), where the expression of the dominant-negative 

Rab4, which represents the KO mouse model, have an increased rate and amplitude of 

calcium flux upon TCR crosslinking. In addition, the use of EGTA, normally a calcium 

chelator, appears to stimulate a similar activation response and produces the same 

findings. Calcium signaling is an essential part of the cell and has close links to the ER 

and mitochondria and has been found linked to mitochondrial dysfunction and 

bioenergics261, thereby explaining our aberrant mitochondrial findings. Calcium release 

from ER is linked to calcium uptake in the mitochondria262 and dysregulation of which 
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can induce pathways that induce apoptosis263. Furthermore, calcium has links to SLE, 

most specifically in the formation of NETs264. 

Alternatively, Rab4a also is linked to Drp164, a protein responsible for initiating 

the fusion of mitochondria. Caza et al. previously found that Rab4a acts to effectively 

reduce Drp1 activity and thereby cause an accumulation of mitochondria, which largely 

explains the accumulation of mitochondrial mass and activity in our KO mice. The 

corresponding changes in metabolism could be a driver of the metabolic changes we 

observed and such warrants further studying through specific metabolic targeting. An 

understanding of the mechanism behind what underlies these changes and how Rab4a is a 

driver can provide alternative therapeutic targets. 

  

 

Conclusion 

Rab4a expression and activity in T cells play a pivotal role in controlling disease 

progression in the genetic SLE1.2.3 model. Knockout of Rab4a creates a pro-

inflammatory state that is characterized by a decrease in regulatory T cells and a 

production of pro and anti-inflammatory cytokines that balances out to protect from 

disease development. The activity of Rab4a likely manages this through its control over 

mTOR and calcium signaling that then regulates mitochondrial flux and, ultimately T-cell 

development. Further understanding of this mechanism can help elucidate alternative 

therapeutics for that disease that has barely seen any newly approved therapeutics in 

decades. 
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Discussion  

Summarized, we have found that constitutive activation of Rab4a in mice protects 

from DAH. The same mutation enhances autoantibody production and renal disease 

progression. Knockout of Rab4a in T cells generates an inflammatory environment that 

protects from renal disease, but exacerbates pulmonary disease. Rab4a activity drives 

metabolic changes in cells that alter lineage development. We hypothesize that this 

occurs through a mechanism depicted in Appendix Figure A4: Rab4a co-localizes with 

mTOR on the surface of endosomes to activate metabolic pathways that sync with the 

pathological calcium signaling to drive disease. Rab4a recycles components of the TCR 

that causes an overactivation of T cells. Additionally, Rab4a promotes endocytic 

recycling of Drp1 to decrease mitophagy and thereby increase mitochondrial content. The 

increased sensitivity of TCR triggers increased activation of CD38 and causing increased 

levels of cADPR. Release of ER Calcium initiates SOCE (store operated calcium entry) 

which in turn upregulates ORAI1 to further add to increased calcium levels. 

Mitochondrial dysregulation causes metabolic shifts that cause dysregulated ATP 

production, which can feedback to inhibit the degradation of cADPR to ADPR. Together, 

these metabolic changes and increased levels of calcium triggers many pathways that 

may impact cellular development and disease susceptibility. 

 To support our hypothesis that Rab4a is driving disease development through T 

cell development, we present evidence that deficiency of Rab4a in SLE T cells 

contributes to a skewing of T cell lineages, a reduction of regulatory T cell number and 

function, a loss of activation of mTORC1 and mTORC2 complexes, and an increase in 

mitochondrial metabolism that together contributes to lupus pathogenesis. Since Rab4a 
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expression is effective from birth, we are able to generalize the changes as stemming 

from the genetic modification rather than a subsequent effect of systemic inflammation, 

as observed in SLE. As such, we have identified a potential mechanism by which Rab4a 

causes metabolic shifts in mitochondrial metabolism and mTORC1 that manifests in 

altered lineage development and the creation of an immunological profile that influences 

disease pathogenesis. 

 Our lab originally identified Rab4a overexpression in SLE T cells46,79 is 

associated with disease phenotypes, but whether it is a driver of disease or a 

manifestation that occurs after disease takes place is unclear. Over the past decade, we 

have made significant headway into understanding the role that Rab4 plays. Activation of 

mTOR was found to control the expression of Rab4 and thereby the loss of TCRζ that 

subsequently causes a compensatory upregulation of its replacement with FcεRIγ in the T 

cell synapse creating a hypersensitive T cell that is characteristic of disease46. Further 

studies revealed that Rab4a also regulates the levels of Drp1 within lupus T cells, where 

overexpression drives the deletion of Drp1 and subsequent accumulation of mitochondria 

via impaired mitophagy64. These previous findings all utilized human samples, which are 

notoriously heterogeneous, or immortalized cell lines that can be very effective but also 

misrepresentative of what happens in normal physiology. As such, we present here data 

that assesses the function of Rab4a and how it drives disease pathogenesis in both 

inducible and genetic models of SLE. 

 We chose the pristane model to study as it provides a unique model to study 

DAH, a rare disease with high mortality, in the background setting of a lupus model that 

recapitulates the production of autoantibodies and ultimately renal disease178,191,195. We 



119 
 

found WT_KO mice have significantly enhanced disease severity, whereas the WT_FL 

mice were protected (Chapter 1, Figure 1). Renal disease followed the same trend with 

protection in the WT_FL mice and increased severity in the WT_KO mice. We found 

that renal disease was limited at two weeks, with no differences between genotypes. The 

renal disease developed only after 6-9 months after pristane injection. The two week time 

interval is used for the study of DAH and corresponded to no change in proteinuria 

production. Even after the 9-month time frame, proteinuria development has had no 

separation between the genotypes (data not shown). Alternatively, within the SLE genetic 

model of lupus, we found SLE_FL mice to have a significant increase in disease severity, 

whereas the SLE_KO mice were protected (Chapter 2, Figure 1). This organ discrepancy 

is the most puzzling question, as it stems largely from the T cell expression of Rab4a. 

How can T cells changes drive pathogenesis in different organs and in different ways? 

We hypothesize that the recycling machinery is necessary and acts to balance the 

metabolic landscape. Disturbances to this equilibrium, such as through the increased 

activity of Rab4a, can drive a shift towards an altered metabolic state, favoring a pro-

inflammatory profile that drives disease development. 

We have previously established that recycling of specific components such as the 

TCRζ of the TCR results in replacement with overactive machinery responsible for 

overactivation46, a classic defining feature of autoimmunity. As such, it makes sense that 

the opposite also exists, where the inability to recycle components of the TCR could also 

lead to disease. For instance, many neurological disorders have defects in the recycling 

machinery. Defective membrane-associated Rab6 has links to Alzheimer's disease265,266, 

and the decreased activity of Rab7a is associated with Parkinson's disease267,268. As such, 
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recycling machinery is important in our understanding of many diseases. The DAH 

phenotype we observed with pristane injections is largely characterized by an infiltrative 

disease. As we noted (Chapter 1, Figure 1-2), there is an influx of myeloid-derived cells. 

In order for infiltration to occur, there needs to be an immunological response that causes 

infiltration of cells to the lung. The bleeding and accumulation of macrophages and 

neutrophils in our mice is consistent with previously published works in mice192 and in 

humans269. The renal disease manifestation is likely a different component of this model 

that, while related to the same inducing mechanism, is more due to the interactions with 

B cells. Treatment with the chimeric monoclonal antibody Rituximab, which depletes 

CD20+ B cells, has been shown to be efficacious in treatment DAH270,271.  Now whether 

this is due to defective machinery requires further testing. Previous associations have 

found specific haplotypes of Rab4a offer protection to pulmonary hemorrhage79, but there 

exists no clinical trials or murine studies examining this. We present here the first 

evidence that Rab4a can alter the disease course of pristane induced DAH.  

Rab4a link to mTOR activation154,272-274 is undeniable and, as such, can be central 

to our understanding of disease pathogenesis. mTOR is a nutrient sensor275 and plays a 

large role in controlling the metabolic landscape that controls T cell development256,276-278 

and by extension disease manifestation. We found mTOR changes in a cell-specific 

manner. Furthermore, we found the presence of a pro-inflammatory milieu of cytokines 

in both the pristane-induced (Chapter 1, Figure 3) and SLE mice (Chapter 2, Figure 2; 

Figure A1; Figure A2). When we knocked out of mTORC1 in T cells with Raptor mice, 

we found dramatic elimination of disease, clearly indicating that Rab4a interacts with 

mTOR to drive pristane induced DAH. Furthermore, treatment with rapamycin, which is 
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an inhibitor largely of mTORC1, abrogates the renal disease phenotype that is so 

prevalently found in the SLE_FL mice. Contrastingly, the knock of Rab4a in SLE_KO 

cells also mediates the same effect, which suggests that Rab4a and mTORC1 play central 

roles in the disease phenotype of both models. 

Previously studies46,153,274 have found associations of Rab4a and mTOR, although 

direct links of how the interaction occurs, is absent. The current understanding is that the 

activity of mTOR is directly correlated with Rab4a expression levels, and the knockout of 

Rab4a could reduce mTOR activity (Chapter 2, Figure 6). While this interaction needs to 

be studied significantly more in-depth, it does provide insight into how a metabolic shift 

can predispose to specific cell types that favor a pro-inflammatory environment279. To 

investigate this, we need to classify the interaction between mTOR and Rab4a more in-

depth with immunoprecipitation first to identify if Rab4a interacts directly with mTOR. 

Next, we can establish under what conditions that Rab4a is interacting with mTOR. With 

the use of rapamycin, other mTOR inhibitors, stressors, and nutrient conditions, we can 

gain insight into the interactions of mTOR and Rab4a. 

We also observed an increase in the milieu of pro-inflammatory cytokines both in 

the pristane (Chapter 1, Figure 3) and in the SLE model (Chapter 2, Figure 2; Figure A1; 

Figure A2) and found it to be elevated in the KO mice. This suggests a predisposition 

towards pro-inflammatory cell types that can produce the cytokines we detected. At this 

point, we should note that the inflammatory milieu is significantly enhanced in the SLE 

model compared to the Pristane model. However, this could be due to the samples we 

measured from the pristane mice were over two years old and have been through several 

freeze/thaw cycles. While the samples are controlled within each experiment (such that 
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all the samples of an experiment are thawed together), making findings within an 

experiment still comparable, it becomes harder to make a conclusion between 

experiments. Alternatively, because pristane is an acute incident, it could result in a pro-

inflammatory response that is reduced in nature, or perhaps we did not catch it at its peak. 

As inducible models follow a specific timeframe, compared to genetic models that exist 

since birth, a time frame of cytokine production may be necessary to establish a 

connection. Furthermore, understanding the preferred differentiation pathway from birth 

would help elucidate the cells responsible for the activity we found. To study this would 

require going back to the start and obtaining bone marrow hematopoietic stem cells or 

even embryonic stem cells. Using these cells, we could differentiate towards different 

lineages in a variety of ways. We can use colony-stimulating assays to assess the lineage 

development of HSCs. Alternatively, we can investigate the CD4+ cells and how they 

polarize towards the respective lineages of helper T cell subtypes. It is prudent to stay 

that we attempted the latter but never managed to optimize the conditions for polarization 

fully. As such, one important future direction is the pursuit of differentiation from CD4+ 

cells. It is of great importance as this subset is significantly easier to isolate than stem 

cells and is of easy access even in humans as they can be obtained from peripheral blood. 

An optimized protocol can help with the understanding of what cell types in the preferred 

differentiation pathway and can provide therapeutic targets that aim to shift away from 

the development of said cells. 

Another potential mechanism of Rab4a driving disease is through the interaction 

with Gr1+ or CD11b+ cells, which we found to be elevated in WT_KO mice in the 

pristane model. However, whether this interaction is cytokine-mediated and how it occurs 



123 
 

remains unknown. We initially tried to remove these infiltrating macrophages as they 

have been found to be mediators of the pristane induced DAH195 with the use of 

clodronate. While we did observe some significant effects, it was not as efficient as the 

publication suggested195. This could be due to the lack of optimization within our mice. 

As the WT_KO mice are more susceptible to DAH, it may be necessary to optimize both 

the dosage of clodronate and the timing to effectively prevent disease. The method 

published is based on WT C57BL6 mice, and such magnification of disease in our 

WT_KO mice could make it necessary to redo the dosing to achieve complete protection. 

Furthermore, as the model failed to achieve complete protection, we also need to run a 

complete flow panel to assess all the lineages of cells, including CD11b expressing cells. 

It was an oversight, and adding in a complete panel to verify the validity of the depletion 

of macrophages, would be highly effective.  

Alternatively, the effect we found in our model could be due to Rab4a and its 

expression driving a mechanistic pathway that supersedes the innate immune response of 

the macrophages and neutrophils. Others have found patients can present without the 

infiltrative nature that is more commonly seen, although the mechanism is not 

understood280. Should the latter be true, understanding how this occurs can provide great 

insight into something undefined. One potential mechanism is through the production of 

the various cytokines we found elevated in KO mice. In a stepwise fashion, we can 

identify the cell types responsible for the production and introduce therapeutic 

interventions targeting specific cytokines to monitor disease activity. Alternatively, we 

can utilize genetic and inducible models of macrophage depletion281 and thereby 

removing any interaction T cells can have with them. As these interactions likely play an 
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important role in disease, pursuing this path can also give rise to how the interaction 

between T cells and macrophages is managed by Rab4a.  Current literature also 

establishes an interplay between T cells with macrophages, in RA282. In short, 

macrophages/monocytes can modulate T cell function, but also CD4+ T cell subsets can 

control macrophage activation, function, and differentiation. As such, removal of 

macrophages from the mice entirely can provide great insight into mechanistic pathways 

that are necessary for Rab4a and T cell function.  

 Another potential mechanism mentioned briefly in Chapter 2 is calcium signaling, 

which shows a clear indication that the inactivation of Rab4a drives an increased calcium 

flux that is both greater in amplitude and quicker in response (Chapter 2 Figure 8). The 

calcium signal is dysregulated in SLE T-cell in a number of ways. There are elevated 

levels of intracellular and mitochondrial calcium in SLE T cells at baseline283. 

Furthermore, activated SLE-T cells have a reduced level in the plateau phase, similar to 

what we have found. It has been suggested that this is linked to nitric oxide as the 

treatment of normal T cells with NO recapitulates the same findings283. There is 

increasing evidence that mTOR is linked to mitochondrial activity, and with 

mitochondrial calcium stores as an important source of intracellular calcium, it becomes 

an important aspect of understanding what role calcium plays in the metabolic control of 

development. One group has shown that mTORC1 specifically stimulates the expression 

of ETC proteins and oxidative phosphorylation258,259. In conjunction with the calcium 

findings, it could indicate a potential source of dysregulation in lupus T cells. 

Mitochondrial calcium level is a tightly controlled process, dysregulation of which has 

been seen in neurodegenerative diseases such as Alzheimer’s, Huntington’s, and 
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Parkinson's diseases284. Similarly, SLE has also links to neurological disorders 285,286. 

Interestingly, although the data is not presented here, we also found neurological issues 

associated with our mice. The same sets of mice that are presented in chapter 2 also went 

through a slew of neurobehavioral studies and were found to have significant deviations 

due to SLE and to Rab4a.  

 Lastly, throughout our studies, we ran into substantial variability among our 

different sets of mice. As much as we matched the mice by age and gender, there were 

differences between groups that we initially couldn’t account for. We eventually realized 

the cause was age. The age-related effects are observed in many ways, most obviously in 

the setting of cytokine production. We found chemo-attractants levels were altered with 

age (Figure A1); KO mice of both WT and SLE backgrounds had increased cytokines at 

young ages. As the disease peaks around 20-30 weeks of age, the SLE_KO still maintains 

the increased profile of chemo-attractants. However, as the mice become older, the 

genotype differences previously observed in young and mid-aged mice are almost 

entirely gone. Similarly, pro-inflammatory cytokines (Figure A2) also behave in the same 

manner in SLE_KO mice. Opposingly, SLE_FL mice have reduced levels of pro-

inflammatory cytokines. However, by mid-age, they have significantly reduced levels 

relative to SLE_KO, a likely indication that the pro-inflammatory milieu is acting in a 

manner that is protective. Corresponding, by old age, we see a significant increase in 

many of the cytokines relative to SLE_WT and SLE_KO mice. Illustrated in the disease 

charting of proteinuria over time (Figure A3), we found that age plays a huge role. In 

early age, there is a lack of phenotypical differences, but by age 20-29, a number of mice 

in the SLE_FL cohort begins to develop disease. As the mice age out, the phenotypical 
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differences that separate out the SLE_FL mice become muted. Additionally, the 

differences observed in male mice are significantly less. Whether this is a recapitulation 

of disease in humans, where the disease is often rarer in males, or an artifact of our model 

is hard to determine. However, it does warrant further studies, specifically into just what 

separates males vs. females. Furthermore, what is causing this age-related effect? It 

becomes interestingly important because if specific changes are associated with specific 

ages, then clinical interventions with age in mind can be more efficacious than 

generalized treatment regardless of age. 

  

Shortfalls and limitations 

 It goes without saying that every experiment has limitations. For instance, the 

number of genotypes involved in Chapter 2 significantly enhances the difficulty of age 

matching mice. When we do have perfectly aged mice, we struggle with a lack of power 

as we frequently did not have enough. As such, mice are frequently analyzed in cohorts 

with as close to age-matched as possible. Additionally, mice that develop disease are 

often sacrificed or die prior to experimental endpoints due to circumstances outside of 

our control. It is not possible with our current capacities to capture the time point in 

which these mice die with the proper controls, as such, we had to choose time points that 

best suited for the sacrifice of all the mice for analysis, which can effectively exclude out 

the most-diseased mice. As such, it may explain why the SLE_FL mice consistently had 

disease, but would fluctuate between similar disease phenotypes of the SLE_WT due to 

the most diseased mice dying soon after disease manifestation. The best recapitulation of 

this effect in Chapter 2, Figure 1C, which illustrates how several mice have significantly 
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elevated disease over all the other mice of the five other genotypes. Many of these mice 

succumb to renal failure and death before a proper analysis can be appropriately done. 

This could also be a reflection of the heterogeneous penetrance of the SLE_FL gene on 

the disease progression. How the knock-in allele is able to accentuate the disease 

significantly in some mice, and only slightly in others remains a question to be explored. 

 The models themselves have limitations as well. The pristane model of 

autoimmunity is an inducible model that represents certain environmental triggers as it 

occurs in human disease. The model itself was first developed because of the production 

of anti-ribonucleoprotein, anti-DNA, and anti-histone antibodies as comparable to a level 

found in MRL/lpr mice173,191. Furthermore, this inducible model recapitulates the female 

sex bias that is observed in human SLE287. Most importantly, this inducible model was 

found to produce some rare pulmonary manifestations linked to SLE that was initially 

characterized as hemorrhagic pulmonary capillaritis192. With about a 50% penetrance of 

the pulmonary involvement, there is a bit of variability in conjunction with the 

heterogeneity typically observed with mice. Unfortunately, the only way to effectively 

deal with this issue is to increase the number of replicates to establish power, something 

that can be done in the future. One of the major issues we encountered was which mice to 

analyze. Due to the impartial penetrance of the pulmonary disease, is it wise to only 

analyze the mice that progress to DAH? Such an approach would create a biased 

approach to over-emphasizes disease and under-accounts for protections, especially in 

genotypes such as the WT_FL mice that appear to be protected from DAH development. 

As such, we chose to avoid the bias and analyze all the mice that were injected 

independent of DAH development.  
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While the autoantibody production of the pristane model is reported to be similar 

to classical genetic models of lupus173,191, we found the disease process is diminished and 

occurs on a longer timeframe, ranging from 7-9 months. This timeframe is problematic in 

that many mice do not survive, whether it is succumbing to natural aging, or to the 

inability to recover from DAH, or to renal failure. As such, it would be prudent to do a 

time-lapse study of autoantibody production. Furthermore, an analysis of recovery from 

the DAH would be prudent to follow up. Currently, there exists technology to in-vivo 

stain cells of certain lineages such as the infiltrating CD11b and Gr1 expressing 

neutrophils and macrophages. If these cells are stained and the mice are imaged over the 

first several weeks after pristane injection, we can observe both the formation of DAH as 

well as the recovery/death.  

 The SLE1.2.3 genetic model is developed from the NZM2410 model and is by 

far, one of the most advanced models of human lupus288. Many of the variations of genes 

involved in the three loci have direct associations with human lupus, which is, itself, a 

strong validation of mouse findings. Furthermore, these genetic loci create replicate 

distinct aspects of SLE that add to the variability in disease manifestation seen in 

humans. However, the model isn’t without problems primarily observed in the time frame 

of disease manifestation, which appears to be heterogeneous depending on the sex and 

the genotype. Similar to the pristane model, the age effects creates a dilemma, especially 

if a sub-portion of the mice develop disease first and are not able to survive to the 

experimental endpoint. Furthermore, the increased number of genotypes adds confusion 

to the discrepancy between the genotypes at each respective age.  
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 An alternative genetic model to study is the MRL/lpr mice, which displays an 

accelerated mortality rate without a gender discrepancy as males and females are 

significantly both affected. This model produces high concentrations of circulating 

immunoglobulins such as anti-ssDNA, anti-dsDNA, anti-SM, and rheumatoid factor, 

which results in large amounts of immune complexes189. This model accelerates disease 

significantly, such that time becomes less of an issue, and mice analyzed together would 

provide greater detail into the disease alterations by Rab4a. However, this model is based 

on the lpr mutation, which alters the transcription of the Fas receptor, causing a 

lymphoproliferative disorder that doesn’t best capture the manifestations of human SLE. 

 Each model is a balance between disease similarity to human lupus, the time 

frame of manifestation, and ease of study. Unfortunately, there is no best model as each 

has its advantages and disadvantages. As such, it becomes prudent to study multiple 

models and assess what kind of role that Rab4a plays in each of these conditions. Here, 

we illustrated the effects in both a genetic model of SLE as well as an environmentally 

triggered model to provide some insight into the pivotal role that Rab4a has on the 

directionality of disease progression. 

 

Conclusions 

Rab4a has a clear impact on disease pathogenesis in both the pristane model of 

autoimmunity and the genetic SLE1.2.3 model. We found that constitutive activation of 

Rab4a, similar to overactivation found in humans, drives an increase in the development 

of nephritis in the genetic model and provides protection from DAH in the pristane 

model. We believe this occurs through the actions of mTOR, resulting in a shift of the 
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metabolic landscape and a skew of lineage development. The knockout of Rab4a in T-

cells provides protection from lupus nephritis in the genetic model and exacerbates the 

disease severity in pristane induced DAH, but does so by creating a pro-inflammatory 

state that is likely driven by the dysfunctional Treg differentiation and function. 

Identifying the specific causes and effects that drive this milieu development and why it 

is protective could elucidate alternative therapeutic targets. Furthermore, an 

understanding of how Rab4a interacts with mTOR could provide insight into the 

mechanistic actions of Rab4a and whether it is upstream or downstream of mTOR 

signaling.  
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Figure A1. Chemo-attractants over time. Mice over various age groups were 

measured for their production of chemoattractant cytokines and were found to be 

elevated in early stages of life in WT_KO and SLE_KO mice. By mid-age, the 

increase observed in WT_KO mice is gone, but is still present in SLE_KO mice. 

By old age, nearly all the changes previously observed in young and mid-aged 

mice have disappeared with levels equalizing among most of the genotypes. 



133 
 

 



134 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2. Cytokine profile throughout the ages. Mice over various age groups 

were measured for their production of cytokines. Similar to chemoattractants, 

many of the proinflammatory cytokines were elevated in early stages of life. By 

mid-age, the increase observed in WT_KO mice was gone, but is still present in 

SLE_KO mice. By old age, nearly all the changes previously observed in young 

and mid-aged mice have disappeared with levels equalizing among most of the 

genotypes. Clinical intervention of mice at mid-age normalizes many of the 

inflammatory changes seen normally at mid age. 
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Figure A3. Proteinuria over time. The 6 genotypes of mice were assessed over time. 

We ultimately found that disease peaked at the 20-29 age and the 40-49 cohort in both 

male and female mice although there are also gender discrepancies  

Figure A4. Mechanistic illustration of Rab4a activity. Rab4a co-localizes with 

mTOR on the surface of endosomes to activate metabolic pathways that sync with the 

pathological calcium signaling to drive disease. Rab4a recycles components of the 

TCR that causes an overactivation of T cells. Additionally, Rab4a promotes endocytic 

recycling of Drp1 to decrease mitophagy and thereby increase mitochondrial content. 

The increased sensitivity of TCR triggers increased activation of CD38 and causing 

increased levels of cADPR. Release of ER Calcium initiates SOCE (store operated 

calcium entry) which in turn upregulates ORAI1 to further add to increased calcium 

levels. Mitochondrial dysregulation causes metabolic shifts that cause dysregulated 

ATP production, which can feedback to inhibit the degradation of cADPR to ADPR. 

Together, these metabolic changes and increased levels of calcium triggers many 

pathways that may impact cellular development and disease susceptibility. 
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Appendix Tables 

 

 

Antibodies Fluorescence Company Cat#  

CD3 BUV737 BD 564618 

CD4 BUV496 BD 564667 

CD8 APC-Cy7 Biolegend 100714 

CD11b PerCP-Cy5.5 BioLegend 101228 

CD11b BUV395 BD 563553 

CD11c BUV395 BD 744180 

CD11c AF488 Biolegend 117311 

CD11c PE-CF594 BD 562464 

CD19 APC-Cy7 BD 557655 

CD19 AF700 Biolegend 115528 

CD19 APC-R700 BD 565473 

CD25 BUV395 BD 564022 

CD152 PE-Dazzle594 Biolegend 106318 

CCR4 PE-Cy7 Biolegend 131214 

CCR6 AF647 BD 557976 

Gr1 PE-CF594 BD 562700 

FoxP3 PerCP-Cy5.5 eBioscience 

45-5773-

82 
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Helios AF647 Biolegend 137218 

IFNy AF647 Biolegend 505814 

IL4 PE-Cy7 Biolegend 504118 

IL9 PerCP-Cy5.5 Biolegend 514112 

IL17a PE/Dazzle594 Biolegend 506938 

IL17a AF488 Biolegend 506910 

IL21 PE eBioscience 

12-7213-

82 

MTG 516nm Invitrogen M7514 

pAKT PE BD 560378 

pS6RP AF488 Cell Signaling 4803S 

TMRM 585nm Invitrogen M20036 

FC block   BD 553142 

 

 

 

 

 

 

 

 

 

 

Appendix Table 1. List of antibodies used in flow cytometric experiments and 

their corresponding sources. 
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Appendix Table 2. Summary of findings in the SLE1.2.3 genetic model of lupus and 

respective figures where data is located. 
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