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Abstract 

 
Metabolic Control of Autoimmunity through autophagy 

Metabolism plays a key role in immune cell activation and differentiation. Immune 

cell activation depending on their biosynthetic and bioenergetic needs leads to 

profound metabolic reprograming. Proinflammatory subsets of immune system 

cells such as effector T cells show dependency on glycolysis, whereas, regulatory 

T cells rely on oxidative phosphorylation. Under metabolic stress, immune cells 

utilize autophagy to overcome nutrient scarcity, an alternate method of recycling 

amino acids and other metabolic precursors. Limitation of nutrients such as amino 

acids activates mechanistic target of rapamycin (mTOR) in the immune cells. 

mTOR acts as a metabolic mediator, associated with mitochondria and metabolic 

needs of the immune cells. Homeostasis between mTOR activation and autophagy 

decides the fate and functionality of specific immune cells. The activation of mTOR 

is widely acknowledged in the pathogenesis of SLE, whereas, autophagy has been 

linked with antigen processing, presentation, and immunoregulation.  

In this study, we focused on Rab4A, an endosomal GTPase and Transaldolase, a 

rate limiting enzyme of the pentose phosphate pathway (PPP). Rab4A is over 

expressed in SLE T cells and facilitates lysosomal degradation of CD4 and CD3. 

Transaldolase is also overexpressed in T cells from SLE patients and SLE prone 

mice. First, we examined the role of Rab4A in a pristane-induced mouse model of 

SLE. Since Rab4A protects from pristane-induced alveolar lung hemorrhage, we 

tested the hypothesis that Rab4A will also protect from pristane-induced lupus 

nephritis. We found that overexpression of a constitutively active form of Rab4A 



limits antinuclear antibody production. Further, we found that Rab4A protects from 

pristane-induced renal injury by restricting immune complex depositions in the 

kidney. In additions, we found that Rab4A abrogates kidney-infiltration by 

lymphocytes and protects from podocyte injury. Furthermore, Rab4A facilitates the 

lysosomal mediated activation of mTOR. Possibly, the Rab4A mediated activation 

of mTOR in regulatory T cells leads to suppression of pristane-induced pro-

inflammation signaling. In the second part, we investigated if aldose reductase 

(AR) deficiency can protect from Transaldolase mediated pathogenesis of liver 

disease. We found a coordinated regulation between AR and TAL, leading to the 

disease progression.  
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I. Autoimmunity 
 

 

Systematic lupus erythematosus (SLE) is a multisystem chronic inflammatory 

disease characterized by circulating antinuclear autoantibodies and dysfunction of 

B cells, T cells, and dendritic cells1,2. To date, heterogeneity in SLE leads to 

immense challenges for physicians to diagnose and treat3. Despite these 

challenges, SLE mortality has significantly declined in United States due to early 

diagnosis and improved management of organ specific manifestations and 

difficulties4. New therapies are mainly accountable for better outcomes5, however, 

substantial medical needs in SLE are still required based on extreme damage 

accrual, morbidity, and mortality3. The ontogenesis of SLE has been associated 

with three phases during its propagation. First, the regulatory failure of the immune 

system leading to generation of auto-reactive antibodies (Phase I). Enrichment of 

auto-antibody repertoires due to the exaggerated immune response towards self-

antigens burden (Phase II), resulting in organ specific/nonspecific clinical 

manifestation. Finally, functional failure of organs such as the kidney and brain due 

to the tissue damage by self-reactive autoantibodies, if not treated in time (Phase 

III)6. Notably, SLE is a disease which occurs across racial/ethnic, age groups and 

in both genders. However, it does have higher prevalence in adults, specifically in 

women and in non-Caucasians. It has been noted that there are 20 to 150 cases 

per 100,000 in the United States. With higher prevalence in women, it has been 

found that there are 164 (Caucasians) to 406 (African American) cases per 

100,000 women in the United States7-9. Based on racial distribution, it has been 
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reported that the prevalence of SLE cases is higher in African Americans, Asians, 

Hispanic Americans and Caribbeans as compared to Caucasians9-11.  Clinical 

heterogeneity in SLE leads to highly variable presentation of the symptoms, 

disease progression and outcome of SLE. Typically, the disease course can be 

characterized by periods of high activity also known as flare and remission of the 

symptoms. The severity, frequency and duration of the of these flares shows 

significant variability from patient to patient, making SLE a challenging disease to 

diagnose and treat. Based on this variability, a set of established standard 

diagnostic criteria became necessary. According to the American College of 

Rheumatology, 4 out of 11 criteria shown in Table 1 are needed for the formal 

diagnosis of SLE12. The symptoms of SLE can be further categorized as 

constitutional or organ specific. Constitutional symptoms resulting from systemic 

inflammation include weight loss, fever and fatigue9,13-15. Overwhelmingly, the 

majority of patients with SLE show organ specific symptoms such as those related 

to the kidney and the central nervous system14. Numerous mechanisms may result 

in a loss of self-tolerance and organ dysfunction due genetic16, epigenetic17, 

environmental18, hormonal19, and immunoregulatory factors20,21 which may later 

contribute to tissue injury and clinical manifestations.  
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Table 1. American College of Rheumatology Criteria for the Diagnosis of 
Systemic Lupus Erythematosus (SLE)22 

Criterion Definition 

Malar rash 
A rash on the cheeks and nose, often in the shape of a 
butterfly 

Discoid rash A rash that appears as red, raised, disk-shaped patches 

Photosensitivity 
A reaction to sunlight that causes a rash to appear or get 
worse 

Oral ulcers Sores in the mouth 

Arthritis Joint pain and swelling of two or more joints 

Serositis 
Inflammation of the lining around the lungs (pleuritis) or 
inflammation of the lining around the heart that causes 
chest pain, which is worse with deep breathing (pericarditis) 

Kidney disorder Persistent protein or cellular casts in the urine 

Neurologic 
disorder 

Seizures or psychosis 

Blood disorder 
Anemia (low red-cell count), leukopenia (low white cell 
count), lymphopenia (low level of specific white cells), or 
thrombocytopenia (low platelet count) 

Immunologic 
disorder 

Positive test for anti–double-stranded DNA, anti-Sm, or 
antiphospholipid antibodies 

Abnormal 
antinuclear 
antibodies 

Positive antinuclear-antibody test 
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A. Genetic factors 
 

Genetic factors have been associated with predisposition to the development of 

SLE23. Although the majority of the cases of SLE cannot be associated with 

deficiency of a single gene (C1q and C4)23,24, variations in a large number of genes 

have been related to the pathogenesis of SLE.  Deficiency in C1q has been linked 

with clearing of necrotic materials25, whereas, lack of C4 results in reduced 

removal of self-reactive B cells26. Overall, minimal contributions of single alleles 

have been linked with SLE and the cumulative outcome of several genes is 

essential to markedly increase the risk of SLE25,27. The majority of the SLE linked 

single-nucleotide polymorphisms (SNPs) falls within non-protein-coding DNA that 

regulate immune response–related gene transcription28. A spectrum of 

autoimmune diseases have been associated with genes such as STAT4 and 

PTPN22 (rheumatoid arthritis and diabetes). SNPs linked with genes product such 

as CD3-ζ9 and PP2Ac10 have been identified to play a strong role in abnormal T-

cell function in SLE29,30. Genome-wide association studies identified and linked 

JAZF1, IL10, TNIP1, UHRF1BP1 and PRDM1 as risk loci for SLE27. Although 

these findings are strong, only 15% of the heritability of SLE can by accounted by 

identified loci. Further, there are increasing evidence showing that epigenetic 

mechanisms such as DNA methylation and histone modification significantly affect 

the expression of genes associated with immune system and immune response31-

35.      

 

 



  Chapter 1 

6 
 

B. Epigenetic factors 
 

The pathogenic role of epigenetics such as DNA hypomethylation have been 

observed in SLE for over two decades36. DNA methylation is a fundamental cause 

of chromatin remodeling with the potential to regulate gene expression. 

Deregulated DNA methylation resulting in the abnormal increase or decrease in 

gene expression has been implicated in the development of a variety of diseases17. 

The early studies have evidently established the role of deregulated DNA 

methylation patterns in the development of SLE by reporting global 

hypomethylated DNA of the T cells from patients with active lupus36. Recent 

studies have demonstrated that decrease in the enzymatic activity of DNMTs leads 

to DNA hypomethylation in SLE patients37.  Studies using DNA demethylating 

drugs (Hydralazine and procainamide) have provided additional evidence of DNA 

hypomethylation mediated manifestations of lupus in healthy persons17,38. 

Similarly, recruitment of histone deacetylase 1 to the IL2 promoter leads to 

suppression of its promoter activity39. Further, Studies have shown that 

Trichostatin A, an inhibitor of histone deacetylase regulates the function of T cells 

in both patients with SLE and lupus-prone mice resulting in disease 

improvement40.      

C. Environmental factors 
 

Various epidemiologic studies have attributed the exposure to UV light and 

smoking in the pathogenesis of SLE18. Studies have shown significant numbers of 

patients exhibiting skin sensitivity to sunlight (UV light), which promotes Z-DNA 
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stabilization in patients with SLE41. Stabilized Z-DNA is common in SLE patients 

and promotes higher affinity for anti-dsDNA antibodies42.  Further, Epstein-Barr 

virus (EBV) has been associated with SLE patients as an infectious agent and 

leads to B cell hyperactivity43. Patients with SLE are almost universally positive for 

higher viral load and indicate faster seroconversion to Epstein–Barr virus (EBV) 

infection44. Further similarities between lupus autoantigen Ro and EBV nuclear 

antigen 1 with the incapacitated CD8+ T cells to control EBV-infected B cells, 

suggest EBV as a possible initiator of SLE45,46. 

SLE shows increased female-to-male ratio in patient numbers suggesting sex 

factors mediate disease development and proclivity11.  Many sex factors could play 

a role in the female predilection to SLE, as studies have reported that 

endocrinologic, metabolic and genetics (X and Y chromosome–mediated) could 

contribute towards the biologic differences between the sexes47,48. Genetic 

manipulation in mice to express two X chromosomes, promotes the development 

and the severity of SLE49. Among others, the CD40 gene is known to contribute to 

the pathogenesis of SLE, and is also located on chromosome X. Studies have also 

shown that pregnancy may aggravate the development of SLE leading to various 

clinical challenges50. Based on these epidemiological characteristics of SLE as 

described above, it is evident that a genetically predisposed individual as a host of 

environmental, infectious and hormonal factors may lead to the development of 

SLE, whereas, the exact factors and the processes that trigger the disease are still 

unclear. 
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D. Immunological factors 
 

It is pertinent to understand that the immune system is broadly compromised in 

patients with SLE, and that deregulation of single elements may lead to reformed 

response of the whole immune system20. Extensive studies have indicated the 

aberrant regulation that controls cytokine production and T cell function in SLE24,51-

53. Defects in gene expression and biochemical regulations have been identified 

that account for T cells to provide excessive aid to B cells resulting in inflammatory 

responses with reduced production of interleukin-2 (IL-2)51. Alteration in cellular 

activation of T and B cells from patients with SLE is well established20,54. Antigen 

receptor–mediated activation of T cells by TCR/CD3 receptor, which identifies and 

binds with antigens/autoantigens and promotes activation of the cell by interior 

signaling, is “rewired” in T cells from patients with SLE20,22. Reports suggest that 

SLE T cells have replaced CD3-ζ by the FcRγ common chain due to diminished 

expression of CD3-ζ51. This replacement leads to the spleen tyrosine kinase (Syk) 

dependent signaling instead of canonical ζ -associated protein (ZAP-70)55 and 

results in decreased mRNA stability, abnormal mRNA splicing and decreased 

transcription56. Further, aggregation of lipid rafts, cholesterol-rich scaffolds that 

contain signaling proteins on the cell surface have been associated with activation 

of T cells57. Drug administration to enhance clustering of cholesterol-rich lipid rafts 

in lupus prone mice shows accelerated disease onset, whereas, inhibition of lipid 

raft clustering in lupus prone mice showed protective effects against the disease 

onset21. A detailed list of abnormalities reported in T cells from SLE patients is 

provided in Table 2. Evidence suggests, that increased TCR/CD3 signaling 
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contributes to increased calcium/calmodulin-dependent protein kinase IV (CaMK4) 

and in turn decreased IL-2 production58. Enhanced binding of repressor cyclic AMP 

response-element modulator α, due to elevated levels CaMK4 leads to suppressed 

IL-2 promotor activity39. Further, SLE T cells indicated increased amounts of PP2A 

which dephosphorylates pCREB, limiting its binding with IL-2 promoter region59. 

As a result of reduced levels of IL-2 produced by T cells which leads to poor activity 

of cytotoxic T cells, SLE patients become more prone to infections. Increased risk 

of infection is a major cause of illness and death in patients with SLE20.  Interleukin-

17 (IL-17) produced by activated T cells is essential in the defense against certain 

bacterial and fungal infections. Large populations of activated CD4+ T cells and 

CD3+CD4–CD8- T cells express IL-17 resulting in abnormally high levels of IL-17 

in the sera of patients with SLE60.  Several studies have established a correlation 

between IL-17 production and disease activity. Moreover, IL-17 producing T cells 

have been reported to migrate to the kidneys in the patients with lupus nephritis. 

Further, increased IL-17 in the targeted organ can recruit effector cells, resulting 

in hyper immune response60. Evidence has outlined the contribution of increased 

IL-17 levels in various immunogenic processes such as formation of germinal 

centers, improving B cell proliferation and survival with enhanced class switching 

(antibody-secreting cells) and promoting formation of a tertiary lymphatic system 

in the targeted organs61-64.  
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Table 2. Signaling defects reported in SLE T cells20 

Abnormalities associated with T cells 

Decreased activity of PKC 

Decreased PKA levels and activity 

Increased calcium response 

Deficient CD45 phosphatase activity 

Increased phosphorylation of tyrosine residues 

Decreased expression of CD3ζ 

Decreased activity of Lck 

Increased expression of FcRγ 

Decreased MAP kinase activity 

Increased activity of PI3K 

Increased lipid raft clustering 

Increased expression and activity of Syk 

Increased expression of HRES-1/Rab4 
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E. Innate vs adaptive immunity 

The immune system is typically divided into two categories and classified as innate 

and adaptive immunity, which are not mutually exclusive. Innate immunity has 

been defined as the first nonspecific defense mechanism against foreign invaders. 

The major components of the innate immune system include GI tract, mucosal and 

epithelial linings as well as skin, forming a barrier for pathogens to enter. However, 

if pathogens manage to make it past the external barriers, the innate system 

utilizes inflammatory cells mainly macrophages and neutrophil granulocytes by 

localizing them to the site of infection. These cells facilitate the digestion of the 

pathogen by forming an enclosure against it. Macrophages and neutrophils 

function efficiently if pathogens have been marked by proteins of the complement 

system. Activation of complement system provides the recognition, marking and 

defense against pathogens, making them palatable for macrophages and 

neutrophils. At this point, inflammatory responses include increased blood 

circulation, the affected area becomes hot and swollen and in some cases, there 

is also fever65. 

If the innate immune system, as a first line of defense, is unsuccessful in 

extinguishing the pathogen, the adaptive immune response comes into play. The 

adaptive immune response may take 4 days to 7 days to set in. Adaptive immune 

response attacks the pathogen in a more accurate fashion with the memory of the 

antigen. If the pathogen is already recognized and infected before, the adaptive 

immune response acts quicker in a more efficient way. Memory cells produced 
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during the very first contact of the pathogen facilitate memory of the antigens. This 

suggests that a primary response towards a new pathogen by the adaptive 

immune system takes several days, and a second infection has a quick response 

with often no consequence or weaker symptoms. The adaptive immune system 

predominantly utilizes a cell-mediated immune response which is necessary for 

the elimination of the pathogen. The adaptive immune system as a cell-mediated 

response includes T cells, B cells, antibodies as soluble proteins in the blood and 

cytokines in the blood and tissue as hormone-like messenger substances. T cells 

play an elite role in recognizing the infected cell and for their elimination from the 

body. When is pathogen specific to a T cell infects a tissue, it can efficiently 

stimulate the T cells to proliferate and develop into specialized T cells. At the same 

time, newly produced T cells also trigger other defense mechanisms to destroy 

and eliminate the pathogen. T cells develop into various specialized cells including 

T helper cells, cytotoxic T cells, memory T cells and regulatory T cells65.  

B lymphocytes also play a crucial role in the adaptive immune system as they 

produce antibodies specific to a unique pathogen and present in the blood as a 

soluble protein. These cells are capable of utilizing cytokines as soluble 

messengers to act or can interact directly with the surface of other defense cells 

to communicate. These cytokines are predominately produced by activated 

dendritic cells as APC’s, with the activation pathogen specific lymphocytes. 

Activated lymphocytes give rise to the clonal expansion of antigen specific cells 

that mediated adaptive immunity65,66.                  
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II. mTOR Signaling in Autoimmunity 
 

The mammalian target of rapamycin (mTOR), is an evolutionarily conserved 

serine/threonine kinase that regulates growth signaling and metabolism on a 

cellular level 67. A diverse range of environmental factors such as growth factors 

or nutrient stress, acts via the phosphoinositide-3-kinase (PI3K)-AKT pathway to 

result in activation of mTOR68. Structurally, mTOR complexes can be classified 

into two; 1) mTOR Complex1 (mTORC1) and 2) mTORC2, with distinct action and 

cellular mechanisms. mTORC1 facilitates cellular processes such as autophagy, 

transcription, translation and shows sensitivity towards rapamycin. Whereas, 

mTORC2 is predominantly involved in regulation of the cytoskeleton and cell 

survival.  mTORC2 is relatively resistant to rapamycin with mild sensitivity under 

prolonged treatment time69. Recently, activation of the mechanistic target of 

rapamycin (mTOR) complex 1 (mTORC1) has been recognized in T cells of SLE 

patients and lupus-prone mice70,71. Studies show that mTOR signaling is essential 

for functional regulation of various immune cells including T-B cells, neutrophils, 

dendritic cells, macrophages, natural killing cells and mast cells suggesting its 

crucial role in both innate and adaptive immune system72. Further, rapamycin 

treatment has been shown to block activation with mTOR with clinical efficacy as 

an immune-suppressive agent. In SLE patients, predominant activation of 

mTORC1 with reduced mTORC2 activation has been reported. mTORC1 

activation in SLE patients promotes proinflammatory signaling by generation of IL-

4 and suppression of regulatory T cells71. Accordingly, rapamycin has shown 

therapeutic benefits with effective blockade of mTORC1 in T cells of SLE patients. 
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In SLE patients, rapamycin blocked the production of IL-4 and suppression of 

CD4+CD25+FoxP3+ Treg cells, possibly due to activation of mTORC273. Moreover, 

reports suggest distinct roles of mTORC1 and mTORC2 in differentiation of CD4 

T cells. Deletion of activator for mTORC1, Rheb, resulted in suppression of Th1 or 

Th17 development from the CD4 T cells without affecting the Th2 cell 

differentiation74. Blockage of mTOR by rapamycin or genetic modifications 

promotes the preferential expansion of regulatory T cells. It has been suggested 

that Treg differentiation is critically coupled to cellular metabolic state of CD4 T 

cells and depends more on oxidative phosphorylation and fatty acid oxidation, 

whereas proinflammatory effector T cells prefer glycolytic metabolism. Selective 

promotion of glycolysis by mTOR via increased translation of glycolysis associated 

proteins but not fatty acid oxidation postulates the mechanism for preferential 

expansion of regulatory T cells with mTORC1 blockade75,76.  

III. Mouse Models of SLE 
 

SLE is characterized as a complex disease resulting in production of 

autoantibodies and immune complex accumulation in target organs such as 

kidney. Animal models for the human disease facilitates testing of novel 

therapeutics and associated pathogenic pathways. Various mouse models are 

used for lupus studies and can be classified into four: 1) spontaneous models of 

lupus, 2) transgenic-induced lupus, 3) inducible models of lupus, 4) gene knockout-

induced lupus and 5) humanised mouse models of lupus. A summary of 

spontaneous and inducible mouse models of SLE is elaborated in Table 377.  
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Table 3: Summary of various murine models of SLE77.  
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Spontaneous models of lupus include: NZM/NZW, NZM2410, NZM2328, MRL/lpr, 

NZM2328, BXSB and SNF1 strains. Inducible models involve pristane, resiquimod 

inducible systems and graft-versus-host (GVH)78. In the present study, we utilized 

pristane, an isoprenoid alkane and also known as hydrocarbon oil (2,6,10,14-

tetramethylpentadecane, TMPD). Pristane is a naturally occurring oil found in the 

liver of sharks, vegetables and byproducts of petroleum. Studies have shown that 

mice administered with pristane interperitoneally, develop monoclonal enriched 

ascitic fluid, lipogranulomas and autoantibodies leading to SLE-like clinical 

manifestations79,80. Pristane interacts with the phospholipid bilayer as a membrane 

activating agent, however, the mechanism of its cytotoxicity still needs to be 

elucidated. Reports suggest that autoantigens become available to the immune 

system as a result of enhanced apoptosis under pristane treatment. Calvani and 

colleagues reported that pristane-induced apoptosis in lymphoid cells leads to 

production of autoantigens and subsequently overproduction of IFN-α and IFN-β81. 

Further, animals deficient in the production of IFN-α, β and treated with pristane, 

are unable to produce autoantibodies82. Mice with various backgrounds such as 

C57BL/6, BALB/c and SJL/J have been shown to develop autoantibodies in 

response to pristane injected intraperitoneally. BALB/c mice treated with pristane 

develos autoantibodies specific to the RNA component of U1 small nuclear 

ribonucleoproteins mediated by IFN-I production driven by TLR783. Increased 

TLR7 expression as a result of pristane, contributes to production of 

autoantibodies by hyperactivated B cells84. Further, BALB/c nude mice and 
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C57BL/6 mice deficient in T cell receptors such as TcR’s, do not produce IgM and 

IgG in response to pristane, suggesting the role of T cells in the pristane-induced 

production of autoantibodies is comparable to that studied in SLE patients85,86. 

Interestingly, studies suggest that pristane also leads to immune complex 

mediated glomerulonephritis in animals with different backgrounds such as 

BALB/c, SJL and C57BL/6 mice with increased glomerular IgG, complement 

deposition and proteinuria similar to lupus nephritis in SLE patients87.  

IV. Lupus Nephritis 
 

The kidney plays an important physiological role in its facilitation of vital functions 

such as detoxification, blood pressure, hematopoiesis and homeostasis of 

glucose, water and calcium. Nephrons consisting of glomerulus and the 

consecutive tubular system facilitate the filtering and production of urine. The 

glomerulus provides the glomerular filtration barrier, which consists of the 

glomerular basement membrane (GBM) and the slit membrane, formed by 

podocytes. Glomerulonephritis (GN), sometimes called glomerular disease 

includes injury to the glomeruli due to immune mediated diseases. The most 

aggressive form of GN is rapidly progressive glomerulonephritis (RPGN) and if not 

treated in adequate time, it may lead to end-stage renal disease (ESRD) within a 

very short time period88. One of the leading causes of GN is accumulation of 

immune complexes in the kidney referred to as lupus nephritis. Lupus nephritis is 

a chronic inflammatory autoimmune kidney disease, as a result of glomeruli 

associated immune-complexes depositions in the kidney of SLE patients89. In past 

years, studies with human and mouse models have provided enough evidence to 
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establish the functional role of IL-17 in lupus nephritis disease progression90,91. 

Further, some of the major hallmarks of lupus nephritis includes immunoglobulin 

and compliment factor deposition, leukocyte infiltration and podocyte injury89,92-95.  
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Figure 1-1. Cross section of a kidney with internal architectures and 

functions. (A) Cross section of a kidney showing the intake and exit of blood stream. 

Blood entered through afferent arterioles reaches the cortical region containing nephrons 

for the filtration. Upon filtration, the blood recirculates into the body by exiting kidney using 

efferent arterioles. (B) Structure of a nephron connected with the blood vessels and 

facilitating the filtration by utilizing the glomerulus. Unwanted metabolites and proteins 

separate from blood and are collected in tubules as urine. (C) Assembly of a glomerulus 

showing intake and exit of blood stream, podocyte foot process on the basal membrane 

facilitated by the mesangial cells and capillary loop providing efficient filtration with more 

circulation.                
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A. Extrinsic mechanisms in pathogenesis of Lupus Nephritis 

 
Autoantibody production is one of the hallmarks of SLE1, hence they are frequently 

used as biomarkers for diagnosis and disease progression. Numerous pathogenic 

pathways related to autoantibodies, including circulating immune complex 

deposition in renal tissues, have been proposed in lupus nephritis. Further, studies 

have also shown the binding of autoantibodies to “antigens” entrapped within the 

kidney tissue, as well as direct binding of autoantibodies to resident renal cells and 

extra-cellular matrix components due to presence of in-situ cross-reactive 

antigens96. This unusual mechanism occurs in LN because as human evolved, our 

immune system was developed to potently act against viral particles upon 

recognition. Whereas in SLE patients, the immune system initiates anti-viral 

immunity against the components of virus-like nuclear particles which is a result of 

delay in dead cell removal, as a part of SLE pathogenesis91. Anti-dsDNA antibody 

is an example of an autoantibody which is commonly detected in the biopsy of LN 

patients and has been associated with the disease pathogenesis and 

diagnosis97,98. Studies have shown the direct binding of anti-dsDNA antibody with 

renal cells and its extracellular matrix components resulting in localized 

inflammation and deregulated cell function and death99. As a result, and due to 

loss of intra-renal nuclease, the accumulation of nucleosomes which are also 

important targets of autoantibodies, further promotes the development and binding 

of anti-dsDNA antibody100. Moreover, circulating chromatin fragments lead to 

mesangial matrix deposition of anti-dsDNA antibody which also contains 

immunoglobulin complexes101. Previous studies have shown that anti-dsDNA 
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isolated from LN patients has affinity towards proximal renal tubular epithelial cells 

(PTEC) and results in proinflammatory cytokine secretion with changes in cell 

morphology102. Further, it was found that murine anti-dsDNA antibody (mAb 3E10) 

can bind to human renal tubular cells but requires a DNA binding residue for 

cellular penetration103. These studies facilitate greater insight into the role of 

autoantibodies in the pathogenesis of LN. Previous studies have also shown that 

anti-dsDNA antibodies possess binding activity towards podocytes as well, in vitro 

and in vivo104. Moreover, anti-dsDNA antibody binding with podocytes leads to 

podocyte foot process effacement in the BALB/c mouse model105. Various studies 

have also shown the role of other autoantibodies in the pathogenesis of LN. A 

recent study suggested that circulating IgG with affinity towards mesangial cell 

promotes proliferative LN in SLE patients106. Further, Isolated IgG from lupus 

patients can also affect tyrosine phosphorylation of podocytic proteins, leading to 

deregulated podocytes and podocyte injury107. More studies are required to identify 

the target antigens of the autoantibodies, with better insight into the downstream 

signaling.  Aberrant lymphocyte proliferation has been also associated with the 

pathogenesis of LN.  Hyper activation of antigen-presenting cells as a hallmark of 

SLE, results in switching of immune ignorance towards autoantigens to further 

lymphocyte activation and proliferation108. Interestingly, Anderson et. al. reported 

a novel extrinsic pathway mediated by T cells where IL-2 inhibits Th17 cells 

differentiation via inducing synthesis of IFN-γ and IL-27109. Deregulation in 

mitogens such as MDM2 and BAFF leads to the mitogenic effect of nucleosomes 

or DNA viruses on autoreactive lymphocytes in SLE91. Studies have found 
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deregulation in a proliferation-inducing ligand (APRIL) and BAFF, which regulate 

B cell differentiation and Ig class switching, promotes plasma cell survival and are 

considered to be potential therapeutic targets in SLE110,111.  

Tubulointerstitium Infiltrating leukocytes also facilitate the formation of tertiary 

lymphoid organs inside the kidney. These tertiary lymphoid organs promote the 

clonal expansion and class switching (by somatic hypermutation) of B cells 

contributing towards the intrarenal autoantibody production and local 

inflammation112-114. Also, T cell infiltration contributes to IL-17 production by 

CD3+/CD4+ or CD3+CD4/8-/- T cells leading to immunopathology in LN115.  

B. Intrinsic mechanisms in pathogenesis of LN 
 

The polyclonal autoantibody production by nonspecific activation of autoreactive B 

cells and immunoglobulin depositions leads to the diagnostic hallmarks of LN116. 

However, studies have also shown that antibody-deficient mice can still develop 

LN, therefore, the pathogenic effects of B cells are not only limited to antibody 

production117,118. The effects of B cells in LN also include antigen presentation to 

activate T cells and promote local proinflammatory signaling118. Further, the 

deposition of the immune complexes at varied locations such as in the 

subendothelial and subepithelial spaces or/and in the mesangium, depends on the 

type/quality of the autoantibodies and the duration and severity of LN119.  

The passive deposition of circulating immune complexes in the kidney as a 

traditional concept has been challenged by various recent studies120,121. Newer 

studies report the in-situ formation of immune complexes due to the binding of 
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nucleosomes by renal cells100. Anti-nuclear antibodies can activate the mesangial 

and endothelial cells due to direct uptake of the antibodies by the renal cells121. 

Moreover, Fc receptor (FcR) ligation mediated by immune complexes activates 

glomerular cells122. Previous studies have shown that activation of the complement 

system due to intrarenal immune deposition plays dual role in LN. i) activation of 

complement factors results in activation of immune complex related renal 

inflammation, whereas on the other hand, ii) reduction in complement factors 

decreases the clearance of lupus autoantibodies from the extracellular space123.   

As a result of nucleic acid components of the deposited immune complexes, Toll 

like receptors (TLR’s) have been shown to promote intrarenal inflammation by 

activating macrophages and dendritic cells124. Further, the immunostimulatory 

nucleic acids facilitate the large production of proinflammatory cytokines (IFN’s) by 

activating mesangial cells, glomerular endothelium, and macrophages125-130 

leading to podocytes injury. This intraglomerular IFN signaling contributes to the 

renal disease by triggering the formation of tubuloreticular structures. Altogether, 

studies suggest that ligation of Fc receptor (FcR), TLR’s, and complement factors 

promote the release of proinflammatory cytokines and chemokines, produced by 

activated renal cells131. Kidney infiltration by T cells (Cytotoxic T & Th17 cells), B 

cells and macrophages in LN, is well established by several studies132. Distinct 

chemokine receptors mediate the leukocyte subset infiltration into the different 

compartments of the kidney133. CCR2+ proinflammatory T cells and macrophages 

infiltrate the glomerulus and the tubulointerstitium due to CCL2 chemokine134. 
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Whereas, CCR1+ cells are only recruited to the tubulointerstitium but not the 

glomerulus135.  

V. Classifications of LN 
 

 

Renal biopsies from patients with SLE show various morphological changes 

including vascular, glomerular, and tubulointerstitial lesions. Detailed examination 

of new lesions over the past 40 years has evolved in a classification of lupus 

nephritis. Due to new pathogenic insights, the interpretation of the renal biopsy in 

SLE and its correlation with clinical symptoms and prognosis has been increasingly 

challenging. This has revealed the need for a common classification of lupus 

nephritis between different clinics and health care institutions. With these 

objectives in mind, a revised classification of lupus nephritis was formulated 

between a group of rheumatologists, nephrologists and renal pathologists during 

a 3-day conference held at Columbia University, New York, in May 2002. The 

revised classification of Lupus Nephritis is described in Table 3136.    
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Table 3: International Society of Nephrology/Renal Pathology Society 
(ISN/RPS) 2003 classification of lupus nephritis136 

Class I Minimal mesangial lupus nephritis 

Normal glomeruli by light microscopy, but mesangial immune deposits by 
immunofluorescence 

Class II Mesangial proliferative lupus nephritis 

Purely mesangial hypercellularity of any degree or mesangial matrix expansion 
by light microscopy, with mesangial immune deposits 

A few isolated subepithelial or subendothelial deposits may be visible by 
immunofluorescence or electron microscopy, but not by light microscopy 

Class III Focal lupus nephritis 

Active or inactive focal, segmental or global endo- or extracapillary 
glomerulonephritis involving <50% of all glomeruli, typically with focal 
subendothelial immune deposits, with or without mesangial alterations 

Class IV Diffuse lupus nephritis 

Active or inactive diffuse, segmental or global endo- or extracapillary 
glomerulonephritis involving ≥50% of all glomeruli, typically with diffuse 
subendothelial immune deposits, with or without mesangial alterations. This 
class is divided into diffuse segmental (IV-S) lupus nephritis when ≥50% of the 
involved glomeruli have segmental lesions, and diffuse global (IV-G) lupus 
nephritis when ≥50% of the involved glomeruli have global lesions. Segmental 
is defined as a glomerular lesion that involves less than half of the glomerular 
tuft. This class includes cases with diffuse wire loop deposits but with little or no 
glomerular proliferation. 

Class V Membranous lupus nephritis 

Global or segmental subepithelial immune deposits or their morphologic 
sequelae by light microscopy and by immunofluorescence or electron 
microscopy, with or without mesangial alterations 
Class V lupus nephritis may occur in combination with class III or IV in which 
case both will be diagnosed 

Class V lupus nephritis may show advanced sclerosis 

Class VI Advanced sclerotic lupus nephritis 

≥90% of glomeruli globally sclerosed without residual activity 
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Figure 1-2. Development strategy for RaB4AKO mouse line. Rab4AQ72L mice were 

generated by Knock-in of a constitutively active form of Rab4A and breeding with C57BL/6 

mice carrying CRE following the CD4 promoter region. The offspring were genotyped for 

Rab4A knockout specific to T cells.  
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VI. Summary & Hypotheses 
 

In the present study, we assessed the role of Rab4A protein in a pristane-induced 

mouse model of SLE. Previously, our lab reported the polymorphism of the HRES-

1/RAB4 genomic locus associated with disease manifestations in SLE patients. 

HRES-1/RAB4 gene product is overexpressed in T cells of SLE patients and in 

mice prior to disease onset. Further, our recent findings also suggest that Rab4A 

protects from pristane-induced intra-alveolar hemorrhage in a pristane-induced 

mouse model of SLE by activating mTOR pathway in the development of 

regulatory T cells, while restricting aPL production and pro-inflammatory 

expansion of macrophages and neutrophils137. With this rationale, we 

hypothesized a protective role of Rab4A in glomerulonephritis in pristane-induced 

mouse model of SLE. To test this, we first generated a mouse line with Rab4AQ72L 

knock-in on a C57BL/6 background and bred with animals carrying CRE following 

the CD4 promoter region. As a result, a mouse line with Rab4A knockout specific 

to CD4 expressing cells was generated. The conditional knockout mouse line gave 

us the opportunity to specifically target Rab4A only in T cells and study the role of 

T cells in glomerulonephritis (Fig. 1-2). Next to study lupus nephritis, we utilized 

pristane to induce autoimmunity in the generated mouse line. In the following 

studies, we planned to analyze the effect of Rab4A on the kidney function and 

physiology under pristane-induced autoimmunity. Studies have shown that 

C57BL/6 mice used as a control show mild glomerulonephritis with pristane 

treatment after 6 months. Based on our hypothesis, if Rab4A participates in the 

progression of nephritis and regulates it, kidney pathology will allow us to identify 
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the phenotypes. Further, we also planned to study the hallmarks of lupus nephritis 

such as lymphocyte infiltration in the kidney, immunoglobulin deposition, cytokines 

level present in the kidney and deregulated kidney morphology. Based on our 

preliminary pathology results, we further planned to investigate the mechanistic 

regulation of Rab4A by studying germinal centers for the pristane administered 

animals.  

From our findings, we report that Rab4A overexpression in T cells protects from 

pristane-induced renal injury. Rab4A overexpression limits the formation of 

spontaneous germinal centers and number of plasma cells associated with 

germinal centers. Further, we also report that Rab4A knockout animals produce 

increased antinuclear antibodies which may further promote proinflammatory 

signaling via CCR6+ IL17+ T cells (Th17 cells), immune complex disposition in 

kidneys followed by kidney infiltrating lymphocytes, leading to lupus nephritis. This 

study also indicates that Rab4A overexpression in T cells protect from pristane-

induced podocyte injury. We also found that Rab4A overexpression in Jurkat cells 

promotes lysosomal mediated mTOR activation supporting our previous findings 

indicating mTOR mediated activation of Regulatory T cells. 
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Abstract 
 

Background:  Lupus nephritis is most common cause of death in systemic lupus 

erythematosus (SLE) patients. Polymorphism of the HRES-1/RAB4 genomic locus 

has been linked with disease manifestations in SLE patients. To examine the role 

of Rab4A in lupus pathogenesis, we developed a mouse model Rab4A-KOCD4Cre 

(Rab4AKO; T cells specific Rab4A knockout mice) and Rab4AQ72L knock-in 

(Rab4AQ72L) as a control.   

Methods: Age and gender matched WT, Rab4AQ72L and Rab4AKO female mice 

were injected with 0.5 mL pristane per 20 g of body weight, intraperitoneally. 14 

days or 6 months post pristane injection, ANA levels were measured in sera by 

ELISA and kidneys were fixed in formalin for H&E and PAS staining or snap freeze 

in OCT for confocal microscopy to asses immunoglobulin G (IgG) and M (IgM) and 

complement 3 (C3) deposition as well as infiltration by CD11b+ macrophages, 

CD11c+ dendritic cells, CD138+ plasma cells, and CD3+ T cells . Further confocal 

microscopy was used to examine the renal injuries, Rab4A mediated on 

GLUT1/GLUT4 glucose transporters trafficking in Jurkat cells and splenic germinal 

centers. 

Results: Blind Clinical scores suggest significantly higher glomerulonephritis, 

glomerulosclerosis (GS) in Rab4AKO mice relative to Rab4aQ72L. Further, ANA 
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levels were increased in Rab4AKO relative to Rab4AQ72L controls.  Deposition of 

IgG & IgM and C3 deposition were elevated in glomeruli of Rab4AKO relative to 

controls.  Increased kidney lymphocytes infiltration was observed in Rab4AKO mice 

relative to WT and Rab4AQ72L controls. Also, higher CCR6 and IL17 levels were 

observed in Rab4AKO as compare to control. Data confirmed that Rab4A regulates 

endosomal Glut1 and Glut4 trafficking. Significant expansion of T cell zones and 

increase in plasma cells in the germinal centers were found in Rab4AKO mice 

relative to Rab4AQ72L controls. Based on these results, data shows that Rab4A 

protects against nephritis in the pristane-induced model of SLE. 
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Introduction 
 

 

Systematic lupus erythematosus (SLE) is a multisystem chronic inflammatory 

disease characterized by circulating antinuclear autoantibodies and massive 

immune complex (IC) accumulation in organs. Kidney and liver have shown 

exceptionally susceptible pathology towards SLE-mediated IC depositions1. 

Numerous factors such as  genetics2, epigenetic3, environmental4, hormonal5, and 

immunoregulatory6,7, have been associated with a loss of self-tolerance and organ 

dysfunction in SLE. This may later contribute to tissue injury and clinical 

manifestations. One of the most common complications in SLE is Nephritis. 

Genetic heterogeneity in SLE leads to variation in lupus nephritis (LN) 

manifestations including sclerosis, podocyte foot process effacement, crescent 

formation and proliferative lesions as common features. Various Genome-wide 

association studies also indicate distinct genes driving nephritis and 

autoimmunity8. This suggests that LN pathogenesis involves both, combination of 

genes susceptible to SLE and increased sensitivity to inflammation in the end 

organ.  

A hallmark of lupus nephritis is immune complex deposition leading to 

glomerulonephritis. As a result of autoantibody binding to glomerular antigens, 

immune complex formation is initiated at various locations in glomeruli. Studies 

indicate that IgG Fc receptors present on glomeruli are engaged by circulating 

immune complexes and are sufficient for compliment activation9. Further, the 

infiltration of mononuclear cells, specifically CD4+ T cells and macrophages can 
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additionally incite the inflammatory process. Subsequently, systemic and renal 

level cytokine and chemokine responses contribute to the severity of inflammation 

and progression to end stage renal disease1. Studies have demonstrated that 

majority of kidney-infiltrating cells in humans and murine models of lupus are T 

cells, macrophages and B cells10. Localized T cells clonal expansion and activated 

phenotype has been well established from the LN samples showing expression of 

IL-17, IL-13, IFN-γ, and IL-411. Increased IL-17 production by T helper cells has 

been associated with LN patients12. Due to strong proinflammatory effects, IL17 

and CCR6 produced by a subtype of T cells further facilitates lymphocyte 

infiltration in the kidneys of LN patients13. High Th17 cell frequencies and IL-17 

production have been suggested as promising markers of disease activity and are 

valuable targets for future therapeutic applications14.  

Accumulation of immune complexes and cytokines leads to podocytes injury in LN 

patients15. Podocytes are specialized epithelial cells of the glomerulus and  

facilitate charge and size-specific barrier to proteins and blood cells during 

selective filtration16. Damage to podocytes has been accepted as a key step in the 

progression of LN. Studies suggest that TLR-mediated inflammation induces foot 

process effacement and subsequently leads to podocytes loss in LN patients17. 

Additionally, depletion of podocytes has been associated with glomerulosclerotic 

disease in animals18. Integrins play a key role in kidney development and have 

been linked with podocyte foot processes on glomerular basal membrane (GBM)19.  

Studies have suggested the formation of spontaneous germinal centers (GC) 

associated with autoimmune glomerulonephritis 20. Germinal centers are site for Ig 
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somatic hypermutation and isotype switching of highly proliferative B cells. 

Deregulated B cells and T cells in GC plays a pivotal role in generation of class-

switched autoantibodies and subsequent development of lupus in several mouse 

models. Further, overreactive GCs have also been linked with various disease 

such as SLE, rheumatoid arthritis and Sjogren’s syndrome21. Previously we have 

reported that polymorphism of the HRES-1/RAB4 genomic locus has been 

associated with disease manifestations, such as nephritis, in SLE patients. HRES-

1/RAB4 gene product is overexpressed in T cells of SLE patients and in mice prior 

to disease onset and, remarkably, inhibition of Rab geranylgeranyl transferase 

prevented antinuclear antibody (ANA) production and nephritis in lupus-prone 

MRL/lpr mice22. Whereas, in our recent studies, Rab4A gene product shows 

distinct regulation specific to pristane-induced nephritis in non–autoimmune-prone 

mice (C57BL/6J). Further, our recent findings also suggest that Rab4A is required 

for the blocking of pristane-induced intra-alveolar hemorrhage in pristane-induced 

mouse model of SLE by mTORC1- and mTORC2-dependent development of 

Tregs, while restricting aPL production and pro-inflammatory expansion of 

macrophages and neutrophils23. It has been indicated that nearly all other 

immunocompetent mice strains such as C57BL/6J and BALB/c are susceptible to 

pristane-induced lupus; however, clinical manifestations associated with 

autoantibodies differs from strain to strain24. This incurs the need to further 

investigate the role of Rab4A in pristane-induced autoimmunity.   

In the current study, we investigated the role of Rab4A in the pathogenesis of LN 

by analyzing ANA production, GC architecture and kidney histology in pristane-
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induced autoimmune Rab4A-KOCD4Cre (Rab4AKO) mice lacking expression of 

Rab4A in T cells relative to wild-type (WT) and Rab4AQ72L knock-in (Rab4AQ72L, 

GTP-locked constitutively active form) controls. Kidney histology revealed 

accelerated glomerulonephritis (GN), glomerulosclerosis (GS) in Rab4AKO mice 

relative to Rab4AQ72L mice. Further, we found reduction in podocin and Integrin αV 

expression in kidneys of Rab4AKO relative to WT mice or Rab4AQ72L mice, 

suggesting podocyte injury in Rab4AKO animals. To investigate the induction of 

inflammation-induced damage at podocytes, we looked into the expression of 

CCR6 and IL-17 expression on kidney-infiltrating lymphocytes and found 

significantly increased CCR6 and IL-17 levels in Rab4AKO as compared to WT and 

Rab4AQ72L mice. Relative to WT controls, splenic germinal centers exhibited 1.3-

fold increased size in Rab4AKO mice with 3-fold expansion of T cell zones and 2-

fold accumulation of plasma cells. Interestingly, spleen sections from Rab4AQ72L 

mice had smaller splenic germinal centers with fewer CD138+ plasma cells in 

comparison to WT and Rab4AKO mice. Thus, constitutively active form Rab4AQ72L 

blocks pristane-specific LN and offers a novel insight for diagnosis and treatment 

of SLE. 
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Material and Methods 
 

Mice 

C57BL/6 (B6) mice were purchased from Jackson laboratories (Bar Harbot, ME). 

Rab4AQ72L knock-in and CD4-CRE knock-in animals were maintained in C57BL/6 

genetic background and bred to generate Rab4A-KOCD4Cre (Rab4AKO) mice in 

our pathogen-free animal facility. Animal experimentation protocols were 

approved by the Committee on the Human Use of Animals in accordance with 

NIH Guide for the Care and Use of Laboratory Animals. Animals were injected 

with 500 μl of pristane (2, 6, 10, 14-tetramethylpentadecane; Sigma-Aldrich, St 

Louis, MO, USA) per 20 grams body weight. Immune responses and/or renal 

injury was assessed at two different time-points. We assessed immune 

responses at a short term, 14 days after pristane injection and long term, 6 

months after pristane-treatment. Renal injury in pristane treated animals was 

assessed after long term treatment by a pathologist who was blinded to genetic 

background.  

Cell line 

Jurkat cells were maintained in RPMI 1640 medium containing 10% fetal calf 

serum, 100 units/ml penicillin, 100 μg/ml streptomycin, 10 μg/ml amphotericin B, 

and 2 mM L-glutamine. For overexpression of Rab4A protein, as previously 

described25, Jurkat cells were transfected with doxycycline-inducible GFP-

encoding bi-cistronic expression vector system contain wild type Rab4A and 

dominant-negative mutant HRES-1/Rab4S27N. Equal number of cells were induced 
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with 1 μg/ml doxycycline for 24 h and checked for cell viability, before analysis. For 

labeling and tracking acidic organelles in Jurkat cells using microscopy, live cells 

were incubated at 37°C with 5 µM lysotracker Red (catalog no. L-7528; Invitrogen) 

for 30 minutes in complete RPMI 1640 medium. Cells were washed twice and 

resuspended in RPMI 1640 medium followed by pipetting onto poly-L-lysine-

coated (0.1 mg/ml poly-L-lysine; Sigma) coverslips for 10 min at room temperature. 

The cells were fixed in a 4% paraformaldehyde-PBS solution for 15 minutes and 

permeabilized with a 0.1% saponin/1% FBS/HBSS mixture for 30 min. Normal 

Goat serum (10%) was used to block the cells followed by mTOR primary antibody 

(catalog no. 2983S; Cell signaling) staining. Anti-mTOR antibody was directly 

conjugated with Alexa Flour 405 using Zenon® Alexa Fluor® 405 kit (catalog no. 

Z25313; ThermoFisher). Primary antibody conjugated with Alexa Flour 405 was 

directly applied to the permeabilized cells for 45 minutes. Cells washed twice with 

permeabilization buffer and twice with HBSS, mounted on slides and visualized 

under a Zeiss LSM 780 confocal microscope equipped with a Plan-Apochromat 

40X Oil objective. Similarly for Glut1 and Glut4 transporter analysis, immobilized, 

fixed and permeabilized Jurkat cells were stained with Glut-1 (catalog no. 

ab115730; Abcam), Glut-4 (catalog no. MA5-17176; Invitrogen) and EEA1 (catalog 

no. PA5-17228; ThermoFisher) antibodies conjugated with Zenon Alexa Fluor 647 

(catalog no. Z25308; ThermoFisher), Zenon R-PE (catalog no. Z25155; 

ThermoFisher) and Zenon Alexa Fluor 568 (catalog no. Z25306; ThermoFisher). 

Images were analyzed using ImageJ (https://imagej.nih.gov/ij/). 
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Measurement of Serum Anti-Nuclear Antibodies  

Analysis of anti-nuclear antibodies (ANA) by performed by enzyme-linked 

immunosorbent assay (ELISA). Briefly, 96-well plates were coated with chicken 

chromatin at 50ug/ml in 0.01M NaHCO3 (pH 9.55). Sera were incubated with 

antigen in phosphate buffered saline (PBS) with 0.1% Tween 20 at 100-fold dilution 

for 1 hour. The plates were then washed 6 times with 0.1% Tween 20/PBS and 

incubated with peroxidase-conjugated secondary antibodies (diluted 2,000-fold) 

directed against the heavy and light chains of mouse IgG. After washing 6 times 

with 0.1% Tween 20/PBS, plates were developed with TMB (Alpha Diagnostic), 

reaction was stopped with 0.18M H2SO4, and the optical density (OD) was read at 

450 nm. Results are expressed as the fold change in OD at 450 nm relative to that 

of control mice. 

Histological & Immunofluorescence Analysis 

Whole Kidney were fixed in 10% formalin overnight and paraffin embedded. 

Paraffin sections were stained with periodic acid-Schiff (PAS). Stained slides were 

sent to pathologist for histology scoring as described earlier22. For 

immunohistochemistry, kidney and spleen samples were snap froze in OCT and 

sections were cut at 6 μm with a cryostat, following the fixation in chilled 100% 

acetone. Sections were incubated for 1 h at 4°C with 10% normal goat serum in 

1X TBST (TBS buffer, 0.05% Tween 25). Fluorophore-conjugated antibodies were 

diluted in 1X TBST with 5% BSA and sections were incubated with antibodies 
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overnight at 4°C under humid conditions. Slides were washed twice with ice-cold 

TBST and twice with TBS buffer. If needed, slides were further stained with DAPI 

following with two 10 mins wash. Slides were mounted with cover slides visualized 

under Zeiss LSM 780 confocal microscope inverted laser scanning confocal 

microscope (Carl Zeiss, Oberkochen, Germany) using a 40×/1.3 Plan-NeoFluar 

oil-immersion objective. Kidney images were analyzed by measuring total positive 

area and MFI for individual channel. For spleen germinal centers, total positive 

area for each channel was analyzed for two germinal centers from each sample. 

To get the holistic view of multiple germinal centers, whole kidney sections from 

all the samples were scanned for tile images and reconstructed using ImageJ 

software. All the images were processed and analyzed using ImageJ software 

(NIH).     

Western Blot 

Whole cell lysates were prepared in CST cell lysis buffer (20 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium 

pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin; 

Catalog no. 9803, Cell Signaling Technology) with 1mM PMSF. Briefly, 4 million 

cells were pellet and suspended in 100 µL of CST cell lysis buffer, vortexed for 1 

min and stored for 30 mins on ice. Lysed cell was centrifuged for 30 mins at 16000g 

and supernatants were collected following with addition of 4X laemmli buffer to 

achieve 1X as final concentration. 40 µg of whole cell lysates were assessed by 

12% SDS-PAGE and transferred to nitrocellulose membrane. The gels were 

developed using ECL (Catalog no. 1705061, BIO-RAD), following with scanning 
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and analyzed using Kodak image station 440 CF. Densitometric analysis was 

performed on bands using Kodak Carestream 1D software and values were 

normalized with housekeeping genes to plot histograms.  

Imaging Flow Cytometry 

Jurkat cells were spin down and resuspended to wash with PBS once. For CD4 

surface staining, live Jurkat cells were resuspended at a concentration of 1 

million cells/ml in RPMI without serum and incubated with CD4 antibody (PE-CY7, 

Catalog no. 100527, Biolegend) for 1 hour on ice and in the dark. For intracellular 

staining, 2 million cells/ml were fixed with IC fixation buffer (Catalog no. 00-8222, 

eBioscience) for 1 hour on ice, followed with 30 mins permeabilization buffer 

(Catalog no. 00-8333, eBioscience) on ice. Cell were incubated overnight at 4°C 

with pre-conjugated antibodies prepared in permeabilization buffer in dark. Single 

color controls were also prepared from each antibody and used for compensation. 

AMNIS Image stream was used for data acquisition from the stained cells.  40x 

magnification on a low stream flow rate setting was used for all the acquisitions. 

The imaging flow cytometry data was analyzed using the IDEAS software (Amnis 

Corporation, Seattle, WA). Single cells population was gated based on ‘Area’ 

versus ‘Aspect ratio’ plot followed by plotting the histograms for geometric mean 

of individual color. Represented images were also exported using IDEAS software.  

T cell- B cell Conjugates formation 

Jurkat cells overexpressing Rab4A, Rab4ADN and vector-only were doxycycline 

induced for 24h. Raji cells pulsed with SEE (100 ng/ml; ET404, Toxin Technology) 
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for 30 mins at 37 ⁰C, were loaded with CellTracker Blue CMAC dye (10 µM, C2110; 

Thermo Fisher Scientific) as per manufacturer instructions. Jurkat cells were 

incubated with Raji cells at 2:1 ratio for 30 mins at 37 ⁰C following immobilization 

on PLL coated coverslips. For F-actin analysis, conjugates were fixed and 

permeabilized to stain with AF555 conjugated phalloidin (Catalog no. 8953, Cell 

signaling). Coverslips were mounted and analyzed using confocal microscopy.  

Statistical Analysis 

Statistical analyses were performed using GraphPad Prism software (v5.0). Data 

were expressed as the mean ± SEM. Two-way ANOVA and Student’s t-test were 

used for the analysis of the data. Data with p value < 0.05 were considered 

significant.  
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Results 
 

Rab4A deficient Mice Show Histological Signs of Pristane Induced 

Glomerulonephritis 

Previously we have found that Rab4A is required for the blocking of pristane-

induced intra-alveolar hemorrhage in non-prone autoimmune mouse by mTORC1- 

and mTORC2-dependent development of Tregs23. Further, we have also 

documented the role of Rab4A associated with lupus nephritis22.  To investigate 

the effect of Rab4A knockdown in pristane-induced lupus like disease 

development, we assessed kidney histology. Blind Clinical scores by pathologist 

on H&E and PAS stained kidney sections suggest significantly higher 

glomerulonephritis (GN) (2.9-fold; p=7.6x10-4), and glomerulosclerosis (GS) (8.5-

fold; p=0.0106) in Rab4AKO mice relative to Rab4AQ72L mice after 6-months post-

treated with pristane (Fig. 2-1A-C). Studies have reported mild (mesangial, Class 

II) glomerulonephritis induced by pristane in C57BL/6 female mice. Accordingly, 

Rab4AQ72L knock-in animals with 6-months post treatment of pristane shows 

significant reduction in renal damage as compare to Rab4AKO and WT animals.  

Further, immunofluorescence (IF) analysis was performed to detect immune 

complex deposition and subsequent renal damage by using anti-IgG & IgM 

antibody. Consistent with the foregoing observations, results indicated deposition 

of IgG and IgM was increased in glomeruli of Rab4AKO mice relative to WT (2-fold; 

p=0.009) and Rab4AQ72L controls (1.5-fold; p=0.049; Fig. 2-1D&E). The IgG and 

IgM deposition were quantified by fluorescence intensity analysis. Furthermore, 
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C3 deposition was increased 4.4-fold in glomeruli of Rab4AKO mice relative to WT 

(p<0.001) and Rab4AQ72L controls groups (1.6-fold; p=0.02; Fig. 2-1F&G). These 

results demonstrated that Rab4AKO group of mice suffered from higher renal 

damage than the Rab4AQ72L knock-in group of mice.  
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Figure 2-1. Rab4A deletion predisposes to pristane-induced 

glomerulonephritis. (A) Representative images of PAS-stained kidneys. (B & C) 

Glomerulonephritis (GN), glomerulosclerosis (GS) scoring by Dr. Mark Haas, who was 

blinded towards genotype. (D) Immunostaining of 8µm frozen kidney sections with FITC- 

Anti-Mouse IgG + IgM and DAPI from WT, Rab4AQ72L knock-in and Rab4AKO mice, 6 

months after treatment with single dose of pristane. (E) Quantitative measurement (mean 

intensity) of IgG + IgM depositions in frozen kidney sections using ImageJ software. (F) 

Immunostaining of 8µm frozen kidney sections with FITC- Anti-C3 and DAPI from WT, 

RAB4AQ72L knock-in and RAB4AKO mice 14 days after pristane treatment. (G) Quantitative 

measurement (mean intensity) of C3 depositions in frozen kidney sections using ImageJ 

software. For 6 months pristane study, female C57BL/6 mice with an average age of 15 

weeks were administered with pristane and euthanized after 35 weeks. For 14 days 

pristane study, female C57BL/6 mice with an average age of 17 weeks were administered 

with pristane and euthanized after 2 weeks.  *p < 0.05; ** p < 0.01; *** p < 0.001. 
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Rab4A deletion significantly elevates anti-nuclear antibodies 

production and kidney infiltration by T cells, plasma cells, and 

macrophages  

To investigate the role of Rab4A in autoimmune diseases, we determined the 

effect of Rab4AKO and Rab4AQ72L knock-in on pristane-induced anti-nuclear 

antibodies production in C57BL/6 mice. The data shows marked increases in 

serum ANA levels in Rab4AKO animals as compared with the Rab4AQ72L knock-in 

and WT control group (Fig. 2-2A). Further, ANA levels were markedly decreased 

in Rab4AQ72L knock-in mice in comparison to the Rab4AKO mice (Fig. 2-2A). 

Pristane treatment in C57BL/6 genetic background have been shown to induce 

enrichment of antibody producing cells which raise the autoantibody production 

against nuclear antigens leading to chronic autoimmune phenotype26. We 

confirmed this data by detecting significant increase in proportion of plasma cells 

(CD138+) capable of producing antibodies, in splenic germinal centers of Rab4AKO 

animals compared to Rab4AQ72L and WT animals (Fig. 2-5). Moreover, we found 

(2.3-fold; p<0.001) increase in accumulation of plasma cells in glomeruli and 

tubularinterstitium of Rab4AKO mice relative to Rab4AQ72L and WT controls (Fig. 2-

5). These results evidenced that Rab4A directly contributes to the B cell 

mediated humoral response linked to pristane treatment. The data suggest that 

depletion on Rab4A in T cells dramatically reduces the amounts of pathogenic 

autoantibodies and strongly suggested that Rab4A depletion in T cells from 

pristane-induced lupus nephritis mouse model, promotes ICs-mediated kidney 

inflammation.  
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Kidney infiltration by lymphocytes has been associated with LN. Studies suggest 

that distinct chemokine receptors mediate the leukocyte subset infiltration into the 

different compartments of the kidney27. To address this possibility, we used 

immunofluorescence microscopy.   We observed macrophages (9.7-fold relative 

to  WT; p=0.007 & 6-fold relative to  Rab4AKO; p=0.027; Fig. 2-2 D&E) and 

increased T cells (12-fold relative to  WT; p=0.004 & 8-fold relative to  Rab4AKO; 

p=0.014; Fig. 2-2 D&F), but not dendritic cells (data not shown), accumulated in 

glomeruli and tubularinterstitium of Rab4AKO mice relative to WT and Rab4AQ72L 

controls. Studies suggest that tubulointerstitium Infiltrating leukocytes also facilities 

the formation of tertiary lymphoid organs inside the kidney which promote the 

clonal expansion and class switching (by somatic hypermutation) of B cells 

contributing towards plasma cells generation, subsequently, intrarenal 

autoantibody production and local inflammation28-30. Our data confirmed 2.3-fold 

increase in plasma cells in glomeruli and tubularinterstitium of Rab4AKO animals 

compared to WT animals. This further suggest that Rab4A regulates the 

lymphocyte infiltration in the kidneys of pristane induced mice and protect kidneys 

from intrarenal autoantibody production and local inflammation.   
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Figure 2-2. Rab4A deletion in T cells promotes production of anti-nuclear 

antibodies and kidney infiltration by T lymphocytes, plasma cells, and 

macrophages. (A) Quantitative measurement of ANA levels in serum by ELISA after 14 

days treated with single dose of pristane on day 1. (B) Quantitative measurement of ANA 

levels in serum by ELISA after 6 months treated with single dose of pristane on day 1.   

(C) Immunostaining of 8µm frozen kidney sections with PE-CD138 as plasma cells marker 

and DAPI from WT, Rab4AQ72L knock-in and Rab4AKO mice after 14 days treated with 

single dose of pristane on day 1. (D) Quantitative measurement (mean intensity) of CD138 

labelled plasma cells in frozen kidney sections using ImageJ software. (E) Immunostaining 

of 8µm frozen kidney sections with CD11b as macrophage marker and CD3 as T cells 

marker and from WT, RAB4AQ72L knock-in and RAB4AKO mice after 14 days treated with 

single dose of pristane on day 1. (F) Quantitative measurement (% Area) of CD11b 

positive cells and CD3 positive T cells in frozen kidney sections using ImageJ software. 

For 6 months pristane study, female C57BL/6 mice with an average age of 15 weeks were 

administered with pristane and euthanized after 35 weeks. For 14 days pristane study, 

female C57BL/6 mice with an average age of 17 weeks were administered with pristane 

and euthanized after 2 weeks.  *p < 0.05; ** p < 0.01; *** p < 0.001. 
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Rab4A regulates renal IL17 and CCR6 levels  

Recruitment of proinflammatory IL17 producing helper T-cells (Th17) cells to sites 

of inflammation such as kidneys, has been linked with CCR6 levels31. To determine 

whether expression of the CCR6 receptor and IL17 in kidneys from pristane 

induced mouse is regulated by Rab4A, we performed immunohistochemistry of 

kidney sections using CCR6 and IL17 antibodies (Fig.2-3A). Data showed that 

IL17 levels were significantly higher in both tubulointerstitium (7.5-fold relative to 

WT; p=0.0006 & 5.2-fold relative to Rab4AKO; p=0.004; Fig.2-3B) and glomerulus 

(4.8-fold relative to WT; p=0.03; Fig.2-3B) in Rab4AKO animals as compare to 

controls. Similar results were observed in case of CCR6 levels in Rab4AKO animals 

relative to WT (5.9-fold; p=0.003) and Rab4AQ72L (3-fold; p=0.024) animals. 

Further, to identify the IL17- and CCR6- expressing cells, colocalization study was 

performed using pan T cell marker (CD3) and macrophage marker (F4/80) on 

Kidney sections. We found increased CCR6 colocalization with CD3 in the kidneys 

of Rab4AKO mice relative to Rab4AQ72L knock-in (p=0.025) and WT animals 

(p=0.010; Fig.2-3C&D). Similar results were observed in case of macrophage 

marker suggesting that detected renal CCR6 is also partially expressed by kidney 

infiltrating macrophages and can by regulated by Rab4A protein (Fig.2-3C&E). 

These findings suggest proinflammation signaling mediated by CCR6/IL17 axis in 

the kidneys of Rab4AKO animals. 
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Figure 2-3. Rab4A impacts kidney infiltration by Th17 cells. (A) Immunostaining 

of 8µm frozen kidney sections with CCR6 and IL17 fluorophore conjugated antibody and 

DAPI from WT, Rab4AQ72L knock-in and Rab4AKO mice after 14 days treated with single 

dose of pristane on day 1. White circles indicate glomeruli (B) Quantitative measurement 

(mean intensity) of CCR6 and IL17 in tubulointerstitium (left panel) and glomeruli (right 

panel) frozen kidney sections using ImageJ software. (C) Immunostaining of 8µm frozen 

kidney sections with CCR6, T cell marker (CD3) and macrophage marker (F4/80) 

fluorophore conjugated antibody and DAPI from WT, Rab4AQ72L knock-in and Rab4AKO 

mice after 14 days treated with single dose of pristane on day 1.  (D) Quantitative 

measurement (colocalization) of CCR6 and CD3, T cell marker in frozen kidney sections 

using ImageJ software. (E) Quantitative measurement (colocalization) of CCR6 and 

F4/80, macrophage marker in frozen kidney sections using ImageJ software. For 14 days 

pristane study, female C57BL/6 mice with an average age of 17 weeks were administered 

with pristane and euthanized after 2 weeks. *p < 0.05; ** p < 0.01; *** p < 0.001. 
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Rab4A regulates Integrin αV and attenuates pristane induced podocyte 

injury 

Some of the major hallmarks of lupus nephritis include immunoglobulin and 

compliment factor deposition, leukocyte infiltration and podocytes injury10,15,32-34. 

Keeping that in mind, we wanted to examine if pristane-induced lupus nephritis in 

Rab4AKO animals is associated with podocytes injury. To determine this, we 

analyzed the podocin levels, a slit diaphragm protein, in the kidneys from pristane 

treated animals (Fig. 2-4A). We found significant reduction in podocin (2-fold; p= 

0.0027) levels in Rab4AKO mice in comparison to WT mice and Rab4AQ72L (1.4-

fold; p= 0.015), suggesting podocytes injury in Rab4AKO animals (Fig. 2-4B). To 

further verify the podocyte injury, we accessed the levels of Integrin αV, which has 

been proposed to facilitate the podocyte foot process on the GBM (Fig. 2-4C). 

Similarly, Rab4AKO animals showed significant reduction in Integrin αV (CD51) in 

the kidney (2-fold relative to WT; p<0.001 & 2.1-fold relative to Rab4AKO; p<0.001), 

whereas, Rab4AQ72L knock-in mice showed no effect on Integrin αV (Fig. 2-4 C&D). 

This data suggests that animals with Rab4AQ72L knock-in were saved from 

podocyte injury as compared to Rab4AKO animals. In support of our previous data, 

this data further validates that Rab4AKO promotes pristane-induced lupus nephritis 

in C57B/6 animals.  
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Figure 2-4. Rab4A regulates Integrin αV and attenuates pristane induced 

podocyte injury. (A) Immunostaining of frozen kidney sections with Podocin fluorophore 

conjugated antibody and DAPI from WT, Rab4AQ72L knock-in and Rab4AKO mice after 14 

days treated with single dose of pristane on day 1. Scale bar, 20 μM. (B) Quantitative 

measurement (mean intensity) of Podocin in frozen kidney sections using ImageJ 

software. (C) Immunostaining of frozen kidney sections with Integrin αV fluorophore 

conjugated antibody and DAPI from WT, Rab4AQ72L knock-in and Rab4Ako mice after 14 

days treated with single dose of pristane on day 1. (D) Quantitative measurement (mean 

intensity) of Integrin αV in frozen kidney sections using ImageJ software. For 14 days 

pristane study, female C57BL/6 mice with an average age of 17 weeks were administered 

with pristane and euthanized after 2 weeks.  Scale bar, 20 μM. *p < 0.05; ** p < 0.01; *** 

p < 0.001. 
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Rab4AKO promotes formation of spontaneous germinal centers in 

pristane-induced lupus mouse model 

Studies have suggested that spontaneous germinal centers (GC) are associated 

with autoimmune glomerulonephritis and facilitate sites for somatic hypermutation 

and isotype switching of highly proliferative B cells. From our previous data, we 

found that Rab4AKO mice have significant increase in ANA production, 

immunoglobulin deposition and plasma cells accumulation in the kidneys (Fig. 2-

1&2-2). This brings a question if GC are regulated by Rab4A and facilitate the 

formation of plasma cells leading to ANA production and immunoglobulin 

depositions. To answer that, we prepared 5 µm sections of snap-froze spleens 

using cyrosectioning. GC’s architecture and individual cell type proportion within 

the GC’s were assessed using antibodies against B cells (B220), macrophages 

(F4/80), Plasma Cells (CD138) and T cells (CD3) (Fig. 2-5A). High resolution 

images were analyzed to determine each cell type proportion in the GC’s from all 

the animals (Fig. 2-5B). Our data suggested that, relative to WT controls, splenic 

germinal centers exhibited 1.29-fold increased size in Rab4AKO mice (p= 0.0.0452) 

with 3.1-fold expansion of T cell zones (p< 0.0001) and 1.9-fold increased 

accumulation of plasma cells (p=0.0197) with in the GC’s compared to WT 

animals(Fig. 2-5C). Interestingly, spleen sections from Rab4AQ72L mice had 

smaller splenic germinal centers with fewer CD138+ plasma cells in comparison to 

WT (p=0.0002) and Rab4AKO mice (p= 0.0083) (Fig. 2-5C). Similarly, Rab4AQ72L 

animals showed significantly smaller T cell zones with increase in B cells 

population as compared to Rab4AKO mice (Fig. 2-5B). Evidently, Rab4AQ72L mice 
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showed marked reduction in macrophage accumulation with the GC’s relative to 

Rab4AKO mice (Fig. 2-5B). 
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Figure 2-5. Rab4AKO promotes formation of spontaneous germinal centers. 

(A) Immunostaining of 5µm frozen spleen sections with B220, F4/80, CD138 and CD3 

fluorophore conjugated antibody and DAPI from WT, Rab4AQ72L knock-in and Rab4AKO 

mice, 6 months after treatment with single dose of pristane on day 1. Concentric circles 

show germinal center where MZ-Marginal Zone; TZ-T cell zone; RP-Red Pulp; WP-White 

pulp. Scale bar, 20 μM. (B). Pie charts show the percent relative proportions of B-cells, T-

cells, plasma cells and macrophages in different compartments of the spleen. (C) 

Quantitative measurement of germinal center size, (% area) of T-cell, plasma cells and B-

cell in frozen spleen sections using ImageJ software. For 6 months pristane study, female 

C57BL/6 mice with an average age of 15 weeks were administered with pristane and 

euthanized after 35 weeks. *p < 0.05; ** p < 0.01; *** p < 0.001.  
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Rab4a overexpression impairs T cell immune synapse formation 

 

Our previous work demonstrated that Rab4AKO leads to increase in size of splenic 

germinal centers with expansion of T cell zones and accumulation of plasma cells 

relative to Rab4AQ72L and WT. Based on this consideration, we investigated the 

role of Rab4A in T- B cells immune synapse formation in germinal centers. Since 

F-actin polymerization and cytoskeletal remodeling are essential for the formation 

of the immunological synapse, we hypothesized that Jurkat T cells with Rab4ADN 

or Rab4A overexpression may have an abnormal ability to form a synapse 

compared to vector only. To test this, Jurkat and Raji cells were utilized to mimic 

T cells and B cells. Jurkat T cells and Raji cells pulsed with SEE were examined 

for the distribution of F-actin after labeling with phalloidin. The extent of actin 

polymerization in T cell – B cell conjugates was compared between Rab4A 

overexpression, Rab4ADN and vector-only by quantitative analysis of fixed 

conjugates by confocal microscopy. As expected, quantification of F-actin 

polymerization at the T cell–B cell contact site showed that the majority of 

conjugates formed with T cells overexpressing Rab4ADN exhibited increased F-

actin polarization and the contact area of immune synapse (IS) (Figure 2-6, A&B). 

However, significantly less F-actin accumulation at the immune synapse in Rab4A 

overexpressing Jurkat cells was observed compared with Rab4ADN (p=0.0004) 

and vector-only (p=0.009; Figure 2-6, A & B). Taken together, these data 

demonstrate that Rab4A regulates capacity of T cells to form immunological 

synapses. 
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Figure 2-6. Rab4a overexpression impairs T cell immune synapse formation. 

(A) Immunostaining of Jurkat cells with doxycycline inducible overexpressing of Rab4A, 

Rab4ADN (dominant negative form of Rab4A), vector-only and Raji cells conjugates stained 

with AF-555 conjugated phalloidin. Raji Cells were preloaded with Cell tracker CMAC blue 

dye. (B) Quantitative measurement of contact area (µm) between T cell and B-cell 

conjugates using ImageJ software. *p < 0.05.  
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Rab4A modulates lysosomal mediated mTOR activation 

To investigate how Rab4A regulates mTOR activation, we performed 

immunofluorescence study in Jurkat cells overexpressing Rab4A and dominant 

negative mutant form of Rab4A (Rab4S27N). Live cells were loaded with lysotracker 

red dye to stain lysosomes followed by the immobilization of the cells on glass 

slides, fixation and permeabilization. Next, the cells were stained with mTOR 

antibody and high-resolution images were captured using confocal microscopy. 

Confocal images of Jurkat cells over expressing Rab4A (JurkatRab4A) incubated for 

24 h with 1µg/mL doxycycline displayed significant increase in mTOR and 

lysosomal colocalization as compare to Jurkat cells expressing vector only 

(Jurkatvector-only) (Fig. 2-7A). Differently from what we observed with JurkatsRab4A 

cells, Jurkat cells expressing dominant negative mutant form of Rab4A (JurkatDN-

Rab4A), showed significant reduction in mTOR/lysosomes colocalization as compare 

to Jurkatvector-only cells (Fig. 2-7B). Overall, the colocalization experiments confirm 

that Rab4A facilitates the targeting of mTOR to lysosomes in Jurkat cells and 

reduction in Rab4A levels results in decreased mTOR localization to lysosomes 

and subsequently, its activation.  We further confirmed our results by western blot 

analysis. We observed an increase in phosphor-mTOR (Ser2448), an activated for 

of mTOR in Rab4A overexpressing cells as compared to vector only and negative 

mutant form of Rab4A (JurkatDN-Rab4A). Altogether, this data further support that 

Rab4A facilitates lysosomal mediated activation of mTOR in T cells. 
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Figure 2-7. Rab4A modulates lysosomal mediated mTOR activation.  GFP-

producing vector only, Rab4A and Rab4ADN overexpressing Jurkat cells were incubated 

with doxycycline for 24 h. Cells were stained with lysotracker, permeabilized, and probed 

with anti-mTOR antibody conjugated with Alexa Flour 405. Merge images show 

overlapping localization of mTOR and lysosomes. Scale, 5µM. (B) Quantitative analysis 

of colocalization is represented by Manders’ coefficient (representing the portion of mTOR 

signal overlapping with lysosomes). (C) Western blot analyses showing Phospho-mTOR 

levels in vector only, Rab4A and Rab4ADN overexpressing Jurkat cells.  BAR: S.E.M., ***p 

< 0.0001. 
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Rab4A modulates endosomal trafficking of glucose transporters 

Previous studies have reported that Rab4A facilitates the transport and recycling 

of glucose transporter storage vesicles (GSV)39. Dransfield and group has 

reported, Rab4A mediated reduction in basal glucose transport in 

cardiomyocytes40. Considering the importance of glucose metabolism in the fate 

of T cells function, we investigated if Rab4A affects the Glut1 and Glut4 endosomal 

trafficking in Jurkat cells (Fig. 2-8&2-9). 

We performed immunofluorescence study in Jurkat cells overexpressing Rab4A 

and dominant negative mutant form of Rab4A (Rab4S27N). Cells were stained with 

EEA1, early endosomal antigen-1 which target early endosomes and Glut1, Glut4 

antibody to investigate, early endosomal mediated glucose transporter trafficking 

(Fig. 2-8A&2-9A). Increase in Glut1 overlap with EEA1 suggest enrichment of 

GSV. Data suggested that JurkatRab4A cells have increased Glut4 endosomal 

overlap relative to Glut1 endosomal levels, when cell were cultured in the presence 

of glucose which further confirm the base line effect of Rab4A with previously 

reports (Fig. 2-8B&2-9B).  Whereas, under glucose deprive conditions we 

observed opposite effect showing significant increase in Glut1-endosomal levels 

and significant reduction in Glut4-endosomal levels relative to Jurkatvector-only (Fig. 

2-8C&2-9C).  Further, after 1h glucose stimulation of cells, undergone 24h glucose 

deprivation, indicated similar effects as cells growing in presence of glucose 

suggesting a rescue effect of Rab4A (Fig. 2-8D&2-9D). These results suggest that 

Rab4A may facilitate the Glut1/Glut4 endosomal trafficking. 
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Figure 2-8. Rab4A modulates endosomal trafficking of Glut1. (A) 

Immunostaining of Jurkat cells overexpressing Rab4A and dominant negative mutant form 

of Rab4A (Rab4S27N) with Glut1 and EEA1 antibody and DAPI following 24 glucose 

deprivation or 1h post glucose stimulation. (B) Left panel- Quantitative analysis of 

colocalization (representing the portion of Glut1 signal overlapping with EEA1) in normal 

growth media. Right Panel- Quantitative analysis of non-overlapping Glut1 from total Glut1 

positive staining in normal growth media. (C) Left panel- Quantitative analysis of 

colocalization (representing the portion of Glut1 signal overlapping with EEA1) in glucose 

deprived media. Right Panel- Quantitative analysis of non-overlapping Glut1 from total 

Glut1 positive staining in glucose deprived media. (D) Left panel- Quantitative analysis of 

colocalization (representing the portion of Glut1 signal overlapping with EEA1) following 

1h post glucose stimulation after 24h glucose deprivation. Right Panel- Quantitative 

analysis of non-overlapping Glut1 from total Glut1 positive staining following 1h post 

glucose stimulation after 24h glucose deprivation. 
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Figure 2-9. Rab4A modulates endosomal trafficking of Glut4. (A) 

Immunostaining of Jurkat cells overexpressing Rab4A and dominant negative mutant form 

of Rab4A (Rab4S27N) with Glut4 and EEA1 antibody and DAPI following 24 glucose 

deprivation or 1h post glucose stimulation. (B) Left panel- Quantitative analysis of 

colocalization (representing the portion of Glut4 signal overlapping with EEA1) in normal 

growth media. Right Panel- Quantitative analysis of non-overlapping Glut4 from total Glut4 

positive staining in normal growth media. (C) Left panel- Quantitative analysis of 

colocalization (representing the portion of Glut4 signal overlapping with EEA1) in glucose 

deprived media. Right Panel- Quantitative analysis of non-overlapping Glut4 from total 

Glut4 positive staining in glucose deprived media. (D) Left panel- Quantitative analysis of 

colocalization (representing the portion of Glut4 signal overlapping with EEA1) following 

1h post glucose stimulation after 24h glucose deprivation. Right Panel- Quantitative 

analysis of non-overlapping Glut4 from total Glut4 positive staining following 1h post 

glucose stimulation after 24h glucose deprivation.  
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Discussion 
 

 

In this study, we investigate the role of Rab4A in autoantibody production and 

lupus nephritis pathogenesis in the pristane induced mouse model of SLE.  Our 

results indicate that T cells specific knockdown of Rab4A GTPase protein in 

C57B/6 mouse treated with pristane, results in the production of anti-nuclear 

antibodies and is associated with the development of immune complex mediated 

lupus nephritis in response to pristane treatment. Previously, we reported that 

Rab4A protects from pristane-induced intra-alveolar hemorrhage in pristane 

induced mouse model of SLE by promoting development of Tregs via mTOR 

activation.  

Germinal centers are linked with various disease such as SLE, rheumatoid arthritis 

and facilitate a site for somatic hypermutation and isotype switching of highly 

proliferative B cells as a result of T cells -B cells synapse formation41. T cells -B 

cells interactions as an immune response, plays a pivotal role in generation of 

class-switched autoantibodies by plasma cells and increased circulating immune 

complexes42. The circulating immune complexes depositions has been associated 

with the pathology of lupus nephritis in humans and several mouse models43,44. 

Based on our data, we found that Rab4A knockout results in increased formation 

of splenic germinal centers. Further, enlarged T zones in the splenic germinal 

centers may promote T cells -B cells synapse formation. This was verified by 

observing enhanced plasma cells accumulation in the germinal centers of Rab4A 

knockout animals. Whereas, WT and Rab4AQ72L knock-in mice showed 
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significantly smaller GC’s, T cell zones and GC specific plasma cells accumulation 

as compared to Rab4AKO mice. Subsequently, we found marked increases in 

serum ANA levels in Rab4AKO animals as compared with the Rab4AQ72L knock-in 

and WT control group. These results evidenced that Rab4A directly contributes 

towards the B cell humoral response associated to pristane treatment.  

A hallmark of lupus nephritis is glomeruli immune complex depositions, leading to 

glomerulonephritis45. Glomerular antigen specific binding of autoantibodies results 

in immune complex formation at various locations in glomeruli. Circulating immune 

complexes shows specificity towards IgG Fc receptors present on glomeruli, 

consequently, leads to binding and activation of compliment systems46. We found 

that deposition of IgG and IgM was increased 2-fold and 4-fold increase in C3 

deposition in glomeruli of Rab4AKO mice relative to WT and Rab4AQ72L controls 

groups animals. Pristane induced renal damage in Rab4AKO mice was confirmed 

by pathologist scoring showing significantly higher glomerulonephritis (GN), and 

glomerulosclerosis (GS) in Rab4AKO mice relative to Rab4AQ72L mice. Immune 

complex deposition and anti-nuclear antibodies binding with podocytes have been 

implicated in podocytes foot process effacement in human patients and mouse 

models of glomerulonephritis.  

Damage to podocytes has been accepted as a key step in the progression of LN15. 

On investigating the effect of Rab4A in pristane induced lupus nephritis, we found 

significant reduction in podocytes specific podocin (2-fold; p= 0.0027) levels, a slit 

diaphragm protein, in Rab4AKO mice in comparison to Rab4AQ72L and WT mice, 

suggesting podocytes injury in Rab4AKO animals. This was further confirmed by 
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Integrin αV levels, which has been proposed to facilitate the podocytes foot 

process on the GBM. Rab4AKO animals showed significant reduction in integrin αV 

(CD51) in the kidney, whereas, Rab4AQ72L knock-in mice showed no effect on 

integrin αV levels under pristane treatment. Overall, we found that T cells specific 

Rab4AKO promotes pristane induced lupus nephritis in C57B/6 animals and 

predominant activation of Rab4A is required for the blocking of pristane-induced 

lupus nephritis in pristane induced mouse model of SLE. 

Systemic and renal level cytokine and chemokine responses contribute towards 

the recruitment of kidney-infiltrating cells in humans and murine models of lupus11. 

Recruitment of proinflammatory IL17 producing helper T-cells (Th17) cells to sites 

kidneys has been linked with CCR6 levels, a chemokine receptor31. CCR6 and 

IL17 levels were significantly higher in both tubulointerstitium and glomerulus in 

Rab4AKO animals as compare to controls. This may lead to promote recruitment of 

kidney-infiltrating cells. Further, localized T cells clonal expansion and IL-17 

production by T helper cells has been associated with LN. Upon investigation, we 

observed increased T cells (12-fold) and macrophages (7-fold), but not dendritic 

cells, accumulation in glomeruli and tubularinterstitium of Rab4AKO mice relative to 

WT and Rab4AQ72L controls under pristane treatment.  

Overreactive GCs have also been linked with various disease such as SLE47. 

Previously, we found that Rab4AKO mice has significant increase in ANA 

production, immunoglobulin deposition and plasma cells accumulation in the 

kidneys, however, the mechanism required further investigation. To answer that, 

we analyzed GC’s architecture and individual cell type proportion within the GC’s 
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and that Rab4AKO mice exhibited 1.3-fold increased size in splenic germinal 

centers with 3-fold expansion of T cell zones (p< 0.0001) and 2-fold increased 

accumulation of plasma cells (p=0.0197) with in the GC’s relative to WT controls. 

Evidently, Rab4AQ72L mice showed marked reduction in T cell zones with increase 

in B cells population and macrophages accumulation with the GC’s relative to 

Rab4AKO mice.  

Regulatory T cells (Treg) activation and function have been associated with mTOR 

mediated transcriptional and metabolic signal. Our previous reports suggested that 

Rab4A selectively activates mTORC1 in lupus patients T cells38. Recently we also 

reported that mTORC1 dependent development of Tregs restricts pristane induced 

antiphospholipid antibody production23. Current findings suggest enhanced mTOR 

activation by overexpressed Rab4A compared to vector only. Conversely, we 

observed reduction in lysosomes mediated mTOR activation in the cells 

overexpressing dominant negative mutant form of Rab4A (Rab4S27N). Further, in 

support of the previous reports, we found that Rab4A facilitate the Glut4/Glut4 

endosomal trafficking which can directly affect the effector T cells proliferation and 

cytokines production. 

Altogether, this study suggests that Rab4A GTPase T cells specific knockout can 

promote ANA production and renal damage under pristane treatment leading to 

the pathogenesis of lupus nephritis.    
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Abstract 

 

 

 

Mitochondria are important cellular organelle and serves as a powerhouse of the 

cells. Defects in mitochondrial function have been associated with a variety of 

pathological states such as acute and chronic liver failure. Our preliminary results 

indicate that deficiency of transaldolase (TAL, encoded by the TALDO1 genomic 

locus), an enzyme of the pentose phosphate pathway (PPP), is a compelling cause 

of oxidative stress and increases the expression of NADPH-dependent enzyme 

aldose reductase (AR) in the liver that predisposes to hepatocarcinogenesis. Here, 

we report that TAL-AR deficiency (DKO) leads to the increase in mitochondrial 

elongation in primary hepatocytes isolated from TAL, AR and TAL-AR deficient 

mice as compare to WT and AR deficient mice. Western blot analysis also shows 

increased mTOR activation and decreased mitophagy in TAL and TAL-AR 

deficient mice. Our biochemical fractionation data indicates increased 

mitochondrial STAT3 translocation in TAL and TAL-AR deficient mice. Further, our 

flowcytometric analysis on purified mitochondria also suggest increased 

mitochondrial mass, decreased membrane potential and Glutathione levels in TAL 

and TAL-AR deficient mice as compare to WT and AR deficient mice. Overall, this 

study suggests a coordinated regulation between transaldolase and aldose 

reductase that may leads to liver disease in TAL and TAL-AR deficient mice.  
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Introduction 
 

 

 

Hepatocellular carcinoma (HCC) is the fifth most common primary liver malignancy 

and worldwide a third leading cause of cancer related deaths. Hepatocellular 

carcinoma development has been associated with liver Cirrhosis as one of the 

most important risk factors. Studies have linked Alcohol consumption and Hepatitis 

B and C infections with the pathogenies of liver cirrhosis, mainly due to chronic 

inflammation1. Further, Oxidative stress induced DNA damage facilitates the 

suppression of tumor suppressor genes and activation of oncogenes. 

Acetaminophen (acetyl-p-aminophenol or APAP/Tylenol) toxicity, a leading cause 

of liver failure has been shown to mediated by oxidative stress2. Hepatic 

cytochrome P450 metabolize APAP into a strongly oxidizing intermediate (N-

acetyl-para benzoquinone imine, NAPQI), which requires GSH for its clearance 

from the system. Loss of GSH, the major antioxidant, has not been directly 

associated with liver disease and requires further investigations3.  

Transaldolase (TAL) is a rate lining enzyme and play a key role in the non-oxidative 

branch of the pentose phosphate pathway (PPP). Transaldolase activity is tissue 

specific and has been associated with Pantose Phosphate Pathway (PPP), 

consequently regulates intracellular NADPH and Glutathione (GSH) levels4. GSH 

regulation by TAL suggest the relevance of TAL in oxidative stress mediated 



 
Chapter 3 

106 
 

signaling such as generation, scavenging of reactive oxygen species (ROS) and 

other mitochondrial pathways. Previous studies from our lab has indicated the role 

of TAL in Glutathione (GSH) mediated apoptosis, maintenance of mitochondrial 

transmembrane potential by regulating ROS. Further studies identified the 

deficiency in TAL is linked with HCC, NAFLD and NASH5. To get a detailed insight 

into the role of TAL, we have created a TAL knockout mouse line. Our preliminary 

studies shown that TAL deficiency leads to depletion in GSH and NADHP levels. 

This leads to deregulated oxidative stress indicated by increased ROS generation 

in TAL deficiency. Further, our lab also found that TAL deficiency mediated 

depletion in NADHP levels may result in overexpression of Aldose Reductase, an 

NADPH dependent enzyme.   

Aldose Reductase (AR), also an aldoketo reductase, is a key enzyme in polyol 

pathway. AR facilitates the reduction of glucose to sorbitol as an NADPH 

dependent reaction. AR has been associated with increased intracellular ROS 

generation leading to heart disease, the pathogenesis of diabetic complications6. 

Various mechanism has been linked with AR mediated ROS generation such as i) 

NADPH depletion and consequently reduction GSH level7; ii) increased NADH 

which a substrate for NADH oxidase and leads to production of superoxide anions 

and iii) formation of advanced glycation end products (AGEs) by converting 

glucose to fructose, which can result in production of 3-deoxyglucosone and 

fructose-3-phosphate8. Considering the overexpression of Aldose Reductase in 

TAL deficiency, we investigated whether deletion of AR can rescue the NADPH 

depletion and thus prevents oxidative stress mediated hepatocarcinogenesis. To 
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study this, we generated AR and TAL double knockout (DKO) and AR knockout 

mice (AKO).  In this study, we found that a coordinated regulation between TAL 

and AR that may leads to liver disease in TALKO and DKO mice. Briefly, as mTOR 

is a major sensor of metabolic stress and regulator of cell proliferation and 

autophagy9, our data suggested increased mTOR activation and decreased 

mitophagy in TAL and TAL-AR deficient mice. In support to results from 

mitochondrial shape distribution analysis showing elongated mitochondrial, we 

also found increased mitochondrial STAT3 translocation in TALKO and DKO 

animals, this data suggested enhanced mitochondrial accumulation. To investigate 

mitophagy, we accessed mitochondrial LC3A/B-I and LC3A/B-II ratios and 

Mitochondria/lysosomal overlap. Data unveiled decreased mitophagy in TAL and 

TAL-AR deficient mice. Altogether, these results suggest a coordinated regulation 

by TAL and AR in the pathogenesis of the liver disease. 
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Material and Methods 
 

 

Mice 

TALKO mice was generated in the lab as previously described5. DKO mice were 

generated crossing TALKO mice with Akr1b3 deficient aldose reductase knockout 

(ARKO) mice. DKO mice were generously provided by Dr. Chung at the University 

of Hong Kong.  Animal experimentation has been approved by the Committee on 

the Human Use of Animals in accordance with NIH Guide for the Care and Use of 

Laboratory Animals. 

Liver perfusion 

Mice were anesthetized with pentobarbital sodium. For fibrosis studies, livers were 

perfused via the inferior vena cava with Hank’s balanced salt solution (HBSS) 

without Mg2+ and Ca2+ containing 0.5mM EGTA, pH 7.4 at 37°C. Once the vena 

cava was cannulated a snip was made in the portal vein to ensure complete liver 

perfusion. 60mL of perfusion buffer was used for each liver. For hepatocyte 

isolation we used the 2-step perfusion method. 

Isolation of mitochondria 

Liver mitochondria were isolated using differential centrifugation as previously 

described10. Briefly, Livers in liver mitochondria isolation medium (LMIM; 250mM 

sucrose, 10mM Tris, 1mM EGTA, pH 7.4), were chopped into small pieces and 

homogenized using a Dounce homogenizer on ice in. Homogenate was 
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centrifuged at 1,000 x g for 3 minutes at 4°C and supernatant was collected. The 

supernatant was further centrifuged at 10,000 x g for 10 minutes at 4°C to extract 

the mitochondria in the form of pellet. Following the LMIM wash twice, pellet was 

resuspended in a Ca2+ chelating buffer (1 mM EGTA, 10 mM NaCl, 25 mM 

sucrose, 40 mM HEPES pH 7.2, 195 mM mannitol and 5 mM succinate). The 

solution with mitochondria was further homogenized in a 2-ml Dounce 

homogenizer following incubation for 10 minutes at room temperature and 5 

minutes on ice. Again, the mitochondria were collected by centrifugation at 10,000 

x g for 10 minutes at 4°C and resuspended in liver swelling buffer (LSB; 25 mM 

sucrose, 195 mM mannitol, 40 mM HEPES pH 7.2).  

Western Blot  

Liver lysates were prepared using a Fisher Model 100 Sonic Dismembrator (Fisher 

Scientific, Pittsburgh, PA) in commercially available 1 x cell lysis buffer (catalog 

no. 9803, Cell Signaling Technology, Danvers, MA) as per the user instructions. 

Samples were vortexed and incubated on ice for 30 mins followed with 30 mins 

centrifugation at 16000g. Supernant was collected and diluted with 4X laemmli 

buffer to get 1X as final concentration.   40 µg of whole cell lysates were assessed 

by 12% SDS-PAGE and transferred to nitrocellulose membrane. The gels were 

developed using ECL (Catalog no. 1705061, BIO-RAD), following with scanning 

and analyzed using Kodak image station 440 CF. Densitometric analysis was 

performed on bands using Kodak Carestream 1D software and values were 

normalized with housekeeping genes to plot histograms.   
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Confocal immunofluorescence microscopy  

Primary hepatocytes were cultured overnight on 4-well #1.5 glass-bottom slides 

pre-coated with type I collagen (Corning, cat. no.: 354236). Slides were washed 

and incubated in phenol-red-free Dulbecco's Modified Eagle Medium (DMEM) 

containing 10% fetal bovine serum, 2 mM Lglutamine, 1% penicillin/streptomycin 

and 0.5 μM MTG (Invitrogen, cat. No.: M7514) at 37°C in 5% CO2 air. After 60 min 

incubation, slides were washed twice with DMEM and incubated with 0.5 μM 

LysoTracker Red (LTR, Invitrogen, cat. no.: L7528) for 20 min, followed by one 

wash and resuspension in medium with 0.5 μM LTR. Confocal images (z-series) 

were captured with Zeiss LSM 780 inverted laser scanning confocal microscope 

(Carl Zeiss, Oberkochen, Germany) using a 40×/1.3 Plan-NeoFluar oilimmersion 

objective at 0.45 μm z-step intervals with lateral pixel dimensions of 0.22 μm. 

Camera gain was calibrated on cells that have been unstained. Sequential 

scanning was used to record MTG (excitation: 490 nm, emission: 516 nm), LTR 

(excitation: 577 nm, emission: 590 nm), and Hoechst 33342 (excitation: 350 nm, 

emission: 461 nm); the RGB images were converted to 8-bit grayscales and 

pseudo-colored in green, red, and blue, respectively. Captured z-series were 

imported and analyzed using Image J (http://rsbweb.nih.gov/ij/). 

Flow cytometry of mitochondria 

Mitochondria were stained in respiration buffer with 1 uM DCF-DA for 15 min and 

samples were analyzed using a Becton Dickinson LSR-II flow cytometer equipped 

with 4 lasers (UV/355 nm, blue/488 nm, yellow/561 nm, and red/634 nm). 
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Mitochondrial transmembrane potential (ΔΨm) was estimated by 

tetramethylrhodamine methyl ester (TMRM) and mitochondrial mass was 

assessed with MitoTracker Green (MTG). Glutathione was assessed by 

fluorescence of monochlorobimane (MCB). All fluorescent probes were obtained 

from ThermoFisher Scientific/Molecular Probes (Eugene, OR). 
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Results 
 

 

TAL and AR distinctly regulate mTOR activation and mitophagy under 

deficiency 

Previously, we have reported that inhibition of mTOR with rapamycin prevented 

liver disease in lupus coherent11. Whereas, TAL is linked with liver diseases such 

as Hepatocellular carcinoma (HCC), non-alcoholic fatty liver disease (NAFLD) and 

Non-alcoholic steatohepatitis (NASH)5. Based on this rational, we investigated the 

effects of TAL and AR deficiency on mTOR activation. Our western blot results 

indicated increased mTOR activation by elevated phosphor-mTOR (S2448) levels 

in TALKO (p=0.02) and reduced mTOR activation in ARKO livers (Fig. 3-1A&B). 

We investigated if TAL and AR mediated regulation of mTOR affects autophagy. 

To test this, we analyzed LC3A/B-I and LC3A/B-II levels in total liver lysates, and 

on mitochondria. We found significant reduction in LC3A/B-II levels in total lysates 

with decreased LC3A/B-I and LC3A/B-II ratio on mitochondria from TALKO 

animals suggested reduced mitophagy. Whereas, ARKO appeared to have 

opposing effects on mitophagy (Fig. 3-1A&B).  
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Figure 3-1. Activation of mTOR and regulation of autophagy under TAL 

deficiency. (A) Western blot analyses of P-mTOR (S2447), an activated form of mTOR 

and total mTOR expression in subcellular fractions generated from liver and total liver 

lysates of WT, TALKO, ARKO, and DKO mice using four animals per genotype. (B) Bar 

charts showing expression of P-mTOR and Total mTOR relative to α-tubulin in cytosol and 

total liver lysate. (C) Western blot analyses of LC3 I/II expressions in subcellular fractions 

generated from liver and total liver lysates of of WT, TALKO, ARKO, and DKO mice using 

four animals per genotype.  (D) Bar charts showing expression of LC3 I/II relative to 

Complex III in mitochondria. Each lysate was validated by expression of TAL and AR, 

using α-tubulin as loading control. *, p < 0.05 relative to WT.  
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TAL and AR deficiency regulates mitochondria  

Next, we investigated how TAL mediated decreased mitophagy effects liver 

mitochondria. To test this, we assessed mitochondrial mass, mitochondrial 

membrane potential, mitochondrial ROS and glutathione levels using 

flowcytometric analysis on purified mitochondrial. Data suggested significant 

increase in mitochondrial mass using mito-tracker green (MTG) in TALKO 

(p=0.006) and DKO (p=0.049) (Fig. 3-2A). Further, we found decreased membrane 

potential and glutathione levels using TMRM and MCB (Fig. 3-2B&C). Altogether, 

this data suggests that loss of mitophagy in hepatocytes results in the 

accumulation of damaged mitochondria with depleted GSH levels. Mitochondrial 

dynamics has been associated with quality control and maintenance of the 

damaged mitochondrial12. We investigated if TAL and AR deficiency has any effect 

on mitochondrial dynamics, apart from the fact that TAL and AR deficiency leads 

to accumulation of damaged mitochondria. To test this, we performed 

immunofluorescence live microscopy on cultured primary hepatocytes isolated 

from WT, TALKO, ARKO and DKO. In support to our previous findings, we found 

that deficiency in TAL and AR leads to greater proportions of elongated and large-

fused mitochondria in mouse hepatocytes (Fig. 3-3A&B).  
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Figure 3-2. TAL deficiency regulates mitochondrial mass, mitochondrial 

transmembrane potential, mitochondrial ROS and Glutathione levels. (A) 

Flowcytometry analyses of purified mitochondrial loaded with Mito Tracker Green (MTG) 

dye from liver of WT, TALKO, ARKO, and DKO mice using four animals per genotype and 

(B) Flowcytometry analyses of purified mitochondrial loaded with MCB dye and isolated 

from liver of WT, TALKO, ARKO, and DKO mice using four animals per genotype. *, p < 

0.05 relative to WT.  
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Figure 3-3. Effect of TAL deficiency on mitochondrial shape distribution. (A) 

Representative images colored by size and shape. (B) Cumulative analyses represent 

mean ± SEM of percent distribution from 4 mice per genotype. *, p < 0.05 relative to WT. 

TAL and AR exert opposing effects on mitochondrial STAT3 levels 

Non-classical pathways of Stat3 has been associated with mitochondrial activity. 

Studies shows that mito-Stat3 positively regulates ETC and promote ATP 

production with reduced ROS production13. In our previous flowcytometric 

analysis, we found decreased ROS in purified mitochondria isolated from TALKO 

liver relative to WT, ARKO and DKO (Fig. 3-2D). Further, based on increased 

mitochondrial mass with reduced mitophagy in TALKO liver samples, we 

investigated the mito-stat3 levels by western blot analysis. Our data indicated 

increased accumulation of mito-stat3 in TALKO and DKO mice (Figure 3-4A&B). 

This data was further verified when we also observed an increase of ATP synthesis 

rate by isolated liver mitochondria from TALKO, ARKO, and DKO mice. (data not 

shown) 

  



 
Chapter 3 

119 
 

 

Figure 3-4. TAL deficiency regulates mitochondrial Stat3 levels. (A) Western 

blot analyses of P-STAT3 (S727) and P-STAT3 (Y705) expression in subcellular 

fractions generated from liver and total liver lysates of WT, TALKO, ARKO, and 

DKO mice using four animals per genotype. (B) Bar charts showing expression of 

P-STAT3 (S727) and P-STAT3 (Y705) relative to Complex III in mitochondria and, 

relative to α-tubulin in cytosol and total liver lysate. *, p < 0.05 relative to WT.  
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Discussion 
 

Previously we have reported that deficiency in TAL is linked with liver diseases 

such as HCC, NAFLD and NASH5. Further, previous reports suggest that TAL 

deficiency leads to depletion in NADHP levels and result in overexpression of 

Aldose Reductase, an NADPH dependent enzyme. AR is a key enzyme in polyol 

pathway and has been linked with AR mediated ROS generation by depleting 

NADPH and GSH levels6. Based on these reports, we hypothesized and 

investigated if deletion of AR can rescue the NADPH depletion and thus prevents 

oxidative stress mediated hepatocarcinogenesis. In the current study, we report a 

coordinated regulation between transaldolase and aldose reductase that may 

leads to liver disease in TAL and TAL-AR deficient mice. As, mTOR acts as a 

sensor of metabolic stress and negatively regulates autophagy. We investigated if 

deficiency in TAL and AR affects mTOR activation. Data suggested increased 

mTOR activation in TALKO mice relative to ARKO livers. mTOR regulates 

proliferation, cell growth, and mitochondrial function, as a sensor of metabolic 

stress such as oxidative stress and amino acid availability. mTOR can be activated 

due to mitochondrial mediated oxidative stress and MHP9.  Consistent with mTOR 

activation, our data suggested reduced mitochondrial autophagy in TALKO 

animals. ARKO showed opposing effects with reduced mTOR activation. We also 

observed opposing regulation of mito-Stat3 under TAL and AR deficiency in mice.   

As Mitochondria plays a major role in generation of reactive oxygen intermediates 

(ROI) and regulates cell proliferation, and autophagy14. In support of our data, we 

found that isolated mitochondria from TALKO and DKO animals shows increase in 
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mitochondrial mass with decreased membrane potential and glutathione levels. 

This data suggests that loss of mitophagy in hepatocytes from TALKO leads to 

accumulation of damaged mitochondria with depleted levels of GSH. Further, 

mitochondrial shape distribution analysis supported the accumulation of elongated 

and swelled mitochondria. Altogether, the changes in mitochondrial homeostasis 

in TALKO and DKO suggest that AR is necessary for the liver disease progression 

mediated by TAL. The TAL and AR mediated regulation of mTOR, mitochondria 

homeostasis and generation of ROS represents target for the treatment of liver 

diseases including HCC.    
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Intraperitoneal injection of pristane in non-prone autoimmune mouse has been 

associated with chronic inflammation and promotes ectopic lymphoid tissue in the 

peritoneal cavity. The adjuvant properties of pristane lead to cytokine-driven 

generation of autoantibodies and immune complex-mediated glomerulonephritis. 

Previously, we have seen that Rab4A overexpression in T cells protected animals 

from pristane-induced intra-alveolar hemorrhage in pristane-induced mouse model 

of SLE, by activating mTOR pathway in the development of regulatory T cells1. 

Further, these animals have reduced aPL production and pro-inflammatory 

expansion of macrophages and neutrophils2. Based on these finds, we 

hypothesized the protective role of Rab4A in glomerulonephritis in pristane-

induced mouse model of SLE.  

Primarily, to test the induction of pristane-induced autoimmunity in C57BL/6 

animals, we investigated the ANA levels in WT, Rab4AQ72L knock-in and Rab4AKO 

mice. Interestingly, we found that Rab4A knockout mice show aggressive disease 

manifestation with increased ANA production and lung hemorrhage after 14 days 

post pristane treatment (Fig. 2-2A&B). Whereas, WT and Rab4AQ72L knock-in mice 

showed significant reduced amounts of ANA level in the blood sera. Upon 

confirmation of disease in the animals due to pristane, we test our hypothesis that 

Rab4A may play a protective role in kidney disease by performing kidney 

pathology from these animals. Kidney pathology of the mice from long term 

pristane study (6-month post pristane treatment), showed significant 

glomerulonephritis and glomerulosclerosis when compared with WT and 



Chapter 4 

126 
 

Rab4AQ72L knock-in mice (Fig. 2-1A&B). This observation supported our 

hypothesis, suggesting the protective effects of Rab4A against pristane-induced 

autoimmunity. Next, we planned to study the hall marks of lupus nephritis such as 

lymphocytes infiltration in the kidney, Immunoglobulin depositions, cytokines level 

present in the kidney and deregulated kidney morphology to further support out 

hypothesis. As, immune complex depositions is a hall mark of lupus nephritis3, we 

analyzed the frozen kidney sections for IgG & IgM accumulation. Our results 

indicated significant increase in the immunoglobulin depositions in the glomeruli of 

Rab4AKO mice relative WT and Rab4AQ72L knock-in mice (Fig. 2-1D&E). This 

suggest that mice with Rab4AKO are more prone to pristane induced immune 

complex depositions in the kidney compared to WT and Rab4AQ72L mice. Similarly, 

compliment system C3 levels were also measured in the kidneys and as expected, 

Rab4AKO mice showed significantly increased C3 depositions in the kidneys 

relative to WT and Rab4AQ72L mice (Fig. 2-1F&G). Previous studies suggest that 

immune complex depositions in the kidney leads to kidney infiltration by 

lymphocytes, which further promote localized proinflammatory signaling via 

cytokines and chemokines4. With this rational, we accessed if pristane induced 

autoimmunity in Rab4AKO mice is linked with kidney infiltration by lymphocytes. 

Interestingly, Rab4AKO mice indicated increased T cells, plasma cells and 

macrophage infiltration in the kidneys compare to WT and Rab4AQ72L mice (Fig. 2-

2C-F). Next, as kidney damage is associated with chemokine signaling4, we 

investigated the levels of CCR6 and IL-17a in the kidneys. CCR6 expression in the 

kidneys have been shown to further recruit Th17 cells in the kidneys that are 
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associated with glomerulonephritis5. Data suggested, significant reduction in 

CCR6 and IL-17a levels in the kidneys of WT and Rab4AQ72L mice compared to 

Rab4AKO mice (Fig. 2-3A&B). Altogether, this data suggest that Rab4AKO mice is 

more prone to pristane-induced lupus nephritis via immune complex depositions, 

CCR6- and IL-17a-mediated proinflammatory signaling and recruitment of 

lymphocytes into the kidneys. Whereas, overexpression of Rab4A leads to 

reduction in immune complex depositions, significantly decreased CCR6- and IL-

17a-mediated proinflammatory signaling and kidney infiltration. Based on these 

finding, we confirmed the protective role of Rab4A in pristane-induced mouse 

model of SLE. Next, we analyzed podocytes injury as a hallmark of LN. Data 

indicated significant reduction in podocin levels, a slit diaphragm protein and 

Integrin αV in the Rab4AKO mice compare to WT and Rab4AQ72L Knock-in mice 

(Fig. 2-4A&B). After validation of preliminary hypothesis, we further planned to 

investigate the mechanistic regulation of Rab4A by studying germinal centers from 

the pristane administered animals. Studies have shown that glomerulonephritis is 

associated with spontaneous formation of germinal centers (GC)6. Keeping this in 

mind, we next investigated the GC architecture in the spleen sections by using T 

cells marker, B cells marker, plasma cells marker and macrophage marker. We 

found that Rab4AKO mice contains profoundly increased T zones with bigger 

germinal centers (Fig. 2-5A&C). Also, total plasma cells accumulation was 

significantly higher in Rab4AKO mice in relation to WT and Rab4AQ72L Knock-in (Fig. 

2-5A-C). This suggest that early production of ANA and circulating IC in the 

disease onset of pristane-induced LN could a be result of increased activation and 
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somatic hypermutation of B cells by activated T cells from expanded T zones in 

the GC’s. Further, to gain better mechanistic insight into the role of Rab4A in 

regulation of GC’s, we investigated T cell-B cell immune synapse in Jurkat cells 

overexpressing Rab4A and dominant negative form of Rab4ADN. Also, since F-

actin polymerization and cytoskeletal remodeling are essential for the formation of 

the immunological synapse, we hypothesized that Jurkat T cells with Rab4ADN or 

Rab4A overexpression may have an abnormal ability to form a synapse compared 

to vector only.  As expected, quantification of F-actin polymerization at the T cell–

B cell contact site showed that the majority of conjugates formed with T cells 

overexpressing Rab4ADN exhibited increased F-actin polarization and the large 

contact area of immune synapse (IS) (Figure 2-6, A&B). However, significantly less 

F-actin accumulation at the immune synapse in Rab4A overexpressing Jurkat cells 

was observed compared with Rab4ADN (p=0.0004) and vector-only (p=0.009; 

Figure 2-6, A & B). Taken together, these data demonstrate that Rab4A regulates 

capacity of T cells to form immunological synapses. From this, we have been able 

to answer the significance of changes in the architecture of GC’s mediated by 

Rab4A.  

Further, we also found that Rab4A overexpression in Jurkat cells promotes 

lysosomal-mediated mTOR activation (Fig. 2-6A-C), supporting our previous 

findings, indicating mTOR-mediated activation of regulatory T cells from 

Rab4AQ72L Knock-in mice 1. In this present study, we provide evidence showing 

that HRES-1/Rab4 gene product, Rab4A have protective activity towards pristane-

induced lupus nephritis as shown in the mechanistic model (Fig. 4-1). 
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This study contributes toward the better understanding of early endosome 

trafficking specifically via Rab4A in SLE. From these observations, we have been 

able to answer if Rab4A regulates the function of T cells in lupus nephritis. Our 

data suggest that Rab4A may facilitate the localization of various surface receptors 

such as CD4, Glut1 and Glut4 via endosomal trafficking. Our study answers if 

Rab4A could be used as a potential target towards the cure for lupus nephritis.      

Though, these finds are limited to pristane induced mouse model of SLE and does 

not covers the full scope of various factors such as genetic predisposition, 

environmental or hormones in the pathogenesis of SLE. Further, several other 

limitations like number of animals, pristane duration, collection of other lymphoid 

organs and age can affect the scope of the study. In the current study, the number 

of animals has been a factor to hamper the clarity of the assays and for future 

studies, increasing the number of animals will give efficient statistical power 

towards the findings. Sample numbers and types also played a vital role as a 

limitation in this study. The only organs that were collected from the animals as 

targets for the study were Lungs, spleen and liver. Various other lymphoid organs 

such as lymph nodes and peyer’s patch also plays a vital role in the disease 

progression and has not been analyzed in the study. Including these organs in the 

future studies will contribute towards the better understanding of Rab4A and its 

role in the disease progression. Further, extensive analyses of the organs such as 

weight, morphology and physiology may provide more evidence supporting the 

role of Rab4A in autoimmunity. In the present study, we analyzed germinal centers 

to understand the role of Rab4A and interestingly found deregulated GC’s 
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mediated by Rab4A deficiency. However, we missed the opportunity to weigh the 

spleens before preparing them for downstream applications. Some of the animals 

showed splenomegaly after pristane administration with deregulated and 

increased GC’s in the spleen. Weighing the organ may contribute towards the 

efficient normalization of the data which may get affected with the volume of the 

organ.               

It is also true that no alternate mouse model can cover more than one or two factors 

in the pathogenesis of SLE. The best model to further investigate the role of Rab4A 

in autoimmunity would be samples collected from human patients. Overall, this 

study provides a new insight into the role of Rab4A in the regulation of 

autoimmunity.  
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Figure 4-1. Mechanistic Model. Based on our data, we found that T cells specific 

Rab4A knockout in C57BL/6 mice administered with pristane shows enlarged germinal 

centers with increased in the number of T cells, Plasma cells and B cells. Germinal centers 

facilitate the site for T cells-B cells communication and generation of antibodies producing 

plasma cells. We also found that inhibition of Rab4A activity leads to increased T cells-B 

cells immune synapse formation. This data supports our observations suggesting 

increased ANA in the serum of Rab4A knockout animals. Increased ANA and 

Immunoglobulins circulating through blood may result in accumulation in the glomeruli 

leading to kidney disease. Mice with Rab4AQ72L Knock-in and administered with pristane 

does not shows deregulated germinal centers and increased plasma cells. Further, we 

found decreased ANA and kidney disease in Rab4AQ72L Knock-in mice suggesting the 

protective role of Rab4A in pristane induced lupus nephritis.    
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