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ABSTRACT 

	 Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by 

loss of immune tolerance and the production of auto-antibodies which target various 

nuclear components. There is a 9:1 women to men ratio among lupus patients, indicating 

differing mechanisms of lupus pathogenesis between the sexes. Although lupus patients 

may develop many different manifestations, lupus nephritis (LN) remains to be one of the 

most devastating manifestations and an indicator of poor prognosis. Although both sexes 

develop LN, the nephritis in males often develops more rapidly and is more severe.  

 Necrotic cell death is a characteristic of lupus nephritis and contributes to the 

exacerbation of the inflammatory immune response within the glomeruli. Previously our 

laboratory found that absence or pharmacological inhibition of Poly [ADP-ribose] 

polymerase 1 (PARP-1), an enzyme involved in necrotic cell death, results in milder 

nephritis, reduced necrotic lesions, and higher survival rates only among males. Although 

RIPK3-mediated necrosis was a likely candidate for inducing necrosis during female LN, 

murine models of glomerulonephritis revealed that the development of LN occurs 

independently of RIPK3. In addition, during LN, there is no crosstalk between the RIPK3- 

and PARP-1 mediated pathways to induce necrotic cell death. 

 The sex bias in SLE indicates sex hormones may play a role in pathogenesis. 

Interestingly, estrogen receptor alpha (ERα) in the renal tissue is highly expressed and the 

renal specific estrogen-induced gene activation is second only to that of reproductive 

organs. The absence of estrogen receptor alpha protects female mice from developing 

nephritis, despite the presence of immune complexes in the kidneys and production of pro-

inflammatory cytokines. Analysis of gene expression changes during LN progression 
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indicate the protection seen in ERaKO females may be due to alterations in metabolic 

pathways, including PPAR and retinol metabolism. 

 These results demonstrate the complexity of lupus nephritis. Despite the presence 

of necrosis in LN, this manifestation occurs in a RIPK3-independent manner, which leaves 

the pathway responsible for necrosis in female kidneys to still be investigated. In addition, 

lupus nephritis occurs in an ERa-dependent manner in females, demonstrating the 

significant impacts sex-hormone environments play in the pathogenesis of immune-

mediated nephropathies. 
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CHAPTER 1 

INTRODUCTION 

 

Systemic Lupus Erythematosus 

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease that affects 

approximately 150 in 100,000 individuals in the U.S. and approximately 5.5 per 100,000 

individuals worldwide (1,2). SLE occurs predominately in women with nine female 

patients for every one male patient. In addition, race strongly correlates with susceptibility, 

in which a greater number of patients are of African American or Hispanic heritage 

compared to non-Hispanic white, Asian/Pacific Islander, or other racial backgrounds (1,3–

5). Although there are some cases of pediatric lupus, many patients develop SLE during 

child-bearing years, mainly years 20 through 45. 

SLE is characterized by the loss of tolerance and production of auto-antibodies 

targeting nuclear components.  The development of SLE is influenced by a variety of 

genetic and environmental factors. Genetic predisposition significantly increases 

susceptibility to SLE. Candidate genes for lupus susceptibility determined by studies of 

human SLE include those encoded by human leukocyte antigen (HLA) regions, Fcγ 

receptors, and complement genes (6). The HLA region is responsible for the transcription 

of many immunologically-relevant genes, including major histocompatibility complex 

class I and II (MHCI and MHCII) (7). DR-B1 alleles of the MHCII region have been shown 

to associate with lupus patients of European-Caucasian heritage, while HLA associations 

have not been implicated in populations of other racial backgrounds (8–13). Fcγ receptors 

are responsible for the clearance of immune complexes from the circulation (14,15). 
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Studies have demonstrated that African American SLE patients have an increased chance 

of containing low-binding Fcγ-RII (16). In addition, Fcγ-RIII has also been shown to be 

associated with SLE, as well as lupus nephritis. Complement proteins also aid in the 

clearance of immune complexes and invading pathogens (10). Deficiencies in various 

complement proteins, including C1q, C2 and C4, have been linked to increased 

susceptibility to developing SLE (17–19).  More recently, genes associated with altered 

innate immune responses have been associated with increased risk of SLE (20). None have 

gained more attention than the Interferon (IFN)-inducible genes, known as the “interferon 

signature”, whose increased expression correlates with increase lupus disease severity 

(21,22). Abnormally high levels of IFN alpha have been consistently observed in many 

SLE patients. IFN activity promotes pro-inflammatory responses, including dendritic cell 

activation and pro-inflammatory cytokine production. Although the genes described above 

are the most studied genes involved in lupus susceptibility, many other genes involved in 

immune and non-immune functions have been implicated, such as genes associated with B 

cell signaling, T cells signaling, ubiquitination, DNA methylation, and apoptosis.  

Although there are genetic influences on lupus susceptibility, heritability of lupus is 

estimated to be only 60% (23–25). Studies on monozygotic twins demonstrated disease 

concordance in only 20-60% of cases, indicating environmental factors must also influence 

disease susceptibility (24–27).  

The environmental factors that increase the development of SLE include chemical 

exposures and viral infections. Chemical exposures include silicone, organic solvents, and 

heavy metals (2,28,29). There is also evidence that exposure to cigarette smoke, both first- 

and second-hand, increases susceptibility to lupus (30,31). Evidence suggests that many 
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environmental exposures must be maintained for many years before SLE diagnosis. For 

example, occupational exposure to silicates began 13 years before diagnosis (32). Higher 

antibody titers for Epstein-Barr virus (EBV) is associated with SLE susceptibility, with 

infection occurring many years before disease onset (33,34). In addition to viral infections, 

hygiene also influences development of lupus. Individuals with records of childhood 

diarrheal illnesses, rubella, and/or mumps had higher titers of anti-nuclear antibodies 

(ANA). These early-life infections may initiate chronic alterations in immune responses, 

which pave the way for lupus emergence (35). Due to the lack of genetic explanations for 

ethnic differences in susceptibility, studies have aimed at identifying environmental factors 

which would be responsible for the ethnic biases in lupus patients. Although smoking and 

silica exposure are the strongest environmental risk factors that have been found, there is 

some evidence supporting poorer hygiene and increased exposure to infections found in 

West African and Afro-Caribbean populations may contribute to the increased 

susceptibilities seen in populations of African heritage (2,34).   

The influence of malnutrition and other causes of uteroplacental insufficiency on 

lupus nephritis have been investigated. A cohort of patients from Sweden with several renal 

diseases, including diabetic nephropathy, glomerulonephritis, and renal vascular disease, 

showed that socioeconomic status negatively correlated with disease severity (36). In 

addition, similar results were published for a cohort of lupus nephritis patients from the 

United States in which patients from a lower socioeconomic status were shown to be more 

likely to develop lupus nephritis (37–39). These studies demonstrate that people born in 

lower economic classes are more likely subjected to causes of uteroplacental insufficiency 

including cigarettes, alcohol, malnutrition, and drug abuse.  
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Overall, the current explanation for the development of lupus is that a genetically 

pre-disposed individual undergoes continuous exposure to chemical and pathogenic 

insults, ultimately altering immune responses and resulting in loss of tolerance and lupus 

development. 

Loss of tolerance and production of antibodies targeting nuclear antigens is a 

hallmark of SLE. Immune tolerance is characterized by the production and maintenance of 

B and T lymphocytes which recognize non-self-antigens and the destruction of those T and 

B cells which recognize self-antigens. Therefore, loss of immune tolerance results in the 

formation of autoreactive T and B cells, resulting in production of antibodies targeting 

these self-antigens (auto-antibodies) and systemic inflammation. The presence of 

antibodies targeting dsDNA in blood of lupus patients has been documented since the 

1950’s (40). Since then, numerous studies have been conducted implicating dsDNA 

autoantibodies in lupus disease pathogenesis and tissue 

injury(41)(41)(41)(41)(41)(41)(41)(41)(41)(41)(41)(41)(41)(41) (41–44). Although these 

antibodies were known to be involved in SLE pathogenesis, it remained unknown if these 

dsDNA antibodies were present prior to disease onset. A study performed by M.R. 

Arbuckle utilized the US Department of Defense serum repository to analyze the presence 

of dsDNA antibodies in serum samples collected from SLE+ military personnel before and 

after their diagnosis (45,46). The results showed that dsDNA antibodies are detectable in 

lupus patients years before clinical disease onset. In fact, lupus patients develop auto-

antibodies to various nuclear components including DNA (dsDNA) (47–50), nucleus 

(ANA, nucleosome) (51–53), ribonucleoproteins (anti-Sm, snRNP) (54), RNA (Ro, La) 

(55). The tissue injuries and co-morbidities in lupus patients have been shown to result 
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from auto-antibody-mediated mechanisms. Several mechanisms include immune complex 

accumulation, reactivity with auto-antigens, and cytotoxicity (56–58). 

Due to the systemic and mutable nature of SLE, patients develop a variety of 

comorbidities affecting most organ systems in the body and SLE patients overall have a 

higher likelihood of shortened lifespan compared to the general population (59–62). The 

most common causes of mortality in SLE are infections, active disease, and cardiovascular 

disease. Infections are more easily acquired in lupus patients due to prescribed 

immunosuppressant therapies (63). Active disease often leads to serious complications, 

including lupus nephritis and CNS lupus, which over many years can ultimately cause life-

threatening manifestations, such as end-stage renal disease (ESRD) and cardiovascular 

disease (48,64–66).  

Despite advancing medical technology and drug development, lupus therapies have 

remained relatively unchanged over the past 50 years; however, improved diagnostic 

measures of early disease have led to increasing survival (63,67). Treatments for mild 

disease are limited to non-steroidal anti-inflammatory drugs (NSAIDs) and 

hydroxychloroquine, while broad spectrum immunosuppressants and anti-inflammatory 

drugs are prescribed for disease flares and more severe lupus (68). These current drugs 

have detrimental side effects in patients and their efficacy is sub-optimal. While there is a 

strong need for more targeted lupus therapies, their development continues to be a slow 

process. Numerous drugs have been developed targeting various immune arms of SLE 

pathogenesis, including B cell depletion (rituximab/ Ocrelizumab) (69–71), B cell receptor 

modulation (epratuzumab) (72), anti-interferons (73–75), IL-1 receptor antagonism 

(anakinra) (76), anti-TNFα therapy (77–79), IL-6 depletion/antagonism 
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(sirukumab/tocilizumab) (80–82), and many other components of pro-inflammatory 

signaling pathways. In fact, of all SLE therapies that have been tested over the past 50 

years, the only new approved drug for lupus is belimumab, a monoclonal antibody targeting 

BAFF (B-cell activation and survival factor), which was found to have modest effects in 

patients with mild disease (83).  

 

Lupus Nephritis (LN) 

 Lupus nephritis (LN) is one of the most serious complications among SLE 

manifestations (Fig. 1). Up to 50% of SLE patients develop some level of renal 

involvement, with up to 20% progressing to end-stage renal failure, depending on the racial 

background (1,84–86). The development of lupus nephritis remains a sign of poor 

prognosis and is associated with significantly increased morbidity and mortality 

(60,87,88). 

Deposition of immune complexes within the glomerular subendothelial space is a 

hallmark of lupus nephritis and is associated with inflammation, complement activation 

and complement-induced tissue damage within the kidney (89). Immune cells infiltrating 

the kidney contribute to vasculature damage, especially within the glomerular capillary 

tufts. In addition to endothelial damage, death and loss of podocytes along the capillary 

tufts decreases hyperfiltration and loss of glomerular function.   This vascular damage often 

leads to the accumulation of fibrin and/or platelet-fibrin microthrombi within the 

glomerular capillaries. Fibrin accumulation limits filtration across the glomerular basement 

membrane, creating an ischemic environment within the glomerulus and setting the stage 

for an energy-deprived environment, which is the prerequisite for the initiation of 
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programmed necrosis (90,91). Macrophages and Th1 cells are primarily responsible for the 

pathogenesis of lupus nephritis (92–96), mainly by promoting further immune cell 

recruitment and pro-inflammatory cytokine production (97–99). Although the 

pathogenesis of lupus nephritis remains unchanged, the severity of LN can vary drastically 

among lupus patients depending of their specific class of LN. 

 

Figure 1. The development of lupus nephritis. A variety of environmental and 
physical factors cause loss of tolerance and auto-antibody production. These auto-
antibodies bind to self-antigens and become immune complexes, which then travel through 
the circulation and deposit in various organs, such as the kidney during lupus nephritis. 
These immune complexes activate the immune system and result in disease development. 

 

There are six classes of lupus nephritis based on classifications described by the 

International Society of Nephrology and the Renal Pathology Society in 2003 (100). Class 

I LN is termed minimal mesangial lupus nephritis and is characterized by glomeruli which 

appear normal by light microscopy, but deposits can be detected using 

immunofluorescence or electron microscopy. Class II, or mesangial proliferative LN, is 

used to describe glomeruli which contain any degree of mesangial proliferation detectable 
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by light microscopy. Class III (focal LN), is characterized by focal, segmental, or global 

endo-or extra-capillary glomerulonephritis involving less than 50% of all glomeruli. Sub-

endothelial immune deposits may also be detected in this class of LN. Class IV (Diffuse 

LN) is similar to Class III; however, diffuse, segmental, or global endo- or extra-capillary 

GN involves greater than 50% of glomeruli. Class V, or membranous LN, contains 

detectable global or segmental sub-epithelial deposits. Finally, Class IV (Advanced 

sclerosis LN) is a very severe form of LN in which over 90% of the glomeruli are sclerosed 

and non-functional. Which class of LN a patient develops partially depends on the location 

of immune complex deposition (101).  

Immune complexes can originate from several sources including anti-glomerular, anti-

nuclear, or anti-C1q antibodies, opsonized apoptotic particles, or neutrophils extracellular 

traps (NETs) (102,103). Deposition of immune complexes within the glomerular 

endothelium results in endothelial damage and are characteristic of Class III and Class IV 

lupus nephritis. Due to their close proximity to the vasculature, these immune complexes 

are able to activate myeloid cells via Fc receptors and promote immune cell infiltration to 

the glomerulus (104). Subepithelial immune complex deposits, which are found in Class V 

lupus nephritis, cause podocyte death. Typically, these particular deposits do not cause 

severe disease, but they may access the whole glomerulus if there is damage to the 

glomerular basement membrane. This may result in initiation of the complement cascade 

and resident renal cell activation (105,106). Mesangioproliferative LN, or Class II, is 

characterized by the deposition of immune complexes within the mesangium of the 

glomerulus. This deposition activates mesangial cells, causing mesangial proliferation and 

altering glomerular morphology (100,107). 
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The deposition of immune complexes initiates various pro-inflammatory responses, 

most importantly the recruitment of peripheral immune cells and the subsequent release of 

pro-inflammatory cytokines and chemokines (108–111). B and T cells are found in the 

kidneys of LN patients (112), but the major cell type associated with pathology of LN is 

the macrophage. Infiltration of the kidney by macrophages is associated with poor 

prognosis, and resident renal macrophages expand in number and contribute to abnormal 

tissue remodeling (113,114). Dendritic cells have also been detected in the kidneys of LN 

patients. They not only promote antigen recognition, but they also promote a Type I IFN 

response, which has been found to be a feature of lupus nephritis. Interferons induce 

damage to glomerular parietal cells, podocytes, and the vasculature (115,116). The damage 

to resident renal cells can further exacerbate the inflammatory responses. 

During renal disease, the pro-inflammatory cytokine, IL-1β, is produced by infiltrating 

leukocytes and monocytes and contribute to the progression of renal damage (Brennan 

1989, Boswell 1988). IL-1β is then capable of interacting with its receptor, IL-1RA, on the 

intrinsic renal cells to stimulate the production of TNF-α, causing further inflammation and 

damage to renal tissue (117,118). IL-1β levels are increased in mice with nephritis, as well 

as in patients with end-stage renal disease (118–120). 

TNF-α is a pro-inflammatory cytokine that is produced by immune cells (mainly 

monocytes, macrophages, and T cells) and renal cells during the development of immune-

mediated nephropathies (121,122) and is present at the onset of proteinuria (Davidson 

2016_31-32). TNF-a has also been found at high levels in renal biopsies from patients with 

IgA nephritis (121), membranous glomerulonephritis (98), and lupus nephritis (123). TNFα 

contributes to damage of renal tissue by promoting the generation of reactive oxygen 
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species and through activating renal cell death (124,125). In fact, destruction of glomerular 

capillary networks is important in progression to end-stage renal failure and TNF has been 

shown to induce apoptosis in glomerular endothelial cells (126). 

IL-1 and TNFα are capable of stimulating the production of IL-6 by CD4 T cells during 

inflammation (127,128). Positive staining for IL-6 was also found in the mesangial cells 

from biopsies of patients with lupus nephritis and mesangial proliferative 

glomerulonephritis (123,129). In addition, IL-6 induces proliferation of mesangial cells 

(129,130) and in patients with IgA nephropathy, IL-6 staining positively correlated with 

mesangial hypercellularity (121).   

The milieu of pro-inflammatory cytokines, chemokines, and matrix proteins released 

by both resident and infiltrating inflammatory cells contribute to the formation of a pro-

fibrotic environment. Renal fibrosis is an indicator of poor prognosis in lupus nephritis. 

TGF-b release by macrophages and tubular epithelial cells promote the myofibroblast 

differentiation of mesangial cells, pericytes, interstitial fibroblasts, and occasionally 

podocytes (131,132). These myofibroblasts produce collagen and extracellular matrix to 

promote fibrosis (131). 

There are currently no cures for lupus nephritis and therapies focus solely on treatment 

of symptoms, signs and attempting to slow progression to renal failure. The most effective 

therapeutic strategy would be to devise interventions to prevent the initial immune complex 

deposition; however, this is complicated by the heterogeneity of deposition locations in 

patients. Immunosuppressants remain the optimal therapy for LN patients until better 

therapeutics are approved; however, there are ongoing studies targeting endothelial 

dysfunction and the prevention and reversal of renal fibrosis (133,134). 
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Estrogen in SLE and Lupus Nephritis 

Since nine out of ten SLE patients are women, the role of estrogen in this disease is of key 

interest. Although men and women develop lupus nephritis, the disease often occurs earlier 

and is more severe in men (135–137). Estrogen, mainly 17β-estradiol, is able to bind two 

main estrogen receptors, alpha (ERα) and beta (ERβ) (138,139), housed mainly within the 

nucleus (140). These estrogen receptors are members of the nuclear receptor family. ERα 

and ERβ carry out three main signaling mechanisms (Fig. 2). First, upon estrogen binding, 

the receptor dimers can act directly on genetic estrogen response elements (EREs) to 

mediate transcription of target genes. Similarly, estrogen receptors can act in an ERE-

independent manner and interact with other transcription factors, such as Fos/Jun), to alter 

the transcription of genes which contain other response elements. The third mechanism of 

ER action is ligand-independent. Growth factors are able to initiate downstream signaling 

which results in the phosphorylation and activation of ERE-bound estrogen receptors 

without the presence of estrogen ligands. Recent studies have also identified a third 

estrogen receptor, G protein-coupled estrogen receptor 1 (Gper1). This receptor is a 

plasma-membrane-bound GPCR capable of binding most estrogen ligands, except cortisol, 

progesterone and testosterone (141). Gper1 carries out non-genomic estrogen signaling 

which are capable of generating rapid tissue responses.  
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Figure 2. Functions of estrogen receptors. The ligand-dependent mechanism involves 
E2 binding to ERs, which acts directly on EREs to mediate transcription. The ERE-
independent function takes place when E2-bound ERs bind and alter the functions of other 
transcription factors. Growth factors can initiate the ligand-independent ER functions, by 
causing phosphorylation of ERs independent of E2 binding, followed by ER-mediated 
transcription. During Non-genomic mechanisms of ER action, E2 binds an ER on the cell 
surface and activates downstream cell signaling independent of transcription. 

  

While there is only one form of ERβ, there are multiple splice variants of ERα and 

they differ in tissue localization (142). The main form of ERα, ERα66, is highly expressed 

in the ovary and uterus, as well as the kidney, liver, and heart. The ERα46 splice variant 

was first identified in a human breast cancer cell line (143), and its expression was later 

found to be restricted to heart and uterus (142). The final splice variant, ERα36, was 

identified in 2005 (144), and its primary expression is in the kidney (142). The primary 

splice variant identified to be expressed within the glomeruli is ERα66, making ERα the 
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most relevant estrogen receptor when studying the influence of estrogens on the 

pathogenesis of lupus nephritis. 

 In addition to its presence within the kidney, ERα is expressed by a variety of 

immune cells (145). Estrogen receptors are present on both T and B lymphocytes; however, 

T cells have a higher expression of ERα and B cells have lower, but similar levels of both 

ERα and ERβ (146–148). B cell lymphopoiesis is negatively regulated by estrogen, with 

studies demonstrating that increased estrogen presence during pregnancy results in 

decreased B lymphocyte formation (149). Furthermore, the estradiol (E2)-mediated B cell 

reduction was reversed when mice were treated with an antagonist of ERα and ERβ, 

demonstrating that the effects of E2 on B cell formation is ER dependent (150,151). In T 

cells, the low doses of estrogens elicit a Th1 response, while Th2 responses occur in 

response to higher levels of estrogen (152–154). E2, via ERα, is responsible for expansions 

of antigen-specific CD4+ T cell responses and IFN-gamma producing cells (154). 

Physiological concentrations of estradiol were initially shown to stimulate IFN-γ 

production by spleen cells in 1991 (155) Several years later, Correale, et al demonstrated 

that estradiol treatment stimulated IFN-γ secretion by CD4 T cells harvested from multiple-

sclerosis patients (156). Ovariectomized females had increased CD4 T cell secretion of 

IFN-γ in response to estradiol administration, which was not seen in ERαKO mice, 

demonstrating estradiol’s role in IFN-γ production is ERα-dependent (157). In various 

studies of multiple sclerosis, estrogen was also shown to promote the formation of 

regulatory T cells (Tregs), which could be blocked by administration of an ER antagonist. 

(158–160). 
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 Both ERα and ERβ are expressed on most antigen presenting cells (APCs), 

including dendritic cells and macrophages (161–163). Dendritic cells require estradiol for 

proper differentiation from bone marrow in an ERα-dependent manner (164). The 

expression of estrogen receptors alters during monocyte differentiation, with monocytes 

expressing higher ERβ, while macrophages express ERα (165,166), IL-1β levels, produced 

by infiltrating leukocytes and macrophages, are increased in mice with nephritis, as well 

as in patients with end-stage renal disease (118–120). Estrogens, mainly estradiol and 

progesterone, have been shown to decrease the production of IL-1β in human peripheral 

monocytes (167). 

 Estrogen receptors are expressed on a wide range of cells and tissues; therefore, 

there is a potential influence of the sex hormone microenvironments on the development 

of lupus and lupus nephritis. To better investigate the role estrogen receptors may play in 

disease pathogenesis, mice were generated which contain genetic deletions of the estrogen 

receptors, either individually, or in combination. The first genetically modified mouse was 

a functional gene knockout for ERα, generated in 1993 (168). Although the males and 

females in this strain developed normally, they remain infertile and contain 

underdeveloped reproductive systems. The ERβ knockout mice developed in 1998 showed 

no developmental or reproductive abnormalities, while phenotype of the ERα/β double 

knockout strain resulted in infertility and the female ovaries developed into structures more 

closely resembling male seminiferous tubules, indicating the significance of estrogen 

receptors in the development of the female reproductive system (139,169).  

 For many years studies have been done to investigate the influence of estrogens in 

lupus. Ovariectomized NZB/NZW F1 lupus-prone mice that were treated with ERα or β 
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agonists revealed that estrogen promotes lupus disease in an ERα-dependent manner (170). 

ERα agonist-treated mice developed increased auto antibody titers, increased albuminuria, 

and decreased survival compared to untreated or ERβ agonist-treated mice. Other studies 

further supported the findings that estrogen contributes to lupus pathogenesis through an 

ERα-dependent mechanism. Repeated estradiol administration to ERα-deficient (ERαKO) 

mice resulted in the development of a lupus disease phenotype characterized by 

autoantibody production, renal disease, and decreased survival (171). In addition, absence 

of ERα was shown to decrease lupus disease in several lupus-prone mouse strains including 

NZB/NZW F1, NZM2410, and MRL/lpr mice. All three strains demonstrated significantly 

reduced autoantibody levels, reduced proteinuria and renal pathology, and increased their 

overall survival (172,173). Related investigations also revealed ERα deficiency protected 

MRL/lpr mice from lupus-related cognitive deficits (174). 

Although, estrogens influence the susceptibility to the development of lupus nephritis, 

testosterone also plays a role. Nine out of ten lupus patients are women; however, 

manifestation developed by male patients are often more severe and progress more rapidly 

(175). Although both men and women are capable of developing renal complications 

during immune-mediated nephropathies, studies have shown that this damage often 

develops earlier and more severely in men than in women.  A meta-analysis of 68 studies, 

consisting of 11,345 patients, found that male patients with various renal diseases had a 

more rapid decline in renal function than the female patients (176). The patient renal 

disease included chronic kidney disease, IgA nephropathy, and membranous nephropathy. 

The trend that males are more susceptible to renal disease was also demonstrated by several 

other studies, including a lupus cohort, which showed renal disease was more prevalent in 
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the male patients, who also had greater need for increased prednisone doses, dialysis, and 

renal transplantation than their female counterparts (135–137).  

 Although investigations focused on the role of estrogens in lupus found that 

estrogen treatment promoted and accelerated lupus disease through ERα, estrogens may 

actually act to reduce the susceptibility of females to LN development compared to males. 

The renin-angiotensin system plays an important role in regulating blood pressure. A drop 

in blood pressure triggers the conversion of angiotensin by renin into angiotensin I. 

Angiotensin I is then converted into angiotensin II by angiotensin-converting enzyme 

(ACE), which is produced in the lungs. Angiotensin II causes restriction of the blood 

vessels to increase blood pressure, as well as, increases kidney reabsorption of sodium and 

water in order to increase blood volume, further increasing blood pressure. Spikes in blood 

pressure will ultimately force an increased glomerular filtration rate in the kidneys, 

resulting in long term renal damage (177). The kidney produces all substrates and enzymes 

required for angiotensin II production. Sex hormones appear to play differential roles in 

the regulation of angiotensin II production and, as a result, on blood pressure. Estrogen 

treatment of human endothelial cells (HUVECs) resulted in increased ACE1 and ACE2 

expression through an ERα-dependent mechanism (178). Usually increased ACE1 levels 

would indicate greater angiotensin II levels and, ultimately, higher blood pressure. 

However, ACE2 is responsible for converting angiotensin II into angiotensin (1-7), which 

has a vasodilating effect. Therefore, in females, estrogen leads to increased ACE1, which 

provides the angiotensin II for ACE2 to convert into angiotensin (1-7), preventing 

angiotensin II-mediated increases in blood pressure. Furthermore, this balance between 

ACE1 and ACE2 may explain the finding by RK Dubey that estradiol lowers renal levels 
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of angiotensin II (179). While estrogens exhibit a protective effect against high blood 

pressure and renal damage, androgens contribute to the development of high blood 

pressure. Hypertensive-prone male SHR rats were treated with the androgen receptor 

antagonist, flutamide, and after 6 weeks of daily flutamide treatment, the rats had decreased 

arterial pressure compared to the controls (180). Salt and water handling is greatly 

influenced by androgen receptors located on the kidney nephrons (181). DHT 

administration to rats resulted in increased fluid reabsorption and blood pressure (182). 

These findings were similar to observations in humans, in which men excreted less sodium 

than females after hypertonic solution infusion, causing increased systolic blood pressure 

(183,184). Furthermore, post-menopausal women who received a high salt load 

experienced increased sodium reabsorption and blood pressure compared to 

premenopausal women (185).  

 Earlier reports demonstrated a key role for angiotensin II in renal development 

(186–190). Experiments in which newborn Sprague-Dawley rats were treated with AT1 

receptor antagonists demonstrated that angiotensin II is important for proper nephrogenesis 

and females are more resistant to the renal consequences during the absence of angiotensin 

II. Male newborns that received the AT1 antagonist displayed increased albuminuria, 

decreased GFR, hypertension, and more glomerulosclerosis (191). However, although 

previous studies claimed females were completely resistant to the effects of decreased 

angiotensin II, Loria, et al have shown that female newborns treated with an AT1 receptor 

antagonist actually do develop renal disease; however, it is much milder than males and 

progresses much more slowly (192,193).  
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Repetitive damage to the kidney without the ability to heal will ultimately lead to 

the development of fibrosis within the kidney. TGF-β plays an important role in stimulating 

the profibrotic responses in damaged tissues (194–196). More specifically, the effects of 

sex hormones influence the activities of TGF-β in various renal cells, including tubular 

epithelial cells, mesangial cells, and podocytes. Tubulointerstitial fibrosis is often the final 

pathway leading to renal failure, characterized by accumulation of collagen types I, III, IV, 

V, VII, fibronectin, and laminin (197). In addition, human renal biopsies revealed that 

tubular epithelial cells produce ECM proteins and contribute to fibrosis by undergoing 

epithelial to mesenchymal transition (198). Ovariectomized mice demonstrated increased 

tubulointerstitial expression of TGF-β and collagen IV, which was decreased by estrogen 

treatment (199). Ovariectomy of salt-sensitive Dahl rats increased the severity of 

glomerulosclerosis and tubulointerstital fibrosis within 1 year, which was associated with 

increased TGF-β1 expression (200). Estradiol replacement in the ovariectomized rats 

reversed the pro-fibrotic effects. Collagen I and IV synthesis by glomerular mesangial cells 

is suppressed by estradiol treatment, as well as, by selective ER modulators, such as 

tamoxifen (201–203). Male mice express higher basal levels of fibronectin compared to 

females, and testosterone treatment increased mesangial cell fibronectin levels in both 

sexes (203). In addition, estradiol has been shown to decrease the production of ET-1, a 

mitogen for glomerular mesangial cells, which results in protection from glomerular 

remodeling in females (201). This reduction in ET-1 is most likely due to the estrogen-

mediated decrease in angiotensin II described above. Another regulator of mesangial cell 

growth and glomerular remodeling is plasminogen activator inhibitor-1 (PAI-1), which 

induces abnormal cell growth and extracellular matrix synthesis within the kidney (201). 
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Sclerotic kidneys express higher levels of PAI-1 within the glomerular cells; however, 

estradiol is capable of lowering PAI-1 levels and protect against the deleterious effects of 

PAI-1 on mesangial cells (204). Further support for the antifibrotic effects of estradiol is 

provided by a study the demonstrated that glomerulosclerosis-prone mice have decreased 

estrogen receptor expression in their mesangial cells and estradiol treatment reduced 

collagen production in these cells (205). In addition, estradiol administration reduced renal 

injury in Alb/TGF-β1 mice which overexpress TGF-β1 (206). 

Another factor which influences susceptibility to the development of lupus 

nephritis is the production of nitric oxide. In lupus nephritis, nitric oxide is mainly 

generated by iNOS located on infiltrating macrophages, and by eNOS found on the renal 

endothelium (207). eNOS mainly acts to promote vasodilation and maintain blood pressure 

homeostasis; while iNOS serves a more destructive means by macrophages during 

inflammation (207). Men and women exhibit inherent differences in their expression and 

production of nitric oxide synthase (208,209). Estradiol increases the production of NOS 

by increasing stimulation of eNOS (210,211). eNOS is regulated by several factors, 

including gene expression, post-translational modifications, and caveolin (211). Caveolae 

are lipid rafts mounted in the plasma membrane of endothelial cells and consist of caveolin. 

Following its acylation, eNOS targets the caveolae and binds caveolin, resulting in 

conformational inhibition of the enzyme (212). Ovariectomy of rats reduced pial arteriolar 

eNOS protein levels and increased caveolin abundance (213).  Estradiol causes rapid 

influxes of calcium, causing eNOS activation, which is inhibited by estrogen receptor 

antagonists, demonstrating that eNOS activation is an ER-dependent pathway (211). 

Estradiol is capable of inducing vasodilation both in vitro and in vivo, as demonstrated by 
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studies ranging from isolated blood vessels to acute administration of estradiol in 

ovariectomized animals (214–216).  

During renal disease, oxidative injury is induced by the production of oxidative 

enzymes by infiltrating leukocytes and resident glomerular cells (217). Studies have 

demonstrated that ovariectomy results in increased levels of reactive oxygen species 

(ROS), while pregnancy levels of estradiol decreases ROS levels (218–220). NADPH 

oxidase and myeloperoxidase are both relevant factors involved in the generation of ROS 

during renal injury (210). Estradiol decreases the expression of both of these factors, 

leading to decreases in ROS-mediated damage (221). Studies show that estrogens act as 

potent antioxidants for ROS, as well as phenolic and catecholic free radicals (222–224). In 

fact, estradiol is more effective in neutralizing oxygen free radicals than catalase, 

superoxide dismutase, and mannitol (220).  In addition to their inherent antioxidant 

capabilities, estrogen also promotes the antioxidant pathway mediated by NF-E2-related 

factor 2 (Nrf2), a basic leucine zipper transcription factor (225). Nrf2 expression has been 

shown to be upregulated by estradiol treatment in a model of retina degeneration (226). 

Nrf2 is a key transcription factor in mediating cellular protection from oxidative stress 

(227). In fact, only Nrf2-deficient female mice spontaneously develop glomerulonephritis, 

characterized by mesangial proliferation and cellular crescent formation (228), indicating 

a role for female sex hormones in mediating the protective effects of Nrf2.  

More specifically within the kidney, reactive oxygen species induce mitogenic effects on 

mesangial cells by several mechanisms, including ET-1 synthesis, oxidation of LDL, and 

oxidation of lipoproteins (229). Superoxide- and cholesterol-induced mesangial cell 
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growth is inhibited by estradiol (230). Furthermore, estradiol treatment is able to block 

mesangial cell growth and lipid peroxidation in response to free radicals (231).  

 Based on the studies outlined above, sex hormones influence many different aspects 

that contribute to the pathogenesis of lupus disease. Estrogens are able to induce 

differentiation and activation of various immune cells, increase production of pro-

inflammatory cytokines, as well as accelerate the development of lupus disease in lupus-

prone models. However, estrogens appear to also play a protective effect in the tissue-

specific manifestations associated with lupus, such as lupus nephritis. Estrogens counteract 

the systems that promote renal destruction, including decreasing ROS, nitric oxide, and 

antagonizing the formation of renal fibrosis. 

 

Cell Death 

The two classical forms of cell death are apoptosis and necrosis. Apoptosis is classified 

as “programmed cell death” characterized by chromatin condensation, nuclear 

fragmentation (karyorrhexis), and release of apoptotic bodies called “blebs”. Apoptosis is 

an anti-inflammatory and caspase-dependent form of cell death. The apoptotic bodies 

maintain an intact membrane, preventing release of cellular components into the 

surrounding environment. In addition, blebs expose “eat-me” signal, phosphatidylserine, 

to promote their uptake by phagocytes. Apoptosis is involved in the maintenance of tissue 

homeostasis, as well as clearance of infected, aged, or mechanically damaged cells. 

Apoptosis can be initiated by death receptors on the cell surface or in response to DNA 

damage, stress, defects in cell cycle, etc (232).  
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Apoptotic clearance is impaired in SLE. The first report of this phenomenon showed 

that macrophages isolated from SLE patients had decreased ability to phagocytize yeast 

(233). Furthermore, SLE macrophages are smaller than their healthy counterparts and 

demonstrate delayed engulfment of apoptotic material (234,235). The reduced phagocytic 

capabilities by SLE phagocytes leads to the accumulation of apoptotic bodies, which will 

undergo a process called secondary necrosis. Secondary necrosis results in loss of 

membrane integrity and the release of cellular contents, including nuclear components and 

damage-associated molecular patterns (DAMPs), which ultimately lead to immune 

activation and inflammation (236). The repeated immune exposure to auto-antigens 

contained in apoptotic blebs and nucleosomes are responsible for the development of auto-

antibodies targeted toward nuclear components in SLE (237,238). These cellular contents 

are taken up by dendritic cells, which produce pro-inflammatory cytokines and activate 

Th1 and Th2 cells. The T cells provide help to autoreactive B cells to produce auto-

antibodies against the self-antigens. The decreased phagocytic capicities of SLE 

phagocytes has been linked to several factors. First, decreased expression of Tyro-3, Axl, 

and Mer (TAM) receptors has been studied in murine models (239,240). TAM receptors 

are expressed on phagocytes and recognize phosphatidylserine on apoptotic cells (241). 

Mer knockout mice have been reported to accumulate apoptotic cells and develop lupus-

like autoimmunity, while the triple-TAM knockout mice develop lymphoproliferative 

disease and severe autoimmunity (240,242,243). Similarly, the levels of the TAM receptor 

ligand, Gas 6, have been shown to correlate with disease activity and certain manifestation 

cause increased expression of Gas 6. Another well-studied factor contributing to impaired 

apoptotic clearance is the deficiency in complement protein, C1q, which is involved in 
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apoptotic cell clearance (244). Hereditary C1q deficiency is linked to development of SLE, 

and SLE patients have increased consumption of C1q, resulting in decreased Mer and Gas6 

expression in macrophages (245,246). 

Apoptosis is also involved in the pathogenesis of lupus nephritis. Although apoptosis 

of glomerular cells has not be shown to be involved in promoting immune complex 

deposition within the kidneys, studies have shown that damage can occur after IC 

deposition (247). Endothelial cells come into direct contact with circulating auto-

antibodies and immune complexes, which results in endothelial activation and secretion of 

pro-inflammatory cytokines (89). The subsequent apoptosis of endothelial cells may be the 

source of chromatin that is associated with renal immune complexes (248). Furthermore, 

TGF-β1 produced by activated mesangial cells promotes renal tubular cell apoptosis and 

inhibition of TGF-β1 reduces the tubular epithelial cell apoptosis and tubulointerstitial 

fibrosis (249–251). TGF-β1 synergizes with Smad7 to induce podocyte apoptosis in vitro 

and in vivo (252). Podocytes and tubular epithelial cells express vascular endothelial 

growth factor (VEGF); therefore, podocyte and tubular apoptosis results in loss of VEGF 

paracrine signaling, leading to endothelial cell growth arrest and apoptosis (253,254). As 

outlined in this section, apoptosis contributes to both the loss of tolerance and development 

of SLE, but also the later exacerbation of lupus nephritis. 

Glomerular necrosis is associated with class III and class IV lupus nephritis (90,100). 

Previously, necrosis was considered a passive, unregulated form of cell death, which was 

thought to occur accidentally during inflammation. Work by Laster et al. demonstrated that 

tumor necrosis factor alpha (TNF-α) receptor can induce both apoptosis or necrosis, and 

suggested that necrosis could be the result of designated signaling pathways intimately 
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linked to apoptosis (255). Since these initial experiments, two main programmed pathways 

of necrotic cell death have been described. One pathway involves the activation of poly 

(ADP-ribose) polymerase-1 (PARP1), called “parthanatos”, and the other triggers 

receptor-interacting protein kinases 1 and 3 (RIPK1 and RIPK3), called “necroptosis” 

(89,90,217).  

        

Figure 3. PARP-1-mediated necrosis. DNA damage induced by various agents, including 
ROS, are sensed by PARP-1, leading to the production of PAR polymers. Subsequent 
activation of calpains and calpain-induced tAIF release, results in more DNA damage, 
creating a DNA damage feedback loop. Excessive DNA damage leads to increased 
PARylation and consumption of cellular energy, resulting in necrosis. 

 

Traditionally, necrosis has been considered a passive form of cell death; however, 

necrotic cell death has recently been recognized to occur through several regulated 

pathways, one of which is mediated by poly-(ADP-ribose) polymerase-1 (PARP-1) (256) 

(Fig. 3). During immune-mediated nephropathies, pro-inflammatory responses to immune 

complex deposition result in the production of reactive oxygen species (ROS), which 

causes irreversible cell injury within the kidney (90). DNA damage induced by ROS results 

in PARP-1 activation (257). PARP1 is involved in sensing DNA damage and promoting 

cell survival, but when DNA damage is beyond repair, PARP1 hyper-activates, leading to 
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a rapid consumption of NAD+ and ATP. The resulting “energy collapse” causes the cell to 

die by necrosis (258). PARP-1-mediated necrosis has been shown to occur during 

ischemia-reperfusion damage, severe oxidative stress or sepsis (257). We have previously 

shown that PARP1 is a key mediator of necrotic cell death occurring during lupus nephritis 

in a murine model (259). Nevertheless, only male mice were protected in the absence of 

PARP-1 (259). From those results, there appears to be inherent differences in the cell death 

programs between males and females. We have demonstrated in bone marrow-derived 

macrophages and the anti-GBM nephritis mouse model that male cells preferentially 

undergo necrosis, while females undergo apoptosis (260). A possible explanation of this 

sex bias in cell death programs may be partially explained by Mabley et al, who showed 

that PARP-1 is able to interact with ERα and estrogen; therefore, this interaction may result 

in natural inhibition of PARP-1 activity by estrogen (261).  
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Figure 4. RIPK3-mediated necrosis. During homeostasis, TNF binding to TNFR results 
in downstream activation of NFkB and cell survival. During states of stress, 
deubiquitination of RIP1 allows the formation of a complex with RIP3, FADD, and 
Caspase 8, leading to apoptosis of the cell. During situations of ischemia, the energy 
depletion results in inactivation of caspases. Therefore, RIPK3 is no longer inhibited by 
caspase 8. RIP1 and RIP3 form a complex and activate MLKL, which forms a pore in the 
membrane, resulting in necrosis of the cell. 

 

Necroptosis has been shown to be involved in various maladies, including during viral 

infection (262), trauma-induced cell death (263,264) and Crohn’s disease (265). 

Independent of promoting pathologies, RIPK3 also plays a role in maintaining lymphocyte 

homeostasis (266). Binding of TNF, TNF-associated apoptosis-inducing ligand (TRAIL), 
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or Fas ligand (FasL) to their receptors, along with absence or limited availability of 

caspases, specifically caspase 8, will cause deubiquitylation of RIPK1 and its subsequent 

binding to RIPK3 to form the necrosome, resulting in the activation of the necrotic cascade 

(267) (Fig. 4). This leads to the phosphorylation of mixed-lineage kinase-like (MLKL), 

which then clusters and forms pores in the plasma membrane, causing loss of membrane 

integrity and cell lysis (268,269). During lupus nephritis, infiltrating inflammatory cells 

and endothelial damage can cause micro-thrombi and, therefore, capillary ischemia. These 

conditions would promote RIPK3-mediated necrosis and contribute to the pathogenesis of 

lupus nephritis. Extensive research using murine models has investigated the role of 

necroptosis in a variety of diseases. Necroptosis is involved in the pathogenesis of 

ischemia/reperfusion injury, systematic inflammatory response syndrome (SIRS), 

neurodegenerative diseases, viral and bacterial infections, atherosclerosis, as well as many 

other disorders (270–275); however, its role in lupus nephritis remains to be investigated. 

Due to earlier findings that males utilize PARP-1-mediated necrosis during lupus nephritis 

while females do not, it would be interesting to investigate if RIP3-mediated necroptosis 

may be involved in necrotic cell death occurring in female LN. 

 

Project Aims 

Project 1: The role of RIPK3 in LN pathogenesis.  

Necrotic cell death is an important contributor to the destruction of renal tissue 

during lupus nephritis. The two best studied mediators of necrosis are PARP-1 and RIPK3. 

Our lab has previously shown that absence or pharmacological inhibition of PARP-1 is 

protective in males; therefore, males rely heavily on PARP-1 to mediate renal damage 
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during nephritis. Although female renal tissue undergoes necrosis during LN, this cell 

death is not due to PARP-1; therefore, another necrotic pathway must be mediating these 

effects. For this reason, this project aims to investigate the role of RIPK3 in the 

pathogenesis of LN. In addition, there is currently controversy concerning possible 

interactions between the PARP-1- and RIPK3-mediated necrotic pathway, so this project 

also aims to study if PARP-1 and RIPK3 interact to induce necrosis in kidneys during LN. 

 Aim 1: Investigate the impact of RIPK3 absence on LN development 

 1.1. Effect of RIPK3 absence on auto-antibody production during chronic  

        Graft-versus-host disease (cGVHD). 

 1.2. Effect of RIPK3 absence on renal damage during NTN model of nephritis. 

Aim 2: Investigate potential interactions between RIPK3 and PARP-1 to 

promote the pathogenesis of LN. 

2.1. Synergistic effects of absence of both RIPK3 and PARP-1 on the humoral 

immune response during OVA immunization and cGVHD. 

2.2. Synergistic effects of RIPK3 and PARP-1 absence on the development of 

nephritis during NTN. 

 

Project 2: The Role of ERα in the pathogenesis of LN. 

Due to the 9:1 female:male sex-bias in the occurrence of SLE, predisposition to the 

disease is likely influenced by sex hormones, such as estrogens. Estrogen receptor alpha is 

the most widely expressed of the estrogen receptors and can be found on nearly every 
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immune cell. In addition, ERα is the most highly expressed estrogen receptor in the kidney, 

making it an attractive target for the study of sex hormones in LN. Due to the presence of 

ERα in both the immune cells and the kidney, this project aims to investigate the role ERα 

plays in the development of lupus and LN. 

Aim 1: Investigate the impact of ERα absence on the humoral immune 

response. 

1.1. How does ERα absence affect the generation of antibodies in response to 

challenge with OVA? 

1.2. How does ERα absence affect the generation of auto-antibodies during 

cGVHD? 

Aim 2: Investigate the impact of ERα absence in immune-mediated renal 

damage. 

2.1. How does ERα absence affect the severity of renal disease during NTN? 

2.2. Which cell types are most impacted by ERα signaling during NTN? 

2.3. How do mechanisms of disease pathogenesis differ between WT and ERα-/- 

during NTN? 
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CHAPTER 2 

METHODS 

 

Mice 

 C57BL/6 (B6), B6.C-H2bm12 (Bm12) (purchased from Jackson Labs),  

B6.RIPK3-/- (generously provided by Vishva Dixit, Genentech), B6.PARP-1-/-, B6.RIP3-

/-PARP1-/-, and B6.ERa-/- (generously provided by Dr. Gary Gilkeson, Medical 

University of South Carolina) mice were bred and maintained in our colony in the Animal 

Facility at the Lewis Katz School of Medicine at Temple University, an AAALAC-

accredited facility, and experimental procedures were outlined in our approved protocol 

#4362 and conducted according to the guidelines of our Institutional Animal Care and Use 

Committee. Anesthesia was performed by exposure to carbon dioxide, euthanasia was 

performed by cervical dislocation. B6. ERa-/- mice were bred as heterozygotes and all 

genotyping was performed by standard PCR as described elsewhere. Female and male mice 

were generally used between 6 and 10 weeks of age. 

 

Chronic Graft-versus-Host Disease (cGVHD) 

 Chronic graft-versus-host disease (cGVHD) is an inducible model of lupus disease 

characterized by the development of typical lupus autoantibodies such as anti-dsDNA and 

anti-chromatin. cGVHD was induced in the mice as shown previously (276). Briefly 8-

week old mice were injected i.p. with 108 splenocytes from B6.Bm12 mice. Mice were 

bled and serum was collected weekly via tail-vein for 6 weeks post injection. 
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Nephrotoxic Serum (NTS)-Induced Nephritis 

 Nephritis was induced using nephrotoxic serum as shown previously (277,278). 

Briefly, 8-week old mice were injected i.p. with 8ul/gr of body weight of nephrotoxic 

serum (NTS). To assess the degree of kidney disease, blood urea nitrogen (BUN) levels 

were measured using Azostix (Siemens) and proteinuria by Uristix (Siemens) during each 

tail bleed before injection, and every 2-4 days following the injection for the duration of 

the experiment. 

 

Pristane-Induced Autoimmunity 

 Lupus-like autoimmunity was induced by single i.p. injection (500uL) of (2, 6, 10, 

14-tetramethylpentadecane) pristane as previously described (279). The mice were bled by 

tail-vein and serum was collected at 0, 2, 4 weeks, and monthly thereafter for a total of 6 

months or 2 weeks for the acute pristane peritonitis. Mice were monitored weekly for signs 

of distress including weight loss, decreased activity, and hunched posture. No mice 

developed severe illness during the course of these experiments. 

 

Ovalbumin (OVA) Immunization 

 8-week old mice were injected intramuscularly (i.m.) with 100 µg OVA in a 1:1 

ratio in complete Freund’s adjuvant. One week later, mice received a second injection i.m. 

of OVA in a 1:1 ratio in Incomplete Freund’s adjuvant. Blood was collected via tail vein 

weekly for four weeks.  
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Anti-OVA ELISA 

ELISA plates were coated with 30ug/ml OVA in BBS. Following blocking (3% 

BSA in BBT), serum samples were diluted 1:500 in BBT and incubated overnight at 4C. 

The secondary antibody used was AP-conjugated goat anti-mouse IgG (Fcg specific, 

Jackson Immunoresearch) 1:5000. The plates were developed using 1mg/ml PNPP 

(Sigma). Standard curve was generated using OVA in 2-fold dilutions from 1:500 to 

1:256,000. 

 

Detection of Autoantibodies by ELISA 

Anti-dsDNA and anti-chromatin antibodies were detected in mouse sera by ELISA as 

previously described (280). Briefly, plates were coated with 2.5ug/ml calf thymus dsDNA 

(Invitrogen) or 3ug/ml chicken erythrocyte-derived chromatin (Colorada Serum Company) 

in borate-buffered saline (BBS). Following blocking buffer (3% BSA+1% Tween in 1x 

BBS), sera samples were diluted 1:250 in BBT (BBs, 0.4% Tween 80, 0.5% BSA) and 

incubated overnight at 4C. The secondary antibody used was AP-conjugated goat anti-

mouse IgG (Fcg specific, Jackson Immunoresearch) 1:5000. The plates were developed 

using 1mg/ml PNPP (Sigma). Standard curve was generated using MRL/lpr mouse serum 

in 2-fold dilutions from 1/250 to 1/128,000. 
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Detection of Anti-Nuclear Antibodies (ANA) 

Staining for anti-nuclear Antibodies (ANA) was performed on prefixed HEp-2 cells 

according to the instructions provided by the manufacturer (Antibodies Incorporated, CA). 

Mouse sera were used at a 1:80 dilution in PBS+1% BSA+0.02% Azide and incubated at 

RT for 30 min in a humidified chamber. The secondary antibody used was FITC-

conjugated goat anti-mouse IgG Ab (Fcg specific, Jackson Immunoresearch). 

 

Total IgG ELISA 

 Total IgG ELISA kit was purchased from eBioscience and ELISA was conducted 

as per manufacturer’s instructions. Briefly, 96-well ELISA plate was coated with captured 

antibody diluted in Coating buffer (1:250 dilution) overnight at 4 degrees C. Next, plate 

was blocked with blocking buffer for 2 hours. All serum samples were diluted 10,000-fold 

and plated along with Standard curve in serial dilution starting at 100ng/ml. Plate is 

incubated at room temperature for 2 hours. Substrate solution was added and incubated for 

15 minutes, then stop solution was added. Plate was read at 450nm. 

 

Flow Cytometry 

 Pristane experiments: To harvest peritoneal cells, 5 mL of Dulbecco’s Modified 

Eagle Medium (DMEM) containing 5% fetal bovine serum (FBS) was injected into the 

peritoneum of mice using a 27G needle. After injection, the DMEM was collected from 

the peritoneum using a 5ml syringe with a 25G needle. RBCs were lysed using ACK 
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Lysing Buffer (Quality Biological). Peritoneal Cells were resuspended at 106 cells/ml, 

blocked with Fc blocker and stained for the lineage markers CD19-PerCP (Biolegend), 

B220-FITC (eBioscience), CD11c-PECy7 (Biolegend), B220-APC (eBioscience), CD3-

FITC (BD Pharmingen), CD11b-PE (Biolegend). All live cells were gated based on 

FSC/SSC and then gated for specific markers. 

RIP3/PARP-1 Mice Characterization: Spleens and thymus were harvested from B6 

and RIP3/PARP1-/- male and female mice. Single-cell suspensions were generated by 

passing spleens and thymuses through 70µm cell strainer. Red blood cells were removed 

from splenocytes by treatment with ACK red cell lysis buffer (Quality Biological). 

Thymocytes were resuspended at 106 cells/ml, blocked with Fc blocker and stained for the 

lineage markers: CD3-APC-Cy7 (BD Pharmingen), CD4-APC (BD Pharmingen), and 

CD8-PerCP-Cy5 (eBioscience). T cell subsets were analyzed by first gating on live cell 

populations by FSC/SSC and then gating on CD3+ population. The CD3+ population was 

analyzed for percentage of CD4+, CD8+, and CD4/CD8+ populations. Splenocytes were 

resuspended at 106 cells/ml, blocked with Fc blocker and stained for the lineage markers: 

CD3-APC-Cy7 (BD Pharmingen), CD4-APC (BD Pharmingen), CD8-PerCP-Cy5 

(eBioscience), CD19-biotin (BD Pharmingen)/ PE-Cy7 streptavidin (BD Pharmingen), and 

CD11b-PE (Biolegend). Cell subsets were analyzed by first gating on live cell populations 

by FSC/SSC. T cell subsets were analyzed by first gating on CD3+ cells and then analyzing 

percentage of CD4+, CD8+, and CD4/CD8+ populations 
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Histology 

 H&E: 10 um frozen kidney sections were fixed in ice-cold acetone, then stained 

with Mayer’s hematoxylin (Sigma), followed by a wash with sodium bicarbonate for 

bluing. Sections were then stained with eosin (Sigma), dehydrated, and coverslips were 

mounted. H&E sections were scored for glomerular damage and interstitial inflammation 

as described (281). 

 

IgG and C3 deposition: 10um frozen kidney sections were fixed in acetone, then 

blocked (5% goat serum/ 2% BSA in PBS) for 45 min. Sections were incubated with 

primary antibody for 1 hr. at room temperature. IgG= FITC conjugated goat anti-mouse 

IgG (Fcg-specific)(Jackson Immunoresearch) and C3= FITC-conjugated goat anti-mouse 

C3 F(ab’)2 fragment (MP BIomedicals). Coverslips mounted using anti-fade mounting 

media (Vector labs). IgG and C3 deposition measured using Image J software. 

  

Periodic Acid-Schiff (PAS): Kit was purchased from Sigma and staining was 

conducted as per manufacturer’s instructions. Briefly, frozen tissue sections were fixed in 

Carboy’s fixative, stained with Periodic Acid Solution, followed by Schiff’s reagent. 

Nuclei were counterstained with hematoxylin (Gill No. 3), sections were dehydrated and 

coverslips were mounted. 
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Oil Red-O: Lipids were detected in the kidney using a specific Abcam kit and 

following the manufacturer’s instructions. Briefly, frozen tissue sections were fixed in 10% 

formalin and then incubated in propylene glycol. Slides were stained with Oil Red-O 

solution and then differentiated in 85% propylene glycol. Slides were cover stained with 

hematoxylin, rinsed, and coverslips mounted using VectaMount aqueous mounting media 

(Vector labs). 

 

Smooth Muscle Actin/ Synaptopodin: Frozen 10µm kidney sections were cut by cryostat 

and mounted on glass slides. Before the staining, the sections were fixed in 4% 

paraformaldehyde for 15 minutes at room temperature. Then they were washed, incubated 

with blocking buffer for 60 min at room temperature. Primary antibodies were added for 

2hrs at 37°C, and after washes, secondary antibodies were added for 1.5 hours at room 

temperature. After 3 washes, coverslips were applied using Vectashield hardening 

mounting medium with DAPI to detect nuclei (Vector Labs). Primary antibodies used were 

polyclonal, guinea pig anti-synaptopodin (Antibodies-online.com, ABIN1742349) 1:200, 

and polyclonal rabbit anti-smooth muscle actin (SMA) (Abcam, ab5694) 1:200. Secondary 

antibodies were FITC-goat anti-rabbit IgG (H+L) (Thermofisher) 1:200, and Rhodamine 

Red-X goat anti- guinea pig IgG (H+L) (Jackson Immunoresearch, 106295003) 1:200. 

  

Trichrome: Fibrotic tissue was detected in kidney sections using a Trichrome Stain 

kit from Abcam and flowing manufacturer’s instructions. Briefly, frozen tissue sections 

were immersed in Bouin’s Fluid for 60 minutes. After 10 minute cooling, slides were rinsed 
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in tap water and stained with working Weigert’s Iron Hematoxylin for 10 minutes. Slides 

were rinsed in running tap water and then stained with Biebrich Scarlet/ Acid Fichsin 

Solution for 10 minutes, followed by a 15-minute differentiation in Phosphomolybdic/ 

Phosphtungstic acid solution. Next, Aniline blue was applied for 10 minutes, followed by 

Acetic acid solution for 5 minutes. Slides were dehydrated in 95% and 100% alcohol and 

coverslips were mounted. 

  

TUNEL/Cell death: Frozen 10µm kidney sections were cut by cryostat and 

mounted on glass slides. Before the staining, the sections were fixed in 4% 

paraformaldehyde for 15 minutes at room temperature. Then they were washed three times 

in 1x PBS, 5 minutes each. Blocking buffer (1x PBS, 5% normal sera, 0.3% Triton X-100) 

was added for 60 min at room temperature. Blocking buffer was removed and primary 

antibody added for 2hrs at 37°C. (Antibody buffer: 1x PBS, 1% BSA, 0.3% Triton X-100) 

To also stain for TUNEL, instead of antibody buffer, TUNEL enzyme and primary 

antibody were both diluted in TUNEL labeling solution. Primary antibody was removed 

and sections washed in PBS three times, 5 minutes each. Secondary antibody was added 

for 1.5 hours at room temperature. Then sections were washed again three times, 5 minutes 

each. Coverslips were applied using Vectashield hardening mounting medium with DAPI 

to detect nuclei (Vector Labs). 

Primary antibodies used are rabbit anti-Poly(ADP-ribose) polyclonal antibody (Enzo Life 

Sciences) 1:50, rabbit anti-RIP3 (Genetex) 1:200, rabbit anti-active Caspase 3 (BD 

Biosciences)1:200. Secondary antibodies are Rhodamine Red- X goat anti-rabbit IgG 

(H+L) (Thermofisher) 1:200. TUNEL staining was done using the In Situ Cell Death 
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Detection Kit, TMR Red (Roche) and staining was conducted following manufacturer’s 

instructions. 

 

Estrogen Pellet Implantation 

 Mice were anesthetized using isofluorane. Estrogen pellets used were 21-day 

slow-release 0.5mg 17β-estradiol pellets (Innovative Research of America). Pellets were 

inserted subcutaneously between the shoulders using a 10-gauge trochar. 

 

Generation of Chimeric Mice 

 8-week old WT and B6.ERaKO mice were irradiated with 550cGy x-ray irradiation 

twice, 3 hours apart. 24 hours later, irradiated mice were injected i.v. with 30 million bone 

marrow cells harvested from donor WT and B6.ERaKO mice. After injection, irradiated 

mice were treated with 5mg/kg of meloxicam for 2 weeks and with antibiotics for 4 weeks. 

Blood was collected via tail vein and genotyped to check chimerism at 6 weeks post-

injection. 

 

Quantitative Real-Time PCR (qRT-PCR) 

 RNA from glomerular isolates, peritoneal isolates, spleen, kidney, and uterus was 

extracted using a Direct-zol RNA Mini-prep kit (Zymo Research). Total RNA (500ng) was 

reverse transcribed using High Capacity Reverse Transcription kit (Applied Biosystems). 

Tgfb1 (Mm01178820_m1), Fabp1 (Mm00444340_m1), Cyp4a14 (Mm00484135_m1), 
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and b-actin (Mm02619581_g1), Irf7 (Mm00516793_g1), Isg15 (Mm01705338_s1), 

Gapdh (Mm99999915_g1), Ltf (Mm00434787_m1), and Pgr (Mm00435628_m1) 

expression was detected using Taqman gene expression assays (Thermofisher) and Applied 

Biosystems Step2 plus thermal cycler. Relative gene expression of Tgfb1, Fabp1, Cyp4a14 

was normalized to b-actin and calculated by the DDCt method. Relative gene expressions 

of Irf7, Isg15, Ltf, and Pgr were normalized to Gapdh and calculated by the DDCt method. 

   

Isolation of Glomeruli from Renal Cortices 

 Flash frozen murine kidneys were halved using a sterile scalpel and then the cortex 

was separated from the medulla. The cortex was then passed through a series of sieves: 

250µm, 180µm, 106µm as described previously (282). The glomeruli were finally 

collected in a 40µm cell strainer. The collected glomerular samples were composed of 

approximately 70% glomeruli and 30% interstitium. 

 

Microarray of Murine Glomeruli 

 RNA was extracted from the isolated murine glomeruli and quantified on a 

Nanodrop ND-100 and Qubit 2.0 spectrophotometer, followed by RNA quality assessment 

on an Agilent 2200 TapeStation (Agilent Technologies, Palo Alto, CA). Fragmented biotin 

labeled cDNA (from 10 ng of RNA) was synthesized using the Affymetrix WT Pico kit. 

Affymetrix GeneChip®, Mouse Transcriptome Array 1.0 (MTA 1.0) were hybridized with 

5 µg fragmented and biotin-labeled cDNA in 200 µl of hybridization cocktail. Target 
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denaturation was performed at 990 C for 5 min. and then 450 C for 5 min, followed by 

hybridization with rotation 60 rpm for 16 to 18 hour at 450 C. Arrays were then washed 

and stained using Gene chip Fluidic Station 450, using Affymetrix GeneChip® 

hybridization wash and stain kit. Chips were scanned on an Affymetrix Gene Chip Scanner 

3000, using Command Console Software.  Quality Control of the experiment was 

performed by Expression Console Software v1.4.1. Raw data files for the microarray are 

available at NCBI Gene Expression Omnibus, accession number: GSE98626. 

Chip data files were generated by SST-RMA normalization from Affymetrix CEL files by 

using Expression Console Software. The experimental group, ERaKO females, was 

compared to control group by using Transcriptome array console (TAC) software v3.1.0.5. 

Differentially expressed gene lists (Fold >2, P<0.05) were generated by TAC software. 

PCA analysis was completed using MeV software (283). 

 

Patients and Controls 

Patients were randomly selected from the Temple Lupus Cohort (TLC). The TLC is an 

IRB approved prospective cohort of lupus patients followed in the Lupus Clinic at Temple 

University Hospital. After informed consent was given, blood was obtained from patients 

who fulfilled at least four of the SLICC Criteria (284). Blood was processed as described 

in the Microarray section. Renal Disease activity was defined by the SLE Disease Activity 

Index (SLEDAI) (285) and determined on the day that blood was obtained. We enrolled 

21 female SLE patients, and 21 normal age-, sex-, race and ethnicity-matched controls in 

the study. Of the SLE patients, 7 were Hispanic, 12 were African American and 2 were 

Caucasian.  
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Human Blood RNA Sequencing 

RNA was isolated from healthy and lupus patient whole blood using the PAXgenes system 

(Qiagen). RNA was depleted of ribosomal RNA and strand specific libraries were 

generated and run on Affymetrix HT HG-U133+ array. RNA-seq data (100-bp paired-end 

reads) were aligned to the human genome hg19 using TopHat (286) taking into account 

reads coming from splicing junctions (parameters were set to default). Counts were 

obtained using featureCounts (287). Libraries normalization was performed and FPKM for 

each RefSeq gene was calculated using edgeR package in R (288). 
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CHAPTER 3 

RECEPTOR INTERACTING PROTEIN KINASE 3 (RIPK3) IS DISPENSABLE 
FOR THE DEVELOPMENT OF SYSTEMIC AUTOIMMUNITY AND IMMUNE-

MEDIATED NEPHROPATHY  

 

Immune mediated nephropathy is one of the most serious manifestations of lupus 

and is characterized by severe inflammation and necrosis that, if untreated, eventually leads 

to renal failure. Although lupus has a higher incidence in women, both sexes can develop 

lupus glomerulonephritis; nephritis in men develops earlier and is more severe than in 

women. It is therefore important to understand the cellular and molecular mechanisms 

mediating nephritis in each sex. Previous work by our lab found that the absence or 

pharmacological inhibition of Poly [ADP-ribose] polymerase 1 (PARP-1), an enzyme 

involved in DNA repair and necrotic cell death, affects only male mice and results in milder 

nephritis, with less in situ inflammation, and diminished incidence of necrotic lesions, 

allowing for higher survival rates. A second pathway mediating necrosis involves 

Receptor-Interacting Serine-Threonine Kinase 3 (RIPK3); in this study we sought to 

investigate the impact of RIPK3 on the development of lupus and nephritis in both sexes 

(289). 

Absence of RIPK3 does not protect mice from cGvHD-induced lupus 

We first tested whether RIPK3 plays a role in inducing lupus autoimmunity during 

cGvHD. This murine model of lupus is dependent on allogeneic T cell help and tests the 

activation of endogenous autoreactive B cells and their production of autoantibodies 

directed toward nuclear components (276), which are a hallmark of lupus disease and major 

players in the initiation of lupus nephritis (89). We induced cGvHD in B6 and RIPK3-/- 
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male and female mice by injecting 108 allogeneic Bm12 splenocytes. After 6 weeks from 

the induction of cGvHD, mice from both strains, males and females, developed similar 

levels of anti-dsDNA and anti-chromatin autoantibodies (Fig. 5A). The mice did not 

develop renal disease as shown by no increase in proteinuria or BUN values (data not 

shown) and healthy kidney histology (Fig. 5B). We also measured total serum IgG levels 

after cGvHD and found the characteristic polyclonal increase in both strains, demonstrating 

as similar overall response. (Fig. 5C). Taken together, these results indicate that RIPK3 

does not play a significant role in polyclonal activation and autoantibody production in the 

lupus-like disease induced during cGvHD. 
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Figure 5.  Absence of RIPK3 does not affect the development of autoimmunity 
induced by cGvHD.  (A) After induction of cGvHD, anti-dsDNA and anti-chromatin 
levels were similar between B6 and RIPK3-/- mice in both males and females.  Data are 
represented as Mean ± SEM of 10 mice per group (pooled from two experiments) and all 
p-values were >0.05 (T-test). Autoantibody levels of PBS-treated mice are represented by 
the dotted line. (B) Kidney sections were stained for with H&E and scored for severity of 
glomerulonephritis and interstitial nephritis. (C) After cGVHD induction, total IgG levels 
were similar between B6 and RIPK3-/- mice in both males and females. Data are 
represented as Mean ± SEM of 10 mice per group and all p-values were >0.05 (T-test). 
Total IgG levels were increased at 3 and 6 weeks compared to pre-bleed (T-test). Pre-bleed 
vs. 3 weeks: * p£0.05, ** p£ 0.01. Pre-bleed vs. 6 weeks: # p£0.05.  
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Absence of RIPK3 does not protect mice from pristane-induced autoimmunity 

Type I Interferon (IFN-I) plays a major role in lupus pathogenesis (290). SLE patients 

have higher levels of IFN-I in peripheral blood than their healthy counterparts (named 

“Interferon signature”) (291). IFN-I is a potent stimulator of the innate and adaptive 

immune response (292) and treatment with IFN-I can accelerate lupus onset (293). Finally, 

IFN-I induces necrosis via RIPK3 (294). Due to the role of IFN-I in SLE, we studied the 

impact of RIPK3 in the pristane-induced lupus model, which is IFN-I dependent (295). 

After 6 months, we investigated the presence of anti-nuclear antibodies in the serum. Both 

RIPK3-/- and B6 mice of both sexes developed similar levels of anti-nuclear antibodies 

(Fig. 6A). Due to the increase in Type-I IFN in the pristane model, we measured the 

expression of IFN-I-dependent genes, Irf7 and Isg15 in the spleen (Fig. 6B). Relative 

mRNA expression of these genes did not differ between B6 and RIP3-/- males; however, 

RIP3-/- females had significantly decreased expression of Irf7 and Isg15 compared to B6 

females, possibly demonstrating sex-specific impact of RIP3 on IFN-I responses in this 

model. Pristane-induced autoimmunity is characterized by the development of 

lipogranulomas in the peritoneum. Both the RIPK3-/- and B6 mice produced similar 

lipogranulomas, both in number and gross-anatomy appearance (data not shown). Analysis 

of mouse peritoneal cells showed similar recruitment of T cells (CD3+), B cells (B220+), 

CD11c+ cells, and CD11c+/CD11b+ cells within the RIPK3-/- male and female mice 

compared to the wild-type (Fig. 6C). These results do show a significant difference in the 

percentage of T and B cells compared to the other mouse strains. Although we do not fully 

understand the significance of this finding, the disease outcomes of all mice were similar, 

which suggests this difference in cell populations does not appear to impact the 



	 46	

development of autoimmunity in the pristane model. In the pristane model, by month 6, 

most of the immune cells have moved out of the peritoneum, into the spleen and 

lipogranulomas. For this reason, we decided to look at the peritoneal immune cell 

infiltration also only 2 weeks following pristane injection. At 2 weeks post-injection, all 

mice displayed similar levels of B cells, T cells, CD11b+, and CD11b+/CD11c+ cells both 

by percentage and cell counts (Fig. 6D) without any statistical difference. From these data, 

we can conclude that absence of RIPK3 does not significantly alter the development of 

IFN-I-mediated systemic autoimmunity in either sex. 
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Figure 6.   Pristane-induced systemic autoimmunity is not dependent on RIPK3. (A) 
Pristane treatment induced similar ANA patterns between WT and RIPK3-/- mice. 
Experiments were performed with 14 mice per strain, p>0.05 using Chi Square analysis. 
(B) qRT-PCR measurent of relative expressions of Isg15 and Irf7 in the spleen. Data 
represented as DDCT. Significance by t-test, *p<0.05, **p<0.01.  (C) After 6 months and 
(D) after 2 weeks from pristane injection, peritoneal immune cell infiltrates were 
characterized by flow cytometry. There were similar percentages of B cells, T cells, 
CD11b+ monocytes, and CD11b+/CD11c+ conventional dendritic cells (cDCs) present in 
the peritoneal cavity. 5 mice per strain were used for the acute, 14 mice per strain were 
used for the chronic (6 month) experiments. Data are represented by ± SEM and population 
differences (p>0.05) measured using Ttest. 
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Absence of RIPK3 does not protect mice from nephrotoxic serum-induced nephritis 

The above results indicate that RIPK3 is not required for the activation of the 

autoimmune response and the production of autoantibodies. To determine whether RIPK3 

is important in the final phase of the nephritis, i.e. the tissue damage induced by antibodies 

and complement, we investigated the role of RIPK3 in the development of nephritis 

induced by administration of NTS. This is a serum from sheep immunized with extracts of 

mouse renal glomeruli that contains anti-glomeruli antibodies and triggers with a single 

injection a type II/III hypersensitivity, complement-dependent immune response (Fig. 7).  

 

Figure 7. Sequence of immune cell activity during NTN. The first stage of disease is the 
heterologous phase. Within 24 hours after NTN initiation, neutrophils enter the kidneys, 
quickly followed by complement activation and deposition in the glomeruli in response to 
NTN. Macrophages enter the kidney starting at approximately 72 hours post-induction. 
Day 7 marks the beginning of the autologous phase, which is characterized by B cell 
activation and IgG deposition in the kidneys, as well as T cell-mediated exacerbation of 
renal disease. 

 

We found that both wild type and RIPK3-deficient mice, whether male or female, 

developed similarly high levels of blood urea nitrogen (BUN), indicating renal failure (Fig. 

8A). All mice stained positive for glomerular IgG and complement deposition with similar 
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intensities (Fig 8B). In addition to BUN levels, pathology scoring of H&E sections per 

conventional means staining (281) demonstrated similar disease severity whether RIPK3 

was present or not (Fig. 8C). In conclusion, our results demonstrate that RIPK3 is not 

critical for the development of nephritis not only in males but also in females, suggesting 

that the necrotic pathway in females is induced by an unknown mechanism.  

 

Absence of RIPK3 does not reduce necrotic cell death in the kidney. 

The lack of protection from nephritis in the absence of RIPK3 in male or female mice 

led us to investigate the degree of necrosis in the kidneys of these mice during NTS-

nephritis. Co-staining for active-Caspase 3 by immunohistochemistry and DNA 

fragmentation by TUNEL showed similar percentages of Casp3-/TUNEL+ cells, 

demonstrating an equal degree of necrotic lesion incidence within the kidneys of mice from 

either sex independent of RIPK3 expression status (Fig. 9). Moreover, we confirmed our 

previous reports that female mice show more apoptosis than necrosis, compared to male 

mice, and RIPK3 does not affect this ratio as well. We conclude that the necrosis, which 

develops during NTS-induced nephritis, is not due to RIPK3-driven pathway. 
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Figure 8.   Absence of RIPK3 does not ameliorate NTS-induced nephritis in males or 
females. Male and female B6 and RIPK3 mice were injected i.p. with 8ul/g NTS. (A) BUN 
levels were measured using Azostix. The data shown have 5-8 (pooled experiments) mice 
and p>0.05 as measured by Wilcoxon-Rank Sum analysis. (B) Kidney sections from NTS-
treated and control mice were stained to detect IgG and C3 deposition. (C) Kidneys from 
the NTS-treated mice were sectioned and stained with H&E (size bars=200um). The 
sections were scored for severity of glomerulonephritis, interstitial nephritis, and vessel 
damage. N=5-8 mice per strain and significance was, measured by Mann-Whitney U test, 
*p< 0.05. Representative images for histology grading (10x magnification) are located 
below the scoring graphs. Data shown are pooled from three sets of experiments, Data 
represented as Mean ± SD.  
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Figure 9.   Absence of RIPK3 does not cause a reduction in necrotic cell death within 
the kidney during NTS-nephritis. Percentage of apoptotic and necrotic TUNEL+ cells 
were determined by staining for TUNEL (red), active Caspase 3 (green), and nuclei (DAPI-
blue). 10x size bar = 200µm, 40x size bar = 50µm. At least 50 TUNEL+ cells were recorded 
for each mouse, N=5 mice per strain. Necrotic nuclei were characterized by only TUNEL+ 
staining, while apoptotic cells were positive for both TUNEL and active-caspase 3. 
Percentages of positive cells between B6 and RIPK3-/-, in each sex were not statistically 
significant (p³0.05) as determined by T-test. Data is represented as Mean ± SEM of 2-5 
mice per group. Experiments were repeated at least twice. 
 

Characterization of the RIP3/PARP1-/- Mouse 

Our laboratory has previously shown that male mice lacking PARP1 develop less 

renal disease during NTS-nephritis than WT mice (259). A direct relationship between the 

PARP1- and RIPK3-mediated death pathways has been controversial in the literature 

(256,296).  Therefore, we crossed the B6.RIPK3-/- strain with a B6.PARP1-/- strain to 

generate a B6.RIP3-/-PARP1-/- double mutant mouse to investigate possible interactions 

between the RIP3 and PARP-1 in animal models of autoimmunity. Before experiments 

could be conducted, the immune system of the RIP3/PARP1-/- mice had to be 
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characterized to identify any potential impairments in immune development or function. 

Male and female RIP3/PARP1-/- mice were challenged with ovalbumin in order to assess 

the humoral immune response to a known antigen (Fig. 10A). The RIP3/PARP1-/- mice 

were capable of generating similar levels of anti-OVA antibodies as the B6 mice, 

demonstrating that the double mutant has no defect in generating an appropriate immune 

response to antigens.  

 

Figure 10.   Immune cell populations and function in RIP3/PARP-/- mice do not differ 
from B6 controls. (A) 4 weeks after OVA injections, WT and RIP3/PARP1-/- mice 
developed similar levels of anti-OVA antibodies. Data are represented as Mean ± SEM of 
5 mice per group. All p-values were >0.05 (t-test). (B) Immune cell populations among 
splenocytes from WT and RIP3/PARP1-/- mice were analyzed by flow cytometry. Data 
are represented as Mean ± SEM of 5 mice per group. All p-values were >0.05 (t-test). (C) 
T cell subset populations among thymocytes from WT and RIP3/PARP1-/- mice were 
analyzed by flow cytometry. Data are represented as Mean ± SEM of 5 mice per group. 
*p< 0.05 (t-test). 
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In addition, single-cell suspensions were generated from the spleens and thymuses 

of RIP3/PARP1-/- and B6 mice to assess the immune cell populations present in these 

organs. In the spleen, the RIP3/PARP1-/- and B6 mice contained similar percentages of 

CD4+ and CD8+ T cells, CD11b+ monocytes, and CD19+ B cells (Fig. 10B). The 

thymuses of the RIP3/PARP-/- and B6 mice contained similar percentages of CD4+, 

CD8+, and CD4+/CD8+ T cells (Fig. 10C). These results show that the absence of both 

PARP-1 and RIPK3 does not impart any significant deficits in immune development or 

functions in the double mutant mice. 

 

Absence of RIPK3 and PARP-1 does not protect mice from cGvHD-induced lupus 

 In addition to the role of RIP3 in T cell selection, PARP1 also has a significant 

impact on the development of the adaptive immune system. In particular, PARP1 has been 

shown to impair the V(D)J recombination during T cell maturation (297) and is responsible 

for the mutagenic repair required for the diversification of antibody genes during the Ig 

affinity maturation (298). To evaluate the role of RIPK3 and/or PARP1 in lupus 

autoimmunity, we induced cGVH in B6 and RIP3PARP1-/- mice. Both males and females 

were used because any potential sex bias in the function of RIPK3 in these models has not 

been investigated previously. After induction of cGVH, RIP3/PARP1-/- and B6 mice 

developed similar levels of anti-dsDNA and anti-chromatin autoantibodies by week 6 (Fig. 

11). Therefore, RIP3 alone or with PARP1 does not play a significant role in autoantibody 

production in the lupus-like disease induced during cGVH These results demonstrate that 

RIP3- and PARP1-mediated pathways do not interact to alter cGVH-induced autoantibody 

production. 
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Figure 11.  Absence of RIPK3 and PARP1 does not affect the development of 
autoimmunity induced by cGvHD.  After induction of cGvHD, anti-dsDNA and anti-
chromatin levels were similar between B6 and RIPK3/PARP1-/- mice in both males and 
females.  Data are represented as Mean ± SEM of 10 mice per group (pooled from two 
experiments) and all p-values were >0.05 (T-test). 

 

Absence of RIP3 and PARP1 fails to protect mice from NTN 

Necrosis of renal cells during nephritis acts to perpetuate and worsen the disease. Our 

laboratory previously has shown that nephritis and intrinsic renal necrosis in male mice is 

less severe in the absence of PARP1 (259). However, nephritis in females was not affected 

by presence or absence of PARP1.  The effort to demonstrate whether the RIP3- and 

PARP1-mediated pathways interact to induce necrosis has yielded conflicting results. For 

example, studies published by Lanhouet et al. demonstrated that RIP3 acts upstream of 
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PARP1 to induce TRAIL-mediated necrosis (296). On the other hand, Sosna and 

colleagues have shown that RIP3 and PARP1 mediate two independent pathways to induce 

necrosis (256). As a result, we hypothesized that necrotic cell death during nephritis may 

be induced by different sex-specific cell death pathways. In the NTS model, RIP3/PARP1-

/- females develop similar levels of renal damage as the B6; however, the double mutant 

males develop reduced levels of renal damage but only in male mice (Fig 12A-C). These 

results are consistent with our previous work in B6.PARP1-/- mice and we conclude that 

reduced disease in males is due solely to the absence of PARP1 and is independent on 

RIPK3. In addition, the absence of both RIPK3 and PARP-1 maintains the trend of a male 

preference for undergoing necrotic cell death; therefore males may utilize several necrotic 

pathways to achieve cell death (Fig. 12D). In conclusion, our results demonstrate that 

nephritis in neither males nor females is induced by a redundant combination of PARP1 

and RIPK3-driven pathways.  
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Figure 12.   Absence of RIPK3 does not ameliorate NTS-induced nephritis in males 
or females. Male and female B6 and RIPK3 mice were injected i.p. with 8ul/g NTS. (A) 
BUN levels were measured using Azostix. The data shown have 5-8 (pooled experiments) 
mice and p>0.05 as measured by Wilcoxon-Rank Sum analysis. (B, C) Kidneys from the 
NTS-treated mice were sectioned and stained with H&E (size bars=50um). The sections 
were scored for severity of glomerulonephritis, interstitial nephritis, and vessel damage. 
N=5 mice per strain and significance was measured by Mann-Whitney U test, *p< 0.05. 
Representative images for histology grading (400x magnification) are located below the 
scoring graphs. Data shown are pooled from three sets of experiments. Data represented as 
Mean ± SD. (D) Percentage of apoptotic and necrotic TUNEL+ cells were determined by 
staining for TUNEL (red), active Caspase 3 (green), and nuclei (DAPI-blue). Necrotic 
nuclei were characterized by only TUNEL+ staining, while apoptotic cells were positive 
for both TUNEL and active-caspase 3. Percentages of positive cells between B6 and 
RIP3/PARP1-/-, in each sex were not statistically significant (p³0.05) as determined by T-
test. Data is represented as Mean ± SEM of 2-5 mice per group. Experiments were repeated 
at least twice. 
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Discussion 

Necrotic cell death plays a significant role in the pathogenesis of autoimmunity (299) 

and necrotic pathways mediated by PARP1 and RIPK3 are among the best characterized 

(300). In addition to its role in cell death, RIPK3 is involved in lymphocyte proliferation 

and function, pro-inflammatory cytokine production and apoptosis (266,301). In this work, 

we have investigated the role of RIP3 in three inducible murine models of lupus and 

nephritis, which allowed us to test three important pathogenic steps in lupus, i.e., the 

production of autoantibodies, the IFN-I-dependent activation of the innate and adaptive 

immune response and the induction of cell death.  

We demonstrated that RIPK3 does not affect the production of autoantibodies 

occurring during the murine lupus model cGvHD. These results suggest that the ability of 

autoreactive B cells to activate and produce autoantibodies in presence of an aberrant T 

cell help, as it is provided by allogeneic T cells, is not affected, neither increased nor 

decreased, by the absence of RIPK3. These results show that RIPK3 has no significant 

impact on autoantibody production. Recent studies have shown that the absence of RIPK3 

along with either Caspase 8 or FADD caused a lymphoproliferative phenotype in B6 mice, 

similar to the lymphoproliferation found in Autoimmune Lymphoproliferative Syndrome 

(302). However, this phenotype is not observed in mice deficient for only RIPK3, 

demonstrating that RIPK3 absence alone does not cause an ALPS-like syndrome.  

IFN-I pathway plays a major role in lupus pathogenesis as demonstrated by both mouse 

models and recent human clinical trials (291,303). Interestingly RIPK3 requires IFN-I 

stimulation to induce necrotic cell death (294). Moreover, IFN-I activates RIPK3 during 

systemic inflammation (294). The results that the RIPK3-deficient mice developed 
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pristane-induced lupus, which is IFN-I dependent (279) as the B6 mice do, demonstrates 

that RIPK3 is not involved in this model of type-I interferon-mediated autoimmunity and 

confirms the results from the cGvHD model that RIPK3 is not involved in autoantibody 

production. 

Renal ischemia-reperfusion damage is in part mediated by RIPK3 (263,304) and we 

have previously shown that absence of PARP1 reduced nephritis severity in male mice, but 

not females (259). Therefore, we hypothesized that RIPK3 may be responsible for renal 

damage in both sexes, albeit a sex-bias has not been reported. We found that NTS-induced 

nephritis does not require the activation of RIPK3 pathway, neither in males, nor in 

females. Our results demonstrate that cell death triggered by autoantibodies and 

complement, the effector function of the autoimmune process that lead to kidney disease, 

is not RIPK3-dependent necroptosis. The discrepancy of our results with previous results 

in which the absence of RIPK3 and RIPK1 conferred protection from several forms of 

acute injury and toxicity (305) may lay on the relative contribution of immune complexes 

and complement activation to the pathogenesis of acute kidney injury and kidney toxicity. 

Hence the question still remains regarding the pathway to necrotic damage in females. 

We have previously demonstrated that cellular death has sex dimorphisms in which female 

environment favors apoptotic rather than necrotic cell death (260), but the dimorphisms 

can also account for the engagement of different necrotic death pathways. For example, 

one possible pathway for female renal necrosis may be the development of mitochondrial 

membrane transition pores (MMTP), which can be induced by an ischemic environment, 

as upon vascular damage (306). Moreover, the hormonal environments and estrogen 

signaling may influence the pathways responsible for necrosis. Our laboratory has 
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previously found that PARP1 only causes necrosis in male kidneys because estrogens 

interfere with PARP1 activity, impairing its function in females (260). In a similar manner, 

the hormonal environment may affect other pathways of cell death in males and females.  

These experiments demonstrate that although RIPK3 is involved in the pathogenesis of 

other diseases, including sepsis, lung and renal ischemia/reperfusion, the pathways 

engaged by RIPK3 are not crucial to the development of autoimmunity or immune 

mediated nephropathies. While we cannot rule out the possibility that a combination of 

PARP1- and RIPK3-mediated pathways may drive nephritis in these models, we speculate 

that in the female environment apoptosis might just be the favored death that leads to 

damage and that future experiments are necessary to discover other pathways related to 

autoimmunity and necrosis.  

In conclusion, given that sex predisposes to different pathways in renal damage, we 

propose that the treatment for immune mediated nephropathies should be differentiated 

based on sex.   
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CHAPTER 4 

THE ROLE OF ERα IN SYSTEMIC AUTOIMMUNITY AND IMMUNE-
MEDIATED NEPHROPATHY 

 
 

Nine out of ten SLE patients are women; therefore, the role of the sex hormones 

estrogens in this disease is of key interest. Although men and women develop lupus 

nephritis, the disease often occurs earlier and is more severe in men (307). Estrogens signal 

through two receptors, estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ) 

(308). In contrast to ERb, ERα is found in female reproductive organs, yet is robustly 

expressed in kidney, liver, heart, and lungs in both males and females, as well as on most 

immune cells (145,162,309); however, the kidney is considered to be the most estrogenic 

non-reproductive organ. Earlier reports have demonstrated that the absence of ERa in 

lupus-prone mouse strains ameliorates renal damage (172,173). However, the diminished 

renal disease was associated with a decreased autoantibody production, confounding the 

determination of a direct effect of ERa on the kidney. In these studies, we utilized inducible 

models of both systemic autoimmunity and renal disease in order to assess the role of ERα 

in the development of immune-mediated nephropathies. 

 

ERaKO mice perform E2-independent ER functions 

 The ERaKO mice have a truncated form of ERa which lacks the estrogen ligand-

binding domain. This functional mutation prevents the receptor from responding to 

estrogen ligands, but still allows the receptor to carry out estrogen-independent functions. 
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Figure 13.    Estrogen-dependent and independent functions in ERaKO mice. (A) 10 
days after estrogen pellet implantation, WT and ERaKO mice have increased 
concentration of 17b-estradiol in serum. Data shown as Mean ± SEM of 3 mice per group. 
p-values were <0.05 (T-test). (B) qRT-PCR was conducted on cDNA from spleen, kidney, 
and uterus for expression of Pgr and Ltf. Data shown as Mean ± SEM of 3 mice per group. 
p-values were * <0.05, **<0.01 (T-test). Splenocytes from WT and ERaKO mice were 
treated with 1ng EGF or 10-9M E2 for 30 minutes. qRT-PCR was conducted on cDNA 
from the splenocytes for Ltf expression. Data shown as Mean ± SEM of 3 mice per group. 
p-values were <0.05 (T-test) 

 

To verify the inhibited response to estrogen in these mice, WT and ERaKO female 

mice received a slow-release estrogen pellet implant which raised the estrogen to 

pregnancy levels. 10 days post-implantation, WT and ERaKO mice both exhibited 
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increased estrogen levels (Fig. 13A). In addition, WT mice exhibited increased expression 

of ERa-responsive genes, progesterone receptor (Pgr) and lactotransferrin (Ltf) in response 

to estrogen in spleen, kidney, and uterus, while the ERaKO mice did not respond (Fig. 

13B). To confirm estrogen-independent functions of the ERaKO mice, splenocytes from 

WT and ERaKO mice were incubated with 1 ng epidermal growth factor (EGF). EGF 

binds to the EGFR on the surface of the cells, leading to phosphorylation and activation of 

ERa independent of estrogen ligand. EGF treatment increased Ltf expression in both WT 

and ERaKO splenocytes, while the estrogen control showed similar results as in Fig. 13B, 

demonstrating these mice still maintain estrogen-independent function.  

 

ERaKO mice generate levels of anti-OVA antibodies similar to WT mice 

A defining characteristic of lupus is an aberrant humoral immune response (310). 

Due to the limited information concerning the state of the immune system in the ERaKO 

mice, we determined the ability of these mice to mount a normal immune response to a 

foreign antigen. 8-week old WT and ERaKO female mice received OVA immunizations 

and were monitored for 4 weeks.  By 4 weeks, both WT and ERaKO mice had generated 

similar levels of anti-OVA antibodies (Fig. 14A), demonstrating that the ERaKO humoral 

immune system can mount a typical immune response. 
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Figure 14.   Absence of ERa does not impair the humoral immune response. (A) 4 
weeks after OVA injections, WT and ERaKO mice developed similar levels of anti-OVA 
antibodies. ERa+/+ represent WT littermates of ERa-/- mice. B6 represents WT non-
littermates. Data are represented as Mean ± SEM of 10 mice per group. All p-values were 
>0.05 (t-test). (B) After induction of cGvHD, anti-dsDNA and anti-chromatin auto-
antibody levels were similar between WT and ERaKO mice. Data are represented as Mean 
± SEM of 5 mice per group (representative experiment of two experiments with a total of 
10 mice per group). All p-values were >0.05 (t-test). 
 

 

ERaKO mice generate cGVHD-induced autoantibodies at similar levels as WT 

mice. 

Supported by a large body of evidence that sex hormones differentially contribute 

to the development of lupus (311), we investigated whether ERa plays a role in the 

generation of autoantibodies.  To this end, we utilized the chronic graft-versus-host disease 
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(cGVHD) lupus model. We injected Bm12 splenocytes, which express ERa, into either 

WT or ERaKO female mice. 6 weeks after cGVHD induction, WT and ERaKO mice had 

developed similar levels of anti-chromatin and anti-dsDNA autoantibodies (Fig. 14B). 

These results indicate that ERa does not play a significant role in the humoral autoimmune 

response during cGVHD lupus model.  

 

ERaKO females develop significantly reduced renal disease during NTN 

Previous studies by our laboratory have shown that male mice pretreated with 17b-

estradiol,  develop less severe renal disease during nephrotoxic serum-induced nephritis 

(NTN) (259). This model uses serum containing anti-glomerular antibodies, triggering a 

type II hypersensitivity reaction, complement-dependent auto-immune response (278). We 

hypothesized that estrogens contribute to the progression of renal damage in the NTN 

model and we investigated the role of ERa, the primary estrogen receptor expressed in the 

kidney (309). We injected WT and ERaKO female mice with NTS. Two weeks post-

injection, female ERaKO developed significantly less severe renal disease compared to 

WT, as measured by BUN levels, while the KO males did not differ significantly from WT 

males (Fig. 15A). The female WT progressed to end-stage renal failure, while ERaKO 

mice maintained mild disease.  H&E staining and pathology scoring of the kidneys also 

supported the BUN results that the presence of ERa is required for the full severity of NTN 

in female mice.  
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Figure 15.   NTN Nephritis is less severe in female ERaKO mice. (A) After NTN 
induction, blood was collected via tail vein every 2 days and blood urea nitrogen (BUN) 
levels were measured to assess renal disease severity. Data are represented as Mean ± SEM 
of 10 mice per group (pooled from two experiments). Mann Whitney-U was statistically 
significant at day 14 (p <0.05). (B) Renal pathology scoring was assessed by three 
parameters: GN (glomerulonephritis), INT (interstitial infiltrate), and V (vasculopathy). 
Data are represented as Mean ± SEM of 5 mice per group. Mann Whitney-U showed 
statistical significance for all three parameters (p <0.05). (C) Glomerular area measured in 
H&E sections of NTS kidneys using ImageJ software). Data are represented as Mean ± 
SEM of 10 mice per group. ***p< 0.001 by T-test. Representative (D) H&E staining and 
(E) trichrome staining for fibrosis of mouse kidneys treated with NTN after 2 weeks is 
shown. Images taken at 400x magnification, white size bar = 50µm. 

 

Similarly, ERαKO females did not demonstrate increased glomerular area 

compared to WT in response to NTN (Fig. 15C). In addition, ERaKO females had reduced 

trichrome staining within their glomeruli, indicating less fibrosis, compared to the WT 
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females (Fig. 15E). It is well known that the NTN in mice has a first phase, called 

heterologous, in which the sheep IgG present in the NTS induce kidney damage; and a 

second phase, called autologous, in which the immune system of the mouse produces 

antibodies against the NTS that continue to damage the kidney (312,313). We found that 

upon NTS, both strains of mice displayed similar deposition of mouse IgG and C3 (Fig. 

16A and B), demonstrating that the absence of ERa did not impair their ability to generate 

antibodies targeting the NTS or activate complement. Taken together, these results 

demonstrate that the presence of ERα is necessary for progression to renal failure in 

females, but not males during NTS-induced nephritis. 

 

Figure 16.   Mice injected with NTS have IgG and C3 deposition in glomeruli. (A) WT 
and ERaKO mice demonstrated IgG deposits in the glomeruli. (B) WT and ERaKO mice 
show complement C3 deposition in the glomeruli. Fluorescence intensities were measured 
using Image J software. Data are represented as mean ± SEM of 10 mice per group. T-test 
used for statistical analysis showed no difference between groups 
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ERαKO mice do not exhibit impaired immune cell recruitment 

 A hallmark of an inflammatory response is the recruitment of immune cells to the 

site of inflammation, such as the glomerulus during nephritis. Although recruitment of 

immune cells is necessary for resolution of an injury, the inflammatory environment 

created by the activated immune cell infiltrates often leads to severe renal damage, which 

perpetuates the severity of disease. We investigated any potential impairment in the ability 

of the ERαKO immune cells, especially from females, to travel to a site of inflammation. 

Using an acute pristane-induced peritonitis model, pristane was injected and 2 weeks later, 

peritoneal cells were harvested from the mice to assess the presence of various immune 

cell subsets that had been recruited to the peritoneum. Male and female ERαKO mice 

showed no reduced immune cell presence compared to WT mice (Fig. 17), demonstrating 

that the absence of ERα does not impair the ability of immune cells to migrate to a site of 

inflammation. 

 

Figure 17.   Absence of ERα does not impair immune cell recruitment. After 2 
weeks from pristane injection, peritoneal immune cell infiltrates were characterized by 
flow cytometry. There were similar percentages of B cells, T cells, CD11b+ monocytes, 
and CD11b+/CD11c+ conventional dendritic cells (cDCs) present in the peritoneal cavity. 
5 mice per strain were used. Data are represented by ± SEM and population differences 
(p>0.05) measured using T-test. 
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Both immune and renal cells must lack ERa to confer protection in females 

We generated ERaKO chimeric mice by irradiating WT and ERaKO mice and then 

adoptively transferring bone marrow cells from WT or ERa donor mice into the irradiated 

host mice. Seven weeks after the adoptive transfer, we induced nephritis in the mice using 

NTS. Two weeks after NTS injection, the female ERaKO mice that received ERaKO bone 

marrow had less severe nephritis than controls (Fig. 18A-C), consistent with the previous 

results (Fig. 15). However, the absence of ERa in either the immune cell or renal cell 

compartments resulted in a severity of renal disease similar to WT controls in females. All 

experimental males developed renal disease, despite presence or absence of ERα (Fig. 18A-

C). All chimeric mice displayed IgG and C3 deposition within their glomeruli following 

NTS injection (Fig 18D and E). From these results, we conclude that the expression of 

ERa on either the immune cells or renal cells is sufficient to contribute to the progression 

of renal disease during NTN in males or females, and that the total absence of ERa is 

required to confer protection only in females. 
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Figure 18.   ERα must be absent in both immune and renal cells to confer protection 
during NTN. (A) Blood urea nitrogen (BUN) of chimeric mice over 2 weeks after NTN 
induction is shown. Data are represented as Mean ± SEM of 5 mice per group (*p<0.05). 
(B) Proteinuria (mg/dL) measured over 2 weeks after NTN induction. T-test was used for 
statistical analysis of proteinuria, **p<0.01. (C) Renal scoring focused on the severity of 
glomerulonephritis, interstitial damage and infiltration. Mann-Whitney U test was used for 
statistical analysis of pathology scores, * p= <0.05. Data are represented as Mean ± SEM 
of 5 mice per group. (D) Chimeric WT and ERaKO female mice demonstrate similar levels 
of IgG deposition in the glomeruli. (E) Chimeric WT and ERaKO mice show similar levels 
of complement C3 deposition in the glomeruli. Fluorescence intensities were measured 
using Image J software. Data are represented as mean ± SEM of 5 mice per group. T-test 
used for statistical analysis shows no difference. 
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Changes in gene expression during NTN progression differ between WT and 

ERaKO female mice 

Because the presence of ERa in both renal and immune cell compartments can 

affect NTN progression, we decided to investigate the kidney at the transcript level to 

determine how the absence of ERa conferred protection in females. The microarray data 

analysis of the gene expression in the murine glomeruli revealed that over the course of 

NTN, both WT and ERaKO mice undergo extensive changes in gene expression (Fig. 

19A), and the identity of the changing genes is vastly different between the two strains (Fig 

19B). It is interesting to notice that untreated WT and ERaKO kidneys show a differential 

expression of 591 genes in homeostatic conditions. 18 hours after the induction of NTN, 

they differ only by 15 genes, indicating that the first reaction to the NTN insult is very 

similar in the two strains and eliminates the homeostatic differences. The WT kidneys 

upregulate twice as many genes as the ERaKO kidneys, suggesting that the ERaKO 

kidneys have many pro-inflammatory genes constitutively activated. 6 days after NTN, 

WT and ERaKO kidneys changed their expression of hundreds of genes (286 and 336 

genes, respectively) compared to 18 hours and differed with each other by 457 genes, 

suggesting that the major divergence during NTN has occurred.  
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Figure 19.   WT and ERaKO females undergo different gene expression changes over 
the course of NTN. (A) Gene expression changes over the course of NTN were compared 
for WT and ERaKO females using Transcriptome Analysis Console software by 
Affymetrix. The number of significantly differentially expressed genes for each 
comparison are located beside their respective arrows. The numbers within parentheses 
represent the number of genes that are up- and down-regulated. (B) Differential gene 
expression comparisons were completed between WT and ERaKO females for each of the 
underlined time points using Transcriptome Analysis Console software by Affymetrix. 
Significance measured by one-way ANOVA (p<0.05). The number of changing genes 
which are similar or dissimilar between WT and ERaKO females are represented in the 
Venn diagram 

 

To elucidate the mechanisms responsible for the drastic differences in gene expression 

and pathology between female WT and ERaKO mice, we used TAC software to determine 

which molecular pathways were associated with the gene changes during disease 

progression. The two strains do not experience many pathway changes from 0 to 18hrs 

(Appendix A); however, pathway analysis revealed that at 6 days, the WT upregulate 

pathways associated with cellular infiltration, fibroblast activation and fibrosis, while 

ERaKO utilize DNA damage repair and cellular proliferation pathways (Fig. 20 and 

Appendix B). Furthermore, from 6 days to 2 weeks, the WT down-regulate many metabolic 
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pathways, that can explain the severe cell death within the glomerulus found in Fig.15, 

while ERaKO mice down-regulate pro-inflammatory pathways, suggesting a response 

aimed at disease resolution (Fig 20 and Appendix C).  

 

Figure 20.  WT and ERaKO females utilize different pathways during NTN 
progression. Pathway association diagram displaying similarities in glomerular pathways 
between WT and ERaKO females over the course of NTN. t0= day 0, t1= 18 hours, t2= day 
6, t3= day 14. Grey circles represent pathways that were involved during the time frame to 
which it is connected. Number of genes and pathways associated with WT or ERaKO 
females at each timepoint were determined using Transcriptome Analysis Software (TAC) 
by Affymetrix. Gene significance determined by ANOVA, p< 0.05. 
 

 

WT females display altered lipid metabolism within glomeruli compared to ERaKO 

during NTN 

The gene expression analysis at 6 days post-NTN showed large differences between 

female WT and ERaKO kidneys (457 genes) (Fig. 21) at the time point when severity 
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diverges between the two groups. Most of the differentially expressed genes were 

associated with lipid metabolism pathways (Table 1). The two pathways with the greatest 

number of genes were PPAR signaling and retinol metabolism (Table 1). Many of the 

PPAR-associated genes were up-regulated in the WT mice (Fig. 22A). We validated these 

microarray results for two genes in the PPARa pathway:  fabp1 (upstream of PPARa) and 

cyp4a14 (downstream of PPARa) measuring the expression of these two genes by qRT-

PCR (Fig. 22B). Next we used STRING: protein-protein interaction networks (314) to 

determine if lipid metabolism pathways were linked to ERa. We entered a list of genes 

into the STRING program. In this case, the genes were Esr1 (ERa) and three genes that 

were significantly upregulated in WT at 6 days and also associated with lipid PPAR 

signaling: ppara, fabp1, and acsl1. The program provided a network based on literature 

searches and gene databases showing the relationship, if any, between Esr1 and the three 

genes of interest. The pathway generated by STRING shows that the genes related to lipid 

metabolism (ppara, fabp1, and acsl1) are directly downstream of Esr1 (Fig 23A). Increase 

in PPAR signaling have been shown to promote anti-inflammatory effects; therefore, we 

interpreted the increase in PPAR-related genes in WT mice as an attempt to control the 

progression of renal inflammation.  
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Figure 21.   Most differentially expressed genes between WT and ERaKO females at 
day 6 are involved in metabolic pathways. Differential gene expression between WT and 
ERαKO females at 6 days post-NTN was calculated using TAC software, ANOVA p<0.05. 
Heat map of 457 significant genes was generated by Pearson correlation in mEV software. 
The types of differentially expressed genes and the pathways to which they belong are 
listed in the table. Table information generated by TAC software. Pathway significance 
was determined by ANOVA. 
 

ER⍺+/+					ER⍺-/-
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Table 1. Differential gene expression of WT versus ERaKO females at 6 days NTN 

 

Here we show the results of gene expression comparison between WT and ERaKO females 
at 6 days post-NTN induction. First, the types of genes that are significantly different 
between the groups are listed, then the pathways which are significantly altered due to the 
gene expression changes are listed in order of significance. 

 

Activation of retinol metabolism results in anti-inflammatory and also pro-fibrotic 

effects. Here we found that the genes associated with this pathway are down-regulated in 

Table	1

Differential	Gene	Expression	between	WT	and	KO	Females	at	6	days	Post-NTN

457	differentially	expressed	genes:

Precursor	microRNA:												 4
Coding:																															 121
Multiple	Complex:											 130
Non-coding:																						 186
Pseudogene:																						 12
small	RNA:																												 2
ribosomal	RNA:																				 1
tRNA:																																						 1

Pathways	altered	by	gene	expression

Pathway P-value up-regulated down-regulated
PPAR	Signaling 0.00005 Scd2,Fabp1,Cyp4a32, Cyp4a12b,Cyp4a12a,Acox1

Cyp4a10,	Cyp4a31,	Acsl1,
Hmgcs2,	Scd1

Tryptophan	Metabolism 0.00005 Ddc,Kynu,Aadat,Cyp4f14 Inmt,Cyp2e1,Aldh3a2,Cyp7b1
Nuclear	receptors	in	lipid	metabolism 0.000057 Abcc3 Cyp4b1,Nr1h4,Cyp2e1
Complement	Activation,	Classical	Pathway 0.000219 C8a C4b,C4a
Retinol	metabolism 0.002625 Cyp2e1,Rdh10,Adh1,	Cyp4a31

Cyp4a12a,	Cyp4a12b,	Cyp4a32
Rdh16	Ugt2b38,	Ugtb36,	Ugt2b37

Oxidation	by	Cytochrome	P450 0.002824 Cyp2e1,Cyp4b1,Cyp7b1
Metapathway	biotransformation 0.003649 Cyp2e1,Cyp4b1,Inmt,Cyp7b1,

Chst11
Steroid	Biosynthesis 0.003668
Glucocorticoid/Mineralcorticoid	Metabolism 0.003668 Hsd3b5,Hsd3b4
Complement	and	Coagulation	Cascades 0.009648 Hsd3b4,Hsd3b5 Serpinf2
Fatty	Acid	Biosynthesis 0.01042 Cpb2,Kng1
Fatty	Acid	Beta	Oxidation 0.021365 Scd1,Acsl1
MAPK	signaling	pathway 0.032149 Acsl1,Fabp1 Cyp2e1
Synthesis	and	Degradation	of	Ketone	Bodies 0.034747 Gsta1,Gsta4,Gsta2
Hfe	effect	on	hepcidin	production 0.048306 Hmgcs2
Fatty	Acid	Omega	Oxidation 0.048306 Tmprss6 Cyp2e1

Genes
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the WT compared to ERaKO mice, suggesting a role for retinol metabolism kidney 

damage during NTN (Fig. 22A). Agonists of retinoic acid receptors have been shown to 

decrease Tgfb1 expression, fibrosis, mesangial cell proliferation, and glomerular damage 

(315–318). qPCR validation supported the increased in Tgfb1 expression at 6 days in WT 

mice (Fig. 22C). In addition, WT had increased mesangial cell proliferation compared to 

ERaKO females during NTN (Fig. 22D). We generated a STRING protein interaction 

diagram to investigate potential interactions between Esr1 and retinol receptors (Fig. 23B) 

and found that Esr1 is directly upstream of retinoid receptor alpha, and may possibly 

interact with it.  

Retinol metabolism has been shown to promote cholesterol efflux from 

macrophages, resulting in decreased intracellular lipid accumulation and foam cell 

formation (319,320). We hypothesized that the down-regulation of retinol metabolism may 

increase intraglomerular lipid presence and foam cell formation in WT and not in ERaKO 

kidneys, participating to the more severe kidney damage present in WT mice. The Oil-red 

O staining of the kidneys at 14 days confirmed that indeed WT kidneys have an 

accumulation of lipid that is absent in ERaKO (Fig. 22E).  

These results demonstrate that a decrease in retinol metabolism in WT females during NTN 

is associated with increased glomerular damage, mesangial proliferation and lipid 

accumulation, which may be due to interactions between Esr1 and retinol receptors.  
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Figure 22.   WT females have altered expression of lipid metabolism genes compared 
to ERaKO during NTN. (A) Heat map of PPAR signaling and retinol metabolism-
associated genes found to be differentially expressed in WT females at 6 days. Significance 
measured by T-test (p<0.05) using MeV software. (B) qPCR validation for PPARa 
pathway-associated genes, Fabp1 and Cyp4a14. Data represented as DDCT. Significance 
by t-test, ***p<0.001. (C) qPCR validation for increased Tgfb1 expression in WT females 
on day 6. Data represented as DDCT. Significance by t-test, *p<0.05. (D) Kidney sections 
from WT and ERaKO females at each of the indicated time-points were stained for 
mesangial cells with smooth-muscle actin (SMA) and for podocytes with synaptopodin. 
DAPI was used to identify nuclei. The area occupied by the SMA staining was measured 
using Image-J. Data are represented as mean ± SEM of 5 mice per group. Significance 
determined by T-test, **p<0.01. (E) Representative oil red-O staining of kidney sections 
from WT and ERaKO females at day 14 post-NTN induction. Images taken at 400x 
magnification, black size bar = 50µm. 
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Figure 23.   PPAR- and RXR-mediated transcription can be influenced by Esr1. (A) 
Protein interaction map displaying Ppara-mediated lipid activation occurs downstream of 
ERa (Esr1). (B) Protein interaction map displaying Rxr-mediated lipid activation occurs 
downstream of ERa (Esr1). Interaction maps were generated using STRING protein-
protein interactions software. Thickness of lines connecting proteins is representative of 
confidence in those interactions based on literature findings. 

 

Figure 24.  Gene expression of whole blood reveals alterations in lipid metabolism 
pathways in SLE patients compared to healthy controls. Heat map displaying increased 
expression of PPAR signaling genes in SLE patients compared to healthy controls, while 
genes involved in retinol metabolism are down-regulated in patients with SLE. 
Significance measured by two-way T-test (p<0.05) using MeV software. 
 

A B
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Lipid metabolism gene expression is altered in blood samples from SLE patients 

compared to healthy controls 

To investigate if the lipid metabolism was also altered in human SLE, we performed 

RNA sequencing on whole blood samples of 21 lupus patients and 21 healthy controls. The 

lupus patients’ clinical characteristics are listed in Table 2. We analyzed gene expression 

differences between healthy and SLE samples using mEV software. The DAVID 

Bioinformatics Database provided the molecular pathways associated with the genes that 

were differentially expressed between healthy and SLE patients. As expected, many genes 

were involved in Type I IFN responses. We also found that other significant genes were 

associated with PPAR signaling and retinol metabolism (Fig. 24). Similar to the findings 

in the WT mice, most of the genes involved in PPAR signaling were upregulated in the 

SLE patients, while the retinol metabolism genes were down-regulated. These data provide 

novel evidence for a role of lipid metabolism in SLE, both in peripheral immune cells and 

in target tissues. 
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Table 2. Lupus Patient Demographics from RNA Sequencing Cohort 

 

Table shown includes the Demographics of the SLE patients whose blood samples were 
used for RNA sequencing. 
 

WT and ERaKO Males utilize different pathways to develop nephritis during NTN 

As earlier data shows, both WT and ERaKO males progress to end-stage renal 

disease during NTN; therefore, the progression of this disease in males appears to be 

independent of estrogen receptor signaling. Interestingly, microarray analysis of glomeruli 

from WT and ERaKO males demonstrates that the strains undergo different gene 

expression changes over the course of the disease, despite all mice developing the same 

physiological end-point (Fig. 25A). In addition, these gene expression changes are 

associated with specific pathway changes, demonstrating that WT and ERaKO male utilize 

Table	2	 Patient	Demographics

Patients SLE	(21)

Age	(median	years)	 40.7	(14.3)
Gender	(%	female)	 100

Race/Ethnicity	(%)	
African	American 12
Hispanic 7
Other 2

SLEDAI	(median	score) 5
dsDNA	level	(median	IU)	 17
Complement	C3	level	(median	mg/dl)	 97.5
Complement	C4	level,	(median	mg/dl)	 21
Disease	duration	(median	years)	 11
Medications	(%	usage)	
Hydroxychloroquine 16	(76.2%)
Immunosuppressant

Mycophenylate 7	(33.3%)
Azathioprine 3	(14.3%)
Methotrexate 4	(19.0%)
Prednisone 14	(66.7%)

LN:	lupus	nephritis;	IU:	International	unit
The	numbers	are	represented	as	median,	IQR.	
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different pathways during NTN progression (Fig. 25B). From 0 to 18hrs after NTN 

induction, WT and KO male mice undergo minimal pathway changes (Appendix D). WT 

mainly upregulate responses to insulin and IL-4, while ERaKO males undergo 

downregulation of genes and pathways associated with circadian rhythms and circadian 

regulation, including Per2 and Etv6. ERaKO males also increase PPAR signaling genes. 

These changes in gene expression and pathway activation demonstrate attempts by both 

strains to combat the pro-inflammatory environment that is developing in response to the 

NTS. However, these attempts are futile and this is shown by the pathways which are 

affected during the transition from 18 hours to 6 days (Appendix E). The WT males 

succumb to the effects of the NTS and upregulate many genes and pathways associated 

with damage including Podocyte-interaction genes, TGF-b signaling, extracellular matrix 

deposition, hypertrophy, and MAPK signaling. The ERaKO males also undergo gene 

expression changes which promote inflammation and damage, but instead of upregulating 

pathways associated with direct damage, such as TGF-b signaling or ECM deposition, the 

ERaKO males merely exhibit a reversal in gene expression changes seen from 0 hrs to 

18hrs. From 18hrs to 6 days, the ERaKO males now downregulate PPAR-associated genes 

and retinol metabolism, while they upregulate genes associated with circadian rhythms. In 

addition, these mice also increase their responses to Type I IFN and increase amino acid 

metabolism, both of which have pro-inflammatory effects. The gene and pathways changes 

in WT males from 6 days to 2 weeks post-NTN induction demonstrate the irreversible 

damage to the kidneys, including complete down-regulation of all metabolic pathways 

(Appendix F). These mice no longer generate energy of any kind and we interpret this 

expression profile as representative of the complete destruction of the WT kidneys. 
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Figure 25.  WT and ERaKO males undergo different gene expression and pathway 
changes during NTN. (A) Gene expression changes over the course of NTN were 
compared for WT and ERaKO males using Transcriptome Analysis Console software by 
Affymetrix. The number of significantly differentially expressed genes for each 
comparison are located beside their respective arrows. The numbers within parentheses 
represent the number of genes that are up- and down-regulated. (B) Pathway association 
diagram displaying similarities in glomerular pathways between WT and ERaKO males 
over the course of NTN. t0= day 0, t1= 18 hours, t2= day 6, t3= day 14. Grey circles represent 
pathways that were involved during the time frame to which it is connected. Number of 
genes and pathways associated with WT or ERaKO males at each timepoint were 
determined using Transcriptome Analysis Software (TAC) by Affymetrix. Gene 
significance determined by ANOVA, p< 0.05. 
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males. Instead, the ERaKO males undergo minimal gene expression changes from 6 days 

to 2 weeks, which mainly include upregulation of anti-inflammatory gene, Gsta1, and 

down-regulation of pro-inflammatory gene, Gadd45g. The lack of strong changes in gene 

expression shows that the ERaKO males just maintain the pathway changes from day 6, 

which are sufficient to cause severe nephritis, but do not lead to complete sclerosis and 

death of the mice.  

 

WT males and females undergo similar gene and pathway expression changes 

during NTN 

Due to the significant sex bias, both in lupus and lupus nephritis, we compared the 

gene expression changes that occur within the glomeruli and WT male and female mice 

during NTN. Although the individual gene changes vary somewhat between males and 

females during the progression of NTN (Fig. 26A), the pathways in which those genes are 

involved are very similar between males and females (Fig. 26B). The kidneys undergo 

minimal gene expression changes from 0 hours to 18 hours post-NTN induction (Appendix 

G). However, from 18 hours to 6 days, both sexes up-regulate many genes in pathways 

associated with inflammation and tissue damage (Appendix H), including increased 

myofibroblast activation, podocyte interaction, TGF-b pathway activation, and 

extracellular matrix deposition. One main difference between WT males and females is 

that males demonstrate up-regulation of immune-mediated inflammation, including 

complement, IL-7, and IL-9. From 6 days to 2 weeks, both males and females down-

regulate all metabolic pathways, which is indicative of complete sclerosis of the kidneys 
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(Appendix I). Therefore, these results show that WT males and females develop nephritis 

by similar molecular mechanisms in the NTS-nephritis model.  

 

Figure 26.  WT males and females undergo similar gene expression and pathway 
changes during NTN. (A) Gene expression changes over the course of NTN were 
compared for WT males and females using Transcriptome Analysis Console software by 
Affymetrix. The number of significantly differentially expressed genes for each 
comparison are located beside their respective arrows. The numbers within parentheses 
represent the number of genes that are up- and down-regulated. (B) Pathway association 
diagram displaying similarities in glomerular pathways between WT males and females 
over the course of NTN. t0= day 0, t1= 18 hours, t2= day 6, t3= day 14. Grey circles represent 
pathways that were involved during the time frame to which it is connected. Number of 
genes and pathways associated with WT males or females at each timepoint were 
determined using Transcriptome Analysis Software (TAC) by Affymetrix. Gene 
significance determined by ANOVA, p< 0.05. 
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Gene expression differences between ERaKO males and females during NTN 

involve primarily non-coding genes 

The microarray data from NTN mouse kidneys has shown that ERaKO females are 

protected from nephritis compared to WT females. It also shows that although WT and 

ERaKO males utilize different pathways during NTN, both strains develop severe renal 

disease. Therefore, we were interested in how the gene expression profiles differ between 

ERaKO males and females during NTN (Fig. 27A). These differences may reveal why KO 

females are protected, while KO males are not. Initial analysis of pathway changes in each 

strain during the course of disease shows that ERαKO males and females share some 

similarities in pathway changes, but also differ in others (Fig. 27B). However, the pathways 

that differ between males and females do not provide an obvious explanation as to why 

ERαKO females are protected during NTN (Appendix J-L). Therefore, gene expression 

changes were compared directly between ERαKO males and females. Interestingly, the 

differences in gene expression between ERaKO males and females mainly affect non-

coding genes (Appendix M); therefore, we cannot ascertain exactly what effects those non-

coding genes have on the outcome of NTN. We can say for sure that these data support the 

importance these other types of genes play in the progression of disease and more effort 

needs to be placed on better understanding their roles.  
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Figure 27.  ERaKO males and females undergo different gene expression and 
pathway changes during NTN. (A) Gene expression changes over the course of NTN 
were compared for ERaKO males and females using Transcriptome Analysis Console 
software by Affymetrix. The number of significantly differentially expressed genes for 
each comparison are located beside their respective arrows. The numbers within 
parentheses represent the number of genes that are up- and down-regulated. (B) Pathway 
association diagram displaying similarities in glomerular pathways between ERaKO males 
and females over the course of NTN. t0= day 0, t1= 18 hours, t2= day 6, t3= day 14. Grey 
circles represent pathways that were involved during the time frame to which it is 
connected. Number of genes and pathways associated with ERaKO males or females at 
each timepoint were determined using Transcriptome Analysis Software (TAC) by 
Affymetrix. Gene significance determined by ANOVA, p< 0.05. 
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Discussion 

Earlier studies demonstrated that the presence of estrogens or the inhibition of 

estrogen receptors can reduce disease in lupus-prone mice (172,173,321); however, the 

mechanism by which estrogen receptor alpha directly contributes to lupus nephritis 

pathogenesis has not been investigated. We found that the absence of ERa confers 

protection from nephritis in female mice and propose two novel metabolic mechanisms for 

such effects. 

Initially, our investigation focused on impact of estrogen on auto-antibody 

production because their deposition within the kidney is the initial step for the development 

of nephritis (89,322). The results of the cGVHD lupus model experiment show that the 

absence of ERa does not impair the ability of autoreactive B cells to produce auto-

antibodies in response to aberrant T cell help provided by allogeneic T cells. Together with 

the results that ERaKO mice produce normal amounts of antibodies in response to 

immunization, these data suggest that ERa does not affect the development of the 

autoimmune humoral response.  

ERa is highly expressed in the kidney (309), so we hypothesized that the role of 

estrogens in lupus nephritis may be involved in the direct renal damage downstream of 

autoantibody deposition. The NTN experiments demonstrated that ERa indeed is involved 

in nephritis pathogenesis, and that its absence resulted in protection in the mice, especially 

in females. Due to the greater levels of estrogen, it is predictable that lack of ERa would 

have a greater impact in females rather than in males, in which we have previously shown 

that are protected from Parp-1-induced renal damage (259).  
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Estrogen receptor alpha is expressed in nearly every immune cell and renal cell type 

(145,309,323). The results from the bone marrow chimera experiments reveal that 

estrogens act through ERa in both the immune and the renal cell compartments to cause 

renal damage, suggesting a specific role for estrogen in the activation of pro-inflammatory 

immune cells and in the development of inflammation and cell death in renal cells.  

The results of the microarray analysis conducted on glomerular RNA from the 

nephritic mice supported the divergence in disease severity seen in the histology of the WT 

and ERaKO females, especially beginning at day 6. When comparing WT to ERaKO mice 

at day 6, many of the differentially expressed genes were associated with lipid metabolism 

pathways downstream of PPARs. Activation of lipid metabolism is associated with 

inflammation in several ways. Immune cells have been shown to shift their metabolic 

processes toward increased lipid metabolism in order to expand their Golgi bodies and 

increase protein synthesis (324). In this way, these cells can release more cytokines and 

exacerbate the pro-inflammatory responses, promoting damage. Pathologically, the 

increased inflammation related to altered lipid metabolism, especially decreased retinol 

metabolism, has been shown to exacerbate tissue fibrosis (325) and promote mesangial cell 

proliferation (326,327), both of which we found increased in the WT female kidney 

histology during NTN. In addition, this metabolic shift has been shown to result in greater 

accumulation of lipids within renal cells during nephritis (328). These lipids then are 

phagocytosed by mesangial cells and infiltrating macrophages, resulting in foam cells and 

the release of MCP-1 which leads to greater macrophage recruitment to the site of 

inflammation (329,330). Interestingly, an earlier report demonstrated in a breast cancer 

model that Esr1 is able to promote survival of cancer cells by binding of retinoic acid 
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response elements in the genome and preventing retinoic acid receptor (RAR)-mediated 

transcription of tumor-protective genes (331). We hypothesize that Esr1 may act in a 

similar fashion to block the anti-inflammatory effects of retinol metabolism during NTN.  

Nephrotic syndrome has been shown to induce abnormalities in metabolic processes (332); 

however, other studies have demonstrated that administration of agonists for these 

pathways, especially retinoids, are able to protect during acute models of nephritis 

(326,327). Therefore, we propose that these metabolic changes are not merely secondary 

to the nephrotic syndrome, but are directly involved in progression of the disease. Our 

interpretation is supported by the time of occurrence of the changes in the expression of 

metabolic genes, at day 6 after NTN induction, which is one week before the development 

of the nephrotic syndrome, as suggested by the levels of BUN.   

To determine if the results in mice supported the human pathogenesis, we investigated 

the gene expression of the lipid metabolism pathway in whole blood from lupus patients. 

Gene expression analysis revealed that whole blood from lupus patients follows a similar 

gene expression pattern for PPAR signaling and retinol metabolism genes as in the mouse 

glomeruli. These data support our hypothesis that altered lipid metabolism by peripheral 

immune cells and intrinsic renal cells is an important pathogenic mechanism of lupus 

nephritis, as suggested by the bone marrow chimera experiments. 

In conclusion, our results demonstrate that during lupus nephritis, estrogen signals 

through ERa on peripheral immune cells and resident renal cells, which causes a shift in 

metabolic pathways. This metabolic shift enables the cells to release pro-inflammatory 

cytokines, proliferate, and enhance the pro-inflammatory environment, ultimately leading 

to tissue damage and renal failure. The correlation with the results found from the patients 
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shows that these findings may be translated to human disease and provide further insight 

into the impacts of hormonal environments in lupus disease pathogenesis. 

The results concerning male mice was initially unsurprising. Due to the low levels of 

estrogen found in males and the small impact they make compared to testosterone, it was 

expected that the absence of ERα would have a minimal effect on the outcome of NTN in 

these mice. Phenotypically, the ERαKO males met expectation and developed nearly the 

same level of disease as the WT males. However, the microarray analysis revealed a very 

different story, in which the absence of ERα caused those mice to undergo significantly 

different changes to genes and pathways during the course of NTN in comparison to their 

WT controls. One set of pathways which were involved in the KO male disease progression 

which caught our attention was the alteration of circadian rhythms. The scientific world is 

now beginning to discover the strong effects circadian rhythms can play in the development 

of disease, including cardiovascular disease, Alzheimer’s disease, and schizophrenia (333–

335). In addition, alterations in renal circadian rhythms have been shown to cause changes 

to metabolic processes (336,337). Similarly, our microarray results not only reveal 

increases in circadian rhythm genes in ERαKO males, but the other pathway changes these 

mice undergo during NTN primarily involve metabolic processes. In comparison, the WT 

males follow a more expected sequence of disease events, involving immune activation, 

increased proliferation, fibroblast activation, soon followed by upregulation of TGF-β and 

ECM deposition, ultimately resulting in fibrosis.  

Surprisingly, WT males and females undergo similar changes to genes and 

pathways. It is currently accepted that sex hormones have important effects on disease 

outcomes, especially fibrosis, in which testosterone has been shown to induce much more 
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severe pro-fibrotic processes, while estrogen is protective (179,199,202,203,205). There is 

vast literature showing estrogens suppress TGF-β and ECM formation, and we expected 

that fibrotic pathways would be increased in the absence of ERα; however, our microarray 

shows that these pathways are only increased when ERα is present both for males and 

females. Therefore, the exact impact estrogens have on fibrosis may not be as well 

understood as we currently believe.  

Finally, the comparison between ERαKO males and females was made to 

investigate genes that are possibly responsible for the protection seen in ERαKO females 

during NTN. Unfortunately, the results left us with more questions than answers. Most of 

the genes that were differentially expressed between these males and females were non-

coding genes. They fell into the group containing long non-coding RNAs, miRNAs, 

tRNAs, and multi-complex genes. This group of gene types have long been ignored, but 

have been gaining in popularity as studies continue to reveal the significant roles these 

types of genes play in a variety of molecular processes and diseases (338–340). The 

revelation that a non-coding gene may be responsible for decreased disease in the absence 

of ERα just provides further evidence of the vast array of pathways and processes that are 

affected by estrogens. Studies continue to reveal more and more roles sex hormones play 

in nearly every physiological process, from embryonic development, to maintaining 

homeostasis, to progression of diseases. The studies described in this dissertation provide 

further evidence of the importance of estrogens in the development of renal disease in both 

males and females. 
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CONCLUDING REMARKS 

  These experiments demonstrate the depth and breadth of the sex bias in lupus and 

lupus nephritis. Females develop lupus nephritis in an ERa-dependent manner, which 

showed that the impact of sex hormones on the pathogenesis of LN occurs even at a 

genetic level. The intrinsic differences between the sexes is seen even in the molecular 

mechanisms leading to necrosis during nephritis. Although male and female 

pathology is nearly identical during LN, renal necrosis in males is due to PARP-1 

activation, while the pathway in females remain unknown. Our investigations into the 

pathways responsible for female necrotic cell death revealed renal necrosis occurs in 

a RIPK3-independent manner. 

  In conclusion, sex hormones affect many aspects of the pathogenesis of immune-

mediated nephropathies and a greater understanding of these sex differences is 

necessary for the development of better therapies for lupus nephritis, which remains 

the most serious manifestation of lupus. 
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APPENDIX A 

TABLE A1.  PATHWAY CHANGES BETWEEN WT AND ERαKO FEMALES FROM 
0 TO 18 HOURS 
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APPENDIX B 

TABLE B1.  PATHWAY CHANGES BETWEEN WT AND ERαKO FEMALES FROM 
18 HOURS TO 6 DAYS 

	

	

	

	

	

	

	

	

Pathway p-value Pathway p-value
↑	Podocyte	Protein	Interactions 0.000001 ↑	Cell	cycle 0.000001
↑	Prostaglandin	Syth.	&	Reg. 0.000001 ↑	p53	signaling 0.000001
↑	FSGS 0.000001 ↑	Spinal	Cord	Injury 0.000006
↑	Striated	Muscle	Contraction 0.000003 ↑	G1	to	S	cell	cycle	control 0.000008
↑	Myometrial	Cont.	&	Relax. 0.000012 ↑	FSGS 0.000014
↑	Adipogenesis 0.000048 ↑	DNA	Replication 0.000032
↑	Cell	Cycle 0.00007 ↑	miRNA	regulation	of	DNA	Damage 0.000052
↑	Spinal	Cord	Injury 0.000135 ↑	Complement	Activation 0.000054
↑	Focal	Adhesion 0.000269 ↑	Blood	Clotting	Cascade 0.000089
↑	Matrix	Metalloproteinases 0.000368 ↑	Complement	&	Coagulation	Cascades 0.002589
↑	TGF-β	Receptor	Signaling 0.000835 ↑	Prostaglandin	Synth.	and	Reg. 0.008169
↑	Endochondral	Ossification 0.00339 ↑	Podocyte	Protein	Interactions 0.012133
↑	Integrin	Signaling 0.00422 ↓	Exercise-induced	Circadian	Regulation 0.019623
↑	p53	Signaling 0.004399 ↑	Endochondral	Ossification 0.03041
↑	PI3K-Akt-mTOR	Signaling 0.005214 ↑	Myometrial	Relaxation	&	Contraction 0.032061
↑	Jun-Dmp	Pathway 0.006969 ↑	ACE	Inhibitor	Pathway 0.034523
↑	MAPK	Signaling 0.00737 ↑	Integrin	Signaling	Pathway 0.035056
↑	miRNA	Reg.	of	DNA	Damage 0.009836 ↑	Mismatch	Repair 0.038754
↑	Fat	Cell	Differentiation 0.010436 ↑	Macrophage	Markers 0.042966
↑	Cell	Adhesion 0.012687
↑	DNA	Replication 0.016772
↑	Heart	Development 0.021698
↑	IL-4	Signaling 0.035159
↑	Complement		Cascades 0.036218
↑	G1	to	S	Cell	Cycle	Control 0.036218
↑	Calcium	Regulation 0.040741
↑	Heme	Biosynthesis 0.042575
↑	Mismatch	Repair 0.042575
↑	Peptide	GPCRs 0.045118

WT	Female ERαKO	Female
18	hours	to	6	days
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APPENDIX C 

TABLE C1.  PATHWAY CHANGES BETWEEN WT AND ERαKO FEMALES FROM 
6 DAYS TO 2 WEEKS 

	

	

	

	

	

 

 



	 123	

APPENDIX D 

TABLE D1.  PATHWAY CHANGES BETWEEN WT AND ERαKO MALES FROM 0 
TO 18 HOURS 
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APPENDIX E 

TABLE E1.  PATHWAY CHANGES BETWEEN WT AND ERαKO MALES FROM 18 
HOURS TO 6 DAYS 
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APPENDIX F 

TABLE F1.  PATHWAY CHANGES BETWEEN WT AND ERαKO MALES FROM 6 
DAYS TO 2 WEEKS 
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APPENDIX G 

TABLE G1.  PATHWAY CHANGES BETWEEN WT MALES AND FEMALES FROM 
0 TO 18 HOURS 
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APPENDIX H 

TABLE H1.  PATHWAY CHANGES BETWEEN WT MALES AND FEMALES FROM 
18 HOURS TO 6 DAYS 
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APPENDIX I 

TABLE I1.  PATHWAY CHANGES BETWEEN WT MALES AND FEMALES FROM 
6 DAYS TO 2 WEEKS 
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APPENDIX J 

TABLE J1.  PATHWAY CHANGES BETWEEN ERαKO MALES AND FEMALES 
FROM 0 TO 18 HOURS 
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APPENDIX K 

TABLE K1.  PATHWAY CHANGES BETWEEN ERαKO MALES AND FEMALES 
FROM 18 HOURS TO 6 DAYS 
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APPENDIX L 

TABLE L.  PATHWAY CHANGES BETWEEN ERαKO MALES AND FEMALES 
FROM 6 DAYS TO 2 WEEKS 
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APPENDIX M 

TABLE M1. TYPES OF DIFFERENTIALLY REGULATED GENES BETWEEN 
ERαKO MALES AND FEMALES DURING NTN 
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APPENDIX N 

PLOS ONE PUBLICATION INFORMATION 

 

Portions of this dissertation were originally published in PLoS ONE.  

Corradetti C, Jog NR, Gallucci S, Madaio M, Balachandran S, Caricchio R (2016) 

Immune-Mediated Nephropathy and Systemic Autoimmunity in Mice Does Not Require 

Receptor Interacting Protein Kinase 3 (RIPK3). PLoS ONE 11(9): e0163611. 

https://doi.org/10.1371/journal.pone.0163611 
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APPENDIX O 

THE JOURNAL OF IMMUNOLOGY PUBLICATION INFORMATION 

 

Portions of this dissertation were originally published in The Journal of Immunology. 

Corradetti C, Jog NR, Cesaroni M, Madaio M, Caricchio R (2018) Estrogen receptor 

alpha (ERa) signaling exacerbates immune-mediated nephropathies through alteration of 

metabolic activity. The Journal of Immunology (accepted Nov. 9, 2017). 

Copyright 2018. The American Association of Immunologists. 
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