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Systemic lupus erythematosus (SLE) is a chronic autoinflammatory disease that 

manifests in many forms ranging from mild to acute and affecting multiple organ 

systems.  It is characterized by the presence of pathogenic antinuclear antibodies 

(ANA) that result in the deposition of immune complexes in basement membranes 

throughout the body.  These immune complexes can then induce inflammatory 

responses that over time lead to tissue destruction.  This capability of tissue destruction 

anywhere in the body is the reason for the multifaceted nature of the disease.  Patients 

with the highest mortality are those in which the kidneys are involved.  In such cases, 

immune complex deposits result in glomerulonephritis (GN), eventually leading to 

kidney failure and death.  Because the genetic and environmental factors that cause 

SLE are poorly understood, treatment is generally limited to regimens of 

immunosuppressive therapies, which tend to have detrimental side effects.  Thus there 

is an imminent need for the discovery of improved treatments.   

The focus of the work in our lab is on identifying genetic factors responsible for 

SLE etiology using the NZM2410 recombinant inbred mouse strain.  Derived from NZB 
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and NZW, its parental strains are the basis of the classic NZB/W F1 lupus mouse 

model.  Linkage analysis of a cohort of NZM x B6 F1 backcrossed to NZM identified 

three major lupus susceptibility loci.  Among these, Sle1, located on Chromosome 1, 

has been shown to be required for initiation of the disease by mediating a loss of 

tolerance to nuclear antigens.  Subsequently, Sle1 was determined to be composed of 

three subloci, Sle1a, Sle1b, and Sle1c.  Further characterization of the Sle1c sublocus 

found it to be a complex locus as well, with decreased germinal center and T dependent 

immune responses mapping to the telomeric portion, and CD4+ T cell hyperactivation 

and increased chronic graft-versus-host disease (cGVHD) mapping to the centromeric 

portion of the locus.  In this project phenotypic mapping was used to refine the 

centromeric Sle1c2 sublocus to a 675Kb interval.  Recombinant congenic strains with 

the NZW-derived Sle1c2 interval introgressed exhibited CD4+ T cell activation and 

cGVHD susceptibility, similar to mice with the parental Sle1c.  In addition, B6.Sle1c2 

mice were found to have a robust expansion of INFγ expressing TH1 cells.  Also, when 

the Sle1c2 locus in NZB x B6 F1 mice was NZB/NZW as compared to NZB/B6, B cell 

activation, autoantibody production, and GN were exacerbated, verifying the locus as a 

bona fide lupus susceptibility locus. 

Of the two genes in the Sle1c2 interval, only one, Estrogen-related receptor 

gamma (Esrrg), had detectable expression in CD4+ T cells.  Furthermore, congenic 

B6.Sle1c2 mice expressed less Esrrg than B6 controls in CD4+ T cells, and Esrrg 

expression had a very strong negative correlation to CD4+ T cell activation.  Taken 

together, I propose Esrrg to be a novel target for the therapeutic intervention of SLE. 

 



 

11 

CHAPTER 1 
BACKGROUND AND RELEVENCE 

Systemic Lupus Erythematosus 

According to the CDC, the incidence of Systemic Lupus Erythematosus (SLE) is 

estimated to be between 300,000 and 4 million cases in the U.S. (1).  SLE is an 

autoimmune disorder mediated by pathogenic immune attack on nuclear antigens, 

resulting in the production of anti-nuclear autoantibodies (ANA) whose specificities 

include double-stranded DNA (dsDNA), histones, chromatin/subnucleosome 

complexes, and ribonucleoproteins.  High levels of these autoantibodies result in 

immune complex formation that is subsequently deposited in the basement membranes 

of various tissues.  There, they induce inflammation and tissue destruction.  Therefore, 

SLE has the ability to affect almost any organ system resulting in neurological, 

musculoskeletal, gastrointestinal, renal, cardiac, and pulmonary manifestations, as well 

as fever, fatigue, and malaise (2).  Because of this heterogeneity of clinical symptoms, 

which tend to fluctuate with disease flares-up and remissions, diagnosis is never 

straightforward.  Usually, SLE can be diagnosed if a patient exhibits at least four of the 

criteria on the American College of Rheumatology Revised Criteria for Classification of 

Systemic Lupus Erythematosus (Table 1-1) either serially or simultaneously (3, 4).  This 

list of criteria does have several limitations, especially with diagnosing the onset of SLE, 

and revision efforts are in progress (5). 

There is no cure for SLE, and currently, treatment is directed toward decreasing 

the frequency and severity of flares.  This is largely achieved via a regimen of 

antimalarial, immunosuppressive, and anti-inflammatory treatments that tend to have 

serious side effects (6).  Type I interferon is a major accelerator of disease flare-ups (7).  
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Hydroxychloroquine is an antimalarial that inhibits phagosome function, thereby 

attenuating toll-like receptor mediated type I interferon production.  Glucocorticoids 

decrease B and T cell activation and usually require significant dose increases during 

flare-ups, which produce detrimental side effects.  Cyclophosphamide is a 

chemotherapeutic that when metabolized by lymphocytes, cross-links DNA resulting in 

apoptosis.  Azathioprine and mycophenolate mofetil both interfere with purine synthesis 

in lymphocytes, thereby inhibiting proliferation.  There is also strong evidence for a 

number of biological therapies, however, the majority have failed clinical trials, with 

several more likely due to trial design than actual ineffectiveness (6).  Still one, 

Belimumab, was reported to be effective and well tolerated in phase II and III clinical 

trials, and it became the first biological therapy approved by the FDA for treatment of 

active SLE in March of 2011 (8, 9).  Belimumab is a human monoclonal antibody that 

binds and inhibits B-lymphocyte stimulator (BLyS; also known as BAFF), an important 

survival factor for B cells.  The use of more effective biological therapies is expected to 

decrease the reliance on glucocorticoid and chemotherapeutic agents, thus reducing 

side effects, decreasing the frequency and severity of flare-ups, and improving quality of 

life for SLE patients.    

Genetics of SLE in Humans 

SLE is a complex genetic disorder, resulting from a combination of genetic and 

environmental factors that individually do not cause disease.  The most compelling 

evidence of a genetic contribution in human SLE lies in the fact that incidence between 

monozygotic twins is roughly tenfold higher than in dizygotic twins and other full siblings 

(10, 11).  In addition, there are strong familial association and race effects that dictate 

prevalence, age of onset, and severity (12-14).   
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Although it can affect males and females of any age, SLE onset most commonly 

occurs in women of child-bearing age.  Thus, SLE exhibits a sexual dimorphism, 

common to many autoimmune diseases, such that nine females are affected for every 

one male.  As this skewing suggests, there are clear effects of sex hormones and SLE 

onset and severity (15, 16).  Additionally, murine models have shown a direct effect of 

estrogen both through castration/replenishment studies and through receptor knockout 

studies (17, 18).  Also as expected, this gender difference is likely due to a dose effect 

of the X Chromosome, as men with Klinefelter Syndrome (47,XXY) have a similar 

prevalence of SLE as 46,XX women and about 14 fold higher prevalence as in 46,XY 

men (19).     

The sex chromosome controlled hormones are not the whole story of the X 

Chromosomethat encodes a plethora of genes with immune function.  Toll-like receptor 

7 (TLR7) has been proven to be associated with disease pathogenesis.  The second 

copy of Tlr7 in a duplication translocation of part of the X Chromosome onto the Y 

Chromosome was discovered as the main functional contributor to the Y-linked 

autoimmune acceleration (Yaa) phenotype observed in mice (20-24).  Subsequently, a 

study in humans found an allele of TLR7 with associated risk for SLE development in 

males.  Undoubtedly, such studies will find more of SLE associations of X-linked genes. 

Regardless, the fact that males are also susceptible is shows that autosomal genes also 

contribute to pathogenesis. 

One way to identify genes responsible for SLE is through genetic association 

studies.  These studies attempt to establish a relationship between the alleles at a given 

locus with disease by establishing that the frequency of a given allele within an affected 
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population is significantly higher than the overall population.  The recent annotation of 

millions of single nucleotide polymorphisms (SNPs) in the human genome and the 

inception of high-throughput genotyping technologies has enabled the use of genome-

wide association studies (GWAS) to simultaneously search entire genomes of large 

cohorts for causative alleles.  To date, SLE susceptibility has been associated to 

dozens of genes by GWAS (25, 26).  While these associations offer important new 

insights into SLE etiology, there are logistical limitations to GWAS.  Extremely large 

sample sets are required to achieve significant associations and extrinsic factors such 

as ethnicity, clinical history, and lifestyle must be considered in choosing these sets.  

Further, GWAS are capable of identifying genomic associations but do not characterize 

the function that an allelic variation confers.  For this, other methods are required. 

Genetics of Lupus in Mice 

In inbred strains of mice, it is possible to test whether a disease phenotype is 

linked to specific regions of the genome.  To identify susceptibility loci, known as 

quantitative trait loci (QTL), susceptible strains are bred to resistant strains.  A large 

cohort of N2 (F1 backcrossed to one of the parental strains) mice is then generated for 

phenotypic and genetic analysis.  A genome-wide scan is conducted on all N2 mice 

using microsatellite markers that are polymorphic between the two parental strains.  All 

mice are then assayed for selected phenotypes that are representative for the disease 

being studied and statistics are used to identify linkage between genetic regions and the 

selected phenotypes. Linkage analyses have already led to the discovery of roughly 

3,000 mouse QTL for various diseases (27). 
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Congenic Dissection 

Congenic dissection is an effective method to study the genetic factors that convey 

lupus susceptibility in the mouse because it offers the potential to study each locus, or 

identified susceptibility allele of a gene, individually and within a controlled genetic 

background.  It involves the generation of recombinant congenic strains in which 

individual QTLs from susceptible strains are substituted onto the genome of a resistant 

strain (alternatively, resistance loci can be substituted onto the susceptible background).  

This relies on a marker-assisted selection breeding protocol to reduce the number of 

generations it takes to remove contaminating donor genome from the unlinked regions 

(28).  This approach has proven successful in identifying genes responsible for other 

complex phenotypes, such as: differential isoform expression of Ly108 has been shown 

to contribute to the NZM2410-derived lupus susceptibility locus, Sle1b (29, 30); a 

complex rearrangement in the promoter region of Vnn3 has been shown to contribute to 

the A/J-derived malaria susceptibility locus, Char9 (31); and a mutation of Slc11a1 has 

been shown to result in the type 1 diabetes resistance of the B10-derived Idd5.2 locus 

(32).   

A common feature of linkage analyses is that they tend to identify QTLs that 

contain multiple physically linked genetic effects (27).  To better define the location of 

the susceptibility allele(s) within the locus, genetic mapping is performed using 

subcongenic strains that are screened for the phenotypes associated with the locus.  At 

this point, if the locus-associated phenotype has broken down and maps to multiple loci, 

subsequent rounds of genetic mapping may be necessary.  If, however, the 

susceptibility locus maps to one sufficiently small genetic interval in which there are few 

(ideally one) genes, a complete functional characterization of the locus and genetic 
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analyses of potential candidate genes can be performed.  Optimal identification of the 

susceptibility allele would involve the discovery of genetic polymorphisms that result in 

variances in expression or function of the gene product.  Definitive proof would require 

that the associated phenotype be reconstituted when the susceptibility allele is 

expressed on the resistant parental genome. 

Ultimately, animal models are employed to assist in studying human disorders.  In 

this way, a collaborative approach should be used where linkage analysis and congenic 

dissection methods in murine models leads to the identification of candidate genes that 

should then be confirmed to be associated with human disease (if they aren’t already).  

Murine models are also useful for candidate gene functional studies and drug testing 

before novel therapies can be tested in clinical trials (Figure 1-1). 

The NZM2410 Model of Murine Lupus 

The NZM2410 (NZM) mouse strain was derived from a (NZB x NZW) F1 x NZW 

backcross followed by inbreeding to homozygosity (33).  It was found to replicate the 

spontaneous lupus like disease with increased severity and without the sexual 

dimorphism observed in the parental NZB/W F1 strain.  An analysis of a cohort of NZM 

x B6 F1 backcrossed to NZM identified an association between GN and three loci on 

Chromosomes 1, 3, and 7, which were then termed Sle1, Sle2, and Sle3 respectively 

(34).  Recombinant congenic strains revealed that though these loci were implicated in 

the autoimmune phenotypes, each individual locus was not sufficient to initiate the 

fulminate disease seen in the parent NZM strain (35).  This is characteristic of complex 

genetic disorders such that the genetic factors contributing to SLE susceptibility do not 

individually cause disease, but instead require epistatic interactions for pathogenesis.  
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Proof of this model came in the form of the B6.Sle1/2/3 triple congenic strain, which 

reconstituted disease to a similar extent as that observed in the parental NZM strain 

(36).   

Phenotypic characterization revealed that Sle2 was associated with B cell 

hyperactivity and expansion of the B1a cell compartment (37).  Recently, cyclin-

dependent kinase inhibitor 2C (Cdkn2c) was identified as the candidate gene for 

Sle2c1, a sublocus of Sle2 (38).  A promoter polymorphism the in Cdkn2c was shown to 

result in decreased expression and consequent defective G1 arrest in B6.Sle2c1 splenic 

B cells and peritoneal cavity B1a cells.  This results in expansion of B1a cells and 

aberrant differentiation of splenic B cells into plasma cells. 

Sle3 was initially associated with increased polyclonal and anti-nuclear antibody 

production as well as GN susceptibility (35).  This locus was later found to consist of two 

loci, Sle3 and Sle5, that were each capable of causing disease when combined with 

Sle1 (39, 40).  The increased GN severity caused by Sle3 was found to be attributable 

to a cluster of kallikrein genes that can regulate the development of anti-glomerular 

basement membrane autoantibodies and have been associated with both SLE and 

spontaneous lupus nephritis in humans (41, 42). 

Sle1 had the strongest linkage and was characterized by loss of tolerance to 

nuclear antigen and B and T cell hyperactivation (35, 43).  Importantly, Sle1 was found 

to be syntenic to the human SLE QTL 1q22-24 and 1q41-44 (44, 45).  Also, it overlaps 

with SLE susceptibility loci from other mouse strains.  These include Cgnz1 from 

NZM2328, Nba2 from NZB, and Bxs3 from Bxsb.Yaa (46-49).  Genetic mapping of Sle1 



 

18 

subsequently revealed the presence of multiple susceptibility loci, which were termed 

Sle1a, Sle1b, and Sle1c (50).    

Sle1c is an ~7.5Mb NZW-derived locus, beginning somewhere in the centromeric 

recombination interval between D1MIT459 and D1MIT274 and extending to the 

telomere of Chromosome 1 (Figure 1-2).  Importantly, Sle1c has been shown to 

accelerate autoimmunity in NZB x B6.Sle1c F1 mice, validating it as a lupus 

susceptibility locus (51).  Two loci appear to be contributing to the overall Sle1c 

phenotype.  This had been determined through B6.Sle1c subcongenic lines of mice that 

have since been discontinued.  The first locus, Sle1c1, is telomeric to D1MIT274.  Its 

phenotypes include decreased humoral response to T-dependent antigen and impaired 

germinal center (GC) formation and function (52).  Evidence suggests a role for 

complement receptor 2 (Cr2) and not complement receptor related protein (Crry, Cr1l) 

that is only 5.2Kb from Cr2 (53, 54).   The NZW allele of Cr2 exhibits reduced binding of 

its C3d ligand and reduces signaling that is predicted to be due to a non-synonymous 

coding SNP, predicted to introduce a novel glycosylation site and inhibit receptor 

dimerization.  The second locus, Sle1c2, is centromeric to D1MIT17 and is associated 

with T cell hyperactivation and proliferation, enhanced chronic graft-versus-host 

disease, and decreased Treg numbers (52).  The next chapter details my further 

refinement of the Sle1c2 locus.  The positional candidate genes centromeric to 

D1MIT17 have not been described as having roles in the immune system.  Since Sle1c 

is syntenic to human Chromosome 1q31-32, which has been linked to SLE (55), 

elucidation of the genetic factors responsible for Sle1c2 is likely to reveal novel 

pathways that may be utilized for improved therapies for human autoimmunity.   
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Role of CD4+ T cells in SLE 

It has been 25 years since the initial classification of the TH1 and TH2 subsets 

CD4+ T cell subsets (56).  Since then, several other subsets have been defined, most 

notably, Treg and TH17 cells.  As will be discussed in the next chapter, Sle1c2 confers 

TH1 skewing and a TH17 gene expression profile in congenic mice.  In this section, 

these four subsets will be briefly described, followed by a detailed discussion of the 

roles of TH1 and TH17 cells in SLE pathogenesis. 

CD4+ T cells are classified into functional lineages based on the cytokines they 

produce.  This is largely dictated by the circumstances in which they were activated as 

naïve cells.  T cells require 3 signals from antigen presenting cells (APCs) for activation.  

For CD4+ T cells, signal 1 is comprised of cognate peptide/major histocompatibility 

complex II (pMHCII) engagement of T cell receptors (TCRs).  Signal 2 is sent through 

costimulatory surface molecules, most notably, B7 molecules on APCs interacting with 

CD28 on T cells.  Finally, signal 3 is received from soluble cytokine molecules both from 

the milieu in which activation is occurring and directly from the activating APC at the 

immune synapse.  It is this last signal that determines the fate of the naïve T cell.   

The main induction cytokines for TH1 cells are IL-12 and IL-18 (57).  Receptor 

signaling is mediated by signal transducer and activator of transcription 4 (STAT4) and 

IL-1 receptor-associated kinase pathway, respectively.  The net result of this signaling in 

combination with TCR and coreceptor signaling is activation of the TH1 master 

transcription factor, T-box expressed in T cell (T-bet) and production of the major 

effector cytokine, IFNγ.  TH1 cells promote response to intracellular pathogens, 

activation of phagocytes, class switching of B cells to IgG2a and IgG3, and delayed-

type hypersensitivity responses (58). 
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Naïve CD4+ T cells activated in the presence of IL-4 differentiate into TH2 cells.  

The IL-4 receptor signals through STAT6 and induces transcription of the TH2 master 

transcription factor, GATA3 (57).  TH2 cells are distinguished by their production of IL-4, 

IL-5, and IL-13, and they function to induce extracellular pathogen responses, B cell 

class switching to IgG1 and IgE, and eosinophil activation (58). 

Regulatory T cells (Treg), as their name implies, function to downregulate effector T 

cell responses.  They come in two flavors, natural Treg and induced Treg (nTreg and iTreg 

respectively) (59).  nTreg differentiate during thymic selection when there is sufficient 

avidity between self-pMHCII and TCR.  iTreg differentiate in the periphery in the 

presence of TGFβ and IL-2.  In addition, retinoic acid potently synergizes iTreg 

polarization.  Forkhead box P3 (FoxP3) is the master regulator and IL-10 is the main 

cytokine of both nTreg and iTreg, though several other soluble and surface mediators are 

involved (60).  There are also two additional inducible CD4+ T cell subsets with 

regulatory function.  TR1 cells are FoxP3-, require IL-10 to differentiate, and produce IL-

10 and TGFβ (61), while iTR35 cells are also FoxP3-, require IL-10 and IL-35 to 

differentiate, and produce IL-35 (62). 

The critical finding that IL-23 was essential for development of experimental 

autoimmune encephalomyelitis ultimately led to the discovery of TH17 cells (63).   IL-23, 

it turns out, is required for the maintenance of TH17 cells.  This lineage of T helper cells 

occurs when naïve T cells are activated in the presence of proinflammatory IL-6 or IL-21 

and anti-inflammatory TGFβ.  This induces transcription of the master regulator RAR-

related orphan receptor gamma, isoform t (RORγt).  TH17 cells secrete autocrine IL-21 

and IL-23 to ramp up and maintain RORγt expression, and IL-17 and IL-22 as effector 
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cytokines.  Their main function is to mediate immunity toward extracellular pathogens by 

recruiting neutrophils and inducing local antimicrobial responses by stromal tissues (64). 

It is also worth mentioning that, in addition to these four subsets, additional CD4+ T 

helper cell lineages have been discovered in recent years.  CD4+ T cells that are 

activated in the presence of IL-4 and TGFβ differentiate into IL-9 producing TH9 cells 

(65, 66).  Like TH17 cells, TH22 cells produce IL-22 but appear to be a distinct subset in 

that they do not secrete IL-17 (67, 68).  Located in germinal centers (GC), TFH cells are 

required for GC formation and maintenance, and are noted for expression of their 

master transcription factor B-cell CLL/lymphoma 6 (Bcl6) and of the GC homing 

cytokine chemokine (C-X-C motif) receptor 5 (CXCR5) (69).  While they do produce IL-

21, which aids B cell class switching in GCs, they also are capable of IFNγ, IL-4, and IL-

17 production.  Thus, they are not characterized by a canonical cytokine per se, and it is 

not clear if they are actually TH1, TH2, and TH17 cells whose receptor affinity has 

allowed them to further differentiate into TFH.   

TH1 in SLE 

Upon the initial identification and functional description of the TH1 and TH2 

subsets, the dogma soon developed that cell-mediated autoimmune disorders, such as 

type 1 diabetes, were TH1 mediated, while humoral autoimmune disorders, such as 

SLE, were TH2 mediated.  Since then, evidence has mounted demonstrating a major 

role for TH1 cells in SLE pathogenesis (58).  It was, in fact, several years before the 

description of TH1 cells that high levels of IFNγ in the sera of SLE patients was first 

found to positively correlate with disease severity indicators anti-DNA antibodies and 

low C3 (70).  More recently, similar findings reported greater numbers of peripheral cells 

from SLE patients produce IFNγ than from healthy controls (71).  In addition, more of 
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the TH1-inducing cytokines, IL-12 and IL-18, are found in the serum, glomeruli, and 

urine from SLE patients, and IFNγ, IL12, and IL-18 all correlate with the severity of GN 

(71-73).    

The TH1 association with SLE is reflected in several animal models as well.  

Increased IFNγ production in NZB/W F1 mice correlates with increased autoantibody 

levels and GN, while deletion of the IFNγ receptor in these mice prevents these 

phenotypes (74, 75).  Also, CD4+ T cells from mice congenic for the NZW derived Sle1 

locus produce more IFNγ in response to histone-derived pMHCII stimulation than cells 

from non-congenic mice, showing that increased IFNγ can specifically be a property of 

autoreactive T cells (43).  In MRL/lpr mice, the findings were analogous to those in 

NZB/W F1 mice: more CD4+ T cells produced IFNγ and this, resulting in increased 

spontaneous and T dependent production of TH1-induced IgG2a and IgG3 antibodies 

(76).  Finally, the pristane-induced model of SLE is also characterized by requirement 

for TH1 since IFNγ-/- mice do not develop disease (77).  

While it is not certain why increased IFNγ is so strongly associated with disease 

severity, the class switching to IgG2a and IgG3 that is induced by TH1 cells is likely to 

play a role.  These isotypes are considered to be more pathogenic because, as 

opposed to TH2-induced IgG1, TH1-induced IgG2a and IgG3 are capable of fixing 

complement, and can therefore cause more inflammation and tissue destruction (78).  

Taken together, TH1 are vital to the pathology of SLE, and thus targeting their 

dysregulation may prove to be therapeutically beneficial.   
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TH17 in SLE1 

As previously mentioned, the role of TH17 in the development of autoimmunity was 

initially scrutinized in murine models of induced EAE (79).  This disease model was 

originally believed to be dependent on IL-12, and thus, TH1 mediated.  However, the 

revelation that IL-12 shared a subunit, p40, with a newly discovered cytokine, IL-23, and 

that this novel cytokine, not IL-12, was required for induction of disease set the stage for 

investigation of TH17 in these models (63, 80).  More recently, several lines of research 

have reported increased IL-17 production and TH17 functions in murine models of lupus 

as summarized Table 1-2.   

IL-17 in murine lupus 

BXD2 is one of 20 BXD recombinant inbred strains derived from a cross between 

C57BL/6J (B6) and DBA/2J (81, 82).  These mice develop a spontaneous and age-

dependent lupus-like syndrome denoted by production of the canonical anti-DNA, anti-

histone, and rheumatoid factor autoantibodies, as well as splenomegaly, 

glomerulonephritis (GN), and erosive arthritis (83, 84).  CD4+ T cells from BXD2 mice 

have enhanced TH17 development and consequent increased serum levels of IL-17 

(85).  Moreover, IL-17-secreting CD4+ cells were shown to localize to germinal centers 

(GCs) in BXD2 spleens.  This augmented IL-17 response was associated with increase 

GC development and stability in BXD2 spleens as compared to B6 controls.  

Additionally, BXD2 have increased amounts of IL-17R+ B cells (85).  These B cells have 

both an increased basal and an IL-17R-induced activation of the canonical NFκβ 

pathway, resulting in an increased expression of regulator of G signaling (RGS) proteins 
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(86).  Consequently, RGSs enhance the GTPase activity of chemokine receptor Gα 

subunits resulting in decreased chemotaxis (87, 88).  Indeed, BXD2 B cells were shown 

to have a diminished chemotactic response to CXCL12 and CXCL13, especially in the 

presence of IL-17 (85, 86).  This increased potential for B cell accumulation at the sites 

of CXCL12 and CXCL13 production, such as follicular dendritic cell rich areas (89, 90), 

is the likely cause of the enhanced GC formation in the BDX2 strain.  Moreover, the 

concurrent production of IL-17 by TH17 cells in GCs further promotes B cell 

accumulation and GC stability.  IL-17 also results in increased activation-induced 

cytidine deaminase (Aicda) expression and somatic hypermutation in BXD2 IL-17R+ B 

cells, which have an intrinsically enhanced ability to produce autoantibodies as 

compared to IL-17R deficient BDX2 B cells (85).  Thus IL-17 has a central role in 

pathogenesis of the lupus-like syndrome observed in this model.  

The MRL/lpr strain is a classical model of spontaneous lupus. It exhibits a 

lymphoproliferative disorder which manifests with autoantibody production, GN and 

accumulation of CD4-CD8- double-negative T (DNT) cells in the periphery (91).  A 

mutation in Fas is responsible for the lpr phenotype and is the major functional 

contributor of pathogenesis in this strain (92, 93).  It was recently shown that Fas-

deficient DNT cells are capable of producing significant amounts of IL-17 (94).  Further, 

the TH17-stablizing cytokine, IL-23, potently induced IL-17 production in these DNT cells 

that were then capable of renal infiltration and GN induction.  Finally, deletion of IL-23R 

prevented splenomegaly, lymphadenopathy, autoantibody production, and GN in the 

context of Fas deficiency and was associated with a major reduction of the DNT cell 

compartment along with its concomitant IL-17 production (95).  Thus, a pathogenic 
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TH17-like function of DNT cells has been exposed, highlighting this subset as a target 

for disease intervention.  

The SNF1 mouse model, derived from the F1 outcross of the New Zealand Black 

and SWR recombinant inbred strains, develops a spontaneous lupus-like syndrome that 

can be accelerated by immunization of nucleosomal peptides (96).  Upon disease 

induction, autoantibodies are produced and GN with TH17 infiltration is initiated (97).  

Interestingly, low-dose therapy of a tolerogenic histone-derived peptide caused 

increased TGF-β and decreased IL-6 expression in dendritic cells and resulted in 

enhancement of Treg function with a reduction in TH17 renal infiltrates (97).  Treatment 

with either oral or nasal anti-CD3 also ameliorated autoantibody production and 

nephritis in this model by inducing a regulatory T cell subset and reducing IL-17 

production by T follicular helper cells (98, 99).   These results indicate that therapies 

regulating Treg/TH17 homeostasis in favor of Treg might be effective at moderating SLE 

pathogenesis. 

Finally, disruption of TNF-α receptor signaling in spontaneous lupus-prone 

NZM2328 mice results in exacerbated disease that associated with a greatly enhanced 

T effector/memory compartment.  These cells were found to have a TH17 gene 

signature and produced more IL-17 than TNF-α receptor sufficient T effector/memory 

cells (100).  This work highlights a TNF-α regulatory function and raises a note of 

caution for TNF-α blockade therapy.  

IL-17 in SLE patients 

As with murine lupus models, evidence for a TH17 role in human SLE is also 

mounting.  Several recent reports show that plasma IL-17 and IL-17 producing T cells 

are increased in SLE patients (101-106).  Moreover, disease activity and severity is 
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associated with increased IL-17 production (101-104).  SLE patients have increased 

phosphorylation of STAT3 (107), which is required for TH17 differentiation, as STAT3 

deficiency in hyper IgE syndrome patients results in the ablation of TH17 cells (108, 

109).  The TH17-polarizing cytokines, IL-6, IL-21, and IL-23, all signal in a STAT3-

dependent manner to induce RORγt production (110).  Indeed, SLE patients also have 

increased plasma levels of IL-6, and higher RORC expression, which encodes RORγt 

(102, 111).  Taken together, TH17 expansion is an important feature of SLE that needs 

to be further investigated.   

Since IL-17 production correlates with disease severity, the question is raised as 

to whether the female bias of SLE is due to differences in TH17 biology.  While this has 

not been studied extensively, production of IL-17 in vitro was shown to decrease with 

age in men, but not in women (112).  Although these results do demonstrate a gender 

difference, the relevance to SLE induction is not clear since the young cohorts, who 

were between 21 and 40 years old (the highly susceptible age of onset for SLE) did not 

produce different amounts of IL-17 in males versus females.  Nevertheless, the ability to 

maintain higher levels of IL-17 production with age may contribute to the maintenance 

of the disease state in females.  More recently, it was reported that in vivo treatment of 

mice with estrogen enhances TH17 polarization in vitro, supporting the hypothesis that 

TH17 cells contribute to the female bias of SLE (113). There is, however, no direct 

evidence for this theory and further study is needed to clarify the role that gender may 

play in TH17 function and disease induction. 

Similar to Fas deficient mouse models of lupus, a significant amount of IL-17 is 

also produced by an expanded subset of DNT cells in SLE patients (105).  These DNT 
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cells are derived from CD8+ cells that have downregulated CD8 in response to receptor 

stimulation (114).  While they are normally present in very small amounts, their 

expansion in SLE patients may be due to increased T cell activation.  Because of their 

downregulated co-receptor, they have decreased survival and proliferation and display 

unique gene expression patterns and proinflammatory cytokine profiles (114).  Notably, 

as in lupus-prone mice, DNT cells can be found in kidney biopsies of SLE patients 

(105).  Therefore, DNT cells appear to represent a distinct effector population of T cells 

whose dysregulation may be central to SLE pathogenesis. 

The fundamental role of type I IFN dysregulation is well established in SLE 

pathogenesis (7). Unregulated IFN-α production has been shown to increase 

proinflammatory cytokine production, including for IL-6 and IL-23 that lead to TH17-

mediated inflammation in mice (115).  Also plasmacytoid dendritic cells (pDCs), which 

are known to potently secrete IFN-α, also produce IL-1β, IL-6, and IL-23 in response to 

Toll-like receptor (TLR)-7 stimulation in human studies (116, 117).  These pDCs are 

capable of inducing TH17 differentiation when co-cultured with CD4+ cells.  Endogenous 

nucleic acids are autoantibody targets in SLE and are capable of TLR activation 

following their uptake as immune complexes (1, 118).  Therefore, pDCs can be 

chronically activated, potentiating TH17 development and disease pathogenesis.    

IL-17 also promotes B cell survival both alone and synergistically with B cell-

activating factor (BAFF) (104).  Hence, a feedback loop is established where IL-17 

promotes autoreactive B cells to persist longer and make autoantibodies which activate 

pDCs to induce more TH17 cells.  In parallel, the expansion of DNT cells results in more 

IL-17 production, exacerbating this progression (Figure 1-3).  As IL-17 is a central 
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mediator to this process, therapeutic intervention that targets TH17 development and IL-

17 production will be valuable treatments for SLE. 
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Table 1-1.  1997 Update of the 1982 American College of Rheumatology Revised 
Criteria for Classification of Systemic Lupus Erythematosus (3, 4) 

Criterion Description 

1. Malar Rash 
 

Fixed erythema, flat or raised, over the malar eminences, tending to spare the 
nasolabial folds 

2. Discoid rash  
 

Erythematous raised patches with adherent keratotic scaling and follicular 
plugging; atrophic scarring may occur in older lesions 

3. Photosensitivity 
 

Skin rash as a result of unusual reaction to sunlight, by patient history or 
physician observation 

4. Oral ulcers  
 

Oral or nasopharyngeal ulceration, usually painless, observed by physician 

5. Nonerosive 
Arthritis 
 

Involving 2 or more peripheral joints, characterized by tenderness, swelling, or 
effusion 

6. Pleuritis or 
Pericarditis  
 

1. Pleuritis--convincing history of pleuritic pain or rubbing heard by a physician or 
evidence of pleural effusion  
     OR  
2. Pericarditis--documented by electrocardigram or rub or evidence of pericardial 
effusion 

7. Renal Disorder 
 

1. Persistent proteinuria > 0.5 grams per day or > than 3+ if quantitation not 
performed 
     OR 
2. Cellular casts--may be red cell, hemoglobin, granular, tubular, or mixed 

8. Neurologic 
Disorder  
 

1. Seizures--in the absence of offending drugs or known metabolic 
derangements; e.g., uremia, ketoacidosis, or electrolyte imbalance 
     OR  
2. Psychosis--in the absence of offending drugs or known metabolic 
derangements, e.g., uremia, ketoacidosis, or electrolyte imbalance 

9. Hematologic 
Disorder 
 

1. Hemolytic anemia--with reticulocytosis 
     OR 
2. Leukopenia--< 4,000/mm3 on ≥ 2 occasions 
     OR 
3. Lyphopenia--< 1,500/ mm3 on ≥ 2 occasions 
     OR 
4. Thrombocytopenia--<100,000/ mm3 in the absence of offending drugs 

10. Immunologic 
Disorder  
 

 
1. Anti-DNA: antibody to native DNA in abnormal titer  
     OR  
2. Anti-Sm: presence of antibody to Sm nuclear antigen  
     OR  
3. Positive finding of antiphospholipid antibodies on:  
     a. an abnormal serum level of IgG or IgM anticardiolipin antibodies,  
     b. a positive test result for lupus anticoagulant using a standard method, or  
     c. a false-positive test result for at least 6 months confirmed by Treponema 
         pallidum immobilization or fluorescent treponemal antibody absorption test  
 

11. Positive 
Antinuclear 
Antibody 
 

An abnormal titer of antinuclear antibody by immunofluorescence or an equivalent 
assay at any point in time and in the absence of drugs 
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Figure 1-1.  Integration of human and murine studies for new SLE drug discovery. Study 

of human SLE patients and mouse models of lupus has led to the 
identification of potential therapeutic targets. In-depth studies in murine 
models are undertaken to validate the association of the potential targets with 
disease symptoms. The efficacy of targeted treatments is first tested on 
murine models of lupus prior to the initiation of human clinical trials.2 
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Figure 1-2.  Map of the Sle1c locus at the beginning of the project.  All MIT 
microsatellite markers are shown, where black denotes a polymorphic and 
gray a non-informative marker for B6 and NZW.  Positions of known protein 
coding genes are shown.  The recombination interval is between D1MIT459 
and D1MIT274. 
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Table 1-2.  IL-17 in murine models of lupus.3 

Model Description References 

BXD2 
IL-17 promotes spontaneous GC development as well as 
autoantibody production by IL-17R+ B cells 

(85, 86) 

MRL.lpr 
Expansion of IL-17-producing  DNT cells with kidney infiltration 
and GN induction 

(94, 95) 

SNF1 Enhanced IL-17 production by CD4+ T cells with kidney infiltration (97) 
NZM2328 Disruption of TNFα promotes Th17 development (100) 
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Figure 1-3.  IL-17 in SLE pathogenesis.  IL-17, IL-21, and BAFF promote survival, class-
switching, and production of antinuclear autoantibodies by autoreactive B 
cells.  Consequently, nucleic acid-containing immune complexes stimulate 
pDCs to produce type I interferon, IL-6, and IL-23, which enhance DC 
activation, and TH17 induction, thus completing a feedback loop for 
autoimmune activation.  Concurrently, hyperactivation in the context of 
autoimmunity may actuate the accumulation of DNT cells that produce more 
IL-17 and exacerbates the disease state.  Ultimately, TH17 and DNT cells 
infiltrate systemic tissues and incite end organ disease.4 
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CHAPTER 2 
MURINE LUPUS SUSCEPTIBILITY LOCUS SLE1C2 MEDIATES CD4+ T CELL 

HYPERACTIVATION AND MAPS TO ESTROGEN RELATED-RECEPTOR GAMMA 
ESRRG 

To review from chapter 1, patients afflicted with SLE suffer an assortment of 

symptoms that can affect any organ system and that vary in nature and severity 

throughout disease progression.  The most common indicator of SLE is the presence of 

antinuclear autoantibodies (ANA) that aberrantly target nuclear antigens, such as 

double-stranded DNA (dsDNA), histone and chromatin complexes, and 

ribonucleoproteins.  The resultant immune complexes then aggregate in basement 

membranes, triggering inflammation and tissue damage.  A common complication of 

SLE occurs when this process takes place in the kidney, a condition known as 

glomerulonephritis (GN), leading to kidney failure and death.  The murine NZM2410 

recombinant inbred strain spontaneously develops a lupus like disease that closely 

mimics SLE in humans.  Derived from the classic NZB/W F1 murine lupus model, it has 

an advantage over its parental strains in that it is homozygous, making it an ideal model 

to identify novel genetic determinants of lupus (reviewed (47, 119).  Linkage analysis of 

NZM2410 to GN identified the major lupus susceptibility locus, Sle1, as an NZW-derived 

interval on Chromosome 1 beginning at D1MIT30 and extending to the telomere (34).  

This region overlaps syntenic human SLE QTLs, 1q22-23 and 1q41-42, suggesting that 

similar genetic factors mediate pathogenesis in both species (44)}.  Subsequent studies 

using congenic mice demonstrated distinct functional requirements that Sle1 imparted in 

the induction of murine lupus.  Specifically, B6.Sle1 mice display B and T cell intrinsic 

loss of tolerance to nuclear antigens (35, 43, 120, 121).  Still, the underlying genetic 
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determinants of SLE pathogenesis remained obscure in this 62Mb region, which 

contains an estimated 350 genes. 

The challenging process of candidate gene identification employed extensive 

phenotypic mapping and has so far revealed that at least five genes are responsible for 

the Sle1 phenotype.  Initially, three subloci, Sle1a, Sle1b, and Sle1c, were found to 

contribute to the production ANA, revealing the complex genetics of this locus (50).  

Then Sle1a and Sle1c were themselves determined to correspond to at least two 

subloci, yielding Sle1a1, Sle1a2, Sle1b, Sle1c1, and Sle1c2 as the five current subloci 

of Sle1 (52, 122).  Complement receptor 2 (Cr2) was the first candidate gene for Sle1c 

and subsequently found to co-segregate with the telomeric Sle1c1 (52, 53).  Ensuing 

human association studies confirmed these findings by identifying a haplotype that 

alters CR2 splicing (123, 124).  Additionally, the effect of Sle1b has been attributed to 

polymorphisms in the signaling lymphocytic activation molecule (SLAM)/CD2 gene 

cluster, with direct evidence for one SLAM family member, Ly108 (29, 30).  Finally, 

though not yet validated, pre B-cell leukemia transcription factor 1 Pbx1 is the only 

positional candidate for Sle1a1 (122).  Thus, three novel lupus susceptibility candidate 

genes have been identified within the Sle1 interval.   

T cell hyperactivation and dysregulation of their effector cytokines are central to 

SLE pathogenesis, thus they are ideal targets for novel therapies (125, 126).  We have 

previously reported that a sublocus at the centromeric end of Sle1c, termed Sle1c2, is 

associated with increased activation and proliferation of CD4+ T cells (52).  In this 

chapter, I describe the mapping of Sle1c2 to Estrogen-related receptor gamma (Esrrg) 

gene, which encodes a nuclear receptor (ERRγ) whose ligand binding pocket and 
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regulation of transcriptional programs make it a therapeutic candidate.  Additionally, I 

further characterize effector responses and identify an expansion of IFNγ secreting TH1 

cells in congenic B6.Sle1c2 mice.  Finally, I demonstrate the pathogenicity of these 

traits in two lupus accelerating disease models. 

Materials and Methods 

Mice 

B6.Sle1c mice that contain a NZW-derived congenic interval at the telomere of 

Chromosome 1 have been described previously (50).  The loci previously referred to as 

Sle1c.Cr2w-1 and Sle1c.Cr2b-1 in that a previous study (52) have been renamed Sle1c1 

and Sle1c2 respectively to be more consistent with the terminology of other loci.  To 

generate subcongenic strains, B6 x B6.Sle1c F1 mice were backcrossed to B6 and the 

progeny were tested for recombinations in the Sle1c interval by genotyping 

microsatellites that are polymorphic between NZW and B6.  Individuals that were 

positive for recombinations were bred to B6 and the progeny of this expansion 

backcross were screened for the subcongenic interval as above and then bred to 

homozygosity.  To fine map the ends of congenic intervals, positional SNPs that are 

polymorphic for B6 and NZW were selected from Mouse Phenome Database 

(http://phenome.jax.org/SNP) and flanking primers were used in BigDye Terminator 

(ABI) sequencing reactions to determine alleles.  B6.Cg-Tg(TcraTcrb)425Cbn/J 

(B6.OTII) (127) and B6(C)-H2-Ab1bm12/KhEgJ (B6.bm12) were purchased from The 

Jackson Laboratory.  B6.FoxP3-eGFP knock-in mice (128) were a kind gift from Vijay 

Kuchroo.  Bicongenic B6.Sle1c2 mice containing the OTII transgene or the FoxP3-

eGFP knock-in locus were generated as above.  B6.129P2-Tcrbtm1MomTcrdtm1Mom/J 

(B6.Tcrbd-/-), B6.129S2-Ighmtm1Cgn/J (B6.MuMT) and B6.Cg-IghaThy1aGpi1a/J 

http://phenome.jax.org/SNP
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(B6.Thy1a) mice were purchased from The Jackson Laboratory and used for mixed 

bone marrow experiments.  NZB mice were purchased from The Jackson Laboratory 

and used to generate B6 x NZB F1 and B6.Sle1c2 x NZB F1.  All mice were bred and 

maintained at the University of Florida in specific pathogen-free conditions.  All 

experiments were conducted according to protocols approved by the University of 

Florida Institutional Animal Care and Use Committee. 

Cell Isolation and Culture 

Single cell suspensions were prepared by mechanically disrupting spleen and 

lysing red blood cells in 155mM NH4Cl for 3 minutes at room temperature.  Cells were 

then washed in ice cold 5% FCS in PBS and passed through 30µm nylon mesh to 

remove debris.  Splenocyte suspensions were enriched for CD4+ T cells by labeling with 

magnetic beads and negatively selecting on magnetic columns using CD4+ T cell 

Isolation Kits (Miltenyi) per manufacturer’s protocol.  To sort CD4+ cells into Naïve and 

Tem populations, splenocytes from 3 mice were first enriched for CD4+ T cells as above 

and pooled, then labeled with fluorescently conjugated antibodies againstCD4, -CD62L, 

and CD44 and sorted (Naïve: CD4+CD44loCD62L+ and Tem: CD4+CD44hiCD62L-) by a 

FACSAria cell sorter (BD Biosciences).  RPMI supplemented with 10% FCS, HEPES, 2-

Mercaptoethanol, and penicillin-streptomycin was used as culture medium.  Cells were 

stimulated either with plate-bound antibody, by pre-coating with 5µl/ml anti-CD3e (145-

2C11) and 2.5µl/ml anti-CD28 (37.51) in PBS, or with 0.5µg/ml phorbol 12-myristate 13-

acetate and 1µM ionomycin.  For antigen-specific proliferation assays, total splenocytes 

from B6 mice were irradiated with 2000Rad and pulsed for 2 hours at 37°C with either 

OVA323-339 or H476-90 at the indicated concentrations.  These were then co-cultured 1:1 

with bead-enriched CD4+ T cells from OTII mice in triplicate.  3H-Thymidine was added 
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at 1µCi/200µl for the last 18 hours of 72-hour cultures to measure proliferation.  Cells 

were then harvested onto glass filter paper and counts per minute were measured using 

a liquid scintillation counter.  For TH17 polarization, CD4+ T cells were cultured with 

plate-bound anti-CD3e and anti-CD28, 2.5ng/ml TGF-β, and 25ng/ml IL-6 for 48 hours.  

For Treg culture, FACS sorted CD4+GFP- T cells from FoxP3-eGFP mice were cultured 

with plate-bound anti-CD3e and anti-CD28, and 2.5ng/ml TGF-β with or without 10nM 

all-trans-retinoic acid (atRA). 

Flow Cytometry 

Cell suspensions were blocked with 10% normal rabbit serum and anti-CD16/32 

(2.4G2) in staining buffer (5% FCS, 0.05% sodium azide in PBS) and incubated on ice 

for 30 minutes.  Biotinylated or fluorophore-conjugated antibodies specific for CD3 

Molecular Complex (17A2), CD4 (RM4-5), CD8a (53-6.7), CD44 (IM7), CD62L (MEL-

14), CD25 (7D4), CD69 (H1.2F3), CD90.1 (OX-7), CD90.2 (53-2.1), B220 (RA3-6B2), 

CD19 (1D3), IgM (II/41), CD80 (16-10A1), CD86 (GL1), I-Ab (AF6-120.1), and isotype 

controls were used in predetermined amounts and combinations for surface staining by 

incubating on ice for 1 hour.  When needed, streptavidin-peridinin chlorophyll-a protein-

Cy5.5 (SA-PerCP-Cy5.5, BD Biosciences) was used to detect biotinylated antibodies by 

incubating on ice for 20 minutes after primary antibodies were washed off.  IFNγ 

(XMG1.2), IL-4 (11B11), IL-17A (TC11-18H10), and FoxP3 (FJK-16s) were detected 

using Fixation/Permeabilization kits (eBiosciences) per manufacturer’s protocol.  All 

antibodies were from BD Biosciences except for anti-FoxP3, which was from 

eBiosciences.  After staining, cell suspensions were washed and stored in staining 

buffer with 1% formalin at 4°C until analysis on a FACSCalibur cytometer (BD 

Biosciences).  At least 50,000 events per sample were collected and lymphocyte 
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populations were gated based on forward and side scatter characteristics.  When 

cytokine profiles were analyzed, cells were treated with leukocyte activation cocktail (BD 

Biosciences) prior to staining per manufacturer’s protocol. 

Gene Expression Analyses 

Total cellular RNA from prepared cell suspensions, cerebrum, liver, heart, and 

kidney was isolated using RNeasy mini kits, Qiashredders, and RNase-free DNase sets 

(Qiagen).  cDNA was then synthesized using the ImProm-II Reverse Transcription 

System (Promega).  Primers for potential ERRγ target genes were designed using 

Primer3 software (129) and tested for specific generation of desired amplicons using 

standard PCR.  Suitable primers (Table 2-1) were used in Sybr Green (Applied 

Biosystems) based Real Time PCR.  Taqman Gene Expression Assays (Applied 

Biosystems) were used to measure Esrrg (Mm00516269_mH) and Gapdh endogenous 

control.  Relative quantities were calculated using the comparative CT method (RQ=2-

ΔΔCt) normalized to the average ΔCT of the B6 biogroup.  Global gene expression of 

CD4+ T cells from 6 month old B6 and B6.Sle1c2 mice (n=5 per strain) began with RNA 

isolation from bead-sorted splenocytes as above.  Next, cDNA was synthesized, 

fragmented, and biotin-labeled using the Ovation Biotin RNA Amplification and Labeling 

System (NuGEN Technologies).  Finally, prepared cDNA was hybridized to Affymetrix 

Mouse Genome 430 2.0 arrays. All data analyses were based on the use of “internal 

standards” and generalization of the “Error Model” (130) as presented elsewhere (131).  

ELISA 

Anti-dsDNA and anti-chromatin were measured by ELISAs as previously 

described (43).   Sera were tested in duplicate in a 1:100 dilution.  Relative units were 
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standardized using a positive serum from an NZM2410 mouse, arbitrarily setting the 

reactivity of a 1:100 dilution of this control serum to 100 units.   

Western Blot 

To detect ERRγ, cells were washed in PBS, lysed by resuspending and vortexing 

in ice-cold RIPA-lysis buffer (50mM NaF, 2mM activated sodium orthovanadate, 2mM 

PMSF, 2µg/ml aprotinin, 10µg/ml leupeptin, and 1µg/ml pepsatin A, 1% Nonidet P-40, 

0.5% sodium deoxycholate, 1% SDS in PBS; all reagents from Sigma), and aggregates 

were removed by centrifugation.  The protein concentrations of homogenates were 

quantified using a Bradford Assay (Bio-Rad).  Total proteins (50µg) were boiled for 5 

minutes in Laemmli buffer, and then separated by SDS-PAGE in 10% gels, followed by 

transfer to polyvinylidene fluoride membranes.  After blocking in 5% milk in TBS-T, 

membranes were probed with anti-ERRγ mAb (H6812, R&D Systems), followed by 

Clean-Blot Detection Reagent-HRP (Thermo Scientific), and developed with Amersham 

ECL Plus Western Blotting Detection Reagent (GE Healthcare).   

Mixed Bone Marrow Chimera 

Chimeras were prepared as previously described (121).  Briefly, 4-5 month old 

B6.Tcr-/- recipients were lethally irradiated with two doses of 525Rad 4-6 hours apart the 

day before reconstitution.  Donor bone marrow cell suspensions from B6.Thy1a and 

B6.Sle1c2 were mixed 1:1 after depleting T cells using anti-CD5 magnetic microbeads 

(Miltenyi).  Recipients received 107 cells intravenously from sex-matched donors and 

grafts were allowed to reconstitute for 8 weeks.  In a parallel experiment, hosts were 2 

month old B6 and donors were B6.MuMT and B6.Tcrbd-/- or B6.Sle1c2.MuMT and 

B6.Tcrbd-/-.  These chimeras were engineered to have B or T cells of B6.Sle1c2 origin.  

After reconstitution, these chimeras were used as cGVHD recipients. 
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Chronic Graft-Versus-Host Disease (cGVHD) 

cGVHD was induced as previously described (132).  Briefly, B6 and B6.Sle1c2 

hosts received 8 x 107 B6.bm12 splenocytes via i.p. injection.  In another experiment, 

cGVHD was induced in B6.MuMT/B6.Tcrbd-/-, B6. MuMT/B6.Sle1c2.Tcrbd-/-, and 

B6.Sle1c2.MuMT/B6.Tcrbd-/- mixed bone marrow chimeras.  Sera were collected weekly 

for 3 weeks after induction and stored for ELISA.  Hosts were sacrificed 3 weeks after 

transfer, kidneys were prepared for histology, and splenocytes were analyzed by FACS.  

The presence of immune complexes in the kidneys was evaluated on frozen tissue 

sections stained with FITC-conjugated anti-C3 (Cappel) and anti-IgG H+L chains 

(Jackson Immunoresearch).  Staining intensity was evaluated in a blind manner on a 

semi-quantitative 0–3 scale and averaged on at least 10 glomeruli per section.  

EAE 

Induction of experimental autoimmune encephalomyelitis (EAE), a well-

characterized animal model of multiple sclerosis, has been previously described (128, 

133).  On day 0, four-month-old male B6 or B6.Sle1c2 mice were anesthetized and 

treated with an emulsion of 100μg myelin oligodendrocyte glycoprotein (MOG) peptide 

sequence 35–55 (MOG35–55) and 50μg of Mycobacterium tuberculosis in incomplete 

Freund’s adjuvant (equivalent to CFA) via subcutaneous injection to the left of the base 

of the tail.  Additionally, 200ng pertussis toxin was administered intraperitoneally on 

days 0 and 2.  Daily clinical scores were assessed by the following criteria: 0, no 

disease, 1, flaccid tail, 2, hind limb paraparesis, 3, hind limb paralysis, 4, quadriplegia, 

5, moribund.  Mice were euthanized at a score of 4 and not allowed to progress to a 

moribund state. 
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Statistical Analysis 

Statistical analyses were performed using the GraphPad Prism 4 software.  Unless 

indicated, graphs show median values for each group.  Mann-Whitney and Student’s t-

tests were used for direct comparisons and Dunn’s and Bonferroni corrections were 

used for multiple comparisons as indicated. Each in vitro experiment was performed at 

least twice, with reproducible results. 

Results 

CD4+ T Cell Hyperactivation Maps to the Centromeric End of Sle1c 

In order to narrow the set of potential candidate genes responsible for the CD4+ T 

cell hyperactivation displayed by Sle1c congenic mice, several subcongenic strains 

were generated in which recombinations at the centromeric end were targeted using 

microsatellite markers that are polymorphic between B6 and the parental NZW.  

Additional fine mapping was performed using polymorphic SNPs.  This revealed a 

675Kb NZW derived centromeric extension between rs31626695 and rs49456336 in 

two of the subcongenic strains, REC2b and REC5, and the original B6.Sle1c strain 

(Figure 2-1A).  In addition, it redefined the centromeric terminus of Sle1c from 

D1MIT459 to rs30920616, shortening the locus length to 7.39Mb.   

Phenotypic mapping showed that only the strains with this centromeric extension 

displayed increased spleen weight and CD4:CD8 T cell ratio in aged mice as compared 

to B6 (Figure 2-2A).  Additionally, these strains displayed hyperactivation of the CD4+ T 

cell compartment as they had a significantly higher percentage of CD69+ activated T 

cells and of CD44hiCD62L- T effector/memory cells (Tem).  Since the strain with the 

shortest interval necessary for CD4+ T cell hyperactivation is the REC5 subcongenic, 

and REC1, 2, 3, and 8 are negative, Sle1c2 is then defined as the region between 
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SNPs rs30920616 and rs32528185 (Figures 2-1A, 2-1B).  Except where noted, REC5 is 

used as B6.Sle1c2 for the remainder of this study. 

As opposed to the splenomegaly phenotype, which is age-dependent, the CD4+ 

hyperactivation phenotype is detectable in very young mice (Figures 2-2B, 2-3A), 

indicating a more direct effect of the Sle1c2 interval for this phenotype.  Importantly, as 

previously shown for the entire Sle1c interval (52), mixed bone marrow chimera 

experiments show that CD4+ hyperactivation is intrinsic to Sle1c2 T cells (Figure 2-3B).  

As expected, the previously observed increased proliferation of B6.Sle1c CD4+ T cells 

also co-segregated with the Sle1c2 interval (Figure 2-2C).  This inherent hyperactivation 

and resultant proliferation results in an overall expansion of the CD4+ T cell 

compartment, specifically Tem, not naïve CD4+ T cells (Figure 2-2B).   Modest age-

dependent expansions of B cell and CD8+ T cell compartments were also observed in 

B6.Sle1c2 mice (Figure 2-2B), however, surface phenotype analysis found no evidence 

of hyperactivation in these cells (not shown).  Taken together, the CD4+ T cell 

hyperactivation phenotype observed in mice congenic with the 7.39Mb NZW-derived 

Sle1c interval has been shown to co-segregate with the much shorter 675Kb Sle1c2 

interval.  This drastically reduces the set of potential candidate genes from 48 to 2 

(Figure 2-1B).   

Sle1c2 Exhibits a Unique Cytokine Profile Denoted by Marked TH1 Skewing 

A gene expression and pathway analysis of B6 and B6.Sle1c2 CD4+ splenocytes 

revealed a large node of upregulated genes related to INFγ expression, indicating a TH1 

skewing in B6.Sle1c2 mice (Figures 2-4A, 2-4B).  Intracellular staining of splenocytes 

confirmed this finding, as a much larger percentage of CD4+ splenocytes from 

B6.Sle1c2 were IFNγ+ as compared to B6 (Figure 2-5A).  No differences were observed 
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in percentages of IL-4 production.  In addition to IFNγ, several genes involved in 

TH17/Treg homeostasis were upregulated in B6.Sle1c2 CD4+ T cells (Figure 2-5B).  

These included genes encoding the master transcription factor, Forkhead Box P3 

(FoxP3), a major surface marker, interleukin 2 receptor α (Il2ra), and a major effector 

cytokine, (IL10), for Treg cells (134), as well as the required transcription factors, 

interferon regulatory factor 4 (Irf4) and RAR-related orphan receptor alpha (Rora), and 

effector cytokines, Il17a, IL21, and Il22, for TH17 cells (64).  Additionally, the aryl 

hydrocarbon receptor (Ahr), which has been implicated in TH17/Treg homeostasis (135) 

was also upregulated.   

In spite of this marked TH17/Treg signature, in vitro and in vivo analyses did not 

reveal a propensity to favor either of these subsets.  Incorporation of a FoxP3-eGFP 

reporter allele (128) in B6 and B6.Sle1c2 mice showed that, contrary to our previous 

reports that measured Treg as CD4+CD62L+CD25+ (52, 136), there is a slight age–

dependent accumulation of Treg (Figure 2-3C).  However, B6.Sle1c2 CD4+GFP- T cells 

cultured in the presence of TGFβ with or without all-trans-retinoic acid (atRA) had an 

unaltered percentage of FoxP3 expressing cells (Figure 2-3D).  To measure TH17 

polarization, CD4+ cells were cultured with TGFβ and IL-6.  This also did not reveal 

differences in IL-17 production between the two strains (Figure 2-5C).  Finally, EAE was 

used as model to test for differences in TH17/Treg homeostasis in vivo (137), and once 

again, no differences were observed in day of onset or severity (Figure 2-5E).  Notably, 

IFNγ production by B6.Sle1c2 CD4+ T cells was increased in vitro, especially under Treg 

and TH17 polarizing conditions (Figure 2-5C), highlighting the TH1 skewing induced by 

Sle1c2.  Hence, while the global gene expression analysis predicted increased 
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commitment to TH1, Treg, and TH17 lineages, the only observed difference was with TH1 

cells.   

Esrrg is Defectively Regulated in B6.Sle1c2 CD4+ T Cells 

The 675Kb Sle1c2 interval contains just 2 known genes, Esrrg and Usher 

syndrome 2A homolog (Ush2a) (Figure 2-1B), with the latter having no detectable 

expression in CD4+ cells (data not shown).  Contrary to Ush2a, Esrrg was detectable in 

CD4+ splenocytes (Figure 2-6A).  Furthermore, there was significantly less expression 

of Esrrg in CD4+ (40.6±11.4% less, p<0.001), but not in CD4- splenocytes from 

B6.Sle1c2 compared to B6.  Like the CD4+ T cell activation phenotype, there were no 

gender differences in Esrrg expression in age-matched mice of both strains.  

Regardless of age or strain, Esrrg expression showed a strong negative correlation with 

both CD69+ and Tem percentages (Figure 2-6B), indicating a direct effect on CD4+ T 

cells activation.  These findings qualify Esrrg as the candidate gene for Sle1c2.   

Since Esrrg coding sequence or UTR sequence differences were not found at the 

DNA level between the two strains, the causative allelic differences were predicted to lie 

in promoter or enhancer elements.  As is the case for many nuclear receptors, Esrrg 

utilizes alternative promoters to encode transcripts with differing 5’ UTR (Figure 2-1B) 

(138).  While the promoters for this gene have not been thoroughly described, two of the 

transcripts have the same first exon (though they have slightly different transcript 

starts), and were thought to share a proximal promoter.  The SNP that defines one end 

of the centromeric recombination interval of Sle1c2, rs31626695, lies at -156 and -197 

relative to these two transcript start sites.  However, an in silico analysis (139) did not 

define this region as a relevant transcription factor binding site, regardless of allele.  

Furthermore, it is outside of the highly conserved constrained element that 
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encompasses roughly 100bp of promoter and the entire first exon of these transcripts.  

Therefore, rs31626695 is likely not the causative allele.  Sequencing from -450 to +1 

revealed only 1 other allelic difference between the two strains.  A missing adenosine in 

a series of 10 adenosines was found in NZW-derived Sle1c2 at -260 relative to the 

beginning of transcript 1.  Again, this area was not conserved and the missing 

adenosine is not predicted to affect transcription factor binding.  A third transcript begins 

outside of the Sle1c2 interval so there would not be genetic differences in that promoter 

(Figure 2-1B).  Therefore, unless there are other unknown alternative promoters, as was 

the case for the murine paralog of Esrrg, Estrogen receptor 1 (alpha) (Esr1) (140), I 

theorized that the decreased Esrrg expression by Sle1c2 is likely attributable to a 

polymorphism affecting an enhancer element.  Deep sequencing of the Sle1c2 locus is 

currently underway to reveal potential causative genetic differences.   

Because Esrrg is known to be active in highly metabolic and in central nervous 

system tissues (141-144), cDNA from brain, heart, kidney, and liver from adult mice was 

examined to determine if Sle1c2 resulted in differential regulation of Esrrg in these 

tissues as well.  A trend for decreased expression was observed in kidney and liver, and 

in brain, Esrrg expression was significantly decreased (Figure 2-7C).  Interestingly, an 

increased expression trend was observed in heart.  Esrrg-deficient mice die postnatally 

due to a defective switch from glycolytic to oxidative metabolism (145).  Consistent with 

Esrrg-/- mice, B6.Sle1c2 mice also struggle to thrive and roughly three quarters of 

neonates die by day 2 (data not shown).  It is possible that in response to failed Esrrg 

expression, a compensatory mechanism may allow for Esrrg to be upregulated in the 

myocardium of a small percentage of neonates, resulting in survival.   
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To determine if decreased expression of Esrrg in CD4+ T cells had transcriptional 

consequences in its putative target genes, a set of genes that were differentially 

expressed by B6.Sle1c CD4+ T cells in the gene expression analysis and were also 

known to have ERRγ bound to their promoters by chip-on-chip analysis (145, 146) were 

analyzed by quantitative RT-PCR.  Five of the twelve genes analyzed had significantly 

decreased expression (Figure 2-7D).  These included transcriptional regulators, c-myc 

binding protein (Mycbp) and retinoic acid receptor alpha (Rara), a subunit of electron 

transport complex I, NADH dehydrogenase (ubiquinone) Fe-S protein 1 (Ndusf1), a 

mitochondrial protein modifier, peptidylprolyl isomerase F (Ppif), and a mitochondrial 

oxidoreductase, reticulon 4 interacting protein 1 (Rtn4ip1).  These data suggest that the 

decreased Esrrg expression induced by Sle1c2 can affect Esrrg target gene expression.  

However, without evidence of ERRγ directly binding to control elements of these genes 

in CD4+ cells, this data remains circumstantial.   

 The overall expression of Esrrg in CD4+ T cells is low compared to other tissues.  

Liver had roughly 4 times, while kidney and brain had about 50 times the amount of 

Esrrg transcripts as CD4+ T cells after normalizing to Gapdh (Figure 2-6C).  Low 

message expression correlated with low protein expression, as ERRγ was not 

detectable by flow cytometry (data not shown).  It was detectable by immunoblotting 

(Figure 2-6D), but the differences observed in mRNA expression could not be confirmed 

in the protein levels using this method.  More sensitive techniques, such as ELISA, will 

need to be employed in order to assess Sle1c2’s ability to alter ERRγ levels in CD4+ T 

cells.   
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It is unclear as to whether all CD4+ T cells have a continuously ubiquitous low 

expression or if a small subpopulation expresses higher amounts of Esrrg under specific 

conditions.  We attempted to clarify this question by checking the expression in FACS 

sorted naïve and Tem CD4+ T cells.  This sorting strategy was chosen because of the 

strong skewing effect that the Sle1c2 locus has on these CD4+ subpopulations.  Our 

results showed that B6 T cells exhibit a strong upregulation in Tem cells as compared to 

naïve cells, while, in B6.Sle1c2 mice, Esrrg expression remained constant in both 

populations (Figure 2-7B).  However, this data is somewhat perplexing in that the naïve 

population in B6.Sle1c2 had expression levels equal to the B6 Tem population.  This 

would indicate an overall greater Esrrg expression in B6.Sle1c2 CD4+ T cells, which is 

contrary to our previous findings (Figure 2-6A).   

Sle1c2 Exacerbates Lupus in the Induced cGVHD Model 

For complex genetic diseases such as SLE to develop, epistatic interactions of 

multiple susceptibility alleles are required.  When individual loci are isolated, as I have 

done with B6.Sle1c2, overt disease does not occur.  In order to prove that the CD4+ T 

cell phenotypes that segregated with Sle1c2 are relevant to lupus pathogenesis, the 

cGVHD-induced lupus model was used (47, 147).  This model was previously used to 

validate the larger Sle1c interval and preliminary mapping using subcongenic strains 

showed that increased cGVHD susceptibility mapped to the centromeric portion of the 

locus and so should be a phenotype of Sle1c2 (52).  This was in fact the case as 

B6.Sle1c2 recipients of B6.bm12 adoptive transfers had significantly increased 

splenomegaly compared to B6 recipients (Figure 2-8A).  In addition, their B cells were 

more activated and produced more autoantibodies (Figures 2-8B, 2-8C).  Finally, the 

kidneys of B6.Sle1c2 mice that had received B6.bm12 splenocytes showed an 
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increased deposition of pathogenic IgG2a immune complexes as compared to B6 

recipients (Figure 2-8D). 

The use of mixed bone marrow recipients showed that the Sle1c2 induced ability 

of host B cells to be more responsive to cGVHD was actually intrinsic to T cells (Figure 

2-8E).  While this is consistent with our previous finding that Sle1c2 is CD4+ T cell 

intrinsic, the mechanisms governing Sle1c2-induced cGVHD sensitivity are not clear.  

The pathogenesis in this model has been reported to be mediated by alloreactive donor 

CD4+ T and host B cell interactions (147).  It has recently been reported, however, that 

host B cells require CD4+ T cells during their ontogeny in order to be responsive to 

cGVHD (148).  While there was clear evidence that IFNγ is dispensable for this process 

it is still plausible that increased production of IFNγ due to augmented TH1 by Sle1c2 

can enhance B cell responsiveness to cGVHD or that it can directly enhance the 

cGVHD reaction.  Alternatively, Sle1c2 CD4+ T cell hyperactivity may prime B cells for 

cGVHD through more generalized interactions, such as CD40 & CD40L (148). 

Sle1c2 Mediates Severity of Spontaneous Lupus via Epistatic Interactions 

To reconstitute the effect of epistasis, NZB x B6 F1 and NZB x B6.Sle1c2 F1 

hybrids were generated and aged to 12 months.  In this model, which was previously 

used to validate the larger Sle1c interval (51), NZB susceptibility loci interact with either 

the NZW or the B6 alleles within the Sle1c2 interval.  Because this is an F1 model of 

spontaneous lupus, all loci are heterozygous, meaning there is only one copy of any 

given susceptibility allele, which would most likely be the case in human SLE.  Our 

findings showed that splenomegaly, CD4:CD8 ratios, and Tem percentages were 

significantly increased when just 1 allele of the NZW derived Sle1c2 was present 

(Figure 2-9A).  Additionally, increased B7-2 expression in NZB x B6.Sle1c2 mice 
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indicated that B cells were more activated as well (Figure 2-9A).  Moreover, the addition 

of NZB loci allowed for B cells to generate pathogenic autoantibodies that increased 

with age (Figure 2-9B).  This age-dependent increase was more pronounced when 

Sle1c2 was present, and reflects the accumulation of activated CD4+ T cells by Sle1c2 

in aged mice (Figures 2-2B, 2-3A 2-9A, 2-9B).  Finally, GN was greatly exacerbated 

with the presence of Sle1c2 (Figures 2-9C, 2-9D).  Taken together, this data confirms 

Sle1c2 as a pathogenic lupus susceptibility locus in spontaneous SLE.   

Discussion 

The major lupus susceptibility allele Sle1 was originally described to consist of 

roughly 30% of telomeric Chromosome 1 (34).  It was then reduced to the telomeric 

20% of Chromosome 1 and determined to be NZW-derived when it was congenically 

transferred onto the lupus resistant B6 genome (149).  Subsequent congenic dissection 

mapped Sle1 associated CD4+ T cell hyperactivation to Sle1a and Sle1c subloci (43, 

50).  The current study advances the work on Sle1c.  Originally defined to be 7.72Mb, 

extending from D1MIT459 to the telomeric end of Chromosome 1, it contained 48 

known protein coding genes and 4 known microRNAs.  Previous analyses have shown 

that the phenotypic effect of this locus is due to at least two subloci, with Cr2 

established as the candidate gene for the telomeric Sle1c1 sublocus (53), and an 

undefined gene regulating the centromeric Sle1c2 sublocus (52).  In this study, we have 

isolated Sle1c2 as a single lupus susceptibility allele that enhances both induced and 

spontaneous models of murine lupus and associates with the previously observed CD4+ 

T cell hyperactivation.  Additionally, a strong TH1 skewing, marked by a significant 

increase of IFNγ producing CD4+ T cells, was found.  Further, physical mapping and 
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gene expression analysis identified Esrrg as the candidate gene regulating this 

phenotype.   

Dysregulated T cell activation is a major contributor to autoimmune diseases such 

as SLE and is therefore an important focus for therapeutic intervention (126, 150).  One 

of the challenges of identifying newer more effective treatments has been in targeting 

specific T cell subsets.  In this way, complications associated with the 

immunosuppression that occurs with more global targeting can be avoided.  Even then, 

there is still the possibility that targeting some subsets may leave patients vulnerable to 

opportunistic infection.  While the details of ERRγ’s functional role in CD4+ T cell biology 

is speculative at this point, this study suggests that pharmacological augmentation of its 

activity may alleviate pathogenic activation, effector memory accumulation, and TH1 

skewing.   

Nuclear receptors are a family of transcription factors whose activities are 

mediated by binding of endogenous ligands and other coregulatory proteins.  Several 

members of the nuclear receptor family have already been implicated in T cell biology, 

including retinoic acid receptor α (RARα), RAR-related orphan receptor γ (RORγ), 

vitamin D receptor, estrogen receptors, glucocorticoid receptor, and peroxisome 

proliferator-activated receptor-γ (PPARγ), (64, 151-153).  ERRγ, belonging to the ERR 

family that also includes ERRα and ERRβ, does not yet have an established role in T 

cell biology.  It is structurally related to the estrogen receptors, but does not bind natural 

estrogens (154, 155).  In fact, endogenous ligands for ERRs have not been identified 

and they are thus referred to as orphan nuclear receptors.  It has been shown, however, 

that ERRs are constitutively active due to properties of their ligand binding domains.  



 

52 

Therefore, their coregulatory proteins are considered to be the main mediators of their 

action (155).  Regardless, several synthetic compounds have been shown to augment 

ERRγ-mediated transactivation of its target genes, demonstrating its potential as a 

therapeutic target (154).   Interestingly, bisphenol A (BPA), an industrial component of 

some plastics and resins and known to be an endocrine disruptor, has been shown to 

bind to and alter the activity of ERRγ (156).  This raises speculation that ERRγ may 

mediate environmental triggers of autoimmunity. 

ERRs are important regulators of metabolism and energy homeostasis and Esrrg 

expression is highly restricted to metabolically active tissues (144, 154, 155).  There, it 

transactivates genes involved in mitochondrial biogenesis, lipid transport and 

metabolism, tricarboxylic acid cycle, electron transport chain, and oxidative 

phosphorylation, allowing for energy production by efficient fatty acid oxidation.  This 

vital function is demonstrated in Esrrg null mice, where the lack of a critical switch from 

glycolytic to lipid based metabolism in the myocardium results in perinatal lethality 

(145).  Activation and proliferation by T cells is also metabolically demanding (157).  

However, contrary to other metabolically demanding tissues, activated T cells employ 

aerobic glycolysis to meet energy requirements.  Known as the Warberg effect, this 

form of metabolism generates glucose metabolites at the expense of ATP production.  

This is advantageous to proliferating cells where substrate for biosynthesis, not ATP, is 

the limiting component (158).  Remarkably, enhancement of the Warburg effect may 

result in T cell hyperactivation, as evidenced by mice with enhanced ability to sequester 

glucose.  A report using mice that are transgenic for the T cell glucose transporter, 

glucose transporter type 1 (GLUT1), or that have enhanced ability to traffic GLUT1 to 
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the cell surface, found T cell hyperactivation phenotypes very similar to B6.Sle1c2 mice, 

namely, age-dependent accumulation of CD69+ and Tem cells, increased proliferation, 

and increased IFNγ production (159).  Consequently, aged mice suffered from 

hypergammaglobulinemia and GN, exhibiting a direct connection between energy 

metabolism and autoimmunity.  A more recent report demonstrated how TH1, TH2, and 

TH17 lineage commitment requires glycolytic metabolism and is suppressed by fatty 

acid oxidation, while Treg differentiation requires lipid metabolism (160).  Sle1c2 may 

similarly contribute to the Warberg effect in CD4+ T cells as decreased Esrrg expression 

would limit transcription of target genes that regulate oxidative lipid based metabolism, 

skewing toward glucose based programs.  ERRγ is therefore an attractive target for 

novel therapies. 
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Table 2-1. ERRγ Target Genes 

Gene ID Gene Name Forward primer Reverse primer Reference 

As3mt arsenic (+3 oxidation state) methyltransferase CCAGGGCCGTTCTGAGTT TGTCCTTTAGCCACCCTCTTG (146) 

Cd59a CD59a antigen CTCATCTTACTCCTGCTGCTTCT CCAACACCTTTGATACACTTGC (146) 

Crtam cytotoxic and regulatory T cell molecule CATCATCGTTCAGCTCTTCATC TGGGCACTCTTCTTTGTTTTG (146) 

Esrra estrogen related receptor, alpha CTGAAAGCTCTGGCCCTTG CTGTCTGGCGGAGGAGTG (161) 

Fabp4 fatty acid binding protein 4, adipocyte GAAATCACCGCAGACGACA TTCATAACACATTCCACCACCA (145) 

Mycbp c-myc binding protein GCTGGACACGCTGACGAA TCTGGGTTTTCCGGGGTAG (146) 

Ndufs1 
NADH dehydrogenase (ubiquinone) Fe-S 
protein 1 TGACCCACTCGTTCCACCT CGGCTCCTCTACTGCCTGA (146) 

Ppargc1a 
peroxisome proliferative activated receptor, 
gamma, coactivator 1 alpha TACGCAGGTCGAACGAAAC GTGGAAGCAGGGTCAAAATC (162) 

Ppif peptidylprolyl isomerase F (cyclophilin F) CGTGGTGCTGGAGTTAAAGG CTGTGCCATTGTGGTTGGT (146) 

Rara retinoic acid receptor, alpha TCCCCAAGATGCTGATGAA CCCGACTGTCCGCTTAGA (146) 

Rtn4ip1 reticulon 4 interacting protein 1 AGAACTGGTGGATGCAGGAA GGGAGAATGTGTGGTGAAGG (146) 

Steap3 STEAP family member 3 CCCGTCCATTGCTAATTCC GTCCAGCCGTAGGTGAGTGT (146) 
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Figure 2-1.  Physical map of the Sle1c locus.  The intervals for Sle1c and its 
subcongenics are shown in (A), while Sle1c2 along with the exon-intron 
structures for its two known protein coding genes are shown in (B).  NZW 
derived regions are white and B6 derived regions are black.  All known 
polymorphic MIT microsatellite markers, as well as SNPs that define 
recombination intervals are depicted.  Scale is in Mb and all positions are 
current with Ensemble release 67 (www.ensembl.org/Mus_musculus/), which 
is based on NCBI m37. 

 

http://www.ensembl.org/Mus_musculus/
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Figure 2-2.  Mapping phenotypes used to define Sle1c2. Strain comparison of spleen 
weights and CD4+ T cell activation determined by flow cytometry of 
splenocytes from 10-14 month old mice (A).  Total cell numbers of B and T 
cell compartments were obtained from FACS analyses of splenocytes from 5-
8 month old and 10-14 month old mice grouped by locus (B).  Naïve T cells 
are defined as CD4+CD44loCD62L+ and Tem cells are defined as 
CD4+CD44hiCD62L-.  Antigen-specific and polyclonal proliferation of CD4+ T 
cells was measured by 3H thymidine incorporation (C).  REC2B and REC5 
subcongenic strains and REC2B.OTII and REC5.OTII bicongenic strains were 
used as Sle1c2 and Sle1c2.OTII respectively.  Significance in (A) indicates 
Dunn’s multiple comparison analysis to B6.  Significance in (B) indicates 
Mann-Whitney comparison to B6 of the same age group.  Two-way ANOVA 
was used to measure strain effect on antigen-specific proliferation with 
Bonferroni’s posttest indicating significance at each concentration (C).  
Student’s t-test was used to compare polyclonal and mitogen-induced 
proliferation to B6 (C).  * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, ‡‡ P ≤ 0.001 
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Figure 2-3.  Additional Sle1c2 phenotypes.  Comparison of B6 and Sle1c subcongenic 
REC5 spleen weights and CD4+ T cell activation over time as determined by 
flow cytometry (A).  FACS analysis of B6.Thy1a and B6.Sle1c2 (Thy1b) 
mixed bone marrow chimeras (B).  GFP+ percentages of CD4+ T cells from 
B6.FoxP3-eGFP and B6.Sle1c2.FoxP3-eGFP was measured over the lifetime 
(C).  GFP+ percentages from B6.FoxP3-eGFP and B6.Sle1c2.FoxP3-eGFP 
were measured by flow cytometry both ex vivo and after in vitro induction of 
FACS sorted CD4+FoxP3- T cells under TH0 (anti-CD3 and -CD28 only), and 
Treg (with TGFβ and with or without atRA) polarizing conditions.  Student’s t-
tests were used in (B) and Bonferroni’s multiple comparison was used in (C).  
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 
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Figure 2-4.  Global gene expression of CD4+ T cells.  Heat map (A) and pathway 
analysis (B) of genes related to Ifng expression. 
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Figure 2-5.  Sle1c2 generates augmented TH1 lineage.  Representative histograms and 
quantification of intracellular staining for IFNγ in CD4+ T cells were from 2-3 
month old mice (A).  A heat map illustrates upregulated expression of genes 
involved in TH17 and Treg homeostasis by B6.Slec2 CD4+ T cells (B).  
Representative plots of intracellular staining (C) and quantification (D) shows 
increased IFNγ production by B6.Slec2 CD4+ T cells cultured under TH0 (anti-
CD3 and -CD28 only), Treg (with TGFβ), and TH17 (with TGFβ and IL-6) 
polarizing conditions.  EAE clinical scores did not significantly differ between 
B6 and B6.Sle1c2 (n=6) (E).  Student’s t-test: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 
0.001. 
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Figure 2-6.  Sle1c2 results in decreased expression of Esrrg by CD4+ T cells.  qPCR 
comparing Esrrg expression from thymocytes, splenocytes, CD4+ T cells, and 
non-CD4+ T cell fraction (CD4-) between B6 and B6.Sle1c2 (A).  Correlation 
between Esrrg expression by CD4+ T cells and CD69+ and Tem percentages 
of CD4 (B).  Esrrg expression in various tissues by B6 mice, normalized to 
Gapgh and relative to B6 CD4+ T cell expression (C).  Western Blot of ERRγ 
and Actin (D).  Student’s t-tests were used to compare Esrrg expression to B6 
for each cell population in (A).  Significance that slope does not equal zero (P) 
and correlation coefficient for linear regressions (R2) are shown in (B). *** P ≤ 
0.001 
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Figure 2-7.  Additional Esrrg expression data.  Representative FACS plots of CD69+ and 
Tem (CD44hiCD62L-) used to analyze correlation to Esrrg expression in Figure 
2-6B (A).  Esrrg expression of FACS sorted Naïve (CD4+CD44loCD62L+) and 
Tem (CD4+CD44hiCD62L-) cells from B6 and B6.Sle1c2 splenocytes (B).  
Esrrg expression in various tissues by B6.Sle1c2 mice, normalized to Gapgh 
and relative to the B6 expression in that same tissue (C).  Expression of 
various genes reported to be regulated by ERRγ, normalized to Gapdh and 
relative to the B6 expression of that same gene (D).  Student’s t-test: * P ≤ 
0.05, ** P ≤ 0.01, *** P ≤ 0.001. 
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Figure 2-8.  Sle1c2 exacerbates induced lupus in a T cell intrinsic manner.  cGVHD was 
induced in B6 and B6.Sle1c2 mice and spleens were weighed (A) and B cell 
activation was measured by FACS (B) after 3 weeks.  Sera were collected 
once a week, beginning a day 0, and anti-dsDNA and anti-chromatin IgG 
were measured by ELISA (C).  IgG2a and C3 deposition was detected in 
frozen kidney sections (D).   Sections were separately scored in a blind 
manner and additive values are shown.  cGVHD was also induced in mixed 
bone marrow chimeras such that B and T cells were either of B6 (b) or 
B6.Sle1c2 (s) origin and autoantibodies were measured at 5 weeks (E).  
Student’s t-test was used to compare to B6 in (A), (B), (D), and (E).  
Bonferroni’s multiple comparison was used in (C).  * P ≤ 0.05, ** P ≤ 0.01, *** 
P ≤ 0.001
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Figure 2-9.  Sle1c2 exacerbates spontaneous lupus.   Spleen weight and flow cytometry 
data were quantified from 12 month old NZB x B6 F1 and NZB x B6.Sle1c2 
F1 mice (A).  Anti-dsDNA IgG was measured at 5 and 12 months (B).  IgG 
and C3 deposition was detected in frozen kidney sections (C, D).   Sections 
scored in a blind manner and additive values are shown.  Student’s t-test was 
used to compare to NZB x B6.  * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001 
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CHAPTER 3 
DISCUSSION 

Sle1c2 has been pared down to 675Kb from the 7.5Mb Sle1c interval.  We have 

shown that this region is sufficient to confer the CD4+ T cell hyperactivation that was 

originally observed in B6.Sle1c mice.  Mixed bone marrow chimeras showed that this 

was CD4+ T cell intrinsic.  Further, a prominent TH1 skewing was found as B6.Sle1c2 

mice had significantly more IFNγ producing CD4+
 cells that B6 mice.  Additionally, the 

ability to exacerbate both spontaneous and induced lupus segregated with Sle1c2.  The 

use of FoxP3-eGFP knock-in mice indicated that, contrary to previous reports (52), Treg 

were not decreased in Sle1c2 mice.  This last finding is likely due to the fact that the 

previous reports defined Tregs by surface phenotype CD4+CD25+CD62L+, not by 

expression of the master regulator FoxP3, which is a more accurate way to measure 

Tregs (59, 134).  The major accumulation of TEM cells, which are CD62L-, was likely the 

reason that Tregs appeared less frequent when measuring by surface phenotype.   

The fine mapping of Sle1c2 has allowed for a considerable reduction of positional 

candidate genes from 48 to 2.  Of these, only Esrrg was expressed in CD4+ T cells.  

Expression in the CD4+ cell compartment is essential to qualify as a candidate because 

theSle1c2 phenotype is CD4+ T cell intrinsic.  No coding sequence or isoform 

differences were found between the NZW and B6 derived alleles if Esrrg.  There was, 

however, a decreased expression in Sle1c2 splenocytes that segregated with CD4+ T 

cells.  Most compellingly, Esrrg expression had a very strong negative correlation with 

CD4+ T cell activation phenotypes.   

ERRγ, along with ERRα and ERRβ, belong to a family of orphan nuclear receptors 

that are closely related to estrogen receptors, but do not bind natural estrogens (163).  
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They mediate transcription of their target genes by binding to estrogen response 

elements (AGGTCAnnnTGACCT) either as homodimers or heterodimers and to 

modified half sites, known as ERR-response elements (TnAAGGTCA) as monomers 

(163).  Their endogenous ligands are not known, but it has been shown that they have a 

fairly high level of constitutive activation (164).  The action on target genes is therefore 

mediated by the concentration of coactivators, such as peroxisome proliferator-activated 

receptor γ-coactivator 1α (PGC-1α) and corepressors, such as receptor-interacting 

protein 140 (RIP140) (165, 166).  Synthetic ligands with differing activities on ERRs   

have been identified, allowing for pharmacological stimulation or inhibition.  GSK4716 

shows selective agonist activity, while 4-Hydroxytamoxifen (4-OHT) works as an inverse 

agonist (167, 168).  A preliminary in vitro culture of CD4+ T cells with GSK4716 or 4-

OHT did not find differences in CD44, CD69, or IFNγ (data not shown).  There was 

suggestive data for an opposing dose-response effect of these agents on CD62L such 

that 4-OHT increased, and GSK4716 decreased expression.  This may be a promising 

result, but would need to be repeated with estrogen to control for the effect 4-OHT has 

on estrogen receptors.   

As was covered in the discussion of the last chapter, ERRγ has a vital role in the 

regulation of oxidative metabolism (154).  Evidence that energy metabolism can 

regulate T cell homeostasis is growing and would be a subject to explore in Sle1c2 

CD4+ T cells (157).  The work done by the Rathmell group is especially intriguing in that 

it provides a direct explanation of how less ERRγ would skew T cell metabolism toward 

a glycolytic program that allows for an expansion of TH1 subsets (159, 160).  To 
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evaluate this hypothesis, glycolysis and lipid oxidation rates of B6.Sle1c2 CD4+ T cells 

should be measured as they were by Rathmell et al. (160).   

An important aspect of this project that requires clarification is whether the protein 

levels of ERRγ reflect the same decrease seen by RNA expression.  Since the coding 

sequence in the NZW allele is identical to the B6 allele and splice isoforms have not 

been found (data not shown), post-transcriptional and post-translational modifications 

and regulation are predicted to also be unaltered.  However, several attempts at semi-

quantitative assessment of ERRγ levels by western blotting have failed to show a 

difference.  It is likely that this method is not sensitive enough.  As discussed in the last 

chapter, expression and protein levels of are very low, requiring a large amount (at least 

50µg) of total protein to be loaded for SDS-PAGE, which may obscure any subtle 

differences.  A more sensitive ELISA should be attempted.   

One of the initial goals of this project was to replicate the effect of Sle1c2, either by 

decreasing expression of Esrrg in B6 CD4+ T cells or by increasing it in B6.Sle1c2 CD4+ 

T cells.  An expression vector was constructed that expressed Esrrg with a GFP 

reporter (Appendix B).  The construct works as expected in 293 cells.  However, we are 

so far unable to transfect primary CD4+ T cells, as the cells don’t survive the 

transfection process.  The future plan is to subclone this construct into a lentiviral 

vector.  This should lead to higher viability and more stable expression so that the effect 

of ERRγ can be addressed in vivo.  Additionally, pre-manufactured lentivirus expressing 

Esrrg-specific shRNA (Openbiosystems) will be used to recapitulate Sle1c2 decreased 

Esrrg expression in vivo.  Ultimately, endogenous Esrrg can be conditionally deleted or 

knocked down in the CD4+ T cells of B6 mice.  This can be done by crossing mice 
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expressing a CD4-Cre transgene to mice with either a floxed Esrrg locus or to mice with 

an Esrrg-specific shRNA inserted downstream of a Rosa26-Stopfl/fl locus.  B6 mice 

containing the CD4-Cre transgene and the Rosa26-Stopfl/fl locus are available from the 

Jackson Laboratories.  The floxed Esrrg locus and Esrrg-specific shRNA knocked into 

the Rosa26-Stopfl/fl locus would have to be generated.   

Finally, ChIP-Seq will reveal novel insights into transcriptional programs that are 

regulated by ERRγ in CD4+ T cells.  I predict that ERRγ will be found to bind to 

regulatory elements of genes involved in oxidative metabolism, as has previously been 

found in other tissues (141-144).  Coupled with differential metabolic functional findings 

(discussed above), a novel role for ERRγ in the metabolic control of CD4+ T cell function 

will be established.  There may also be other gene programs that are regulated by 

ERRγ in CD4+ T cells which may result in the Sle1c2-induced hyperactivation and TH1 

skewing of CD4+ T cells.  As there is currently no description of ERRγ in T cells, the 

insights gained from these experiments will elucidate novel pathways whose 

dysregulation can mediate autoimmunity.  
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APPENDIX A 
IN SILICO IDENTIFICATION OF POTENTIAL CAUSITIVE SLE1C2 ALLELES 

RESPONSIBLE FOR ESRRG DOWNREGULATION 

An in silico analysis was performed in an effort to narrow the set of total 

polymorphic SNPs to a smaller set that are more likely to affect transcription or Esrrg.  A 

set SNPs that are polymorphic between B6 and NZB was selected based on their 

position within constrained elements for 35 eutherian mammals (www.ensembl.org).  

Where the NZW allele was not available, the DBA allele was assumed based on the 

high sequence homology between the two strains in the Sle1c2 region (Figure A-1).  

This produced a set of 21 SNPs that were used to perform an in silico analysis for 

differential transcription factor binding (139) (Table A-1).  The analysis yielded a few 

intriguing data (Table A-2).  First, the NZW allele of rs32271729 removes a Pbx1 

binding site.  As this is the candidate gene for Sle1a1, a potential explanation for 

epistatic interaction between Sle1a1 and Sle1c2 is revealed.  Second, the NZW allele of 

rs31811886 removes a PPAR:RXR site. Like ERRγ, peroxisome proliferator-activated 

receptors (PPARs) and the retinoid X receptors (RXRs) are known to play a role in 

energy homeostasis (169).  Therefore, this SNP could represent a disconnect from a 

metabolic transcriptional program.  Finally, the NZW allele of rs32038280 removes an 

highly conserved (Figure A-2) interferon regulatory factor 1 (IRF-1) site and adds a 

HNF1 homeobox A (HNF1a) site.  This may tie into the TH1 skewing such that IFNγ 

signaling may activate Esrrg through IRF1, which would activate lipid oxidation 

programs that would negate the oxidative glycolysis that is essential for efficient TH1 

differentiation.  The NZW allele would lack this negative feedback loop.   

This analysis is based on some assumptions that aren’t necessarily true.  First, the 

causative allele may not be a SNP.  It may be an indel or some other structural variant, 

www.ensembl.org
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or it may be a novel SNP that would not be annotated.  Second, the causative allele 

may not be in a constrained region.   Third, the decreased expression of Esrrg may be 

due to more than one polymorphism.   Regardless of these assumptions, this analysis 

sets a logical starting point for uncovering the genetic cause for decreased Esrrg by 

Sle1c2.   
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Figure A-1.  Comparative SNP analysis of Sle1c2.  B6 vs NZW (Top); DBA vs NZW 
(Middle); B6 vs DBA (Bottom) 
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Table A-1.  SNPs in constrained elements 
SNP Position (Chr:Mb) B D W Constrained Element Length (bp) Score p-value 

rs32278316 1:189819821 G A nd 1:189819730-189820148 419 688.60 1.94e-23 
rs32524022 1:189837554 C T T 1:189837499-189837723 225 434.40 6.29e-21 
rs31690177 1:189854244 C T nd 1:189853716-189854496 781 1766.40 3.36e-144 
rs32271729 1:189857580 T C nd 1:189857321-189857741 421 559.70 2.94e-31 
rs32099068 1:189857612 A G nd 1:189857321-189857741 421 559.70 2.94e-31 
rs31811886 1:189858530  T C C 1:189858361-189858686 326 867.30 7.20e-84 
rs32239074 1:189860163 G C C 1:189859871-189860209 339 1209.00 6.12e-184 
rs32038280 1:189865403  G A A 1:189865266-189865590 325 1035.70 1.96e-125 
rs3667534 1:189866887  T C C 1:189866872-189867047 176 441.80 4.54e-45 
rs31081923 1:189881827 A G G 1:189881778-189881982 205 417.40 1.93e-35 
rs31690423 1:189884459 C A nd 1:189884317-189884608 292 911.50 2.34e-115 
rs30473053 1:189885064 G C C 1:189884976-189885373 398 569.80 1.39e-32 
rs3673367 1:189886643 G A A 1:189886617-189886768 152 201.10 1.06e-12 
rs3683961 1:189903263 G A A 1:189903149-189903299 151 152.80 5.03e-08 
rs32085863 1:189903441 T G nd 1:189903362-189903484 123 141.70 9.11e-09 
rs2228901 1:189905663 T C C 1:189905588-189905760 173 499.70 7.37e-58 
rs30572892 1:189906487  C A A 1:189906364-189906546 183 500.80 4.55e-57 
rs31400926 1:189906947 T A A 1:189906836-189907224 398 1402.60 2.36e-212 
rs32757999 1:189907183 T C C 1:189906836-189907224 398 1402.60 2.36e-212 
rs30993521 1:190011782 G A A 1:190011495-190012021 527 921.90 9.19e-65 
rs3694567 1:190013851 G C C 1:190013798-190013848 51 78.70 1.40e-06 
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Table A-2.  SNP effects on transcription factor binding 

Sequence Position Model Factor Strand B6 Score NZW Score Change 

rs32278316 1:189819821 T01471 Ik-3 + - 2.6 2.60 

rs32278316 1:189819821 M00059 YY1 - 2.5 - 2.50 

rs32278316 1:189819821 M00706 TFII-I + - 2 2.00 

rs32524022 1:189837554 M00162 1-Oct + - 2.7 2.70 

rs32524022 1:189837554 M00238 Barbie Box - 3.4 4.5 1.10 

rs31690177 1:189854244 M00480 LUN-1 + 2.8 - 2.80 

rs31690177 1:189854244 MA0028 ELK1 - 2 - 2.00 

rs31690177 1:189854244 T04446 Nkx5-1 - 6.1 4.4 1.70 

rs31690177 1:189854244 MA0026 Eip74EF - 1.6 - 1.60 

rs32271729 1:189857580 M00124 Pbx-1b - 5.2 - 5.20 

rs32271729 1:189857580 T05671 NIL - 5 - 5.00 

rs32271729 1:189857580 MA0070 PBX1 - 3.4 0.8 2.60 

rs32271729 1:189857580 MA0041 Foxd3 - 2 - 2.00 

rs32271729 1:189857580 MA0017 NR2F1 - 1.7 - 1.70 

rs32099068 1:189857612 M00026 RSRFC4 - 4.3 - 4.30 

rs32099068 1:189857612 T00422 IRF-1 - 4 - 4.00 

rs32099068 1:189857612 M00408 MADS-A + 2.7 - 2.70 

rs32099068 1:189857612 MA0038 Gfi - 0.7 1.9 1.20 

rs31811886 1:189858530  M00242 PPARalpha:RXRalpha + 4.4 - 4.40 

rs31811886 1:189858530  M00415 AREB6 - - 2.8 2.80 

rs31811886 1:189858530  T00772 STE12 - - 2.2 2.20 

rs31811886 1:189858530  MA0072 RORA_2 + 2.1 - 2.10 

rs31811886 1:189858530  M00664 STE12 + - 2 2.00 

rs31811886 1:189858530  MA0071 RORA_1 + 1.4 - 1.40 

rs31811886 1:189858530  MA0011 br_Z2 - 1.1 - 1.10 

rs31811886 1:189858530  MA0045 HMG-I/Y + - 1 1.00 

rs32239074 1:189860163 M00681 WRKY - - 2.9 2.90 

rs32239074 1:189860163 MA0046 HNF1A + 1.7 - 1.70 
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rs32239074 1:189860163 M00016 E74A - 3 4.6 1.60 

rs32038280 1:189865403  T00368 HNF-1alpha-A - - 4.5 4.50 

rs32038280 1:189865403  MA0046 HNF1A - - 4.1 4.10 

rs32038280 1:189865403  M00747 IRF-1 - 3.4 - 3.40 

rs32038280 1:189865403  M00790 HNF1 - 2.8 5.6 2.80 

rs32038280 1:189865403  M00451 Nkx3-1 + 3.1 5.2 2.10 

rs32038280 1:189865403  MA0063 Nkx2-5 + 2.1 - 2.10 

rs3667534 1:189866887  M00454 MRF-2 - 3.7 - 3.70 

rs3667534 1:189866887  MA0111 Spz1 + - 1.3 1.30 

rs31081923 1:189881827 M00670 NIL - - 1 1.00 

rs31690423 1:189884459 M00753 RCS1 + - 3.3 3.30 

rs31690423 1:189884459 M00640 HOXA4 - - 1.3 1.30 

rs30473053 1:189885064 T00715 RAP1 - - 4.2 4.20 

rs30473053 1:189885064 T00725 REB1 + - 3.6 3.60 

rs30473053 1:189885064 M00480 LUN-1 + - 2.5 2.50 

rs30473053 1:189885064 MA0028 ELK1 + - 2 2.00 

rs3673367 1:189886643 
      

rs3683961 1:189903263 M00274 STE11 + 1.9 3.5 1.60 

rs3683961 1:189903263 MA0073 RREB1 - 1.2 - 1.20 

rs32085863 1:189903441 T02338 Sp3 + - 3.9 3.90 

rs32085863 1:189903441 T01841 NIL - 1.1 2.6 1.50 

rs32085863 1:189903441 T01842 NIL - 1.1 2.6 1.50 

rs2228901 1:189905663 MA0073 RREB1 - 1.9 - 1.90 

rs2228901 1:189905663 T00806 TEF-1 + 1.5 - 1.50 

rs2228901 1:189905663 MA0020 Dof2 - 1.5 - 1.50 

rs2228901 1:189905663 MA0021 Dof3 - 1.5 - 1.50 

rs30572892 1:189906487  T03458 Crx + 5.1 7 1.90 

rs30572892 1:189906487  MA0022 dl_1 + 2.9 1.7 1.20 

rs31400926 1:189906947 M00697 HBP-1b + - 3.5 3.50 

rs31400926 1:189906947 T00114 c-Ets-1 54 - 3 - 3.00 
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rs31400926 1:189906947 T00244 Egr-1 + 4.7 2.3 2.40 

rs31400926 1:189906947 T00899 WT1 - 4.5 2.4 2.10 

rs31400926 1:189906947 M00706 TFII-I - 1.3 - 1.30 

rs31400926 1:189906947 M00733 SMAD4 - 3.3 2.2 1.10 

rs32757999 1:189907183 MA0078 Sox17 - 3.8 - 3.80 

rs32757999 1:189907183 M00063 IRF-2 + - 3.3 3.30 

rs32757999 1:189907183 M00729 Cdx-2 - 3.1 - 3.10 

rs32757999 1:189907183 M00699 ICSBP + 3 - 3.00 

rs32757999 1:189907183 M00664 STE12 + 2 - 2.00 

rs32757999 1:189907183 MA0045 HMG-I/Y + - 1.8 1.80 

rs32757999 1:189907183 MA0084 SRY + 1.8 - 1.80 

rs30993521 1:190011782 T01422 ste11 - - 4.4 4.40 

rs30993521 1:190011782 M00274 STE11 - 2.6 6.5 3.90 

rs3694567 1:190013851 T01973 NIL + 7 2.1 4.90 

rs3694567 1:190013851 M00721 CACCC-binding factor + 3.4 - 3.40 

rs3694567 1:190013851 T01526 Brachyury - 4.8 2.1 2.70 

rs3694567 1:190013851 M00150 Brachyury - 5 2.4 2.60 
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Figure A-2.  Alignment of rs32038280 with transcription factor binding sites.   
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APPENDIX B 
GENERATION OF A VECTOR FOR ECTOPIC EXPRESSION OF ESRRG IN 

PRIMARY CD4+ T CELLS 

B6 CD4+ T cells were used to clone Esrrg without a stop codon in front of a 2A 

peptide followed by gfp.  This construct was subcloned into a pCDNA3 mammalian 

expression vector and tested in 293 cells along with siEsrrg (ABI).  RT-PCR and qPCR 

(Figure B-1) showed high levels of Esrrg expression that was specifically knocked down 

by siEsrrg.  Protein expression and knock-down were also detected by microscopy, 

western blot, and FACS (Figure B-2) 
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Figure B-1.  Gene expression in 293 cells transfected with Esrrg.  E2G = Esrrg-2A-gfp. (A) RT-PCR, (B) qPCR. 
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Figure B-2.  Protein expression in 293 cells transfected with Esrrg.  E2G = Esrrg-2A-gfp. (A) FACS, (B) Microscopy, (C) 
Western blot 
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