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Dysregulated CD4+ T cell activation and cytokine signaling, which are normally 

regulated by suppressor of cytokine signaling-1 (SOCS1), contribute to systemic lupus 

erythematosus (SLE). SOCS1 heterozygous (SOCS1+/-) mice develop SLE pathology. 

However, there is a paucity of data outlining the mechanisms by which SOCS1 

deficiency contributes to SLE onset. Therefore, we explored phenotypic abnormalities in 

SOCS1 deficient CD4+ T cells ex vivo and in vitro. SOCS1+/-, lupus-prone mice 

possessed enhanced peripheral CD4+ T cell accumulation and activation, which was 

correlated with a reduced requirement for CD28 co-stimulation in vitro. Furthermore, 

SOCS1+/- CD4+ T cells aberrantly expressed IFNγ, even under Th17 inducing 

conditions. This enhanced IFNγ production precluded proper Th17 differentiation and 

has significant implications for SLE development. To establish the clinical relevance of 

these finding to human SLE, we also measured SOCS1 expression in SLE patients and 

healthy controls. Our studies revealed that PBMCs from SLE patients had reduced 

SOCS1 expression in comparison to healthy donors. Additionally, while SOCS1 

expression was correlated with the IFN-1 signature, expression was not correlated with 
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disease activity. These results suggest that targeting SOCS1 deficiency may have 

therapeutic value for SLE patients. 
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CHAPTER 1 
INTRODUCTION 

Systemic Lupus Erythematosus 

Systemic lupus erythematosus (SLE) is a chronic, multi-organ autoimmune 

disease with varied clinical manifestations, ranging from cutaneous pathologies to life 

threatening renal disease (reviewed in (1)). While this disease affects all ethnicities, 

African American, Hispanic, and Asian populations are more commonly affected (1, 2). 

Additionally, SLE is more prevalent in women than men, with a female to male ratio of 

9:1 (1). Each SLE patient displays a unique combination of serological abnormalities 

and clinical symptoms. This varied clinical presentation results in significant challenges 

in the diagnosis and management of lupus. Current treatment for patients with mild 

lupus includes non-steroidal anti-inflammatory drugs, antimalarials, and low-dose 

corticosteroids. Patients with more aggressive disease are commonly treated with high-

dose corticosteroids and cytotoxic agents, such as azathioprine, cyclophophamide, and 

mecophenolic acid (reviewed in (2))  

Although the etiology of SLE has not been completely elucidated, investigations 

have led to the understanding that this disease is the result of a series of abnormal 

interactions within the immune system that ultimately lead to a breach of self-tolerance 

to nuclear antigens (3). This leads to the production of pathogenic antinuclear 

autoantibodies that deposit into vital organs, which causes aberrant inflammation. If not 

controlled, these immune events may ultimately cause irreversible organ destruction. 

Over decades, researchers have sought to determine the cellular initiator of tolerance 

loss. However, it seems that defects in different cell types and their products underlie 

the pathogenic processes. 
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T Lymphocytes in SLE 

SLE is an autoimmune disease characterized by high titer IgG autoantibodies 

toward nuclear antigens. Although these autoantibodies are produced by pathogenic 

autoreactive B cells, three foundational studies published in the 1980s established that 

antinuclear autoantibody production appears to be dependent upon autoantigen-specific 

CD4+ T cell help  (4-6). These studies demonstrated that depletion of CD4+ T cells in the 

lupus-prone MRL/lpr mouse model, either by neonatal thymectomy (4) or by monoclonal 

antibody depletion (5, 6), resulted in a marked reduction of anti-DNA autoantibody 

production and glomerulonephritis and in prolonged survival. This notion that CD4+ T 

cell help contributes to pathogenic anti-DNA autoantibody production and 

glomerulonephritis in lupus was quickly supported by a study involving lupus nephritis 

patients  (7).  

After the establishment of the importance of CD4+ T cells in lupus, researchers 

intensively sought to determine the immunogen(s) for these pathogenic autoantibody-

inducing lupogenic T cells. Although DNA is a target antigen for anti-DNA 

autoantibodies, investigators did not suspect it to be an immunogen because DNA 

immunization does not lead to SLE development in normal mice or to disease 

acceleration in the MRL/lpr mouse model  (8). However, investigators hypothesized that 

nucleosomal antigens were potential immunogens, as these antigens were found in 

immune complexes with anti-DNA autoantibodies  (9). In line with this hypothesis, using 

anti-DNA autoantibody-inducing T cell clones derived from the SNF1 lupus model, 

Mohan et al. were the first to demonstrate that these pathogenic autoreactive CD4+ T 

helper cells were indeed responsive to processed self-nucleosomal peptides in the 

context of MHC II  (10). 
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In addition to nucleosomal antigens, small nuclear ribonuclear protein (snRNP) 

antigens were also suspected to be autoreactive CD4+ T cell immunogens, due to the 

fact that a large proportion of SLE patients possess autoantibodies against snRNPs  

(11). Moreover, the presence of anti-RNP autoantibodies was shown to be associated 

with polymorphisms of HLA-DR4  (12, 13), suggesting that RNP antigen-specific CD4+ T 

cell help is critical for anti-RNP autoantibody production. Consistent with this premise, 

Hoffman et al. determined that SLE patients possessed PBMC-derived T cell clones 

that were reactive against snRNP autoantigens  (14). Interestingly, however, they also 

found snRNP autoantigen-specific T cell clones in healthy control subjects.  

The results of this study raise a very important question: If both healthy controls 

and SLE patients possess autoantigen-specific T cell clones, how is tolerance 

maintained in healthy individuals, yet lost in SLE patients? Several studies have 

addressed this question and the answer is multifaceted. There is an abundance of data 

suggesting that there are intrinsic abnormalities in T and B cells that render them hyper-

responsive to antigen receptor stimulation and cytokine stimulation (reviewed in (15-

17)). However, there is also a great deal of evidence suggesting that the abnormalities 

lay within the APCs, particularly dendritic cells, which cause them to display enhanced 

expression of co-stimulatory molecules and pathogenic cytokines (reviewed in (18)). 

These abnormal APC phenotypes provide them with a superior ability to activate 

lymphocytes and breach tolerance. Considering these views, which will be discussed 

below, it is likely that both contribute to inappropriate T cell-B cell interactions, loss of 

tolerance, and clinical disease development. 
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T cell signaling abnormalities in SLE 

Signaling downstream of the T cell receptor (TCR) is a critical component of a T 

cell’s interpretation of and response to an antigen. The TCR of CD4 and CD8 T cells 

consists of an α and a β chain, which confer antigen specificity. However, upon antigen 

binding, these chains are unable to transmit intracellular signals due to their very short 

cytoplasmic components. Therefore, signal transduction requires additional 

components: the CD3 δ, ε, γ, and ζ chains, which are noncovalently attached to the α 

and β chains. Together, these molecules form the cell surface, multi-subunit TCR-CD3 

complex (reviewed in  (17)). Signal transduction by the TCR-CD3 complex is initiated by 

conserved motifs called immunoreceptor tyrosine activation motifs (ITAMS) contained 

within the cytoplasmic domains of the CD3 chains  (19). While the δ, ε, and γ chains 

each contain one ITAM, the ζζ homodimer contains a total of six ITAMS and is, 

therefore, a critical signal transducer of T cells (reviewed in  (17)).  

In normal, naïve T cells, antigen recognition results a series of signaling events 

leading to the activation of transcription factors that are critical for initiating activation, 

proliferation, and differentiation. Upon antigen binding, the T cell surface tyrosine 

phosphotase, CD45, is brought in close proximity to the TCR-CD3 complex and 

removes inhibitory phosphates from the lymphocyte kinase (Lck). Lck then initiates the 

critical phosphorylation event of the ITAMS contained within the CD3ζ homodimer. 

Phosphorylation of the CD3ζ chains results in their recruitment of the zeta associated 

protein of 70kD (ZAP70) kinase, which is also phosphorylated by Lck. This 

phosphorylation activates ZAP70 to phosphorylate the adaptor proteins, linker of 

activation in T cells (LAT) and SLP-76, which then transmit the signal downstream into 

several different pathways (reviewed in (17)). 
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In one pathway, LAT and SLP-76 bind and activate the enzyme phospholipase C 

γ (PLCγ), which cleaves phosphotidylinositol bisphosphate into diacyl glycerol and 

inositol triphosphate. While diacyl glycerol is critical for protein kinase C-θ (PKCθ) 

activation and subsequent NF-κB activation, inositol triphosphate initiates the opening of 

calcium channels. This increased calcium flux increases the intracellular calcium 

concentrations and activates the phosphotase calcineurin, which activates NFAT.  

Activation of transcription factors NF-κB and NFAT leads to the transcription of target 

genes, including IL-2; thus contributing to cell proliferation and differentiation (reviewed 

in  (17)). 

Although TCR stimulation leads to IL-2 production, it is well established that 

antigen recognition alone is not sufficient to fully activate a T cell. In fact, TCR 

stimulation without co-stimulation leads to T cell anergy (reviewed in  (20)). CD28 is the 

best understood co-stimulatory molecule and is located on the surface of the T cell 

(reviewed in  (20, 21)). At the immunological synapse, CD28 binds to its ligand, B7-1 or 

B7-2, located on the APC  (22). Signaling events downstream of CD28 co-stimulation 

then synergize with TCR signaling events to produce an enhanced pool of activated 

NFκβ, which ultimately leads to a sufficient amount of IL-2 production and full T cell 

activation.  

At least two pathways downstream of CD28 stimulation lead to NFκβ activation. 

In the first pathway, stimulation of CD28 results in PI3K kinase activation  (23). This 

kinase then activates protein kinase B (PKB)/Akt, (23) which is particularly important in 

mediating cell growth, proliferation, and survival, partially through activation of NFκβ  

(24). Kong et al. recently uncovered novel signaling events associated with the second 
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pathway downstream of CD28, leading to NF-κβ activation  (25). Similar to the 

immediate events subsequent to antigen binding to the TCR, CD28 stimulation by B7 

molecules results in CD45 activation. CD45 then activates Lck, which then associates 

with a cytoplasmic motif of CD28. The binding of Lck to CD28 exposes Lck’s SH3 

domain, which is required for efficient binding of Lck to the V3 domain of PKCθ. This 

binding results in PKCθ activation and subsequent NFκβ activation. The activated NFκβ 

resulting from these pathways, downstream of CD28 co-stimulation, leads to IL-2 

production and prevents T cell anergy. 

While the signaling events outlined above occur in normal T cells, there are 

several defects associated with SLE TCR stimulation and co-stimulation that ultimately 

contribute to a hyper-responsive phenotype. 

TCR Signaling Defects in SLE 

TCR-CD3 complexes are contained within highly ordered cholesterol rich 

platforms called lipid rafts, which facilitate close interactions between TCR-CD3 

complexes and associated signaling molecules, including CD45 and Lck  (26-28). In 

normal T cells, ligation of the TCR induces rapid lipid raft aggregation, aiding in the 

formation of the immunological synapse  (28, 29). The formation of the immunological 

synapse is critical for the amplification of signals downstream of the TCR and 

subsequent T cell activation  (30). Studies have shown that SLE T cells uniquely display 

pre-aggregated lipid rafts, indicating that these T cells are more prepared for activation 

prior to encounter with antigen  (28, 31).  

In addition to the abnormal aggregation of lipid rafts in SLE T cells, these 

cholesterol rich clusters also contain an altered composition of signaling molecules  (17, 
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28, 31). As discussed above, Lck and CD3ζ are important signaling molecules 

downstream of antigen recognition by the TCR. However, studies have determined that 

there is a decrease in the expression of these molecules and a concomitant increase in 

other signaling molecules, including FcRγ, Syk, and PLCγ in SLE T cell lipid rafts  (17, 

28, 31, 32). 

Tsokos et al. determined that this altered expression of signaling molecules also 

contributes to the hyper-responsive phenotype observed in SLE T cells  (28). FcRγ is 

structurally and functionally similar to the CD3ζ chain. Therefore, the FcRγ chain 

replaces the CD3ζ chain in the SLE TCR-CD3 complex  (33). Upon antigen binding, 

rather than recruiting ZAP70, FcRγ recruits spleen tyrosine kinase (Syk) (34). This 

FcRγ-Syk interaction is exponentially stronger than that of the CD3ζ-ZAP70 interaction, 

which results in greater overall tyrosine phosphorylation of signaling intermediates and 

an abnormally increased calcium influx  (34). In further studies, Tsokos et al. confirmed 

that the CD3ζ deficiency plays a key role in the hyper-responsive SLE T cell phenotype 

by demonstrating that in vitro replenishment of SLE T cells with the CD3ζ chain resulted 

in normalization of the calcium influx and decreased phosphorylation of signaling 

molecules  (35). Therefore, these results suggest that correcting this defect either 

directly – by replenishing CD3ζ chains in SLE T cells, or indirectly – by implementing 

the use of tyrosine kinase inhibitors may result in the amelioration of abnormal SLE T 

cell effector functions. 

As outlined above, there are several signaling defects proximal to the TCR. To 

add to the signaling abnormalities associated with the TCR, there are also defects 

related to signaling molecules distal to the TCR. A recently published defect was 
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discovered by Chuang and colleagues  (25, 36). Their study demonstrated that T cells 

taken from SLE patients display enhanced PKCθ activation, which is due to the 

overexpression GLK  (25). GLK is a kinase that is directly activated by SLP-76, the 

adaptor protein downstream of the TCR  (25). This finding may be relevant to disease, 

as GLK expression was positively correlated with the SLE disease activity index 

(SLEDAI) (25). These results suggest that inhibition of GLK and its downstream PKCθ 

signaling may have therapeutic value in SLE.  

T Cell Co-Stimulatory Defects: CD28 

In addition to signaling defects associated with the TCR in SLE T cells, there are 

also signaling defects downstream of the CD28 co-stimulatory molecule. CD28 is 

constitutively expressed on both naïve and effector T cells and plays a predominant role 

in costimulation  (37). As stated above, binding of CD28 to its ligands, B7-1 and B7-2, 

leads to activation of Akt/PKB, which ultimately contributes to the expression of genes 

involved in T cell activation  (38).  

Several studies of genetically manipulated mice have linked the PI3K/Akt 

pathway with autoimmune susceptibility (reviewed in  (39, 40)). More specifically to 

lupus, Barber et al. demonstrated that CD4+ T cells from MRL-lpr mice display elevated 

levels of activated Akt compared to wild-type counterparts  (41). In the same study, it 

was also demonstrated that inhibition of PI3K reduces glomerulonephritis and prolongs 

survival  (41). This Akt abnormality has also been observed in human SLE. It was 

recently shown that T cells taken from children with lupus nephritis display elevated 

levels of activated Akt and an enhanced proliferative capacity compared to controls  

(40). Furthermore, it was shown that inhibition of Akt activity significantly reduces the 
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proliferative response of SLE T cells  (40), suggesting that proper regulation of this 

signaling molecule is critical in preventing excessive T cell activation. 

T Cell Co-Stimulatory Defects: CD40L 

Although CD28 is constitutively expressed on naïve and effector T cells, CD40 

ligand (CD40L) is a co-stimulatory molecule that, in healthy individuals, is expressed 

following T cell activation  (42, 43). Through the expression of CD40L, T cells provide 

help to CD40-expressing B cells via the CD40-CD40L interaction. Unlike normal T cells, 

SLE T cells display increased and prolonged expression of CD40L, which is positively 

correlated with disease activity  (44). Additionally, monoclonal Ab blockade of CD40L in 

lymphocytes taken from lupus patients with active disease significantly prevented the 

production of pathogenic anti-nuclear antibodies in vitro  (44). Due to the strong 

evidence that enhanced expression of CD40L contributes to pathogenic autoantibody 

production, clinical trials employing two different anti-CD40L antibodies were performed  

(45). However, these trials were unsuccessful as a result of severe adverse effects  

(46). Despite the unsuccessful results from these trials, the enhanced expression of 

CD40L on SLE T cells underscores the hyper-responsive phenotype of these cells. 

In addition to general T cell abnormalities, there are specific T cell subsets that 

are thought to contribute to SLE disease development. 

T cell subsets associated with SLE 

CD4+ T cells produce large quantities of cytokines in response to antigen-

specific activation. Given that cytokines play a critical role in regulating immune 

responses, investigations involving the function of these T cell products as effectors or 

precipitators of autoimmune diseases have led to further confirmation of the importance 

of CD4+ T cells in SLE development/progression. Nearly three decades ago, Mossman 
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and colleagues determined that T cells could be divided into two main subsets: T helper 

type 1 (Th1) cells and Th2 cells  (47). Th1 cells develop is response to IL-12 and 

produce IFN-γ, which enhances cellular immunity and is important for the clearance of 

intracellular pathogens. Th2 cells develop in response to IL-4 and produce IL-4, IL-5 

and IL-13, which enhance humoral immunity and are important for the elimination of 

parasitic infection  (48). Recently, the Th1/Th2 paradigm has been expanded with the 

discovery of the Th17 cell subset, which exhibit effector functions that are distinct from 

the classic Th1 and Th2 subsets. Th17 cells produce IL-17A, IL-17F, IL-22 and IL-21. 

Transforming growth factor-β (TGF-β), in the presence of IL-6, elicits the differentiation 

of naïve CD4+ T cells into Th17 cells  (49-51). In addition, IL-1 enhances Th17 

development, whereas IL-23 is critical for the survival and expansion of this T cell 

lineage. Each of these subsets has been associated with autoimmune diseases, 

including SLE.  

Th1 Cells in SLE 

Given that SLE is characterized by pathogenic autoantibody production, it was 

initially hypothesized that the Th2 lineage was the prominent T helper subset involved in 

the pathogenesis of this disease. Though investigations led to the support of this 

hypothesis  (52, 53), later studies produced an abundance of data that emphasize the 

importance of Th1 cells in SLE – particularly murine lupus. Several studies involving the 

MRL-lpr/lpr strain demonstrated enhanced IFNγ production in lymphoid organs of these 

mice, particularly at the late stage of disease  (54-59). Renal IFNγ upregulation was 

also observed  (55). These increases in IFNγ were detected at both the mRNA and 

protein level. Additionally, ELISPOT assays from cloned kidney-infiltrating T cells 



 

25 

showed enhanced IFNγ production. Expression of the Th1 promoting cytokine, IL-12, is 

also enhanced in MRL-Faslpr mice, as increased IL-12 expression has been reported in 

kidney-infiltrating mononuclear cells and tubular epithelial cells of this strain  (60, 61). 

In addition to the evidence describing enhanced IFNγ expression, there is also a 

great deal of evidence confirming the pathogenic role of this proinflammatory cytokine in 

murine SLE. Jacob and colleagues were the first to report this when they found 

accelerated disease in (B x W) lupus mice receiving IFNγ treatment and disease 

remission in those that received anti-IFNγ treatment  (62). Several studies, thereafter, 

have confirmed these initial results  (63-66). Based on these studies, it was determined 

that IFNγ functions pathogenically by several mechanisms: (i) IFNγ enhances the 

expression of MHC class I and class II on splenic and renal tissues, (ii) IFNγ enhances 

the expression of MCP-1, a macrophage-attracting chemokine, which is associated with 

glomerulonephritis development, (iii) IFNγ causes anti-dsDNA IgG2a antibody 

production. Though IFNγ abnormalities are also found in human SLE  (67-69), there is 

more evidence for type I interferons in the pathogenesis of human disease. 

Th17 Cells in SLE 

 Like Th1 cells, Th17 cells have also been associated with autoimmune diseases. 

Th17 cells mediate pathology in experimental autoimmune encephalomyelitis, 

inflammatory bowel disease, and collagen-induced arthritis  (70-72). Recent work has 

also implicated Th17 cells in the development of SLE because of the ability of Th17 

cells to produce IL-17 and IL-21, which drive both inflammatory and humoral responses. 

Increased levels of IL-17 have been detected in the serum of SLE patients  (73). 

Furthermore, one group demonstrated enhanced renal IL-23 and IL-17 expression in 
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lupus nephritis patients  (74), suggesting that these cytokines may contribute to renal 

damage. Murine studies also suggest a potential role of Th17 cells in mediating lupus 

pathogenesis. Studies involving SNF1 mice, revealed increased numbers of infiltrating 

autoreactive Th17 cells  (75). Moreover, downregulation of IL-17 production by T cells 

has been shown to correlate with amelioration of disease  (75)  

The mechanisms by which Th17 cells mediate disease in SLE have not been 

completely elucidated. However, it has been established that IL-17 controls the 

migration of B cells, leading to their retention within the germinal center. Consistent with 

this fact, IL-17 is critical for autoreactive germinal center formation in the DXD2 mouse 

model for SLE  (76). Given that IL-21 controls humoral responses and germinal center 

formation, the ability of Th17 cells to secrete this cytokine is also a potential mechanism 

by Th17 cells contribute to lupus development. This hypothesis is supported by the fact 

that IL-21 polymorphisms have been recently associated with SLE  (77) and enhanced 

levels of IL-21 have been detected in murine models of lupus  (78). 

B lymphocytes in SLE 

B lymphocytes are antibody-producing cells and are therefore the generals of the 

body’s humoral branch of the immune system. Each B cell clone expresses a unique 

antigen-binding B cell receptor (BCR), which is a membrane-bound antibody molecule 

(mIg). Similar to naive T cells, naïve B cells require 2 signals in order to become fully 

activated and to differentiate. 

Most naïve B cells require CD4+ T cell help in order for activation and 

differentiation to occur. These are called T cell-dependent antibody responses. In these 

cases, after antigen binding by the mIg on the B cell, the antigen is internalized by 

receptor-mediated endocytosis and processed into peptides within the endocytic 
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pathway. The B cell then serves as an APC, presenting the peptides in the context of 

the MHC II molecule to the helper CD4 T cell while upregulating B7 molecules for 

efficient co-stimulation. As stated above, the activated helper T cell upregulates 

expression of CD40L, which binds to CD40 on the B cell. This CD40-CD40L interaction 

provides the second signal for B cell activation and proliferation. The B cell clone’s 

progeny differentiate into antibody-secreting plasma cells or memory B cells. The 

antibodies produced by activated B cells function as effectors of the humoral response, 

which efficiently aid in the elimination of pathogens through complement activation, 

opsonization, or neutralization. 

In vivo activation and differentiation of B cells occurs in defined anatomic sites. In 

T cell-dependent antibody responses, the interaction between T and B cells in 

peripheral lymphoid organs leads to germinal center formation. Three important B-cell 

differentiation events occur within germinal centers: (i) Affinity maturation through 

somatic hypermutation, (ii) Class switching, and (iii) formation of plasma and memory 

cells. Each of these differentiation events is critical for the development of appropriate 

effector functions initiated by the antibody response. 

Though eliminating pathogenic organisms is a critical responsibility of B cells, 

maintaining tolerance to self is equally important. When tolerance is breached, 

autoimmunity results. Murine studies of B cell development in the bone marrow have 

shown that B cells expressing BCRs that have high affinity for self-molecules are 

eliminated early in development  (79, 80). These selection events prevent autoimmune 

disease development. However, it is well known that this tolerance mechanism is not 

completely effective, as autoreactive B cells are also found in the periphery (reviewed in  
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(16)). Therefore, there are peripheral selection events that prevent the activation of 

autoreactive B cells (reviewed in (16)).  Given that SLE is an autoimmune disease 

characterized by autoantibody production, B cells are central players in SLE 

pathogenesis. Researchers have intensively sought to uncover B cell defects in SLE 

that contribute to loss of tolerance and subsequent disease development (reviewed in  

(15, 16).  

B cell signaling abnormalities in SLE 

Given that signal transduction plays an important role in the response of an 

autoreactive B cell to its autoantigen, several laboratories have investigated BCR 

signaling events in lupus. Based on these studies, there are several intrinsic BCR 

signaling defects in SLE that are reminiscent of those observed in the SLE TCR signal 

transduction pathway. As seen in SLE T cells, stimulation of circulating SLE B cells 

through their membrane IgM (BCR) produces significantly higher concentrations of 

intracellular Ca2+ when compared to similarly induced responses of B cells from normal 

B cells  (81, 82). Stimulation of the BCR in lupus B cells also results in enhanced protein 

tyrosyl phosphorylation and correlates with the abnormal BCR-mediated free Ca2+ 

responses  (81). Furthermore, Liossis and colleagues determined that these aberrant 

BCR-mediated signaling responses are not associated with disease activity or specific 

clinical manifestations and are disease specific, suggesting that SLE B cell defects are 

intrinsic problems and may cause/perpetuate disease  (81). The defects in antigen 

receptor signaling observed in SLE T and B cells provides an explanation for the 

observed hyper-responsive phenotype of these cells  (16). 
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B cell Phenotypic and Functional Abnormalities in SLE  

Dyregulated Expression of CD40L:  As discussed previously, CD40L is 

normally expressed on activated T cells.  However, SLE T cells display enhanced 

expression of this co-stimulatory molecule  (44). Strikingly, CD40L is also found on SLE 

B cells  (44). Desai-Mehta et al. revealed that the proportion of peripheral blood B cells 

expressing CD154 (CD40L) in lupus patients is 20.5 times higher than that of healthy 

controls  (44). The same group of investigators also determined, by mRNA analysis, 

that CD40L is actively transcribed within lupus B cells. Therefore, its expression is not 

simply due to passive absorption on CD40, which is a surface molecule that is 

constitutively expressed on B cells  (44). The increased Ca2+ concentrations observed in 

lupus B cells  (81, 82), discussed above, may serve as a biochemical explanation for 

the dysregulated expression of CD154, as CD154 upregulation is primarily mediated by 

the calcium dependent transcription factor, NFAT  (83, 84). 

This dysregulated expression of CD154 is of interest because it may provide 

insight into a mechanism by which autoimmunity develops. It has been reported that 

CD154 expressed on the surface of B cells co-stimulates other B cells  (85). Therefore, 

rather than only requiring CD4+ T cell help, autoreactive B cells can also differentiate 

into autoantibody-producing plasma cells as a result of interactions with other B cells. In 

line with this hypothesis, it has been shown that transgenic expression of CD154 on the 

surface of B cells correlates with autoantibody production and the development of 

glomerulonephritis  (86).  

Enhanced Expression of CD80 and CD86:  In addition to CD154, CD80 (B7-1) 

and CD86 (B7-2) are aberrantly expressed on the surface of lupus B cells. While one 

study has found enhanced CD80 expression on a subset of lupus CD19+ B cells  (87), 
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two groups have reported CD86 overexpression on these cells  (87, 88). In addition, Biji 

et al. found that expression of CD86 correlated with SLE disease activity and with 

concentrations of serum anti-DNA autoantibodies  (88). These observations are of 

significance, as increased B7 molecule expression encourages B cell – T cell 

interactions. In the case of autoreactive B cells, these increased interactions can 

facilitate autoantibody production. 

The Importance of T cell-B cell Interactions in SLE 

In addition to the evidence that T cell hyper-responsiveness and specific T cell 

subtypes contribute to autoantibody production and the fact that co-stimulatory 

molecules are up-regulated on both lupus T and B cells to foster their interaction, there 

is additional evidence suggesting that CD4+ T cell help is required for pathogenic 

autoantibody production in SLE (reviewed in  (15)). As outlined above, T and B cell 

interactions lead to germinal center formation. Within the germinal center, B cells 

differentiate into plasma and memory cells and undergo affinity maturation and class 

switching. Though B cell differentiation and class switching may occur outside of the 

germinal center, affinity maturation is thought to only occur within this tissue structure. 

Affinity maturation occurs through somatic hypermutation and a number of SLE patient 

studies have provided evidence that these mutation events are required for the 

generation of SLE disease associated autoantibodies (reviewed in  (15)). Therefore, this 

disease associated autoantibody production is T cell dependent.  

The study of germinal center factors in the BXSB-Yaa+ and MRL mouse models 

of SLE further suggests that autoantibody production is T cell dependent (reviewed in  

(15)). IL-21 is an essential cytokine for co-stimulated B cells to differentiate into plasma 

cells  (89). This cytokine is constitutively produced by the CXCR5+ TFH cell subset, 
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which is a subpopulation of CD4+ T cells that reside in B cell follicles and are 

specialized to provide initial help to antigen-activated B cells (reviewed in  (15)). Bubier 

et al. demonstrated that BXSB-Yaa+ mice display enhanced IL-21 production  (90). In 

addition, blocking IL-21 in the MRL model or knocking out the IL-21 receptor in the 

BSXB-Yaa+ model has been shown to have therapeutic value (reviewed in  (15). 

Moreover, the sanroque mouse that constitutively expresses ICOS, a T cell surface co-

stimulatory molecule required for the generation and differentiation of TFH cells, contains 

an expanded population of TFH cells that produce large amounts of IL-21. This 

enhanced pool of IL-21 induces the lupus phenotype in these mice (reviewed in  (15)). 

These studies emphasize the importance of germinal center formation and, therefore, T 

cell help in the development of SLE. 

The importance of T cell -B cell interactions in SLE is also underscored by the 

finding that peripheral blood B cells in SLE patients display an enhanced proportion of 

antigen-experienced, post-switched memory B cells (reviewed in  (15)). Although 

memory B cells can develop outside of the germinal center, the peripheral memory BCR 

repertoire in SLE is established by exaggerated somatic hypermutation and increased 

receptor editing (reviewed in  (15), suggesting that these memory cells develop within 

the germinal center. Although there is some evidence to suggest that lupus can develop 

in the absence of T cells  (91, 92) the abundance of human and mouse data favor the 

requirement of T cells for pathogenic autoantibody production and SLE development. 

Dendritic Cells in SLE 

Despite the evidence that intrinsic defects in T cells and B cells foster abnormal 

interactions between these cell types, there is an abundance of evidence suggesting 

that dendritic cell (DC) abnormalities play a major role in enhancing these interactions. 
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DCs are the bridge between the innate and adaptive immune system and are found in 

all tissues including blood and lymphoid organs  (93). There are two main pathways to 

DC development from hematopoietic progenitor cells. One pathway generates myeloid-

derived DCs (mDCs), whereas another generates pDCs  (93). While mDCs are found in 

the blood, secondary lymphoids organs, and peripheral tissues, pDcs mainly circulate in 

the blood and migrate into secondary lymphoid organs by high-endothelial venules  

(93). In the peripheral tissues, DCs are found in the immature stage and possess 

enhanced phagocytic abilities. Once DCs are activated, they mature into efficient APCs 

to present antigen to T cells  (93).  

DC activation may occur by various stimuli, including microbes, dying cells, 

innate immune cells, and adaptive immune cells  (93). Pathogen associated molecular 

patterns (PAMPs) and danger associated molecular patterns (DAMPS) from microbes 

and dying cells, respectively, stimulate pattern recognition receptors (PRRs) on DCs  

(93). Among other molecules, these PRRs include the TLR class of molecules in which 

ten human and twelve murine TLR molecules have been classified  (93). 

The activation and maturation status of the DC is critical in determining the fate 

of the immunological response to an antigen. Immature DCs help to maintain tolerance 

by presenting self-antigens to lymphocytes in the absence of costimulation, leading to 

anergy  (94). However, DC hyperactivity can lead the development of an immunogenic 

response to self-antigens, which would normally be tolerized  (94). As such, alterations 

in DC homeostasis have been implicated in SLE  (93). 

Enhanced CD86 Expression 

Similar to lupus B cells, it has been determined that lupus DCs spontaneously 

over-express CD86 in the absence of DC activation signals when compared to DCs 
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from healthy individuals  (95). This pre-activation suggests lupus DCs may be more 

efficient antigen presenting cells with a greater capacity of activating autoreactive T 

cells. Though this is an important abnormality that provides insight into the mechanisms 

by which tolerance is breached, another critical DC abnormality is the enhanced 

production of type I interferons. 

Enhanced Type I Interferon Production 

Type I Interferons:  There are several proteins that make up the type I interferon 

(IFN-1) family. These proteins are encoded by 17 genes – 13 genes for the different 

IFN-α subtypes and individual genes for the each of the four additional IFN-1 family 

members: IFN-β, IFN-ω, IFN-κ, IFN-ε  (18).  Stimuli for IFN-1 production is generally 

viral DNA or RNA, which are sensed by four of the ten human TLRs, namely TLR3, 7, 8, 

and 9. These receptors are located in the endosome of the pathogen sensing cell, 

which is an opportune location to recognize nucleic acid from viral invaders. TLR3 is 

activated by double-stranded RNA, TLR7 and TLR8 by single-stranded RNA, and TLR9 

by unmethylated CpG rich DNA  (18). Stimulation of these TLRs leads to the activation 

of signal transduction pathways that result in phosphorylation of several transrciption 

factors, including interferon regulatory factor (IRF)-3, IRF-5, and IRF-7. This ultimately 

leads to IFN-1 production  (18).   

While many cells types have the capacity to produce small amounts of IFN-1 in 

response to viral RNA, plasmacytoid DCs (pDCs), which represent less than 1% of 

PBMCs, are the major producers of these cytokines in response to several different 

microbes. pDCs have the capacity to produce such great concentrations of IFN-1, partly 

due to their expression of TLR7, TLR9, as well as IRF3, 5, and 7  (96). 
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Once IFN-1 is produced, it plays a critical role in modulating effector functions of 

the adaptive immune system. As such, IFN-1 causes DC activation and maturation, 

which results in increased expression of MHC I and MHC II molecules. In addition, as a 

consequence of DC activation and maturation, enhanced DC expression of various 

cytokines and their receptors, co-stimulatory molecules, and B cell activating factors is 

observed  (97). This promotes T and B cell activation. It also causes Ig isotype class 

switching on B cells  (18, 97). Moreover, IFN-1 stimulates the production of several 

cytokines, such as IFNγ, IL-6, and IL-10 by cells of the innate immune system, including 

NK cells, monocytes, macrophages, and DCs  (18, 97). This further influences the 

adaptive immune response. Therefore, due to the effects that IFN-1 has on every facet 

of the immune system, this cytokine class has the capacity to cause and/or perpetuate 

autoreactive immune responses. 

Type I Interferons in SLE:  It is now well established the most SLE patients with 

active disease display an interferon signature in which IFN-1 regulated genes are 

induced in PBMCs  (98). The role of IFN-1 in SLE development was also displayed by 

the induction of reversible SLE in cancer patients treated with IFN-1 therapy  (93). 

Therefore excessive IFN-1 concentrations clearly contribute to the development of 

lupus. 

There has been much debate regarding the cause of this enhanced IFN-1 

signaling in SLE patients. One theory involves immune complexes (IC), containing 

nucleic acid, found in SLE patients’ serum. Immune complexes are internalized by 

pDCs by the FcγIIa receptor  (18). Once the IC reaches the endosome, the associated 

nucleic acid stimulates the appropriate TLR, ultimately resulting in massive IFN-α 
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production  (18). This mechanism has been demonstrated in vitro, employing both DNA 

and RNA-containing IC  (99). However, signal transduction downstream of TLR-7 

seems to be very critical for IFN-α production, because RNA-containing ICs that trigger 

this particular TLR are potent inducers of IFNα  (18).  

As outlined above, SLE patients may have an increased propensity to produce 

IFN-1, which likely contributes to disease development/progression. However, to add 

fuel to the fire, there is evidence that there are intrinsic defects relating to the signal 

transduction pathway downstream of the type I IFN receptor (IFNAR) (18). There is an 

association between polymorphisms in the gene encoding tyrosine kinase 2 (TYK2) and 

susceptibility to SLE  (100). TYK2 is a janus kinase (JAK) that binds to IFNAR and is 

required signaling through this receptor  (101). Additionally, within the last decade, a 

haplotype in the third intron of STAT4, which encodes the STAT4 transcription factor 

that transmits IFN signals, was associated with susceptibility to SLE  (102). Since these 

genes are involved in many different cellular functions, these defects may lead to 

enhanced responsiveness to IFN-1 and to the production of many other cytokines. 

Immune Regulators 

Given that enhanced leukocyte activation and excessive cytokine production are 

major contributors to pathogenic autoantibody production, one can predict that a lack of 

immune regulation contributes to autoimmunity and to the development of clinical 

manifestations of SLE. There are cellular and molecular regulators of the immune 

system. One of the important cellular regulators is the regulatory T cell (Treg). 

Regulatory T cells 

Tregs play a key role in maintaining peripheral tolerance and preventing 

autoimmune diseases. The first description of T cells with the ability to suppress 
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autoantibody production was reported several decades ago by Teague and Friou in 

1969  (103). They demonstrated that transfer of thymus cells from young mice into older 

mice prevented the production of anti-nucleoprotein antibodies  (103). Though the 

interest in suppressor T cells diminished for several years, their significance resurged in 

the 1990s when Sakguchi and colleagues reported that 3-day-thymectomized mice 

developed organ specific autoimmunity. This group determined that autoimmunity 

developed because suppressor T cells were diminished by thymectomy. They revealed 

that these suppressor cells were CD4+ with high expression of CD25, the α-chain of the 

IL-2 receptor  (104). Another foundational study confirming the importance of these cells 

demonstrated that transferring CD4+CD25- cells into nude mice resulted in the 

development of multi-organ specific autoimmune disease, however, this was prevented 

by cotransfer of CD4+CD25+ cells  (105).  

While Tregs constitutively express CD25, activated T cells upregulate this 

molecule. Therefore, it was determine that a better marker for Tregs is the 

forkhead/winged helix transcription factor, Foxp3  (106). It is now evident that there are 

various types of Tregs – those that express Foxp3 and those that do not. The non-

Foxp3 expressing Tregs include T regulatory 1 (Tr1) cells that produce predominantly 

IL-10, and T helper 3 cells that predominantly produce TGF-β  (107). However, 

CD4+CD25+Foxp3+ Tregs are crucial for preventing autoimmunity and maintaining 

immune homeostasis. This transcription factor is responsible for Treg differentiation  

(106) and for preventing Tregs from being skewed toward the pro-inflammatory Th17 

subtype  (108). The importance of Foxp3 is underscored by the evidence that Foxp3 

depletion in neonatal or adult mice results in lymphoproliferation and lethal multisystem 
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autoimmunity  (109). Additionally, humans with a mutation in this gene develop a severe 

autoimmune syndrome called IPEX (Immunodysregulation, Polyendocrinopathy, 

and Enteropathy, X-linked)  (110). 

In addition to natural Tregs (nTregs) that develop in the thymus, IL-2 and TGF-β 

can induce naïve, peripheral CD4+ T cells to become Foxp3+ T cells in peripheral 

lymphoid organs. This differentiation can also occur in vitro  (111). These induced Tregs 

(iTregs) have similar phenotypic and functional properties to nTregs, and it is thought 

that both of these Treg subsets comprise the CD4+CD25+Foxp3+ population that 

circulates in the periphery. Considering the importance of Tregs in maintaining immune 

homeostasis and preventing autoimmune disease, they have been extensively studied 

in human lupus and murine models of the disease. 

Tregs in murine models of lupus:  There have been a number of Treg 

abnormalities reported in several mouse models of lupus (reviewed in  (112)). These 

abnormalities are associated with Treg frequency and/or functionality.  Abnormal Treg 

proportions have been reported in (NZB x NZW)F1 (B x W) mice. Hsu and colleagues 

reported that the pool of Tregs in (B x W) mice is 40% to 50% that of normal mice  

(113). This reduced frequency apparently contributes to disease, as the adoptive 

transfer of expanded CD4+CD25+ cells to these mice delayed disease onset  (114).  

While abnormal Treg frequency is associated with disease in the (B x W) mice, 

abnormal Treg suppressive function has been attributed to disease progression in other 

models. However, this reduced Treg functionality does not appear to be due to an 

intrinsic Treg defect; rather, the enhanced inflammatory environment in lupus inhibits 

Treg suppression. Support of this view is evidenced by several reports that Treg 
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suppression is intact in vitro (reviewed in  (112), but lupus effector T cells are more 

resistant to this suppression  (115). Therefore, Tregs in lupus may not be able to 

overcome the immune cell hyperactivity or the proinflammatory cytokine production by 

these cells. IL-6, which is a hallmark pathogenic cytokine in lupus, blocks Treg function. 

Thus, Tregs may not have the ability to function normally in inflamed environment of 

lupus models.   

Tregs in human lupus:  Defects in Treg frequency have also been reported in 

human lupus. Eight groups have demonstrated that SLE patients have decreased 

percentages of CD4+CD25+Foxp3+ Tregs (reviewed in  (112)). Additionally, four of these 

groups have reported that this reduced proportion of Tregs in inversely correlated with 

disease activity (reviewed in  (112)). Therefore, disease remission appears to normalize 

the Treg population. These studies may suggest that Tregs are less stable in the 

inflammatory environment of active SLE patients. 

In addition to decreased percentages of Tregs in human lupus, several groups 

have also reported decreased suppressive activity of these cells in vitro (reviewed in  

(112). The majority of these groups ascribe the decreased suppression to reduced Treg 

proportion or defective Treg function. However, similar to the MRL/lpr model, one group 

has attributed the suppression defect to resistance of effector T cell to suppression  

(116).  

Based on the murine and human data, it is apparent that there are Treg 

abnormalities in lupus. Whether this is a consequence of the inflammatory environment 

in lupus patients, whether it’s due to intrinsic Treg defects, or both, remains to be 
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determined. Nonetheless, decreased Treg percentages and/or abnormal Treg 

functionality certainly disrupt immune homeostasis and may perpetuate disease.   

Suppressors of Cytokine Signaling 

While cellular regulators are important in preventing autoimmunity, intracellular 

molecular regulators are also critical. As discussed above, cytokines are key 

components of the immune system that help direct appropriate immune events. 

However, aberrant cytokine production and signaling leads to excessive immune cell 

activation and autoimmune disease development. As such, proinflammatory cytokines, 

including IFN-1, IFNγ, IL-6, IL-17, IL-21, and Blys have been associated with SLE. 

Therefore, regulatory mechanisms must exist to maintain the fine balance between 

beneficial and deleterious responses to these cytokines. 

Similar to antigen binding to the TCR or the BCR, cytokine binding to its receptor 

initiates activation of specific signal transduction pathways - leading to transcription of 

genes involved in the activation and differentiation of the target cell. Several of the 

proinflammatory cytokines associated with SLE, including IFN-1, IFNγ, and IL-6, 

activate the JAK-STAT pathway. Therefore, molecular regulators of this pathway may 

be potential therapeutic targets for this disease.  

 Almost two decades ago, Starr and colleagues identified a family of negative 

regulators of cytokine signaling called suppressors of cytokine signaling (SOCS) (117). 

This family contains eight members, SOCS1 to SOCS7 and cytokine-inducible SH2-

containing protein (CIS) (117). Of the eight members, SOCS1 and SOCS3 are the most 

effective cytokine regulators  (118). SOCS1 was originally indentified as a negative 

regulator of IL-6  (117). However, subsequent studies revealed that SOCS1 regulates 

various cytokines that utilize the JAK-STAT signaling pathway  (117). In line with this 
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finding, SOCS1 appears to interact with all four members of the JAK family (JAK1 to 

JAK3 and TYK2) and prevents phosphorylation of JAK targets  (119-121). Therefore, 

the results of these studies led to the conclusion that SOCS1 is a component of a 

feedback loop that negatively regulates the cytokines that lead to its expression. 

 The finding that SOCS1-/- mice die within three weeks of birth highlights the 

importance of SOCS1 as a molecular regulator of cytokine signaling  (122, 123). These 

mice suffer from an inflammatory disease that involves fatty degeneration of the liver, 

lymphopenia, and monocyte infiltration of the heart, liver, lung, pancreas, and skin  

(122, 123). This phenotype is apparently due to an inability to regulate IFNγ, as SOCS1-

/-IFNγ-/- mice are rescued from peri-natal lethality.  

There is also evidence to suggest that SOCS1 expression prevents murine lupus. 

While SOCS1-/- mice suffer from severe peri-natal lethal disease, SOCS1+/- mice, which 

possess one functional allele of this gene, develop lupus-like disease characterized by 

anti-DNA autoantibody production and glomerulonephritis  (124). Additionally, Sharabi 

and colleagues reported that splenocytes taken from diseased (B x W) mice display 

reduced SOCS1 expression and enhance STAT1 activation  (125). They also 

demonstrated that treatment of these mice with a tolerogenic peptide, hCDR1, both 

enhanced SOCS1 expression and ameliorated disease  (125). Although reduced 

SOCS1 expression is implicated in murine lupus, whether the expression of this gene is 

relevant in human disease is unclear  (126, 127). Therefore, the mechanisms by which 

reduced SOCS1 expression leads to lupus disease onset and the relevance of its 

expression in human SLE warrants further investigation. These questions were 
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addressed in this thesis and the results of this investigation have let to support of 

SOCS1 as a therapeutic target in SLE. 
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CHAPTER 2 
MATERIALS AND METHODS 

Animals 

SOCS1+/- mice (C56BL/6 genetic background)  were purchased from the St. Jude 

animal facility (Memphis, TN) and mated, generating WT, SOCS1+/-, and SOCS1-/- mice. 

SOCS1+/- and WT littermate control mice were chosen for experiments. SOCS1+/-IFNγ-/- 

mice were also purchased from the St. Jude animal facility. Mice were maintained under 

specific pathogen free conditions at the University of Florida Cancer and Genetics 

Animal Care Facility under the supervision of the Institutional Animal Care and Use 

Committee in strict accordance to approved protocols. 

Genotyping  

To determine the genotype of each mouse, a tail clipping (1mm) was acquired 

and degraded using the DNAeasy Blood and Tissue Kit (Quiagen, Valecia, CA). Once 

DNA was extracted, quantitative PCR (qPCR) was performed to assess of the presence 

SOCS1 relative to β-actin. Primer sequences are listed in Table 2-1. qPCR reactions 

were performed using the PTC-200 Peltier Thermal Cycler with a CHROMO 4 

Continuous Fluorescence Detector (BioRad, Hercules, CA). Expression was calculated 

using the ΔΔCT method. 

Human Subjects  

17 SLE patients (16 females and 1 male; mean age: 48) and 8 healthy controls 

(5 females and 3 males; mean age: 30) were enrolled in this study. All SLE patients 

were diagnosed by the 1982 SLE criteria  (128). Subjects with active infections and 

patients treated with mofetil mycophenolate, azathioprine, methotrexate, or systemic 
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corticosteroids were excluded. This study was approved by the University of Florida 

Institutional Review Board (IRB). 

Isolation of Human PBMCs  

PBMCs were purified from heparanized blood by Ficoll-Paque gradient 

centrifugation. Whole blood was diluted with PBS (1:1) and gently layered on Ficoll 

(Lymphocyte Separation Medium; Cellgro, Manassas, VA). Cells were centrifuged 

continuously at 400xg for 20 minutes at room temperature. PBMCs were collected from 

the interface layer and washed 3 times with PBS. After isolation, PBMCs were 

harvested for CD64 surface staining, as previously described  (129), or lysed with RNA 

lysis buffer (Promega) and stored at -80°C until RNA extraction and qPCR protocols 

were performed. 

Surface and Intracellular Staining  

To assess ex vivo T cell populations, single-cell suspensions were obtained from 

the thymus or pooled lymph nodes (axillary, brachial, cervical, inguinal, and mesenteric) 

and spleen. Aliquots of these organ-specific cell suspensions were stained with the 

following monoclonal antibodies (mAb): anti-CD4-Pacific Blue (RM4-5; BD Biosciences, 

San Diego, CA) and anti–CD8a-Alexa Flour 700 (53-6.7; BD Biosciences). To 

determine the activation status of CD4+ T cells, LN and spleen suspensions were also 

stained with anti–CD25-allophycocyanin (PC61; BD Biosciences) and anti-CD69-APC 

(H1.2F3; BD Biosciences). Foxp3 and IL-17A intracellular staining (ICS) were employed 

to assess in vitro Treg and Th17 induction, respectively. For Foxp3 ICS, cells were fixed 

and permeabilized using the reagents provided by the Foxp3 / Transcription Factor 

Staining Buffer Set (eBioscience). Cells were then stained with anti– Foxp3-FITC (FJK-

16s; eBioscience) Ab. For IL-17A and IFNγ ICS, prior to staining, cells were incubated 
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with PMA (50ng/ml), ionomycin (1μM; Sigma – Aldrich. St. Louis, MO), and brefeldin A 

(10μg/ml; MP Biomedicals, Solon, OH) for 4 hours at 37°C, as previously described  

(130). Cells were then fixed and permeabilized using the reagents provided by the 

Intracellular Cytokine Staining Starter Kit –Mouse (BD Biosciences). Following fixation 

and permeabilization, cells were stained with an anti-IL17A-Alexa Flour 700 or an anti-

IFNγ-PE mAb. After staining (surface and ICS), a total of 50,000 live events were 

collected on an LSRII (BD Pharmingen) and analyzed using FlowJo software (Tree Star, 

San Carlos, CA).  

Magnetic Cell Separation.  

For each mouse, CD4+CD25- T cells were enriched using a regulatory T cell 

isolation kit and magnetic-activated cell sorting (MACS) technology (Miltenyi Biotec, 

Bergisch Gladbach, Germany). After isolation, flow cytometry was used to assess the 

purity of CD4+CD25- T cell population. ≥90% pure CD4+CD25- T cell populations were 

used for experiments. 

In Vitro T Cell Differentiation  

CD4+CD25- T lymphocytes (1x105/well) were cultured in triplicate at 37°C (5% 

CO2) in RPMI 1640 (Cellgro 10-040-CV) containing 10% FBS (InvitrogenTM Gibco®) 1% 

antibiotic/antimycotic (Herndon, VA), and 50μM β-ME (MP Biomedicals, Solon, OH). For 

Treg differentiation, cells were stimulated with 2μg/ml plate-bound anti-CD3 mAb (BD 

Pharmingen; clone:145-2C11), 2μg/ml soluble anti-CD28 mAb ( BD Pharmingen; clone: 

37.51), and 2ng/ml human TGF-1 (R&D Systems). Cells were incubated for 72 hours 

and assessed for Treg differentiation by ICS for Foxp3. For Th17 differentiation, cells 

were stimulated with 10μg/ml plate-bound anti-CD3 mAb (BD Pharmingen; clone: 

145.2C11),1.5μg/ml soluble anti-CD28 mAb (BD Pharmingen; clone 37.51), 5ng/ml 
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human TGF-β (R&D Systems), and 20ng/ml IL-6 (Ebioscience). CD4+CD25- cells 

stimulated with plate-bound anti-CD3 mAb and soluble anti-CD28 mAb, or plate-bound 

anti-CD3 mAb alone, served as stimulation controls for both Treg and Th17 

differentiation assays. Cells were collected after 5 days and assessed for activation and 

Th17 differentiation.  

Proliferation Assays  

CD4+ T cell proliferation was assessed 3H thymidine incorporation and absolute 

cell counts. MACS purified CD4+CD25- T cells, isolated from LN and spleen suspension, 

were stimulated in triplicate (96 well round-bottom plate; 1x105cells/well) with 10μg/ml 

anti-CD3 (BD Pharmingen; clone: 145.2C11) alone or in addition to 1.5μg/ml anti-CD28 

(BD Pharmingen; clone 37.51) at 37°C (5% CO2) in RPMI 1640 (Cellgro; 10-040-CV) 

containing 10% FBS (InvitrogenTM Gibco®), 1% antibiotic/antimycotic (Herndon, VA), 

and 50μM β-ME (MP Biomedicals, Solon, OH). After 72 h of incubation, cell cultures 

were either pulsed with 0.5 mCi 3H thymidine (GE Healthcare; Arlington Heights, IL) or 

counted and harvested for assessment by flow cytometry. 3H thymidine pulsed T 

lymphocytes were harvested 16-18 hours after initial pulse followed by the 3H thymidine 

incorporation assessment using a Beckman LS3801 Liquid Scintillation System. 

Absolute cell numbers of CD4+ lymphocytes were obtained via Trypan Blue exclusion. 

RNA Extraction and qPCR 

Using the Promega RNA extraction protocol, total RNA was extracted from 

human PBMCs ex vivo or from mouse CD4+CD25- cells after being cultured under 

control (anti-CD3 and anti-CD28) or Th17 inducing conditions in the presence or 

absence of SOCS1-KIR peptide. cDNA synthesis was performed using the iQ cDNA 

synthesis kit (Bio-rad; Hercules, CA). To amplify the target and house-keeping genes 
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present in cDNA, qPCR was subsequently performed using the iQ SYBR Green 

Supermix (Bio-Rad) and gene-specific primers (Table 2-1). The amplification reactions 

took place in a PTC-200 Peltier Thermal Cycler with a CHROMO 4 Continuous 

Fluorescence Detector (BioRad). The reaction protocol is as follows: one 2-3 min cycle 

at 95 °C, followed by 50 cycles of denaturation (95 °C, 15s), annealing (30s), and 

extension (72 °C, 30s). Annealing temperatures are listed in Table 2-1. To confirm 

amplicon specificity, melting curve analysis was performed. The fold change in 

expression was calculated using the ΔΔCT method. 

In Vitro Cytokine Secretion Analysis.  

SOCS1+/- and WT CD4+CD25- T cells were plated and stimulated in triplicate with 

plate-bound anti-CD3 alone (BD Pharmingen; clone: 145.2C11), plate-bound anti-CD3 

and anti-CD28 (BD Pharmingen; clone 37.51), or Th17 inducing conditions for 5 days as 

previously described  (130). After the incubation period, 100μl of culture supernatant 

was collected from each well. Harvested supernatants were used to perform IL-17A and 

IFNγ ELISAs. IL-17A capture (555068) and detection (555067) mAb, and IFN-γ cytokine 

standard (554587) were purchased from BD Biosciences. IL-17 cytokine standard (14-

8171-80), IFN-γ capture (16-7313-85) and IFNγ detection (13-7311-85) mAbs were 

purchased from eBioscience. 

IgG Antibody Assessment  

Total IgG and anti-dsDNA IgG levels were measured by ELISA as in Morel et al.  

(131). For the anti-ssDNA IgG ELISA, ssDNA was generated by heating rat dsDNA at 

100°C for 10 minutes, followed by a 5 minute incubation on ice. The resulting ssDNA 

was then used to coat the wells of flat-bottomed 96 well plate.  Relative units of anti-

DNA IgG were standardized using serum taken from C56BL/6 triple congenic (B6.TC) 
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mice, which co-express three lupus susceptibility loci (Sle1, Sle2, and Sle3) and 

develop severe lupus-like disease (131). 1:100 dilution of B6.TC serum was set to an 

equivalent of 100 units. 

Statistical Analysis  

GraphPad Prism v.5 was used to calculate the statistically significant differences 

between two different groups using the nonparametric, Mann-Whitney U test. For 

multiple comparisons tests, the nonparametric Kruskal-Wallis test was performed, 

followed by the Dunn’s Multiple Comparisons post-test. For correlation data, the 

nonparametric Spearman correlation test was performed. A 95% confidence limit, 

defined by p values ≤0.05, was considered significant. 
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Table 2-1. Mouse (mus) and Human (hu) mRNA Primer Sequences and Annealing Temperatures 
mRNA 
 

Forward Primer Reverse Primer Annealing Temp (°C) 

mus-β-actin 
 

5’-CCTTCCTTCTTGGGTATGGA-3’ 5’-GGAGGAGCAATGATCTTGAT-3’ 55 

mus-IFNγ 5’-AACTATTTTAACTCAAGTGGCAT-3’ 5'-AGGTGTGATTCAATGACG-3' 
 

55 
 

mus-Tbet 
 

5'-GGGAGAACTTTGAGTCCA-3' 
 

5'-GAAGGTCGGGGTAGAAA-3' 
 

50 
 

mus-IL-17a 
 

5'-ACTCTCCACCGCAATGA-3' 
 

5'-CTCTTCAGGACCAGGAT-3' 
 

55 
 

mus-RORγt 
 

5'-ACAGCCACTGCATTCCCAGTTT-3' 
 

5'-TCTCGGAAGGACTTGCAGACAT-3' 
 

63 
 

mus-SOCS1 
 

5'-GACACTCACTTCCGCACCTT-3' 
 

5'-GAAGCAGTTCCGTTGGCACT-3' 
 

57 
 

hu-GAPDH 
 

5’-TGCACCACCAACTGCTTAG-3’ 
 

5’-GAGGCAGGGATGATGTTC-3’  
 

59 
 

hu-SOCS1 
 

5’-GGGAGCGGATGGGTGTAGG-3’ 
 

5’-AGAGGTAGGAGGTGCGAGTTC-3' 
 

59 
 

hu-IFNγ 
 

5’-TGACCAGAGCATCCAAAAGA-3’ 
 

5’-CTCTTCGACCTCGAAACAGC-3’ 
 

59 
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CHAPTER 3 
RESULTS 

SOCS1+/- mice exhibit CD4+ T cell accumulation and enhanced CD4+ T cell 
activation in the periphery 

Given that murine studies implicate a relationship between decreased SOCS1 

expression and increased lupus pathology  (124, 125), in this study we sought to 

elucidate the mechanisms by which SOCS1 deficiency leads to lupus disease onset. 

Since SOCS1+/- mice, which are intrinsically deficient in SOCS1, develop lupus-like 

disease  (124), we selected this mouse model to address the aim of our study. To 

determine how SOCS1 deficiency precipitates autoimmunity and subsequent clinical 

manifestation of lupus, it is important to study SOCS1+/- mice prior to presentation of 

serological or clinical signs of lupus. Given that it has previously been shown that 

SOCS1+/- mice begin to produce autoantibodies and display proteinuria at 6 months of 

age, we selected SOCS1+/- mice between 2 and 5 months of age and assessed anti-

DNA autoantibody production and proteinuria (Figure 3-1). SOCS1+/- mice in this age 

range did not display serological evidence of autoantibody production (Figure 3-1B) or 

evidence of proteinuria (Figure 3-1C). Therefore, mice in this age range were selected 

for our study. 

Considering that CD4+ T cells play a critical role in lupus development and that 

SOCS1 is preferentially expressed in lymphoid tissues, we first assessed CD4+ T cell 

frequencies in the thymus, lymph nodes (LN), and spleen of SOCS1+/- and SOCS1+/+ 

(WT) mice. Although the frequency and absolute numbers of CD4+CD8- thymocytes 

within SOCS1+/- and WT controls were indistinct (Figure 3-2A), CD4+ T lymphocytes in 

the LN and spleen (periphery) of SOCS1+/-mice were two fold higher in frequency and 

four-fold higher in absolute cell number, when compared to WT controls (Figure 3-2B). 
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As T lymphocyte activation precipitates proliferation and enhanced lymphocyte 

activation contributes to pathogenic autoantibody production (44, 132-135), we next 

assessed expression of the activation marker, CD25, on peripheral CD4+ T cells, ex 

vivo. Indeed, SOCS1+/- mice possessed an enhanced frequency of peripheral 

CD4+CD25+ cells (Figure 3-2C). When absolute numbers were assessed, we also 

observed nearly 3-fold more peripheral CD4+CD25+ cells (6.9 x 106 vs. 2.4 x 106) when 

compared to WT (Figure 3-2C). This increase in CD25 expression was not due to 

increases in Tregs, as levels of Foxp3+ T lymphocytes were indistinct between 

SOCS1+/- mice and littermate controls (Figure 3-3).  In addition to CD25 expression, 

activation of CD4+ T lymphocytes can also be analyzed by the presence of the early 

activation marker CD69  (136, 137). CD4+CD69+ T lymphocytes were also higher in 

both frequency and absolute number within SOCS1+/- mice (Figure 3-2C). Together, 

these data show that SOCS1+/- mice possess an enhanced population of activated 

CD4+ T lymphocytes, which have previously been shown to contribute to autoantibody 

production. 

CD28 co-stimulation of SOCS1+/- CD4+CD25- T lymphocytes is not required for 
activation or clonal expansion 

Having observed enhanced CD4+ T cell activation within the peripheral lymphoid 

organs of SOCS1+/- mice, we conducted in vitro assays next to characterize this 

observation mechanistically.  Given that conventional T lymphocytes (Tcon) require 

signaling through both TCR and CD28 for activation (reviewed in  (138)), we next 

stimulated MACs purified, CD4+CD25- T lymphocytes with antibodies specific to CD3 

and CD28 (CD3/CD28), in vitro. After 72 hours of incubation, CD3/CD28 activated 

CD4+ T lymphocyte populations were greater than 70% CD25+, independent of SOCS1 
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expression (Figure 3-4A).  In similar fashion, CD3/CD28 treatment mediated 

comparable CD69 up-regulation in both SOCS1+/- and littermate control T lymphocytes 

(Figure 3-4A). Notably, however, whereas αCD3 treatment mediated limited CD25hi 

expression in SOCS1 sufficient CD4+ T cells, 45% of SOCS1+/- counterparts had high 

levels of CD25 expression with CD3 treatment alone (Figure 3-4A). Moreover, the 

CD69hi percentage was also greater in CD3 treated SOCS1+/-CD4+CD25+ T 

lymphocytes compared to SOCS1+/+CD4+ controls (Figure 3-4A).   

Since clonal expansion (eg. proliferation) occurs subsequent to CD4+ T cell 

activation  (139), we then assessed T cell proliferation after CD3/CD28 stimulation or 

after CD3 stimulation alone. Consistent with CD25 and CD69 frequencies after 

CD3/CD28 stimulation (Figure 3-4A), SOCS1+/- CD4+ T lymphocyte proliferation (as 

assessed by absolute cell counts and 3H thymidine incorporation) was statistically 

indistinguishable to that of SOCS1+/+ controls placed under this condition (Figure 3-4B).  

Strikingly, however, CD3 treatment alone mediated significantly more proliferation of 

SOCS1+/- CD4+ T lymphocytes, as depicted by absolute cell numbers that were 3-fold 

higher, and 3H thymidine incorporation that was 6-fold greater, under this condition 

(Figure 3-4B).  In summary, these results indicate that SOCS+/- CD4+ T cells have a 

reduced threshold for activation and clonal expansion in vitro.  

SOCS1+/- CD4+CD25- T cells undergo normal Treg induction, but abnormal Th17 
induction 

As proper T cell differentiation is critical for the maintenance of immune 

homeostasis and inhibition of autoimmunity (reviewed in  (140)), we next investigated 

the differentiation potential of SOCS1+/-CD4+CD25- T lymphocytes through incubation 

under regulatory and Th17 inducing conditions (iTh17). While flow cytometric analysis of 
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Treg induction (as denoted by the frequency of Foxp3+ cells) revealed no difference in 

Treg induction between SOCS1+/- and WT CD4+ T cells (Figure 3-5A), it is noteworthy 

that, after incubation under iTh17 conditions, there was a significant reduction in the 

percentage of SOCS1+/-IL-17A+ cells (Figure 3-5B). Reduced Th17 differentiation of 

SOCS1+/- lymphocytes was confirmed by qPCR and ELISA, which showed reduced 

levels of IL-17a message, secreted IL-17A protein, and decreased expression levels of 

the Th17 specific transcription factor RORγt  (Figure 3-5C). Taken together, these data 

indicate that while SOCS1+/- CD4+ T cells have the capacity to undergo normal Treg 

induction, SOCS1 deficient T cells have a reduced capacity to undergo proper Th17 

differentiation. 

SOCS1+/- CD4+ T Cells display heightened IFNγ expression under Th17 inducing 
conditions  

Considering that SOCS1 is a potent regulator of IFNγ signaling (reviewed in  

(141)), we hypothesized that the reduced capacity of SOCS1+/- T cells to undergo Th17 

differentiation could be due to dysregulated IFNγ signaling. To test this hypothesis, we 

placed SOCS1+/- or WT cells under iTh17 conditions and first assessed mRNA 

expression of IFNγ and T-bet, the IFNγ promoting transcription factor  (142). As 

demonstrated, IFNγ expression was more than 2-fold greater in SOCS1+/- cells in 

comparison to WT controls (Figure 3-6A). In parallel with the heightened IFNγ message 

expression, T-bet expression was also increased more than 2 fold (Figure 3-6A).  

Enhanced expression was also seen at the protein level, as ELISA revealed that 

SOCS1+/- CD4+ cells produced 2-fold more IFNγ than WT counterparts under iTh17 

conditions (Figure 3-6B). Moreover, intracellular staining for IL-17A and IFNγ, after Th17 

induction, showed that, while SOCS1+/- CD4+ cells displayed a lower proportion of 



 

53 

CD4+IL-17+ cells, they also displayed a concomitant increase in the proportion of 

CD4+IFNγ+ cells (Figure 3-6C). Taken together, these results demonstrate that 

SOCS1+/- CD4+ T cells display an abnormal Th1 phenotype, even under Th17 inducing 

conditions.  

To confirm that the enhanced IFNγ expression by SOCS1+/- CD4+ T cells is the 

culprit for the reduced Th17 differentiation, we assessed Th17 differentiation in 

SOCS1+/- CD4+ T cells taken from SOCS1+/-IFNγ-/- mice.  While Th17 differentiation of 

SOCS1+/- cells resulted in a 2.3% CD4+IL-17A+ population, intracellular staining 

revealed a 4.8% population in SOCS1+/-IFNγ-/- cells (Figure 3-6D). This population of 

SOCS1+/-IFNγ-/-induced Th17 cells was similar to WT controls (Figure 3-6D). In 

summary, these data show that preferential expression of IFN by SOCS1+/- CD4+ T 

lymphocytes precludes Th17 differentiation. 

Reduced SOCS1 expression levels are observed in SLE patients 

Although we demonstrate that SOCS1 deficiency in SOCS1+/- mice results in 

enhanced CD4+ T cell activation and heightened IFNγ expression, which have been 

shown to be critical to murine lupus development  (17, 63-66), whether SOCS1 

deficiency is relevant to human SLE is unclear  (126, 127). Therefore, to determine 

whether differences in SOCS1 expression are relevant to human SLE, we assessed 

SOCS1 expression in peripheral blood mononuclear cells (PBMCs) taken from SLE 

patients and healthy controls. Although anti-malarials and glucocorticoids are common 

standard of care medications used to treat SLE (reviewed in  (143)), their effects on the 

modulation of SOCS1 expression in human leukocytes are unknown. Therefore, prior to 

selecting our patient population, we treated healthy control PBMCs with an antimalarial, 
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chloroquine, and a glucocorticoid, dexamethasone, in vitro and assessed SOCS1 

expression. Our pilot study revealed that SOCS1 expression was affected by 

dexamethasome, but not by chloroquine (Figure 3-7).  As such, patients prescribed 

glucocorticoids were excluded from our study. Strikingly, as demonstrated in Figure 3-8, 

SOCS1 mRNA expression was significantly decreased in SLE patients in comparison to 

healthy controls (Figure 3-8A). The differences in SOCS1 expression were likely not 

due to age, as deficiencies in SOCS1 expression were readily observed in SLE patients 

compared to age-matched controls (Figure 3-8B). 

Given that both type I and type II IFNs have been shown to play a key role in the 

immunopathogenesis of human SLE, and that SOCS1 is a critical regulator of the 

signaling of these cytokines  (63, 144-147), we next investigated whether SOCS1 

expression was related to IFNγ and/or monocyte CD64 expression (which is a marker 

for the IFN-1 signature in SLE patients  (129)). While no significant correlation was 

observed between SOCS1 and IFNγ, a negative correlation was noted when SOCS1 

was compared to monocyte CD64 (Figure 3-8C). Notably, the patient with the lowest 

SOCS1 expression displayed the highest monocyte CD64 expression (Figure 3-8C).  

We also investigated whether SOCS1 expression was associated with disease 

activity, as defined by SLE disease activity index (SLEDAI) scores, serum complement 

component 3 (C3) levels, and serum complement component 4 (C4) levels. C3 and C4 

levels were examined because decreases in free complement molecules in serum are 

indicative of increased levels of immune complexes and disease activity (reviewed in  

(148)). Based on the patient population studied, there was no significant correlation 

between SOCS1 expression and SLEDAI scores, C3 levels, or C4 levels (Figure 3-9). 
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Figure 3-1. SOCS1+/- mice do not display serological or clinical signs of disease at <6 
months of age. (A) Display of schematic timeline for autoantibody production 
by SOCS1+/- mice and of age range of mice chosen for experiments. (B) 
Serum concentrations of total IgG antibodies and IgG autoantibodies specific 
for ssDNA and dsDNA antigens in SOCS1+/+ or SOCS1+/- mice were 
measured by ELISA. (C) Proteinuria was assessed in SOCS1+/+ and 
SOCS1+/- mice. ELISAs and proteinuria measurements were performed on 
mice <6 months of age. Results are shown as mean ± s.e.m. Statistical 
comparisons were performed using the Mann-Whitney U test. 
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Figure 3-2. SOCS1+/- mice exhibit CD4+ T cell accumulation and enhanced CD4+ T cell 

activation in the periphery. (A) SOCS1+/+ or SOCS1+/- thymus composition 
was analyzed.  Dot plots display CD4 versus CD8 profiles in SOCS1+/+ or 
SOCS1+/- mice (right). Graphs on left show CD4+CD8-  thymocyte frequency, 
assessed by flow cytometry, and absolute numbers (n=9). For (B) and (C) LN 
and spleen cells were pooled from SOCS1+/+ or SOCS1+/- mice, followed by 
flow cytometric analysis. (B) Histograms on the right display CD4+ expression 
present in SOCS1+/+ or SOCS1+/- mice. Graphs on the left show the frequency 
and absolute numbers of CD4+ leukocytes (n=8). (C) CD4+CD25+ and 
CD4+CD69+ T cell frequencies were assessed for each mouse genotype by 
flow cytometry (left) (n=9). Each data point represents an individual mouse. 
Results are shown as mean ± s.e.m. Statistical comparisons were performed 
using the Mann-Whitney U test (*P < 0.05). 
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Figure 3-3. SOCS1+/- mice possess a normal peripheral CD4+CD25+Foxp3+ cell 
frequency. LNs and spleen from SOCS1+/+ or SOCS1+/- mice were pooled and 
the CD4+CD25+Foxp3+ frequency was assessed by flow cytometry. Results 
shown as mean ± s.e.m. Statistical comparisons between SOCS1+/+ and 
SOCS1+/- mice were performed using the Mann-Whitney U test. 
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Figure 3-4. CD28 co-stimulation is not required for activation and expansion of 
SOCS1+/- CD4+ T lymphocytes. CD4+CD25- T cells from SOCS1+/+ or 
SOCS1+/- mice were stimulated with αCD3 antibodies alone, or with αCD3 
and αCD28 antibodies, for 72h. (A) Histograms show CD25 and CD69 
expression on CD4+ T lymphocytes. Results are representative of 3 
independent experiments. (B) Proliferation was assessed by cell counts (top) 
and 3[H] thymidine incorporation (bottom). Results are shown as mean ± 
s.e.m. Statistical comparisons were performed using the Mann-Whitney U test 
(*P<0.05, ***P<0.0005. 
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Figure 3-5. Th17, but not Treg, induction is reduced in SOCS1+/- CD4+ T lymphocytes. 
(A) SOCS1+/+ or SOCS1+/- CD4+CD25- T cells were placed under control 
(αCD3, αCD28) or Treg inducing conditions for 3 d. Foxp3 expression was 
measured by intracellular staining and flow cytometry. Histograms on the left 
are representative of 4 independent experiments, which are displayed 
graphically on the right (each data point represents one mouse). (B) 
SOCS1+/+ or SOCS1+/- CD4+CD25- T cells were placed under control or Th17 
inducing conditions for 5 d. IL-17A expression was measured by intracellular 
staining followed by flow cytometry. Histograms on the left are representative 
of 10 independent experiments, which are shown graphically on the right 
(each data point represents one mouse). (C) IL-17a and RORɣt mRNA 
expression were measured by qPCR (left and right, respectively) and IL-17A 
secretion was assessed by ELISA (middle). Graphs of IL-17A qPCR and 
ELISA are representative of 10 independent experiments and graph of RORγt 
qPCR is representative of 5 independent experiments. 
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Figure 3-6. SOCS1+/- CD4+ T cells display Th1 bias under Th17 inducing conditions. (A, 
B, C) Sorted SOCS1+/+ or SOCS1+/- CD4+CD25- T cells were placed under 
Th17 inducing conditions for 5 d. (A) Graphs display IFNγ and Tbet 

expression, assessed by qPCR (n=4). (B) Graphs show IFN protein 
expression, assessed by ELISA. (C) Flow diagrams display IL-17+ and IFNγ+ 
cells. (D) Flow diagrams show IL-17A producing cells following Th17 

induction of SOCS1+/+, SOCS1+/-, or SOCS1+/-IFN-/- CD4+ T cells. Results are 
representative of 4 independent experiments. Results are shown as mean ± 
s.e.m. Statistical comparisons were performed using the Mann-Whitney U test 
(*P<0.05). iTh17 = Th17 inducing conditions. IFNɣ and T-bet expression is 
relative to β-actin. 
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Figure 3-7. SOCS1 expression is not affected by chloroquine treatment, but is increased 
by dexamethasone treatment. Total PBMCs were treated with (A) chloroquine 
diphosphate salt for 12 and 24 h or (B) dexamethasone for 3, 6,12.and 24 h 
at the indicated concentrations. Post treatment, SOCS1 expression, relative 
to GAPDH, was assessed via qPCR. Results shown as mean ± s.e.m.The 
Kruskal-Wallis test followed by the Dunns’s Multiples Comparison Test was 
chosen to assess statistical significance.  

 

 

 



 

62 

A                                                                                

 

 

 

 

 

 

 

C  

 

Figure 3-8. SOCS1 expression is relevant to human SLE. (A) PMBCs were isolated 
from whole blood, taken from SLE patients or healthy controls, and SOCS1 
expression was measured via qPCR, relative to GAPDH. (B) Graph displays 
SOCS1 expression comparison between SLE patients and age-matched 
controls. (C) For each patient, SOCS1 expression was correlated with IFNγ 
expression (left) and monocyte CD64 MFI (right). Results shown as mean ± 
s.e.m. Statistical comparisons between healthy controls and SLE patients 
were performed using the Mann-Whitney U test ( **P < 0.005). Spearman’s 
correlation was chosen for statistical analyses in (C). 
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Figure 3-9. SOCS1 expression is not correlated with SLEDAI, C3, or C4 levels. PMBCs 

were isolated from SLE patients’ whole blood and SOCS1 expression was 
measured via qPCR, relative to GAPDH. For each patient, SOCS1 
expression was correlated with (A) SLEDAI, or (B) C3 levels (left) or C4 levels 
(right). Spearman’s correlation was chosen for statistical analyses.   
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CHAPTER 4 
DISCUSSION 

The ability of the immune system to differentiate between self and non-self 

antigens is a critical to preventing autoimmunity and the subsequent clinical 

manifestations of autoimmune disease. Although the etiology of SLE remains under 

investigation, it is clear that alterations in different cell types underlie the production of 

pathogenic anti-nuclear autoantibodies. Over several decades, researchers have 

identified abnormalities within immune cells of the innate and the adaptive immune 

systems. However, CD4+ T cells have been shown to play an important role. 

Additionally, there is an abundance of evidence that proinflammatory cytokines, 

including IL-6, IL-17, IL-21, IFN-1, and IFNγ contribute to the onset/progression of SLE 

disease.  

SOCS1 regulates several of these SLE-associated proinflammatory cytokines 

and is implicated in Th cell lineage commitment and maintenance. Additionally, 

SOCS1+/- mice develop lupus-like disease (124). Moreover, diseased (B x W) mice 

display reduced SOCS1 expression and treatment of these mice with a tolerogenic 

peptide results in enhanced SOCS1 expression and disease amelioration (125). These 

murine studies implicate reduced SOCS1 expression with increased lupus pathology. 

However, the mechanisms by which SOCS1 deficiency precipitates disease have not 

been established. Therefore, in this study, we investigated SOCS1+/- mice, prior to 

disease onset, to determine how SOCS1 deficiency leads to the development of lupus. 

Considering the evidence supporting the importance of CD4+ T cells in 

pathogenic autoantibody production and SLE disease development  (44, 132-135), we 

first examined the CD4+ T cell frequency in the thymus and the peripheral lymphoid 
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organs of SOCS1+/- and control mice. While thymic proportions of CD4+CD8- T cells in 

SOCS1+/- mice were statistically indistinct from WT counterparts (Figure 3-2A), we 

observed enhanced CD4+ T cell proportions LNs and spleen (Figure 3-2B). Additionally, 

SOCS1+/- peripheral lymphoid organs displayed a 4-fold increase in the absolute 

number of CD4+ T cells. 

Given that T cell activation is a requirement for proliferation and that CD4+ T cells 

in lupus are known to possess intrinsic defects that lead to hyper-activation (reviewed in  

(17)), we investigated the activation status of these peripheral SOCS1+/- CD4+ T cells. 

SOCS1 deficient LN and spleen possessed an increased proportion of activated CD4+ T 

cells, as measured by the expression of the activation markers CD25 and CD69. This 

observation offers a potential explanation for the enhanced percentage and number of 

CD4+ T cells observed in the periphery of SOCS1+/- mice.  

Increased retention of CD4+ T cells in the peripheral lymphoid organs is an 

additional potential explanation for the enhanced CD4+ T cell population observed in the 

periphery of SOCS1+/- mice. However, in 2008, Egwuagu and colleagues reported that 

SOCS1-/-STAT1-/- CD4+ T cells displayed decreased expression of chemokine receptor 7 

(CCR7), which facilitated the migration of these cells into the peripheral lymphoid 

tissues  (149). Based on this study, they proposed that SOCS1 may function in vivo to 

promote the retention of naive cells in lymph nodes (149). Therefore, it is unlikely that 

the increased CD4+ T cell population observed in SOCS1+/- mice is due to increased 

retention in the lymph node and spleen. However, due to the fact that there may be 

differences between these SOCS1 deficient models, measurement of CC7 on CD4+ T 

cells in peripheral lymphoid organs will confirm this hypothesis.   
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Nevertheless, the hyperactivated phenotype of the peripheral SOCS1+/-CD4+ T 

cells provides a suitable explanation for the increased proportion of peripheral CD4+ T 

cells observed in SOCS1+/- mice. Additionally, this phenotype may be critical to lupus 

development. Therefore, we sought to characterize this observation mechanistically. 

Interestingly, SOCS1+/- CD4+CD25- T cells did not require CD28 co-stimulation in order 

to become activated and to proliferate in vitro (Figure 3-4). This has significant 

implications for the development of autoimmunity. Although the majority of autoreactive 

T cell clones are deleted in the thymus, it is well known that this central tolerance 

mechanism is incomplete (reviewed in  (3)).  

Therefore, there are peripheral tolerance mechanisms in place to prevent the 

activation of autoreactive T cells that escape deletion in the thymus. One well 

established peripheral tolerance mechanism is the requirement of naïve T cells to 

receive co-stimulation in order to obtain full activation (reviewed in  (20, 21)). CD28 is 

constitutively expressed on both naïve and effector T cells and plays a predominant role 

in co-stimulation  (37). Therefore, the observation that SOCS1+/- CD4+CD25- T cells do 

not require CD28 co-stimulation suggests that SOCS1 deficiency causes alterations in 

CD4+ T cell activation. Consequently, autoreactive T cells, that would normally undergo 

tolerization on a SOCS1 sufficient background, are more likely to become activated and 

elicit pathogenic effector functions when SOCS1 is not sufficiently expressed.  

There is a precedent for a hyper-responsive CD4+ T cell phenotype in lupus. 

These cells bear characteristics reminiscent of activated/memory T cells (reviewed in  

(17)). Previous research that has outlined molecular and biochemical explanations for 

this phenotype, including abnormalities associated with signaling molecules 
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downstream of the TCR. Chuang and colleagues recently reported that SLE peripheral 

blood T cells possess enhanced expression of GLK, a kinase downstream of the TCR 

that maintains the activation of PKCθ and, therefore, enhances T cell activation  (25). 

GLK expression was also positively correlated with disease activity  (25), suggesting 

that regulating the GLK-PKCθ pathway is important in controlling disease. In addition to 

defects associated with the GLK-PKCθ pathway, there is evidence outlining 

abnormalities linked to the PI3K/PKB/Akt pathway in lupus  (40, 41). CD4+ T cells from 

MRL-lpr mice display elevated levels of activated Akt compared to control mice  (41). 

Moreover, it has recently been reported that children with lupus nephritis display 

enhanced Akt activity in effector T cells  (40). Therefore, given that SOCS1 regulates 

kinase activity, investigation of these pathways in SOCS1+/- CD4+CD25- T cells may also 

provide mechanistic insight regarding the reduced requirement for co-stimulation 

observed in these cells. 

Proper T cell differentiation is also critical for the maintenance of immune 

homeostasis and the prevention of autoimmune disease development (reviewed in  

(140)). Considering the importance of SOCS1 in governing CD4+ T cell differentiation 

and plasticity (reviewed in ((141)), we also explored the capacity of SOCS1+/- 

CD4+CD25- T cells to undergo normal T cell differentiation in vitro. While SOCS1+/- CD4+ 

T cells did not display defects in Treg differentiation in terms of frequency (Figure 3-5A), 

we cannot conclude that these cells are not defective. Given that Tregs in lupus have 

been shown to display abnormal Treg function (reviewed in  (112)), It is important 

measure the suppressive capacity of these iTregs. 



 

68 

Unlike Treg differentiation, SOCS1+/- CD4+ T cells possess a reduced capacity to 

undergo Th17 differentiation (Figure 3-5B and Figure 3-5C). We demonstrated that this 

improper Th17 differentiation was due to enhanced IFNγ production (Figure 3-6), as  

SOCS1+/-IFNγ-/- CD4+ T cells underwent normal Th17 differentiation (Figure 3-6D). Our 

results are supported by a previous study published by Yoshimura and colleagues in 

2008  (150). There is a great deal of evidence underscoring the importance of IFNγ in 

SLE disease pathogenesis  (63-66). Therefore, the fact that SOCS1+/- CD4+ T cells 

preferentially express IFNγ, even under conditions that should skew them away from 

this phenotype, provides a potential explanation for autoimmune disease development 

in SOCS1+/- mice. 

While previous studies have shown that reduced SOCS1 expression results in 

lupus development, our study demonstrates that SOCS1 regulates CD4+ T cell 

abnormalities that have previously been associated with lupus pathogenesis. It has 

outlined potential mechanisms by which SOCS1 deficiency precipitates disease.  

Considering the importance of this molecule in murine lupus, we also found it 

essential to establish the relevance of SOCS1 expression to human disease. Our study 

revealed that SLE patients have reduced expression in comparison to healthy controls 

(Figure 3-8A). Although all patients were not age-matched with healthy controls, three of 

the four patients that were age-matched displayed reduced SOCS1 expression (Figure 

3-8B). This abnormal SOCS1 expression was not correlated with any indicators of 

disease activity (Figure 3-9), however, it was negatively correlated with monocyte CD64 

MFI, a biomarker for IFN-1 signature  (129)). These data suggest that SOCS1 may be 

regulating IFN-1 signaling in vivo. Therefore, patients with lower SOCS1 expression 
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have a reduced capacity to control IFN-1 signaling and consequently display a more 

pronounced IFN-1 signature. To strengthen our human results in the future, we will 

need to increase our study population and include controls that are matched for age, 

gender, and ethnicity. 

Specific targeted therapies are developed based on the understanding of 

dysregulated immunological pathways involved in SLE pathogenesis. Therefore, novel 

biological treatments including B cell-targeted therapies, cytokine blockade, and 

peptide-based treatments (reviewed in  (2)) have been developed and studied. Of 

relevance to new drug development, SOCS1 regulates many of the cytokines that 

monoclonal antibodies have been developed to control, including BLys, IL-6, and IFN-α. 

Moreover, our study has emphasized the importance of SOCS1 in preventing lupus-

associated CD4+ T lymphocyte abnormalities and has established clinical relevance of 

reduced SOCS1 expression to human SLE. Furthermore, we determined that SOCS1 is 

upregulated by glucocorticoids (Figure 3-7B), which are members of the standard of 

care arsenal used to treat SLE patients. Therefore, SOCS1 may be a potential novel 

targeted molecule for the treatment of SLE. As such, strategies to enhance SOCS1 

expression or function, such as the use of SOCS1 mimetic peptides, may have 

therapeutic value for SLE patients. 
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