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THE ROLES OF Ly108, THE GENETIC SUSCEPTIBILITY LOCI Sle3, AND 
CXCR4/CXCL12 IN SYSTEMIC LUPUS ERYTHEMATOSUS 

  
 

Publication No._______________________ 
 
 

Andrew Wang 
 
 

The University of Texas Southwestern Medical Center at Dallas, 2007 
 
 

Supervising Professors: Edward K. Wakeland, Ph.D and Chandra Mohan, M.D. Ph.D 
 

 
Ly108, in the NZM2410-derived Sle1b locus, was identified to play a key role in 

thymic selection.  B6.Sle1b thymocytes displayed aberrant cell-surface Ly108 expression 

and decreased sensitivity to CD3-induced cell-death.  Significant V-β usage was found in 

B6.Sle1b versus B6 thymocytes.  Simultaneous administration of OVA and anti-Ly108 

antibody led to complete protection of OVA-induced deletion in B6.Sle1b.OTII mice but 

not in B6.OTII controls.  Significant differences between B6 and B6.Sle1b were found in 

the amount of Ly108 phosphorylation and subsequent SAP-binding.  Calm2 was found to 

be differentially expressed in B6.Sle1b thymocytes following Ly108 cross-linking.  
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B6.Sle1b thymocytes were shown to flux less calcium, as result of modulated 

intracellular stocks of calcium, and, be more arrested in G1-phase following Ly108 

engagement compared to B6, leading to an overall reduction in thymic apoptosis.  These 

data suggest that the autoimmune form of Ly108 impairs thymic tolerance by dampening 

CD3-signaling and disrupting a G1-S cell-cycle checkpoint. 

Sle3, an NZM2410-derived susceptibility locus, mediates transition from benign 

to fatal autoimmunity.  Sle3 was mapped to two main sub-loci, Sle3a and Sle3b.  Sle3b 

was mapped to a 3.4 Mb interval containing Klf13, which has a known role in regulating 

RANTES.  We found that Klf13 mRNA expression was significantly increased and that 

B6.Sle3 macrophages secreted roughly 2-fold more RANTES compared to B6.  Co-

culture of B6.Sle3 macrophages with blocking antibody to RANTES reversed the 

hyperactivation phenotype to B6 levels, indicating that increased RANTES secretion due 

to a genetic lesion in Klf13 could be responsible for the hyperactivation of macrophages 

seen in B6.Sle3.  Polymorphisms in Klf13 were shown to be associated with human SLE. 

A significant dysregulation of the CXCR4/CXCL12 axis was observed in multiple 

murine models of spontaneous lupus.  Increased CXCR4 expression in lupus mice led to 

functional differences, including increased migration to positive CXCL12 gradients.  

Simultaneously, the ligand for CXCR4, CXCL12, was significantly upregulated in the 

nephritic kidneys.  To assess the contribution of CXCR4/CXCL12 upregulation on lupus 

pathogenesis, mice were treated with a peptide antagonist of CXCR4.  Both preventive 

and therapeutic administration of CXCR4 blockade resulted in reduced renal infiltration 

by inflammatory myeloid cells and prolonged survival.  Finally, increased renal CXCL12 

expression and increased immune-cell CXCR4 expression was also observed in human 
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SLE.  These findings underscore the pathogenic role of CXCR4/CXCL12 in lupus 

nephritis and highlight this axis as a new and promising therapeutic target in this disease. 
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CHAPTER ONE: Introduction 

ORGANIZATION OF THESIS 

The following work summarizes the research I performed in the laboratories of 

Drs. Edward Wakeland and Chandra Mohan from June 2005 to December 2007.  The 

thesis is organized by the pathways model described below and illustrated in Figure 2.   

The work I have done with Dr. Frederic Batteux and Jill Wescott on Ly108, a 

Pathway One gene responsible for the initial breach in tolerance, and its role in thymic 

selection, is described in Chapter Three.   

My work on identifying Sle3, a Pathway Two locus which epistatically interacts 

with Ly108 and subsequently drives fatal lupus, is described in Chapter Four.  

Admittedly, this is the weakest aspect of my thesis, is yet a work in process, and is only 

included for purposes of documenting my work during my PhD years. 

Finally, my work in identifying and characterizing a novel mechanism of end-

organ targeting which drives fatal lupus nephritis, the CXCR4/CXCL12 axes, is 

described in Chapter Five. 

 I begin with a general discussion on lupus in mouse and man, with a specific 

focus on how epistatic interactions drive fatal nephritis.  Subsequently, each chapter will 

contain its own introduction on its specific subject matter.   

The materials and methods section will be organized by chapter.  Since a critical 

portion of my research required the development of a novel method for isolating renal 

leukocytes, a discussion detailing the technique and its validation, and why such a 

technique, was required appears under “Isolation of Renal Leukocytes” in the Chapter 

Five section of the “Materials and Methods” chapter. 
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All figures relevant to a particular chapter will appear at the end of that chapter.  

Each chapter will contain its own discussion, and a general discussion follows at the end.   

 

SYSTEMIC LUPUS ERYTHEMATOSUS 

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

classically associated with the production of pathogenic autoantibodies to a spectrum of 

nuclear antigens [1-3].  SLE is fairly common in the general population, affecting 

roughly 1 in 150 people in the United States, of whom 90% are women between the ages 

of 15 and 45.  SLE presents with a diverse array of clinical symptoms, which often reflect 

the consequences of injury to multiple organ systems.  This clinical heterogeneity results 

from tissue damage targeted by autoantibody and inflammatory processes initiated as a 

consequence of deposition of complement-fixing immune complexes.  Severe 

complications, which ultimately develop in about 50% of lupus patients, can manifest as 

a variety of clinical problems, including nephritis, central nervous system vasculitis, 

pulmonary hypertension, interstitial lung disease, and stroke. Current treatments for SLE 

involve a variety of immunosuppressive drug therapies, including hydroxychloroquine, 

steroids, and cytotoxic drugs.  Although these therapies allow management of disease 

severity for many patients, a variety of deleterious drug side effects and therapy-resistant 

disease symptoms significantly diminish the quality of life for many SLE patients.  

The renal manifestations of SLE, termed lupus nephritis, occur in approximately 

50% of patients [4], and pose the greatest risk to the patient as it is the leading cause of 

morbidity and mortality [5].  The pathogenesis of lupus nephritis is poorly understood 

given the complex nature of the disease and its highly heterogeneous presentation.  It is 
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thought that autoantibodies are critical in the initiation of lupus nephritis.  These 

autoantibodies include anti-nuclear antibodies (ANA), a diagnostic hallmark of SLE 

present in over 98 percent of patients, and non-anti-nuclear antibodies such as anti-

glomerular basement membrane autoantibodies.  It has been postulated that the 

deposition of these antibodies as well as their immune complexes in the glomeruli are 

required for the development of glomerulonephritis [6].  Recent work has also implicated 

a role for various innate stimuli and other antibody-independent factors.  Moreover, 

genetic studies in both humans and mouse models of SLE have revealed kidney-intrinsic 

factors that may also play an important role in lupus nephritis.    

 

LUPUS NEPHRITIS: A CLINICAL OVERVIEW 

The renal manifestations of SLE are highly heterogeneous. The disease may affect 

glomeruli, tubules, interstitium, and blood vessels with varying degrees of chronicity, 

severity, and kinetics, and has the ability to transform from one morphological form to 

another in a spontaneous or treatment-induced fashion.  Subsequently, clinical 

presentation of lupus nephritis is also highly varied, ranging from asymptomatic 

hematuria and proteinuria to nephrotic syndrome and renal failure.  Given the wide 

spectrum of disease, the World Health Organization (WHO) classification of lupus 

nephritis was devised to help standardize interpretation of renal biopsies [7, 8].  It is the 

most widely used and accepted classification of disease status by clinicians and 

pathologists.   

There are six classes of lupus nephritis defined by WHO guidelines that 

essentially describe a continuum of disease.  Figure 1presents the most salient features of 
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the different WHO classes of lupus nephritis.  Importantly, Figure 1 highlights two 

distinct stages of lupus of relevant to kidney function—a “benign” stage in which patients 

are seropositive for autoantibodies but lack renal manifestations, and a “pathogenic” 

stage where renal disease is active with or without seropositivity [9].  Class I and II 

nephritis belong to the “benign” category.  Class I lupus nephritis is limited to the early 

course of SLE and is characterized by an absence of glomerular abnormalities and the 

lack of detectable renal manifestations.  Class II is defined as glomerular disease limited 

to the mesangium, and is further subdivided based on the presence or absence of 

mesangial hypercellularity.  These patients have detectable ANAs and 

hypocomplementemia, indicative of active disease, but typically have no renal 

manifestations.  Indeed, these patients typically have no clinical symptoms of renal 

disease and exhibit normal renal function by all conventional measures, although some 

may exhibit mild hematuria, proteinuria, or leukocyturia.   

Class I and II patients highlight the fact that a dysregulation of the immune 

system, and specifically the formation of ANAs, typically precedes renal disease but may 

not precipitate it [10].  This observation is consistent with the fact that about 5 percent of 

the normal population exhibit positive ANAs titers without ever developing lupus [11, 

12].  There are two important implications from these observations.  First, it indicates that 

the progression of lupus from benign to severe pathology involves a transitional 

threshold.  That is, an accumulation of molecular events, dictated by a combination of 

genetic predisposition and environmental stimuli, is needed to transition to severe 

pathology.  Second, ANAs may not be in themselves pathogenic.  Thus, there appears to 
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be a qualitative difference between antibodies which can and cannot precipitate renal 

disease.  Class V lupus patients exemplify this interpretation.   

Class V lupus nephritis is defined as membranous proliferative 

glomerulonephritis.  Interestingly, these patients are typically negative for or have low 

titers of ANA, and often present with renal manifestations well before the development of 

other SLE clinical features.  Class V disease is characterized by widespread 

epimembranous immune deposits in the absence of endocapillary proliferation and a 

thickening of the glomerular basement membrane.  This subset of patients provide 

anecdotal demonstration that other autoantibodies, such as anti-glomerular antibodies or 

other kidney-specific antibodies, and not ANAs, may be the key players in disease 

pathogenesis.  Rephrased, ANAs, or at least those screened for by conventional methods, 

may be dispensable in the development of severe kidney disease.  Class V patients 

provide a case wherein genetic and environmental factors can “short-circuit” the 

“benign” phase of the disease, or at least have benign autoantibodies which are 

unconventional and therefore missed by routine diagnostics.  A more thorough discussion 

on the pathogenicity of autoantibodies is found later in the text.    

Class III and IV lupus have transitioned to pathogenic autoimmunity.  Class III 

and IV nephritis are both defined as endocapillary proliferative glomerulonephritis, and 

are distinguished based on the distribution of endocapillary proliferation.  The glomerular 

capillary lumina are narrowed or obstructed by hyperprofileration of endothelial and 

mesangial cells and infiltrated by mononuclear and polymorphonuclear cells.  There is a 

varying degree of tubular atrophy, interstitial fibrosis, and inflammation.  Up to two-

thirds of class III and IV patients are positive for SLE serologies, and typically have 
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hematuria, leukocyturia, cellular casts, and proteinuria, as well as renal hypertension.  At 

this stage of disease, patients typically have impaired renal function as assessed by serum 

creatinine and measures of glomerular filtration rates.  Finally, the WHO classifies 

patients with advanced, chronic disease, extensive glomerular scarring, and renal 

insufficiency as Class VI lupus nephritis.  

 

GENETIC PREDISPOSITION TO SLE: MOUSE AND MAN 

Since renal manifestations are a sequellae of SLE, genetic predisposition to lupus 

nephritis is intertwined with the genetics of susceptibility to SLE.  It is clear from studies 

of both man and mouse that genetic factors play a dominant role in dictating 

predisposition to SLE.  The high concordance rate of SLE in monozygotic twins (30-

57%) and increased familial incidence provide strong evidence for genetic predisposition 

as a major factor in disease susceptibility [13, 14].  Moreover, the occurrence of 

spontaneous lupus in specific inbred mouse strains, such as the F1 hybrid of the New 

Zealand Black (NZB) and New Zealand White (NZW) strains, the MRL.lpr strain, and 

BXSB.yaa mice further point to the importance of predisposing disease alleles.   

Genetic analysis of SLE susceptibility in humans has progressed significantly 

over the past few years and several disease alleles have been identified.  The most robust 

associations detected in genetic analyses have been with deficiencies in the C2, C4, and 

C1q components of the complement system [15].  However, the disease-associated alleles 

of these complement components are relatively rare in human populations and thus, only 

account for a small portion of disease incidence.  Nonetheless, genetic studies indicate 

that 45% of all white SLE patients are homozygous or heterozygous for defective alleles 
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of complement component C4a, indicating that even small deficiencies in this component 

may be an important component of disease progression.  Furthermore, >90% of 

individuals deficient for the expression of C1q develop severe lupus-like disease [16, 17].  

Although this genetic deficiency mediates SLE susceptibility in a highly penetrant 

fashion, the C1q-deficient allele is extremely rare in the human population and thus this 

genetic system only accounts for a very small proportion of affected individuals.  The 

precise roles that any of these complement deficiencies play in the development of SLE 

remains unclear, although they are thought to cause impaired clearance of immune 

complexes and apoptotic blebs, which may lead to a breach in immune tolerance due to 

the accumulation of an excess of these self-antigens in regions of immune activation [18, 

19] 

Linkage and/or association analyses in humans also have associated alleles of  

HLA-DR (DR2 and DR3) [20], PDCA [21], PTPN22 [22], Fc receptors [23, 24], and 

IRF5 [25] with susceptibility to SLE.  In this instance, the disease alleles associated with 

SLE are often quite common in human populations, consistent with the multifactorial 

nature of genetic predisposition in this disease.  Thus, although these disease alleles are 

relatively common in SLE patients, they are also quite frequent in unaffected individuals 

as well.  This is consistent with the possibility that complex epistatic interactions between 

these disease alleles and a multitude of other susceptibility and/or suppressive allelic 

modifiers and environmental factors are essential for the development of severe 

autoimmunity.  As will be discussed below, these types of interactions have been clearly 

delineated in animal models of systemic autoimmunity [26].  Finally, the roles that these 

disease alleles play in SLE pathogenesis are either unknown or very poorly characterized, 
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which represents a major deficiency in our understanding of genetic predisposition to 

SLE in humans. 

Genetic linkage studies in murine models of lupus, on the other hand, have been 

particularly fruitful in defining the roles that individual susceptibility alleles play in 

disease progression.  Most notably, congenic dissection, in which genomic segments 

containing known susceptibility/resistant loci are introgressed between defined genetic 

backgrounds, has been a valuable tool.  This genetic strategy, which was pioneered by 

George Snell more than 50 years ago for the analysis of histocompatibility alleles, 

involves the production of a series of strains with identical genomes that only differ by 

the incorporation of a small genomic segment known to contain a specific susceptibility 

locus.  These strains can be used to characterize the phenotypes mediated by individual 

susceptibility loci, even before the causative genetic variation has been identified [27].  

Studies employing these strategies to analyze NZB/NZW-derived, MRL.lpr and 

BXSB.yaa strains have been fruitful in identifying candidate genes and understanding 

disease mechanisms.  The inhibitory Fc receptor gamma IIb [28], complement 

components [29], the pro-apoptotic Fas receptor and Fas ligand [30], members of the 

SLAM family of receptors [31], and Toll-like receptors (TLR) 7 [32, 33] and 9 [34] are 

but a handful of genes that have been implicated from studies in the mouse.  Importantly, 

this strategy has been invaluable in delineating the roles that individual disease loci play 

in the development of nephritis in lupus-prone mice. 
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A PATHWAYS APPROACH TO SLE 

We have utilized congenic dissection to define the roles that individual 

susceptibility loci play in disease progression in the NZB/NZW-derived NZM2410 strain 

[26].  An initial linkage analysis in crosses with the autoimmune-resistant C57/BL6 (B6) 

strain identified three susceptibility loci, termed Sle1, Sle2, and Sle3, that contributed to 

disease in the NZM2410 lupus-prone mouse strain.  These loci were introgressed 

individually onto the B6 genetic background, which produced a series of B6-congenic 

strains, each carrying a single susceptibility locus in isolation on the B6 background.  

Over the past 10 years, we have performed detailed characterizations of the autoimmune 

phenotypes expressed by these congenic intervals, both individually and in various 

combinations [31, 32, 35-43].  These studies have led to a model of lupus pathogenesis 

that is presented in Figure 2 (adapted from [10, 26]).  In this model, lupus susceptibility 

genes are postulated to modulate two separate immunologic pathways, the first mediating 

a breach in immune tolerance leading to benign autoimmunity (Pathway One) and the 

second driving the transition from benign to pathogenic autoimmunity (Pathway Two).  

Genes that confer susceptibility to nephritis, some of which may be kidney-intrinsic, 

belong to the second category.   

The experimental observations that have led to this model can be illustrated by the 

genetic interactions that lead to fatal disease among some of the B6-congenic strains that 

we have developed.  The most potent susceptibility locus identified in our original 

linkage analysis was Sle1, which is the best developed example of a gene in the first 

pathway.  B6.Sle1 mice develop high-titer IgG ANAs in the absence of significant renal 

disease and thus are reminiscent of the “benign” autoimmunity described above.  This 
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mouse illustrates the concept that genes predisposing to ANAs may not in themselves be 

capable of mediating a transition to lupus nephritis.  Our ongoing analysis of this locus 

has determined that it contains a linked cluster of four loci that impact susceptibility to 

autoimmunity and that polymorphisms in a cluster of 7 SLAM/CD2 genes play a 

predominant role in the development of ANAs.  To date, Ly108 within the SLAM/CD2 

gene cluster has been implicated as the strongest candidate gene in this interval [31, 35].  

The disease allele of Ly108 has been demonstrated to impair the induction of immune 

tolerance in the immature B cell compartment, leading to an increased frequency of 

autoreactive B cells in the spleen and lymph nodes.  As a result of this lesion in an early 

checkpoint in B cell tolerance, these mice are highly predisposed to spontaneously 

develop ANAs by about 7 months of age (penetrance >90%).  As discussed above, a 

similar phenotype develops in roughly 5% of the aging human population, suggesting 

that a lesion in B cell tolerance may be a relatively common occurrence.  Ly108 will be 

covered in greater detail in Chapter Three. 

As shown in Figure 2, the second pathway contains a series of disease alleles or 

susceptibility loci that drive chronic immune activation.  The phenotypes mediated by 

Sle3 and yaa have been thoroughly investigated and their properties provide important 

insights into the types of genetic interactions that can lead to severe autoimmunity.  Both 

B6.Sle3 and B6.yaa mice have mild autoimmune phenotypes that lead to little or no 

autoantibody production.  This characteristic is shared with the other disease alleles and 

susceptibility loci included in this pathway, all of which exhibit variable but generally 

minimal propensity to cause autoimmunity when isolated on an otherwise normal 

genome.  Interestingly, B6.Sle3 mice may develop low levels of GN, despite the absence 
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of significant levels of IgG ANAs [39].  The lack of high titered ANAs but presence of 

GN seen in the B6.Sle3 mouse may be similar to Class V GN observed in the Class V 

subset of SLE patients and points to the importance of kidney-intrinsic genes and/or 

genes that predispose to the production of non-anti-nuclear autoantibodies or other 

nephrotoxic factors.  B6.yaa mice have virtually no autoimmune phenotypes, although a 

careful analysis of their serum IgM reveals the presence of autoantibodies preferentially 

recognizing RNA containing antigens [32].  Sle3 will be covered in greater detail in 

Chapter Four. 

The combination of either of these Pathway Two loci with Sle1 in the bi-congenic 

B6.Sle1Sle3 and B6.Sle1yaa strains results in the development of a potent systemic 

autoimmunity, leading to severe levels of GN and highly penetrant fatal disease by 9 

months of age [32, 38].  Thus, although none of these disease alleles are capable of 

driving severe pathology individually, a combination of Sle1 with either Sle3 or yaa 

results in the transition of the benign autoimmunity mediated by Sle1 into a potent 

systemic autoimmunity culminating in lupus nephritis and kidney failure.  These analyses 

clearly illustrate the dramatic impact of epistatic interactions between genes in Pathways 

One and Two on the development of fatal disease in this mouse model of lupus nephritis. 

Recent work on the role of the innate immune compartment in SLE has provided 

new insights into at least one type of disease allele within Pathway Two.  Genes in the 

toll-like receptor (TLR) family have been recently implicated in playing a critical role in 

SLE.  TLRs normally function within the innate immune system to recognize pathogen-

derived molecules, serving to initiate immediate host responses to infection and to drive 

the activation of the adaptive immune system against invading pathogens [44, 45].  The 
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TLR9, TLR7, and TLR3 molecules bind specifically with dsDNA, ssRNA, and dsRNA, 

respectively, but have also been shown to recognize self-derived nuclear antigens [46, 

47].  A clear role for TLR7 and TLR9 in dictating humoral response to RNA and DNA-

containing antigens, respectively, has been demonstrated by a number of investigators 

[32-34].  We and others have recently demonstrated that a two-fold increase in the level 

of expression of TLR7 is the genetic lesion underlying the potent autoimmune 

accelerating phenotype of yaa [32, 33].  These studies demonstrate that an incremental 

increase in the signaling of the TLR7 pathway is sufficient to drive the development of 

fatal lupus nephritis, when coupled with breach in B cell tolerance mediated by Sle1.  In 

addition, we have shown that Sle3 mediates increased responsiveness of myeloid cells to 

TLR4 ligands, suggesting that the synergistic interactions of Sle3 with Sle1 may also 

involve increased signaling by the Toll receptor pathway [32, 47].  These and other 

studies demonstrate that dysregulation of the innate immune system is a potent driver of 

the transition from benign to pathogenic autoimmunity, thus suggesting that simultaneous 

dysregulation of the adaptive and innate immune systems may be a common feature in 

autoimmune-prone genomes.  Since TLRs have an impact both in dictating autoantibody 

repertoire as well as in activating effector cells such as macrophages, dendritic cells, and 

granulocytes, they thus straddle the two categories of genes.  As will be discussed later, 

TLRs have also been shown to be expressed on renal cells, and it remains to be seen what 

effect TLR dysregulation has on the kidney intrinsically.  

In a similar fashion, defects in complement components and apoptosis affect both 

the development of benign autoimmunity and also the transition and perpetuation of 

pathogenic autoimmunity.  Complement is thought to play two important roles in lupus 
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pathogenesis.  First, complement modulates adaptive immunity.  C3b can bind foreign or 

self-antigen and signal via the complement receptor complex CD21/35 on B-cells [48].  

The simultaneous co-ligation of the BCR and CD21/35 with antigen complexed with 

complement leads to enhanced signaling in B cells [49].  It has also been shown that 

complement-fixation of antigen plays a major role in localizing antigen to the lymphoid 

follicles via engagement of complement receptors on follicular dendritic cells, which 

further serve to skew B-cell function [50].  Secondly, complement plays an important 

role in immune clearance.  This function of complement plays a critical role in SLE, 

where ICs are inappropriately cleared and deposit in tissues where they cause 

pathologies.  Similarly, apoptosis defects likely play a role in both Pathway One and 

Pathway Two.  Faulty negative selection due to defects in apoptosis, as exemplified in the 

fas and gld-defective murine models, lead to inappropriate release of autoreactive 

immune cells from the bone marrow and thymus.  This same inability to apoptose 

perpetuates chronically activated effector cells. 

The most critical finding from these studies is that disease alleles from both 

pathways must be present in the genome to cause fatal disease and that these pathways 

interact in a non-additive fashion to produce pathogenic autoimmunity.  A novel pathway 

resulting from this interaction, namely the CXCR4/CXCL12 axes, which drives fatal 

lupus nephritis, will be covered in greater detail in Chapter 5.   

 

PATHOGENESIS OF LUPUS NEPHRITIS 

Lupus nephritis is thought to be initiated by deposition of preformed circulating 

immune complexes (IC) in the glomerular capillary wall.  Since ICs vary widely in both 
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their stereochemical properties and serum concentrations, ICs may preferentially deposit 

in mesangial, subendothelial, or subepithelial sites.  Clearly, not all ICs are pathogenic.  

The 5 percent of the population bearing ANAs, and specifically anti-chromatin and anti-

dsDNA ANAs, never develop nephritis.  As described above, Sle1 congenic mice also do 

not develop nephritis despite the persistence of high titer IgG ANA.  Thus, understanding 

the pathogenicity of autoantibodies has been an active field of research and remains one 

of the most controversial topics in the field.    

Work in the late 1980s by Weber and colleagues showed that histones, which are 

highly cationic, had strong affinity for the negatively charged sites in the glomerular 

capillary wall [51].  Work in the late 1970s by Koffler and colleagues demonstrated that 

anti-DNA antibodies may also cross-react with intrinsic glomerular basement membrane 

components such as heparin sulfate proteoglycans [52].  These findings have been 

supported by recent work by Rekvig and colleagues, which demonstrated that anti-

dsDNA and anti-histone H1 antibodies and not a variety of other autoantibodies could 

cross-react with kidney components [53].        

Antibodies formed against complement itself have also been implicated in the 

pathogenesis of nephritis.  Studies have demonstrated the strong correlation between anti-

C1q autoantibody positivity and renal involvement [54], the predictive value of anti-C1q 

autoantibody titers for flares of nephritis [55], and the accumulation of anti-C1q 

antibodies in the kidneys of both men and mice with lupus [56, 57].  Recent work by 

Daha and colleagues has provided evidence that anti-C1q antibodies are pathogenic only 

in concert with other IC deposits [58].   
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Direct engagement of kidney components has also been shown to play an 

important role in GN, especially in the membranous form.  Nephrophilic antibodies, such 

as those formed against the glomerular basement membrane and intact glomeruli, have 

been demonstrated to arise later in the disease course, and may indicate the immune 

system’s response to previously inaccessible antigens released during initial kidney 

damage.  Our recent work has begun to shed light on the identity of nephrophilic 

antibodies.  Using a proteomic array-based approach, they showed that specific clusters 

of serum nephrophilic antibodies, but not all kidney-recognizing antibodies, correlated 

with lupus severity [59].  They demonstrated that IgG autoantibodies to glomeruli and 

laminin, myosin, matrigel, vimentin, and heparin sulphate correlated with disease activity 

while other antibodies such as vitronectin and entactin did not.  These studies pave the 

way for future work needed to unravel the pathogenic potential of lupus autoantibodies, 

which may in turn lead to a better understanding of disease mechanism. 

After IC deposition, it is thought that the complement cascade plays an important 

role, although whether this event occurs in the circulation or in the kidney itself is yet 

unknown.  Complement fixation results in the release of chemotactins C3a and C5a, 

which may promote recruitment of immune cells which then insult the kidney via the 

release of reactive oxygen species and inflammatory cytokines.  Consistent with this 

hypothesis, Cook and colleagues have recently demonstrated in vivo that ablation of the 

classical pathway component C3 as well as the alternative pathway component Factor D 

rescued nephritis [60].  These set of studies indicate the important role of complement in 

the pathogenesis of lupus nephritis. 
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Recently, with the recognition of the importance of TLRs in SLE pathogenesis, 

researchers have identified a renal-intrinsic role for TLRs.  Tubular epithelial cells have 

been shown to express TLR4 and can respond to LPS stimulation by releasing 

chemokines and cytokines [61, 62].  Glomerular mesangial cells have been shown to 

express TLR3, which recognizes double-stranded RNA, and Anders and colleagues have 

demonstrated that stimulation of these cells in vitro with synthetic TLR3 ligand induced 

secretion of IL6 and other chemokines [63].  Importantly, they found that by blocking 

NFkB—the most distal signaling event following TLR3 ligation—they were able to 

ablate these responses.  Given the large body of work that has focused on the immune 

consequences of TLR and TLR-pathway dysregulation, it is worth closely examining the 

effect of inappropriate TLR signaling in the kidney as well.  Indeed, genetic lesions in 

innate components may be so potent in aggravating lupus kinetics precisely because they 

affect both the immune and kidney compartments simultaneously.     

What should be obvious from the present discussion is that it is extremely 

difficult to dissect renal-intrinsic mechanisms from immunological mechanisms when 

studying lupus nephritis pathogenesis.  In almost every study, the events of the kidney are 

vitally linked to the events in the immune system.  Subsequently, studies aimed at 

identifying renal-intrinsic factors leading to increased susceptibility are largely obscured 

by the inability to dissociate inflammatory events mediated by the immune system from 

those mediated by the kidney.   

However, there is good evidence to date that suggests a crucial role for renal 

endogenous mechanisms.  These studies, done primarily in the mouse, exploit bone 

marrow chimera technology and, more recently, kidney transplantation to assess if the 
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contributions of certain genes to kidney pathology are intrinsic to the kidney itself.  

Tipping and colleagues have used bone marrow chimera experiments to show a clear role 

for kidney-endogenous sources of IL1-beta, IL-12, IFN-gamma, TNF-alpha, and CD40 in 

mediating GN [64-68].  The role of FcR-gamma was also clarified recently using this 

approach by Clynes and colleagues, who showed that Fcr-gamma expression was needed 

only in hematopoetic cells and not renal cells, minimizing the purported role of mesangial 

cell activation via FcR cross-linking [69].  Given these observations, it follows logically 

that any alteration in kidney responses to pathogenic insult may have a profound impact 

on the kinetics and severity of GN.  Indeed, this experimental strategy will be needed to 

establish whether candidate genes identified in murine lupus are bona fide nephritis 

susceptibility genes and to gain insight into how these genes contribute to kidney 

pathology.   

 

SUSCEPTIBILITY LOCI MAPPED IN MURINE LUPUS MODELS  

Table 1a summarizes the statistically significant loci for nephritis that have been 

uncovered using murine mapping studies [41, 70-96].  The table summarizes the results 

of mapping studies done in the MRL.lpr, BXSB.yaa, and the NZB/NZW-derived strains.  

As can be noted, all mouse strains that develop lupus spontaneously harbor nephritis 

susceptibility loci.  Whereas some of the mapped loci confer susceptibility to ANAs as 

well as nephritis, others confer susceptibility to nephritis but not ANAs.  Chromosomes 

1, 4, 7, and 17 appear to be the most commonly implicated chromosomes harboring 

nephritis susceptibility loci, with these loci originating from several different strain 

backgrounds.  These include repeatedly mapped loci on the distal chromosome 1 (88-
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101cM), mid-chromosome 4 (31-48 cM), proximal chromosome 7 (16-31 cM), and 

centromeric chromosome 17 (around H2 and complement).  

Sle1, located on a segment of mouse chromosome one syntenic with human 

chromosome one, has been further resolved to four sub-loci, termed Sle1a, Sle1b, Sle1c, 

and Sle1d, of which Sle1b seems to be the strongest loci that predisposes a loss of 

tolerance to chromatin [43].  Of interest, Sle1d has been purported to play a role in the 

development of GN in the absence of predisposing ANAs.   

What is obvious from these studies is that conventional mapping studies are 

inconclusive in identifying nephritis-mediating genes from other lupus genes.  To 

overcome the limitations, congenic analyses as an alternative strategy has been used to 

study purported nephritis-loci in vacuo [39, 40, 97-99].  The results of these studies are 

presented in Table 2.  However, due to the expression of many of these susceptibility 

genes in both blood and renal cells, congenic analyses has also failed to confidently 

distinguish renal-intrinsic factors from hematopoetic factors.  As described above, bone 

marrow chimera and renal transplantation experiments are needed to adequately assess 

the contributions of nephritis genes on kidney-intrinsic pathology.   

 

SUSCEPTIBILITY LOCI IDENTIFIED IN HUMAN LUPUS 

As executed in murine lupus, a limited number of mapping studies have also been 

executed in human lupus nephritis [100-103].  As detailed in Table 3, these studies point 

to the existence of nephritis susceptibility loci on human chromosomes 2 (SLEN2), 3, 4, 

10 (SLEN1), 11 (SLEN3), and 16.  Since most of these loci are not associated with high 
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serum ANA, a subset of these may harbor genetic elements that promote renal disease in 

a kidney-intrinsic fashion.   

Finally several research groups have identified allelic polymorphisms in specific 

genes (e.g., FcRII, FcRIII, PARP, PDCD1, etc.) that are highly associated with nephritis 

in SLE patients [104-114].  These findings are summarized in Table 4.  One important 

point on these data is that it still remains likely that the reported genes may not actually 

be the bona fide lupus genes, and that they simply are in linkage disequilibrium with the 

actual causative genes.   
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Figure 1.  WHO Classes of Lupus Nephritis 
 

 

Figure 2.  Pathways Model of SLE.   
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Name of locus Chr1 cM2
Disease 
Strain Mapped phenotype3 Ref

Bxs4/Sle10 1 11 BXSB nephritis 71
Bxs1/Yaa2 1 32.8 BXSB nephritis, ANA, etc. 72
Bxs2/Yaa3 1 63.1 BXSB nephritis, anti-dsDNA,, etc. 71, 72
Bxs3 1 71 BXSB nephritis, anti-dsDNA,, etc. 71, 72
Sle1 1 88 NZM2410 nephritis 75
Lbw7 1 92 NZB anti-dsDNA 76
Sbw1 1 92 NZB splenomegaly 76
Cgnz1 1 92.3 NZM2328 chronic nephritis,proteinuria 86
Nba2 1 94.2 NZB nephritis, anti-dsDNA, gp70IC 81, 87-89
Agnz1 1 101 NZM2328 acute nephritis 86
Wbw1 2 86 NZW proteinuria 77
Mrl 2 50 MRL-lpr anti-dsDNA 78
Sles3 2 16 NZW Suppressive (nephritis) 41
no name 3 32.8 BXSB nephritis, ANA 71
Bxs5 3 63 BXSB nephritis, ANA 71
Lprm2 3 66 MRL-lpr vasculitis 80
Lprm1 4 35.5 MRL-lpr vasculitis 80
Nbwa2/Sle15 4 31.2 NZB nephritis 90
Lbw2 4 42.6 NZB nephritis, mortality 76
Sle2 4 44.5 NZM2410 nephritis 75
no name 4 48.5 NZB nephritis 88
Sbw2 4 53 NZB splenomegaly 76
Lmb1 4 54 C57BL/6 splenomegaly, ANA 80
Sles2 4 57.6 C57BL/6 Suppressive (nephritis, ANA) 41
Nba1 4 70 NZB nephritis 81
Nba4 5 15 NZB nephritis 91
Sle6 5 20 NZW nephritis 41
Lmb2 5 27 MRL-lpr splenomegaly, ANA 80
Lprm4 5 54 MRL-lpr 79
Lbw3 5 88 NZW disease accelerator 76

 
 
 

 
 
 
 
 
 
 

 
 
 
 

 
 

 
 
 Lxw2 6 25.5 NZW nephritis 92

no name 6 35 C3H nephritis 93
Lbw4 6 60 NZB disease accelerato  r 76
Sle5 7 4 NZM2410 nephritis,anti-dsDNA 82
Lrdm1 7 6 MRL-lpr nephritis, anti-DNA, etc. 83
no name 7 16 NZM2410 nephritis,anti-dsDNA 82
Lbw5 7 22 NZW disease accelerator 76
no name 7 25 NZW nephritis, anti-DNA, gp70 IC 84
Lmb3 7 26 MRL-lpr splenomegaly, ANA 81
Sle3 7 28 NZM2410 nephritis,autoantibodies 80
Nba3 7 31 NZB nephritis 81
Sles4 9 2 NZW Suppressive (nephritis) 41
Sle12 10 69 NZM2410 nephritis 82
Lmb4 10 50 MRL-lpr splenomegaly 80
Sle13 11 20 NZM2410 acute nephritis,anti-dsDNA 82
Nba 11 17 NZB nephritis 95
Lbw8 11 37 NZB ANA 76
Mrl 11 54 MRL-lpr ANA, vasculitis 78
Nbwa1/Sle14 12 3.5 NZB nephritis, ANA 90
Lrdm2 12 61.8 MRL-lpr nephritis, anti-DNA, etc 83
Bxs6 13 24 BXSB nephritis 94
Nwa 14 19.5 NZW ANA 95
Swrl2 14 27.5 SWR nephritis, IgG ANA 74
Nba 14 40 NZB nephritis 95
Lprm3 14 44.3 C3H nephritis 79
Lprm5 16 33.5 MRL-lpr ANA 79
Nwa1 16 38 NZW nephritis, anti-dsDNA, etc. 95
H2 17 19 several4 nephritis,mortality, ANA, etc. several4

Sles1 17 19 several fully suppressive 41, 74-75

Lbw6 18 47 NZW nephritis,mortality 76

1:   Indicated is the chromosomal location of the loci, ordered according to the chromosome number

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

s
2:  Indicated is the position of the locus on the chromosome in centimorgans (cM)

4: "several" nephritis loci have been mapped to "H2 ", as detailed in references 41, 73-77, 86, 87, 92,

3:  Where multiple phenotypes were mapped, only "nephritis" and a couple of the other phenotypes 
have been listed

 
 
 

 
Table 1.  Genetic loci associated with lupus nephritis in murine studies 
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Congenic strain1 Disease Control Locus Chromosomal Ref
Strain Strain position2 proteinuria nephritis deposits auto-Ab

Introgression of disease interval onto "normal" strain background
B6.NZBc1(35-106) NZB C57BL/6 Nba2,others 1 (35-106) Yes (low) Yes Yes Yes 87
B6.NZBc1(85-106) NZB C57BL/6 Nba2 1 (85-106) no Yes Yes Yes 87
B6.Sle1 NZM2410 C57BL/6 Sle1 1 (85-122) no Mild no Yes 40
B6.Sle3 NZM2410 C57BL/6 Sle3 1 (15-45) no Modest Yes Yes 40, 43
B6.MRLc7 MRL C57BL/6 Lmb3 7 (1-28) na4 Yes Yes Yes 98

Introgression of "normal" interval onto disease-strain background
NZM2328.Cgnz1 NZM2328 C57L/J Cgnz1 1 (88-112) decreased decreased decreased decreased 99
NZM2328.Adnz1 NZM2328 C57L/J Adnz1 4 (16-60) no change no change no change decreased 99

1: Indicated are congenic mouse strains in which a disease susceptibility interval has been backcrossed onto a control
    strain background (i.e., the first 5 strains) or in which a disease-resistant interval has been backcrossed onto a
    disease susceptible strain background (i.e., the last 2 strains).
2: Indicated are the chromosomal locations of the introgressed genetic interval in centimorgans (cM).
3: Listed are the salient phenotypes in the congenic strains compared to the phenotype of the background strain
4: na = not available

Phenotypes noted in congenics3:

 
 
Table 2.  Monocongenic strains in which lupus-associated nephritis is aggravated or 
ameliorated 

 
 
 

 
 
 
 
 
 
 
 
 
 

Locus Ethnic group
LOD score of P-

value Ref
2q34-35 (SLEN2) African-American P = 0.000001 101
3q23 African-American P = 0.00007 101
4q13.1  European-American P = 0.00003 101
10q22.3 (SLEN1) European-American LOD =3.16 101
11p13 African-American P = 0.00003 101
11p15.6(SLEN3) African-American LOD = 3.34 101
16q12 Multiple P = 0.006 102

 
Table 3.  Nephritis-susceptibility loci mapped in human lupus nephritis 
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Gene
Chrom 
Position Ethnic Group

Nature of association with 
nephritis in SLE patients Ref

FcγRIIa 1q23 Dutch Caucasians R131 allele, P=0.03 112
FcγRIIa 1q23 African-Americans R131 allele, X2 = 11.3 24

FcγRIIa 1q23 Hispanics R131 allele, P < 0.002 113
FcγRIIa 1q23 Koreans R131 allelic, X2=9.29, P =0.00959  114

FcγRIIa 1q23 Brazilians R131 allele, P <  0.02 104

FcγRIIIA 1q23 Koreans F176, P<0.022 105
FcγRIIIA 1q23 Multiple F158, P = 0.003 106

PARP 1q41-42 Koreans
SNP-1963:A>G, P=0.03,+28077G > 
A  P=0.0008 107

PDCD1 2q37 Swedish PD-1.3A, X2=10.2, P=0.002 108

TNFB 6p21 Koreans TNFB* 2,  P < 0.0001 109
ACE 17q23 Hispanic,Asian Position 23949 (CT)2/3, P = 0.014 110

Dnase II 19p13.2-q13.4 Koreans SNP-1066:G>C, P=0.04 111

SNP+2630:T>C, P=0.04

SNP+6235:G>C, P=0.05   

 
Table 4.  Candidate genes associated with nephritis in human SLE 
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CHAPTER TWO: Materials and Methods 

 

FOR CHAPTER THREE: Regulation of Thymic Selection by the Lupus Susceptibility 

Gene Ly108 

Mice 

Male and female B6, B6.OTII, B6.Sle1b.OTII, B6.Sle1b, B6.Sle1b.SAPko and 

B6.Sle1b.388C4 mice were produced in our colony at the University of Texas 

Southwestern Medical Center, and housed in the University of Texas Southwestern 

Medical Center Animal Resources Center’s specific pathogen-free facility. 

B6.Sle1b.388C4 mice are B6.Sle1b mice which are transgenic for the b alleles of Ly108 

and Cd84, and their construction has been previously described [115].  The care and use 

of laboratory animals in our facility conforms to the National Institutes of Health 

guidelines and all experimental procedures conformed to IACUC approved animal 

protocols. 

 

Flow cytometry and antibodies  

Antibodies to the following mouse antigens were used for flow cytometry analyses:  

CD25-FITC, CD4-APCCy7, CD69-PerCPCy5.5, CD5-APC, CD69-PE, AnnexinV-PE, 

CD21-FITC, CD23-PE, IgM-PerCPCy5.5, IgM-PeCy7, CD5-APC, B220-APCCy7, 

B220-FITC,  CD138-PE, Gr-1-APCCy7, CD3-FITC, CD4-APCCy7, CD86-PE, AA4.1-

FITC, CD43-PE, NK1.1-PECy7, Va2-FITC, Vb5-Bio, CD25-Bio, (BD Biosciences, 

Franklin Lakes, NJ); Ly108-PE, Ly108-Bio, CD8-PECy7, CD44-APC, CD11b-APC, 
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F4/80-PECy5, CD11c-PacificBlue, Ie/Ib-FITC, F4/80-PECy5, CD3-PacificBlue 

(eBioscience, San Diego, CA); CD62L-PE Texas Red, Strepavidin-QDot655, 7-AAD, 

YO-PRO (Invitrogen, Carlsbad, CA); Ly9-PE, CD84-Bio (BioLegend, SanDiego, CA).  

For Vβ usage analyses, the BD Biosciences Vβ screening kit was used per 

manufacturer’s instructions (BD Biosciences, Franklin Lakes, NJ).  Samples were Fc-

blocked with the 2.4G2 antibody (BD Biosciences, Franklin Lakes, NJ).  For spleen, bone 

marrow, and blood, at least 5 x 104 cells were acquired in the live gate, as defined by size 

and granularity.  Samples were either acquired on an LSRII flow cytometer or 

FACSCalibur (BD Biosciences, Franklin Lakes, NJ), and analyzed using Flow Jo 

software (Tree Star Technologies, San Carlos, CA).  MFIs represent median fluorescent 

intensities.  

 

In vivo injection of anti-CD3, anti-Ly108 antibody, and OVA 

Functional grade anti-CD3 (5 ug) and/or anti-Ly108 (5 ug) (eBioscience, San Diego, CA) 

monoclonal antibodies or their appropriate iosotype controls were injected intravenously 

(IV) via the retro-orbital route.  Animals were allowed to rest for 24 or 48 hours, at which 

times they were sacrificed and analyzed.  For experiments utilizing OTII transgenic mice, 

OVA (323-339) (AnnaSpec, San Jose, CA), was injected intraperitoneally once a day (0.5 

mg) for two consecutive days with or without simultaneous IV anti-Ly108 antibody (5 

ug).  Mice were harvested 48 hours after the first injection and sacrificed for analyses.  
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In vitro stimulations and analyses of proliferation and apoptosis  

B6 and B6.Sle1b mice were sacrificed and single-cell suspensions of thymocytes were 

prepared in complete media ((RPMI1640 with L-glutamine, 10 % FCS (HyClone, Logan, 

UT), HEPES (Sigma-Aldrich, St. Louis, MO), 1X Pen/Strep (Sigma-Aldrich, St. Louis, 

MO), beta-2 mercaptoethanol (Sigma-Aldrich, St. Louis, MO), L-glutamine (Sigma-

Aldrich, St. Louis, MO)) at a final concentration of 1 x 106 cells /  ml and added in 

triplicate to 96-well flat bottom tissue culture plates which were pre-coated with 

functional grade anti-CD3 and/or anti-Ly108 (eBioscience, San Diego, CA) prepared at 

various concentrations in PBS for 12 hours at 37o C.  At various time points, cells were 

harvested and stained for cell-surface antigens and the intracellular fluorescent dyes 

YOPRO and 7-AAD.  “Viable” cells were designated as those which were YOPRO- 7-

AAD-, “early apoptotic” cells were designated as those which were YOPRO+ 7-AAD-, 

and “late apoptotic” cells were designated as those which were YOPRO+ 7-AAD+.   

     

CBA Analyses of IL-4 and IFN-γ Production 

B6 splenocytes were plated as described above.  Cells were stimulated with various doses 

of anti-CD3 and / or anti-Ly108, for 5 days, after which culture supernatants were 

harvested for CBA analyses using components of the Th1/Th2 BD CBA Flex Kit (BD 

Biosciences, Franklin Lakes, NJ) per manufacturer’s instructions.  Samples were run on a 

LSRII flow cytometer (BD Biosciences, Franklin Lakes, NJ), and analyzed using Flow Jo 

software (Tree Star Technologies, San Carlos, CA).  Data were analyzed in GraphPad 4 

and 5 (GraphPad, San Diego, CA).  Briefly, the parameters for the sigmoidal dose-

response curve were calculated using the log value of the standard concentrations versus 
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the MFI of the analyte, and concentrations of test samples were subsequently 

extrapolated. 

 

Ly108 signal transduction studies 

Thymocytes were washed in PBS and then lysed at 4°C in HNTG lysis buffer (50 mM 

HEPES (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM MgCl2, and 10% glycerol) 

containing 1% Triton X-100. 1.1x108 cell equivalents were immunoprecipitated 

overnight at 4°C on 30 μl rProtein G-Agarose beads loaded with anti-Ly108 mAb. 

Precipitates were washed three times with complete HNTG buffer containing 0.1% Triton 

X-100. Cleared cell lysates and IPs were mixed with non-reducing sample buffer and run 

on 4-12% acrylamide gels in MES SDS running buffer and transferred to nitrocellulose 

membranes. All immunoblots were performed in 5% non-fat dry milk in TBST. Anti-

Ly108 mAb (13G3-19D) was obtained from eBioscience. Anti-ZAP70 mAb (1E7.2), 

anti-p-tyr mAb(PY20), and polyclonal antibodies to Bcl-2(N-19), p-Cdk2/3(T160), p-

p27Kip1(Ser10), and ERK2 were obtained from Santa Cruz (Santa Cruz, CA). Polyclonal 

antibodies specific for Bcl-XL, Bax, Bak, p27Kip1 and Cdk2 were obtained from BD 

Biosciences (San Diego, CA). Antibodies to SAP were prepared in the laboratory of Cox 

Terhorst. HRP-conjugated secondary antibodies were purchased from Pierce biosciences. 

Blots were developed with the SuperSignal chemiluminescence kit from Pierce 

Biosciences.  
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Immunokinase Assays 

Cdk2 was immunoprecipitated from 50 μg cell extracts as described above. The 

complexes were assayed for kinase activity towards histone H1 as follows. 

Immunocomplexes were washed three times with lysis buffer and once with kinase buffer 

(20 mM Tris, pH 7.4, 10 mM MgCl2, 1 mM DTT). Subsequently, the beads were 

resuspended in 50 μl kinase buffer containing 2 μg histone H1, 10μCi [γ-32P]ATP and 20 

μM ATP. The reaction mixtures were incubated at 30°C for 45 min. Reaction mixtures 

were boiled in sample buffer and run on SDS-PAGE gels. Gels were stained with 

Coomassie blue, dried, and autoradiographed. Radioactivity was determined using a 

scintillation counter. 

Illumina BeadChip gene expression analyses and quantitative real-time PCR 

RNA was isolated from thymocytes harvested from B6 and B6.Sle1b mice before, 24 and 

48 hours after treatment with anti-Ly108 antibody and hybridized to the Illumina Sentrix 

Mouse 6 BeadChip arrays.  Analyses were done using BeadArray Studio software 

(Illumina, San Diego, CA).  Differentially expressed genes were first subjected to a 

Mann-Whitney U-test threshold of p < 0.05, and a 1.7-fold difference threshold.  

Subsequently, genes which were detected at low signal strength were removed.  For 

confirmation of differentially expressed genes, TaqMan gene expression probes for 

Calm2 and Fbxw5 (Applied Biosystems, Foster City, CA) were used in quantitative real-

time PCR assays. 
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Calcium flux 

Single-cell suspensions of thymocytes were prepared at 1 x 106 cells/ml in Hank’s 

Balanced Salt Solution (HBSS) (Fisher Scientific, Hampton, NH).  4 x 106 cells were 

labeled at a final concentration of 6 uM Fluo-3 in HBSS for 30 minutes at 37o C.  Cells 

were immediately quenched with 2 x volume cold HBSS, and subjected to cell-surface 

staining.  Cells were then washed in HBSS and heated to 37o C before stimulation.   

Cells were acquired on a FACSCalibur (BD Biosciences, Franklin Lakes, NJ).  Briefly, 

cells were allowed to run for 30 seconds to establish baseline levels, then stimulated with 

various concentrations of biotinylated anti-CD3 antibody and/or biotinylated anti-Ly108 

antibody (eBioscience, San Diego, CA) followed by Strepavidin (10 ug / ml) (Sigma, 

Croydon, Australia) or with thapsigargin (100 nM) (Sigma, Croydon, Australia) and 

acquired for 400 seconds.  Data was analyzed using Flow Jo software (Tree Star 

Technologies, San Carlos, CA).   

 

In vivo proliferation and cell-cycle status studies 

For BrdU studies, the BrdU kit from BD Biosciences was used (BD Biosciences, 

Franklin Lakes, NJ).  Briefly, mice were injected with functional grade anti-Ly108 

antibody (5 ug) and allowed to rest for 12, 24, or 36 hours.  4 hours prior to harvesting, 

BrdU (1 mg) was injected intraperitoneally per manufacturers instructions, after which, 

mice were sacrificed and thymocyes harvested.  Extracellular labeling of CD4 and CD8 

was performed first followed by 24 hours of fixation in BD Perm/Fix buffer at 4o C.  

FITC-conjugated anti-BrdU and 7-AAD (Invitrogen, Carlsbad, CA) were used to 
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visualize BrdU incorporation as specified by the manufacturer subsequent to 24 hour 

permeablization and analyzed by flow cytometry as described.   

 
 

TUNEL visualization 

For in situ visualization of DNA fragmentation, the Sigma TUNEL kit was used on OCT-

embedded thymuses.  Briefly, one lobe of the thymus was removed, fixed in 4% 

paraformaldehyde for one hour followed by a 12 hour incubation in 30% sucrose, and 

embedded in OCT.   Coronal sections were washed and then mounted with Vectashield 

with DAPI (Vector Laboratories, Burlingame, CA), visualized and photographed with a 

Zeiss Axioplan 2 and digital camera (Carl Zeiss International, Germany), and analyzed 

with Axiovision software (Carl Zeiss International, Germany).  

 

Serology  

Mice were bled at 8-12 months of age and sera were harvested and stored at -20°C. 

ELISA detection of serum IgM and IgG autoantibodies directed against chromatin and 

dsDNA were performed as described previously [116]. OD450 was measured using an 

Elx800 Automated Microplate Reader (BioTek Instruments, Winooski, VT) and the raw 

optical densities for anti-chromatin ELISAs converted to arbitrary normalized units using 

a six-point standard curve generated by an anti-nuclear mAb derived from a NZM2410 

mouse [116]. 
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In vivo treatment of Ly108 in B6.Sle1yaa 

Biweekly intravenous (IV) administration (retro-orbital) of anti-Ly108 antibody or 

isotype control was begun in B6.Sle1yaa mice at 6-8 weeks of age at a concentration of 

0.25 mg/kg for a total duration of 4 weeks.  Treatment was terminated, and mice were 

monitored monthly for serum BUN, 24 hour proteinuria, and ANAs.  Mice were allowed 

to age to 6 months of age and then sacrificed for analyses.   

 

Statistical Analysis  

Data were analyzed using InStat3 or GraphPad 4 (GraphPad, San Diego, CA). Where 

appropriate, one-way ANOVA with Dunnet or Bonferonni post hoc analysis, Welch-

corrected t-test, Mann-Whitney U-test, or log-rank Mantel-Cox test were used.  Error 

bars represent SEMs. 
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FOR CHAPTER FOUR: Identification of the Lupus Susceptibility Locus, Sle3 

Mice 

Female B6, B6.Sle3, and all B6.Sle3 subcongenic lines (previously generated by Dr. Kui 

Liu) were produced in our colony at the University of Texas Southwestern Medical 

Center, and housed in the University of Texas Southwestern Medical Center Animal 

Resources Center’s specific pathogen-free facility.  The care and use of laboratory 

animals in our facility conforms to the National Institutes of Health guidelines and all 

experimental procedures conformed to IACUC approved animal protocols. 

 

Bone Marrow-Derived Macrophages 

Bone-marrow was eluted from two femurs and tibias with RPMI1640.  1.5 x 106 cells / 

ml were plated in 12 ml final volume of MCSF growth media ((RPMI1640 with L-

glutamine, 10 % FCS (HyClone, Logan, UT), HEPES (Sigma-Aldrich, St. Louis, MO), 

1X Pen/Strep (Sigma-Aldrich, St. Louis, MO), 1X Non-essential amino acids (Sigma-

Aldrich, St. Louis, MO), beta-2 mercaptoethanol (Sigma-Aldrich, St. Louis, MO), L-

glutamine (Sigma-Aldrich, St. Louis, MO), and 20 ng/ml M-CSF (R&D Systems, 

Minneapolis, MN)) in T75 plastic flasks at 37C and 5%CO2.  Twenty-four hours after, 

non-adherent cells were removed and placed in new T75 flasks, and then allowed to 

culture for an additional six days, with media supplementation on day five after initial 

plating.  At the end of seven days, cells were harvested by scraping and re-cultured with 

various concentrations of LPS (Sigma-Aldrich, St. Louis, MO) in M-CSF-free media at a 

concentration of 5 x 105 cells/ ml in 24-well plates at a final volume of 1 ml.  Twenty-
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four hours later, cell supernatants were collected for ELISA analyses and cells were 

harvested by scraping and analyzed for activation marker status by flow cytometry. 

 

Flow cytometry and antibodies  

Antibodies to the following mouse antigens were used for flow cytometry analyses:  Gr-

1-APCCy7, CD40-Biotin,  (BD Biosciences, Franklin Lakes, NJ); CD11b-APC, F4/80-

PECy5, CD16/32-FITC, CD106-FITC, CD80-PE, CD86-Biotin, Ie/Ib-FITC, F4/80-

PECy5, (eBioscience, San Diego, CA).  Samples were Fc-blocked with the 2.4G2 

antibody (BD Biosciences, Franklin Lakes, NJ).  For spleen, bone marrow, and blood, at 

least 5 x 104 cells were acquired in the live gate, as defined by size and granularity.  

Samples were either acquired on an LSRII flow cytometer or FACSCalibur (BD 

Biosciences, Franklin Lakes, NJ), and analyzed using Flow Jo software (Tree Star 

Technologies, San Carlos, CA).  MFIs represent median fluorescent intensities.  

 

Cytokine ELISAs  

BMDM culture supernatant were collected and used at various dilutions to quantitate IL6, 

RANTES, and TNF-alpha concentrations by ELISA (R & D Systems, Minneapolis, MN). 

OD450 was measured by an Elx800 Automated Microplate Reader (BioTek Instruments, 

Winooski, VT) and concentrations were extrapolated from a 4-point standard curve (R2 > 

0.99), where the mean of experimental duplicates was used. 

 

 33



Quantitative real-time PCR 

RNA was extracted from BMDM cultures and subjected to RT-PCR analyses for Klf13 

using a commercially available TaqMan probe (Applied Biosystems, Foster City, CA).  

Since BMDM cultures contain only 70% bona fide macrophages, cells were normalized 

to CD14 mRNA (Applied Biosystems, Foster City, CA).  Fold-change of Klf13 was 

calculated using the delta-delta Ct method. 

 

RANTES inhibition studies  

BMDM were cultured with LPS with either neutralizing antibody to RANTES (0.5 ug / 

ml) or equivalent concentrations of isotype control (R & D Systems, Minneapolis, MN).    

Twenty-four hours later, cell supernatants were collected for ELISA analyses and cells 

were harvested by scraping and analyzed for activation marker status by flow cytometry. 
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FOR CHAPTER FIVE: CXCR4/CXCL12 dysregulation plays a pivotal role in murine 

lupus nephritis 

 

Mice 

Male B6, B6.Sle1, B6.Yaa, B6.Sle1Yaa, BXSB, MRL.lpr, and female, B6.Sle1Sle2Sle3, 

were purchased from The Jackson Laboratories (Bar Harbor ME) or produced in our 

colony at the University of Texas Southwestern Medical Center, and housed in the 

University of Texas Southwestern Medical Center Animal Resources Center’s specific 

pathogen-free facility. The care and use of laboratory animals in our facility conforms to 

the National Institutes of Health guidelines and all experimental procedures conformed to 

IACUC approved animal protocols. 

 

Patients 

From November 2007 to July 2008, patients were enrolled with written consent at Cochin 

Hospital (Université de Paris Descartes, Paris, France).  The design and execution of the 

study was authorized by the internal review board and conforms to the standards and 

guidelines of the ethics board.  Patients hospitalized in the service of Internal Medicine at 

Cochin Hospital who were diagnosed with SLE or rheumatoid arthritis based on ACR 

criteria [117, 118] were included in the study.  All demographic and clinical data are 

currently being prepared for publication (18/07/2008).   
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Flow cytometry and antibodies in mice 

Antibodies to the following mouse antigens were used for flow cytometry analyses:  

CD21-FITC, CD23-PE, IgM-PerCPCy5.5, IgM-PeCy7, CD5-APC, B220-APCCy7, 

B220-FITC, CXCR4-PE, CXCR4-Biotin, GL7-FITC, CD138-PE, CD69-PE, CD69-

PerCPCy5.5, Gr-1-APCCy7, CD3-FITC, CD4-APCCy7, CD86-PE, AA4.1-FITC, CD43-

PE, CD45-FITC, CD45-PECy7, NK1.1-PECy7, AnnexinV-PE (BD Biosciences, 

Franklin Lakes, NJ); CD11b-APC, CD8-PECy7, CD44-APC, CD11c-PacificBlue, Ie/Ib-

FITC, F4/80-PECy5, CD3-PacificBlue (eBioscience, San Diego, CA); CD19-

PETexasRed, CD62L-PE Texas Red, PDCA-1-Biotin, Strepavidin-QDot655, 

Strepavidin-PE Texas Red, 7AAD (Invitrogen, Carlsbad, CA). Samples were Fc-blocked 

with the 2.4G2 antibody or 10% normal rabbit sera (Invitrogen, Carlsbad, CA). For 

spleen, bone marrow, and blood, at least 5 x 104 cells were acquired in the live gate, as 

defined by size and granularity. For kidney samples, at least 5 x 105 cells were acquired 

on the leukocyte gate, as defined by size and CD45 positivity. Samples were either 

acquired on an LSRII flow cytometer or FACSCalibur (BD Biosciences, Franklin Lakes, 

NJ), and analyzed using Flow Jo software (Tree Star Technologies, San Carlos, CA). 

MFIs represent median fluorescent intensities.  

 

Flow cytometry and antibodies in humans 

Antibodies to the following human antigens were used for flow cytometry analyses:  

CD14-FITC, CD19-FITC, CXCR4-APC, CD4-PE, CD15-PE, CD8-PECy7 (BD 

Biosciences, Franklin Lakes, NJ); IgG2a k-APC (eBioscience, San Diego, CA).  Whole 
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blood was labeled and red blood cells lysed after staining using BD Fix and Lyse; MFIs 

of samples were normalized using BD Spectral Beads (BD Biosciences, Franklin Lakes, 

NJ).  At least 5 x 104 cells were acquired in the live gate, as defined by size and 

granularity.  Samples were acquired on a BD Canto flow cytometer (BD Biosciences, 

Franklin Lakes, NJ), and analyzed using Flow Jo software (Tree Star Technologies, San 

Carlos, CA). MFIs represent median fluorescent intensities. 

 

Isolation of Renal Leukocytes 

ABSTRACT 

A detailed delineation of infiltrating renal leukocytes in lupus nephritis has been 

problematic.  Methodologically, classical immunohistochemistry suffers from sample 

selection bias and lack of absolute quantification of the number and types of infiltrating 

leukocytes, whereas it is requisite for determination of the geographical distribution of 

these cells.  Published flow cytometric methods for renal leukocyte enumeration suffer 

from technical issues related to the high auto-fluorescence of endogenous renal cells and 

difficulty in preparing the bulk kidney for flow cytometric applications.  Thus, we 

developed a novel cell isolation technique which we use to track and enumerate all 

infiltrating leukocyte subpopulations in the kidneys of mice at various time points over 

the course of anti-GBM sera challenge, as a proof of principle.  Using this method, we 

observed that whereas there was early infiltration of neutrophils and monocytes, it was 

the influx of CD4+ T-cells that coincided with peak proteinuria and serum BUN.  Using 

this technique, coupled with classical immunohistochemistry, it is possible to 
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quantitatively and qualitatively assess the renal leukocyte load in inflammatory 

nephropathies such as lupus nephritis.       

 

INTRODUCTION 

Since nephritis, by definition, is partly the consequence of infiltrating leukocytes, 

a detailed understanding of the types and numbers of infiltrating leukocytes could shed 

valuable insight into the pathogenesis and clinical management of nephritis.  Moreover, a 

reliable manner of isolating renal leukocyte subsets for meaningful subsequent analyses 

(i.e., gene profiling, stimulation assays, cytokine profiles, spectratyping) could prove to 

be an incredibly useful tool in understanding dysregulated pathways contributing to 

pathogenesis. 

To date, most studies focused on the role of various subsets in mediating nephritis 

utilize a combination of knockout mice, antibody therapies, immunohistochemistry, and 

only limited flow cytometric techniques [119].  From a methodological standpoint, each 

technique possesses caveats which limit their explanatory power.   

Since the intra-communication between all immune cells subsets and inter-

communication between immune and relevant non-immune cells (i.e., mesangial cells, 

endothelial cells) is pleitropic, systems using knockout mice lacking various immune cell 

subsets are difficult to interpret.  That is, it is difficult to interpret the effects on the 

development of nephritis by the lack of a cell type since the observed phenotype maybe 

far distal to the experimentally-induced lesion, especially when the lesion is of such 

breadth and non-specificity as i.e. the totality of CD4 T-cell subsets. 
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Immunohistochemistry (IHC) provides powerful geographic detailing of immune 

cells.  IHC, however, does not provide absolute quantitation of infiltrates and lacks 

sufficient resolution for dissecting the various subsets within major immune populations.  

Indeed, a combination of difficulties in antigen retrieval, a limited palette of antibody 

specificities, a limited degree of multi-fluorochrome localization, and the experimental 

bias inherent in 5 µm sections makes IHC more a qualitative technique than a 

quantitative technique with statistical power.  

To date, there have been limited reports using flow cytometry to quantitatively 

enumerate the infiltrating renal leukocyte populations [120-122].  The reasons for this are 

mostly technical in nature.  Simple analysis of crude single-cell preparations of total 

kidney shows that renal cells are roughly the same size and granularity as leukocytes, 

and, most importantly, by far outnumber renal leukocytes.  Subsequently, acquisition of 

bulk renal single-cell preparations on the flow cytometer oftentimes does not yield 

enough leukocyte events.  The fact that renal cells are far in excess of leukocytes also 

renders detailed delineation of leukocyte subsets difficult, since it essentially requires 

multi-plex flow cytometry exceeding most 4-plex applications.  Furthermore, renal cells 

are highly auto-fluorescent and endogenously express biotin, which make them difficult 

for most antibody and fluorescence-based applications, including IHC and flow 

cytometry.  Consequently, studies which attempt to utilize flow cytometry on bulk renal 

single-cell preparations are faced with a series of technical impediments which limits 

interpretative power. 

We used a novel isolation protocol combined with 10-plex flow cytometric 

methods to provide the first detailed cataloguing of renal leukocyte subsets.  As a proof 
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of principle, we have chosen to use the anti-GBM sera challenge model of nephritis and a 

time-course experimental design to detail the number and type of infiltrating cells in this 

model.  Our results demonstrate a specific order of leukocyte influx consistent with the 

current understanding of inflammatory processes—granulocyte influx, followed by 

monocyte influx, followed by T-cell influx, which coincided with peak proteinuria and 

serum BUN levels.     

 

MATERIALS AND METHODS 

Mice and anti-GBM sera challenge 

Male 129/SvJ mice, 6-8 weeks of age were purchased from Jackson Laboratories 

(Bar Harbor ME) or derived at the University of Texas Southwestern Medical Center, and 

housed in the University of Texas Southwestern Medical Center Animal Resources 

Center’s specific pathogen-free facility.  The preparation of nephrotoxic rabbit sera 

(NTS) and nephrotoxic serum nephritis has been detailed in a previous communications 

[123-125].  Briefly, mice were immunized with rabbit IgG (day 0) and on day 5 

intravenously injected with NTS.  Mice were harvested on day 6, day 11, and day 14 for 

evaluation.  The care and use of laboratory animals conformed to the National Institutes 

of Health guidelines and all experimental procedures conformed to an IACUC approved 

animal protocol.   
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Isolation of Renal Leukocytes 

Mice were perfused with 20 ml cold PBS until kidneys were blanched.  Kidneys 

were de-capsulated, and one-half of one kidney was harvested for histological analyses.  

The remainder were mechanically disrupted by vigorous mincing with razor blade and 

incubated with Digestion Buffer (1 mg/ml collagenase IV (Sigma-Aldrich) and 100 U/ml 

DNase (Roche) in RPMI1640 with 10% FCS) in a volume of 10 mL for 5 min in a 37°C 

water-bath, and then at 37°C for 30 min while shaking.  Cells were further mechanically 

disrupted by passage through syringe and then subjected to hypotonic shock with Ack 

(potassium acetate) lysis buffer.  Cells were washed with Wash Buffer (10% FCS in 

RPMI1640).  Cells were further disrupted by passage through syringe, filtered, and then 

centrifuged at 3000 rpm at 25°C through a 40% Percoll gradient (40% Percoll in 

RPMI1640).  Leukocytes were recovered in the pellet and then enumerated by trypan 

blue exclusion and subjected to FACS analysis. 

 

Flow cytometry and antibodies 

Antibodies to the following mouse antigens were used for flow cytometry 

analyses: CD138-PE, CD69-PE, CD69-PerCPCy5.5, Gr-1-APCCy7, CD45-FITC, 

NK1.1-PECy7, (BD Biosciences, Franklin Lakes, NJ); CD11b-APC, CD8-PECy7, 

CD44-APC, CD11c-PacificBlue, F4/80-PECy5, CD3-PacificBlue, CD4-AlexaFluor700 

(eBioscience, San Diego, CA); CD19-PETexasRed, CD62L-PETexasRed, PDCA-1-

Biotin, Strepavidin-QDot655 (Invitrogen, Carlsbad, CA).  Samples were Fc-blocked with 

2.4G2 (Invitrogen, Carlsbad, CA).  For kidney samples, at least 5 x 105 cells were 
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acquired on the leukocyte gate, defined first by size and granularity of cells, then by pulse 

width properties for multiplet exclusion, and then by granularity and CD45 positivity.  

Samples were acquired on an LSRII flow cytometer (BD Biosciences, Franklin Lakes, 

NJ), and analyzed using Flow Jo software (Tree Star Technologies, San Carlos, CA).  For 

analyses, a leukocyte gate was drawn as defined by granularity and CD45 positivity.  

Multiplets were then excluded on this population by drawing a singlet gate as determined 

by FSc-A and FSc-H. 

 

Assessment of Renal Disease   

24 hour urine samples were collected using metabolic cages for proteinuria 

analyses, which was assessed using the Coomassie Plus Protein Assay kit (Pierce, 

Rockford, IL) with BSA as a standard.  OD630 was measured using an Elx800 

Automated Microplate Reader (BioTek Instruments, Winooski, VT).  Blood urea 

nitrogen (BUN) was assessed using the QuantiChrom Urea Assay kit (BioAssay Systems, 

Hayward, CA).      

 

Statistical Analyses 

A least squares linear regression model (Gauss-Markov) of the form, Y = β1 + 

β2X2 + … + βpXp + ε, was used to assess the strength of correlation between renal cell 

subsets and proteinuria or serum BUN.  The statistical package Intercooled STATA 

(StataCorp LP, College Station, TX) was used to analyze the data set.  Pearson’s co-

efficients are reported.  F-statistics and minimal prediction confidence intervals were 
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calculated to quality control the appropriateness of the linear regression model used.     

Comparisons of differences in mean were done using InStat3 or GraphPad 4 (GraphPad, 

San Diego, CA) as described in figure legends. 

 

RESULTS 

Preparation of renal cells for FACS analyses is detailed in Figure 3A.  

Unsurprisingly, we found that serial syringe filtration of bulk renal single-cell 

preparations greatly improved the dissociation of cell-conglomerates remaining from 

collagenase digestion, and provided disruption which did not interfere with cell-surface 

antigens which are sensitive to certain enzymatic digestions.  To enrich for leukocytes 

from this preparation, a variety of Percoll density gradients were prepared and tested.  

40% Percoll was selected as a gradient which would retain all leukocytes (as measured by 

CD45 positivity) in one fraction whilst excluding a large number of renal cells.  Using 

this gradient, all of the leukocytes were recovered in the pellet (data not shown).  By 

enriching for leukocytes and simultaneously assessing ten surface lineage markers, a 

highly detailed phenotyping of renal leukocytes was possible (Figure 3B).  The gating 

strategy and cell-subset nomenclature found in Figure 3B are employed in all studies of 

renal leukocytes.  

Using this isolation protocol, we subjected a series of 129/SvJ mice to anti-GBM 

sera challenge in order to get a detailed understanding of the kinetics of leukocyte influx 

and efflux.  On the indicated days, mice were sacrificed and their renal leukocytes 

enumerated.  We noticed a distinct pattern of cell influx and efflux (Figure 4).  We found 

a large influx of neutrophils one day after anti-GBM sera administration, in the absence 

 43



of other appreciable changes in cellularity versus baseline.  Neutrophils could be found in 

the kidney until three days post-challenge, and then decreased back to baseline numbers.  

A notable increase in activated monocytes was detected three days post-challenge and 

remained above baseline until the study was terminated.  Six days following challenge, 

an impressive accumulation of T-cells, both naïve and antigen-experienced, was detected.  

This accumulation of T-cells coincided with peak proteinuria and serum BUN.  

Regression analyses found highly significant correlation between T-cells—and no other 

cell types—and proteinuria and BUN (p<0.001). 

 

DISCUSSION 

We demonstrate the applicability of a novel technique in characterizing and 

enumerating total renal leukocytes by flow cytometry by cataloging the kinetics of 

leukocyte trafficking into and out of the kidneys of anti-GBM serum challenged mice.  

This study illustrates the potential usefulness of this isolation protocol for studying 

diseases of the kidney where infiltrating leukocytes play an indispensable role, such as 

lupus nephritis, Goodpasteur’s syndrome, ischemia reperfusion, among others. 

This isolation protocol helps overcome the largest impediment in meaningfully 

analyzing total renal leukocytes, which is that they are by far outnumbered by renal cells.  

This fact has made interpretation of many assays, not just quantitation by IHC or 

conventional flow cytometry, performed on bulk renal single cell preparations 

problematic.  For example, it is difficult to interpret real time PCR results performed on 

RNA prepared from bulk renal single cell preparations using standard housekeeping 

genes (i.e., β2m, actin, etc.), especially if one wants to get an idea of the transcriptional 
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regulation of the gene in the leukocyte population.  Moreover, since a wild-type kidney 

contains much less infiltrates than a diseased kidney, the ratio of leukocyte to kidney 

RNA also differs greatly, and is not captured by standard house-keeping genes used for 

normalization.   By first enriching the bulk kidney for leukocytes using the described 

protocol, and then cell-sorting for the population of interest, more controlled experiments 

can be performed.  This isolation protocol simplifies the technical limitations of working 

with a tissue where the cell-type of interest is not well well-represented in the total 

sample.  And most powerfully, this technique allows for absolute quantification of all cell 

subsets that can be resolved by flow cytometry. 

In our kinetic analyses of anti-GBM sera challenge, we found a trafficking pattern 

of leukocytes consistent with current immunological dogma.  We found early infilitration 

by granulocytes and cells of the myeloid lineage, followed by an influx of CD4 and CD8 

T-cells.  Interestingly, the presence of CD4 cells was found to be correlative with the 

onset of detectable loss in renal function as assessed by proteinuria and serum BUN 

levels.  This observation is consistent with a wealth of early and recent studies describing 

the indispensability of CD4 T-cells in the development and severity of nephritis [126-

129].   

 

In Vitro Splenocyte Stimulation.  

Sterile splenocyte suspensions were plated in triplicate at 0.5 X 106 cells/ml in complete 

medium (RPMI1640 with L-glutamine, 10 % FCS (HyClone, Logan, UT), HEPES 

(Sigma-Aldrich, St. Louis, MO), 1X Pen/Strep (Sigma-Aldrich, St. Louis, MO), beta-2 

mercaptoethanol (Sigma-Aldrich, St. Louis, MO), L-glutamine (Sigma-Aldrich, St. 
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Louis, MO)), with varying concentrations of the following stimuli: recombinant CXCL12 

(R & D Systems, Minneapolis, MN), with or without anti-IgM F(ab)’2, anti-CD40 

(Jackson ImmunoResearch, West Grove, PA). Cells were cultured at 37°C for 72 h and 

analyzed by flow cytometry. 

 

Transwell Migration.  

6.5 mm Transwell plates with 5.0 μm pore polycarbonate membranes (Corning Inc., 

Corning, NY) were used. Briefly, 600 μl of 50 ng/ml CXCL12 in complete RPMI 1640 

medium were placed in the lower chamber and pre-incubated at 37°C for 2 hours to 

equilibrate the membrane. Sterile splenocyte suspensions were prepared, and 1.5 X 106 

cells in 100 μl volume were loaded into the upper well of the transwell plate. In some 

experiments, cells were resuspended in complete RPMI medium containing various doses 

of the CXCR4 inhibitor CTCE-9908 (Chemokine Therapeutics, Vancouer, Canada). Cells 

were allowed to migrate for 2 hours at 37°C. Cells in the lower chamber were counted 

using trypan blue exclusion and analyzed by flow cytometry.  

 

Renal Cell Supernatant and ELISA.  

Mice were perfused with 20 ml PBS, and renal single cell suspensions of the kidney were 

prepared (500 μl PBS per 2 kidneys). Cell suspensions were centrifuged at 1500 rpm for 

7 min, supernatant collected and further centrifuged at 14000 rpm for 10 min. 

Supernatant was collected and used at various dilutions to quantitate CXCL12 

concentration by ELISA (R & D Systems, Minneapolis, MN). OD450 was measured by an 
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Elx800 Automated Microplate Reader (BioTek Instruments, Winooski, VT) and 

concentrations were extrapolated from a 4-point standard curve (R2 > 0.99), where the 

mean of experimental duplicates was used. 

 

Immunohistochemistry.  

Paraffin sections of kidney (5-μm) were boiled in 10 mM citrate, quenched with 0.01% 

NaBH4, blocked with murine IgG (Jackson ImmunoResearch, West Grove, PA), and 

stained with mouse monoclonal anti-SDF-1/CXCL12 antibody (R & D Systems, 

Minneapolis, MN) at 4°C overnight. Sections were then washed and incubated with goat 

anti-mouse conjugated to Cy3 (Jackson ImmunoResearch, West Grove, PA) for 1 h at 

room temperature. Sections were washed and then mounted with Vectashield (Vector 

Laboratories, Burlingame, CA), visualized and photographed with a Zeiss Axioplan 2 and 

digital camera (Carl Zeiss International, Germany), and analyzed with Axiovision 

software (Carl Zeiss International, Germany). 

 

In vivo inhibition of CXCR4.  

The peptide antagonist CTCE-9908 (Chemokine Therapeutics, Vancouer, Canada) was 

resuspended in 5% dextrose water. Two cohorts of B6.Sle1Yaa male mice were 

assembled for the in vivo “prevention” or “treatment” studies. In “Cohort I”, comprising 

of 2-mo-old mice, 5 were injected with vehicle and 11 received CTCE-9908. In “Cohort 

II”, comprising of ANA-seropositive 4-mo-old mice, 5 were injected with vehicle and 8 

were injected with CTCE-9908. In both study groups, 100 μl of CTCE-9908 at 50 mg/kg 
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or vehicle placebo were injected intraperitoneally three times a week for the course of 

study. All mice were monitored for serum autoantibodies, proteinuria, azotemia, and 

evidence of renal pathology, as detailed below. 

 

Serology.  

Mice were bled before and at 1, 2, 3, and 4 mo after treatment with CTCE-9908 or 

placebo and the sera were stored at -20°C. ELISA detection of serum IgM and IgG 

autoantibodies directed against chromatin and dsDNA were performed as described 

previously [116]. OD450 was measured using an Elx800 Automated Microplate Reader 

(BioTek Instruments, Winooski, VT) and the raw optical densities for anti-chromatin 

ELISAs converted to arbitrary normalized units using a six-point standard curve 

generated by an anti-nuclear mAb derived from a NZM2410 mouse [116]. 

 
ssessment of Renal Disease.  

cted using metabolic cages for proteinuria analyses, 
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with BSA as a standard. OD630 was measured using an Elx800 Automated Microplate 

Reader (BioTek Instruments, Winooski, VT). Blood urea nitrogen (BUN) was assessed

using the QuantiChrom Urea Assay kit (BioAssay Systems, Hayward, CA).   Glomerula

and tubulo-interstitial disease was assessed as detailed previously [130]. 
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Statistical Analysis.  

Data were analyzed using InStat3 or GraphPad 4 (GraphPad, San Diego, CA). Where 

appropriate, one-way ANOVA with Dunnet or Bonferonni post hoc analysis, Welch t-

test, Mann-Whitney U-test, or log-rank Mantel-Cox test were used. In the in vivo 

inhibition studies using CTCE-9908, due to early mortality of placebo control mice, 5 

month old B6.Sle1Yaa mice, which were not statistically different than placebo controls 

in their phenotypes were pooled with the remaining placebo controls for the statistical 

analyses. Error bars represent SEMs. 
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• Perfuse mouse with 20 mL cold PBS

• Harvest kidney and decapsulated

• Finely chop kidney with flat razor blade

• Collect kidney in 10 mL Digestion Buffer

• Incubation 5 minutes at 37C

• Incubation 30 minutes at 37C, with agitation

• Passage through 22-gauge needle in 5 ml syringe

• Centrifuge 1100 rpm, 4C, 5 min

• Decant and resuspend pellet in 5 ml Ack Lysis Buffer

• Adjust volume to 10 ml with Wash Buffer

• Centrifuge 1100 rpm, 4C, 5 min

• Decant and resuspend pellet in 5 ml Wash Buffer

• Passage through 22-gauge needle in 5 ml syringe

• Filter through nylon mesh

• Wash mesh and syringe with an additional 5 ml

• Apply 10 mL 40% Percoll Solution and mix gently

• Centrifuge 3000 rpm, 25C, 20 min

• All leukoyctes are recovered in the pellet

A B

Figure 3.  Isolation protocol and renal leukocyte designation and analyses.   
In A) is listed the isolation protocol for renal leukocyte FACS.  Buffer compositions can 
be found in the Materials and Methods of this section. In B), FACS analyses of renal 
leukocytes is schematized.  Numbered populations are defined as follows:  1)  
Neutrophils,  2) Macrophages, 3) Resident monocytes, 4) Inflammatory monocytes, 5) 
CD4 T-cell, 6) CD8 T-cell, 7) B-cell 
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Figure 4.  Evolution of proteinuria, serum BUN, and renal leukocyte content over 
the course of anti-GBM-induced nephritis. 
Shown in the top panel is the evolution of proteinuria (left axis, boxes) and BUN (right 
axis, triangles) as it corresponds to the renal content of various leukocyte subsets.  Shown 
P values pertain to comparisons of differences in cell numbers for a given subset between 
days post anti-GBM administration by ANOVA (Bonferroni post-hoc test, *, P < 0.05; 
**, P < 0.01; ***, P < 0.001). 
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CHAPTER THREE: Regulation of Thymic Selection by the Lupus Susceptibility 
Gene Ly108 

 

INTRODUCTION 

One of the hallmarks of systemic lupus erythematosus (SLE), both in humans and 

mice, is the loss of tolerance towards nuclear antigens, resulting in the production of 

antinuclear autoantibodies (ANA). It is clear that genetic predisposition is a central 

element in susceptibility to systemic lupus erythematosus (SLE) [14, 26].  To identify the 

susceptibility loci in SLE, our group has performed congenic dissection in the lupus-

prone NZM2410 mouse model, and work to date has revealed three major disease-linked 

loci, Sle1, Sle2, and Sle3 [70].  Sle1, located on a region of chromosome 1 syntenic 

between mouse and man, was found to be causal for the breach in immune tolerance that 

culminates in antinuclear autoantibody (ANA) production on the B6 background [37, 42, 

70].  Fine mapping of Sle1 revealed a cluster of four loci, designated Sle1a–Sle1d [131], 

of which Sle1b was found to be the most potent member, indispensably mediating a 

gender-biased and highly penetrant ANA production [115, 132]. 

The B6.Sle1b congenic develops high-titer IgG anti-nuclear autoantibody (ANA) 

directed towards H2A/H2B/dsDNA subnucleosomes at 90% penetrance at 9 months of 

age [43, 132].  The strongest candidate genes in the Sle1b locus to date remain the 

SLAM/CD2 gene cluster, and in particular, the family member Ly108, based on its highly 

polymorphic nature, diverse roles in immune biology [31, 133] and recently 

demonstrated associations between the SLAM family and SLE in humans [115].  

Moreover, using a BAC-transgenic rescue approach, we recently showed that, of the 
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SLAM/CD2 family members, only Ly108 and Cd84 on B6.Sle1b were required to 

mediate the breach of tolerance to chromatin [115].  In addition, recent work in our lab 

has implicated a clear role for the NZM2410-derived autoimmune z allele of Ly108 in the 

induction of B-cell anergy [35].  The production of high-affinity IgG ANA by B-cells 

from B6.Sle1b mice prompted us to investigate if Ly108z could also play a role in the T-

cell compartment, and, specifically--given the role of Ly108z in early B cell development-

-in the thymus. 

T cells play a central role in driving the development of lupus, both in mouse and 

man [134].  In addition to rendering help to B cells for autoantibody production, 

immunoglobulin class-switching and affinity maturation, T cells promote disease 

pathology in a other ways, including facilitating tissue damage in the end organs [135-

137].  Indeed, previous studies demonstrated that ablation of CD4 T cells using genetic or 

experimental approaches had the potential to ameliorate disease [138-140].   It was 

further shown that lupus-prone mice defective in class switch and somatic hypermutation 

do not develop IgG ANA and subsequent lupus pathologies, illustrating the indispensable 

role of T-cells in mediating the disease [141].  Although it is evident that T cells are 

essential for disease, the degree to which genetically dictated, intrinsic T cell anomalies 

contribute to lupus is not clear. 

Here we investigate the role of a spontaneously occurring polymorphism in the 

SLAM/CD2 family receptor member, Ly108, in mediating T-cell tolerance and disease 

pathogenesis in murine lupus. 
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RESULTS 

Sle1b mediates a defect in thymic tolerance 

In 8 to 12 month old B6.Sle1b.OTII mice, where greater than 40% of the 

thymocytes are specific for OVA (data not shown), there was no difference observed in 

the IgM ANA titer (Figure 5A), whereas there was a marked reduction in IgG ANA titers 

(Figure 5A) compared to B6.Sle1b controls (P<0.02), indicating a direct role for Sle1b in 

dictating an autoimmune T-cell repertoire.   Moreover, in 8 week old B6.Sle1b mice, 

thymic cellularity was significantly increased compared to B6 controls (P<0.02) (Figure 

5B).  This increase was observed for all thymic subsets: double negative (P<0.02), double 

positive (P<0.02), single-positive CD4 (P<0.01) and CD8 (P<0.02) thymocytes.  

Specifically, we noted no differences between B6 and B6.Sle1b in the final 

developmental stages of both double-negative and double-positive thymocytes, DN4 and 

the positively selected CD69+ CD5+ double-positive thymocytes, respectively.  By 

contrast, the number of late single-positive CD4+ CD69- CD62L+ cells were 

significantly increased in B6.Sle1b versus B6 mice suggesting a preferential alteration in 

negative selection in B6.Sle1b mice (P<0.02).  Moreover, differential Vβ usage (Figure 5 

C, Figure 6A) was observed in single-positive CD4 and CD8 cells in B6.Sle1b animals 

compared to B6 mice.  Together, these data clearly demonstrate that Sle1bz is responsible 

for a significant qualitative and quantitative perturbation in thymocyte subsets, 

highlighting its role in thymic selection.  
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Ly108 is the causative lesion in Sle1b 

To investigate the causative genetic lesion within Sle1b mediating this loss of 

thymic tolerance, we surveyed the expression of Ly108, CD84, and Ly9, which were 

shown to be the key genes in the SLAM/CD2 family mediating humoral autoimmunity 

[115].  We found that B6.Sle1b thymic and splenic T-cell subsets expressed 1.5-fold less 

total cell-surface Ly108 compared to B6 controls and that, moreover, Ly108 expression 

was tightly regulated as cells progressed though T-cell development (Figure 5D).  Except 

for the early double negative stage DN1, we were unable to detect any significant 

differences in CD84 or Ly9 expression (Figure 6B).   

We further observed that cell-surface expression levels of Ly108 correlated 

tightly with anti-chromatin IgG ANA titers.  We recently reported that a B6.Sle1b mouse 

transgenic for the non-autoimmune Ly108b and Cd84b alleles (B6.Sle1b.388C4) was able 

to reduce the penetrance of ANA positivity to less than 30% [115].  We found that, in 

fact, all seropositive B6.Sle1b.388C4 mice displayed inappropriately reduced cell-surface 

levels of Ly108 (Figure 5E) despite successfully incorporating the BAC transgene, 

suggesting that either or both the Ly108z and Cd84z alleles are directly mediating the 

breach in tolerance to chromatin.  Moreover, we show that the altered cell-surface 

expression of Ly108 is gene-intrinsic and is directly caused by the Sle1bz haplotype [31] 

and not background modifiers, as shown by the significant decrease in the expression of 

Ly108 on thymocytes derived from BALB/c (P<0.001 vs B6 mice) and 129/SvJ (P<0.001 

vs B6 mice) mice, which share the Ly108z allele with B6.Sle1b (Figure 6C).  Despite 

containing the autoimmune Sle1bz haplotype, however, neither BALB/c nor 129/SvJ 

spontaneously develop autoimmunity, indicating a clear role for epistatic modifiers of 
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Sle1bz-mediated autoimmunity [41]. We also observed cell-surface Ly108 expression 

differences in primary and secondary B-cells in B6.Sle1b mice compared to B6 controls, 

which was not surprising given our recent work delineating the role of Ly108 in the 

control of B-cell tolerance [35] (data not shown). 

 

B6.Sle1b thymocytes are protected from apoptosis in vitro via Ly108 signaling 

To directly test the effect of Ly108 on thymocyte function, we used the 

commercially available monoclonal functional-grade anti-Ly108 antibody, which we 

determined to be an activating antibody via the assessment of B and T-cell activation 

status (Figure 7A) and the production of IL4 and IFN γ secretion of splenic T-cells 

following ligation (Figure 7B).   

B6.Sle1b double-positive thymocytes were found to be more resistant to CD3-

induced apoptosis (P<0.01) (Figure 6A).  Moreover, whereas Ly108 stimulation had little 

effect on CD3-induced cell-death of thymic single-positive CD4 cells in B6 controls, it 

seemed to eliminate CD3-induced cell-death in B6.Sle1b thymocytes (Figure 6B).  

B6.Sle1b double positive thymocytes were also found to be less sensitive to serum 

starvation-induced apoptosis (P<0.02) (Figure 7D), and dexamethasone-induced 

apoptosis (P<0.01) (Figure 7C), demonstrating a clear role for Sle1bz on thymocyte 

apoptosis in vitro.     

 

Ly108z signaling rescues CD3-mediated and antigen-specific-mediated deletion 

These data were corroborated in vivo by testing the effect of Ly108 signaling on 

CD3-induced apoptosis (Figure 8, Table 6.  Thymus cell subsets after Ly108 Ab 
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treatment).  Similar to the data obtained in vitro, co-administration of anti-Ly108 

antibody and anti-CD3 intravenously into B6.Sle1b led to protection of apoptosis in 

single-positive CD4 but not in double-positive thymocytes (P<0.02) (Figure 8D).  

Surprisingly, whereas engagement of Ly108 in vivo was protective of naturally occurring 

antigen-induced deletion in B6.Sle1b, ligation of Ly108 in B6 mice led to added deletion 

in both single-positive CD4 and double-positive thymocytes (Figure 8E).  Indeed, 

signaling through Ly108z led to a 1.3-fold increase in cellularity in B6.Sle1b (P<0.02) but 

not in B6 controls, where signaling through Ly108b significantly decreased thymic 

cellularity (P<0.01).  Since B6.Sle1b expressed less cell-surface Ly108, we confirmed, by 

in vivo titration of the antibody, that these results were not a function of the concentration 

of antibody used in vivo, as saturation was achieved in both strains at the concentration 

employed (Figure 7B).   

To directly test the effect of Ly108 on thymic selection in vivo, we generated 

B6.Sle1b.OTII mice.  B6.Sle1b.OTII leukocytes expressed Ly108 at identical levels to 

B6.Sle1b and displayed no obvious differences in the number of transgenic T-cells or all 

other leukocyte subsets compared to B6.OTII mice (data not shown).  When we 

simultaneously administrated OVA and anti-Ly108 antibody, we observed a complete 

protection of OVA-induced deletion in B6.Sle1b.OTII mice but not in B6 controls 

(Figure 8F).   

These data demonstrate that Ly108z but not Ly108b protect deletion of 

autoreactive T-cells in the thymus. 
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Ly108b and Ly108z alleles exhibit distinct proximal signaling characteristics 

To understand the mechanism by which Ly108 was impacting thymic deletion, 

signal transduction via Ly108, as well as analyses of differential gene expression 

subsequent to Ly108 signaling were assayed in B6.Sle1b and B6 mice 24 hours after 

injection of anti-Ly108 antibody.  We did not detect a complete elimination of 

autoimmunity observed in B6.Sle1b.SAPko mice (Figure 9), suggesting a yet unidentified 

adaptor molecule operating in the thymus.  We also did not detect any differences in 

proximal TCR signaling (Figure 10). 

Thymocytes were harvested from B6 and B6.Sle1b mice prior to and 48 hours 

following anti-Ly108 mAb administration.  Whole cell lysates and immunoprecipitates 

with anti-Ly108 were subjected to Western blot analysis.  Figure 11A confirms that 

Ly108 expression was lower in B6.Sle1b versus B6 thymocytes, which is consistent with 

the flow cytometry data.  Treatment with anti-Ly108 mAb did not change the overall 

expression levels of Ly108 or the adaptor, SAP, in either strain.  Interestingly, in spite of 

lower levels of expression in B6.Sle1b thymocytes, Ly108 showed higher 

phosphorylation and SAP association either prior to or following antibody treatment 

compared to B6 thymocytes, indicating that Ly108z expressing thymocytes exhibit 

enhanced signaling through Ly108.   The increased association of SAP with Ly108 in 

B6.Sle1b compared to B6 indicates that B6.Sle1b thymocytes have increased levels of 

phosphorylated Ly108 prior and subsequent to ligation with Ly108. These results imply 

that the anti-Ly108 mAb is indeed an agonist since it results in enhanced phosphorylation 

of Ly108z following treatment both in vivo (Figure 11B) and in vitro on transfected cells 

(data not shown).  We have also observed increased expression of CD69 and cytokine 
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production in mature T cells following anti-Ly108 mAb engagement (data not shown).  

The results presented in Figure 3 also imply that the predominant expression of the 

Ly108-1 isoform by B6.Sle1b thymocytes results in stronger signaling potential than is 

exhibited by the Ly108-2 expressing B6 thymocytes, clearly delineating significant 

functional variations between these two isoforms.  These data are consistent with recently 

published reports of Ly108 isoform signaling [142].   

 

Ly108z signaling leads to differential gene expression in B6.Sle1b thymocytes 

Microarray analyses of thymocytes harvested 24 hours after in vivo administration 

of anti-Ly108 antibody revealed significant dysregulation of 25 genes.  Amongst the 

dysregulated genes, Calm2 (1.7-fold reduced versus B6) and Fbxw5 (1000-fold increased 

versus B6) were the strongest candidates given their purported roles [143, 144] in 

modulating intracellular calcium and cell-cycle progression, respectively.  Calm2 

hypoexpression was confirmed by RT-PCR analyses (Figure 12B).  Further work is being 

done on Fbxw5 to confirm its overexpression by RT-PCR. 

 

Ly108z signaling decreases thymocyte apoptosis by modulating calcium metabolism 

Calm2 encodes calmodulin 2, a member of calcium-binding proteins critical in 

calcium-mediated signal transduction [144].  Calcium flux subsequent to TCR-ligation is 

critical in determining thymocyte apoptosis and selection [145, 146].  Since we observed 

a 1.7-fold decrease in Calm2 in B6.Sle1b following Ly108-crosslinking, we tested the 

ability of primary B6.Sle1b.OTII and B6.OTII thymocytes to flux calcium.   
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We found that B6.Sle1b.OTII thymocytes fluxed significantly less calcium upon 

CD3-crosslinking compared to B6.OTII controls over a range of CD3 concentrations 

(Figure 13A, Figure 14).  When we crosslinked both CD3 and Ly108, we found that, 

while B6.OTII thymocytes did not respond differently, a substantial difference in kinetics 

was observed in B6.Sle1b.OTII thymocytes.  Indeed, B6Sle1b.OTII thymocytes exhibited 

a 12 second lag in peak calcium flux when engaged with Ly108 in concert with CD3.  

Moreover, we found the defect in calcium flux to be primarily a dysregulation in the 

intracellular stocks of calcium in B6.Sle1b.  Indeed, we observed marked differences in 

calcium flux following thapsigargen stimulation in B6.Sle1b compared to B6 controls 

(Figure 13B). 

This difference in calcium metabolism translated to differences in apoptosis 

subsequent to Ly108 ligation.  Analyses of the expression of apoptotic molecules 

revealed a significant difference in the expression of the pro-apoptotic molecule Bak, 

which was decreased in treated B6.Sle1b thymocytes when compared to B6 controls.  We 

detected no differences in proximal CD3 signaling, CD3 expression, Ly108 localization 

with the CD3 complex, or a variety of other apoptotic molecules (Figure 10).  We 

confirmed this decrease in thymocyte apoptosis observed in B6.Sle1b but not in B6 

subsequent to anti-Ly108 injection in situ using TUNEL staining.  We observed 

significantly less DNA fragmentation in treated B6.Sle1b mice compared to B6 controls 

(P<0.02) (Figure 13D). 

Taken together, these data show that Ly108z acts to decrease thymocyte apoptosis 

by down-modulating calcium metabolism. 
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Ly108z signaling decreases thymocyte apoptosis by modulating thymocyte cell cycle 

Fbxw5 encodes a member of the F-box protein family which has recently been 

shown to impact thymic selection by controlling cell-cycle exit [147].  Thus, we wanted 

to investigate whether Ly108 signaling played any role in thymocyte cell-cycle 

regulation.  Using BrdU incorporation assays, we detected an impressive arrest of cells in 

G0/G1 phase at 36 hours following anti-Ly108 injection in B6.Sle1b but not B6 mice 

(Figure 15A, Figure 17).  As thymocyte deletion occurs typically in S phase [148], such 

an arrest in G0/G1 phase, coupled with decreased calcium mobilization, would enhance 

protection of potentially autoreactive thymocytes from deletion.   

To determine the molecular mechanisms by which engagement of Ly108 affects 

thymocyte cell cycle regulation, we examined the expression of key cell cycle regulatory 

proteins in thymocytes from B6 and B6.Sle1b mice prior to and after anti-Ly108 mAb 

injection. Progression through each stage of the cell cycle is driven by a group of cyclin-

dependent kinases (cdks) and their regulatory cyclin subunits. Active cdk2/cyclin E 

complexes, for example, phosphorylate key nuclear factors, which are required for the 

G1/S transition, and commit the cell to DNA replication [149]. Similarly, the kinase 

activity of cdk1/cyclin B is necessary for the initiation of mitosis. In actively dividing, 

non-malignant cells, cdk protein levels remain stable throughout the cell cycle, so the 

kinase activity of these complexes is generally regulated by other methods, including 

cyclin expression, activating and inhibitory phosphorylation events, and Cdk inhibitors 

(CDKs) [150].  

Figure 16 shows Western blot analysis of whole cell lysates from B6 and 

B6.Sle1b thymocytes at 0, 12, and 24 hours following anti-Ly108 mAb injection. Lysates 
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were subjected to SDS-PAGE electrophoresis and immunoblotted with antibodies against 

various proteins, including ERK2 to control for loading. In Fig. 7A, the active form of 

Cdk2, represented by the faster migrating band at 33kDa, was expressed at similar levels 

in both strains and remained unchanged following anti-Ly108 mAb injection. However, 

phosphorylation of Cdk2 on threonine 160, which is required for full kinase activity 

[151], decreased in both B6 and B6.Sle1b mice after antibody administration with a more 

pronounced effect observed in B6.Sle1b thymocytes.  

During G0 and G1 phase, Cdk2 kinase activity is also negatively regulated by 

association with a cdk inhibitor known as p27Kip1 [152-154]. In Fig. 7B, examination of 

p27 levels in thymocytes revealed a dramatic increase in p27 expression in thymocytes 

from both B6 and B6.Sle1b following anti-Ly108 injection. However, the kinetics and 

magnitude of this increase differed between the two strains. Compared to B6, p27 

increased at an accelerated rate in B6.Sle1b thymocytes, resulting in higher p27 levels 

after 24 hours. 

The inhibitory activity of p27 can also be regulated through a series of 

phosphorylation events, which influence subcellular localization, as well as protein 

turnover [155].  Phosphorylation on serine 10 affects p27 differently, in a cell cycle-

dependent manner [156]. However, Figure 16B shows that phospho-p27(S10) levels were 

similar in both strains, and remained unchanged in response to antibody injection.   

Therefore, it appears that anti-Ly108 injection may affect cell cycle progression by 

increasing p27 levels that could result in a decrease in Cdk2 activity, and this seems to be 

more pronounced in B6.Sle1b thymocytes showing  an accumulation of cells in G0/G1 

and G2+M.  
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To examine Cdk2 kinase activity directly, we immunoprecipitated Cdk2 from 

thymocyte lysates and used this for an in vitro kinase activity with Histone H-1 as a 

substrate.  Figure 16C shows that Cdk2 kinase activity was decreased in B6.Sle1b 

thymocytes 24 hours post Ly108 mAb injection.  This outcome correlates with the peak 

accumulation of p27 and suggests that the observed cell cycle arrest is due to diminished 

Cdk2 kinase activity. 

These data demonstrate that Ly108z ligation leads to modifications in the 

regulation of key cell-cycle molecule.  

Together these data demonstrate that Ly108 plays a key role in thymic selection 

and that the autoimmune allele of Ly108 mediates a breakdown in thymic selection via 

modifications of cell-cycle control and calcium mobilization leading to the development 

of autoimmunity (Figure 18). 

 

DISCUSSION 

We demonstrate that the Ly108z allele, derived from the Sle1b locus, plays a 

pivotal role in thymic selection by modulating cell-cycle progression and sensitivity to 

apoptosis.  The critical role for T cells in the development of autoimmunity was 

evidenced by the significant decrease in the observed titer and incidence of ANAs in 

B6.Sle1b mice carrying the OTII transgene compared to B6.Sle1b controls.  This marked 

reduction in IgG ANA titers, but not IgM titers, indicated that control of the T cell 

repertoire by Sle1b plays a key role in mediating humoral autoimmunity.  This hypothesis 
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was further supported by the thymic hypercellularity and differential Vβ usage in single-

positive CD4 and CD8 thymocytes observed in B6.Sle1b mice.   

We show that the defect in central tolerance mediated by Sle1b is mediated by 

Ly108. Analyses of thymic expression patterns of the SLAM/CD2 family members 

Ly108, CD84, and Ly9 [157], along with our analyses of autoimmunity in B6.Sle1b mice 

transgenic for the non-autoimmune alleles of Ly108 and CD84, and the manipulations 

utilizing a monoclonal anti-Ly108 antibody, favor the hypothesis that Ly108 is the key 

molecule that impairs thymic selection and thus responsible for autoimmunity towards 

chromatin antigens.  This observation is well-supported by the recently uncovered role of 

Ly108 in maintaining B-cell tolerance, where  it was demonstrated that the preferential 

expression of the autoimmune Ly108z allele on B cells of B6.Sle1b mice decreased the 

sensitivity of immature B cells to deletion via induction of RAG re-expression [35].  

Moreover, the role of the SLAM family members and, in particular, of Ly108, in NK T 

cell differentiation in the thymus, was recently described [158].  Li et al showed that 

Ly108, through homotypic self-interactions on thymocytes, provided costimulatory 

signals which, in synergy with TCR signaling, were required to drive NK T-cell 

differentiation [159].  Our report is the first demonstration that the same homotypic 

signals play a role during conventional T cell development in the thymus.  Our results 

show that a decrease in Ly108 expression in the thymus, in this case mediated by a 

naturally occurring polymorphism, is associated with alterations in thymic selection.  The 

molecular explanation for this decrease in surface Ly108 expression observed likely 

represents a defect in protein translation or transcript stability mediated by the z 

haplotype and warrants further study.   
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 To understand the mechanism by which Ly108 affects thymic selection, we 

assayed the sensitivity of thymocytes from B6 and B6.Sle1b mice to apoptosis.  Under 

basal conditions in vitro, double-positive B6.Sle1b thymocytes were found to be more 

resistant to apoptosis induced by CD3-crosslinking, dexamethasone exposure, and serum 

starvation compared to B6 thymocytes.  We interpreted these results as an effect of 

homotypic Ly108 interaction in culture, although the interpretability of these results was 

ultimately limited by the known difficulties in handling thymocytes in tissue culture.  

Subsequently, we moved into an in vivo system, with the use of an anti-Ly108 antibody 

with stimulatory properties.  By injecting saturating doses of Ly108, we were able to test 

the effects of Ly108 signaling on CD3-induced apoptosis.  In this system, we 

demonstrated that single-positive CD4 thymocytes were protected from CD3-mediated 

cell-death, indicating a role for Ly108 in mediating negative selection.  This hypothesis 

was formally demonstrated by the complete protection of OVA-induced deletion in 

B6.Sle1b.OTII mice but not in B6.OTII controls when OVA was simultaneously 

administrated with anti-Ly108 antibody.  The demonstration that Ly108z but not Ly108b 

protects autoreactive cells from deletion by inhibiting apoptosis was also observed for B 

cell development [35], where Ly108 seemed to act as a molecular thermostat with which 

self-reactive B cells are censored during early development.  Our results extend these 

observations to T cells and place Ly108 as a key component for deletion of autoreactive 

cells within central lymphoid organs in general. 

Our results, which link a reduction in surface Ly108 expression with impaired 

thymic tolerance, are in contradiction with studies performed in the “pseudo Ly108 

knockout” mice [133], which display no abnormalities in thymic tolerance.  Several 
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explanations could account for the discrepancy in these results.  First, the “pseudo Ly108 

knockout” mice are “pseudo” knockouts for Ly108 because, although they lack two 

exons in the extracellular domains, they still possess the entire intracellular domain 

replete with all signaling moieties required for tonic signaling, independent of receptor 

ligatiion.  Second, these pseudo knockout mice have been studied on a mixed 129/B6 

background, which contain both the autoimmune Ly108z and the non autoimmune 

Ly108b alleles of Ly108 as well as, more importantly, background modifiers which are 

capable of fully suppressing autoimmunity.  Indeed, in this report, we show that the 

altered cell-surface expression of Ly108 is gene-intrinsic and is directly caused by the 

Sle1bz haplotype [31] and not background modifiers, and that, despite containing the 

autoimmune Sle1bz haplotype, neither BALB/c nor 129/SvJ spontaneously develop 

autoimmunity, indicating a clear role for epistatic modifiers of Sle1bz-mediated 

autoimmunity [41].  These experiments highlight the highly complex epistatic nature of 

lupus susceptibility and provide direct evidence that it is the alteration in surface Ly108 

expression in conjunction with an appropriate genetic background that together mediate 

autoimmunity.   

To understand the mechanism by which Ly108 impacted thymic deletion, signal 

transduction via Ly108 was assayed in B6.Sle1b and B6 mice 24 hours after injection 

with anti-Ly108 antibody.  We first asked whether proximal signal transduction was 

different between B6.Sle1b and B6 thymocytes following Ly108 ligation, since, in 

addition to differences in cell-surface expression described in this communication, there 

are known differences in the Ly108 signaling domains between B6.Sle1b and B6 [31].  

Notably, there is increased representation of the isoform of Ly108 which contains one 
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less intracellular tyrosine stimulating motif (ITSM) domain, resulting in an overall 

decrease in net surface-Ly108 ITSMs in B6.Sle1b mice vis a vis B6 mice.  Since we 

injected anti-Ly108 antibody at saturating doses for both B6.Sle1b and B6 controls, we 

interpreted the observed differences in thymic tolerance as intrinsic to both the quantity 

of signal transduction, as well as the quality of signal transduction, which is realized 

through the differential signaling modalities present between the two strains.  In 

thymocytes, SLAM-receptor-initiated signaling is mediated at least in part by SLAM 

associated protein (SAP), an adaptator which recruits the Src kinase Fyn, which in turn 

phosphorylates the SLAM receptor and further recruits another set of signaling molecules 

[160].  SAP deficient humans and mice exhibit a marked impairment of antibody 

production with severe defects in B cell isotype switching, affinity maturation and 

memory B cell generation [161].  Our results clearly indicate that Ly108z represents a 

gain of function polymorphism in comparison to Ly108b.  In spite of the increased 

expression of Ly108 in B6 thymocytes, Ly108 engagement appeared to more effectively 

initiate proximal signaling events in B6.Sle1b thymocytes, as evidenced by enhanced 

receptor phosphorylation and SAP adaptor recruitment.  This is in accordance with 

recently published studies examining Ly108-1 and Ly108-2 signaling in transfected cell 

lines wherein Ly108-1 exhibited higher baseline phosphorylation and association with 

SAP.  All of these characteristics indicate that Ly108z is intrinsically more activated in 

thymocytes and signals more strongly in response to ligation. 

Analyses of differential gene expression were performed in B6.Sle1b and B6 mice 

24 hours after injection of anti-Ly108 antibody.  Microarray analyses of thymocytes 

subsequent to Ly108 signaling revealed significant dysregulation of several genes 
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amongst which Calm2 and Fbxw5 were the strongest candidates, given their roles in 

modulating intracellular calcium concentration [144, 162] and cell-cycle progression, 

respectively [147]. 

Analysis of calcium metabolism demonstrated a significant decrease and delay in 

maximal calcium flux upon CD3 crosslinking in B6.Sle1b thymocytes compared to B6 

controls.  Previous work has demonstrated that apoptosis, especially in thymocytes, can 

be positively or negatively influenced by subtle changes in Ca2+ concentration within 

intracellular compartments.  Indeed, Orrenius et al showed that cellular calcium overload 

or perturbations of intracellular calcium stores led to cytotoxic stress and ultimately cell 

death [163].   Furthermore, uptake of calcium release from the endoplasmic reticulum 

(ER) by the mitochondria has been shown to lead to apoptosis [164].  Moreover, the pro-

apoptotic molecules Bak and Bax localise to both the ER and mitochondria, and 

overexpression of those proteins has been shown to promotes calcium mobilisation from 

the ER to the mitochondria during apoptosis [165].  Cells deficient in Bak or Bax have 

dramatically reduced ER concentrations of calcium, display a  secondary decrease in 

mitochondrial Ca2+ uptake and are highly resistant to calcium-dependant death stimuli 

[166].  Our results fit perfectly with these observations since we observed both a 

reduction of Ca2+ mobilisation through the ER in B6.Sle1b mice, as exemplified by the 

marked reduction in thapsigargin-induced calcium flux in B6.Sle1b compared to B6 

thymocytes, along with a decrease in levels of Bak protein in B6.Sle1b thymocytes, an 

effect strengthened by Ly108 crosslinking. This effect is also associated in our model 

with a decrease in thymocyte apoptosis as shown by TUNEL staining.  Interestingly, 

deficiency in Bak and Bax has been shown to perturb thymic selection through the 
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resistance to both death by neglect and antigen receptor apoptosis [167]. These 

observations help explain the significant expansion of non-positively selected DP 

thymocytes in B6.Sle1b mice since cells that failed positive selection die by neglect.  

Moreover, the perturbation of antigen-induced cell death in Bak-deficient mice also 

support the resistance to negative selection we observed in B6.Sle1b single-positive CD4 

thymocytes 

Along with an impact on the apoptotic pathway, Ly108 also seems to control 

thymocyte proliferation.  Indeed, thymocyte proliferation was reduced in B6.Sle1b mice 

compared to B6--activation of Ly108 in vivo resulted in a rapid arrest in the G0/G1 phase 

of the cell cycle in treated B6.Sleb mice but not B6 controls.  This phenomenon was 

associated with a decrease in the kinase activity of cyclin-dependant kinase (Cdk2), a 

molecule that play a crucial role in the progression from G1 to S phase in the cell cycle 

[168].  In the thymus, Cdk2 is required for antigen-mediated negative selection [169].  

Inhibition of Cdk2 was found to completely protect thymocytes from mitochondrial 

pertuerbations, from caspase cleavage and, finally, from apoptosis, which is what was 

observed in B6.Sle1b mice [170]. 

In this communication, we report a novel mechanism for thymic tolerance 

induction mediated by the SLAM/CD2 family member Ly108.  We identify for the first 

time the teleologic signalling pathways subsequent to Ly108 receptor engagement, and 

demonstrate that Ly108 plays an important role in thymocyte development in general, 

and particularly in the control of negative selection.  We define the mechanism by which 

a defect in Ly108, in this case mediated by a spontaneously occurring polymorphism 

found in the lupus-prone NZM2410 genome, can lead to a breach in humoral 
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autoimmunity through loss of T-cell tolerance.  Finally, this study provides the first 

mechanistic explanation for the role of Ly108 in mediating thymic self-tolerance, and 

demonstrates the indispensability of T-cells in mediating pathogenic autoimmunity in 

SLE.   
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Figure 5.  Reduction of total cell-surface Ly108 density resulting from Sle1bz 
correlates with ANA.   
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Shown in A) are the IgM (left) and IgG (right) ANA titers for 9-12 month old B6.Sle1b 
(n=10), B6.Sle1b.OTII (n=10), and B6 (n=3) mice.  In B) are the thymic cell numbers for 
8-week old B6 (n=15) and B6.Sle1b (n=15) mice.  Displayed in C) are the percentage of 
single positive CD4 thymocytes expressing the designated Vβ (B6 (n=4), B6.Sle1b (n=4), 
8 weeks of age).  Shown in D) are the median MFI values of Ly108 for various 
thymocyte developmental stages of 8-week old B6 (n=5), B6.Sle1b (n=5), and 
B6.Sle1b.388C4 (n=5) mice, representative of at least three independent experiments.  
Displayed in E) are the IgG ANA titers for 9-12 month B6 (n=6), B6.Sle1b (n=15), and 
B6.Sle1b.388C4 (n=14) mice (left), and the median MFI values of Ly108 plotted against 
the IgG ANA titers (right).  The dotted line represents three standard deviations above the 
mean B6 ANA titer, and the red points correspond to B6.Sle1b.388C4 mice with positive 
ANA titers.  For statistics, ANOVA with Dunnet post-hoc test or parametric Welch-
corrected t-test was used for statistical analyses (*, P < 0.05; **, P < 0.01; ***, P < 
0.001). 
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Figure 6.  Vβ usage in B6 and B6.Sle1b; CD84 and Ly9 expression; Ly108 
expression is haplotype-mediated.   
In A) is shown the percentage of single positive CD4 thymocytes expressing the 
indicated Vβs (n=4 mice per group).  Shown in B) are the median MFI values for CD84 
(top) and Ly9 (bottom) for the indicated thymic subsets (n=4 mice per group, 
representative of two independent experiments).  And displayed C) is the median MFI 
values of Ly108 on the indicated thymic subsets of B6, BALB/c, 129/SvJ, and B6.Sle1b 

 72



(n=3 per group, representative of three independent experiments).  For statistics, either 
ANOVA with Dunnet post-hoc analyses or parametric Welch-corrected t-test was used 
for statistical analyses (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 
 
 
 
 
 

  B6
(n=15) 

B6.Sle1
(n=15) 

Total Thymocytes (x103) 117 600 ± 29 486 140 200 ± 31 893** 
 
Total Double Negative  5 228 ± 2 505 7 204 ± 2 330** 

DN1 (CD44+ CD25‐) 329 ± 80 553 ± 238**** 
DN2 (CD44+ CD25+) 59 ± 21 68 ± 31
DN3 (CD44‐ CD25+) 1 471 ± 432 2 034 ± 510**** 
DN4 (CD44‐ CD25‐) 3 369 ± 2 500 4 548 ± 2 121 
 

Total Double Positive  97 903 ± 22 726 117 112 ± 21 591** 
CD3int CD69‐ CD5‐ 78 226 ± 18 977 95 204 ± 28 997** 
CD3high CD69+ CD5+ 5 426 ± 1 369 5 803 ± 1 654 
 

Total Single positive CD4 8 093 ± 1 620 10 169 ± 1 552*** 
CD69+ CD62L‐ 4 675 ± 993 6 040 ± 945**** 
CD69‐ CD62L+ 1 357 ± 302 1 757 ± 518*

 
Total Single positive CD8 3 162 ± 894 4 693 ± 1 559*** 

 
Table 5.  Thymus cell subsets 
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Figure 7.  The anti-Ly108 antibody is an activating antibody; in vivo titration of 
anti-Ly108 antibody; and serum starvation.  
Shown in A) are the mean MFI values for CD69 on B-cells (left) and T-cells (right) on 
splenocytes 72 hours after culture with either Fab’ anti-IgM (10 μg/ml) and anti-CD40 
(10 μg/ml) or plate-bound anti-CD3 (2 μg/ml) and anti-CD28 (1 μg/ml) with or without 
Ly108 (5 μg/ml) (n=4 mice per group, average of experimental duplicates).  Shown in B) 
are the levels of IL4 (left) and IFN-γ (right) present in cell-culture supernatant after 72 
hours of stimulation in vitro with anti-CD3 (2 μg/ml) and anti-CD28 (1 μg/ml) with 
increasing amounts of anti-Ly108 (n=4 mice per group, average of experimental 
duplicates).  In C) is displayed the absolute thymocyte cell numbers 48 hours after anti-
Ly108 injection of at the indicated dosages (n=3 mice per group).  Shown in D) are the 
percentage of viable cells of the indicated thymic subsets following serum starvation (n=4 
mice per group, average of experimental duplicates, representative of two independent 
experiments).  For statistics, parametric Welch-corrected t-test was used for statistical 
analyses (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 
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Figure 8.  Ly108z but not Ly108b crosslinking mediates an impairment of 
thymocyte apoptosis in vitro and in vivo.  
Shown in A) are the percentages of live double positive thymocytes and in B) the 
percentages of live single positive CD4 thymocytes from 8 week old B6 (n=7) and 
B6.Sle1b (n=7) after 24 hours in vitro with the indicated concentrations of CD3 and 
Ly108 (representative of at least 3 independent experiments; designation of live and 
apoptotic is described in Materials and Methods).  Displayed in C) are the percentages of 
live double positive thymocytes after 24 hours in vitro with the indicated doses of 
dexamethasone (n=4 per group, representative of two independent experiments).  In D) 
and E) are shown the absolute cell numbers of double positive thymocytes and single 
positive CD4 thymocytes, respectively, 48 hours following IV injection of anti-Ly108 (5 
μg)  and anti-CD3 (5 μg) antibody (n=6 per group, representative experiment of at least 
five).  In F) is displayed the absolute number of Vα2+ Vβ5+ OTII transgenic single 
positive CD4 T-cells following OVA challenge (1 mg) with or without simultaneous anti-
Ly108 (5 μg) injection (n>3 per group, 8-week old mice).  For statistics, ANOVA with 
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Dunnet post-hoc test or parametric Welch-corrected t-test was used for statistical 
analyses (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 

 76



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.  Thymus cell subsets after Ly108 Ab treatment 
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 Batteux, et al.  Fig. S3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Sle1b effects are SAP independent.   
Shown in A) are the IgG ANA titers in B6 (n=5), B6.Sle1b (n=5), B6.Sle1b.SAPko 
(n=13).  In B) are shown the Western blots for the immunoprecipitation of Ly108 and 
immunblots for SAP (representative of n=6 mice per group). 
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Batteux, et al.  Fig. S5
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Figure 10. Negative results for TCR signaling and apoptosis.   
Shown in A) is the Western blot for phosphor-tyrosine after anti-CD3ε 
immunoprecipitation (representative of n=4 per group).  Displayed in B) are the CD3 
median MFIs for the indicated thymic subsets 48 hours after anti-Ly108 injection (n
mice per group, representative of at least five experiments).  In C) is displayed the 
immunoblot for Ly108 after anti-CD3ε immunoprecipitation (representative of n=4 per
group).  Shown in D) are the Western blot results

=6 

 
 for Bax and Bcl-x.  (n=4 per group, 

representative of two independent experiments). 
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Figure 11.  Engagement of Ly108z leads to increased phosphorylation and SAP 
binding.  
A.) Western blots of whole cell lysates from B6 and B6.Sle1b thymocytes at 0, 12 and 24 
hours following anti-Ly108 mAb injection. Membranes were immunoblotted with anti-
Ly108 mAb, polyclonal anti-SAP Abs, or polyclonal anti-ZAP70 Abs. B.) Western blots 
of anti-Ly108 immunoprecipitations from cell lysates of B6 or B6.Sle1b thymocytes at 0 
or 48 hours following Ly108 injection are shown. Lysates were immunoprecipitated with 
anti-Ly108 mAbs, then blotted with polyclonal anti-SAP Abs and anti-Ly108 mAbs, or 
with anti-phospho-tyrosine Abs. For immunoprecipitation results, all results for each 
specific blot are from the same gel and exposure but the order of some lanes is changed 
on the figure compared to the original gel for clarity (indicated by a line).  Results are 
representative of at least three independent experiments.  The bottom portion of the figure 
represents normalized association of SAP with Ly108 for each co-immunoprecipitation 
as determined by densitometric analysis (the value for SAP association with Ly108 in B6 
thymocytes was set as 1.00 and results from the other co-immunoprecipitations were 
compared to that value).  
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Figure 12.  Ly108z ligation results in differential gene expression.   
Shown in A) is a plot of relative signal intensities of statistically different genes 24 hours 
after anti-Ly08 injection in 8-week old B6 (n=3) and B6.Sle1b (n=3).  Shown in B) and 
C) are confirmatory RT-PCR results for Calm2.  For statistics, parametric Welch-
corrected t-test was used for statistical analyses (*, P < 0.05). 
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Batteux, et al.  Fig. 4
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Figure 13.  Engagement of Ly108z leads to differential signal transduction which 
results in decreased transcription of Calm2 and increased transcription of Fbxw5.  
Shown in A) are representative traces of calcium mobilization (Fluo-3 detection) 
following the indicated stimuli.  In the top row are displayed overlays of B6 (grey) and 
B6.Sle1b (red) thymocyte fluxes following anti-CD3 stimulation (10 μg/ml) (left) and 
anti-CD3 (10 μg/ml)  plus anti-Ly108 (10 μg/ml) stimulation (right);  in the bottom row 
are displayed overlays of calcium mobilization following anti-CD3 (black) and anti-CD3 
plus anti-Ly108 (red) stimulation (representative of at least six independent experiments). 
Refer to Material and Methods for a complete description of stimulation and acquisition 
parameters.  Shown in B) are representative primary plots of calcium mobilization 
following thapsigargin (100 nM) stimulation (representative of two experiments).  
Displayed in C) are representative Western blots for Bak (representative of two 
experiments, n=4 mice per group per experiment).  In D) are the average number of 
TUNEL positive cells per field in thymic sections prepared 36 hours after anti-Ly108 
injection (n=6 mice per group, 3 sections per mouse, 10 fields per section).  For statistics, 
parametric Welch-corrected t-test was used for statistical analyses (*, P < 0.05). 
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Figure 14.  Schema of calcium flux assays.   
Shown are representative contour plots of calcium mobilization (Fluo-3 detection) of B6 
(top) and B6.Sle1b (bottom) thymocytes at the indicated CD3 concentrations 
(representative of n=3 per condition). 
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Figure 15.  Ly108z signaling leads to a defect in cell-cycle checkpoint.   
Shown in panel A are the mean percentages of B6 (n=3) and B6.Sle1b (n=3) thymocytes 
(representative of at least two independent experiments) in the indicated stages of cell 
cycle before (left) and 36 hours after (right) anti-Ly108 injection as assessed by BrDU 
versus 7-AAD staining, with representative FACS plots displayed in panel B.  For 
statistics, parametric Welch-corrected t-test was used for analysis (*P<0.05, **P<0.01, 
***P<0.001).
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Figure 16.  Expression of cell cycle regulatory proteins 
Western blots of whole cell lysates from B6 and B6.Sle1b thymocytes at 0, 12 and 24 
hours following anti-Ly108 mAb injection are shown. Membranes were immunoblotted 
with antibodies specific for A.) the G1・S transition regulator, Cdk2 and its active form 
(polyclonal anti-Cdk2 Abs or anti-P-Cdk2(Thr160) mAbs) and B.) the Cdk2 inhibitor, 
p27 (anti-p27 Abs or anti-P-p27(Ser10) Abs). Long and short exposure times are shown 
for p27 profiles. Each membrane was subsequently stripped and reblotted with anti-
ERK2 Abs to ensure equal loading and transfer of samples. C.) Cdk2 was 
immunoprecipitated from B6 and B6.Sle1b thymocyte whole cell lysates at 0, 12, and 24 
hours following anti-Ly108 mAb injection. The immunocomplexes were analyzed for 
kinase activity towards histone H1 in an in vitro kinase assay, and for the amount of 
Cdk2 immunoprecipitated by Western blotting. Relative kinase activity was determined 
by setting a value of 100 percent for B6 controls. 
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 Batteux, et al.  Fig. S6
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Figure 17.  Time course of cell cycle studies.   
Displayed are the percentage of cells in the indicated cell cycle stages at the indicated 
times post anti-Ly108 injection in B6 (left) and B6.Sle1b (right) (n=3 per group, 
representative of two independent experiments). 
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Figure 18.  Model of Ly108 signaling consequences on T-cell signaling.  
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CHAPTER FOUR: Identification of Lupus Susceptibility Locus, Sle3  

INTRODUCTION 

Congenic dissection of the NZM2410 murine lupus model uncovered three main 

lupus susceptibility loci, termed Sle1, Sle2, and Sle3, located on chromosomes 1, 4, and 

7, respectively [9].  Of the three loci, Sle1 and Sle3 are, by far, the most potent, and, in 

concert, capable of driving fatal lupus on the B6 background to a penetrance very nearly 

resembling the parental NZM2410 strain.  Sle1 mediates a breach in humoral tolerance in 

the absence of visceral pathologies and is required for the initial breach in the 

pathogenesis of lupus [37].  The B6.Sle3 congenic, on the other hand, displays no overt 

autoimmune phenotypes.  Indeed, the B6.Sle3 congenic produces only mild levels of IgM 

ANA, exhibit a slight skew in CD4 to CD8 T-cell ratios, and, in low frequencies, develop 

low-grade glomerulonephritis (GN).  However, whereas Sle3 alone, as a B6 congenic, 

displays no overt autoimmune phenotypes, it can interact, in a non-additive fashion, with 

Sle1 to drive fatal autoimmunity [42, 171], demonstrating that a secondary lesion is 

required to drive fatal autoimmunity. 

Sle3, located on murine chromosome 7, was initially mapped to an interval 

bounded by microsatellite markers D7MIT157 and D7MIT40, a 73.2 Mb region [40, 70], 

but has since be refined to the intervals bounded by D7MIT157 and D7MIT233.  Sle3 has 

been recently demonstrated to play a role in mediating antigen-presenting cell (APC) 

activation thresholds to Toll-like receptor (TLR) ligands [47].  Zhu et al demonstrate 

clearly that B6.Sle3-derived APCs are hyperactivated by TLR4 agonist lipopolysacharide 

(LPS) and subsequently produce higher levels of inflammatory cytokines such as IL6 and 

TNF-alpha and are more competent in stimulating antigen-presentation to T-cells.  
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Moreover, the dysregulation in APC sensitivity to TLR4 ligand observed in Sle3 was 

found to be an APC-intrinsic gene.  In this regard, the action of Sle3, is not unlike the 

BXSB-derived yaa lesion, which has recently been shown to be gene translocation event 

leading to 2-fold expression of TLR7, and is consistent with the growing body of 

literature on the epistatic role of  TLR-dysregulation in APCs in accelerating otherwise 

non-pathogenic autoimmunity [32-34, 172].     

To identify Sle3, we used the APC-intrinsic defect in activation threshold 

observed in B6.Sle3-derived APCs to perform positional mapping. 

     

RESULTS 

Identification of Sle3a and Sle3b sub-loci 

 A panel of truncated subcongenics were derived (Figure 12A).  Using the degree 

of cell-surface activation marker upregulation and cytokine secretion profiles as 

functional readouts of APC activation, primary bone marrow-derived macrophages 

derived from these subcongenics were screened for the parental B6.Sle3 APC-

hyperactivation phenotype.  We found that the Sle3 phenotype was mediated by two sub-

loci, termed Sle3a and Sle3b (Figure 12B), bounded by microsatellite markers D7MIT157 

to D7MIT158 and D7MIT158 to D7MIT233, respectively.  The support area of Sle3a 

spans roughly 2.8 Mb and is a highly gene-dense region containing the Siglech and 

Kallikrein gene clusters.  This region was subsequently granted to other personnel in the 

Wakeland lab for study, and is thus not the focus of this section of my dissertation. 
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Identification of the critical interval of Sle3b 

The support area of Sle3b spans roughly 22 Mb, and is comparatively gene sparse.  

Sle3b was subsequently fine-mapped using the subcongenics tiling this region.  Positional 

mapping of Sle3b placed Sle3b in the critical interval bounded by microsattelite markers 

D7MIT176 and D7MIT231.  The data are summarized in Figure 13. 

 

Klf13 as the primary candidate gene in Sle3b, a mechanistic role for RANTES in 

macrophage hyperactivation 

The critical interval is roughly 3.4 Mb and contains 25 genes, displayed in Table 

7.  Contained in the critical interval of Sle3b is the transcription factor Klf13, which has 

been shown to regulate RANTES (CCL5) secretion in activated T-cell subsets [173].  In 

preliminary data, we noted a 200-fold upregulation of Klf13 mRNA in stimulated B6.Sle3 

macrophages compared to B6 controls (Figure 14A).  Since macrophages are also known 

to secrete C-C chemokines, including RANTES [174], we investigated the possibility that 

increased RANTES secretion following TLR4 stimulation could explain the 

hyperactivation of B6.Sle3 macrophages.   In preliminary data, we noted a two-fold 

increase in RANTES secretion compared to controls (Figure 14B).  Co-culture of B6.Sle3 

BMDMs with LPS in the presence of RANTES was capable of suppressing activation of 

B6.Sle3 BMDMs seen in B6 levels (Figure 14C). 
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D7MIT157 158 211 91 176 231
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Figure 20.  Summary of positional mapping of Sle3b. 
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In (A) is the shown the summary of positional mapping data.  In (B) are shown 
representative experiments used for fine mapping.  In the top row are displayed MFIs of 
CD80 and CD40 on BMDMs.  Below are the culture supernatant concentrations of TNF-
and IL-6.  (*, P < 0.05; **, P < 0.01; ***, P < 0.001, by ANOVA with Bonferroni ad-hoc 
test) 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 7.  Genes contained in the critical interval of Sle3b. 
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Figure 21.  Increased Klf13 expression leads to increased RANTES production 
which partially mediates Sle3 macrophage hyperactivation in response to TLR4 
signaling.   
Shown in (A) are the normalized RT-PCR results of KLF-13 expression before and after 
LPS stimulation.  In (B) is shown the culture supernatant concentrations of RANTES 
before and after LPS stimulation in B6 and B6.Sle3 (176-233) BMDMs.  In (C) is 
displayed MFIs of CD80, and the results on CD80 expression after using co-culture with 
anti-RANTES antibody.  (*, P < 0.05; **, P < 0.01; ***, P < 0.001, by ANOVA with 
Bonferroni ad-hoc test)
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CHAPTER FIVE: CXCR4/CXCL12 dysregulation plays a pivotal role in murine lupus 
nephritis 
 

INTRODUCTION 

CXCR4 (CD186) is a G-protein coupled receptor which subserves many functions 

in the immune system. Studies of mice carrying targeted gene disruption of CXCR4 have 

revealed its critical role in hematopoesis, B-cell lymphopoesis, myelopoesis, germinal 

center organization, and maintenance of stem cell pools in the bone marrow [175-179]. In 

addition, CXCR4 is a well-studied molecule in both HIV and cancer. Of note, CXCR4-

tropism was found to be correlative with chronic immune activation and AIDS 

pathogenesis [180, 181], and studies in a variety of human cancers have shown the 

chemotactic potential of CXCR4 to be exploited during tumor cell metastasis [182]. 

CXCR4 defects in humans lead to a syndrome characterized by warts, 

hypogammaglobulinemia, immunodeficiency, and myelokathexis, collectively termed the 

WHIM syndrome [183]. 

CXCR4 monogamously recognizes the CXC chemokine ligand 12 (CXCL12), 

also known as stromal cell-derived factor 1 (SDF-1), or pre-B-cell-growth-stimulating 

factor (PBSF). CXCL12 is known to be basally expressed by a variety of tissues 

including skin, heart, and kidney [184], and has been shown to be selectively upregulated 

in a wide range of tissues in response to damage, particularly the kidney [185]. The 

upregulation of CXCL12 has been postulated to promote mobilization and recruitment of 

CD34+ progenitor cells to sites of damage as a mechanism of repair and repopulation. In 

the immune system, CXCL12 plays a major role in determining differential leukocyte 
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output from the bone marrow. Low bone marrow levels of CXCL12 induced by 

inflammation promote granulocyte production and suppress B-cell generation [186].  

We initially became interested in CXCR4 because we observed that it was 

dysregulated in expression in the BXSB model of spontaneous lupus. Microarray screens 

of LPS-stimulated bone-marrow-derived macrophages revealed that CXCR4 was highly 

upregulated when compared to C57BL/6 (B6) controls (data not shown). Given the 

known roles of CXCR4 in chemotaxis and B-cell lymphopoiesis [178, 179] and the 

reported roles of CXCL12 in other forms of renal damage, we postulated that increased 

CXCR4 expression may play a role in mediating autoreactivity and nephritis in lupus. In 

this work, we examine the expression of CXCR4 and its ligand in different murine 

models of lupus, and the therapeutic potential of blocking this axis in murine lupus. 

 

RESULTS 

Increased CXCR4 expression on leukocytes of multiple lupus models is a 

consequence of disease 

Examination of several murine lupus models, including BXSB, MRL.lpr, and 

B6.Sle1Yaa, revealed that CXCR4 was significantly upregulated on multiple cell types in 

8-10 month old mice, regardless of their genetic composition, when compared to B6 

controls (Table 8 and Figure 22). Similar differences were noted in a fourth lupus-prone 

strain, B6.Sle1Sle2Sle3 (data not shown). Cell types that exhibited the largest 

upregulation of CXCR4 compared to B6 in all murine models included cell subsets of 

both the myeloid and B-cell lineages. In particular, inflammatory monocytes, neutrophils, 

plasma cells and pre-plasma cells expressed the highest absolute levels of CXCR4, 
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particularly in the lupus-prone strains (Table 8, Figure 22). Both in terms of the mean 

fluorescence intensities, as well as the percentage of cells expressing CXCR4, myeloid 

and B-cells from lupus mice exhibited about a two-fold increase in surface expression of 

CXCR4. Though these differences were most marked on splenic leukocytes, a similar 

pattern of expression difference was also noted on leukocytes isolated from lymph nodes, 

peripheral blood, and the bone marrow (Table 8. and data not shown). Although we 

detected an increase in CXCR4 expression on memory CD4+ T-cells, these results did 

not reach statistical significance. 

The hyperexpression of CXCR4 on leukocytes from lupus-prone mice could 

result from polymorphisms of the CXCR4 gene (which may directly regulate CXCR4 

expression), or arise as a consequence of the disease process. To distinguish between 

these possibilities, we adopted two approaches using the B6.Sle1Yaa mouse as a disease 

model. First, evaluation of young (2-mo-old) pre-disease B6.Sle1Yaa mice did not reveal 

hyper-expression of CXCR4 (Figure 23A). Second, we examined monocongenic mice 

bearing the two main genetic elements that dictate lupus development in B6.Sle1Yaa 

mice—Sle1z, and Yaa. Congenic dissection of 9-month old B6.Sle1Yaa mice revealed 

that the upregulation of CXCR4 was present only in mice with active lupus disease, in the 

bicongenic strain (Figure 23B and C). Indeed, the upregulation of CXCR4 was neither 

observed in B6.Sle1 mice—indicating that the upregulation was not downstream of the 

loss of humoral tolerance, which is the hallmark feature of this strain [35, 132], nor in 

B6.Yaa mice—indicating that CXCR4 upregulation was not downstream of TLR7 

dysregulation [32, 33] (Figure 23). Furthermore, direct sequencing of the CXCR4 gene 

revealed no sequence polymorphisms between B6 and B6.Sle1Yaa (data not shown). 
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Taken together, these data indicate that the upregulation of CXCR4 on B6.Sle1Yaa 

leukocytes is unlikely to be the direct consequence of any single genetic contribution 

responsible for disease, nor the genetic background, but instead is a common downstream 

consequence of the disease process. 

 

Increased CXCR4 expression leads to increased migration to positive CXCL12 

gradients and increased B-cell survival 

We next examined the functional consequences of upregulation of CXCR4 in 

diseased mice. B6.Sle1Yaa splenocytes, which express more CXCR4, were found to 

migrate 3-fold better to positive CXCL12 gradients when compared to B6 controls 

(Figure 24A). Among the cell-types that expressed CXCR4, the migratory potential of 

neutrophils, monocytes, and B-cells differed most significantly between the strains, 

although all cell types from diseased mice which express higher CXCR4 levels migrated 

better to CXCL12, compared to the B6 controls (Figure 24, and data not shown). Also, 

when CXCL12 was added to both the top and bottom chambers, no significant migration 

was observed (data not plotted), excluding chemokinesis as a possible explanation for 

these data.  

In addition to its role in chemotaxis, CXCL12 has also been shown to impact B-

cell lymphopoesis [187]. Therefore, we assessed whether increased CXCR4 expression 

affected the responses of B cells to stimulation with CXCL12. We found that BCR-

ligated B-cells from B6.Sle1Yaa spleens were less apoptotic when exposed to CXCL12 

(Figure 24B). We detected no differential B-cell responses to CXCL12 in terms of 

proliferation or the expression of activation markers (data not shown). We also detected 

no difference in the proliferation or activation of B6.Sle1Yaa T-cells when they were 
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exposed to CXCL12 (data not shown). These data indicate that the increased expression 

of CXCR4 on lupus leukocytes is associated with multiple functional consequences, the 

most profound of which include enhanced BCR-triggered B-cell survival and chemotaxis 

to positive CXCL12 gradients.  

 

Increased renal expression of CXCL12 in lupus 

Nephritis is a leading cause of morbidity and mortality in lupus, both in mice and 

in patients. Since end organ disease in lupus is partly the consequence of infiltrating 

leukocytes, we next asked if the increased renal disease in lupus might be in part driven 

by heightened CXCR4/SDF1 activity. In support of this, we observed a robust increase in 

CXCL12 expression in the kidneys of B6.Sle1Yaa, but not B6 mice, both by 

immunohistochemistry (Figure 25A) and by ELISA (Figure 25B). We observed increased 

CXCL12 in both the glomeruli and the medulla, with additional expression in the 

interstitium, Bowman’s capsules, and glomerular tufts of B6.Sle1Yaa kidneys, but not in 

B6 controls (Figure 25A). Similar increases were also observed in BXSB and MRL.lpr 

kidneys (data not shown). These data suggest that increased CXCL12 expression in the 

kidney may be a common downstream event in the progression of lupus nephritis, 

perhaps reflecting the kidney’s natural repair response to damage. Consistent with the 

robust CXCL12-tropic migratory capacity of B6.Sle1Yaa leukocytes seen in vitro, we 

detected an impressive accumulation of CXCR4+ cells within B6.Sle1Yaa kidneys ex 

vivo (Figure 26). Collectively, these data suggest that the CXCR4/CXCL12 axis may be 

instrumental for leukocyte trafficking into the kidneys, and thus may play an important 

role in mediating renal pathology in lupus nephritis. 
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Pharmacological inhibition of CXCR4 significantly ameliorates disease 

The association of increased expression of CXCR4 and CXCL12 with disease in 

multiple models of spontaneous lupus nephritis suggested that this axis may play an 

important role in mediating the disease. If so, pharmacological blockade of this axis may 

be an effective strategy for therapeutic intervention in lupus nephritis. To directly test 

this, we used the CXCR4 peptide antagonist CTCE-9908, obtained from Chemokine 

Therapeutics. Initial characterizations indicated that CTCE-9908 was effective in 

blocking chemotaxis by B6.Sle1Yaa splenocytes in vitro, with the migration of all cell 

types being inhibited equally (Figure 27). To test the therapeutic efficacy in vivo, 

B6.Sle1Yaa mice were subjected to two sets of placebo-control studies. The preventive 

efficacy of CXCR4 blockade treatment was tested on a cohort of 2-month old B6.Sle1Yaa 

mice, which typically do not have anti-nuclear antibodies in their sera, or kidney disease. 

The potential therapeutic efficacy of CXCR4 blockade was tested on 4-month old 

B6.Sle1Yaa mice, which by this age have already developed detectable impairment of 

renal function, high titers of ANAs and a large spectrum of immunological changes [32].  

Blocking the CXCR4 axis from the age of 2 months, significantly prolonged 

survival (by roughly two months), reduced splenomegaly (by roughly half), subdued T-

cell and B-cell activation, blocked autoantibody production (almost completely), and 

ameliorated nephritis (Figure 28, and data not shown). The observed change in 

splenomegaly was accompanied by significant reductions in peripheral T and B-cells, as 

well as various myeloid cells (Cohort I in Table 9). Surprisingly, similar disease 

amelioration and lifespan prolongation was also seen when treatment was started after 

disease onset (Figure 29, and data not shown). Although splenomegaly was not reversed 
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in the latter study (Cohort II in Table 9 and data not shown), renal disease was 

significantly dampened by the “treatment” regime. In both the preventative and treatment 

studies, the absolute numbers of leukocytes, particularly various myeloid cell subsets, 

recruited into the kidneys were profoundly reduced by CXCR4 blockade (Table 9, Figure 

30). Both the preventative and therapeutic treatments were not associated with any 

changes in body weight, hemoglobin levels, red blood cell counts or liver function tests 

(data not shown), alluding to the safety of the administered drug. 

 

Increased renal expression of CXCL12 in human lupus 

Given the heightened expression of CXCR4/CXCL12 in murine lupus and its 

demonstrated role in disease pathogenesis, we were interested in determining if this axis 

was similarly upregulated in human lupus nephritis. To this end, we explored if 

heightened CXCL12 may also be an underlying feature of end-organ disease in human 

SLE. Analyses of renal biopsies obtained from lupus nephritis patients also revealed that 

CXCL12 expression correlated with renal pathology (Figure 31). CXCL12 expression 

was limited to the glomeruli with minimal tubular expression in patients with WHO Type 

I nephritis. As renal pathology worsened, CXCL12 expression increased in terms of 

intensity and expressing renal segments. Indeed, in patients with Type IV GN, CXCL12 

was detected at high levels in virtually all renal segments, and resembled the staining 

patterns seen in the kidneys from 8-10 month old lupus mice (Figure 25). As a non-

inflammatory control, biopsies from minimal change disease patients were also analyzed. 

CXCL12 expression in these kidneys was minimal, and was localized to substructures in 

the glomerular tufts (Figure 31). Further studies are underway to determine if the cell-
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types expressing CXCL12 in these patients are podocytes, the cell-types damaged in this 

disease. These findings are consistent with reports citing CXCL12 as a chemokine 

released upon renal damage [185]. The present report constitutes the first demonstration 

of increased CXCL12 expression after renal damage in humans. Taken together, these 

data indicate that a similar mechanism of CXCR4/CXCL12-mediated leukocyte 

trafficking to the kidney may be occurring in human lupus as well. 

 

 

Increased CXCR4 expression in human lupus PBLs 

From November 2007 to July 2008, peripheral blood leukocytes were collected 

from hospitalized patients at the Université de Paris Descartes at Paris, France.  The 

descriptive clinical and demographic data is in preparation. 

Figure 32 summarizes the profile of CXCR4 expression on patients with SLE, 

control patients, and disease-control rheumatoid arthritis patients.  We found specific 

upregulation of CXCR4 on B and T-cells of SLE patients compared to both control and 

rheumatoid arthritis patients.  These data suggest that CXCR4 upregulation is a disease-

specific process, and that, combined with the increased CXCL12 observed in nephritic 

kidneys, anti-CXCR4 therapy may be a suitable targeted therapy for SLE patients at risk 

for renal sequella.    

  

DISCUSSION 

The data presented in this communication suggest an important role for 

CXCR4/CXCL12 in mediating lupus and lupus nephritis. It is clear that CXCR4 is hyper-

expressed in all mouse models of lupus examined in this study. These are genetically 

 102



diverse models, including strains harboring lupus susceptibility loci from the NZB/NZW 

and BXSB mouse models, as well as MRL.lpr. This observation suggests that CXCR4 

hyper-expression might be a generalized feature of lupus, independent of the underlying 

genetic basis. In all of the strains examined, the highest levels of CXCR were noted on 

myeloid cells (particularly on neutrophils and inflammatory macrophages) as well as 

terminally differentiated B-cells (notably on plasma cells and pre-plasmablasts), an 

observation that is consistent with the expression patterns reported in the literature [176-

178, 187]. Although we detected an increase in CXCR4 expression on memory CD4+ T-

cells isolated from mice with lupus, these result did not reach statistical significance; this 

trend, however, is consistent with our previous studies using microarray analysis of 

splenic CD4+ T-cells which revealed significantly increased CXCR4 mRNA in 

B6.Sle1Yaa mice when compared to B6 [32]. 

Given the increased expression of CXCR4 on myeloid cells and terminally 

differentiated B-cells, it appears most likely that altered trafficking patterns of these two 

cell types may be contributing to disease in lupus. With respect to the myeloid cells, the 

enhanced trafficking of these cells to the kidneys may be a key contributor to the 

heightened nephritis seen in these mice. This notion is supported by the observation that 

kidneys from lupus-afflicted mice exhibit profound increases in the absolute numbers of 

CXCR4+ myeloid cell infiltrates, as well as the ligand for CXCR4, CXCL12. This was 

bolstered by the finding that blocking CXCR4 reverses the infiltration of myeloid cells 

into the kidneys and the accompanying disease. Among the myeloid cell subtypes that are 

most likely responsible for the renal pathology in these disease models are neutrophils 

and inflammatory monocytes, based on their highest CXCR4 expression levels, and 
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previous literature reports. Indeed, the role of intra-renal CXCL12 in recruiting 

inflammatory cells into the kidneys has been elegantly demonstrated in other 

experimental models of nephritis [185, 188]. We have also demonstrated a similar 

increase in CXCL12 expression in renal biopsies from patients with lupus nephritis, with 

increases in the intensity and promiscuity of expression correlating well with worsened 

pathology and specific, and increased CXCR4 expression on PBLs of SLE patients.  

These findings suggest that the CXCR4/CXCL12 axis may be playing a similar role in 

human lupus nephritis. 

The potential mechanisms through which CXCR4+ B-cells may be contributing to 

lupus are less obvious. Besides the enhanced chemotaxis towards CXCL12, the 

heightened CXCR4 levels on B-cells is also likely to confer prolonged survival. One can 

envision a scenario in which this could contribute to a breach in peripheral B-cell 

tolerance. The prolonged survival of autoreactive germinal center B-cells and plasma 

cells, as a consequence of increased CXCL12-triggered signaling [189-191] could 

potentially lead to increased autoantibody levels. This model is consistent with the 

observation that blocking CXCR4/CXCL12 reduces autoantibody levels, particularly in 

the preventative study. Potentially, the increased CXCR4 levels on plasmablasts may 

facilitate increased trafficking of these cells to the kidneys and promote their survival 

within intrarenal niches; however, we did not find any increase in CXCR4+ plasma cells 

(or B-cells) within B6.Sle1Yaa kidneys (data not shown). Whether the CXCR4+ plasma 

cells in lupus might have homed to yet other (i.e., non-renal) niches is a question that 

warrants further study. Finally, since CXCR4 levels are tightly regulated in different 

subsets of germinal center B-cells [177, 179], a further possibility is that the heightened 
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CXCR4 levels observed on lupus B-cells may lead to altered trafficking and affinity 

maturation patterns within the germinal centers—a  possibility that needs to be formally 

evaluated.  

Given the observation that the heightened expression of CXCR4 on myeloid and 

B-cells may have biological consequences that facilitate lupus pathogenesis, a key 

question that arises is the potential therapeutic utility of CXCR4 blockade in lupus. 

Indeed, there has been an isolated report on the therapeutic benefit of targeting its ligand, 

CXCL12: Balabanian et al showed that treatment of New Zealand Black / New Zealand 

White (NZB/W) mice with anti-CXCL12 antibody ameliorated several lupus phenotypes, 

although in their study, the analyses focused on the role of peritoneal B1a cells [192]. 

Given that CXCR4 also plays an important role in AIDS and tumor metastases, there has 

been a flurry of research reports based on novel CXCR4 blocking agents [193-196]. This 

includes CTCE-9908 from Chemokine Therapeutics, which has proven effective in Phase 

I/II trials in osteosarcoma and prostate cancer [197, 198]. Given the demonstrated safety 

and efficacy of this agent in the completed and ongoing human clinical trials, this 

appeared to be a suitable drug choice for testing in murine lupus. Indeed, the early use of 

a peptide antagonist of CXCR4 prevented all serological, cellular and clinical 

manifestations of lupus, indicating that all component lupus phenotypes (and the 

associated pathogenic events) are absolutely dependent upon CXCR4 expression, early in 

the disease process. As discussed above, this might relate to the absolute requirement of 

CXCR4 on B-cells and myeloid cells, for the initiation of autoantibody production and 

renal disease. 
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In contrast, when CXCR4 blockade is instituted late in disease, well after the 

onset of proteinuria and elevated serum autoantibodies, most of the cellular changes 

associated with lupus in the B6.Sle1Yaa model were recalcitrant to treatment. However, 

late-phase therapy was still able to curtail the progression of renal disease, with attendant 

prolongation of lifespan in these mice. These observations have important ramifications. 

First, they suggest that the dominant cause of death in these mice is nephritis, rather than 

splenomegaly (or associated hematological abnormalities). Second, they indicate that 

renal disease in lupus can be divorced from systemic cellular and serological changes—in 

other words, mice with severe splenomegaly and high autoantibody levels can live a 

“normal” lifespan if the renal disease is therapeutically controlled, a scenario which is 

reminiscent of FcR-deficient lupus mice. Finally, these studies raise hope that instituting 

CXCR4 blockade in patients with active lupus nephritis might also be therapeutically 

effective.  
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FIGURES AND TABLES 

   
 

B6 
(n=10) 

B6.Sle1Yaa
(n=6) 

BXSB 
(n=6) 

MRL.lpr 
(n=6) 

SPLEEN Mean B6 mfi     
CD11b+ B220-     mfi of CXCR4 and fold Δ 
                             % of CXCR4+ cells 

20.2 ± 2.1 
 

1.0 ± 0.1 
16.7 ± 10.9 

1.9 ± 0.1** 

31.3 ± 9.5* 

1.5 ± 0.1** 

39.6 ± 9.4** 

1.3 ± 0.1* 

22.0 ± 4.2 
Resident Monocyte (CD11b+ Gr-1lo) 18.3 ± 3.3 

 
1.0 ± 0.1 
16.0 ± 9.0 

1.2 ± 0.4 

18.5 ± 2.8 

1.2 ± 0.7 

29.9 ± 4.9* 

1.2 ± 0.2 

25.6 ± 8.2 
Inflamm. Monocyte (CD11b+ Gr-1int) 18.8 ± 2.8 

 
1.0 ± 0.0 
16.8 ± 9.9 

1.7 ± 0.2** 

34.2 ± 14.5* 

1.7 ± 0.3*** 

51.4 ± 16.2*** 

1.6 ± 0.2** 

39.6 ± 7.5* 

Neutrophil (CD11b+ Gr-1hi SSchi) 16.2 ± 2.2 
 

1.0 ± 0.0 
15.2 ± 8.4 

1.5 ± 0.2* 

44.9 ± 15.0** 

1.7 ± 0.2** 

35.4 ± 8.3** 

1.5 ± 0.2** 

30.4 ± 9.0* 

Myeloid DC (CD11b+ B220- CD11c+) 1.0 
 

UD 
UD 

UD 
UD 

UD 
UD 

UD 
UD 

Plasma DC (CD11b+ B220+ CD11c+) 18.4 ± 4.4 
 

1.0 ± 0.0 
4.3 ± 1.7  

0.5 ± 0.1 

3.1 ± 1.9 

1.3 ± 0.1 

5.2 ± 2.1 

0.4 ± 0.1 

2.8 ± 1.1 
      

B220+ CD11b-     mfi of CXCR4 and fold Δ 
                             % of CXCR4+ cells 

20.3 ± 2.4 
 

1.0 ± 0.0 
12.3 ± 9.0 

1.8 ± 0.2** 

17.9 ± 5.2** 

1.7 ± 0.1** 

20.8 ± 5.0** 

0.6 ± 0.1 

17.5 ± 6.4 
T1 (CD23- CD21lo IgM+) 6.9 ± 1.4 

 
1.0 ± 0.1 
15.8 ± 6.4 

1.6 ± 0.3* 

23.3 ± 4.4* 

1.5 ± 0.1* 

36.8 ± 5.1* 

0.7 ± 0.1 

6.4 ± 3.0 
T2 (CD23+ CD21hi IgMhi) 19.9 ± 5.1 

 
1.0 ± 0.1 
21.0± 9.3 

1.4 ± 0.1* 

32.4 ± 9.3* 

1.6 ± 0.1** 

38.9 ± 5.3* 

0.5 ± 0.1** 

15.1 ± 6.1 
MZ (CD23- CD21hi IgM+) 21.1 ± 3.8 

 
1.0 ± 0.1 

20.4 ± 1.6 

1.1 ± 0.3 

22.7 ± 9.7 

1.2 ± 0.2* 

27.3 ± 4.7* 

0.9 ± 0.3 

12.5 ± 4.4 
Follicular (CD23+ CD21+ IgMlo) 7.5 ± 1.7 

 
1.0 ± 0.1 
9.3 ± 2.5 

0.9 ± 0.1 

17.0 ± 6.4* 

1.5 ± 0.1** 

25.9 ± 4.7** 

1.0 ± 0.0 

7.0 ± 2.7* 

Plasma (B220- CD138+) 60.0 ± 0.9 
 

1.0 ± 0.0 
23.2 ± 11.1 

2.5 ± 0.2** 

49.0 ± 10.5** 

1.8 ± 0.0 

41.4 ± 7.6** 

1.6 ± 0.1** 

33.0 ± 9.4* 

Pre-Plasma (B220+ CD138+) 75.7 ± 9.2 
 

1.0 ± 0.1 
39.8 ± 9.8 

1.8 ± 0.2** 

50.1 ± 9.0* 

1.5 ± 0.2* 

62.7 ± 6.7** 

0.6 ± 0.1* 

15.6 ± 6.4* 

      

CD4+ CD8-          mfi of CXCR4 and fold Δ 
                             % of CXCR4+ cells 

5.4 ± 0.9 
 

1.0 ± 0.1 
6.1 ± 1.5 

1.4 ± 0.7 

8.9 ± 0.8 

1.7 ± 0.2 

9.4 ± 2.7* 

1.3 ± 0.1 

4.5 ± 0.9 
Memory (CD62L- CD44hi) 8.0 ± 0.9 

 
0.9 ± 0.1 
8.8 ± 2.2 

0.9 ± 0.4 

9.1 ± 0.9 

1.3 ± 0.1 

9.8 ± 0.7 

0.9 ± 0.0 

4.5 ± 1.0 
Naïve (CD62L+ CD44lo) 1.0 

 
UD 
UD 

UD 
UD 

UD 
UD 

UD 
UD 

      

PERIPHERAL BLOOD      

CD11b+ B220-    mfi of CXCR4 and fold Δ 
                             % of CXCR4+ cells 

13.1 ± 2.1 
 

1.0 ± 0.1 
11.6 ± 5.0 

1.3 ± 0.1** 

18.1 ± 5.1* 

1.1 ± 0.1* 

22.6 ± 7.1** 

1.3 ± 0.2 

11.9 ± 5.7 
Resident Monocyte (CD11b+ Gr-1lo) 12.2 ± 2.0 

 
1.0 ± 0.1 

4.9 ± 1.6 

1.6 ± 0.8 

12.5 ± 7.0 

1.3 ± 0.2 

7.4 ± 2.8 

1.2 ± 0.2 

7.5 ± 4.6 
Inflamm. Monocyte (CD11b+ Gr-1int) 16.0 ± 2.1 

 
1.0 ± 0.1 

9.5 ± 4.5 

1.5 ± 0.2 * 

21.7 ± 9.4* 

1.6 ± 0.2* 

30.4 ± 3.8** 

1.4 ± 0.1** 

18.6 ± 9.9* 

Neutrophil (CD11b+ Gr-1hi SSchi) 14.1 ± 2.2 
 

1.0 ± 0.2 

8.4 ± 4.5  

1.2 ± 0.2** 

18.0 ± 4.5* 

1.2 ± 0.1* 

31.3 ± 5.7** 

1.2 ± 0.2 

18.9± 9.9*  
Table 8.  CXCR4 Expression Levels. 
ANOVA with Dunnet post-hoc test was used for statistical analyses (*, P < 0.05; **, P < 

0.01; ***, P < 0.001). 
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 B6 
(n=4) 

CTCE I 
(n=7) 

CTCE II 
(n=5) 

B6.Sle1Yaa 
(n=4) 

SPLEEN Cells x 104    
Resident Monocyte (CD11b+ Gr-1lo) 323.0 ± 26.8 1164.4 ± 223.4 4708.0 ± 1195.7 2435.0 ± 491.1 
Inflamm. Monocyte (CD11b+ Gr-1int) 81.2 ± 18.9 1026.4 ± 209.8 2148.0 ± 419.0 1535.3 ± 415.1 
Neutrophil (CD11b+ Gr-1hi SSchi) 100.8 ± 42.1 516.9 ± 119.1  896.8 ± 132.8 462.0 ± 79.2 

     

T1 (CD23- CD21lo IgM+) 194.0 ± 30.5 116.8 ± 29.6 29.7 ± 14.9 338.5 ± 75.9 
T2 (CD23+ CD21hi IgMhi) 322.0 ± 32.7 221.1 ± 48.9 871.0 ± 291.2 668.6 ± 247.2 
MZ (CD23- CD21hi IgM+) 430.3 ± 29.7 26.5 ± 6.7 4.0 ± 1.8 104.3 ± 37.5 
Follicular (CD23+ CD21+ IgMlo) 3805.0 ± 406.0 2870.0 ± 410.5 12322.0 ± 4464.3 15460.0 ± 2447.3 
Germinal Center (B220+ GL7+) 129.3 ± 31.0 316.7 ± 62.4 511.4 ± 146.1 689.8 ± 105.6 
Plasma (B220- CD138+) 35.0 ± 5.4 627.4 ± 124.7 1217.2 ± 389.7 1214.5 ± 187.2 

     

CD4+ CD8-     

Memory (CD62L- CD44hi) 1687.5 ± 535.4 6267.1 ± 878.0 41460.0 ± 10.942.0 21700.0 ± 3774.3 
Naïve (CD62L+ CD44lo) 5340.0 ± 607.0 760.7 ± 127.0 1639.0 ± 380.2 1061.0 ± 301.4 

CD8+ CD4-     

Memory (CD62L- CD44hi) 405.5 ± 102.0 5811.4 ± 973.4 27680.0 ± 8369.0 11920.0 ± 996.2 
Naïve (CD62L+ CD44lo) 5615.0 ± 931.6 1510.9 ± 263.2 2592.0 ± 431.8 3999.0 ± 1414.0 
     

     

KIDNEY     

CD45+ 
21.6 ± 2.7 38.9 ± 6.1

**
 57.9 ± 15.6

*** 98.5 ± 11.4 

Resident Monocyte (CD11b+ Gr-1lo) 7.1 ± 1.1 18.6 ± 3.4
**

 20.3 ± 6.8
**

 42.5 ± 7.1 

Inflamm. Monocyte (CD11b+ Gr-1int) 0.2 ± 0.0 1.5 ± 0.4
*

 2.0 ± 0.6
*

 3.0 ± 0.6 

Neutrophil (CD11b+ Gr-1hi SSchi) 0.4 ± 0.0 0.6 ± 0.2 2.0 ± 0.8
*

 2.6 ± 0.5 
     

CD4+ CD8- 
0.9 ± 0.1 4.7 ± 1.1

*
 4.2 ± 0.9

*
 7.9 ± 1.4 

CD8- CD4+ 
0.6± 0.1 2.6 ± 0.4 2.6 ± 0.8 4.1 ± 1.3 

     

  

Table 9.  Immune cell subsets in CXCR4-anatagonist-treated mice. 
For kidney subsets, ANOVA with Dunnet post-hoc test was used for statistical analyses 

(*, P < 0.05; **, P < 0.01; ***, P < 0.001). 
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Figure 22.  Increased CXCR4 in murine models of lupus.  
N = 6, male, 9 - 12 mo. old B6.Sle1Yaa, BXSB, MRL.lpr and B6 mice (N = 10) 
subjected to flow cytometric analyses. Increased expression of CXCR4 was detected on 
neutrophils (N0, CD11b+, r-1hi), inflammatory monocytes (inflammatory M0, CD11b+, 
Gr-1int), and plasma cells (B220lo, CD138+) in the spleen and peripheral blood, compared 
to B6 (*, P < 0.05; **, P < 0.01; ***, P < 0.001, by Welch-corrected t-test). The mean 
fluorescence intensities and the percentage of each cell type that expressed CXCR4 are 
detailed in Table *INSERT*. Shown in (C) are representative histogram overlays. 
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Figure 23.  CXCR4 hyperexpression in B6.Sle1Yaa mice is not the direct 
consequence of either locus, but arises as a result of the disease.  
Shown in (A) is a comparison of mean CXCR4 levels on young (age ≤ 2 mo.) 
B6.Sle1Yaa compared to old (9 - 12 mo.) B6.Sle1Yaa mice (N = 15). Shown in (B) are 
the mean percentages of myeloid cells or plasma cells that express CXCR4 in B6.Sle1Yaa 
mice, or the related monocongenic strains (N = 6 each). ANOVA with Dunnet post-hoc 
test was used for statistical analyses (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 
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Figure 24.  Functional consequences of CXCR4 upregulation on B6.Sle1yaa 
leukocytes.   
 (A).  Splenocytes from 9 - 12 mo. old B6, B6.Sle1, B6.Yaa and B6.Sle1Yaa mice were 
subjected to transwell migration assays towards 50 ng/ml CXCL12 placed in the bottom 
chamber. Cells that had extravasated into the bottom chamber were enumerated and 
phenotyped by flow cytometric analyses. *, P < 0.05; **, P < 0.01; ***, P < 0.001, by 
ANOVA with Dunnet post-hoc analyses. 
(B).  B6 and B6.Sle1Yaa splenic B-cells were stimulated with anti-IgM F(ab)’2 
antibodies and recombinant CXCL12, and assayed by flow cytometry for apoptosis, 
using Annexin V and 7-AAD. 
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Figure 25.  Increased CXCL12 expression in lupus kidneys. 
CXCL12 was detected on paraffin-fixed sections of B6.Sle1Yaa mice (and B6 controls) 
using colometric immnohistochemistry (A). Displayed below are the zoom-in 
magnifications of the same pictures. Shown pictures are representative of 5 independent 
samples for each strain. Renal plasmaharvested from 9 - 12 mo. B6 and B6.Sle1Yaa mice 
(N = 6) were examined for CXCL12, by ELISA (B). **, P < 0.01 by Welch-corrected t-
test.
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Figure 26.  Accumulation of CXCR4+ leukocytes in lupus kidneys. 
Whole kidneys were subjected to digestion and percoll density centrifugation, as detailed 
in Materials and Methods. The fraction enriched for leukocytes (as shown in top row of 
2D-plots) was enumerated using trypan blue exclusion and subjected to flow cytometric 
analyses. Plotted in (B) are the numbers of CXCR4+ cells and the percentage of cells 
with CXCR4 expression on B6.Sle1Yaa cells and cells from the relevant monocongenic 
strains and B6 control. Shown P values pertain to comparisons of the B6.Sle1Yaa levels 
against that of B6.Sle1 and B6.Yaa by ANOVA (Bonferroni post-hoc test, *, P < 0.05; 
**, P < 0.01; ***, P < 0.001). 
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Figure 27. Pharmacodynamic analyses of the effect of CTCE-9908 on leukocyte 
migration to positive SDF-1 gradients.    
Splenocytes from 9 month old B6.Sle1Yaa mice were pre-incubated with various doses of 
CTCE-9908 for 30 minutes at 370C and subjected to transwell migration assays towards 
50 ng/ml CXCL12 placed in the bottom chamber.  Percentage of maximum migration 
was calculated by dividing the number of CTCE-9908-treated cells which migrated to the 
lower chamber by the number of untreated migrated cells.  Cells that had extravasated 
into the bottom chamber were enumerated and phenotyped by flow cytometric analyses.   
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Figure 28.  In vivo “prevention” studies with a  CXCR4 peptide antagonist. 
2 mo old B6.Sle1Yaa males (‘Cohort I’) were injected with CTCE-9908 (n=11) or 
vehicle placebo (N = 5). All mice were sacrificed at the age of 5 - 6 mo. 100 μl of CTCE-
9908 at 50 mg/kg or vehicle placebo were injected intraperitoneally three times a week 
for the course of study. Plotted in (A) is the survival curve for mice in the “prevention” 
study (‘Cohort I’). Indicated in (B) are the spleen sizes upon sacrifice of the mice; 
examples of spleens from the respective strains are aligned below. Displayed in (C) are 
the anti-chromatin ANA levels (as assayed by ELISA) over the course of the treatment 
regime. Shown in (D) are the total proteinuria levels detected in 24 hour urine collections, 
at the indicated ages. Plotted in (E) are the renal histopathological findings, upon 
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sacrifice at 6 mo. Due to the early mortality of placebo control mice, 5 mo. old 
B6.Sle1Yaa mice, which were not statistically different when compared placebo controls, 
were used as disease controls in these experiments and were pooled with surviving 
placebo controls in subsequent statistical analyses. *, P < 0.05; **, P < 0.01; ***, P < 
0.001, by log-rank Mantel-Cox test, Welch-corrected t-test, or the Mann-Whitney u-test, 
where appropriate. 
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Figure 29.  Use of the CXCR4 peptide antagonist dampens lupus nephritis even 
when administered after disease onset. 
4 mo old ANA-seropositive B6.Sle1Yaa males (‘Cohort II’) were injected with CTCE-
9908 (n=8) or vehicle placebo (n=5). 100 μl of CTCE-9908 at 50 mg/kg or vehicle 
placebo were injected intraperitoneally three times a week for the course of study. Plotted 
in (A) is the survival curve for mice in the “treatment” study (‘Cohort II’). Indicated in 
(B) are the total proteinuria levels detected in 24 hour urine collections, at the indicated 
ages. Indicated in (C) are the glomerulonephritis scores, tubulointerstitial disease scores, 
and extent of glomerular crescent formation in kidneys obtained from the different groups 
of mice studied, upon sacrifice at 6 mo. Due to the early mortality of placebo control 
mice, 5 mo. old B6.Sle1Yaa mice, which were not statistically different when compared 
placebo controls, were used as disease controls in these experiments and were pooled 
with surviving placebo controls in subsequent statistical analyses. *, P < 0.05; **, P < 
0.01; ***, P < 0.001, by log-rank Mantel-Cox test, Welch-corrected t-test, or the Mann-
Whitney u-test, where appropriate. 
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Figure 30.  CXCR4 blockade reduces renal leukocyte infiltration in murine lupus 
nephritis. 
Two cohorts of B6.Sle1Yaa male mice were subjected to “prevention” or “treatment” 
studies, using the CXCR4 peptide antagonist, CTCE-9908, as detailed above in to Figure 
6 and 7. Shown in (A) are the absolute numbers of CD45+ cells in the kidneys of the 
indicated mice upon sacrifice at 6 mo.; indicated below are representative 2D plots 
demonstrating reduced percentage of leukocytes in the renal cell preparation. Shown in 
(B) is the Gr-1 / CD11b staining profiles of myeloid cell subsets within the kidneys in the 
different groups of mice upon sacrifice at 6 mo., and the absolute numbers of various 
myeloid cell subsets in the kidneys of mice from the different study groups, as further 
detailed in Supplemental Table S2. Due to the early mortality of placebo control mice, 5 
mo. old B6.Sle1Yaa mice, which were not statistically different when compared placebo 
controls, were used as disease controls in these experiments and were pooled with 
surviving placebo controls in subsequent statistical analyses. *, P < 0.05; **, P < 0.01; 
***, P < 0.001, by log-rank Mantel-Cox test, Welch-corrected t-test, or the Mann-
Whitney u-test, where appropriate. 
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Figure 31.  Increased CXCL12 expression in human lupus kidney biopsies. 
Paraffin-fixed sections of renal biopsies obtained from SLE patients were stained for 
CXCL12 in a blinded fashion. Displayed are representative images of N = 2 - 3 
independent patient kidneys with various WHO-classes of GN. Samples obtained from 
patients with minimal change disease were used as a non-inflammatory control. When no 
primary antibody or competitive substrate to the primary antibody was added, no non-
specific staining was detected (data not shown). 
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Figure 32.  Increased CXCR4 expression in human lupus PBLs. 
CXCR4 expression was assessed in healthy controls, SLE patients, and rheumatoid 
arthritis patients (PR).  Shown in (A) are CXCR4 MFIs on CD4 T-cells and in (B) CD19 
B-cells with representative histograms below.  (*, P < 0.05; **, P < 0.01; ***, P < 0.001, 
by ANOVA with Bonferroni ad-hoc test) 
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CHAPTER SIX:  General Considerations 

Systemic Lupus Erythematosus (SLE) is a complex chronic autoimmune disease.  

The corpus of studies utilizing congenic dissection in spontaneous murine lupus models, 

such as NZM2410, has revealed that lesions in two primary pathways, acting in concert, 

are required for the development of fatal autoimmunity.  The first lesion is a 

dysregulation in humoral tolerance checkpoints that results in production of anti-nuclear 

autoantibodies (ANA) in the absence of visceral pathologies, while the second involves 

aberrations of the innate immune system.  The epistatic interaction between these lesions 

on certain backgrounds in the mouse mediates pathologic autoimmunity characterized by 

lymphadenopathy, splenomegaly, cellular hyperactivation, and renal failure subsequent to 

glomuerulonephritis (GN). 

What follows is a general discussion and critique on the logic behind the work 

that was presented in this dissertation. 

  

THE MODEL:  B6.Sle1yaa and CXCR4 revisited   

The first question that must be asked when studying animal models of human 

diseases is whether or not the animal model is an accurate model of the disease.  If this 

question is not posed earnestly and critically, all conclusions drawn from the animal 

model are irrelevant.  Aside from the logical inquiry of the validity of the claim on reality 

concluded from inductive processes, from the prospective of science as an enterprise—

and in translational research in particular—an inquiry on the a priori is of the utmost 

importance, as conclusions drawn from animal models are often applied directly to 

human disease.  

 121



 

The BXSB.yaa and subsequent yaa-derived substrains present particular problems 

with regards to its claim as a bona fide model of SLE.  The yaa models all share 

characteristics inconsistent with human SLE.  At the level of casual observation, Yaa, or 

Tlr7, is carried on the Y-chromosome, and, as such, affects uniquely the males, whereas 

human SLE is known to affect predominantly females with a female to male ratio of 8:1.  

Although one can envision a scenario in which a problem in X-inactivation in females 

can cause an inappropriate expression of Tlr7, this has not been found in human SLE.  

Indeed, despite the fact that the conclusions drawn from the discovery of yaa point likely 

to a generalized dysregulation of the innate immune system—and likely in MyD88-

associated pathways—rather than a dysregulation in TLR7 per se, the questioning of a 

male model of lupus remains valid, especially because of the known roles of sex 

hormones in human SLE. 

 Moreover, TLR7 and RNA-associated antigens are not well-associated with 

human SLE.  In the clinical setting, the immunological hallmark of SLE patients is anti-

dsDNA ANA, and serum titers of anti-dsDNA are used clinically, along with serum 

complement and general signs of inflammation (ESR and fibrinogen), as markers of 

disease activity.  Anti-Sm, present in 25% of SLE patients, but highly specific for SLE, is 

an autoantibody against a polypeptide in the snRNP complex.  All of the antibodies 

directed against RNA-containing antigens, such as anti-RNP antibody, are used as 

diagnostic markers of mixed connective tissue disorders, in the case of anti-RNP, such as 

Sharp’s Syndrome.  Other RNA-specific antibodies clinically associated with SLE are 

usually secondary manifestations of autoimmunity that are co-morbid with SLE.  Anti-
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SSA/SSB antibodies are usually present in SLE patients with associated Sjogren’s 

Syndrome, in cutaneous lupus, or in a neonatal form of lupus.  Indeed, SLE patients 

usually present with tissue-specific autoantibodies in addition to anti-dsDNA or anti-Sm 

ANAs, such as anti-RBC antibodies responsible for hemolytic anemia, anti-platelet 

antibodies observed in Evan’s Syndrome, anti-phospholipid autoantibodies responsible 

for anti-phospholipid syndrome and false-positive VDRL tests (ACR criteria), and 

rheumatoid factor. 

 At the same time, however, drugs such as hydroxycloroquine are very effective in 

controlling “mild” SLE.  The action of hydroxycloroquine is on the acidification of 

vesicles in the intracellular transport apparatus.  Since TLR recognition of antigens 

occurs within vesicles, it has been postulated that hydroxycloroquine is effective in 

controlling the clinical severity of SLE, and, in particular the dermatologic 

manifestations, because it dysregulates intra-vesicular TLR signaling.  TLR7 is one of 

these intra-vesicular receptors.  However, it is clear that in patients with systemic 

involvement—notably kidney, connective tissue, and CNS involvement—

hydroxychloroquine treatment in conjunction with NSAIDs are often not sufficient to 

control disease activity, and corticotherapy and DMARDs are often required.  It is 

interesting to note here that anti-Ro antibody, theoretically TLR7-dependant, is retrieved 

in 30% of discoid lupus whereas anti-dsDNA antibody, theoretically TLR9 dependant, is 

associated with patients with multi-organ involvement, suggesting that, in fact, in 

humans, it is rather the dysregulation of TLR9 which contributes to disease pathogenesis. 

  In addition, the yaa derived mouse models all share hematologic features 

inconsistent with human SLE, notably chronic monocytosis, quantitative medullary 
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insufficiency, and likely myelofibrosis.  Analyses of the peripheral blood show general 

pancytopoenia associated with a flagrant monocytosis (Figure 33 and Figure 34).  SLE 

patients do not present with such pancytopoenia and monocytosis.  Whereas anemia 

(anemia as a result of chronic inflammatory syndrome, pernicious anemia, or 

autoimmune hemolytic anemia) and Evan’s Syndrome are well-associated with SLE, and 

whereas patients have been found to be lymphopoenic especially during periods of flair, 

this particular constellation of hematologic features is generally not observed in human 

SLE patients.  Although histological analyses of bone marrow biopsies remain to be done 

on B6.Sle1yaa mice to demonstrate reticular densification and increased collagen content 

and blood smears need to be done to visualize the presence of dacryocytes, macroscopic 

observation of the femurs of these mice show that they are extremely hard and brittle.  

Moreover, the peripheral pancytopoenia and myelemia are together nonetheless very 

evocative of myelofibrosis.    

In addition, neither hepatosplenamegalie nor flagrant lymphadenopathy is well-

associated with SLE.  In the yaa-derived strains, there is massive lymphadenopathies 

(cervical, axillary, inguinal, and mesenteric) and massive splenomegaly.  Taken all 

together, these particular “symptoms” of the yaa mouse—chronic monocytosis, 

medullary insufficiency, myelofibrosis, lymphadenopathy, splenamegaly—are evocative 

of chronic myelomonocytic leukemia (CMML). 

Analyses of the bone marrow show an accumulation of monomyelocytic 

precursors with total blasts greater than 5% of the bone marrow content (Figure 35).  

Coupled with flow cytometric analyses of the peripheral blood, which demonstrates an 

accumulation of medullary monocytes and medullary insufficiency, and the 
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lymphadenopathy and splenomegaly observed, the overall clinical picture is suggestive of 

type II CMML with a tendency towards acutisation towards type IV acute myeoloblastic 

leukemia (AML), given the accumulation of blasts in the periphery.  Histological 

analyses of bone marrow biopsies need to be performed to ascertain the presence of Auer 

bodies and the overall architecture of the bone marrow.  Bone marrow cultures testing 

proliferation of these blasts also remain to be done. 

Interestingly, in patients with CMML and AML4, there is an association with 

rearrangements of chromosome 11, and especially 11q23.  MyD88 sits in the center of 

this region.  Thus, it is interesting to entertain the possibility that yaa, TLR7, actually is 

an oncogene responsible ultimately for not lupus, but rather for CMML and AML. 

Although it is certain that Sle1 mediates a breach in humoral tolerance and that 

B6.Sle1yaa certainly has aspects of SLE (ANA, anti-dsDNA, glomerulonephritis), it is 

interesting to consider B6.Sle1yaa as a model of cancer.  From the viewpoint of a cancer 

paradigm, we can think of the loss of tolerance, which yields a pro-proliferative and anti-

apoptotic phenotype leading to clonal expansions of cells that later are able to mutate 

further (affinity mature and isotype switch) leading to unchecked polyclonal expansion, 

much like the loss of checkpoints in the evolution of tumor cells.   

Furthermore, the type of kidney pathology seen in the yaa strains is also by no 

means a lupus-specific phenomenon.  In B6.Sle1yaa, there is an associated tubulopathy, 

which is evidenced histologically by dilation, destruction, and necrosis of both distal and 

proximal tubules in addition to the glomerulonephritis expected in a model of SLE.   

Incidentally, necrotic tubulopathies are a well-known complication of acute leukemias.    
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Finally, the aggressive nature of the disease in B6.Sle1yaa (90% mortality by 6 

months of age as compared to 90% mortality in the classic NZBxNZW/F1 model at12 

months of age) is also less compatible with the chronic and evolutive nature of SLE and 

more compatible with CMML with acutisation towards AML. 

Thus, perhaps we could re-think of Sle1, which results in the loss of humeral 

tolerance, as another “hit” dysregulating lymphoproliferation in a cancer paradigm 

because it is clear that yaa by itself does not result in the massive hematologic 

dysregulations seen in B6.Sle1yaa, and thus it will be interesting to understand the 

epistasis between the genes in Sle1, and specifically the SLAM family, and the Toll-

receptor pathway, in cancer as opposed to SLE.          

And if we consider B6.Sle1yaa as a model of cancer, it is not surprising that 

CXCR4 inhibition would ameliorate disease.  As discussed previously, CXCR4 is well-

associated with cancer, and in addition to being associated with cancer tropism, it is an 

anti-apoptotic receptor.  The fact that CXCR4 inhibition substantially improved all 

elements of disease in the B6.Sle1yaa model is thus, at the end, difficult to interpret 

because, for me, it is unclear which was more important, treatment of the hematologic 

disorder present in the B6.Sle1yaa mice or treatment of the autoimmune disorder.  

 Carefully characterizing the yaa models from the standpoint of cancer and the 

eventual link between causative genetic events in autoimmunity and cancer will be a 

subject that I plan on pursuing while I finish my medical studies in the next two years.   
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THE LOSS OF TOLERANCE AND ACUTISATION: Ly108, TLRs, (and KLF13) 

revisited 

The loss of tolerance is extremely difficult to understand because the phenomenon 

of tolerance is a highly sophisticated process involving multiple immune and non-

immune actors.  From first principles, the loss of tolerance should be expected in a 

substantial percentage of the general population simply because of the cost-benefit 

balance of maintaining enough immune diversity to continue our co-existence with an 

entire universe of potentially fatal infectious entities and the eventual development of 

autoimmunity.  Rephrased, the autoimmune consequences of alleles that act in tolerance 

maintenance and immune diversity generation would be a relatively rare side effect and 

only occur in specific genotypes and thus allelic variants in the population would be 

selectively maintained.  It is thus in our best interest as a species in a constantly world of 

extremely rapidly evolving microbes to maximize our TCR and BCR diversity.  The fact 

that roughly 5% of the population has “benign” autoimmunity characterized by the non-

pathological presence of ANAs, and the fact that allelic variants in genes such as the 

SLAM/CD2 family are selectively maintained in wild mouse populations, strongly 

supports this evolutionary perspective.    

The maximization of the TCR and BCR repertoire was a major evolutionary 

hurdle in terms of generating diversity.  The entire mechanism of generating junctional 

diversity in permutable VDJ combinations and heavy and light chain combinations in the 

central lymph organs accounts for the virtual totality of all immune diversity—refined 

only lightly but indispensably by the further diversity endowed by affinity maturation and 

isotype switching.  But in the scheme of the immune system, it is in fact tolerance which 
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is the ultimate spigot in determining which immune cells have the right to exit into the 

periphery, and thus, it is, from this perspective, perhaps more important than the entire 

VDJ machinery for the simple fact that central tolerance controls the purse strings 

through risk management.    

The elaborate game of tolerance can be boiled down to the selection of shades of 

gray within a very narrow cut of the pallet.  The minority of cells that escape the 

tolerance machinery are cells that are between reactive and non-reactive.  In biophysical 

terms, this is a precise kinetic and thermodynamic receptor profile that is selected, and 

indeed, work on Kd ranges and on/off kinetics in positive and negative selection have 

demonstrated this.  The obvious implication this has on tolerance from an immunological 

perspective is that very slight tweaks in the parameters of tolerance can have huge global 

impacts on the immune system.  A great example of this idea can be found in the work of 

Barton et al, where they show that positive selection can occur with normal peripheral T-

cell population with but 5% of the MHC saturated by a single peptide [199].  However, 

touch that 5% and peripheral T-cell population is completely impaired.  The SLAM/CD2 

family is one of these gene families capable of small tweaks in the central organs that 

could lead to the difference between autoimmunity and healthy immune diversity. 

Subsequently, differences observed between the autoimmune and non-

autoimmune alleles of Ly108 from the microscopic level should not be that impressive.  

One of the main critiques of the work on Ly108 is that differences were subtle—within 

the 5-10% range between a mouse which does and does not have ANAs.  Differences in 

thymic cellularity, Vβ distribution of newly emigrating SPCD4 cells, calcium flux, etc. 

were admittedly not the black and white differences observed in the CXCR4 study, for 
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example, but this is precisely the language of tolerance.  It is easy to overlook that 5-10% 

differences do, after all, lead incontrovertibly to the presence or not of ANAs.  The 

experiments using the BAC-transgenic approach to rescue the autoimmune varieties of 

Ly108 and CD84 show clearly that when Ly108 and CD84 are of B6-origin, there is no 

autoimmunity.  Coupled with the experiments using the OTII system showing that old 

B6.Sle1b.OTII mice have significant IgM ANAs but little IgG ANAs demonstrates the 

indispensability of an antigen-specific autoimmune T-cell component.  Together with the 

wealth of Ly108-mediated defects noted in the thymic compartment, it seems fairly clear 

that it is indeed the 5-10% margin in the thymic compartment that ultimately decides the 

state of tolerance of the whole organism—in this case with the subtle tweaking of 

intracellular calcium levels that ultimately lead to tweaks in the cell-cycle progression of 

developing thymocytes. 

If the SLAM/CD2 family is thus crucial to murine lupus, and murine lupus is an 

adequate model of human lupus, it is then interesting to understand why the SLAM/CD2 

family has been problematic in terms of the level of association with ANAs, which many 

have attributed to technical problems related to the potency of the MHC, and to the 

effects of the environment—the latter being the conceptually more interesting line of 

argument to consider.  The problem at the base of this observation is in fact the 

incomplete penetrance of SLE—indeed, the concordance rate of monozygotic twins is 

less than 50%.  There are two possibilities to explain this incomplete penetrance.  The 

first is that there is an external stochastic force, in this case the environment, which 

randomly skews the immune system.  With the recent burgeoning of the TLR field, which 

has directly linked the outside world to the immune processes, this argument is quite 
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compelling, and will be discussed later.  The second is that there is an internally 

stochastic process at the level of the TCR/BCR because of random junctional diversity 

and then at the level of tolerance education which renders even monozygotic twins not 

genetically or phenotypically identical.  Obviously the two possibilities are not mutually 

exclusive, but it is interesting to consider which is more important because understanding 

this could help clarify the eventual diagnostic power of SLE genes discovered.   

The murine models of lupus are quite useful in this discussion, especially the 

NZW-derived lines behave very similarly to humans, and because the environment for 

these laboratory animals is fixed.  In B6.Sle1b mice, there is also incomplete penetrance 

with a percentage that varies as a function of age.  At 9 months of age, equivalent to 

roughly 50 human years assuming a median life expectancy of Western countries of 

around 80, the penetrance in females is still only 80%.  I think this simple observation 

demonstrates that perhaps there is enough internal stochasticity to account for incomplete 

penetrance in lupus and that the effects of the environment which serve to skew, 

accelerate or decelerate the eventual development of autoimmunity conferred by 

susceptibility genes linked to ANAs are less important than the genes themselves, which 

is not to say that they are irrelevant but to say rather that polymorphisms or haplotypes 

discovered in association studies have a relevant diagnostic valor that should not be 

discounted as they are in the current politic of the field.  

The other pressing question which plagued me during my years in the lab was 

why autoantibodies were generated towards nucleic-acid antigens and not other 

antigens—a question which ultimately tied very closely into TLRs.  In fact, the 

distribution of the antigenic specificity of autoantibodies is skewed heavily towards those 
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that contain nucleic acids.  The argument has been made that because DNA is such a 

promiscuously available antigen from the massive cell-death endogenous to the tolerance 

process and to all cellular processes in the periphery as well, it is because of the gross 

availability of the antigen that leads to ANAs as an eventuality of the highly favorable 

probability of receptor-antigen recognition.  For me, one question which has not been 

addressed is what is the source of the DNA, human or bacterial/viral?  If we consider the 

very simple biological fact that the entire immune system of a human develops at the 

same time of our exposure to the bacterial and viral worlds, whose total population 

outnumbers—on a cell to cell comparison—all cells in our body, and not before, suggests 

that it is not entirely clear what the source of the autoantigen is.  Interestingly, TLRs are 

expressed both in cells of the myeloid lineage of the bone marrow and thymus, and 

presumably have had contact to the environment through TLRs and other sensors of 

pathogen motifs.  And due to the structural similarity between DNA between species, it is 

thus not hard to envision that TLRs might play an important role in making available 

nucleic-acid-derived antigens for the eventual selection of immune cells, which, in the 

context of faulty selection, may lead to the inappropriate misrecognition of self nucleic 

acid.  Thus, to understand if the phenomena of ANAs might begin as a sort of molecular 

mimicry of misrecognition of pathogen-derived nucleic-acid-containing antigens which is 

exacerbated in the periphery given the availability of both pathogen and host-derived 

antigen or if it is simply a lack of central education to self nucleic-acid antigens, more 

work needs to be done.  Of course, the other possibility is that TLRs act at the level of the 

periphery by tipping the delicate peripheral tolerance achieved with the non-trivial 

percentage of cells that naturally escape central tolerance which happen to be specific for 
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nucleic-acid antigens.  However, this fact still does not change the original question of 

the source of DNA in the central organs.   

Taken altogether, whereas internal stochastic processes might be predominantly 

responsible for regulating TCR and BCR generation and selection, the selective forces 

might very well be externally driven through the action of TLRs.  I will be pursuing these 

issues with the role of TLRs in tolerance to nucleic acids in central and peripheral 

tolerance in the near future. 

If TLRs end up playing a minor role in tolerance towards nucleic-acid antigens—

which is unlikely given the elegant work of Marshak-Rothstein, Shlomchik, and others—

it seems almost certain that TLRs play a major role at the level of disease acutisation.  

That is, TLR ligands as adjuvants might sufficiently dysregulate peripheral tolerance to a 

state where tolerance is breached and then hyper-activated.  It is thus from a therapeutic 

context that it is important to identify and understand all innate genes discovered from 

association studies in the mouse and man, whereas it is important from a diagnostic 

standpoint to identify and understand genes involved in breach of tolerance.  Indeed, 

drugs like hydroxychloroquine highlight this principle, and a whole new field of 

translational research in the manipulation of innate processes at the molecular level will 

surely change the management of clinically severe cases of SLE.  It is from this 

perspective that it is crucial that the work on KLF13 and RANTES as a possible 

acutisation gene be completed, especially given the extremely promising linkage data 

with Asian SLE patients (data not shown).       
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FINAL WORDS 

As for the work earnestly presented in this dissertation, Darwin said it best—I 

have only begun to dent the enormous body of knowledge that is.  As such, what I have 

described in this dissertation is utterly lacking.  In a system where Heisenburg principle 

of uncertainty plays an enormous role, and where the immune system is plastic and 

responds to a disease process which is also plastic and in so doing renders a virtually 

unobservable process—it is often frustrating to continue work.  There have been times 

where it seems that real processes are unobservable, or at best, partially observable, and 

thus inaccurate.  There is an infinite amount of work that remains to be done, and what 

little was done could not have been done without the tremendous help of a whole industry 

of minds.    

As for the writing of the thesis, I am reminded that Emily Dickinson often spent 

all morning editing a poem removing a period, and then in the afternoon, added it back 

in.  I have concluded from this 6 month writing period, working with Drs. Mohan and 

Wakeland on the writing and rewriting of the articles, that a piece of scientific work 

cannot be well-written because its content is always changing and the scientific 

revolution of paradigms, as Kuhn calls it, is always in a state of revolt.   In the course of 

editing this thesis, the CXCR4 paper went through four versions, the Ly108 paper 

underwent three major rewritings with major plot developments, the developments in the 

human CXCR4 story underwent massive plot-twists, and other research projects and 

ideas flourished and perished.  Thus, the writing of this thesis is also quite lacking. 

I take faith in that this is just the beginning, and that my best work awaits me still.    
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Figure 33.  Analyses of peripheral blood leukocyte populations of B6.Sle1yaa mice. 
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Figure 34.  Analyses of myelomonocytic sublineages in the peripheral blood of 
B6.Sle1yaa mice. 
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Figure 35.  Bone marrow populations in B6.Sle1yaa mice. 
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