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Slel is a susceptibility locus for autoimmunity derived from the lupus-prone
NZM2410 mouse. The NZW-derived suppressive modifier Sles/ was identified as a specific
modifier of Sle/ and prevents the development of anti-chromatin autoantibodies mediated by
Slel on the B6 background. Fine-mapping of Sles/ with truncated congenic intervals
localized it to a ~956 KB segment on mouse chromosome 17. Sles! completely abrogated the
development of activated lymphocyte populations in B6.Slel, but splenic B cells from
B6.Slel|Sles! still exhibited intrinsic ERK phosphorylation. Classic genetic complementation
tests using the non-autoimmmune 129/SvJ] mouse, suggests that this strain possesses a Sles/

allele complementary to NZW, as evidenced by the lack of autoimmunity in [129 X
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B6.Slel|Sles1]F;s. These findings localized and characterized the suppressive properties of
SlesI and implicated 129 as a useful strain for aiding in the identification of this elusive
epistatic modifier gene. In contrast, introduction of the suppressive modifiers Sles2 and Sles3
onto B6.S/e! led to a decrease in the penetrance and mean titres of autoantibody production,
but not complete suppression.

These results suggested that genes, such as Sles/, which can specifically modify the
effects of susceptibility alleles causing a breach in tolerance, could prevent systemic
autoimmunity, even in the presence of additional susceptibility genes. To test this hypothesis
we introduced the Slel-specific suppressive locus Sles/ onto two different lupus-prone
models: B6.Slel|yaa and B6.Slel|Sle2|Sle3/5, to determine whether and how Sles/ mediated
suppression of Sle/ impacts the highly penetrant systemic autoimmunity characteristic of
these two mouse strains.

Comparing the development of a variety of pathological, immunological, functional
and molecular phenotypes between the B6.Sle!|yaa and B6.Slel|Sles!|yaa strains at different
ages, revealed that Sles/ mediated a profound and complete suppression of systemic
autoimmunity in this model. In contrast, the introduction of Sles/ onto the
B6.Slel|Sle2|Sle3/5 strain improved survival, and altered the kinetics of disease, but did not
completely suppress disease in this model. These data suggest that the nature of the
additional susceptibility loci interacting with Sle/ influences the degree of Sles/-mediated
epistatic suppression of Slel. Further characterization of these different models will help
identify specific pathways Sles/ impacts, and provide insight into potential therapeutic

strategies.
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Chapter I. Introduction

The immune system has evolved a series of strategic checkpoints in order to ensure
that the random generation of lymphocyte receptors, necessary for creating repertoires of
immense diversity against pathogens, does not result in the generation of autoreactive T and
B cells (reviewed in (1)). The most stringent of these checkpoints occur in the primary
lymphoid organs, the bone marrow (BM) and thymus, and the identification of cells bearing
self-reactive receptors in these organs can result in arrest of maturation, editing of the BCR
(B cell receptor) light or TCR (T cell receptor) a chains and clonal deletion (reviewed in (2)).

While these events in the BM and thymus purge many of the cells with autoreactive
specificities, there are a variety of mechanisms operating in the periphery that contribute to
the maintenance of peripheral tolerance, including BCR/TCR tuning and anergy, control of
co-stimulatory molecule expression, follicular exclusion, competition for survival and growth
factors and regulation by Ty cells (reviewed in (1)). Breakdown in both central and
peripheral tolerogenic mechanisms can lead to the emergence of autoreactive cells and the

development of either systemic or organ-specific autoimmunity.

Introduction to SLE: A Complex Immunological and Genetic Disease

Systemic lupus erythematosus (SLE) is considered the prototypic systemic
autoimmune disorder, and is characterized by a loss in tolerance to a variety of ubiquitous
self-antigens, such as chromatin, dsDNA, ribonucleoproteins and complement, and

culminates in a variety of end-organ pathologies. There is wide heterogeneity in the clinical



symptoms of lupus patients, which can include glomerulonephritis (GN), non-deforming
arthritis, pericarditis, vasculitis, pleuritis and the development of the characteristic malar rash.
This diversity in symptoms significantly complicates the diagnosis of SLE, and current
American College of Rheumatology guidelines require that four of eleven criteria be fulfilled
to classify a patient as having lupus (reviewed in (3, 4)).

The global incidence of SLE is difficult to estimate due to the lack of definitive
epidemiological information on the disease. It is believed that at least five million people
worldwide have lupus and more than 100,000 new cases develop every year, based on the
limited existing data. SLE shows a strong female:male gender bias of 9:1, and there is
increased incidence of lupus in both African-American and Hispanic populations. The
incidence of mortality due to SLE, particularly in certain ethnic groups, is believed to be on
the rise, though this may be due to increased diagnosis, differential treatment access and/or
compliance, and race-based variations in end-organ susceptibility ((3) and

http://www.cdc.gov).

The Complex Genetic Basis of SLE

While the factors involved in the initiation of SLE are poorly understood, a wide
body of work has clearly demonstrated that genetic predisposition is the major element
determining lupus susceptibility. Classic twin concordance studies, which compare the
incidence of disease in monozygotic vs. dizygotic twin pairs, have found that the
concordance rate for SLE is approximately ten-fold higher in monozygotic (34%) vs.

dizygotic (3%) twins (5, 6). Another epidemiologic approach to studying genetic



contributions is through the enumeration of the degree of familial aggregation. This value,
known as the A, is quantified as the ratio of the prevalence of disease in families with an
affected member to the prevalence of disease in the populations as a whole. If this value is
close to 1.0, it indicates there is no evidence for genetic factors, while for fully penetrant,
single gene Mendelian diseases, such as Cystic Fibrosis, the value can be as high as 500. In
the case of SLE and other complex autoimmune diseases, like Insulin-dependent type I
diabetes mellitus (IDDM) and Mutiple Sclerosis (MS), the values range from 10-40,
indicating that genetic susceptibility is not completely penetrant, and that more than one gene
is involved (7).

Understanding the genetic etiology of complex traits, such as SLE, is a challenge for
a variety of reasons, though recent advances in genetic and genomic technologies have
greatly facilitated the ability to tackle these difficulties (8, 9). The genetic complexity
inherent in diseases like SLE is related to the fact that each contributing allelic variant only
partially increases the probability of disease expression and hence, no single gene is either
necessary or sufficient, except in rare genetic abnormalities. Therefore, even if multiple
susceptibility genes are present, overt disease may not develop, and this is known as
incomplete penetrance (7, 10).

Genetic heterogeneity is another feature of SLE, whereby different combinations of
susceptibility genes result in the same phenotypes in different ethnic groups, families and
even murine model systems. Attempts to minimize this factor in human genetic studies have
involved strictly stratifying patients according to various clinical phenotypes and ethnic

groups (11-16).



The study of SLE genetics is further complicated by emerging evidence indicating
that predisposing causal variants are common alleles that per se are non-deleterious, as most
clearly exemplified by the HLA (Human Leukocyte Antigen) polymorphisms associated with
autoimmunity. In contrast to the causal mutations in single-gene diseases, which are often
associated with loss-of and/or significant alterations in function and hence, are selected
against in natural populations, this is not the case for the alleles predisposing in
autoimmunity (reviewed in (17)). This makes identification of the causal polymorphism
difficult, as they are relatively common within the population, and as their phenotypic
consequences are subtle and challenging to identify.

If the allelic variations predisposing to SLE are polymorphisms commonly found in
the general populations as a whole, how then do they elicit systemic autoimmunity? The
answer to this question, which has been most effectively demonstrated in murine models, lies
in the fact that these loci can genetically interact with one another, classically known as
epistasis. Hence, it is postulated that different combinations of polymorphic genes, due to
their specific epistatic interactions, can lead to imbalances in immune regulation/function that
potentiate the development and progression of autoimmunity (reviewed in (18)). The
importance of epistasis is emerging as a paradigm in the study of genetic susceptibility to

autoimmunity, and will be continually revisited in the following sections and chapters.

The Immunological Basis and Phenotypes of SLE
SLE is characterized by a variety of immunological aberrations that ultimately

culminate in the pathogenic processes of lupus nephritis. These have been postulated to be a



consequence of changes in the activation thresholds and functions of immune cells,
variations in the cytokine milieu produced, alterations in the clearance of apoptotic and
necrotic debris by phagocytotic cells, as well as modulations in antigen-presentation
capacities (reviewed in (19-22)).

The importance of the B cell in SLE is underscored by the fact that high titres of
serum autoantibodies (autoAbs), particularly anti-dsDNA IgG, are a unique feature of SLE.
These autoAbs are believed to result in the formation of immune-complexes (ICs), which
then collect and deposit in kidney glomeruli, leading to IC-mediated GN. In addition to
secreting pathogenic autoAbs, studies have shown that B cells from lupus patients have
abnormal signaling properties and migration patterns, as well as enhanced co-stimulatory
molecule expression and cytokine secretion. Besides modulating intrinsic B cell properties,
such functional abnormalities can impact T cells, dendritic cells and NK cells (19, 23).
Currently, anti-CD20 mediated B cell depletion therapies on SLE patients are being tested in
clinical trials (24).

Various abnormalities in T cell signaling function have also been described in SLE
patients including exaggerated calcium responses, increased intracellular phophorylation and
decreased TCR( chain, but upregulated FcRy chain expression. In addition, SLE T cells have
been found to show aberrant chemokine receptor expression, increased CD40L expression
and a decreased propensity to undergo activation induced cell death (20). Abnormalities in
different dendritic cell (DC) and antigen-presenting cell (APC) subsets have been reported in

SLE patients, including the increased production of type I IFNo by plasmacytoid DCs,



resulting in the ‘IFN signature’ of peripheral blood lymphocytes ((25-29) and reviewed in

(21)).

Genetic Studies in Human SLE

A number of strategies have been employed for the identification of lupus
susceptibility genes in human populations, facilitated by the recent advances in genetics and
genomic technologies that allow for large-scale genotyping efforts and the development of
powerful software programs capable of analyzing these data. There are two main approaches
used to identify SLE predisposing genes: hypothesis-driven candidate gene association
studies and statistic-driven genome-wide linkage studies (30). Each method has its

advantages and caveats, as detailed below.

Human SLE Association Studies and Candidate Genes Analyses
Candidate-gene-association studies are a classic genetic approach whereby the
frequency of a particular allele in a gene-of-interest is compared between affected patients
and the appropriate controls. Candidate genes may be chosen on the basis of their importance
in the disease processes (e.g., cytokines), association in other autoimmune diseases (e.g.,
CTLA-4, PTPN22) and mechanistic insights gained from animal models. Also, candidate-
gene-approaches are increasingly being applied to loci first identified via genome-wide
linkage analyses. The main caveat associated with such studies is that they are subject to the
problems of population admixture and drift, such that differences in allele frequencies may

be more reflective of differences in population history, instead of true disease association (3,



30). In the following section, some of the most studied and well-accepted SLE candidate
genes are discussed, along with any supporting evidence from murine studies. In addition,

Table 1 lists these candidate genes and their human and mouse chromosomal locations.

The MHC and Lupus: Complement, Class II and TNF

The extended major histocompatibility complex (MHC) region on human 6p21 is the
most gene-rich, transcriptionally active and polymorphic region of the genome and encodes
numerous genes important to the immune system. These include the MHC Class I and 11
genes, the complement genes (C4, C2, C3 and Factor B), heat shock proteins and TNF family
members (TNFa and Lymphotoxin). The major difficulty in the study of MHC associations
is that the genes are in tight linkage disequilibrium (LD), forming stable haplotype blocks,
thus making it difficult to discriminate between the effects of any single gene (31, 32).

In humans, the only known single-gene defects leading to the development of SLE
are homozygous deficiencies in the early components of the complement pathway, C1Q, C4
and C2. In fact, in individuals with homozygous deficiency of C1Q, a rare defect so far only
recorded and studied in 42 cases, the incidence of SLE is greater than 90% (reviewed in (33)).
In humans, the C4 gene is tandemly duplicated, giving rise to the C4A and C4B isotypes.
Like other MHC genes, C4 is very polymorphic and in fact, the null allele for either C4A or
C4B is found in 6% of most populations (34). Some studies have documented an association
between the null allele of C4A and SLE, but none so far have been reported for C4B.
However, null alleles for both isotypes are rare and have only been recorded in 28 cases, and

over 75% of these were reported to have SLE (35). Supporting evidence for the importance



of complement-mediated functions in lupus susceptibility comes from targeted deletion of
these components in the mouse: both ¢/¢”" and ¢4” mice develop lupus-like phenotypes, the
severity and manifestations of which are highly background genome dependent, as described
later (36-39).

In contrast to C4 and C1q, while one null allele is relatively common for C2 (1:170
Western European Caucasians are hemizygous for C2), only one study has found significant
association between C2 hemizygosity and SLE. In addition, the incidence of SLE is only
10% in individuals with homozygous C2 deficiency (reviewed in (40, 41)). This suggests that
the association of SLE with complement is not specifically related with the ability to activate
the classical complement pathway, since deficiency of the most downstream component (C2)
is the least associated with susceptibility.

The association between specific Class II alleles and SLE has been the subject of
investigation for a long time (42, 43). It is postulated that Class II polymorphisms may
influence susceptibility due to their ability to influence thymic selection events and hence,
the peripheral T cell repertoire. Furthermore, Class II polymorphisms have been shown to be
associated with other autoimmune diseases, such as IDDM, MS and rheumatoid arthritis (RA)
(reviewed in (44-46).

The DRB1*1501 (DR2) and DRB1*0301 (DR3) alleles have shown the most
consistent associations in Caucasian SLE patients, though the effects seen are modest relative
to other autoimmune diseases (47-49). The most extensive study to date was performed on
576 SLE patients from a predominantly European-American 334 family collection, both sib-

pair and simplex, for which a dense panel of markers across the HLA region were genotyped.



The marker showing the greatest association by the pedigree disequilibium test (PDT), which
is a family-based test examining the transmission of alleles from heterozygous parents, was
D6S2446, which is within the Class II region. Further analysis within the region identified
three haplotypes conferring increased risk in SLE patients: DR2/DQ6, DR3/DQ?2 and
DRS&/DQ4. Importantly, none of the families that did not show association with D6S2446 had
any of these three haplotypes (50).

The effects for both the DR2/DQ6 and DR8/D(Q4 haplotypes were further fine-
mapped to a ~500 KB region, which includes the DR and DQ genes, as well as ORF10 (testis
specific basic protein), BTNL2 (butyrophilin-like family member 1), DRA, DRB3, DRB5 and
DQA. The DR3/DQ2 haplotype was associated with the highest risk, but because of extensive
LD, was not further narrowed (50). Interestingly, the C44-null and TNF-308A4 alleles, also
associated with SLE, are present in this extended haplotype, making it difficult to ascertain
which gene(s) in this haplotype is/are responsible for the associations observed.

The MHC Class III region also contains the 7TNF o gene, which encodes for a
cytokine important in both inflammatory and apoptotic responses. Some studies have shown
that there is a correlation between higher levels of serum TNFo and disease activity in SLE
patients, while others suggest a protective role for TNFo. in SLE (51, 52). A variety of groups
have analyzed promoter polymorphisms in the 7TNF o gene to look for association with SLE,
the most commonly studied being -308G/A. Since the -308A allele forms part of the ‘high
TNF producing’ HLA-A1-B8-DR3 extended haplotype, some groups have reported that this
SNP increases TNF transcriptional activity by modulating transcription factor binding, but

others claim it has no functional consequences (53, 54). Association between this promoter
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SNP and SLE has most often been seen in Caucasian populations, as well as in one African-
American patient population, though again these findings are not consistent (55-62). The
most confounding aspect of the association remains the strong LD between TNF o and DR3,
which is also strongly associated with SLE in Caucasians, but two separate analyses have
suggested that HLA-DR3 and TNF -308A form independent risk factors for SLE (59, 60).
Interestingly, a recent study indicated that the increased-308 A association in Caucasians is
dependent on fixing the IL-1a -889C/C genotype, suggestive of a genetic interaction between
these two pro-inflammatory loci (62).

In the mouse, while transgenic overexpression of TNFo under the control of specific
promoter elements has led to insulitis, arthritis and cachexia, no mechanistic insight has been

provided specifically for SLE (63-65).

FeyR Complex and Lupus

The FcyR complex on human chromosome 1q21-23 encodes for a diverse group of
eight receptors with varying specificities for the constant region of the different IgG isotypes.
These receptors are considered the paradigm for receptor families having both inhibitory and
activating members that can transduce opposing signals within the same cell upon ligation.
Hence, any effector function mediated via these receptors represents the net consequence of
the stimulatory vs. inhibitory signals in a particular cell, allowing for exquisite control of
responsiveness (66-68).

The activating FcyRs include the high affinity FcyRI, intermediate affinity FcyRIITA

and FcyRIIIB and the low affinity FcyRIIA and FcyRIIC. Not all of these receptors are
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present in the mouse. The biological functions initiated by the triggering of these receptors
include phagocytosis, antibody-dependent cell cytoxixity (ADCC) and the release of
inflammatory mediators. It is believed that the functional response triggered by a particular
FcyR is more dependent upon the cell type it is being expressed upon than the receptor itself
(66, 68).

The activating FcyRs have extracellular ligand binding domains and intracellular
ITAMs (immunoreceptor based tyrosine activation motif; the exception is the GPI-linked
FcyRIIIB). Clustering of FcyRs by multivalent antigen-antibody complexes results in ITAM
phosphorylation by Src family kinases, recruitment of the tyrosine kinase Syk and activation
of phosphatidylinositol-3-kinase (PI3K). These initial events culminate in Ca*" influx,
phosphorylation of MAPK and gene expression induction by activated transcription factors
(69, 70).

The inhibitory receptors FcyRIIB1 and FcyRIIB2, generated by alternative splicing of
the Fc)RIIB gene, have similar extracellular domains as their activating counterparts, with an
intracellular ITIM (immunoreceptor based tyrosine inhibitory motif) instead. These receptors
act as negative regulators of signaling when co-aggregated with their activating counterpart,
and FcyRIIB2 can also participate in endocytosis of multivalent ligands. Furthermore,
inhibitory FcyRs can modulate activation by the BCR, TCR and FcRe. ITIM phosphorylation
of these inhibitory receptors leads to phosphatase recruitment, inhibition of the influx of
extracellular Ca®", and attenuation of effector function (66, 68).

The balance between activating and inhibitory signals mediated by Fcy receptors

suggests that polymorphisms in FcyRs that alter affinity and/or function can have profound
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phenotypic consequences. In terms of inherited risk for SLE, this could be important, since
these receptors, along with complement, are crucial for the removal of circulating ICs, tissue
deposition of which leads to release of inflammatory mediators and influx of inflammatory
cells.

Allelic variants have been identified for the activating receptors FcyRIIA and
FcyRIIIA that have differential binding avidities for different IgG isotypes. The FcyRIIA
131H/R alleles can be co-dominantly expressed and differ significantly in their ability to bind
IgG,: the 131H allele is high-binding and essential for clearing IgG; ICs, which are poor at
fixing complement. While the distribution of these alleles is similar in both Caucasians and
African Americans, the low-affinity R allele is much less frequent in Asians. Studies have
implicated the low-binding R allele as correlating with specific SLE symptoms/age of onset
in Caucasian, Hispanic, German, Korean, Thai and Taiwanese patients, but it remains
inconclusive as to whether it represents an independent risk factor for SLE development (49,
71-80).

Similarly, the activating receptor FcyRIIIA 176V/F alleles, present at similar
frequencies in both Caucasians and African-Americans, differ in their ability to bind IgG;
and IgGs, with 176V homozygotes displaying increased binding. Association between the
low-binding 176F allele and SLE has been found in different studies in Caucasian patients
and African-Americans, but not Hispanics (73, 75, 81). In addition, no significant
associations were seen for Korean and Taiwanese patients in other studies (49, 78, 82).

Some analyses have also indicated that the association between the low-binding

alleles of FcyRIIA and FcyRIIIA and SLE could be due to a haplotype effect, whereby
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homozygosity for the 131R and 176F alleles confers increased risk, due to an additive
impairment in the ability to clear IgG;, IgG; and IgG; ICs (74, 80).

The inhibitory Fc)RIIB gene is also considered a key SLE candidate gene, based on
its unique ability to transmit inhibitory signals in both B cells (FcyRIIB1) and myeloid
lineage cells (FcyRIIB2) (68). In addition, genetic ablation studies in the mouse support a
role for FcyRIIb, as detailed later (67, 83). Indeed, association studies have suggested that the
232T (vs. 2321) genotype is significantly enriched in Japanese, Thai and Chinese SLE
patients (84-86). The functional significance of this polymorphism remains undetermined.
No association for the Fc)RIIB 232T allele was seen in a study involving Swedish and
Mexican patients (80).

It is also important to note that cytokines can differentially modulate the function and
expression of the FcyRs: increased levels of IFNy augment and decrease activating and
inhibitory receptor expression respectively, while IL-4 has the opposite effect (68). Most of
the studies described above detailed associations of the FcyR polymorphisms with particular
lupus phenotypes, rather than susceptibility per se. Given this, one could speculate that
polymorphisms in the true causal genes cause a cumulative alteration in the cytokine milieu
and initiation of inflammatory events, which in turn alter the regulation of the FcyRs. These
modulations in expression in turn may then be augmented by the intrinsic polymorphisms in
the FcyRs, leading to earlier age of onset and increased severity of SLE phenotypes, and

differential end-organ targeting.

CTLA-4 and PD-1
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Consistent with the idea that polymorphisms in molecules key to balancing inhibitory
vs. activating signals in the immune system may confer increased risk to SLE susceptibility,
are studies implicating associations of polymorphisms in CTLA-4 and PD-1 with SLE.
Supporting their candidacy as SLE susceptibility genes, both of these molecules function to
negatively regulate T-cell receptor mediated signaling and are present in regions associated
with SLE (2q33 and 2q37, respectively) (87).

The best studied negative regulator of T cell signaling is CTLA-4, and its association
with various autoimmune conditions, including SLE, has been the subject of investigation by
various groups, leading to the idea that it may be a ‘general’ autoimmune susceptibility gene
(88). CTLA-4 is induced in T cells upon TCR-mediated activation and, along with CD28,
can bind to CD80 and CD86 on APCs. While CD28 functions as a co-stimulatory molecule
and provides ‘signal 2’ for naive T cell activation, CTLA-4 acts as a negative regulator
following primary T cell activation and helps in maintaining peripheral tolerance (89).

Some of the more studied SNPs for CTLA4-4 include four in the promoter (-1722T/C,
1661A/G, -658 and -318C/T), two in the transcript (+49A/G and +6230 G/A) and an (AT),
repeat in the 3’ untranslated region (88). Like many association studies, the results are
inconsistent between ethnic groups. Studies of only the CTLA4 exon 1 SNP, +49A/G, saw no
association in British-Caucasian, Japanese, and Italian patients, while in a cohort of
Slovakian lupus patients, there was enrichment for the +49G allele (90-93). In another study
of Japanese patients, the frequency of both the 49G SNP and the106 bp (AT), repeat were

found to be enriched, while no difference was seen in the frequency of the -318
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polymorphism (94). However, similar studies in two other Asian populations, Korean and
Taiwanese, saw no association with either the +49 or -318 polymorphisms (95).

In contrast, another study found that +49A and +6320G corresponded to a
susceptibility haplotype in Spanish patients (96). The latter +6320G SNP is believed to be
associated with an alteration in the ratio of CTLA4 alternative splice forms. The -1722T/T
genotype was found to significantly enriched in an analysis of Korean patients, while the
opposite association (-1722C) was found to be true in one study of Spanish patients (95).
Analyses of recently diagnosed African-American and Caucasian lupus patients
demonstrated no association with SLE for four SNPs (-1722, -1661, -318 and +49) by
themselves. However, in the African-American cohort, the -1661G allele was found to be
associated with an increased risk in younger patients and demonstrated a possible interaction
with HLA-DR2 (97).

In terms of functional changes in CTLA-4, the percentage of CTLA4" T cells and
serum levels of the soluble form of CTLA-4 (sCTLA4) have been reported to be increased in
SLE patients (98, 99). Another study reported similar surface CTLA4 expression in patients
and controls, but found an impaired inhibitory effect of CTLA4 in lupus T cells (100). These
data cumulatively indicate that CTLA-4 is a legitimate candidate gene, but suggest that the
true causal polymorphisms might not yet be identified and also may be highly population
specific. Furthermore, finding true association of CTLA-4 polymorphisms with SLE may be
facilitated by first identifying stable haplotypes within the different ethnic groups.

Programmed cell death-1 (PD-1) is a key candidate gene within a locus originally

identified via whole-genome linkage analyses (101). PD-1 is a cell-surface receptor with
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sequence homology to the CD28/CTLA4/ICOS molecules, all of which are involved in
regulation of T cell signaling. It is believed that like the activating/inhibitory co-receptor pair
CD28/CTLAA4, which regulate the activation phase of naive T cells, ICOS/PD-1 act to
modulate responses in the activation and effector phases of activated T and B cells. It has
been shown that engagement of PD-1 leads to inhibition of B cell activation, and inhibits
both proliferation and cytokine production by CD4 and CD8 T cells in vitro (87). Further
evidence for its involvement in negative regulation of signaling comes from studies of the
PD-1 knockout (102, 103).

In humans, PD-1 is found on 2q37, within a locus initially found linked to SLE in
individuals of Nordic descent (101). Based on its location within the susceptibility locus, its
known functional roles and the fact that PD-1 deficient C57Bl/6J (B6) mice develop a late-
onset lupus phenotype, the gene was sequenced to identify SNPs and corresponding
haplotypes. Significant association of a promoter SNP, termed the PD-1.3A allele, was found
in European patients, most strongly in those of Nordic descent. This promoter polymorphism
was further shown to prevent the transcription factor RUNXI1 from binding, which could lead
to aberrant regulation of PD-1 and hence affect negative regulation of signaling (104).

In a follow-up study from the same group, association with the PD-1.3A allele was
again seen in another large cohort of Swedish and European-American patients (105).
However, a study conducted in a sizeable Spanish population failed to find this association,
and instead found the PD-1.3A allele increased in control samples. This discrepancy may be
due to the genetic heterogeneity in the two sample populations, such that actual causal

polymorphism and the PD-1.3 alleles form two different haplotypes within each population
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(106). Finally, a study of a Danish cohort also revealed an association with PD-1. Instead of
the PD-1.3 allele (termed 7146A in this study), which showed some signs of elevation in
patients, correlation was seen with a new SNP (6867G). Interestingly enough, this SNP is
found within a putative transcriptional repressor-binding site (107). Clearly, the association

between PD-1 and SLE warrants further investigation.

PTPN22

Protein tyrosine phosphatases (PTPs) function to regulate the reversible tyrosine
phosphorylation of signaling molecules following activation of various cellular pathways.
PTPN22 encodes the lymphoid-specific phosphatase LyP. LyP function has been primarily
investigated in T cells, and it is known that it can inhibit TCR mediated signaling pathways
via dephosphorylation of ZAP-70 and Src family protein tyrosine kinases. LyP has also been
shown to interact with the kinase Csk and the ubiquitin ligase c-Cbl to mediate its inhibitory
effects on T cells. Furthermore, it has been demonstrated that LyP has functions in
attenuating both B cell and myeloid cell responses and signaling (108, 109).

Recent studies have demonstrated that a 1858C/T polymorphism in the PTPN22 gene
results in a non-synonymous R620W substitution, which disrupts the interaction between
Lyp and Csk that normally leads to synergistic inhibition of T cell responses (110). Evidence
that this gene may be involved in lupus susceptibility comes from the fact that the 1858T
allele has been shown to be associated with two other autoimmune diseases, IDDM and RA,

and because of its location within the 1p13, a region with weak linkage to SLE (110-120).
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An analysis of one multiplex and two case-control SLE cohorts of Caucasian origin
demonstrated an association between the PTPN22 1858T allele and SLE. Interestingly, this
study also revealed a dose effect, with the risk conferred by the homozygous 1858T genotype
being twice that seen for heterozygosity (121). A similar association of the 1858T allele and
SLE was seen in a study of Spanish-Caucasian SLE patients. The lack of an allele-dose effect
in this latter study may be due to the reduced number of individuals overall with the
homozygous 1858T genotype (114).

The existing data does suggest that PTPN22 polymorphisms could impact SLE
susceptibility. It would be informative to extend these association studies to non-Caucasian
groups, particularly Hispanic and African-American lupus patients, in which the 1858T allele

frequency is known to be lower than in individuals of Caucasian origin (122).

IL-10

Cytokines serve as soluble modulators of immune function and the balance between
different cytokines can influence the outcome of an immune response. It is well established
that genetic variations causing differences in cytokine production can have significant effects
on the ability to clear pathogens, due to induction of ‘inappropriate’ or ‘ineffective’ immune
responses, and it is postulated that predisposition to autoimmunity may also be influenced by
such genetically encoded differences (reviewed in (123)).

IL-10, encoded within 1q32.1, is a cytokine involved in limiting and terminating
inflammatory immune responses and regulating the growth and differentiation of a wide

variety of immune lineages, including CD4 T cells, B cells, NK cells and different myeloid
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populations. Interestingly, several viral genomes encode for IL-10 homologs, including
Epstein-Barr virus (EBV), a viral agent long associated with SLE (124).

IL-10 levels have been shown in different studies to be increased in SLE patients, as
well as in family members of lupus patients and furthermore, in vitro IL-10 production by
PBMC:s from SLE patients is significantly elevated relative to normal controls (125-127). IL-
10 antagonists have been shown to prevent spontaneous in vitro Ig secretion by PBMCs from
lupus patients and increase in vitro PBMC proliferative responses (128). In a small study of
six lupus patients, in vivo administration of an IL-10 antagonist for 3 weeks significantly
decreased SLEDAI (SLE Disease Activity Index) scores up to 6 months following cessation
of treatment (129).

The IL10 gene promoter is highly polymorphic and includes both microsattelite
repeats and SNPs. The association of these different polymorphisms and SLE has been
somewhat inconsistent. Most studies have not seen an association between specific /L10
promoter polymorphisms and SLE per se, but have instead reported association with specific
clinical features of SLE in a diverse array of ethnicities including Southern Chinese,
Caucasian, Taiwanese and Dutch (130-133). Two investigations have seen an association of a
promoter microsatellite repeat in Italian patients, while a study of a relatively large cohort of
Mexicans revealed no association (92, 134, 135). Furthermore, in the latter study, two-point
linkage analysis of duplex-families revealed no linkage with the /L10 gene (134).

The lack of clear and consistent associations makes it difficult to draw any definitive
conclusions regarding the association of IL-10 and SLE. Similar to other genes, there is a

compelling need to examine the prevalence of the various IL-10 promoter polymorphisms in
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different ethnic groups in order to define extended haplotypes. These haplotypes can then be
investigated in non-lupus patients for association with variations in IL-10 production. The
cumulative data can then be used to more effectively look at association between IL-10
promoter polymorphisms and SLE in various ethnic groups.

Such an approach has been recently utilized in a study of Dutch-Caucasian and
African-American lupus patients. SNP discovery was performed to identify extended
haplotypes and their association with quantitative variations in IL-10 production.
Interestingly, a promoter polymorphism associated with high IL-10 production was enriched
in both normal and patient African-American patients. Given the higher susceptibility of
African-Americans to lupus, it is worth speculating whether such a difference could in part
underlie this increased risk. Another promoter polymorphism was specifically enriched in
African-American patients vs. controls (136). A similar study of an extended promoter
haplotype in a large cohort of Chinese lupus patients revealed significant association with a

‘high IL-10 production’ haplotype (137).

Linkage Analyses in the Study of SLE

Whole-genome linkage analyses are typically performed on families with at least two
affected siblings and oftentimes include a pedigree of affected and unaffected extended
family members. In such studies, which make no a priori assumptions regarding the
locations or functions of susceptibility genes, the enrichment of specific alleles in lupus
patients is compared to unaffected relatives and controls. The ability to perform whole

genome-wide linkage studies in human lupus patients has been greatly facilitated in recent
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years by the availability of dense maps of polymorphic microsatellite markers and more
recently, single-nucleotide polymorphisms (SNPs) (3, 10, 138). Furthermore, the technology
to easily, rapidly and reliably test for whole-genome linkages has markedly improved.

To date, a large number of independent, genome-wide linkage scans have been
performed in multiplex lupus families and have identified at least 50 loci that show linkage to
disease or specific clinical phenotypes (3, 139). There are four main groups collecting patient
populations and conducting these linkage studies: the Oklahoma Medical Research
Foundation (OMRF), University of Minnesota (MN), UCLA/USC and the University of
Uppsala (UU). The pedigrees being analyzed by these groups differ in their ethnic
compositions such that the OMRF and UCLA/USC studies have a large number of African-
American (AA) and Hispanic Americans (HA) patients respectively, while the MN panel is
mostly Caucasian/European American (EA). The first genome-wide linkage study conducted
by UU comprised mainly of Icelandic (Ic) and Swedish (Sw) families, two populations
considered relatively genetically homogenous, due to geographical location and population
history (101). Their most recent study included Italian (It) and Argentinian (Ar) pedigrees as
well (140).

The OMREF group has also recently conducted numerous genome-wide linkage
analyses in subsets of their pedigrees stratified by particular clinical phenotypes, such as
dsDNA, renal disease and thrombocytopenia. This is based on the idea that if the phenotypic
disparity seen in lupus is a consequence of genotypic heterogeneity, then such stratification
may increase the power to detect linkage. However, it must be kept in mind that repeatedly

testing such sub-groups can lead to increased false-positive results (139).
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A compilation of the various loci identified in the different genome-wide linkage
studies conducted to date are presented in Tables 2 and 3. Only those loci that have met the
guidelines set by Lander and Kruglyak in at least one study, (significance: LOD > 3.3 and
strongly suggestive of significance: LOD > 2.2), are included (141). If supporting linkage
from other independent, genome-wide studies is available, these are indicated as well.
Studies that specifically verified previously identified linkages, in the absence of a complete
genome-wide scan, are not included in this table (50, 142-145).

Of the loci that meet the criteria outlined above, eleven chromosomal regions (bold
and underlined in Table 2) meet criteria for significant linkage in at least one study, with
strongly suggestive supporting evidence from at least one other study. In addition, two loci
(11p11-15 and 11q14) have been repeatedly linked in 2 or more OMREF stratified analyses.
Eight loci have shown strongly suggestive linkage in at least one study, with supporting
evidence from at least one other analysis (underlined in Table 3).

There are a few major points to be made regarding the results of the various human
linkage studies conducted in SLE patients to date. The repeated and strong linkage to 1q22-
24, which contains the Fc)R complex, Serum Amyloid P component (SAP) and acute-phase
reactant C-reactive protein (CRP), as well as the SLAM/CD?2 family of receptors, is
especially intriguing, since the syntenic region in mouse has also been repeatedly implicated
in murine linkage analyses. Also, this region appears to be linked to specific clinical
phenotypes, such as renal disease and anti-dsDNA autoAbs, also observed in the syntenic
mouse interval (146-150). Somewhat surprisingly however, despite repeated linkage to this

region in the EA pedigrees from the OMRF group, the predominantly EA MN pedigrees
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have not been even suggestively linked to this region (151, 152). Interestingly, the linkage to
the 1q41-44 region, which has been seen by all three American groups, corresponds to the
NZM2410-derived interval Sleld ((153) and K. Tus et al., unpublished observations).

Similar to the results of the association studies, linkage to the human HLA region in
SLE has not been as overwhelming as that observed in other autoimmune disorders. However,
strong linkage was seen for the 6p11-22 region, most strikingly in the combined MN cohort
(151). Additional regions with strong linkage in multiple studies and ethnic groups include

2q32-37,4pl16-13 and 16q12-21 (12, 14, 16, 101, 140, 145, 151, 154-159).

Spontaneous Models of Murine Lupus

The overall complexity of the genetics of human SLE susceptibility has led many
investigators to turn to murine lupus models, in order to better study genetic predisposition to
the disease. These studies are greatly facilitated by the availability of both spontaneous and
engineered mouse models in which lupus develops. The spontaneous models are particularly
useful as they represent genomes, which through different breeding schemes, contain enough
susceptibility genes so that their 'autoimmune potential' is maximized and the animals
develop overt disease.

Linkage analysis has been a powerful tool in the identification of predisposing loci in
these spontaneous lupus models. Since the 95% confidence intervals obtained for these loci
contain hundreds of potential candidate genes, making functional identification of the causal
gene challenging and providing little insight into the specific contributions of individual loci

to the disease process, congenic dissection of these strains has proven invaluable. This
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involves introgressing the susceptibility locus of interest onto a non-autoimmune prone
background, such as B6, and assessing for clinical and immunological phenotypes mediated
by this locus in isolation. Importantly, these congenic lines can then be used to generate
recombinants for fine-mapping of the susceptibility locus.

In addition, lupus-like phenotypes have been observed in mice in which genetic
ablation and transgenic over-expression of genes has been performed. Both the spontaneous
and engineered models provide tools with which to better identify genes contributing to
underlying genetic susceptibility (3, 10, 30).

In the next few sections, the classic spontaneous models of murine lupus, MRL./pr,

BXSB.yaa, [NZB X NZW]F; (BWF,) and NZM2410 will be discussed.

MRL.Ipr

The Ipr mutation was originally discovered during the derivation of the MRL/MplJ
strain, and on this background resulted in hypergammaglobulinemia, anti-dsDNA autoAbs,
profound lymphadenopathy and splenomegaly, and immune complex (IC) mediated GN.
MRL.Ipr mice are also characterized by the emergence of an unusual CD4 CD8 CD3"'B220"
T cell population. It was later discovered that /pr encodes for the apoptosis-signaling receptor
Fas antigen, and that the mutation results in premature termination of Fas transcription (160).

The mechanism by which lack of Fas mediated signaling results in autoimmunity is
postulated to be due to the emergence of self-reactive T and B cells that would normally
undergo apoptosis during thymic, BM and peripheral selection events. However, the effect of

the /pr mutation is highly background genome dependent, as evidenced by the varying
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degrees of autoimmunity seen when it is introduced onto the non-autoimmune strains B6,
C3H and AKR, illustrating the importance of contributions from the rest of the genome for
full expression of disease. Furthermore, Fas-intact MRL mice develop a late-onset
autoimmunity culminating in 50% mortality by 18 months, suggesting that /pr is an
accelerating factor, as opposed to a causal mutation (161). Consistent with this, it has been
demonstrated that CD4" T cells from Fas-intact MRL mice have an intrinsic hyperresponsive
phenotype following engagement with high and low affinity peptide-MHC complexes and a
lower threshold for CD3 mediated activation. This suggests that the varying effects of the Fas
mutation on different backgrounds may be a consequence of strain-specific differences in the
intrinsic responsiveness of the T cell compartment (162, 163).

Further insights into mechanisms leading to autoimmunity in the MRL./pr strain
come from studies investigating how genetic ablation of various molecules potentiate or
ameliorate disease. It has been demonstrated that in the absence of such molecules like IFN-
RI, the C3 inhibitory factor DAF (decay-accelerating factor), IL-10 and the co-stimulatory
molecule CD80, various aspects of disease were exacerbated (164-167). In contrast,
deficiency in a variety of molecules involved in immune functions, such as IFN-RII, CSF,
LFA-1, Nrf2, Tdt, IL-2, IL-12p40, Factor B, CD28, CD86 and IFNYR, has been observed to
confer a protective effect on particular disease phenotypes (164, 167-176).

It must be kept in mind that in many of these studies, the deficiencies were studied on
mixed genetic backgrounds, which can significantly influence disease phenotypes. This was
seen in the case of IL-18R, where, in contrast to a previous report on a less homogenous

genetic background, deficiency of the IL-18R, and consequently IL-18 mediated signaling,
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was found to have no effect on disease development (177). Deficiency of the common FcyR
chain was also shown to have no impact on disease development (178).

Linkage analyses have been performed on the MRL./pr strain in order to identify loci
contributing to the strain-specific effects of the /pr mutation described above. Using
[MRL.Ipr X Cast/Ei]F; X MRL./pr backcross animals, MRL-derived loci on chromosomes 7
and 12 (Lrdm1-2) were identified as contributing to renal disease (161). Another cross
utilizing [MRL./pr X B6./pr]F; intercross progeny identified four loci with significant
linkage to lymphadenopathy and/or splenomegaly on chromosomes 4, 5, 7, and 10, termed
Lmb1-4 respectively. Lmb1-3 were also associated with anti-dsDNA autoAbs, while Lmb4
was associated with GN (179).

An analysis of [MRL./pr X Balb/C]F, mice revealed linkage for anti-dsSDNA autoAbs
with chromosomes 2 and 11(180). Other linkage studies have been performed to identify loci
involved in the development of arthritis and collagen disease in the MRL./pr strain, which
has also been used as a model of polyarteritis, rheumatoid arthritis, Sjogren's syndrome and

ALPS (Autoimmune Lymphoproliferative Syndrome) (181-184).

BXSB.yaa

The BXSB.yaa strain is a recombinant inbred strain derived from B6 and
SB/Le. Due to the presence of the as yet unidentified y-chromosome autoimmune accelerator
(vaa) locus, male mice from this strain spontaneously develop humoral autoimmunity to a
plethora of self-antigens, and lupus nephritis, ultimately culminating in 100% mortality by 6

months of age. Analyses of different consomic strains, carrying the BXSB-derived y-
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chromosome have revealed that the ability of yaa to mediate severe autoimmunity is, like /pr,
highly dependent on interactions between it and other susceptibility loci from the autosomal
genome (185). Moreover, the addition of yaa to a variety of F; crosses, in which the progeny
are normally non-autoimmune, such as [NZW X B6]F;s and [NZB X B6]F;s, can lead to the
development of significant systemic autoimmunity (185-187). Importantly, yaa on the B6
background does not lead to fulminant autoimmunity, and it has been postulated that the
capacity of yaa to promote autoimmunity is dependent on the ability of the autosomal
background to promote the spontaneous development of autoAbs (188).

The course of disease in BXSB.yaa males is highly similar to that seen in other
murine lupus models. In addition to clinical signs of disease, such as GN and the emergence
of IgG autoAbs specific for different self-antigens, the animals develop with age a
profoundly activated immune system and hypercellularity of the spleen and lymph nodes
(LNs). This is characterized by dramatic increases in the percentage of CD4" T cell having
effector-memory (CD62L CD45RB°CD44"™) and activated (CD25") phenotypes. The CD4"
cells have been shown to be refractive to stimulation-induced proliferation in vitro, yet
produced increased amounts of IFNy and IL-4 and decreased IL-2 (189). Notably, decreased
IL-2 production is also a feature of human lupus T cells (190-192). These changes in the
functional responses of CD4 T cells are also characteristic of replicative senescence.

Treatment with CTLA-4 Ig prevented these different CD4 cell-surface and functional
phenotypes, and reduced both GN and anti-chromatin ANAs, presumably via negative
regulation of T cells, but cessation of treatment resulted in a return towards the effector-

memory phenotype (193). BXSB.yaa mice lacking the cyclin-dependent kinase inhibitor
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(CDKI) p21 showed increased survival and reduced GN and anti-chromatin IgG. CD4 T cells
were the only lymphocyte population that showed phenotypic changes in both the spleen and
LN, and were reduced in overall number and had a less activated phenotype. Importantly,
these CD4s produced less IFNy and more of the CD4"CD44" cells were undergoing
apoptosis, incorporated BrDU and were in the G; vs. G, phase of the cell cycle (194). Hence,
it may be that preventing the accrual of these CD4 cells can ameliorate some of the more
pathogenic and morbidity-associated phenotypes.

There are numerous B cell associated differences in BXSB.yaa mice as well, some of
which appear to be specifically associated with the yaa locus, and are independent of the
development of systemic autoimmunity. Resting splenic B cells from both BXSB.yaa and
B6.yaa mice were shown to proliferate more in response to stimulation with PMA/Ionomycin
(P/T), LPS, anti-IgM and anti-CD40 +/- anti-IgM. These data would suggest that yaa acts
downstream of initial signaling events, and is not Ca®" or PKC dependent. Since this
difference in B cell responsiveness was seen in both BXSB.yaa and B6.yaa, it indicates that
such a change is not sufficient for the development of autoimmunity. In contrast, similar
experiments performed with purified T cells from young B6.yaa mice, found no differences
in proliferative responses to various stimuli. This increased B cell responsiveness was not
amplified with age, and by 5 months, similar to the CD4 T cells, the B cells showed reduced
proliferative responses, which was also mitigated in BXSB.yaa|p21”" mice (194, 195).

The ultimate goal of identifying the causal gene within a susceptibility locus is
unusually confounded in the case of yaa. Most murine positional cloning efforts utilize

naturally occurring meiotic recombination events and subsequent phenotypic
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characterizations to narrow the locus to a susceptibility interval amenable for causal gene
identification. This is not possible for y-chromosome located genes and investigators have
utilized other approaches to help elucidate the nature of the yaa gene.

Mixed BM chimeric experiments have demonstrated that only yaa bearing B cells
produce autoantibodies, and that the presence of yaa bearing T cells is not sufficient to make
non-yaa bearing B cells make autoantibodies (196). Further studies using both mixed BM
chimeric experiments and BXSB.yaa|TCRo?” mice implicated CD4 T cells as being
necessary for severe disease, but demonstrated that these cells do not need to express yaa to
mediate full-blown disease (197, 198). These data indicate that while CD4 T cells are
necessary, only the B cells actually need to functionally express yaa for disease development
to occur in this lupus model.

Despite the difficulties associated with identifying yaa, a variety of linkage studies
have been conducted in order to determine what autosomal genes are interacting with it to
mediate lupus. Analyses of [NZW X B6.yaa]F; X B6 males, so that NZW dominant genes
impacting susceptibility could be identified, revealed a major dominant locus contributing to
severe GN and anti-dsDNA IgG susceptibility on chromosome 7. Interestingly, while there
was no significant linkage of either of these phenotypes to chromosome 17 by itself, there
appeared to be interactions between the chromosome 7 locus and chromosome 17, such that
heterozygotes at chromosome 7 and B6 homozygotes at chromosome 17 had the highest
titres. Somewhat surprisingly, no significant linkage for these phenotypes was obtained with

chromosome 1 (187).
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A similar study of [NZB X B6.yaa]F; X B6 males mapped NZB-contributed GN
susceptibility to chromosomes 1 and 13, but not to chromosomes 7 and 17. Interestingly,
anti-DNA and anti-chromatin IgG mapped to an NZB contribution on chromosome 1, but B6
homozygosity at chromosome 17 (186).

Congenic analyses of various autosomal yaa-interacting loci, identified via such
linkage studies, revealed some interesting findings. The chromosome 1 Bxs/-4 loci,
originally identified in [BXSB.yaa X B10]F; reciprocal backcrosses, were moved in various
combinations onto the B10.yaa background, similar to that done for the NZM2410 loci
Slela-c (see later sections).

Bxs1 appeared to impact kidney pathology in the absence of significant ANA
production, similar to what is observed for the NZM2410 Sleld locus (K. Tus et al.,
unpublished obseravtions). Bxs2 specifically contributed to anti-dsDNA IgG, while the most
centromeric locus, Bxs4, appeared to interact with Bxs/, to mediate moderate GN. It is
evident, however, that the major BXSB derived locus on chromosome 1 is Bxs3, which can
interact with yaa on the B10 background to recapitulate most, if not all, of the phenotypes
observed in BXSB.yaa (199). Interestingly, Bxs3 corresponds to the same genomic interval
as the NZB- and NZM2410-derived loci Nba2 and Slel respectively, both of which can also
interact with yaa on the non-autoimmune B6 background to generate systemic autoimmunity
(186, 200, 201). A limitation in the interpretation of the above-described studies is that none
of the Bxs chromosome 1 loci have been studied in the absence of yaa on the B10

background. Given the importance of epistatic interactions in the development of various
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lupus phenotypes, it would be informative to assess the component phenotypes of individual
loci.

Similar studies with the NZB-derived chromosome 1 and 7 loci, Nba2 and Nba5,
respectively, demonstrated that both these loci can interact with yaa on the B6 background as
well, in both cases resulting in increased 15 month mortality and severe GN. Only
B6.Nba2|yaa mice showed increased anti-DNA and anti-chromatin IgG relative to both
female controls and B6.yaa (186). A detailed description of the effects of the interactions
between Slel and yaa on the B6 background will be presented in later sections, as well as in

Chapter I'V.

[NZW X NZBJ|F: Insights into MHC and non-MHC Susceptibility Loci

One of the most well characterized models of murine lupus is the F; progeny of the
New Zealand Black (NZB) and New Zealand White (NZW) inbred mouse strains (BWF)).
These mice develop progressive severe GN and high levels of anti-nuclear antigen specific
IgG autoAbs, similar to both BXSB.yaa and MRL.Ipr, but unlike those models, no single
gene mutation is necessary for full disease expression. Interestingly, neither parental strain
develops severe lupus phenotypes, though each is associated with a late-onset mild
autoimmunity, illustrating the importance of genetic interactions in the F; genome for full
expression of lupus phenotypes (202).

As observed in the other spontaneous lupus models, a variety of immunological
abnormalities are observed in BWF; mice. B cells from young BWF; mice demonstrate

elevated expression of co-stimulatory molecules ex vivo and show increased IgM secretion,
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proliferation and expression of co-stimulatory molecules following stimulation in vitro in
response to both cytokines and CD40 cross-linking (203). Furthermore, using different IgM
Tg systems, it was found that while BWF; mice had intact central B cell tolerance, the
frequency of anti-dsDNA IgG producing follicular B cells was increased, even in the setting
of a very restricted B cell repertoire, suggesting significant alterations in the peripheral
selection mechanisms in these mice (204, 205). Ectopic expression of CXCL13, a B
lymphocyte chemoattractant, has been observed in myeloid dendritic cells in the thymus,
kidney and lungs of BWF; mice, as well as impaired and aberrant B1 trafficking (206-208).
Treatment of BWF; mice with CTLA4 Ig was shown to decrease the expansion of
autoreactive B cells, inhibit Ig class switch and decrease numbers of activated CD4" T cells,
though this effect was not permanent (209).

Numerous linkage studies, utilizing a variety of different crosses, have been
undertaken in order to identify susceptibility loci in the BWF; murine lupus model. Most of
these studies have concentrated on assessing NZB contributions to disease. As recently
reviewed, loci associated with suggestive or significant linkage were implicated on over 14
of the autosomal chromosomes (30). Consistent linkages have been observed with distal
chromosome 1, mid-distal chromosome 4, chromosome 7 and the MHC region of
chromosome 17, as described below.

Backcross analyses of [BWF; X NZW]F, progeny revealed a strong linkage on
chromosome 4, termed Nbal (New Zealand black autoimmunity) (210, 211). This interval
was also implicated in an independent backcross study of similar design, and in an analysis

of [SWR X NZB]F; X NZB backcross progeny (212, 213). Linkage studies of BWF;
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intercross progeny also identified a chromosome 4 locus, designated Lbw2 (Lupus-NZB X
NZW), as being involved in mortality, GN and splenomegaly but not anti-chromatin autoAbs.
Interestingly, genome wide linkage utilizing two different non-autoimmune, H2* congenic
strains revealed that while chromosome 4 is linked to nephritis in [BALB.H2* X NZB]F; X
NZB backcross progeny, it is not when B6.H2” is used instead of BALB.H2” (148). This
latter study illustrates the impact genetic interactions with loci from the non-autoimmune
strain can have in such crosses. Linkage to anti-chromatin autoAbs and nephritis was also
seen on chromosome 4 in a study of [B6 X NZB]F; mice (214).

Like chromosome 4, chromosome 1 has been implicated in a number of different
experimental crosses. An NZB derived locus, designated Nba2, has been mapped in [NZB X
SM/JTE; X NZW, [B6.H2*X NZB]F; X NZB and [BALB.H2* X NZB]F; X NZB backcross
and [B6 X NZB]F, progeny as contributing to nephritis, hypergammaglobulinemia, auto Abs
and polyclonal B cell activation phenotypes (147-150). Lbw7, an NZB derived locus on
chromosome 1 contributing to anti-chromatin autoAbs, was mapped in BWF, intercross
progeny in the same region as Nba2 (215). Evidence for NZW contributions to IgG autoAb
production on chromosome 1 have also been revealed using [BALB/c X NZW]F; X NZW
backcross progeny (216).

Mice made congenic for the NZB-derived Nba?2 interval on the B6 background,
(B6.Nba2), break tolerance to chromatin, had increased percentages of CD69" B cells and
increased in vitro IgM secretion (217, 218). The causal gene has been postulated to be fi202,
an interferon-inducible gene showing differential expression, identified via microarray

analyses. Sequencing of the promoter region of /fi2(02 revealed eight different promoter
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polymorphisms between B6 and NZB, and the one at position 95 correlates with known
expression differences between mouse strains. However, the congenic interval introgressed in
the study was over 30 cM in length, and contains hundred of genes, making it impossible to
definitively conclude that Ifi202 is the causal gene within Nba2 (218).

The third non-MHC region consistently implicated in multiple studies is chromosome
7. In BWF; intercross progeny, the chromosome 7 locus Lbw?7, was linked more strongly
with heterozygosity than with NZB or NZW homozygosity, and similar results were
observed in BWF; X NZB backcross progeny as well (215, 219). A dominant NZB
chromosome 7 contribution, Nba3, was identified as contributing to nephritis and autoAbs in
[NZB X SM/J] F; X NZW and [BWF; X NZW] backcross progeny respectively (147, 211).

Linkage of the murine MHC on chromosome 17 with lupus susceptibility, similar to
the obervation in human studies, has proven to be very complicated and background specific.
Studies of the BWF; model, which has a heterozygous MHC genotype, have implicated
separate strong contributions from both H2? (NZB) and H2* (NZW). Analysis of BWF,
intercross progeny identified Lbwl on chromosome 17, where H2%” heterozygosity conferred
increased risk for mortality, GN and anti-chromatin Abs (215). Linkage of various lupus
phenotypes to MHC heterozygosity has also been observed in BWF; X NZW, BWF; X NZB
and [BALB/c X NZW]F; X NZW backcross progeny (211, 212, 216, 219). In contrast to
chromosome 4, [B6.H2* X NZB]F; X NZB backcross progeny showed linkage to the MHC,
but when BALB.H2” was used this association was not observed, again illustrating the
importance of non-MHC background loci in these two crosses (148). In addition, B6 MHC

contributions were observed in linkage studies of [B6 X NZB]F, progeny, where maximum
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susceptibility was observed for H2"" (214). No MHC effect was observed in [NZB X SM/J]
F, X NZW backcross progeny, indicating that H2”“ and H2*"" confer equal risk (220).

In order to evaluate the risk conferred by the Class II IE* in the development of lupus,
linkage analysis comparing [B6.H2* X NZB]F; X NZB and [B6.IE* X NZB]F; X NZB
backcross progeny was undertaken. In the latter cross, B6 mice express transgenic Class I1
IE”, but have no other H2” contributions. No linkage was observed with transgenic Class II
IE* expression and lupus nephritis development, though the previously observed MHC
association was again seen in the control [B6.H2* X NZB]F; X NZB backcross progeny
(221). A similar lack of association was observed when C57BL/10 (B10) mice expressed a
transgene for class II [A*(222). This suggests that Class II IA* and IE” are not the culprit
genes within the MHC and that mixed haplotye effects cannot explain the increased

susceptibility observed in BWF; mice, as has been long postulated.

NZM2410 and the Congenic Derivatives

The major difficulty associated with studying the BWF; model of lupus, the
spontaneous model most reminiscent of human lupus in terms of both disease phenotypes
and underlying genetic complexity, is the fact that the hybrid genome is required for disease
expression. This prevents the full utilization of the major advantage in using the mouse for
the study of complex traits: the genetic uniformity of inbred mouse strains. Fortuitously, a
series of 27 inbred strains, termed the New Zealand Mixed (NZM) strains, were derived from
[NZB X NZW]F; X NZW backcross progeny, and show varying degrees of susceptibility to

SLE (223).
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The NZM2410 (NZM) strain is one of the most severely affected BWF,; derivatives
and spontaneously develops autoAbs by 4-6 months and lupus nephritis with 80% penetrance
by six months. Linkage analyses of [NZM X B6]F; X NZM (BC,) progeny were performed
to map recessive NZM loci linked to GN and anti-dsDNA IgG production. Three NZM loci
were found to be linked to GN susceptibility: Sle/, Sle2 and Sle3 on chromosomes 1, 4 and 7
respectively. Heterozygosity at a locus on chromosome 17, initially termed Sle4, was found
to be associated with GN. This study also demonstrated that the incidence of disease
correlated with the number of susceptibility loci that had segregated in the BC; progeny
according to a threshold liability model, the first such demonstration in an animal model of
autoimmunity (146).

Subsequently, a [NZM X B6]F; intercross was performed to identify dominant NZM
genes contributing to GN and humoral autoimmunity, the effects of which would have been
masked in the original BC, study. The age of GN onset in these F, animals was more delayed
than in the BC; progeny, consistent with the recessive inheritance of loci contributing to this
phenotype. This study again identified linkage for Sle/ and Sle3, as well as a new locus on
chromosome 7 termed Sle5, but not for Sle2 and Sle4 (224). In order to study component
phenotype of these loci, each was introgressed onto the B6 background and studied as a

B6.S/e strain.

Congenic Dissection of NZM2410
B6.Slel mice were found to develop a progressive loss in tolerance, such that by 9-12

months, they made high titres of anti-chromatin IgG, as well as some degree of anti-dsDNA
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IgG autoAbs, but did not develop GN (225-227). In addition, the mice developed mild
splenomegaly and an age-associated increase in activated splenic B and T cells. Despite this
intrinsic activation phenotype, B and T cells were shown to have normal in vitro proliferative
responses to different stimuli and in vivo IgM and IgG responses to T dependent antigens.
Furthermore, lymphocytes from B6.Sle/ mice had comparable rates of spontaneous and
receptor-engagement induced apoptosis (225, 226).

Mixed BM chimera experiments have revealed that Sle/ is expressed in a BM-derived
population and that the ability of a B cell to produce anti-chromatin autoantibodies and
express an increased activation status is contingent on the B cell expressing Sle/ (228).
Subsequent experiments, using B6.Slel|TCRo?” and B6.Slel|#MT mice, revealed that
conventional T cells were not required for the increased levels of total, anti-chromatin and
anti-ssDNA IgM, or for the manifestation of cell-surface B cell activation phenotypes, but
were required for the generation of high-titred IgG autoantibodies. In the absence of B cells,
there were still increased percentages of activated CD4 T cells, which produced increased
IFNY in response to P/I stimulation (229). These data suggested that Sle!/ is expressed
functionally at the level of both the B and T cell.

Fine-mapping of the Sle/ locus revealed that this locus is actually a cluster of
functionally related sub-loci termed Sle/a-1d. All of these loci, with the exception of Sleld,
are associated with varying degrees of humoral autoimmunity, with B6.5/e/b mice
recapitulating most of the phenotypes observed for the entire locus, making it the most potent

of the sub-loci (153). It has been proposed that the causal gene for the Slelc locus is the
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complement receptor Cr2/Crl, as the allele from Sle/c has a novel glycosylation site that
results in lowered functional responses to low and intermediate stimuli (230).

Fine-mapping and subsequent sequencing of the Sle/b interval linked extensive
functional polymorphisms in the SLAM/CD2 family of genes with the autoimmune
phenotypes of B6.Slelb (231). Each family member is expressed in a specific set of immune
cell lineages, and their expression can be altered by different stimuli, including antigen and
Toll-like receptor (TLR) triggering, and cytokines. Studies have demonstrated that this
family can impact numerous immune functions, including macrophage, NK and T cell
activation, cell-cell interactions, cytokine secretion, and cytotoxicity (232, 233). Altogether,
these data strongly indicate that the SLAM/CD2 family has the ability to modulate immune
responses in a highly flexible fashion and hence may function as ‘fine-tuners’ of the immune
response (reviewed in (234)).

It was also shown that the Sle/b SLAM/CD2 family haplotype is the more prevalent
version in both non-autoimmune and autoimmune-prone laboratory mouse strains, and that
only in the context of the B6 genome does this haplotype elicit autoimmunity, indicative of
epistatic interactions (231). Further work has revealed that both haplotypes are being
maintained in natural, outbred mouse populations and appear to be under balancing selection,
supporting the idea that common variants can mediate autoimmunity in appropriate genomic
contexts (N. Limaye et al., unpublished observations).

Characterization of the NZW-derived Sle3/5 locus initially revealed primarily T cell
phenotypes, including elevated CD4:CDS ratios and increased CD4 T cell activation and

proliferative responses, but reduced activation-induced cell death (AICD). With age, splenic
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B cells showed increased expression of Class II, CD86 and CD44, and produced anti-

chromatin autoAbs. Unlike B6.Sle!, there was no evidence for splenomegaly in aged mice,
but the spleens did show an age-dependent change in splenic architecture. Despite the low-
grade IgG humoral autoimmune response, these mice had a GN penetrance of ~20% (235).

Mixed BM chimera experiments revealed that, like Slel, Sle3/5 needs to be expressed
in a BM-derived, radiation-sensitive population. Interestingly however, non-Sle3/5 bearing T
and B cells can express the phenotypes associated with this locus, such as elevated CD4:CD8
ratios and the production of anti-chromatin autoAbs, provided they develop in the presence
of Sle3/5 bearing BM. This suggested that Sle3/5 is expressed in a non-B cell APC
population or that Sle3/5 T cells have both autocrine and paracrine effects (236). This has
been subsequently shown to be a consequence of hyperstimulatory DCs and macrophages,
that had more activated phenotypes, were less apoptotic, more pro-inflammatory and were
more effective co-stimulators (237).

In contrast to Slel and S/e3/5, the phenotypes associated with the chromosome 4
locus Sle2 were very B cell specific. There was no evidence of splenomegaly,
lympdenopathy, or changes in T cell percentages, activation status or functional response.
The B cells however, were larger, had elevated activation marker expression, secreted
increased levels of IgM and were more responsive to different stimuli in vitro. Both T-
independent and T-dependent IgM in vivo responses were heightened, while there was no
change in the secondary IgG response, consistent with S/e2 not affecting the T cell

compartment (238).
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Starting at an early age, there was an increase in the peritoneal cavity (perC) Bla
population in B6.S/e2 mice, with a concomitant decrease in the conventional B2 population,
which was also seen in the spleen at an older age. This Bla expansion was independent of the
housing conditions of the mice and was recently shown to be CD5 independent (238, 239).
Mixed fetal liver chimeras, the early source of the Bla population, further revealed that Sle2
must be expressed in the B cell for this Bla expansion to occur (239).

Congenic dissection hence allowed the complex, polygenic lupus phenotypes
characteristic of the NZM2410 strain to be broken down and ‘assigned’ to a specific
chromosome interval. Careful characterizations of the various B6 congenic lines have
revealed a variety of phenotypes, many of which are indicative of an overall heightened
responsiveness to stimuli. This suggests that a more self-reactive immune system may be a
consequence of the fact that the different immune cell populations bearing these
susceptibility alleles are more prone to respond.

The above studies also clearly demonstrate that by themselves on the B6 background,
none of these susceptibility loci are sufficient to mediate systemic autoimmunity. Based on
the original modeling analysis, which demonstrated that disease liability increased as a
function of the number susceptibility alleles present (146), it was predicted that combining
these loci would reconstitute the severe lupus phenotypes associated with NZM2410. To test
this hypothesis, a series of bi- and tri-congenic lines were created in order to assess the role

of their different genetic interactions in the development of disease, as detailed below.

Epistatic Interactions in the Development of Pathogenic Autoimmunity
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The combination of Sle/ and S/e3/5 on the B6 background resulted in significant
humoral and pathogenic autoimmunity, much greater than what would be predicted by the
phenotypes of these loci in isolation. By 9-12 months of age, these mice had significant
mortality, 75% penetrance of GN, severe splenomegaly and increased reactivity to a
spectrum of chromatin components, as well as increased glomerular basement membrane
(GBM)-binding autoAbs. There were also increased percentages of both B and T cells
expressing activation and effector-phenotype markers in the spleen (240). In contrast,
B6.Slel|Sle2 mice had a slight increase in mortality (18%) with a low penetrance of
proliferative GN, but like B6.Sle!|Sle3/5 mice had spleen weights comparable to NZM2410.
In addition, the level of humoral autoimmunity was not very high in this bi-congenic line and
was similar to that seen in B6.Sle/ (201).

These data indicate that the degree of epistatic interaction between Sle/ and Sle3/5 is
higher than that seen between Sle/ and Sle2. It is tempting to speculate that this may be due
to the fact that in the former combination both loci have effects on both T and B cells, while
this is not true for S/e2 in the latter combination. Interestingly, the combination of Sle2 and
Sle3 on the B6 background does not result in phenotypes significantly different from the
parental congenics, suggesting that these loci do not epistatically interact in a multiplicative
fashion. The kidneys from this particular bi-congenic combination, however, display
numerous hyaline deposits and mesangial lesions. These types of kidney pathology are not
observed in the parental congenic strains and are almost indistinguishable from that seen in

NZW (201).
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While Slel and Sle3/5 are sufficient to mediate a high degree of fatal lupus nephritis
on the B6 background, the combined effects of these loci does not fully recapitulate the
severity and kinetics of disease observed in NZM2410. The combination of Sle/, Sle2 and
Sle3/5 on the B6 background, however, results in fully penetrant lupus nephritis. The degree
of proliferative lesions, splenomegaly and 5-month anti-dsDNA IgG autoantibodies was in
fact higher than that seen in NZM2410 (201). In addition, B6.Sle!|Sle2|Sle3/5, like
NZM2410, accumulate long-lived splenic plasma cells that do not migrate normally in
response to CXCL12, with a corresponding absence of BM plasma cells (241). These data
demonstrate that this combination of NZM2410 loci, originally identified via linkage
analyses, fulfill the genetic equivalent of Koch’s postulates, as they are sufficient to
reconstitute the development of fatal lupus nephritis on the non-autoimmune B6 background.

Slel, Sle2 and Sle3/5 were also individually combined on the B6 background with the
BXSB-derived y-chromosome locus, yaa, to test the degree of epistatic interactions between
this amplifying locus and the NZM2410-derived lupus susceptibility loci. Interestingly, only
Slel interacts epistatically with yaa, culminating in fatal lupus nephritis and immunological
characteristics similar to BXSB.yaa, while yaa combined with either Sle2 or Sle3/5 does not
result in significantly different phenotypes from those observed by these loci in isolation
(200, 201).

What stands out from these different studies is the necessity for the break in tolerance
to chromatin, mediated by Sle!, for the development of pathogenic and systemic
autoimmunity. Only the bi-congenic combinations in which Sle! is present (Slel|Sle2,

Slel|Sle3/5 and Slel|yaa) resulted in significant potentiation of autoimmunity. This suggests
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a multi-step pathway for the development of autoimmunity as illustrated in Fig. 1. This
model postulates that a key step for the initiation and development of pathogenic
autoimmunity is mediated by loci like the Sle/a-c sub-loci, all of which mediate a loss in
tolerance to chromatin and are associated with minimal pathogenicity. It is believed that
these loci modulate immune cell interactions, antigen clearance and response to antigen. This
can be considered similar to the phenotype of seropositivity seen in first-degree relatives of
SLE probands.

Genes such as Sle2, Sle3/5, Ipr and yaa amplify and interact with the pathways
modulated by the ‘first-step’ genes, via unknown mechanisms, resulting in the development
of pathogenic autoimmunity. It may be postulated that the genes encoded by these loci might
contribute to overall immune responsiveness and these particular allelic variants result in
slightly dysregulated immune function on a non-autoimmune prone background.

The final class of susceptibility genes, such as Sleld, Sle6 and Fcyllb, are believed to
potentiate end-organ damage, via a variety of mechanisms such as modification of effector
functions, increase in inflammatory processes or an alteration of end-organ susceptibility.
This last class of genes may be responsible for the wide diversity in clinical end-organ

pathogenesis seen in human lupus patients.

Epistatic Interactions in the Suppression of Pathogenic Autoimmunity
The importance of epistatic interactions in the development of autoimmunity is
clearly exemplified by the amplified phenotypes elicited when different susceptibility loci are

combined. The demonstration that Sle/, Sle2 and Sle3|5 are necessary and sufficient on the



44

B6 background to reconstitute the fatal autoimmunity seen in NZM2410, while validating the
results of the original linkage analysis, also begets an important question. Since Slel, Sle3/5
and part of Sle2 are derived from the non-autoimmune NZW parent of NZM2410, why does
the NZW strain not develop penetrant and fatal lupus nephritis?

A genome wide analysis of [B6.Sle/ X NZW]F; X NZW backcross progeny was
conducted in order to identify putative, recessive epistatic suppressive modifiers. These
analyses revealed four recessive Sles (SLE suppressor) loci: Slesi, Sles2, Sles3 and Sles4 on
chromosomes 17, 4, 3 and 9 respectively, where B6/NZW heterozygosity was associated
with increased susceptibility. Multivariate analysis of disease penetrance as a function of
suppressive alleles supported the hypothesis that the cumulative effects of these four loci
accounted for the lack of autoimmunity in NZW (242).

The described linkage analyses identified the chromosome 17 locus Sles/ as strongest
of the four suppressive modifier loci. Introgression of Sles/ onto B6.Slel, B6.Sle2 and
B6.Sle3/5 was performed, via marker-assissted selection, to test its ability to modulate the
various phenotypes associated with each of the single congenics. Interestingly, Sles! was
able to completely suppress the anti-chromatin IgG autoAbs and increased B cell CD86
expression of Sle/, yet had no effect on the increased perC Bla/B2 ratio and anti-dsDNA IgG
phenotypes of Sle2 and Sle3/5 respectively (242). This is consistent with the nature of the
original linkage analysis, which was designed to identify suppressive modifiers in the context
of Slel homozygosity.

Impressively, when B6.Slel|Sles! is crossed to NZW, instead of the severe GN, high

autoAb titres and splenomegaly seen in [B6.Sle/ X NZW]F; progeny, the mice have no
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autoimmune phenotypes (242). These data indicate that homozygosity at Sles! is sufficient to
suppress the autoimmunity elicited by homozygosity at Sle/ in this particular lupus model,
and that Sles/ interacts specifically with Sle!. It is important to note, however, that in the
BC, progeny, a percentage of the mice that are NZW homozygous at Sles/ still develop fatal
GN, again illustrating the importance of additional epistatic interactions in the modulation of
these phenotypes. Furthermore, the lack of anti-dsDNA IgG suppression, in the
B6.Sle3/5|Sles1 bicongenic, would indicate that Sles/ is not a global suppressor of humoral

autoimmunity.

Insights into Lupus, Pathways and Epistasis from Genetically Manipulated Models

The ability to manipulate the mouse genome provides powerful tools with which to
understand the functions of genes, classically either via transgenic over-expression or genetic
ablation. Such systems have provided tremendous insight into the requirements for the
expression of different molecules in the development and functional responses of the various
lineages and subsets of the immune system. The utility of such models in the analysis of SLE
susceptibility would be expected to be more limited, as the causal mutations for such a
complex genetic trait are predicted to be minor polymorphisms resulting in slightly altered
function, rather than complete ablation or aberrantly high over-expression (18). However,
such knockouts and transgenics can provide insight into the requirement for certain
molecules, for example cytokines, in the development of various phenotypes when
introgressed onto spontaneously autoimmune strains, as has been detailed in the previous

sections.
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Interestingly, and somewhat surprisingly, a number of strains with targeted deletions
of different molecules, involved in a variety of cellular functions, upon aging develop lupus-
like phenotypes, such as GN and autoAb production (243). While many reflect a legitimate
alteration of the pathways leading to autoimmunity, recent work has demonstrated that in
many cases these late-onset autoimmune phenotypes may be a consequence of epistatic
interactions between the 129 genome, derived from the ES cell in which the targeted deletion
was made, and that of B6, the strain that many of knockouts are bred onto. Further proof of
this comes from the fact that the SLE phenotypes oftentimes disappear when moved onto
pure backgrounds.

In the next section, the various genes implicated by either knockout or transgenic
technologies as influencing the development of systemic autoimmunity are organized
according to pathways relevant to their function. Any evidence for the background genome
impacting the autoimmune effects is discussed as well. In addition, Table 4 provides
information regarding their murine and human chromosomal locations, the strain of origin of
the ES cell used (for knockouts), the background genome used, and any modulations in

phenotypes observed when studied on different backgrounds.

Antigen and Immune Complex Clearance

The components of the complement pathway play important roles in both the
clearance of immune complexes and the determination of activation thresholds in
lymphocytes. Hence, it has been postulated that complement deficiencies lead to an

autoreactive B cell repertoire, perhaps due to altered peripheral tolerance (22). While



47

deficiencies in the early components of complement, C1q and C4, act in an almost
monogenic fashion to mediate SLE in humans, the data from murine studies is less definitive
and much more dependent on background genome effects (41).

The effects of cl1q deficiency have been investigated on the B6/129 F,, and the pure
129, B6 and MRL (Fas intact) backgrounds and provide clear examples of background
genome effects. On both the pure B6 and 129 backgrounds, c¢1q deficiency did not lead to
either autoAb production or GN (38, 244). However, cIg” B6/129 F, mice developed both
autoAbs (54%) and severe GN (25%), significantly higher than that seen in B6, 129 and WT
B6/129 F, controls. However, of the WT B6/129 F, controls, 33% developed IgG autoAbs
and 4% GN, both of which were not observed in the parental B6 and 129 strains, clearly
demonstrating the epistatic interactions occurring between these two genomes (244). On the
autoimmune prone MRL background, c1q deficiency led to increased mortality, GN, autoAb
production, larger spleen weights, monocytosis and increased B and T cell activation
phenotypes, with a concomitant increase in plasma cells (36, 38). These data illustrate that
the lack of c1q serves to amplify an existing predisposition to autoimmunity.

In the case of C4 deficiency, while the severity of the phenotypes varied, on all
backgrounds some autoimmune phenotypes were present relative to appropriate controls.
When compared with WT B6/129 F, controls, C4”" mice had IC mediated GN, elevated
autoAb titres, splenomegaly, increased activated B and T cells and CD11b" percentages (39).
When a separate study examined the effects of C4 deficiency on the B6, B6/129 F, and
[B6X129] F; X BALB/c backgrounds, in all cases, relative to WT controls, the C4 deficient

mice had increased anti-dsDNA autoAbs (37).
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Serum amyloid P component (SAP) has been shown to bind, in a Ca®" dependent
manner, chromatin on the surface blebs of apoptotic cells and in nuclear debris (245-249).
This functional data suggests that Sap could play an important role in efficient removal of
key SLE self-antigens. The results of the targeted disruption of the Apcs gene, which encodes
for SAP, are very similar to that seen for C1q: highly background specific effects on lupus
phenotypes. The first study examining Apcs” mice on the B6/129 F, background, showed an
increase in anti-chromatin and anti-dsDNA autoAbs and GN relative to WT F, controls
(250). A follow-up study examining the lack of SAP on the pure B6 and 129 backgrounds
demonstrated that while on the B6 background Apcs” mice had increased autoAbs and
increased incidence of GN (75%), there was no ‘lupus’ phenotype on the 129 background.
Furthermore, transgenic expression of human SAP did not prevent the development of the
SLE phenotypes on the B6 background, suggesting that the mutation per se may not be
causal (251).

A second study examining the lack of Sap on B6/129 F2 progeny demonstrated that
in WT F;, mice, if the chromosome 1 interval was fixed as 129 and compared to Apcs/ " mice
of the same background, there were no differences in the anti-chromatin autoAbs between the
two groups (252). These data clearly indicate that the chromosome 1 segment derived from
129 has the potential to mediate loss in tolerance to chromatin on the appropriate
background, independent of the effects of targeted deletion of Sap. This was further
supported by the break in tolerance to chromatin seen two independently derived 129
chromosome 1 congenic lines on the B6 background (231, 252). As previously mentioned,

this 129 interval includes the same SLAM/CD2 family halpotype as that seen in Sle/b,
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demonstrating the functional equivalency of this region from both strains in mediating a
humoral autoimmune phenotype.

Intriguingly, the second F study demonstrated that the in both WT and knock-out F»
mice, a B6 interval on chromosome 17, encompassing the Sles/ region, had suggestive
association with increased GN susceptibility (252). Since 129 and B6 share the same MHC
halpotype, (in particular Class II alleles) and the fact that 129 mice are non-autoimmune
despite an autoimmune promoting SLAM/CD?2 family halpotype, this suggests that like
NZW, a suppressive modifier allele may be harbored within the 129 MHC region. Data
supporting this hypothesis will be presented in Chapter III.

Two other molecules for which roles in ‘antigen clearance’ has been postulated to
explain the lupus phenotypes seen in their absence are the nuclease Dnasel and the
membrane tyrosine kinase c-mer. Dnasel is a nuclease expressed at sites of high cell turn-
over such as the gastrointestinal tract, skin and haematopoietic system, and Dnasel deficient
B6/129 F, mice developed higher autoAbs than that observed in WT controls, while the
incidence of GN was not significantly increased (253). The effects of this mutation on a pure
background have not been reported. The membrane tyrosine kinase c-mer regulates
macrophage cytokine profiles and indirectly binds phosphatidyl serine. On the B6
background, c-mer”” mice had decreased in vitro and in vivo phagocytosis of apoptotic cells,
increased titres of autoAbs of various specificities and increased TNF-a production (254).
This increase in pro-inflammatory cytokine production, coupled with impaired apoptotic

clearance, may be responsible for the increased humoral autoimmune phenotype.
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Regulation of Proliferation and Apoptosis

The canonical examples of defects in the regulation of apoptosis leading to the
development of lymphoproliferation and lupus-like autoimmunity are the spontaneous /pr
and gld mutations, which encode for Fas and FasL respectively, as previously described.

Gadd45o (growth arrest and DNA damage-inducible) has roles in various cellular
processes including cell growth and apoptosis, is regulated by the tumor suppressor gene p53
and is expressed in many tissues, including resting T cells. It also interacts with the cyclin-
dependent kinase, p21, which is involved in the inhibition of cell cycle progression (255,
256). Targeted deletion of Gadd45 ¢ and p21, both on the B6/129 F, background, revealed
similar phenotypes, including increased mortality, GN and autoAb production, and these
effects were exacerbated in the absence of both genes. Both knock-outs had increased T cell
numbers, but their responses to various T cell stimuli differed. While Gadd45 7" mice had
increased proliferative responses to TCR stimulation in terms of both kinetics and magnitude,
p21”" mice had increased responses only to IL-2, while both phenotypes were seen in the
double knock-out. These data indicate that p21 and Gadd45a act to negatively regulate
cytokine-induced and TCR-mediated T cell proliferation respectively. Notably, they both
normally act via inhibiting cell-cycle progression but not via increasing apoptosis. Neither
targeted-deletion impacts the B cell compartment (255, 257).

The protein tyrosine phosphatase Pten has been shown to play a role in proliferation,
differentiation and apoptosis. In the absence of Pten activity, there was increased activation
of the survival-promoting factor protein kinase B (PKB/Akt) due to increased

phosphatidylinositol 3-kinase (PI3K) activity. While Pten” mice are embryonic lethal, it has
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been demonstrated that Pten haploinsufficiency on the B6/129 F, background background led
to a severe lymphoproliferative disorder with increased mortality, IC mediated GN and
increased autoAbs. These mice also showed an expansion of splenic CD4 T cells, increased
peripheral B and T cell activation and Fas expression, with impaired AICD and
responsiveness to Fas stimulation (258). Furthermore, Pten deletion specifically in either B or
T cells, resulted in autoAb production, hypergammaglobulinemia, hyperproliferation and
resistance to apoptosis. Interestingly, lymphocyte specific Pten deletion was not reported to
result in increased GN (259, 260).

Consistent with the idea that increased cell-survival mediated by the PI3K/Akt axis
can increase susceptibility to autoimmunity was the demonstration that T cell specific
expression of a constitutively active form of PI3K led to IC mediated GN, autoAbs and an
expansion of the CD4 compartment. These T cells developed an effector-memory phenotype
and in vitro display increased survival and decreased cell death (261).

Protein kinase C 6 (PKCd) has been shown to be involved in apoptosis and the
inhibition of cell differentiation and growth, and PKC9 deficiency on the B6/129 F,
background led to GN and autoAb production. Pkcd” mice had an expansion in their
peripheral B cell population, and B cells in vitro displayed increased proliferative potential
and IL-6 production (262). Similarly, genetic ablation of a member of the E2F family, E2F2,
involved in regulation of cell-cycle, differentiation and apoptosis, resulted in GN,
splenomegaly and serum autoAbs on the B6/129 F, background. T cells from E2/” mice
showed increased proliferation in vivo and in vitro, with no change in responses to apoptotic

stimuli. A matter of some concern regarding the studies on the E2f” mice is that the authors
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report WT F, spleen weights in excess of 650 mg by 8-12 weeks of age, making
interpretation of ‘splenomegaly’ a difficult issue (263).

Members of the Bcl2 family of molecules have also implicated dysregulation of
apoptotic processes in lupus. Transgenic overexpression of the cell-survival promoting Bcl2
in B cells led to IC mediated GN and serum autoAbs, with B cell accumulation in the BM
and periphery. Interestingly, these B cells had a quiescent phenotype indicative of increased
survival but not proliferation (264). Similarly, the absence of Bim, a pro-apoptotic member
of the Bcl2 family, on the B6/129 F, background, resulted in GN, splenomegaly and autoAbs,

with elevated numbers of both B and T cells (265).

Lymphocyte Signaling

Early indications that aberrations in proximal signaling molecules can influence the
development of autoimmunity came from studies of mice deficient in the Src family protein
tyrosine kinase (PTK) Lyn. Despite a significant reduction in peripheral B cells and
impairment in BCR mediated signaling, Lyn”" mice developed GN, splenomegaly, 1gG
autoAbs and increased total IgM and plasma cells (266, 267). Additional deletion of another
Src family PTK, Fyn, resulted in decreased survival, presumably due to the increased kidney
disease seen in the double knock-out (268).

In the case of the receptor protein tyrosine phosphatase CD45, targeted knock-in of a
mutation that prevents negative regulation of CD45 signaling, led to IC mediated GN,
splenomegaly and serum autoAbs in an allele dose-dependent fashion, with concomitant

activation of both B and T cells (269). These data suggest that the lack of the inhibitory
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functions normally mediated by these molecules can result in the development of systemic
autoimmunity on the appropriate genetic background.

The impact of deficiency in the inhibitory FcyR, FcyRIIb, on the development of
autoimmunity, has a highly background dependent effect. On the mixed B6/129 F, and on the
pure BALB/c backgrounds, FeyrIIb” mice did not develop autoimmunity. However, on a
pure B6 background FcyRIIb deficiency led to mortality, GN, splenomegaly, and autoAb
production, as well as an activated lymphocyte population. In fact, with the exception of
mortality and GN, B6.Fcgrilb”” mice had phenotypes almost identical to that seen for
B6.Slelb (67). The FcyR gene cluster is just proximal to the Slam/Cd2 family on
chromosome 1, and 129 shares the same haplotype as that seen in Sle/b (231). It is hence
tempting to speculate that the increased mortality and GN seen in B6.FcgrIIb” mice is a
consequence of the lack of the inhibitory FcyRIIb in the context of the predisposition to
humoral autoimmunity conferred by the 129-derived Slam/Cd2 haplotype on the B6
background.

Deficiencies in molecules that function downstream of initial signal transduction
events have also been implicated in predisposition to lupus-like autoimmunity. Mice which
lack the T cell adaptor molecule (TSAd), which is expressed in thymocytes and activated T
cells, and mice deficient in the transcriptional repressor Stral3, normally induced upon naive
T cell activation, both developed with age IC-mediated GN, splenomegaly and autoAb
production. In addition, both knockouts showed increased T and B cell activation phenotypes

and impaired AICD, IL-2 and IFNYy induction in activated T cells (270, 271). T cells from
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young Stral3” mice were also shown to have impaired proliferative and cytokine responses
in vitro and in vivo (270).

Mice with a spontaneous deficiency in the Ras guanidine nucleotide exchange factor,
Rasgrpl, which normally serves to activate Ras following TCR stimulation, also developed
the characteristic lupus phenotypes of GN, splenomegaly and autoAbs. Interestingly,
Rasgrp” mice were shown to have impaired thymic development that prevented selection of
low affinity TCRs, yet showed an accumulation of splenic effector-memory CD4 T cells with
reduced numbers of CD8 T cells. This is in accordance with data that has shown that low-
affinity TCRs are highly dependent on Rasgrp1 signals for positive selection, and suggests
that in its absence only high-affinity TCRs undergo positive selection (272). The phenotypes
of Rasgrp”” mice are, in fact, very similar to those seen for knock-in mice with a point
mutation in LAT (Y 136F) that disrupts PLCy activation upon TCR signaling (273, 274).

Recently, members of the TNF superfamily of ligands and receptors have also
emerged as modulators of systemic autoimmunity. Transgenic overexpression of BlyS, a
potent B cell activating cytokine, both in a ubiquitous and in a B cell specific manner,
resulted in the characteristic murine lupus phenotypes of GN, splenomegaly and autoAb
production. While there were no gross changes in B cell development, there was increased in
vivo B cell numbers and in vitro B cell viability in BLyS Tg mice (275, 276).

Consistent with the idea that overexpression of Blys and consequent B cell activation
can result in murine lupus phenotypes, deficiency in the inhibitory receptor for BLyS
mediated signaling, TACI, expressed on B cells and CD4 T cells, resulted in murine lupus. In

addition to decreased survival, GN, splenomegaly and autoAbs, 7ACI”" mice had increased B
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cell percentages and in vitro proliferative responses and Ig secretion (277). These studies
again emphasize the importance of appropriate inhibition of signaling in the prevention of
autoimmunity.

Recent studies provide evidence for the idea that subtle modulations in the expression
of key signaling molecules can facilitate the development of systemic autoimmunity. CD19
is the BCR co-receptor and undergoes rapid tyrosine phosphorylation upon BCR
engagement, allowing it to interact with a variety of downstream signaling molecules. A
transgenic line that overexpressed human CD19 by just 20% was shown to develop humoral
autoimmunity in the absence of GN, with titres of I[gG autoAbs comparable to that seen in a
line that overexpressed two times the normal levels of CD19. Significantly, this small
increase in CD19 expression did not result in detectable alterations in phosphorylation
patterns of downstream signaling molecules or any changes in B cell numbers or percentages

(278).

Future Directions and Objectives

The work presented herein discusses our findings on the importance of epistatic
interactions in the suppression of humoral and systemic autoimmunity. These studies
involved the generation and careful characterization of various multi-congenic strains
containing both the S/e susceptibility and the Sles suppressive modifier loci. We find that
suppression, like susceptibility, is highly dependent on the contributions of, and interactions

between different loci.
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Gene Protein Human Mouse
Chromosome Chromosome
(cytoband) (Mb)
clQ C1Q 1p36.12 4(135.4)
Cc4 C4 6p21.32 17 (33.2)
C2 C2 6p21.32 17 (33.4)
DR/DQ DR/DQ 6p21.32 17 (32.8)%**
TNFo TNFo 6p21.33 17 (33.7)
FcGRIIA  FcyRIIA 1923.3 absent
FcGRIIIA  FeyRIIIA 1g23.3 1(171.1)
FcGRIIB FcyRIIB 1923.3 1(171.0)
CTLA4 CTLA-4 2q33.2 1(61.3)
PDCD1 PD-1 2q37 1(93.8)
PTPN22 LyP Ipl13.1 3 (103.8)
IL10 IL-10 1932.1 1(130.9)

Table 1. Candidate Genes in Human SLE Association Studies. Mouse chromosomal
positions are indicated in Mb, while human chromosomal positions are listed by cytoband for
easier comparison to the results of linkage studies presented in Table 2. Positions are based
on NCBI build 35 and m33 for human and mouse respectively.

*** Since mouse and human MHC genes have different nomenclatures, the DR/DQ

equivalent gene in mouse is listed for H2-Ec.



Locus | Study Center® Marker” | Ethnicity® | LOD? References Numbers®

1922-24 | OMRF FegrllA All; AA 3.45;3.37 | (Moser, Neas et al. 1998) 220A,533T
USC, UCLA D1s484 All 2.64 (2) (Shai, Quismorio et al. 1999) 188 A, 434 T
OMREF expanded D1S1679 All; AA 2.47;2.75 | (Gray-McGuire, Moser et al. 2000) 295 A, 744 T
UCLA D1S1653 All 0.004 (Cantor, Yuan et al. 2004) 132 A,238T
OMRF- HA FegrllIA All; EA 2.8;3.0 (Kelly, Thompson et al. 2002) 91 A, 195T
OMRF- ANA FegrllIA All; EA 2.89; 1.99 | (Sawalha, Namjou et al. 2002) 67 A, 155T
OMREF- dsDNA FegrllA All 3.01 (Namjou, Nath et al. 2002)
OMREF- thrombocytopenia FegrllA All; EA 3.65; 2.22 | (Scofield, Bruner et al. 2003) 387 A,
OMRF-RA FegrllA All 2.58 (Namjou, Nath et al. 2002) 147 A,
OMREF- renal disease FegrllA All; AA 2.76; 1.99 | (Quintero-Del-Rio, Kelly et al. 2002) 75 A

1q41-44 | OMRF D18S3462 AA 3.50 (Moser, Neas et al. 1998) 220 A,533 T
USC, UCLA D182785 HA 3332 (Shai, Quismorio et al. 1999) 188 A, 434 T
MNI+1I D1S235 All 1.92 (Gaftney, Ortmann et al. 2000) 399 A,655T

2¢32-37 | UUI D28S125 All 4.24 (Lindqvist, Steinsson et al. 2000) 44 A, 150 T
uu Il D28427 E 2.44 (Johansson, Zunec et al. 2004) 113 A,308T
UCLA D2S1384 EA 0.004 (Cantor, Yuan et al. 2004) 132 A,238T
OMRF- thrombocytopenia D2S1384 All 2.35 (Scofield, Bruner et al. 2003) 387 A
OMRF-RA D2S1391 AA 1.95 (Namjou, Nath et al. 2002) 78 A

4p16-13 | OMRF D4s403 EA 2.18 (Moser, Neas et al. 1998) 220 A,533T
OMREF expanded D4S2366 All; EA 3.44; 3.84 | (Gray-McGuire, Moser et al. 2000) 295 A, 744 T
UU I D4S1627 I 32 (Lindqvist, Steinsson et al. 2000) 16 A, 96T
UU II D4S1627 Al E 2.65;2.60 | (Johansson, Zunec et al. 2004)
OMRF-NP D4S3007 EA 5.19 (Nath, Kelly et al. 2002) 56A,92T
OMREF-renal D4S3243 All 2.32 (Quintero-Del-Rio, Kelly et al. 2002) 75 A

5pl15 OMRF- HA D5S817 AA 2.1 (Kelly, Thompson et al. 2002) 41 A,8T
OMRF- RA D582502 EA 5.49 (Namjou, Nath et al. 2002) 55 A
uu Il D5S81492 It 2.04 (Johansson, Zunec et al. 2004) 25A,67T

6pl11-22 | MNI+1I D6S246 All 4.19 (Gaftney, Ortmann et al. 2000) 399 A,655T
USC, UCLA D6S276 All 1.60 (2) (Shai, Quismorio et al. 1999) 188 A, 434 T
OMREF expanded D6S1053 AA 2.36 (Gray-McGuire, Moser et al. 2000) 295A,744 T
OMRF- HA D6S2410 EA 2.3 (Kelly, Thompson et al. 2002) 45A,96 T

12q24 OMREF expanded D12S395 EA 2.04 (Gray-McGuire, Moser et al. 2000) 295A, 744T
OMREF II D12S395 HA + EA-1 4.19 (Nath, Quintero-Del-Rio et al. 2004) 305A

16q12-21 | MNI+1I D16S415 All 3.85 (Gaftney, Ortmann et al. 2000) 399 A,655T
USC, UCLA D16S3136 | All 2.14 (2) (Shai, Quismorio et al. 1999) 188 A, 434 T
UCLA D16S3396 | All 0.02 (Cantor, Yuan et al. 2004) 132 A,238T
OMREF II D1683253- | HA 3.06 (2) (Nath, Quintero-Del-Rio et al. 2004) 91 A

17p12-13 | UUII D178921 A 2.64 (Johansson, Zunec et al. 2004) 41 A,89 T
OMREF- Vitilgo D17S974- | EA 3.64 (Nath, Kelly et al. 2001) S55A,95T
OMRF- HA 1298 All 2.3 (Kelly, Thompson et al. 2002) 91 A, 195T
OMRF- thrombocytopenia D17S1298 | EA 2.29 (Scofield, Bruner et al. 2003) 387 A,

D17S1308

17q11 uu Il D17S1294 | A 3.49 (Johansson, Zunec et al. 2004) 41 A, 89T
UCLA D17S1294 | All 0.002 (Cantor, Yuan et al. 2004) 132 A,238T

18¢21-23 | USC, UCLA D1S64 All 2.54(2) (Shai, Quismorio et al. 1999) 188 A, 434 T
UCLA D18S1390 | All 0.01 (Cantor, Yuan et al. 2004) 132 A,238T
OMRF- dsDNA D18S858 AA 34 (Namjou, Nath et al. 2002)
OMRF- thrombocytopenia D18S878 AA 1.98 (Scofield, Bruner et al. 2003) 387 A
OMRE- renal D18S878 AA 1.99 (Quintero-Del-Rio, Kelly et al. 2002)

19p13 UUI D19S247 I 2.58 (Lindqvist, Steinsson et al. 2000) 16 A, 96 T
OMREF- dsDNA D19S714 EA 4.93 (Namjou, Nath et al. 2002)

11p11-15 | OMRF- ANA D11S1985 | All; AA 2.86;2.47 | (Sawalha, Namjou et al. 2002) 67 A, 155T
OMRF- dsDNA ATA34e08 | AA 2.55 (Namjou, Nath et al. 2002)
OMRF- thrombocytopenia DI11S1392 | All; AA 2.99; 3.8 (Scofield, Bruner et al. 2003) 387 A,
OMREF- discoid rash D11S1984 | AA 4.6 (Nath, Namjou et al. 2004)
OMREF- renal D11S1984 | AA 3.34 (Quintero-Del-Rio, Kelly et al. 2002) 20A,35T

11q14 OMRF- HA D11S2002 | AA 4.5 (Kelly, Thompson et al. 2002) 41 A,89T
OMRF- ANA D11S2002 | All; AA 3.46; 5.62 | (Sawalha, Namjou et al. 2002) 67 A, 155T
OMREF- dsDNA D11S2002 | AA 2.46 (Namjou, Nath et al. 2002)
OMREF- thrombocytopenia D11S1392 | All 2.09 (Scofield, Bruner et al. 2003) 387 A,

Table 2. Significant Results of Whole-genome Linkage Studies in Human SLE. Loci

listed met criteria for significance (LOD >3.3) in at least one study, according to the
guidelines of Lander and Kruglyak (141). Abbreviations and symbols are listed in the legend

for Table 3.
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Locus | Study Center® Marker” | Ethnicity® | LOD? References Numbers®
1931 uunn D1S518 1 2.41 (Johansson, Zunec et al. 2004) 267 A, 705 T
UUI D1S1660 S 1.61 (Lindgvist, Steinsson et al. 2000) 28 A, 54T
9p24-21 OMREF expanded D9S925 AA 2.08 (Gray-McGuire, Moser et al. 2000) 295 A, 744 T
UUI gata62103 1 2.27 (Lindqvist, Steinsson et al. 2000) 16 A, 96T
11g23-24 | UU II D11S1998 | E; It 2.69; 1.94 | (Johansson, Zunec et al. 2004) 113 A, 308 T
OMREF- ANA D11S912 EA 1.99 (Sawalha, Namjou et al. 2002) 33 A, 88T
13g32 OMRF D13s779 All 2.5 (Moser, Neas et al. 1998) 220 A,533T
UCLA D13S793 All 0.005 (Cantor, Yuan et al. 2004) 132 A,238T
14g21-23 | MN 1 D14S276 All 2.81 (Gaftney, Kearns et al. 1998) 220A,355T
USC, UCLA D14S5258 All 2.02(2) (Shai, Quismorio et al. 1999) 188 A,434T
19g12-13 | UU II D19S246 A 3.16 (Johansson, Zunec et al. 2004) 41 A, 89T
UUI D19S246 1 2.06 (Lindgvist, Steinsson et al. 2000) 16 A, 96 T
20p12-13 | MN1 D20A186 All 2.62 (Gaftney, Kearns et al. 1998) 220A,355T
USC, UCLA D20S115 All 2.28 (2) (Shai, Quismorio et al. 1999) 188 A,434T
20g12-13 | OMRF D20s481 All 2.49 (Moser, Neas et al. 1998) 220A,533T
USC, UCLA D20S195 | All 1.57(Z) | (Shai, Quismorio et al. 1999) 188A,434 T
OMREF- RA D20S478 AA 2.89 (Namjou, Nath et al. 2002) T8A,
10g22-23 | OMRF- ANA D10S1239 | AA 1.95 (Sawalha, Namjou et al. 2002) 30 A, 58T
OMREF- thrombocytopenia D10S2470 | EA 2.51 (Scofield, Bruner et al. 2003) 387 A,
OMREF- renal D10S2470 | All, EA 2.68,3.16 | (Quintero-Del-Rio, Kelly et al. 2002) 75 A

Table 3. Strongly Suggestive Results of Whole-genome Linkage Studies in Human SLE.
Loci listed met the criteria for strongly suggestive of significance (LOD >2.2) in at least one
study, according to the guidelines of Lander and Kruglyak (141).

* Study centers and their abbreviations: Oklahoma Medical Research Foundation (OMRF),
University of Minnesota (MN), University of Uppsala (UU). I and II after a study center
name refers to first and second cohorts respectively. For OMREF stratified studies, the clinical
feature used to stratify are listed: haemagglutin (HA), anti-nuclear antibodies (ANA), dsDNA
autoAbs (dsDNA), thrombocytopenia, discoid rash, rheumatoid arthritis (RA), renal disease
(renal), vitilgo and neuropsychiatric symptoms (NP).

® Marker showing peak linkage in the study.

¢ Ethnicity showing linkage: All (all ethnicities tested), AA (African-American), EA
(European American), Hispanic American (HA), Icelandic (I), Argentinian (A), Italian (It)
and E (European).

4 LOD score value obtained in the study, if available. (Z) refers to the Z score where
LOD=Z%/2In10. p values are listed for the UCLA studies.

¢ Number of individuals studied in the linkage analysis if available: affected (A) and total (T)
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Figure 1. Model Pathway Demonstrating the Interactions of Genes Leading to Systemic
Autoimmunity. We postulate that genes involved in mediating susceptibility to SLE belong
to one of the three pathways shown above. The epistatic interactions between these loci
culminate in the development of systemic autoimmunity. Adapted from (3).



Gene® Protein Mouse Human ES Background  Autoimmune
Chromosome Chromosome cell Genome' Phenotypes®
(Mb)® (cytoband) (GN, autoAbs)
Ptprc CD45 1 (138.0) 1q31.3 129 129/B6 GN, autoAbs
Tnfsf6 FasL 1(161.8) 1q24.3 **%  C3H/Hel autoAbs
Fegr2b FcRIL 1(171.0) 1923.3 129  129/B6 None
BALB/c (N12) None
B6 (N12) GN, autoAbs
Apcs SAP 1(173.0) 1q23.2 129 129/B6 GN, autoAbs
129 (N6)  None
B6 (N6)  GN, autoAbs
Rasgrpl RASgrpl 2 (117.1) 15q14 129  129/B6 GN, autoAbs
Bcl2ll1 Bim 2 (127.9) 2ql3 129  129/B6 GN, autoAbs
Mertk C-mer 2 (128.4) 2ql3 129  B6 (N10) autoAbs
Sh2d2a TSAd 3 (88.3) 1q23.1 129  B6 (N10) GN, autoAbs
Lyn 4 (3.6) 8ql2.1 129  129/B6 GN, autoAbs
E2fR2 E2F2 4 (134.6) 1p36.12 129 GN, autoAbs
Clga Clq 4 (135.4) 1p36.12 129 129/B6 GN, autoAbs
B6 (N12) None
129 (N12) None
MRL/+ (N12) GN, autoAbs
Gadd45a GADD45a 6 (67.1) 1p31.2 129  129/B6 GN, autoAbs
Bhlhb?2 Stral3 6 (109.1) 3p26.1 129  129/B6 GN, autoAbs
Tnfrsf13b TACI 11 (60.7) 17p11.2 129  129/B6 GN, autoAbs
Prkcd PKC delta 14 (26.6) 3p21.1 129  129/B6 GN, autoAbs
Dnasel DNasel 16 (3.7) 16p13.3 129  129/B6 autoAbs
Cdknla p21 17 (27.7) 6p21.31 129  129/B6 GN, autoAbs
4 C4 17 (33.2) 6p21.32 129 129/B6 GN, autoAbs
B6 (N5)  GN, autoAbs
mixed Balb/C  GN, autoAbs
Pten PTEN 19 (32.1) 10g23.31 129  129/B6 GN, autoAbs
Tnfrsf6 Fas 19 (33.5) 10g23.31 *¥*%  MRL GN, autoAbs
B6 autoAbs
Bcel2 Tg Bcl2 IgH enhancer NA  B6/SJL GN, autoAbs
PI3K Tg PI3K Ick promoter NA  B6/CBAXB6 GN, autoAbs
BlyS Tg BlyS ubiquitous/IgH NA  B6/C3 X B6 GN, autoAbs
hCD19" Tg hCD19 IgH enhancer NA  B6 (N=7-12) autoAbs
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Table 4. Subset of Genes Implicated in Lupus Susceptibility through Knockout and
Transgenic Technologies. Listed by murine chromosomal locations are the various genes
discussed in the text that have been implicated in lupus susceptibility through transgenic or
knockout methods.

* Gentically ablated or over-expressed genes.

® Chromosomal positions of genes that were knocked out and enhancer/promoter-type used in
Tgs.

¢ Strain of ES cell line. *** spontaneous mutation; not applicable (NA)

d Background genome. (strain A/strain B): [strain A X strain B]F,; N(x): number of
backcross generations if known © Autoimmune phenotypes. None, GN or autoAbs.



Chapter II. Materials and Methods

Mice

All mice were housed in the UT Southwestern Medical Center Animal Resources
Center's specific pathogen free (SPF) facility under the supervision of Dr. Jose Casco and
with the approval of the Institutional Animal Care and Use Committee (IACUC) of The
University of Texas Southwestern Medical Center.

C57BL/6J (B6) mice were originally obtained from the The Jackson Laboratory (Bar
Harbor, ME). The derivation of B6 congenic mice carrying the NZM2410 derived Slel
interval (B6.Slel) as well as bicongenic mice carrying Sle/ and Sles! has been previously
described (242, 279). Recombinant Sles/ mice were obtained by intercrossing [B6.S/el|Sles1
X B6.Slel]F; progeny and PCR screening F; intercross progeny for informative meioses
within the S/es! interval. Recombinant chromosomes were rescued by backcrossing to
B6.Slel, and intercrossing Sles! recombinant progeny to produce homozygous B6.Sle!|Sles
recombinant lines. For the F; studies involving 129, B6, B6.Sle! and B6.Slel|Rec.4” were
crossed to the 129/SvJ strain to generate [129 X B6], [129 X B6.Sle/] and [129 X
B6.Slel|Sles] F; progeny respectively.

C57Bl/6J mice carrying the BXSB derived y-chromosome yaa were obtained from
The Jackson Laboratory and are referred to as B6.yaa. The B6.Sle!|yaa line was derived by
breeding female B6.S/e/ mice to male B6.yaa. Male progeny from these crosses
(B6.Sle1"|yaa) were backcrossed to female B6.Sle/ mice, and male mice homozygous for

the NZM2410 derived Slel locus selected. These male B6.Sle!|yaa mice were backcrossed
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to female B6.Sle/ mice and subsequent progeny intercrossed, thus ensuring that males

always carried yaa in this line. The introgression of the NZW derived Sles! interval was
performed in a similar manner, using female B6.Sle/|Sles! crossed to male B6.Sle!|yaa mice.
The primers used to select for and identify the Sle/ and Sles! intervals for generating the
various yaa strains are described under PCR Genotyping.

The generation of the B6.Sle!|Sle2|Sle3/5 (B6.TC) triple congenic mice containing
the NZM2410 derived Slel, Sle2 and Sle3/5 intervals on the B6 background has been
previously described. To introduce Sles/ onto the triple congenic lupus model, B6.Sle!|Sles1
mice were crossed and then backcrossed to B6.Sle!|Sle2|Sle3/5 (B6.QC). These first
backcross progeny were selected for heterozygosity at Sles, homozygosity at Sle2, with
Sle3/5 being either homozygous or heterozygous (ie., B6.Sle*%|Sle2”%|Sle3/5 " |Sles 1" or
B6.Slel7"|Sle2”%|Sle3/5%|Sles 1™). These mice were backcrossed to B6.Slel|Sle2|Sle3/5 and
these second backcross progeny were selected for heterozygosity at Sles/ and homozygosity
at Sle3/5. These B6.Sle17%|Sle2”%|Sle3/5*%|Sles 1" were intercrossed to obtain homozygosity
at Sles 1, thus generating the B6.Slel|Sle2|Sle3/5|Sles] (B6.QC) strain. Females were used for

all studies comparing the B6.Sle!|Sle2|Sle3/5 and B6.Slel|Sle2|Sle3/5|Sles1 strains.

PCR Genotyping

Tail clips were obtained at weaning and used to prepare tail lysates. Briefly, 250 ul of
Tail Lysis Buffer (50 mM Tris, pH 8.0/ 50 mM KCVl/ 2.5 mM EDTA/ 0.45% NP-40/ 0.45%
Tween-20) and 0.4 mg/ml Proteinase K solution (Roche, Indianapolis, IN) were added per

tail clip and kept for at least 20 hours in a 55°C water bath. Tail lysates were vortexed and
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spun down at 14000 rpm for 10 minutes. For a 20 ul PCR reaction, 0.5 pl of tail lysate
supernatant was used. PCR products were subsequently run out on 5-6.25% agarose gels to
resolve the polymorphic bands. The fine-mapping of the recombinant chromosomes spanning
the Sles! interval was performed using a series of 20 microsatellite markers within the
original 25¢M Sles! confidence interval. Those relevant to these studies include D17MIT100,
D17MIT60, D17MIT146, D17MIT175, D17MIT16, D17MIT62, D17MIT28, D17MIT34,
D17MIT83, D17MIT13 and TNF. In order to map the ends of the minimal Sles/ interval
(Rec.6), sequence between the proximal and distal NZW and B6 breakpoints (D17MIT62-
D17MIT28 and D17MIT83-D17MIT13 respectively) was obtained from the Ensembl
database (www.ensembl.org/Mus_musculus/). Using Sequencer software (Gene Codes
Corporation, Ann Arbor, MI), these sequences were analyzed for the presence of new
microsatellite repeats for which flanking primers were designed. These novel microsatellite
markers were then tested for B6 and NZW size polymorphisms and those polymorphic
between these two strains were used to map the breakpoints. Relevant polymorphic proximal

and distal breakpoint primer sequences and PCR annealing temperatures are listed below:

Proximal Breakpoint Primers

Forward Reverse Annealing | Polymorphism
msl | CTGCATCTCCCGTTGTCTTT TGACTTCCACATTCTTGCCATA 53°C B6 > NZW
ms2 | TTTTCGACTGCAGACCAACTT TCCCTAACTAGCCTAAAAACAAAAA 53°C NZW > B6
ms3 | CCTCTGATCTCCACGGATGT CAAAACTACAAAGCTCCCCAAA 56°C NZW > B6
ms4 | ATCCCCTGGTTTCACTCCTT TCATGCTCAAAGAAGCAACAA 56°C B6 > NZW
ms5 | GCATGCAGAGTGAGTTTCCA CAGCCAATGCTCATAACTGC 56°C B6 >NZW
ms6 | AAGACAGTTCGGACCCTACAGA | TTGCTGGCTTCCAGGTTAAT 54°C NZW > B6




Distal Breakpoint Primers

Primer | Forward Reverse Annealing | Polymorphism
ms7 GCAACACATGTTCTTGATAATCACT | GTTACAACTTTTGCTGGTTAGATTT 58°C NZW > B6
ms8 CCAGGGCTACACAGGAGACT CAGGACCTTTGGATGGCTTA 58°C B6 > NZW
ms9 TCAAGTGAAAAGGAGACAAAGTTC | CACAGGCTAGGGTTGTGGTT 54°C NZW > B6
Gender Slel Sle2 Sle3/5 Sles1 Sles2 Sles2 yaa
(chr. 1) (chr. 4) (chr. 7) (chr. 17) (chr. 4) (chr. 3) (y chr.)
DIMIT202 | D4MIT151 | D7TMIT178 | D17MIT61 | D4MIT9 | D3MIT95
DIMIT17 | D4MITY9 | D7MIT31 ms7 D4MIT339 | D3MIT137
B6 F/M B6 B6 B6 B6 B6 B6 B6
B6.Slel F/M NZM B6 B6 B6 B6 B6 B6
B6.Slel|Sles1 F NZM B6 B6 NZW B6 B6 B6
Bé6.yaa M B6 B6 B6 B6 B6 B6 BXSB.yaa
B6.Slel| yaa M NZM B6 B6 B6 B6 B6 BXSB.yaa
B6.Slel|Sles1|yaa M NZM B6 B6 NZW B6 B6 BXSB.yaa
B6.7C F NZM NZM NZM B6 B6 B6 B6
B6.0C F NZM NZM NZM NZW B6 B6 B6
B6.Sle1|Sles2 F NZM B6 B6 B6 NZW B6 B6
B6.Sle1|Sles3 F NZM B6 B6 B6 B6 NZW B6

Table 5. Strains Used in Different Studies. Table 5 summarizes the various strains used

and described under Mice, gender used in different studies, the strain of origin and
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chromosome (chr.) of the different loci and the proximal (above) and distal (below) markers

used to type these loci are listed underneath the locus names.

Renal Pathology

Mice were terminated at 4-6 and 9-12 months, depending on the studies in question,

and a longitudinal section of each kidney fixed in 10% neutral buffered formalin (Sigma-

Aldrich, St. Louis, MO), paraffin embedded, cut into 3 pm sections, and stained with

hematoxylin and eosin with periodic acid-Schiff. The sections were examined in a blind

manner for evidence of pathologic changes in the glomeruli, tubules or interstitial areas by

Dr. Xin J. Zhou (Department of Pathology, The University of Texas Southwestern Meical
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Center). The glomeruli were screened for evidence of hypertrophy, proliferative changes,
crescent formation, hyaline deposits, fibrosis/sclerosis and basement membrane thickening.
The GN severity was graded on a scale of 0 to 4 where 0 = normal, 1 = mild increase in
mesangial cellularity and matrix, 2 = moderate increase in mesangial cellularity and matrix
with thickening of glomerular basement membrane (GBM), 3 = focal endocapillary
hypercellularity with obliteration of capillary lumina and a substantial increase in the
thickness and irregularity of the GBM and 4 = diffuse endocapillary hypercellularity,
segmental necrosis, crescents and hyalinized end-stage glomeruli. Similarly, the severity of
tubulointerstitial nephritis was graded on a 0 - 4 scale, based on the extent of tubular atrophy,
inflammatory infiltrates and interstitial fibrosis, as described previously (280). The number
of infiltrating polymorphonuclear leukocytes was directly enumerated based on their typical
polymorphonuclear morphology, by examining 50 glomeruli per kidney per section per

mousc.

Serology

Mice were bled at various ages, either by retro-orbital bleeding (survival studies) or
cardiac puncture (at terminal sacrifice), and sera stored at -20°C. ELISA detection of IgM
and IgG autoantibodies (autoAbs) directed against chromatin, dsSDNA and GBM (glomerular
basement membrane) self-antigens were performed as follows. All coating steps were for 30
minutes at 37°C followed by two washes in PBS (Sigma-Aldrich). Briefly, for all ELISAs,
Immunlux HB (Dynatech, Chantilly, CA) plates were precoated with 50 pul/well of

methylated BSA (mBSA). For anti-chromatin and anti-dsDNA ELISAs plates were coated
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with 50 pul/well of 50 pg/ml dsDNA (Sigma-Aldrich; dissolved in PBS and filtered). For the
anti-chromatin ELISAs, an additional coating step with 50 pl/well of 10 pg/ml total histones
(Roche) was employed. For anti-GBM ELISAs, after the mBSA step, the plates were coated
with 50 ul/well sonicated rat glomerular extract at 10 pug/ml . Following the last respective

coating step and wash, ELISA plates were incubated overnight at 4°C with 200 ul/well of
ELISA Blocking Buffer (PBS/ 0.1% gelatin/ 3% BSA/ 3 mM EDTA). Test sera were added
at a final dilution of 1:100, 1:200 and 1:800 (serial) for anti-GBM, anti-dsDNA and anti-
chromatin ELISAs respectively, in Serum Diluent (PBS/ 0.1% gelatin/ 2% BSA/ 3mM
EDTA/ 0.05% Tween-20) and incubated for 2 hrs at room temperature. Bound IgM or IgG
was detected using alkaline phosphatase conjugated goat anti-mouse IgG or IgM (Roche) and
p-nitrophenyl phosphate (Sigma-Aldrich) as the substrate. OD450 was measured by an
Elx800 Automated Microplate Reader (Bio-Tek Instruments, Winooski, VT). Raw optical
densities (ODs) for anti-chromatin IgG ELISAs were converted to arbitrary normalized units
(ANU) using a six-point standard curve generated by a monoclonal antibody derived from an
NZM2410 mouse (281). A 1:250 dilution of this supernatant was set at 1000 U/ml. For anti-
dsDNA and anti-GBM IgG and IgM ELISAs, the standard curve was set using six serial
dilutions of sera from a female [NZW X B6.Sle/]F;, with a 1:250 dilution of this sera set at

1000 U/ml.

Cell Preparation and Culture
Following the measurement of spleen weight, single cell splenocyte suspensions were

prepared, passed through nylon mesh and depleted of red blood cells (RBCs) using RBC
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Lysis Buffer (0.1mM EDTA/ 0.83% NH4Cl1/ 0.1% KHCOs3). Bone marrow (BM) cells were
obtained by flushing out the marrow from femoral bones with complete DMEM, crushing to
obtain single cell suspensions and lysing RBCs. Thymic suspensions were prepared by
isolating thymi and preparing single-cell suspensions. These cells were then used for flow

cytometric analyses (described below).

Flow Cytometric Analysis and Antibodies

In each FACs experiment, at least one mouse per genotype was included. For all FACs
analyses, B6.Slel|Sles] indicates that the B6.Sle/|Rec. I°* line was used. Cells were blocked
with 2.4G2 (American Type Culture Collection, Rockville, MD) on ice. Cells (1.5 X 10° per
antibody cocktail) were then stained on ice using optimal amounts of FITC, phycoerythrin
(PE), PE-Texas Red, Cychrome, PerCPCy5.5, allophycocyanin or biotin-conjugated
antibodies (Abs) at predetermined dilutions. Four-color combinations of the following
antibodies, obtained from BD Biosciences Pharmingen (San Diego, CA) were used for the
various analyses: CD21/35 (7G6); CD23 (B3B4); IgM (R6-60.2); CD86 (GL1); CD45R
(RA36B2); CDS5 (53-7.3); CD11b (M1/70); NK1.1 (PK126); CD25 (PC61); CD69 (H1.2F3);
CD4 (H129.19); CD8 (53-6.7); CD3 (145-2C11); CD19 (1D3); CD43 (S7); CD1d (1B1);
CD62L (MEL-14); CD44 (1M7) and CD138 (281-2). After two washes, biotin conjugated
Abs were revealed using BD Pharmingen Streptavidin-allophycocyanin. Appropriate isotype
controls for all antibody combinations were included in all analyses for all samples. Stained
cells were acquired on a FACsCalibur with CellQuest software (BD Biosciences). Dead cells

were excluded on the basis of forward and side scatter properties and 40,000 events within
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the lymphocyte gate were acquired for spleen and thymic samples, while 100,000 total live
events were collected for BM samples. Flow cytometric data was analyzed using FlowJo

(Tree Star, Ashland, OR).

RNA Isolation and cDNA Prepration

B220" splenocytes were purified via positive selection using Dynabeads mouse pan B (B220")
according to manufacturer’s instructions (Dynal; Brown Deer, WI) and DNA-free RNA was
isolated using the Qiagen Rneasy Mini Kit and on-column DNase I treatment (Qiagen;
Valencia, CA). cDNA was synthesized from 1.5-2.0 ug total RNA with the Tagman Reverse
Transcriptase Kit, according to manufacturer’s instructions (Applied Biosystems; Foster City,

CA).

Quantitative Real-time RT-PCR

Quantitative real-time PCR was performed on 10 ng cDNA using the 2X SYBR Green PCR
Master Mix (Applied Biosystems) in 20ul reactions using the GeneAmp 5700 Sequence
Detection System (Applied Biosystems). The run condition was a 3-step cycle: 95°C for 20
sec, 55°C for 20 sec, and 72°C for 30 sec and was repeated for 40 cycles. For each primer set,
standard curves were generated using serial dilutions of cDNA. To control for loading,
Gapdh was used as the reference gene for normalization. Primer sequences are as follows:
Lyl08-1: For- GACCACACTCATGCCCTGAC

Rev- GTATTCAGCCTAGGAGAAATGG
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Ly108-2: For- CCGGCTATAACCAACCCATT Rev- AAGCCAGAGCTGTGGTGACA
Gapdh: For- TGCACCACCAACTGCTTAG Rev- GGATGCAGGGATGATGTTC

Values normalized to Gapdh are presented.

SDS-PAGE and Immunoblotting

Splenic B lymphocytes were isolated using Dynal anti-B220 magnetic beads according to
manufacturer’s protocol (Dynal, Lake Success, NY). Isolated cells were lysed in Lysis Buffer
(300 mM NaCl, 50 mM Tris-Cl, pH 7.6, 0.5% Triton X-100, 10 [Jg/ml leupeptin, 10 [g/ml
aprotinin, ImM PMSF, 1mM sodium orthovanadate, 1 mM sodium molybdate, ImM NaF),
incubated on ice for 30 min and then cleared by centrifuging at 12,000 x g for 20 min.
Equivalent amounts of total cellular protein extract (4 [1g) were fractionated on 10% SDS-
polyacrylamide gel electrophoresis (PAGE) and electrotransferred to PVDF membrane using
a Bio-Rad transblot apparatus. The membrane was blocked overnight with TBST buffer
(10mM Tris-Cl, pH 8.0, 0.9% NacCl, 0.1% Tween 20) plus 4% BSA (for phosphorylated
proteins) or 5% nonfat dry milk, and incubated for 1 hour with primary monoclonal antibody
in TBST buffer plus 4% BSA (for phosphorylated proteins) or 5% nonfat dry milk.
Following three washes in TBST, membranes were incubated with a secondary antibody for
1 h. The membranes were again washed three times in TBST, and then developed using an
ECL Plus kit (Amersham, Piscataway, NJ) according to the manufacturer's instructions.
Protein bands were quantified by densitometric analysis using a computerized densitometer
(Molecular Dynamics) and ImageQuant software (Molecular Dynamics). Rabbit polyclonal

antibodies specific for P44/42 MAP kinase were purchased from Cell Signaling (Beverly,



72

MA). Rabbit anti-phospho-ERK1/2 MAP kinases polyclonal antibodies were purchased from
Promega (Madison, WI). The secondary antibodies (goat anti-rabbit IgG) were purchased

from Santa Cruz Biotechnology (Santa Cruz, CA).

CFSE Proliferation Assays

Splenocytes at 10°/ml were labeled with 2.5 uM carboxy-fluorescein diacetate succinimydl
ester (CFSE) (Molecular Probes; Eugene OR) in complete RPMI-10 for 15 min at 37°C.
Cells were washed twice with media, and 100 pl of labeled cell plated in triplicate wells at
2.5 x10° cells/ml in 96-well round bottom plates in the presence of either F(ab’), anti-IgM
(Jackson ImmunoResearch; West Grove, PA) or anti-CD3e (145-2C11) (BD Pharmingen).
Cells were harvested at 24hr, 48hr, and 72hr time points and Fc-blocked with 2.4G2
(American Type Culture Collection; Rockville, MD). Cells were then stained on ice with
CD19-PE (1D3) to assess for B cell proliferation or CD4-PE (H129.19) and CDS-
PerCPCy5.5 (53-6.7) (BD Pharmingen) for T cell proliferation. Flow cytometric data on the
stained cells were acquired on the FACsCalibur (Becton Dickinson) and analyzed using

FlowJo (Tree Star).

Intracellular Cytokine Responses

RBC-depleted splenocyte suspensions were prepared under sterile conditions and some
samples pre-stained at an optimal dilution with BD Pharmingen anti-CD4 (H129.19) FITC
for 15 minutes on ice. Pre-stained and unstained cells were then plated at 10%/ml in complete

RPMI-10 and stimulated for four hours with 100 ng/ml PMA and 1 uM Ionomycin in the
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presence of Golgi Stop. Cells were then harvested, blocked with 2.4G2 and pre-stained
samples stained with BD Pharmingen anti-CD8 (53-6.7) PE-Cy5 and unstained cells with
CD19 (1D3) FITC. Cells were fixed and permeabilized using the BD Pharmingen Golgi Stop
kit, according to manufacturer’s instruction, and stained with eBioscience anti-IL4 PE and
anti-IFNy APC, with appropriate isotype controls. Cells were acquired on a FACsCalibur
with CellQuest software (BD Biosciences). Dead cells were excluded on the basis of
forward and side scatter properties and 100,000 events within the lymphocyte gate were

acquired. Flow cytometric data was analyzed using FlowJo (Tree Star).

Statistical Analysis
Data was analyzed using parametric and non-parametric ANOVAs as determined by InStat3
(Graphpad Software, San Diego, CA), unless otherwise indicated. Error bars represent SEMs

or interquartile ranges depending on the distribution of the data.



Chapter II1. Epistatic Suppression of SLE:

Fine-Mapping of SlesI to <1 Mb

Introduction

Genetic predisposition to the autoimmune disorder Systemic Lupus Erythematous
(SLE) is mediated by complex interactions between multiple susceptibility loci and
environmental factors (3). Numerous SLE susceptibility loci have been mapped in a variety
of mouse strains that spontaneously develop lupus, and genetically engineered models have
implicated several additional genes in lupus predisposition (reviewed in (155, 282)). In
addition, recent work has demonstrated suppressive modifier alleles that can significantly
influence both the likelihood of lupus development and disease, as well as its severity and
pathogenicity (37, 83, 242, 283).

We have utilized congenic dissection of loci identified via linkage analyses of the
NZM2410 murine lupus model to better understand the underlying genetic mechanisms
responsible for disease susceptibility. Characterization of the genetic and immunological
properties of the different loci, in isolation and when genetically reassembled on the
C57Bl/6] (B6) background, have revealed that each locus contributes unique phenotypes,
together recapitulating what is seen in the parental NZM2410 (201, 225, 226, 235, 237-240,
284, 285).

Of relevance to this study, B6.Sle/ mice develop with age a relatively benign
autoimmune phenotype characterized by a loss in tolerance to chromatin and IgG

autoantibody (autoAb) production, an increase in the proportion of activated B and T
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lymphocytes and mild splenomegaly (153, 226). Addition of other susceptibility loci to Sle/
has shown that this locus interacts epistatically with various loci, such as yaa, /pr and Sle3, to
mediate systemic autoimmunity and fatal lupus nephritis (201, 240, 286).

Slel and Sle3 are both derived from the NZW parent of NZM2410, which is a non-
autoimmune inbred strain, suggesting that the NZW genome contains modifier loci that could
prevent the development of autoimmunity normally driven by these potent susceptibility
alleles. Linkage analyses of the NZW strain confirmed the presence of such loci, termed the
Sles (SLE suppressor) loci. The most potent of these, Sles/ on mouse chromosome 17,
specifically interacts with Sle/ to prevent the loss of immune tolerance to chromatin, but has
no effect on the component phenotypes of the other NZM2410 derived loci, Sle2 and Sle3/5,
on the B6 background (242). Since Slel has been shown to be key for the initiation of
systemic autoimmunity in different murine lupus models, identification of Sles/ and the
mechanism(s) by which it specifically suppresses Sle/ could provide insights useful for the
development of strategies towards therapeutic intervention.

In this report, we demonstrate that the suppression mediated by Sles/ maps to a ~956
KB interval on chromosome 17, beginning at the proximal end of the murine MHC (Major
Histocomptability Complex) and terminating just distal to the complement cluster. This
analysis excludes TNF-o and genes telomeric to it as possible candidates for Sles/. The
majority of the splenic cell-surface phenotypes observed in aged B6.Sle/ mice were
abrogated in the presence of Sles/. In addition, using a classic genetic complementation test,
we present evidence indicating that the non-autoimmune 129/SvJ (129) strain also harbors a

complementary Sles!-like suppressive allele.
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Results

Slesl Maps to a 956 kB Interval That Excludes TNF-«

Our previous work demonstrated the presence of a recessive NZW derived epistatic
modifier on mouse chromosome 17, termed Sles/, which specifically suppressed the break in
tolerance to chromatin mediated by Sle/ on the B6 background (242). Consequently, congenic
recombinant fine-mapping was performed by intercrossing B6.Sle!|Sles1 " mice and identifying
recombinant chromosomes in the Sles/ interval by PCR screening tail DNA from testcross
progeny with polymorphic microsatellite markers flanking the original Sles/ interval. Once
recombinant chromosomes were identified, additional markers were used to localize the
recombinant breakpoint. The recombinant mice were backcrossed to B6.Sle/ to ‘rescue’ the
recombinant Sles/ chromosomes and new Sles/ recombinant lines. The new recombinant lines
found to retain the recessive suppression phenotype of Sles/ were used to generate more
recombinant strains. Fig.2 shows a schematic representation of this recombinant congenic fine-
mapping strategy.

As shown in Fig.3, a series of six, truncated recombinant chromosome lines, spanning the
SlesI interval and termed B6.Slel|Rec. -6, were identified via the analysis of 1329 test-cross
progeny. Interestingly, there appeared to be a recombinational hotspot between the markers
D17MIT146 and D17MIT175, as evidenced by the greater than expected number of
recombinants obtained between those two markers (X2= 22.3; p<0.005).

Progeny from these lines, homozygous and heterozygous for the recombinant
chromosomes, were aged and assayed for IgG anti-chromatin autoantibodies (auto Abs)

production by ELISA at 5, 7, 9 and 12 months of age. At the 12-month terminal sacrifice,
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spleens were weighed to assess splenomegaly, a phenotype observed in aged B6.Sle/ mice (226,
242, 279).

As depicted in Fig. 4A, aged B6.S/el female mice had a significant increase in their mean
spleen weights when compared to age- and sex-matched B6 (233.3 mg, interquartile range 163.9-
280.2 mg vs. 107.4 mg, interquartile range 99.7-127.1 mg); p< 0.001, non-parametric ANOVA).
Comparison of spleen weights from the various homozygous recombinant lines with B6 and
B6.Slel, indicated that B6.Slel|Rec.2 ** and B6.Slel|Rec.3 * mice differed significantly from B6
(p< 0.001; non-parametric ANOVA), while B6.Slel|Rec.1 7, B6.Slel|Rec.47%, B6.Slel|Rec.5 **
and B6.Slel|Rec.6 “* mice were indistinguishable from B6 (p> 0.05), and different from B6.Slel
(p< 0.001 for all strains; non-parametric ANOVA). Importantly, mice heterozygous for all six
recombinant chromosomes reverted to the roughly two-fold increase in spleen weights seen in
B6.Slel, which is consistent with the recessive inheritance of Sles/ observed in the original bi-
congenic analyses (242). These results map the suppression of splenomegaly into the genomic
interval contained within Rec. / and Rec.4-6.

Suppression of ANA production by Sles! was assayed by anti-chromatin ELISAs at
various timepoints. As shown in Fig.4B, in which titres from 9-12 month old female mice of the
various genotypes are presented, B6.Slel|Rec. ] 7, B6.Slel|Rec.47%, B6.Slel|Rec.5 ** and
B6.Slel|Rec.6 * all suppressed anti-chromatin ANA production (p< 0.001 for all strains
compared to B6.S/e/ females; non-parametric ANOVA), hence mapping Sles/ to these genomic
segments. In contrast, B6.Slel|Rec.2 % and B6.Slel|Rec.3 “* failed to suppress anti-chromatin
ANA production (p< 0.001 for all strains compared to B6; non-parametric ANOVA). These
results correlate with the lack of splenomegaly in the different congenic lines, consistent with a

single gene mediating both effects.
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These data place Sles! in the ~956 KB genomic interval contained in Rec.6 (Fig.3). This
interval includes the microsatellite markers D17MIT28 and D17MIT&3, but excludes D17MIT62
and D17MIT13 at the proximal and distal ends respectively, and contains 65 genes (Fig.3 and
Fig.5). Using public sequence available from the Ensembl database (NCBI m33), we designed
primers surrounding microsatellite repeats at the proximal (D17MIT62-D17MIT28) and distal
breakpoints (D17MIT83-D17MIT13) to further map the ends of this interval. The ~64 KB
proximal and ~27 KB distal breakpoints (between the primer pairs ms3-ms4 and ms7-ms8,
respectively) harbor two additional genes each (www.ensembl.org/Mus musculus/). As shown in
Fig.5, this brings the maximum number of candidate genes in the minimal S/es/ interval to 69.
This result is consistent with the gene-rich nature of this region of the genome, as has been
recently reviewed (31, 32). In addition, given the recognized immunological functions of many

of these genes, determining candidacy for Sles/ remains a challenge.

Sles1 Suppresses the Activation of T cells Mediated by Slel

The breach in tolerance to chromatin mediated by the S/e/ locus is accompanied by an
increase in the activation phenotypes in splenic T and B lymphocytes (153, 226, 242). We
performed a comprehensive analysis of the various splenic cell populations in aged 9-12 month
old female B6, B6.Slel and B6.Slel|Sles1?” (B6.Slel|Rec. 17%) mice in order to better characterize
these changes and determine their association with the suppression mediated by the Sles/
interval.

As shown in Table 6, there were numerous quantitative differences in the percentages of
various splenic sub-populations when B6.S/e/ mice were compared to age and gender-matched

B6 controls. A small but significant decrease (p<0.05; ANOVA) in the percentage of CD3" T
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cells in B6.Slel mice was restored to B6 levels in the presence of Sles/ (Table 6). As has been
previously shown, B6.Sle/ mice had a highly significant increase in the percentage of CD3" T
cells expressing the early activation marker CD69, when compared to B6 controls (226). This
activation phenotype was suppressed by Sles/ (Fig.6A), as shown by the decrease in the
percentage of CD69" CD3 T cells in B6.Slel|Sles mice vs. B6.Slel (p<0.001; ANOVA). In
addition, the overall cell-surface levels of CD69 on the CD3" population, as determined by
comparing Median Fluorescent Intensities (MFIs), was significantly higher in B6.Sle/ mice
(»<0.001; ANOVA), which also was restored to B6 levels by Sles/ (Fig.6B, Table 6).

A more detailed look within the CD4 T cell population at the CD69" cells revealed that
the increase in the CD69" CD4 T cell population in B6.Slel vs. B6 mice occurred in both the
CD25" and CD25 fractions (21.3 £ 0.6% vs. 13.0 + 1.1%; 19.7 £+ 1.3% vs. 10.1 + 0.8%
respectively; p<0.001 for both; ANOVA) (Fig.6C and Table 6). As expected from the CD3" data,
in the presence of Sles/, neither subset showed this increase, and moreover, the CD69'CD25
population was significantly decreased compared to both B6 and B6.Sle! (p<0.01 and p<0.001
respectively; ANOVA) (Table 6, Fig.6C). Significantly, we observed no change in the
percentage of phenotypic regulatory T cells, defined as being CD4'CD25'CD69’, in any of the
strains examined (Fig.6C), which is in contrast to recent work from Morel’s group (287).

Consistent with the increases observed in T cell activation status, the CD4 T cells in aged
B6.Slel mice are highly skewed towards an effector-memory phenotype, with the percentage of
CD62L°CD44" CD4 T cells increasing from 23.4 + 2.5% in B6 controls to 40.3+ 4.8% (p<0.01,
ANOVA). There was a corresponding decrease in the percentage of naive (CD62L"CD44'°) CD4
T cells (Table 6, Fig.6D). In contrast, this decrease in the percentage of T cells expressing a

naive phenotype was not observed in the presence of Sles/, as these mice had a significant
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increase in the percentage of naive CD4 T cells in comparison to B6 controls (58.1 + 2.0% vs.
38.2 £3.1%; p<0.001; ANOVA). Such shifts to an effector-memory CD4 population have been
observed in a variety of more severely pathogenic lupus models, albeit with differing kinetics,
and they appear to correlate with the development, but not necessarily the severity, of

autoimmunity (36, 189, 193, 194, 200, 286).

B cell Cell-Surface Activation Phenotypes Are Suppressed by Sles1 Despite Intrinsic ERK

Phosphorylation

We have previously demonstrated that various activation-induced changes develop in the
splenic B cell compartment as B6.S/e/ mice age (153, 226, 242, 285). In order to determine
whether this might be the consequence of perturbations in splenic B cell selection events, we
characterized the transitional 1 (T1), transitional 2 (T2), follicular and marginal zone (MZ) B cell
developmental subsets. As shown in Fig.7A and Table 6, no differences were detected in the
percentages of T1, T2 and MZ B cells, though there was a small but significant decrease in the
follicular B cell population (CD23"CD21IgM™) in B6.Sle/ mice versus B6 controls (23.2 +
1.1% vs. 29.6 = 1.3%; p<0.01; ANOVA). This decrease was not observed in B6.Sle!|Sles] mice:
their percentage of follicular B cells was intermediate to B6 and B6.S/e/, and was not
significantly different from either group. The decrease in the percentage of follicular B cells in
aged B6.S/el was not due to a block at the T2 stage, as there was no corresponding increase in
this population. It may instead partially reflect the further differentiation of these cells into the
CD138"CD19plasma cell lineage (Table 6).

We also investigated the splenic B1 and B2 B cell populations in these strains, to look for

potential changes in the splenic B1 population, as observed in some lupus models (239, 288). As
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shown in Table 6, there were no significant differences in the splenic B1 lineages in any of the
groups examined, but there was a decrease in the B2 population (CD5CD23"B220") in B6.Slel
mice compared to B6 controls (29.4 £ 1.7% vs. 38.3 + 1.0%; p<0.01;, ANOVA), similar to the
decrease seen in the follicular B cell population discussed above. Again, there was no change in
B6.Slel|Sles] mice compared to both B6 and B6.S/el.

Similar to what was observed in the T cell compartment, there was also an increase in the
percentage of B cells in B6.S/e/ mice expressing the activation marker CD69. In Fig.7B, the
percentage of B220 B cells that expressed CD69 is shown for the various strains, which
increased from 2.7 £ 0.3% in B6 to 6.8 = 1.1% in B6.Slel mice (p<0.001; ANOVA). This
increase in the activation status of the B cell compartment was also reflected in the increased
cell-surface levels of the co-stimulatory molecule CD86 (B7.2) on follicular B cells in B6.Sle/
mice, as determined by comparisons of MFIs (Table 6; p<0.05; repeated measures ANOVA).
Neither change was seen in B6.Sle/|Sles] mice, in which the percentage of B220 B cells
expressing CD69 is only 1.5 + 0.2% (p<0.001 vs. B6.Slel; ANOVA) and the MFI of CD86 on
follicular B cells was correspondingly decreased (Table 6). These results indicate that the
suppression of the activation status of lymphocytes introduced by Sles/ affects both the T and B
cell lineages, such that their splenic cell-surface profiles are comparable to B6.

We recently demonstrated that ex vivo B cells from B6.S/e/ mice displayed an intrinsic
increase in phosphorylated ERK2 ex vivo by 4 months of age (285). Based on this result, we
compared splenic B cells from B6.Sle!|Sles] mice to determine whether the intrinsic ERK2
phosphorylation observed in B6. Sle/ was affected by the presence of Sles/. As shown in Fig.7C,
ex vivo splenic B cells from 10 month old B6.S/e/|Sles! mice showed an increase in the levels of

phosphorylated ERK2 comparable to that seen in age and gender-matched B6.Sle/ B cells. The



82

persistence of this B cell activation phenotype could suggest that B cells in B6.Sle!|Sles] mice
are not receiving adequate T cell help for driving class switch to IgG anti-chromatin autoAb
production. However, ELISA analyses for both IgM and IgG anti-chromatin autoAb production
by B6.SlelSles] mice at different ages indicate otherwise, as neither isotype anti-chromatin
autoAbs are present in B6.Sle!|Sles] (Fig.7D). These findings suggest that the suppressive Sles/
allele acts downstream of these activated molecular pathways, and that hyperphosphorylation of

ERK2 can be uncoupled from the humoral autoimmunity elicited by Sle!.

Genetic Complementation Suggests a 129 Slesl Allele

Recent work by our group demonstrated that the break in tolerance to chromatin
mediated by the Sle/ subcongenic locus, Slelb, is associated with functional polymorphisms in
the Slam/Cd?2 family of immune receptor genes and that these polymorphisms are found in the
majority of inbred strains examined, including the non-autoimmune 129/SvJ (129) (231).
Furthermore, introgressing this chromosome 1 interval from 129 onto the B6 background was
sufficient to cause a loss in tolerance in chromatin, resulting in the production of serum ANAs
(252) (231). This raised the question of why the 129 strain remains non-autoimmune, despite the
presence of a potent Sle/-related Slam/Cd2 haplotype on chromosome 1. We hypothesized that,
similar to what we previously observed in the NZW strain, epistatic modifiers might play a role
in the lack of autoimmunity seen in 129.

To test whether one of the modifiers in 129 was a Sles!-like allele, we performed a
classic genetic complementation test, comparing the autoimmunity elicited in [129 X
B6.Slel1F;s to that seen in [129 X B6.Sle!|SlesI]F;s, by crossing 129 to B6.Slel and

B6.Slel|Rec.4”* (B6.Slel|Sles1), as illustrated in Fig.8. These comparisons are similar to the
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original studies performed with NZW, in which it was shown that NZW homozygosity at Sles! is
sufficient to prevent systemic autoimmunity in the [NZW X B6.S/e/]F; hybrid system.

The progeny of the described crosses with 129 are both homozygous for the
autoimmunity-promoting SLAM/CD2 Haplotype 2 on chromsome 1, while the remainder of the
genome is heterozygous for 129 and B6 alleles (231). However, these two crosses differ at Sles/,
in that the [129 X B6.Sle!|SlesI]F,s carry one copy of the NZW-derived Sles! allele (289). Since
heterozygosity of the Sles/ allele does not lead to suppression (see Fig.4), we expect that if the
129 and B6 derived Sles! loci are equivalent in their ability to potentiate autoimmunity mediated
by homozygsoity of the Slam/Cd2 family Haplotype 2, both sets of F; intercross progeny would
have comparable autoimmunity. If however, the 129 strain has a protective Sles/ allele,
complementary to that of NZW, then the latter F; intercross progeny would be expected to have
abrogated autoimmunity.

As shown in Fig.9A, the degree of moderate to severe GN, defined as being a GN score
of 3 or higher, in 9 month old female [129 X B6.Sle/]F;s was significantly higher than that
observed in both [129 X B6.Sle!|Sles1]F;s and [129 X B6]F;s (p<0.01 and p<0.001 respectively;
ANOVA). In addition, the [129 X B6.Sle!|SlesI]F; group was the only group with no evidence
of lymphocyte infiltration of the kidneys (Table 7). Similarly, when spleen weights from the
different mice were compared (Fig.9B), the [129 X B6.Slel]F ;s exhibited significant
splenomegaly (p<0.001 vs. B6; non-parametric ANOVA), whereas [129 X B6.Sle!|SlesI]F,;s did
not. In fact, as clearly shown in Fig.9B, the only congenic lines with significant differences in
spleen weights from B6 were those that have one or more copies of the B6 allele at the Sles !
locus, when Sle! is homozygous. These data strongly support the presence of a complementary

SlesI modifier in the 129 genome.
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The quantification of IgG autoAb levels in the different strains further support this
conclusion. As shown in Fig.10A-B, only the [129 X B6.Sle/]F;s had significant levels of serum
anti-dsDNA IgG autoAbs by 9 months of age (vs. B6, p<0.01). In contrast, the penetrance of
anti-dsDNA autoAbs in [129 X B6.Sle!|SlesI]F;s did not differ significantly from age and
gender-matched B6 and 129 controls.

We also assayed for the more non-specific anti-chromatin autoAbs in the various strains.
As shown in Fig.10C-D, at 9 months of age both the titres and penetrance of serum IgG ANAs in
the [129 X B6.Slel]F;s was highly increased, when compared to any of the control groups
(p<0.001; ANOVA). Interestingly, unlike anti-dsDNA autoantibodies, the [129 X B6]F;s
themselves had an increased (50%) penetrance of anti-chromatin autoAbs. In contrast to either of
the other F; groups, the [129 X B6.Sle!|Sles1]F;s had minimal serum anti-chromatin autoAbs at
9 months of age (Fig.10C-D).Significantly, differences in the titres and penetrance of anti-
chromatin autoAbs were discernible as early as 5 months of age in [129 X B6.Sle/]F;s (Fig.10E).

These data indicate that the 129-derived Sles/ allele specifically complements the NZW
Sles allele in preventing both the more pathogenic phenotypes, such as GN development and
anti-dsDNA autoAbs, as well as the development of the more benign serum anti-chromatin
autoAbs. Overall, these results are practically identical to those originally obtained in the
analysis of the [NZW X B6.Sle!|Sles]F; hybrid system (242). However, the presence of Sles/ in
129 is especially intriguing since classic analyses of the H2 complex in 129 have defined it as an

H2" haplotype very closely related, but not identical, to the H2" haplotype carried by B6.
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Discussion

The present study extends our previous work characterizing the suppression of
autoimmunity mediated by Sles! in the bicongenic B6.Sle!|Sles] system. Our congenic fine-
mapping localizes Sles/ into an interval on chromosome 17 that encompasses approximately 956
KB of the proximal portion of the murine MHC. The current minimal Sles/ interval still contains
69 genes, consistent with the gene rich nature of this segment of the genome (31, 32). Many of
these positional candidates are known to possess immunological functions and are also highly
polymorphic between the B6 and NZW strains (289, 290). However, our genetic fine-mapping
analysis definitively excludes TNF-¢, a known lupus susceptibility candidate gene and one
implicated in other murine lupus models, as well as the genes distal to it, as possible Sles/
candidates (55, 291-293). As shown in the schematic in Fig.11, this leaves many other
potentially interesting candidates, including the Class II genes H2-4b1, Aa, Eb and Ea, the
complement genes proximal to TNF-¢, as well as other relevant genes such as Daxx, Notch4 and
Hspala. Interestingly, unlike many other loci implicated in lupus and other autoimmune disease
susceptibility, fine-mapping of Sles/ did not reveal the presence of multiple sub-loci contributing
to suppression (153, 294, 295).

In contrast to other autoimmune disorders, such as Insulin Dependent Diabetes Mellitus
(IDDM) and Multiple Sclerosis (MS), the association of the Class II MHC genes with
susceptibility to SLE has proven to be very complicated and highly dependent on epistatic
interactions with other susceptibility loci, as demonstrated in a variety of linkage studies in both
human SLE patients and murine lupus models. Earlier studies using the classic [NZB X NZW]F,
(BWF,) model, from which NZM2410 is derived, in various backcross analyses have suggested

that the NZW allele at the H2 (H2*) confers a high risk of developing renal disease, and in
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particular it is the NZW Class II alleles that are the dominant contributors to disease in these
models (296). Many of these studies have documented that heterozygosity at the H2 gene
complex is crucial for lupus susceptibility, and is associated with many of the phenotypic
characteristics of lupus, such as GN development, autoantibody production and splenomegaly
(215). However, many such backcross studies have also indicated that homozygosity of the
NZW alleles at the H2 region is protective. These somewhat contradictory data have led to a
variety of hypotheses such as an increased self-recognition in heterozygotes due to mixed
haplotype or mixed isotype Class II molecules, suppressive effects caused by increased Class 11
I-E expression, and competition by peptides derived from I-Ea resulting in decreased self-peptide
presentation by Class II I-A molecules during thymic development leading to increased
autoimmune susceptibility (146, 148, 210, 211, 216). A major limitation in interpreting the role
of H2 loci in these backcross studies is that the remainder of the genome also contains
susceptibility alleles that are randomly segregating. Considering the importance of epistatic
interactions in the development of SLE, this heterogeneous segregation complicates the
unambiguous association of phenotypes with a specific locus.

The use of transgenics for the various NZW Class II alleles (I-E* and 1-A*) on non-
autoimmune backgrounds have also been used in various backcross studies to determine the
contributions of these alleles to lupus susceptibility, and have shown that transgenic expression
of the Class II molecules does not recapitulate what is seen when congenics for the entire NZW
MHC are used in similar crosses. This suggests that non-Class II molecules in the MHC, in tight
linkage disequilibrium with Class II genes, may be the ultimate culprits in modulating disease
susceptibility (221, 222). Recently, Zhang et al., used intra-MHC recombinants to try and

elucidate the contribution of variances in the level of I-E expression, when the I-A molecule
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haplotype is held constant, in a series of F; crosses. They concluded that expression of the Class
IT I-E molecule offers protection in a dose-dependent manner, and postulate that this may be due
to mechanisms including thymic deletion of a self-reactive TCR repertoire, determinant capture,
differences in cytokine balances and competition for signal transduction moities. However, the
recombinant breakpoint in their intra-MHC recombinant, H2-#", is defined only as occurring
somewhere between H2-Ea and TNF-¢, a region containing over 60 genes (Fig.5 and
www.ensembl.org/Mus_musculus/) (297). It could hence also be concluded that a gene within
this undefined interval, which partially overlaps with our minimal Sles/ interval, is responsible
for the dose-dependent protection seen in their studies.

In addition to Class II genes, the complement genes within the MHC have long been
implicated in lupus susceptibility. Deficiencies in the complement components C1 and C4 are in
fact the only known single gene deficiencies that are so strongly associated with human SLE (3).
Furthermore, during lupus disease progression, acquired deficiencies in complement components
are common, and are presumed to result from the immune complex (IC) utilization of
complement. There are two main, non-mutually exclusive theories that have been proposed to
explain the link between complement deficiency and susceptibility to lupus. One involves the
role of complement in the clearance of apoptotic cells and immune complexes and the other
invokes the known ability of complement to determine activation thresholds in B and T
lymphocytes (41). Interestingly, ablation of the C4 gene, located at the peak marker used in the
original linkage studies describing Sles/, has been demonstrated to alter negative selection of
immature self-reactive B cells in both the double-transgenic HEL (Hen Egg Lysosome) and the
Ipr null models (242, 298). Furthermore, unlike other complement deficiencies (Clga, C3,

Cri/2), the lack of C4 appears less dependent on a mixed 129 X B6 background for the
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manifestation of some degree of autoimmunity (37). Serum levels of this complement
component however, were found to be equivalent in young, pre-autoimmune B6, B6.Sle/ and
B6.Slel|Sles] mice (data not shown).

Other candidate genes in the Sles/ interval includes the MHC proximal gene Daxx,
known to play an important role in the IFN-o0 mediated inhibition of B lymphopoeisis, which is
interesting considering the large number of recent studies implicating Type I interferons in lupus
susceptibility (25-29, 164, 299). Heat shock proteins (HSPs) are known to have effects on the
maturation of antigen-presenting cells (APCs), in a manner reminiscent of cytokines, and Hsp70,
encoded by Hspala on the distal end of the minimal Sles/ interval, has been shown to be capable
of converting T-cell tolerance to autoimmunity in vivo (300, 301). Notch4 is also contained
within the Sles/ interval, and given the recent wave of papers implicating members of the Notch
family of receptors and ligands in regulating B and T lymphocyte development and function, it
remains an attractive candidate for Sles/ (302-311).

Our phenotypic analyses of the cell-surface characteristics of the splenic immune cells
from B6, B6.Slel and B6.Slel|Sles] mice reveal that many, but not all, of the differences seen in
9-12 month old B6.Sle! splenocytes are suppressed in the presence of Sles/. Aged B6.S/el mice,
despite their relatively benign autoimmune phenotype of ANA production, have significantly
increased populations of activated B (B220°CD69") and T (CD4'CD62L°CD44™; CD3'CD69")
cells, similar to those observed in much more severe lupus models (36, 189, 193, 197, 200, 286).
It has been postulated that the spontaneous lymphocyte activation seen in these different lupus
models is due to differences in thresholds for activation and immune regulation caused by the
underlying genetic polymorphisms in relevant susceptibility loci (162, 195, 231). Intriguingly,

both T and B cells from B6.S/e!|Sles! mice have a significantly reduced activation phenotype,
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indistinguishable from B6, suggesting that Sles/ is impacting both lymphocyte compartments.
This indicates that a lack of T cell help to B cells is not the sole mechanism of suppression. This
is further supported by the observation that B6.Sle!|Sles! mice do not produce serum IgM
autoantibodies either, indicating that lack of class-switching is not the reason these mice do not
produce high titres of serum IgG autoAbs. Ex vivo B cells from B6.S/e!|Sles] mice, however,
demonstrate a comparable increase in phosphorylated ERK2 to those from B6.Sle/, indicating
that this activated molecular pathway can be uncoupled from the humoral autoimmunity elicited
by Slel.

Given the density and polymorphic nature of the genes within the Sles/ interval,
definitive identification of the Sles/ gene has proven to be quite a challenge. Our F, analyses
with the non-autoimmune 129 strain, however, provide an alternative approach that may
significantly accelerate this analysis. Since B6 and 129 have very closely related H2 haplotypes,
most notably identity for Class II /-4 and /- alleles, the degree of variability between the B6
and 129 alleles will be much reduced in comparison to B6 vs. NZW. Consequently, we will seek
variations in structure/function of candidate genes between B6 and 129, which should enhance
our ability to quickly focus on relevant polymorphisms. Furthermore, this result excludes the
candidacy of MHC Class II molecules for Sles/.

The use of congenic recombinants has now been used to fine-map both susceptibility and
suppressive loci in efforts to identify the underlying genes (153, 231). These congenic systems
allow individual key susceptibility and modifier loci to be specifically combined, so that
phenotypes resulting from their genetic interactions can be studied. Hence, the ability of Sles! to
specifically target Sle/ could help elucidate the key epistatic interactions involved in the

generation of severe systemic autoimmunity in lupus models where Sle/ has been shown to be



necessary for initiation and development (200, 201, 286). Identification of Sles/, using both
recombinant fine-mapping strategies and comparisons of B6, 129 and NZW alleles, will have
important implications for our understanding of and ability to therapeutically intervene in SLE

pathogenesis.
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Figure 2. Recombinant congenic strategy used to fine-map Sles1. Mice heterozygous for
Sles were intercrossed and tail DNA from progeny screened for informative meioses using
flanking markers. Once identified, recombinant chromosomes were screened with internal
markers and the mice bred back to B6.Sle! to create a new recombinant line. Each line was aged
to 12 months to assay for Sle/ suppression, and recombinants were intercrossed to generate more
smaller, truncated intervals in both directions across the Sles! interval.
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Figure 3. Six Recombinant Chromosomes Generated to Map Sles]. B6.Slel|Sles1™

intercross progeny were screened for recombinant chromosomes using a panel of 20

polymorphic microsattelite markers, bred to homozygosity and assayed for suppression of Slel.

The interval spanned by B6.Slel|Rec. ! is expanded to better denote the placement of the
remaining recombinant chromosomes.
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Figure 4. Sles1 Maps to ~956 kB Interval That Excludes TNF-a. A. Spleens from female

mice of the indicated genotypes at 9-12 months of age were weighed in order to assess for
suppression of the mild splenomegaly seen in B6.Sle/ mice in the presence of recombinant
versions of Sles/ (mean + SEM). Serum levels of [gG ANAs in 9-12 month old female mice of
the genotypes shown were ascertained by ELISA as described in Materials and Methods. To
determine penetrance, samples were deemed positive if their value exceeded that of the mean +
4SDs of the B6 controls. Each symbol represents an individual sample of the respective genotype.
Horizontal lines show means.

n= 15-36/genotype; ** p<0.01, *** p<0.001 vs. B6; " p<0.001 vs. B6.Slel, as determined by
non-parametric ANOVAs.
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Figure 5. The Minimal Sles] Interval Contains 69 Genes. The region spanned by the Rec.6
chromosome is expanded to present a physical map of the interval. Microsatellite primer
sequences were used to delineate the boundaries of the Sles/ minimal interval. Information
regarding the gene content of the region and transcriptional directions was obtained by
employing MartSearch to identify genes contained within the basepairs 32356249 and 33530533
on mouse chromosome 17, which represent the base pair positions of the forward ms3 and
reverse ms8 primer pairs respectively on NCBI build m33 (www.ensembl.org/Mus_musculus/).
Solid bars indicate NZW congenic intervals, hatched bars represent recombinational breakpoint
regions and thin lines designate B6. Arrows indicate transcriptional direction.
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Table 6
Splenic Cell Population' B6 B6.Slel B6.Slel|Sles1 B6 vs. B6.Slel vs.
(n=14) (n=8) (n=8) B6.Slel  B6.Slel|Sles1
B220" 5379+123 46.88+178 47.53+238  p<0.05 ns
%CD69" 271£031  6.79+1.06 14940.19  p<0.001 p<0.001
T1 (CD23 CD21'IgM") 458+04  4.18%0.68 3.94+0.77 ns ns
T2 (CD23"'CD21"1IgM™) 187+0.12  1.46+0.16 1.76 £0.23 ns ns
Follicular (CD23°CD21"IgM") | 29.59+1.3 2324+1.14 28.46+145  p<0.0l ns
CD86 MFI 69.1+104 79.43+8.53 6251+11.12  p<0.05 p<0.001
MZ (CD23 CD21IgM") 4894051  515+0.53 462+0.85 ns ns
Bla (CD5'CD23'B220") 1.93+0.25 1.56+0.2 2.03+0.43 ns ns
B1b (CD5CD23B220") 276+0.18 4154056  232+0.07 ns ns
B2 (CD5CD23"B220") 3832+1.02 29.44+1.69 3406+£249  p<0.01 ns
Plasma (CD19°CD138") 1.11£0.11  2.63+0.17 1.09+0.07  p<0.001 p<0.001
CD3" 31.65+133 2485+1.82 31.79+259  p<0.05 ns
%CD69" 1855+127 3685+127 1446+171  p<0.001 p<0.001
CD69 MFI 35744233 55.0+3.53  20.84+3.12  p<0.001 p<0.001
CD4* 18.18 £0.54 1746+1.11  18.8+1.35 ns ns
%CD25"CD69 10.46£0.28 10.67+0.59 11.84+0.56 ns ns
%CD69'CD25" 1298+1.09 2132+059 795+0.63  p<0.001 p<0.001
%CD69"CD25 10.14+£0.75 19.72+133  4.16+£098  p<0.001 p<0.001
%CD62L CD44" 382+3.06 11.56+143 58.06+2.04  p<0.001 p<0.001
%CD62L CD44" 25.67+2.74 36.18%6.55 12.12+1.07 ns p<0.01
%CDG62L CD44" 2344+245 403+482 17.94+189  p<0.01 p<0.01
%CD62L"CD44" 127+146 11924222  11.9+1.54 ns ns
CD8" 11.84+0.94 6.90+0.44 149+ 1.6 p<0.01 p<0.001
CD11b" 463+037 556+045 5.78 £0.64 ns ns
NK1.1* 103£0.12  0.76+0.16  0.76+0.13 ns ns
CD3'NK1.1* 085+0.19 0.70£0.17  0.54+0.19 ns ns

Table 6. Cellular Compositions of B6, B6.Slel and B6.Slel|Sles1 Spleens.

"'Splenocytes from 9-12 month B6, B6.Sle! and B6.Slel|Sles] were subjected to 4-color FACS
analyses as detailed in Chapter II. Eight to fourteen mice of each strain were analyzed. Shown
values represent mean + SEM. Indented subsets indicate that the listed percentages are
representative of the non-indented parent population listed above. All remaining values are
percentages of live cells as determined by forward and side scatter profiles. All statistical
analyses were conducted using parametric and non-parametric ANOV As between all three
groups as determined by InStat3, with the exception of the median fluorescence intensity (MFI)

of CD86 on follicular B cells, for which repeated measures ANOV A was used. Comparisons
listed are B6 vs. B6.Slel and B6.Sle! vs. B6.Slel|Sles!. ns, not significant.
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Fig. 6D
B6 B6.S/e1 B6.Sle1|Sles1
“1s32 Y 1 106| {538 | o34
= !
[{e] 1 10° 1
a
3)
7 ?12_3 246
o 4+ -6
o0 T E=T3 B6.Sle
50l = B6.Sle[Sles

k%

% CDA4T cells
w
o

201 Jekk

54 P un}
0' — w

CD62L°CD44° CD62L°CD44° CD62L°CD44™ cCD62L*CD4ad™

Figure 6. Slel Mediated T cell Activation Phenotypes Suppressed in the Presence of Sles1.
A. Increased CD69" CD3 T cell Percentages Absent in B6.Slel|Sles] Mice. Percent of CD69"
CD3 T cells are shown in individual mice as indicated by symbols and the horizontal lines
designate averages (left). Representative histogram plots of CD69 expression gated on CD3 T
cells (right). B6, shaded histogram; B6.Sle!, thin histogram; B6.Sle!|Sles1, bold histogram. B.
B6.Slel|Sles1 Mice Do Not Have Increased CD69 MFI on CD3 T cells. MFIs of CD69
expression on cells gated on CD3 from individual mice are shown for the indicated genotypes. C.
B6.Slel Mice Have Increased CD4'CD69'CD25" and CD4 'CD69'CD25 Percentages.
Representative CD25 vs. CD69 dot plots, gated on CD4 T cells (top) are shown with the
respective genotypes listed above. Percentages of CD25 'CD69", CD69 'CD25" and CD69 ' CD25
within the gated CD4 T cell population at 9-12 months of age (mean = SEM) (bottom). D. Sle/
Mediated Decrease in Naive CD4 T Cells Abrogated by Sles/. Representative CD62L vs. CD44
dot plots, gated on CD4 T cells from the indicated genotypes are shown (top). Cumulative
percentages of CD62L"CD44"°, CD62L°CD44", CD62L°CD44™ and CD62L"CD44"™ CD4 T cells
from 9-12 month B6, B6.Sle!l and B6.Slel|Sles] mice are plotted (mean + SEM) (bottom). **
p<0.01, **¥* p<0.001 vs. B6; " p<0.01, " p<0.001 vs. B6.Slel, as determined by parametric
ANOVA:s.
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Figure 7. Cell-surface but Not Molecular B cell Activation Phenotypes Absent in
B6.Slel|SlesI Mice. A. Decreased Follicular B cells in B6.Sle/ Mice. Representative contour
plots of CD21 vs. I%M pre-gated on CD23" cells, defining transitional 2 (T2)
(CD23"CD21"IgM™) and follicular (CD23"'CD21 IgM™") B cells from the three different
genotypes are shown (top). Percentages of CD23 CD21TgM" (T1), CD23"CD21™IgM"™ (T2),
CD23"CD21 IgM™ " (follicular) and CD23°CD21 IgM" (MZ) B cells at 9-12 months of age
(mean + SEM) within the live, splenocyte population are displayed (bottom) (312). B. Lack of
Increased CD69'B cell Percentages in the Presence of Sles]. Percent of CD69" B220 B cells are
shown in individual mice as denoted by symbols. Horizontal lines represent averages (left).
Representative histogram plots of CD69 expression on B220 B cells. B6, shaded histogram;
B6.Slel, thin histogram; B6.Sle!|Sles 1, bold histogram (right). C. Comparable Increases in
Phosphorylated ERK2 Seen in B6.Sle/ and B6.Slel|Sles B cells. Lysates from purified splenic
B cells from the indicated genotypes were run out on SDS-PAGE gels and blotted for
phosphorylated ERK1/2 kinases to look for changes in ex vivo phosphorylation patterns (top).
Blots were stripped and reprobed with total ERK1/2 antibodies to compare overall ERK1/2
protein levels (bottom). D. Lack of Both Serum IgM and IgG ANAs in the Presence of Sles/.
Sera from 1-2 month and 7-9 month mice of the indicated genotypes were assayed in parallel
plates for the presence of ANAs of both I[gM and IgG isotypes, to determine if Sles/ was
impacting B cell class switching. * p<0.05, ** p<0.01, *** p<0.001 vs. B6; " p<0.05,
p<0.001 vs. B6.Slel, as determined by ANOV As.
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Figure 8. Strategy for Genetic Complementation Test. It is known that Sles/ acts in a
recessive fashion and that heterzoygosity at this locus in the context of Sle/ homozygosity
maintains an ANA positive phenotype (242). To test if 129 harbored a Sles/ allele
complementary to that of the NZW-derived Sles/, the mating strategy shown above was

100

employed, where 129 was crossed to both B6.Sle/ and B6.Sle!|Sles] and the resulting F; female

progeny were aged and assayed for autoimmunity.
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Figure 9. The NZW Sles] is Complemented by the 129 Sles! Interval to Prevent Severe
Autoimmunity in [129 X B6.Slel|Sles1]F;s. A. Lack of Severe GN in [129 X B6.Sle!|SlesI]Fs.
B6, B6.Slel and B6.Sle!|Sles] mice were crossed to 129, and resulting F; female progeny aged
to 9 months and kidneys collected. Kidney sections were analyzed in a blind manner for

evidence of pathologic changes in the glomeruli, tubules or interstitial areas. GN scores from 10
mice/genotype are shown. B. The Splenomegaly Seen in [129 X B6.Sle/]F;s is Absent in [129 X
B6.Slel|Sles1]F;s. Median and interquartile ranges from the indicated genotypes at 9-12 month
are shown. *** p<(.001 vs. B6.



Table 7
No. Genotype GN  Crescents Tubules/ Lymphocyte
Score Interstitium Infiltration
1 [129 X B6]F; 0.5 0 0 mild
2 | [129 X B6]F; 0.5 0 0 mild
3 | [129 X B6]F; 0 0 0 negative
4 | [129 X B6]F,; 2 0 0.5 mild
5 | [129 X B6]F,; 1.5 0 0.5 negative
6 |[129 X B6]F,; 1 0 0 negative
7 | [129 X B6]F,; 0 0 0 mild
8 | [129 X B6]F; 1 0 0 negative
9 |[129 X B6]F,; 1 0 0 mild
10 | [129 X B6]F, 1.5 0 0 negative
11 | [129 X B6.Slel]F; 3 rare 1 mild
12 | [129 X B6.Slel]F; 3.5 0 0.5 negative
13 | [129 X B6.Slel]F,; 4 10 1.5 mild
14 | [129 X B6.Slel]F; 2.5 0 0.5 negative
15 | [129 X B6.Slel]F; 2 0 0.5 mild
16 | [129 X B6.Slel]F; 2 0 0.5 mild
17 | [129 X B6.Slel]F; 4 20 1.5 negative
18 | [129 X B6.Slel]F,; 2.5 1 0.5 negative
19 | [129 X B6.Slel]F; 2 0 0.5 mild
20 | [129 X B6.Slel]F; 2.5 0 0.5 mild
21 ([129X 1 0 0 negative
B6.SlelSles11F,
22 ([129 X 1 0 0 negative
B6.SlelSles1]F,
23 ([129X 1.5 0 0 negative
B6.SlelSles1]F,
24 ([129 X 1 0 0 negative
B6.SlelSles1]F,
25 ([129X 1.5 0 0 negative
B6.SlelSles1]F,
26 ([129X 1 0 0 negative
B6.SlelSles1]F,
27 ([129X 1 0 0 negative
B6.SlelSles11F;
28 [[129X 1 0 0 negative
B6.SlelSles1]F,
29 ([129X 1.5 0 0.5 negative
B6.SlelSles1]F,
30 | [129X 1.5 0 0 negative
B6.SlelSles11F,

102

Table 7. Histological Data from Kidneys of F; Animals. A more detailed representation of the

pathological parameters examined in the kidneys from the various F; crosses is presented.
Grading methodology is detailed in Chapter II. In terms of all parameters examined, [129 X
B6.Slel|Sles1F, progeny have the least amount of disease.
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Figure 10. Humoral Autoimmunity Suppressed in [129 X B6.Slel|SlesI]Fs.

A. and B. Lack of anti-dsDNA IgGs in [129 X B6.Sle!|SlesI]F;s at 9 months C. and D. [129 X
B6.Slel|Sles1]Fs Do Not Produce ANAs at 9 months. E. Tires and Penetrance of anti-dsDNA
Autoantibodies Significantly Increased in [129 X B6.Sle/]F;s at 5 months. For all both ELISAs,
age and gender-matched B6 and B6.S/e/sera were used as negative and positive controls
respectively. To determine penetrance, samples were deemed positive if their value exceeded
that of the mean + 4SDs of the B6 controls at that age. Each symbol represents an individual
sample of the respective genotype. Bars indicate averages. n= 16-23/genotype; ** p<0.01,
*x%p<().001 vs. B6; " p<0.001 vs. B6.Slel, as determined by non-parametric ANOV As.
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Figure 11. Candidate Genes in the Sles! Interval with Known Association with
Autoimmunity. Schematic representation of discussed candidate genes with known association
with SLE and/or autoimmunity, with arrows denoting transcriptional direction.



Chapter IV. Epistatic Suppression of SLE:

Sles1 Abrogates Fatal Autoimmunity in the B6.Slel|yaa Murine Lupus Model

Introduction

The study of genetic susceptibility to the human autoimmune disorder Systemic Lupus
Erythematosus (SLE) has been greatly facilitated by the availability of spontaneous inbred
murine lupus models, which include the F; progeny of the NZB and NZW strains (BWF)), the
BWF, inbred derivative NZM2410, MRL./pr and the BXSB.yaa strains. All these murine
systems develop nuclear antigen specific IgG autoantibodies (autoAbs) and progressive, severe
glomerulonephritis (GN), similar to what is observed in human SLE (reviewed in (3, 10)).
Linkage analyses of these models have implicated a plethora of lupus susceptibility loci, and
congenic dissection of some of the intervals has revealed their individual contributions to
different component lupus phenotypes. Interestingly, comparison of the results of these linkage
studies reveals that chromosome 1 is home to a number of overlapping susceptibility loci such as
Slel, Bxs3, Lbwl and Nba2 (146, 153, 161, 179, 185, 186, 201, 215, 218, 225, 226, 235, 238,
240, 279, 285, 297, 313).

The BXSB.yaa lupus model is a recombinant inbred strain in which male mice develop a
severe form of murine lupus and this male-specific disease development is associated with the as
yet unidentified y-linked autoimmune accelerator (yaa) locus (reviewed in (314)). Using this
model system, it has been demonstrated that only yaa-bearing B cells produce anti-DNA
autoantibodies, and while CD4 T cells are necessary for severe disease development, they do not

need to carry the yaa mutation (196-198). It has been postulated that this B cell intrinsic yaa
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effect may promote a hyperresponsive B cell compartment by modulating signaling thresholds
for B cell activation or by enhancing B and T cell interactions (195, 315).

Interestingly, the yaa locus cannot independently cause disease development on non-
autoimmune supporting backgrounds such as C57Bl/6J (B6) or CBA/J, as evidenced by the lack
of autoimmunity seen in B6.yaa mice (185, 316). However, when susceptibility loci from other
lupus models are combined with the yaa locus on the B6 background, severe autoimmunity can
be elicited, as has recently been demonstrated with the NZB derived susceptibility loci, Nba2,
Nba5 and Spg3, and with the NZM2410-derived locus Slel/ (186, 200, 201). The severe
pathogenic autoimmunity seen in these different congenic systems cannot be explained by the
additive effects of the various loci, indicating that epistatic interactions play a key role in the
development of lupus in these models. Of relevance to this study, the combination of the Sle/
and the yaa loci on the B6 background (B6.Slel|yaa) results in highly penetrant, early-onset,
severe and fatal lupus nephritis in male mice. Interestingly, of the NZM2410-derived loci, Slel,
unlike Sle2 and Sle3, is the only one that has this non-additive effect when combined with yaa on
the B6 background, suggesting that these two loci impact a common pathway (200, 201).

We have recently demonstrated that the Sle/-specific suppressive modifier, Sles/, maps
to a ~956 KB region at the proximal end of the murine MHC (Major Histocompatibility
Complex). Sles! abrogates the activation phenotypes seen on splenic B and T lymphocytes from
aged B6.Slel mice, and our data suggests that the non-autoimmune 129/SvJ (129) strain harbors
a complementary suppressive allele at this locus (227). These results and others indicate that
SLE susceptibility is mediated via complex genetic interactions that include both susceptibility
genes and suppressive modifiers (reviewed in (18)). Furthermore, it suggests that genes that can

specifically modify the effects of susceptibility alleles that lead to breaches in self-tolerance may
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prevent subsequent severe lupus pathogenesis, even in the presence of additional susceptibility
genes. In this study, to test this latter hypothesis we introduced the Slel-specific suppressive
locus Sles! onto the B6.Sle!|yaa lupus prone mouse model, to determine whether and how Sles/
mediated suppression of Sle/ impacts phenotypes characteristic of male B6.S/e!|yaa mice.

Using a variety of parameters to investigate the different pathological, immunological,
functional and molecular phenotypes of B6.Sle/|yaa mice, we demonstrate herein that the
introduction of Sles/ onto this genetically defined lupus model results in the profound
suppression of pathogenic autoimmunity and associated phenotypes. This study provides strong
support for the idea that targeting genes involved in breaking tolerance to chromatin can be a
therapeutic means with which to prevent the development of pathogenic and systemic

autoimmunity.
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Results

In order to examine the effects of Sles/ on the systemic autoimmunity resulting from
the epistatic interactions of the Sle/ and yaa loci on the B6 background, we generated
B6.Slel|Sles1|yaa mice to investigate and compare the different pathological, immunological,
functional and molecular phenotypes that occur during disease progression. A schematic

illustrating the various loci combinations used in this study is presented in Fig.12.

Normal Thymic And Slight Changes in Bone Marrow Development With Early Indications
of Splenomegaly in B6.Slel|yaa Males

Prior to their emergence in peripheral lymphoid organs, T and B cell lymphocytes
undergo positive and negative selection events in the thymus and bone marrow (BM)
respectively, resulting in peripheral repertoires with the ability to recognize foreign antigen
but remain tolerant to self. Aberrations in these selection events can lead to T and B cells
with the ability to recognize and respond to self-antigens (reviewed in (2, 301)).

Analyses of CD4, CD8 and CD3 expression on thymocytes isolated from the different
strains at 6-8 weeks of age revealed no differences in the percentages of double-negative,
double-positive, single-positive CD4 or single-positive CD8 thymocytes (Table 8). In
addition, cell-surface levels of CD4, CD8 and CD3 were comparable between all groups,
indicative that no gross changes in thymic development are occurring in B6.Sle!|yaa.

Characterization of the B cell developmental populations in the BM at 6-8 weeks of
age revealed a decrease in the percentage of pre-B cells (IgM'CD43'B220") in B6.Slel|yaa

males vs. B6, but not compared to the other yaa containing strains (Table 8; p < 0.07; non-
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parametric ANOVA). In contrast, the percentage of the next developmental stage, the
immature B cell subset (B220°IgM"), was comparable between all the groups (Table 8). A
decrease in the percentage of mature, circulating B cells (B220"IgM") was also observed in
B6.Slel|yaa relative to B6 (Table 8; p < 0.05; non-parametric ANOVA). Both B6.yaa and
B6.Slel|Sles1|yaa males showed no significant changes relative to B6 or B6.Sle/|yaa in any
of their BM B cell subsets (Table 8).

Despite the lack of major changes between the yaa containing groups in T and B cell
populations in the thymus and BM, there was a significant increase in the spleen weights of
male B6.Sle!|yaa mice by 6-8 weeks of age, as shown in Fig.13A and Table 8. While B6 and
B6.yaa males had spleen weights of 76.7 = 2.42 mg and 71.1 £ 3.36 mg respectively, those
from B6.Slel|yaa averaged 113.9 + 6.11 mg (p < 0.00] vs. all groups; non-parametric
ANOVA). This mild splenomegaly was not observed in mice containing Sles/, which had
spleen weights comparable to both B6 and B6.yaa (74.4 + 2.75 mg).

The early onset increase in spleen weights in B6.Slel|yaa males occurred despite the
apparently normal development and selection of T and B lymphocytes in the primary
lymphoid compartments. This suggested that the underlying mechanisms might occur in the
spleen itself, perhaps due to changes in peripheral selection and differentiation events. To
assess this, we performed a detailed analysis of splenic populations in terms of different cell
lineages and developmental subsets, as well as cell-surface activation and development
markers.

As shown in Fig.13B and Table 8, no differences in the overall percentages of CD4"

and CD8" T, CD19" B or CD11b" cells were found between any of the strains examined,
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despite the increase in spleen size and cell numbers seen in B6.Sle/|yaa males. However,
further investigation revealed significant changes in developmental and differentiation

subsets of B and CD4 T cells in the spleen at this early age.

T2 and MZ Populations Restored in the Presence of Slesl

Subsequent to selection processes in the BM, immature B cells migrate to the spleen
where they undergo further selection and differentiation events and are classified as
transitional 1 (T1), transitional 2 (T2), follicular and marginal zone (MZ) B cells (reviewed
in (317, 318)). As shown in Fig.14 and Table 8, all the strains had comparable percentages of
T1 B cells at 6-8 weeks of age. There were however, significant decreases in the percentages
of both T2 (CD23'CD21"IgM™) and MZ (CD23CD21'IgM") B cells in both B6.yaa and
B6.Slel|yaa mice compared to B6 (p<0.01 and p<0.05 for both populations in the respective
strains; ANOVA). This is in agreement with a recent report demonstrating that the yaa locus
impacts the development of both the T2 and MZ B cell subsets in the spleen in a B-cell
intrinsic fashion, without appearing to influence the T1 B cell population (315). This did not
result in the acceleration of follicular B cells maturation, as no differences were observed
between any of the strains (Table 8). This decrease in MZ B cells is in contrast to studies in
which this population has been shown to be expanded, wherein a role for these cells in
autoAb production has been postulated due to their ability to produce natural, polyclonal self-
reactive [gM antibodies (reviewed in (319)).

Intriguingly, as shown in Table 8 and Fig.14, B6.Sle!|Sles!|yaa mice had T2 and MZ

percentages comparable to those of B6. The fact that Sles/ was able to restore these
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populations is probably not due to Class I MHC E« expression, as both BXSB.H2d|yaa and

BXSB.Eo¢|yaa mice were shown to have comparable decreases in their MZ populations

(315).

Early Increases in Lymphocyte Activation in B6.Slel|yaa Mice Suppressed by Slesl

A common observation in many different spontaneous murine lupus models is the
emergence of highly activated B and T lymphocyte populations, believed to be indicative of
the underlying chronic immune response to self-antigen (189, 195, 213, 226, 235, 236, 238).
An examination of the early activation marker CD69 on B220" B and CD3" T cells revealed
significant increases in the percentages of both B and T cells having an activated phenotype
at 6-8 weeks of age in B6.Slel|yaa males, compared to both B6 and B6.yaa, as shown in
Table 8 and Fig.15A-15B (p<0.001; ANOVA). These increases were absent in
B6.Slel|SlesI|yaa males, and the percentages of activated CD69" B and T cells were
comparable to B6. No differences were found in the frequency of B cells expressing the co-
stimulatory molecule CD86, and in the cell-surface density of either CD69 or CD86 on B
cells between the strains (Table 8).

Further evaluation of activation markers on CD4" T cells revealed that the increase in
CD69" T cells in B6.Slel|yaa was within the CD69'CD25” population (p<0.01 vs. B6), as
shown in Fig.15C. The CD69 ' CD25" CD4 T cells also showed a trend towards an increase as
well, without actually reaching statistical significance. As expected from the CD3" T cell data,
there was no increase in the CD69" CD4 T cell population in the presence of Sles/. The

phenotypic regulatory CD4 T cell subset (CD25'CD69") was comparable between all the
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strains. These data demonstrate that Sles/ suppresses the early onset lymphocyte activation

normally observed in B6.Sle!|yaa mice.

Lack of Early and Accelerated B and T Cell Differentiation in B6.Slel|Slesl|yaa Spleens

The early changes in lymphocyte activation phenotypes observed in B6.Slel|yaa
males suggest that the B and T cells consequently might be undergoing activation-induced
differentiation, which we evaluated by examining for changes in plasma B and memory CD4
T cell populations.

As shown in Fig. 16A-B, there was a highly significant increase in the percentage of
spleen cells having the CD138'CD19™ phenotype of plasma cells at 6-8 weeks of age in
B6.Slel|yaa mice compared to both B6 and B6.yaa ( p<0.001; ANOVA), which was not
observed in B6.Slel|Sles]|yaa (Fig.16A-B). Notably, this accumulation was specific to the
spleen, as the percentages of BM pre-plasma and plasma cells are comparable between all the
groups (Table 8).

An early increase in the accrual of a highly differentiated population in B6.Sle!|yaa
males was also seen within splenic CD4 T cells. As depicted in Table 8 and Fig.16C-D, there
was a highly significant decrease in the percentage of naive (CD62L'CD44'°) CD4 T cells
with a corresponding increase in the phenotypic effector-memory (CD62L° CD44"™) CD4 T
cell population in B6.Slel|yaa spleens. In the presence of Sles/ these activation-induced
differentiation phenotypes were absent, and naive and memory CD4 T cell populations were

scomparable to B6. This is consistent with the lack of activated lymphocyte phenotypes in
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B6.Slel|Sles|yaa, and demonstrates that Sles/ suppresses the accelerated development of

these populations.

Lack of an Early Increase in IFNy Production in B6.Slel|SlesI|yaa

As a preliminary examination of the cytokine profiles of the mice at this early age,
splenic cells were cultured for 4 hours in the presence of PMA and ionomycin and the
production of IFNy by CD4" cells was measured using intracellular cytokine staining. Since
the stimuli used bypassed proximal TCR-mediated signaling events, it allowed us to look at
cells that were intrinsically capable of secreting IFNYy, and avoided the ‘drift’ effects seen
when using longer culture periods. As shown in Fig.17A-B, about two times as many CD4"
cells from B6.Sle|yaa mice produced IFNy under these conditions compared to the other
strains, indicating that the CD4" cells from these mice have a greater potential to produce
IFNY in response to stimulation. This increase in T cell effector-potential in B6.Sle|yaa mice
provides support for the idea that early changes in the functional properties of the immune
system preclude the development of autoimmunity. Notably, the response to stimulation is
comparable to B6 in the presence of Sles/. Further investigation of T and B cell responses in
terms of effector-function and proliferative potential, as well as a thorough cataloging of the
production of different cytokines in response to different stimuli, including IL-4, IL-17,

TNFo and IL-10, in these mice are underway.

Early Onset Autoantibody Production in B6.Slel|yaa Abrogated by Slesl
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The early increases in both B and T cell activation phenotypes and increased inherent
capacity to produce IFNy, as well as the accelerated accumulation of plasma cells in
B6.Slel|yaa spleens, suggested that autoAb production may be incipient at a very early age
in this model. To investigate this possibility, we assayed for serum IgM and IgG anti-
chromatin, anti-dsDNA and anti-GBM (glomerular basement membrane) autoAbs in the
different mouse strains at 6-8 weeks.

As shown in Fig. 18A-F, the titres of serum IgM and IgG anti-chromatin, anti-dsDNA
and anti-GBM autoantibodies were all significantly increased compared to the other
genotypes in B6.Slel|yaa mice at 6-8 weeks. The penetrance of B6.Slel|yaa sero-positivity
(average age and sex-matched B6 value + 4 standard deviations) against all three antigens for
both isotypes at 6-8 weeks was greater than 70%. Though these increases are statistically
significant, it is important to note that relative to the threshold value for being considered
positive at older ages (as indicated by the dashed line in all six graphs), the titres at this
timepoint were quite low, especially in the case of the IgG autoantibodies. The data does,
however, demonstrate an early propensity towards humoral autoimmunity in B6.Sle!|yaa

mice, which was not seen in the presence of Sles/.

Splenomegaly Not Observed in Older B6.Slel|Sles1|yaa Mice

In order to determine whether the suppression mediated by Sles/ on the phenotypes
observed in B6.Slel|yaa mice at 6-8 weeks is indicative of a delayed onset and change in the
kinetics of autoimmunity development, or instead, a long-term continuous suppressive effect,

we compared the different phenotypes in the different strains at 4-6 months of age.
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As shown in Fig.19A, by 4-6 months of age, the mild but significant increase in the
spleen sizes of B6.Sle!|yaa mice seen at 6-8 weeks, was dramatically amplified such that the
average spleen weighed 641.8 + 94.3 mg compared to the 86.7 + 3.5 mg and 134.4 + 6.7 mg
seen in B6 and B6.yaa males respectively (p < 0.001; non-parametric ANOVA). Slesl
continued to eliminate this phenotype, maintaining spleen weights at B6 levels (Table 9, Fig.
19A). This extreme reduction in the incidence and extent of splenomegaly due to Sles/ was
maintained to nine months, at which time the spleen weights averaged 112.9 £ 14.2 mg,
which was similar in both distribution and average weight to that observed in B6 (114.1 = 4.4
mg) (Fig. 19B). Spleens from the surviving male B6.Sle!|yaa mice were even larger than
those observed at four to six months (958.7 £ 114.7 mg). Interestingly, B6.yaa males
themselves had a small but significant increase in their spleen weights relative to B6 by nine
months (194.7 + 16.2 mg; p < 0.05; non-parametric ANOVA). In accordance with the
recessive nature of Sles/, heterozygosity at this locus resulted in increased splenomegaly (Fig.
19B; p < 0.001; non-parametric ANOVA).

These data indicate that both Sle/ and yaa make independent contributions to
splenomegaly, and demonstrate that their epistatic interaction leads to the grossly abnormal
spleen weights seen in B6.Sle/|yaa males, which is suppressed completely by Slesi

homozygosity.

Normal Numbers and Percentages of Splenic Lineages in Aged B6.Slel|Sles1|yaa Mice
To better characterize the changes contributing to the gross enlargement in spleen

sizes seen in 4-6 month old B6.Sle!|yaa mice, flow-cytometric analyses of different BM and



117

splenic mononuclear populations was performed. As described in detail in Table 9, the
changes in the spleen and BM populations were much greater than what was seen at 6-8
weeks.

As shown in Fig.20A, B6.Slel|yaa mice had highly significant increases in overall
numbers of both B220" and CD3" splenic lymphocytes, as might be expected from their
abnormally large spleen sizes (p<0.001 vs. all groups; ANOVA). The percentages of these
splenic populations however, were highly reduced due to the striking increase in both the
overall number and percentage of CD11b'B220 cells in the spleens of these mice (Fig.20A-
C, Table 9). This monocytosis has also been reported in the parental BXSB.yaa, but is clearly
not due to the effect of the yaa locus alone, as evidenced by the normal percentage of these
cells in B6.yaa mice (Fig.20B-C) (320).

Consistent with their normal spleen sizes, these increases in overall cell numbers
were absent in the presence of Sles/ (Fig.20A). More importantly, as shown in Fig.20B-C,
the proportions of the B220", CD3" and CD11b" populations were also maintained at levels
comparable to B6 (Table 9), suggesting that the mechanisms underlying the expansion of the

CD11b" population were associated with the overall increase in spleen size.

Decreased Bone Marrow B cells in B6.Slel|yaa Mice
To investigate whether the decreased percentages of B cells in the spleens of
B6.Slel|yaa mice were reflected in late-onset perturbations in B cell development, we

analyzed B cell developmental subsets in the BM and spleen.
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A small increase was observed in the IgM population in the BM of B6.Sle/|yaa mice
when compared to B6 (Table 9; p<0.05; ANOVA). Within this IgM"™ population, there was a
significant decrease in both the pro-B (CD43"B220") and pre-B cell (CD43'B220") subsets in
B6.Slel|yaa BM relative to B6 BM, but not when compared to the two other yaa containing
groups (Table 9 and Fig. 21A; p<0.01 vs. B6; ANOVA). A similar decrease was also seen
for the immature BM B cell population (IgMB220'°), in which B6.Sle!|yaa differed from B6
but not when compared to B6.yaa or B6.Slel|Sleslyaa (Fig. 21B; p<0.01; ANOVA). In
contrast, the decrease in the mature, circulating BM B cell population (IgM'B220") in
B6.Slel|yaa was significant relative to all groups (Table 9 and Fig.21B). There was also a
significant increase in the percentage of non-B cells in B6.Slel|yaa BM (IgMB220°CD43")
compared to B6 (Fig. 21A; p<0.001; ANOVA).

The importance of these changes in BM B cell subsets in B6.S/e/|yaa mice is unclear,
as many of them were seen only relative to B6, but not compared to the other yaa containing
strains, which had values intermediate to B6 and B6.S/e/|yaa. The decrease in the mature,
circulating BM B cells in B6.Sle!|yaa, which was significant compared to all the strains, may
reflect a change in the homing capacity of splenic B cells in these mice, perhaps due to
variations in homing receptor expression mediated by local changes in cytokines and
chemokines in the spleen. These possibilities have yet to be investigated. It is important to
note that no significant changes were seen in the presence of Sles/ for all the subsets

described above.

Maintenance of Sles1-Mediated Reconstitution of yaa-Associated Marginal Zone Defect.
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As shown in Fig. 22A-B and Table 9, there was a significant increase at 4-6 months
in cells with the surface phenotype of splenic T1 B cells in B6.Sle!|yaa vs. both B6.yaa and
B6.Slel|Sles1|yaa, but not B6 (p<0.001; ANOVA). This phenotype was not observed at 6-8
weeks. There continued to be a highly significant decrease in the percentage of the T2 B cell
population in B6.Slel|yaa mice compared to all groups (Fig.22A-B) (p<0.001; ANOVA),
while B6.yaa was not significantly different from B6 at 4-6 months. As shown in the various
panels of Fig.22 and Table 9, the significant reduction in the MZ population (CD23"
CD21'IgM") compared to B6 controls in both B6.yaa and B6.Slel|yaa was maintained
(»<0.001; ANOVA). Interestingly, at this older age there was also a decrease in the follicular
B cell population in B6.S/e!/|yaa mice relative to all groups, as shown in Fig.22A (lower) and
22B (p<0.001; ANOVA). Intriguingly, the MZ population continued to be maintained in
B6.Slel|Slesl|yaa spleens at levels comparable to B6, as shown in Fig.22A-C and Table 9
(p>0.05), but was significantly higher than both B6.yaa and B6.Sle!|yaa (p<0.001 vs. both;
ANOVA). As mentioned earlier, the non-autoimmune yaa carrying strains (B6.yaa,
BXSB.H2/|yaa and BXSB.Ea:|yaa) all showed a reduction in MZ B cells (315). This
indicates that this phenotype is not dependent on the progression of autoimmunity or the
expression of certain MHC molecules, such as Class II Ea, but instead may be contingent on
the specificity and signaling strength associated with the BCR in these different model

systems.

Age-Dependent Increases in Splenic Bl Populations Not Seen in B6.Slel|Slesl|yaa Mice.
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B1 cells represent a lineage of B cells contributing to innate responses and are found
mainly in the peritoneum, but a small population is also present in the spleen. Based on their
ability to produce ‘natural’ IgM antibodies that tend to be polyreactive with self-Ags, and the
fact that in some lupus models their numbers are expanded, it has been postulated that they,
like MZ B cells, might play a role in IgG autoantibody production in lupus (238, 288, 321,
322).

While there were no major changes at 6-8 weeks. there was a significant decrease in
the percentage of conventional B2 cells (CD5B220°CD23") in B6.Slel|yaa spleens at 4-6
months compared to the other strains, similar to that seen for follicular B cell population
(Fig.23 and Table 9). There was also a significant increase in the percentage of Bla B cells
(CD5'B220°CD23") in B6.Slel|yaa compared to B6.yaa and B6.Slel |Sles! |yaa, but not to B6
(»<0.01 and p<0.001 respectively; ANOVA), and an increase compared to all groups in the
population of B1b cells (CD5B220"°CD23") in B6.Slel|yaa. A significant decrease in the
splenic Bla population was noted in B6.Sle!|Sles!|yaa vs. B6 at this age.

The importance of the splenic Bl population in autoimmune pathogenesis in this
model remains unclear, and given that the changes occur at an older age may be reflective of
the disease process. The increases observed in B6.Slel|yaa at 4-6 months could be a
consequence of local changes in the cytokine milieu, caused by the large increase in CD11b"
cells in the spleen, which may promote the expansion of these cells and/or modify the cell-

surface expression of the markers involved in defining these populations.
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No Increase in the Percentages of Activated B and T Lymphocytes in B6.Slel|Slesl|yaa
Mice at 4-6 Months.

As the B6.Slel|yaa aged, the early increase in activated B and T lymphocytes in
spleens became amplified, such that ~20% of the B220 B cells expressed the early activation
marker CD69, as shown in Fig.24A-B and Table 9 (p<0.001 vs. all groups; ANOVA).
Interestingly, at this age B6.yaa also showed a significant increase in the percentages of these
cells relative to B6 (Fig.24A-B, Table 9; p<0.01, ANOVA). A significant increase in the
cell-surface density of CD69, as reflected by increased MFI, on B cells from B6.S/e!|yaa but
not B6.yaa was seen as well (Fig.24C and Table 9). This increase in the activation status of
the B cell compartment in B6.Slel|yaa was further reflected in the increased cell surface
density of the co-stimulatory molecule CD86 on follicular B cells as shown in Fig.24D and
Table 9 (p<0.001; ANOVA). None of these changes indicative of an activated B cell
compartment were observed in B6.Slel|Slesl|yaa at 4-6 months, as shown by their
percentages of CD69" B220, and their average cell-surface levels of both CD69 and CD86
(Table 9, Fig.24A-D).

The continued suppression of spontaneous lymphocyte activation mediated by Sles/
extended to the T cell compartment as well. As shown in Fig.25A-B and Table 9,
B6.Slel|yaa mice had greatly increased percentages of activated CD3 T cells, such that ~50%
were CD69", compared to the ~15% and ~22% seen in B6 and B6.yaa. Similar to the B cell
population, there was also increased cell surface density of CD69 on CD3 T cells (p < 0.001,
ANOVA; Fig.25C and Table 9). Further characterization of the CD4 population, revealed

that at 4-6 months this increased CD69" T cell population was both CD25" and CD25, as
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shown in Fig.25D-E (p<0.001 vs. B6 and B6.yaa for both; ANOVA). Interestingly, at 4-6
months the CD69'CD25 CD4 T cell population in B6.yaa itself was increased relative to B6
(Fig.25D-E, Table 9; p<0.001; ANOVA). In sharp contrast, Sles/ maintained the CD69 cell
surface density and the percentage of CD69" CD3 T cells at levels comparable to B6
(Fig.25A-C). In agreement with these results, both the CD69'CD25" and CD69'CD25 CD4
populations were also normal in B6.Sle!|Sles!|yaa mice (Fig.25D-E and Table 9).

These data demonstrate that yaa by itself on the B6 background results in a later-
onset mild lymphocyte activation, specific to increased CD69" percentages in both B and T
cells; that these activation phenotypes manifest early and become highly amplified in the
presence of Slel, due to epistatic interactions between these loci; and that Sles/ prevents the

emergence of these activated lymphocytes at both ages examined.

Normal Percentages of Splenic Plasma B and Memory CD4 T Cells in Aged
Bé6.Slel|Sles1|yaa Mice.

The early increase in the kinetics of B and T lymphocyte differentiation into the
plasma B and memory T cell subsets respectively, in B6.Slel|yaa, was dramatically
augmented at 4-6 months. As shown in Fig.26A-B and Table 9, ~5% of the B6.Slel|yaa
spleen had a plasma B cell phenotype (p<0.001 vs. all groups; ANOVA). Given the large
increase in splenic cellularity in B6.Sle!|yaa mice, this increase in plasma cell percentages
would translate into a very large increase in overall plasma cell numbers in these mice.
Similar to the data at 6-8 weeks, this increase was specific to splenic, and not BM plasma

cells (Table 9). In the presence of Sles/ however, and in accordance with the lack of
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activated B cell phenotypes, the splenic plasma cell percentages were maintained at B6 levels
at this older age too (Fig.26A-B and Table 9).

As depicted in Fig.26C-D and Table 9, the proportion of splenic CD4 T cells that had
differentiated to an effector-memory phenotype (CD62L CD44™) in B6.Slel|yaa mice by 4-6
months was ~60%, compared to the ~20% seen in B6 (p<0.01; non-parametric ANOVA). A
corresponding sharp decrease was seen in the percentage of naive CD4" T cells. Consistent
with their lack of activated lymphocyte populations at both ages investigated, this shift to a
predominantly effector-memory CD4 population was not observed in the presence of Sles!/
(Fig.26C-D and Table 9).

These data demonstrate that with age, B6.Sle/|yaa mice accumulate increased
percentages of effector phenotype B and CD4 T cells, similar to what has been reported in
other models of spontaneous autoimmunity (189, 201, 240, 286). Analogous to the
observations in in B6.Slel|Sles] mice, the introduction of Sles/ onto the B6.Slel|yaa lupus
model completely prevents the accrual of these plasma B and effector-memory CD4 T cells

(227).

Normal Proliferative Responses and Cytokine Production in B6.Slel|Slesl|yaa

It has been proposed that the accumulation of memory-phenotype cells in lupus-prone
mice is a consequence of chronic activation leading to metabolically active cells that produce
cytokines and autoAbs, but are in a state of replicative senescence (194). To examine

whether cells from aged B6.Slel|yaa mice displayed such characteristics, we performed an
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initial characterization of in vitro stimulated splenic cells in terms of proliferative responses
and cytokine production.

We used CFSE dilution assays to determine the proliferative responses of splenic B
and T cells to o-IgM and o-CD3 stimulation respectively from the different mice at 4-6
months of age, as illustrated in Fig.27A. Lymphocytes from B6.Sle!|yaa mice divided less
than the other strains, particularly the CD4" population, while those from B6.Sle!|SlesI|yaa
proliferated comparably to B6 (Fig.27A-B).

As a preliminary investigation of intrinsic cytokine potential, similar to those
performed on 6-8 week old mice, splenocytes were stimulated with PMA + ionomycin for
four hours and IFNYy production examined. As shown in Fig.27C-D, in response to PMA +
ionomycin stimulation, CD4" T cells from B6.yaa, B6.Slel and B6.Slel|yaa all showed
increased IFNy production. B6.Slel|yaa had the greatest percentage of CD4 T cells
producing IFNy (~30%), about twice that seen in both B6.yaa and B6.Slel/. The increase
observed in B6.yaa is somewhat surprising given that it has been reported that yaa acts ina B
cell intrinsic fashion and has no effect on T cell phenotypes (195, 196, 198, 314). However,
our cell-surface analyses did indicate increased activated T cells in B6.yaa mice as well,
which may be reflected in the increased cytokine production.

In contrast, B6.Sle!|Sles!|yaa mice had levels of CD4 T cells producing IFNYy that
were comparable to B6. While only 2 mice/genotype have been examined, it is interesting to
note that both B6 and B6.Sle!|Sles|yaa had roughly the same percentage of [IFNy producing
CD4 T cells at 6-8 weeks and 4-6 months, even though both strains did show an increase in

activated T cells over this time period. The significance of this is currently unclear, though it
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does suggest that an increase in cell-surface activation phenotypes is not reflective of
changes in effector functions, such as cytokine secretion. Current experiments are directed at
replicating these results, further characterizing the cytokines produced under various
stimulation conditions, and assessing how co-stimulation affects the replicative senescence

phenotypes of B6.Slel|yaa.

Repression of Autoantibody Production by Slesl

The data thus far demonstrates that profound changes in splenic populations and
functions occur by the age of 4-6 months in B6.Sle/|yaa males, indicative of a chronically
activated immune system. Similar to the analyses at 6-8 weeks, the degree of IgM and IgG
autoAb production of different specificities at 4-6 months in the various strains was
investigated, as well as in B6.Sle] and B6.Sle!|Sles1"|yaa.

As shown in Fig.28A-B, B6.yaa itself had significantly increased titres of anti-
chromatin autoAbs vs. B6, particularly of the IgM isotype (p<0.0! and p<0.05 for IgM and
IgG respectively, non-parametric ANOVA). Interestingly, B6.Sle/ mice at this age had a
highly significant increase in their IgG anti-chromatin autoAbs relative to B6 (p<0.001; non-
parametric ANOVA), and while IgM titres were increased as well, it was much less
significant (p<0.05; non-parametric ANOVA). As might be expected from their chronic
immune dysregulation and increase in plasma B cells, both serum IgM and IgG anti-
chromatin autoAbs titres were extremely high in B6.Sle!|yaa at this time (p<0.001 for both;

non-parametric ANOVA).
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In the case of anti-dsDNA autoAbs, B6.yaa mice had increased IgM, but not IgG,
titres relative to control B6 samples (p<0.01; non-parametric ANOVA). On the other hand,
B6.Slel showed a small increase in IgG, but not IgM, anti-dsSDNA autoAbs at this age vs. B6
(p<0.05; non-parametric ANOVA). However, in B6.Sle!|yaa both IgM and IgG anti-dsDNA
autoAbs were significantly increased relative to B6 (Fig.29A-B) (p<0.001 for both; non-
parametric ANOVA).

As depicted in Fig.30A-B, at 4-6 months a significant increase was also seen in the
titres of anti-GBM specific IgM autoAbs in B6.yaa mice relative to B6, with a slight increase
in anti-GBM IgG as well (p<0.001 and p<0.05 respectively; non-parametric ANOVA).
Surprisingly, despite the fact that B6.Sle/ mice develop GN infrequently, there was a
significant increase in IgG anti-GBM autoAbs in these mice at this relatively young age
(»<0.01; non-parametric ANOVA) (225, 226). The increase in anti-GBM autoAbs in
B6.Slel|yaa mice however, was highly significant for both the IgM and IgG isotypes, exactly
as observed for the anti-chromatin and anti-dsDNA autoAbs as well (p<0.001 for both; non-
parametric ANOVA).

In stark contrast to the other strains, at 4-6 months no significant differences were
seen in the levels of anti-chromatin, anti-dsDNA or anti-GBM autoantibodies of either IgM
or IgG isotype in B6.Slel|Sles!|yaa males (Fig.28-30). Interestingly however, heterozygosity
at Slesl results in a small but significant increase in anti-chromatin IgG autoAbs at 4-6

months, which is consistent with the recessive nature of Sles/.
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These data indicate that both yaa and Sle/ make independent contributions to the
development of autoantibodies, as evidenced by the increase in serum autoAbs in single

congenic B6.yaa and B6.Slel mice, which are both inhibited by Sles/.

Severe Mortality and Glomerulonephritis (GN) are Abrogated in the Presence of Slesl.

As shown in Fig.31A, at 4-6 months B6.Slel/|yaa mice showed clear evidence of
kidney dysfunction, with 76.9% of the mice (10/13) having scores of 3 or 4, indicative of
severe GN. In addition, 69% of the B6.Sle!|yaa kidneys analyzed showed mild to moderate
lymphocyte infiltration. While none of the B6.yaa mice at this age had severe GN scores
(median = 1.5), 82% of the kidneys analyzed also displayed mild to moderate lymphocyte
infiltration, suggesting that this phenotype does not correlate with the development of severe
GN. Consistent with their lack of autoAb production, the kidneys of 4-6 month old
B6.Slel|Sles1|yaa mice had low scores with a median GN value of 0.5 (n= 12), and none of
the kidneys analyzed showed any evidence of lymphocytic infiltrates. The only significant
difference in terms of GN scores between the four genotypes examined was that seen in male
B6.Slel|yaa (p<0.01 vs. all groups; non-parametric ANOVA).

The epistatic interaction between the Sle/ and yaa loci on the B6 background has
been shown to result in a dramatic increase in mortality, compared to either locus in isolation
(201). Cohorts of B6.yaa, B6.Slel|yaa and B6.Slel|Sles!|yaa were aged to 9 months for the
purpose of examining spontaneous mortality and the impact of Sles/ on this phenotype. In
our SPF colony, the mortality rates for male B6.yaa mice were 8.0% at both the four and

nine-month timepoints. Consistent with previous data, B6.Sle/|yaa males had a cumulative



128

mortality of 9.0% at four months and 64.3% (9/14) by 9 months (Fig.31C). In stark contrast,
all of the 23 male B6.Slel|Slesl|yaa mice aged to nine months survived. Interestingly,
heterozygosity at the Sles! locus (B6.Slel|Sles!"|yaa) resulted in a small increase in the
nine-month mortality to 15.8% (3/19). These data are summarized in the survival curve
shown in Fig.31C. Histological analyses of kidneys collected from the different mice at this
endpoint revealed that none of the B6.yaa mice developed severe GN (median score = 1.75;
Fig.31B). Of the five B6.Slel|yaa mice that survived to nine months, for which histological
analyses could be performed, all had GN scores of 4, indicative of hyalanized end-stage
glomeruli. This contrasts sharply with the extent of GN seen in B6.Sle!|Sles!|yaa mice at 9
months in which only 2/19 samples had a severe GN score (3), with a median score of 1
(Fig.31B). Intriguingly, heterozygosity at Sles/ resulted in an increased median GN score of
3 (n=10), which is interesting given that no major evidence for significant humoral

autoimmunity was seen at 4-6 months.
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Discussion

This study extends our previous work characterizing the suppression of autoimmunity
mediated by Sles/, in which we introduce this Slel-specific suppressive locus onto the
B6.Slel|yaa lupus prone mouse model. It has been previously shown that in this strain, the
non-additive, epistatic interactions between the Sle/ and yaa loci on the B6 background leads
to highly penetrant systemic autoimmunity that culminates in fatal lupus nephritis (201). By
comparing the development of a variety of pathological, immunological, functional and
molecular phenotypes between the B6.Slel|yaa and B6.Slel|Slesl|yaa strains, we
demonstrate that Sles/ mediates a profound and complete suppression of systemic
autoimmunity in this model.

The progression of systemic autoimmunity in B6.S/e/|yaa males was characterized
by early indications of humoral autoimmunity, such that by 6-8 weeks of age there were
significantly increased levels of autoAbs directed against chromatin, dSDNA and GBM, of
both the IgM and IgG isotypes. With age, the mean titres of these autoAbs dramatically
increased, correlating with the development of underlying pathogenic processes. The data
demonstrate that the events leading to a breach in tolerance to self-antigens occur very early
on in this model. Given that splenic seeding by BM-derived immature B cell precursors in
the mouse is believed to be complete only after 4 weeks of age, and that subsequent
peripheral selection events have been shown to be crucial in the purging of self-reactive B
cells from the peripheral repertoire in both mice and humans, this suggests a dysregulation in
peripheral selection events in this model that leads to the early emergence of functional,

autoAb producing B cells (312, 323).
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It would appear that yaa by itself specifically influences the development of IgM
autoAbs, as at 4-6 months IgM titres of all three antigens tested were significantly higher
than those found in age and gender-matched B6 controls. Given the fact that that BM
chimera experiments have shown that yaa is a B cell intrinsic gene, while Sle/ is functionally
expressed in both B and T cells, and since Sle! by itself primarily mediates a loss in tolerance
to chromatin, these data suggest that one contribution of Sle/ to the humoral autoimmunity in
this model could be the provision of appropriate T cell help to the polyclonal loss in tolerance
promoted by yaa (196-198, 226, 228, 236, 315).

Intriguingly, despite the independent contributions to autoAb production by yaa and
Slel, the addition of Sles/ to this genetic background completely shuts down the
development of the humoral response to self-antigens. This supports the idea that Sle/ and
yaa impact a common pathway, hence allowing Sles/ to modify both their contributions to
autoimmunity.

Similar to the observations for humoral autoimmunity, a progression in the
development of severe renal disease was seen in B6.Sle/|yaa males as the mice aged. By 4-6
months, 77% of the mice had severe GN scores, which coincided with a significant drop in
survival at this time, and by 9 months, all of the surviving mice had the highest possible GN
scores. Though B6.yaa males at both ages did not develop severe GN, both B6.Sle!|yaa and
B6.yaa kidneys showed increased lymphocytic infiltrates. This suggests that yaa by itself
may promote an increased lymphocyte infiltration of the kidneys, but alone is not sufficient
for the development of renal damage and dysfunction. In conjunction with Sle/ however, GN

is elicited, due in part to the underlying humoral autoimmunity which promotes increased
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formation and kidney deposition of IgG immune complexes. In addition, disease may be
influenced by the kidney specific effects contributed by the Sle/ locus, such as increased
susceptibility to IC nephritis mediated by the Sle/d locus within Sle/ ((153) and Tus et al.,
unpublished observations). The increased lymphocyte infiltration contributed by yaa may in
turn allow for an accumulation of activated lymphocytes producing pro-inflammatory
cytokines within the kidneys. Taken together, these data suggest complex interactions
between the two loci leading to the renal pathology and consequent GN seen in B6.Sle!|yaa.

Despite these potent, systemic autoimmunity-inducing interactions between the Slel
and yaa loci, the introduction of Sles/ completely abrogates the development of both
humoral and pathogenic autoimmunity. At all ages examined, we found no significant
differences in the titres of anti-chromatin, anti-dsDNA and anti-GBM autoAbs between B6
and B6.Slel|Sles1|yaa. In fact, unlike B6.yaa, there was no increase seen in the IgM autoAb
titres in the presence of Sles/. In accordance with the lack of autoAbs, GN scores were
significantly reduced as well. Interestingly, there was little evidence for lymphocyte
infiltration in B6.Sle!|Sles|yaa kidneys.

We found that the epistatic interaction of Sle/ and yaa on the B6 background led to
an early and chronic dysregulation of various splenic immune cell populations, similar to
what has been reported in other lupus models (162, 163, 189, 195). While there appeared to
be no major changes in B and T cell development in the primary lymphoid organs, there were
early indications of perturbations in the spleens of these animals, starting with a significant
increase in spleen weights. Early characterization of splenic lineages revealed that an

expansion of a single lineage did not account for the observed increase in spleen sizes. There
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were however, significant increases in the percentages of activated B and T cells as well as
plasma B cells, with a decrease in naive CD4 T cells by 6-8 weeks of age. In addition, an
increased percentage of CD4 T cells from these mice produced IFNy in response to
stimulation. These data correlate well with the increase in humoral autoimmunity evident by
this age and are consistent with the idea that an early dysregulation of the functional
properties of the immune system somehow permit the development of autoimmunity.

By 4-6 months of age, B6.Sle/|yaa mice had massive splenomegaly with a
corresponding increase in total B and T lymphocyte numbers. The early shifts towards
activated B and CD4 lymphocytes became highly augmented such that ~20% of the B cells
and almost half the CD4 T cells displayed activated phenotypes in 4-6 month old
B6.Slel|yaa mice. The initial increases in lymphocyte differentiation phenotypes were also
amplified, resulting in a significant accrual of splenic plasma and effector-memory CD4 cells
in these animals. Given the overall massive increase in splenic cellularity, these percentages
changes translated into tremendous increases in the number of activated and effector
lymphocytes in B6.Slel|yaa spleens. Functional evidence that these cells did indeed
represent chronically stimulated lymphocytes was their lack of proliferative response and
robust IFNYy production. We also found evidence for an increase in activated lymphocytes
and IFNYy production in B6.yaa, without changes in plasma B or effector-memory CD4 T
cells. In contrast, and consistent with their lack of autoimmunity, there was no evidence for
an increase in activated or effector lymphocyte populations, decreased proliferative responses

or augmented IFNY production in B6.Sle!|Sles!|yaa.
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While some of the changes in the spleens of B6.Sle!|yaa mice were observed at both
ages examined, albeit at very different magnitudes, other splenic populations showed
alterations only at an older age. Perhaps the most impressive difference was the increase in
the CD11b" population in the spleens of B6.Sle!|yaa mice. While we are just beginning to
further characterize this population, Croker et al. have shown that different myeloid
populations all showed increased numbers in B6.S/e!|yaa spleens, and that the most striking
difference was observed in the CDI11b'CD11¢’CD19" macrophage population (200).
Monocytosis has also been reported in the BXSB.yaa model from which yaa is derived (320).
Given that this large increase in the CD11b" population was not apparent at 6-8 weeks, it is
tempting to speculate that the early and continued perturbations in lymphocyte development
and differentiation could be facilitating the emergence of the expanded CD11b" population,
perhaps due to changes in the local cytokine milieu. Clearly, yaa itself is not sufficient for the
development of this population, as both B6.yaa and B6.Slel|Slesl|yaa showed normal
proportions of these cells at all ages examined.

In agreement with a recent report describing that the yaa locus was associated with a
profound decrease in MZ B cells, we found a significant diminishment in this population in
both B6.yaa and B6.Slel|yaa (315). This decrease was evident early on and does not
correlate with the development of autoimmunity, as it has been observed in the non-
autoimmune B6.yaa, BXSB.H2/|yaa and BXSB.Eojyaa strains, as well as the severely
autoimmune BXSB.yaa and B6.Slel|yaa mice (315). It was hence surprising to discover that

the introduction of Sles/ restored the MZ population to levels comparable to that seen in B6
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at both ages examined. Reconstitution of MZ B cells was also observed when the SP6 anti-
DNA/TNP transgene was introduced onto BXSB.yaa (315).

The functional significance and underlying mechanism for the MZ B cell decrease
remains undetermined. It has been postulated that during the generation of peripheral, mature
B-cell subsets, antigen vs. Toll-like receptor (TLR) signaling of transitional type 2 B cells
can dictate whether follicular or MZ B cells are generated (324). In addition, genetic ablation
and transgenic-overexpression of a variety of molecules involved in B cell signaling and
homeostasis have been shown to impact the normal development of MZ vs. follicular B cell
populations (reviewed in (325)). Key among the molecules implicated in dictating the
outcomes of these developmental checkpoints are members of the Notch family of receptors
and ligands (reviewed in (319)). The data suggest that the specificity of the BCR and/or the
nature of the signals mediated by BCR vs. TLR signaling may be impacting the generation of
this population. Given the ability of Sles/ to restore the yaa-associated defect in the
maintenance of the MZ population, and since differences in the strength of BCR signaling
have been shown to influence whether B cells differentiate into MZ or follicular B cells, it
suggests that Sles/ could play a role in the modulation of BCR signal strength (reviewed in
(318, 322, 324, 326)). Interestingly, a member of the Notch family, Notch 4, lies within the
minimal Sle/ interval (227).

We have demonstrated that a variety of changes in the immune system precede and
accompany the onset of the systemic autoimmunity seen in the B6.Sle!|yaa lupus model, as
depicted in Fig. 32. Both Sle/ and yaa were found to make independent contributions to

various phenotypes, but it is clear that their non-additive, epistatic interactions are required
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for the development of the severe disease that culminates in renal dysfunction and mortality.
Our data demonstrate that Sles/ is able to suppress these phenotypes elicited by the epistatic
interactions between yaa and Slel, as well as certain yaa specific phenotypes. Since it was
previously shown that Sles/ acts in a Slel-specific manner, having no effects on phenotypes
caused by Sle2 and Sle3, and also that the yaa locus does not epistatically interact with Sle2
and Sle3, it suggests that Sle/ and yaa impinge on the same pathway, thus allowing Sles/ to
modulate both their contributions to various phenotypes (201, 242). Further comparisons
between and characterization of B6.S/e!|yaa and B6.Sle!|Sles!|yaa are clearly warranted and
should provide insight into the modulation of pathways that potentiate and suppress the

development of systemic autoimmunity.



136

Fig. 12
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B6 B6.yaa Bé6.Slel|yaa B6.Slel|Slesl|yaa
(n=6) (n=7) (n=8) (n=8)

THYMUS'

CD4°CD§ 4.0+028 50+0.58 4.840.46 474021
CD4'CDS* 84.1+1.23 82.0+2.42 84.2 +0.49 80.4 +0.52
cp4' 8.3+0.64 8.7+1.47 74+0.19 10.4 + 0.45
cps* 3.540.38 424054 3.6+0.16 4540.19
BONE MARROW'

IgM 9124083 92.4+0.62 93.4 £ 0.65 92.6 £ 047

ProB (CD43'B220% 9.9+0.92 9.4+091 9.0+0.8 10.0 £ 0.80

Pre B (CD43B220%) 1254082 11.0 £ 0.65 864044 10.0 £ 0.65
Immature B (IgM*B220") 5.4+0.46 454032 424025 454021
Mature B (IgM*B220™) 42+0.46 404042 27402 34+031
Pre-Plasma (B220™CD138%) | 10.9+2.26 10.1 £ 0.90 107+ 1.4 1124074
Plasma  (B220°CD138" 1.240.15 12£0.10 154022 1240.10
SPLEEN'

Weight (mg) 76.7+2.42 71.1 +£3.36" 113.9+6.11 73.4+2.75
B220" 56.6+ 0.96 524+1.73 497+ 127 52.7+1.01

%CD6Y* 254026 3.140.197 534039 2.5+027

CD69 MFI 42.4+234 4174226 48.5+2.19 432+ 1.70
cDp19* 579+ 1.0 554 +1.10 544+153 56.5+0.92
T1 (CD23°CD21IgM*) 464037 4.0+031 3.6+025 3.5+ 044
T2 (CD23"CD21"1gM") 264019 16020 17202° 26+0.19%
Follicular 345+ 1.0 37.0 £0.90 351+ 1.0 34.4+1.14
(CD23'CD21"1gM")

% CD86" 027+0.14 0.19 £ 0.06 0.35+0.11 0.2 40.05
MZ (CD23 CD21'IgM ") 224040 1.1+013" 132022 1.8+0.11"
Bla (CD5'CD23°B220") 1.3£0.05 134011 1.6£0.17 1.0+0.10*
Blb (CD5CD23B220") 484048 424041 49+0.19 3.6+024"
B2 (CD5CD23'B220%) 453+ 1.56 46.0 £1.09 024+10 46.5+0.64
CD19°CD11b* 1.4+0.16 1.5+0.14 2.0+0.12 1.3+0.12%
Plasma (CD19°CD138") 0.69 £ 0.07 0.88 + 0.04"+ 144012 071 £0.05
cp3* 28.5+0.94 32.1£0.48 31.1£0.79 31.7+0.87

%CD69" 6.6+0.48 834037 109+1.07 5940437

CD69 MFI 3934233 4154221 42.7+2.60 38.0+1.77
cp4* 1924049 20.8 +0.83 184+ 1.15 19.5+0.81

%CD25'CD6Y" 10.5+0.75 9.5 +0.54 8.5+ 034 8.3 +0.64

%CD25"'CD69" 3.9+0.75 3.9+1.00 6.9+0.89 3.5+0.39"

%CD69"'CD25 5.7+0.95 6.1 £1.55™ 1174092 62+0.65™

%CD62L'CD44" 7354082 731412 62641248 77.740.79"

%CD62L CD44" 7.6 +0.46 7.8+0.66™ 1224145 6.9+0.33"

%CD62L" CD44" 10.8 £1.00 11.8+0.92 153+131 8.3 +0.647

%CD62L CD44" 8.340.90 76+1.07 10.4 % 0.80 70+0.53"
CD§* 1154026 12.6 £0.55 11.940.62 127405
CcD11b* 3.8+021 3.740.40 4.840.33 3.94025
NK1.1* 2.040.20 1.440.19 174027 1.540.10
CD3*NK1.1* 1.740.19 174022 2.5+0.54 1.840.22

Table 8. Cellular Compositions of B6, B6.yaa, B6.Slel|yaa and B6.Slel|Sles1|yaa
Thymus, BM and Spleens at 6-8 weeks.
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! Thymic, BM and splenic cells from 6-8 week old male B6, B6.yaa, B6.Slel|yaa and
B6.Slel|Sles1|yaa mice were subjected to 4-color flow-cytometric analyses as described in
Chapter II. Six to eight male mice from each strain were analyzed and shown values
represent mean = SEM. Indented subsets indicate that the listed percentages are
representative of the non-indented parent population listed above. All remaining values are
percentages of live cells as determined by forward and side scatter profiles. All statistical
analyses were conducted using parametric and non-parametric ANOV As between all three
groups, as determined by InStat3. Only significant differences vs. B6 or B6.Sle/|yaa are
shown. p<0.05, p<0.01, ""p<0.001 vs. B6; p<0.05,"" p<0.01, " p<0.001 vs.
B6.Slel|yaa (ANOVA).
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Figure 13. SlesI Suppresses the Early-onset Splenomegaly Seen in Young B6.Slel|yaa
Males. Spleens were collected from 6-8 week-old mice at time of sacrifice and weighed.
Flow-cytometric analyses of splenocytes were performed to assay for changes in the major
splenic lineages. A. Comparison of spleen weights at 6-8 weeks of age. B6.Sle!|yaa spleens
were significantly larger than those from age and gender-matched B6, B6.yaa and
B6.Slel|Sles!|yaa. No other differences were observed between the genotypes. ~ p<0.001 vs.
B6; " p<0.001 vs. B6.Slel|yaa (ANOVA). B. Comparable percentages of CD4", CD8",
CD19" and CD11b" splenocytes. Spleen cells were stained with 4-color combinations of
antibodies against CD4, CD§, CD19 and CD11b. No statistically significant differences in
percentages were observed between the different genotypes (ANOV A). Mean + SEM.
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Figure 14. yaa-Associated Defect in Splenic T2 and MZ B cells Restored in the Presence
of Sles1. Flow-cytometric analyses of splenocytes were performed to assay for changes in the
development of splenic T1 (CD23°CD21TgM"), T2 (CD23"CD21"IgM™), follicular
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(CD237CD21 IgM™) and MZ (CD23°CD21'IgM") B cells. A. Representative dot-plots of
live cells from the different strains pre-gated on CD23" (upper) and CD23" (lower) and
examined for CD21 vs. IgM expression to delineate the various populations described above.
B6.Slel|Sles1|yaa mice showed comparable MZ and T2 populations relative to B6, while
both B6.yaa and B6.Slel|yaa demonstrated a decreased percentage of both these populations.
Bold numbers represent percentages of CD21 TgM" (upper) and CD21hiIthi (lower) cells as
a percentage of CD23” and CD23" cells respectively. B. Cumulative data demonstrating the
decrease in T2 and MZ B cells in B6.yaa and B6.Sle!|yaa, which was restored in the
presence of Sles]. Percentages indicate percent of lymphocytes for each population. Mean +
SEM. "p<0.05, "p<0.01 vs. B6; 'p<0.05 vs. B6.Slel|yaa (ANOVA).
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Figure 15. Early Indications of Activated B and T cells in B6.S/el|yaa are Absent in the
Presence of Sles1. Flow-cytometric analyses of splenocytes were performed to assay for
changes in activation marker expression on B and T cells in 6-8 week old mice of the
different strains. A-B. Representative histograms and cumulative data demonstrating the
increased percentage of CD69" B220" B (A.) and CD69" CD3" T cells (B.) in B6.Sle! [yaa
spleens, which was not seen in the presence of Sles/. Shaded histograms- B6.Sle!|yaa; bold
histogram- B6.Sle!|Sles1|yaa. C-D. Representative dot-plots and cumulative data
demonstrating the increased percentage of CD69 CD25 CD4 T cells observed in
B6.Slel|yaa spleens, which was absent in the presence of Sles/. Values in the quadrants in
(C.) represent the percentage of that population within total CD4 T cells. Symbols represent
individual mice. Mean + SEM. ~ p<0.01, " p<0.001 vs. B6; " p<0.05," p<0.01, ™" p<0.001
vs. B6.Slel|yaa (ANOVA).
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Fig. 16A
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Fig. 16D
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Figure 16. Accelerated B and T cell Differentiation Phenotypes Abrogated by Sles1.
Flow-cytometric analyses of splenocytes were performed to assay for changes in
differentiation marker expression on B and T cells in 6-8 week old mice of the different
strains. A-B. Representative dot-plots and cumulative data showing the increased
accumulation of CD19°CD138" plasma cells in B6.Sle!|yaa spleens, which was not seen in
the presence of Sles/. Numbers in gates represent percentage of live cells. C-D.
Representative dot-plots and cumulative data demonstrating the increased percentage of
CD62L°CD44"° and CD62L°CD44™ CD4 T cells observed in B6.Sle!|yaa spleens. These
increases were not observed in B6.Sle!|Sles1|yaa. Values in the quadrants in (C.) represent
the percentage of that population within total CD4 T cells. Symbols represent individual mice.
Mean + SEM. p<0.05, " p<0.01, " p<0.001 vs. B6; * p<0.05,"" p<0.01, " p<0.001 vs.
B6.Slel|yaa (ANOVA).
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Fig. 17A
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Figure 17. Increased ex vivo IFNY Production Not Observed in B6.Slel|Sles1|yaa.
Splenocytes, prestained with CD4, were stimulated for 4 hours with PMA and ionomycin in
the presence of BD Golgi Stop. Cells were surface-stained, fixed, permeabilized and then
stained with antibodies against IL-4 and IFNY. B6.Sle!|Sles!|yaa cells do not show the ~2-
fold increase in ex vivo IFNYy producing CD4" cells seen in B6.Sle!|yaa. A. Representative
dot-plots. B. Cumulative data for 4 mice/genotype. Values in the quadrants represent the
percentage of that population within total CD4 T cells. ~ p<0.001 vs. B6; ™ p<0.001 vs.
B6.Slel|yaa (ANOVA).
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Fig. 18A
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Figure 18. Lack of Early Humoral Autoimmunity in B6.Slel|SlesI|yaa. Serum levels of
IgM and IgG anti-chromatin, anti-dsDNA and anti-GBM autoAbs were determined by
ELISA for samples obtained at 6-8 weeks of age. Duplicate samples were assayed
simultaneously, in duplicate, on plates coated in parallel to allow for interplate comparisons
of mean titres. Samples were deemed positive if they exceeded the mean B6 value + 4SD for
a given antigen. Dotted and dashed lines indicate the thresholds for being considered positive
at 6-8 weeks and 4-6 months respectively. A-B. Anti-chromatin IgM and IgG respectively.
C-D. Anti-dsDNA IgM and IgG respectively. E-F. Anti-GBM IgM and IgG respectively.

kokok

p<0.001 vs. B6; 'p<0.05, " p<0.01, """ p<0.001 vs. B6.Slel|yaa (ANOVA).
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Fig. 19A
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Figure 19. Lack of Splenomegaly in B6.Slel|Sles1|yaa Mice Maintained to 9 months.
Spleens were collected from 4-6 month and 9 month old mice at the time of sacrifice and
weighed. A. Spleen weights at 4-6 months. Inset shows photograph of representative spleens.
There is no evidence of increased spleen weights in B6.S/e!|Sles!|yaa. B. Spleen weights at
9 months. Splenomegaly remains absent in B6.Sle!|Sles!|yaa but is present in
B6.Slel|Sles1"|yaa. Symbols represent individual mice. Mean + SEM. "p<0.05, " p<0.001

vs. B6; 7 p<0.001 vs. B6.Slel|yaa (ANOVA).
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B6 Bé6.yaa Bé6.Slel|yaa B6.Slel|SlesI|yaa
(n=7) (n=9) (n=10) (n=10)
SPLEEN
Weights (mg) 86.4 + 3.54 13442667 641.8+943 89.5+ 634"
# B220° (X 10°) 55.4+5.78 633 +4.41" 1194+11.7"" 4254259
% B220" 56.6 % 0.96 542420 0T7+461 526420
%CD69" 24403 68+086™" " 1834127 23+0.127
CD69 MFI 40.7+ 1.51 453+ 1327 56.6+1.88 418+ 1377
T1 (CD23°CD21'IgM™) 3.840.35 324027 4.9 +£0.40 23+018""
T2 (CD23'CD21"1gM") 2.140.19 1.8 4022 061+0.1 2740187
Follicular (CD23°CD21*IgM") | 342+08 36.1+ 127 1844391 341+ 1.6™
CD86 MFI 64.3+ 881 713 +7.750 87.0+73" 50.2+9.1%
MZ (CD23'CD21IgM") 3394028 124012 048+0.11°" 29403
Bla (CD5'CD23'B220") 1.1+0.1 0.8 0.06™ 1340.14 0.62 003"
B1b (CD5CD23 B220") 2.7+0.24 3540227 77+054" 294021
B2 (CD5CD23'B220") 4104232 43.1+23 205+447 393424
B220°CD11b* 124033 22403 45+048 1240227
Plasma (CD19°CD138") 1.140.24 1.840.23 504057 0.840.09™
# CD3" (X 10°) 27.7+4.0 30.8 £2.91 5864640 215+ 180"
cp3* 273+2.34 263420 150+120" 260+ 157
%CD69" 14.6 + 0.74 215+ 137 466+29"" 14.9 +0.65™
CD69 MFI 36.840.93 44.6+138™ 7414535 35.8+0.69"
cp4* 20.0+ 1.59 19.3 +1.14 133+1.08 18.5+0.80™"
%CD25'CD6Y 10.6 + 0.25 8.7+0.39 9.0+0.47 9.8+0.26
%CD25"CD69" 7.8+0.73 9.6+0.38"" 200+1.62" 7.0+0.57
%CD69"CD25 6.2+0.62 13.1 20897 201+084" 51403
%CD62L CD44" 58.8+3.62 49.6 2,51 10.1+3.84 63.1+3.14™
%CD62L CD44" 10.1+0.85 13.5+121° 179+ 118" 9.7+ 1.03"
%CD62L” CD44" 184+ 158 25.0 £2.4 606422 13.8+09"
%CD62L CD44" 127427 12.0+2.19 11.5+0.89 13.4+228
CD11b 514044 494038 136419 474023
NK1.1* 2.0+0.26 244028 224022 21403
CD3*'NK1.1" 2.140.29 234035 344042 2.6+0.37
BONE MARROW
IgM" 93.6+0.45 94.5+0.56 96.1+063" 9534031
Pro B (CD43'B220") 5.8+0.52 4.6+0.4 364058 44402
Pre B (CD43'B220") 74+1.0 53+0.57 274091 4.8+ 0.64
Non-B (CD43"B220) 61.8+3.4 69.5+1.76 788425 69.3+£0.95
Immature B (IgM*B220") 3.140.26 2340.16 144035 1.9+0.12
Mature B (IgM'B220") 3.940.54 32+053 08+026 3.0+038"
Pre-Plasma (B220™CD138") 4.7+0.92 3.0+0.39 2.0+0.75 2.8+03
Plasma  (B220°CD138") 154022 1.740.16 23+0.58 1.6+ 0.15

Table 9. Cellular Compositions of B6, B6.yaa, B6.Slel|yaa and B6.Slel|Sles1|lyaa BM
and Spleens at 4-6 months. BM and splenic cells from 4-6 month old male B6, B6.yaa,
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B6.Slel|yaa and B6.Slel|Sles|yaa mice were subjected to 4-color flow-cytometric analyses
as described in Chapter II. Seven to ten male mice from each strain were analyzed and shown
values represent mean + SEM. Indented subsets indicate that the listed percentages are
representative of the non-indented parent population listed above. All remaining values are
percentages of live cells as determined by forward and side scatter profiles. All statistical
analyses were conducted using parametric and non-parametric ANOV As between all three
groups, as determined by InStat3. Only significant differences vs. B6 or B6.Sle/|yaa are
shown. p<0.05, p<0.01, ""p<0.001 vs. B6; p<0.05,"" p<0.01, " p<0.001 vs.
B6.Slel|yaa (ANOVA).
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Figure 20. Normal Numbers and Percentages of Splenic Lineages in Aged
B6.Slel|Sles1|yaa Mice. Flow-cytometric analyses of splenocytes stained with combinations
of antibodies against CD3, B220 and CD11b were performed to assay for changes in the
major lineages at 4-6 months in the different strains. A. Numbers of CD3", B220" and
CD11b" cells. B-C. Representative dot-plots and cumulative data of the percentage of
different splenic populations. Values in the quadrants in (B.) represent the percentage of that
population within live cells. Mean + SEM. ~ p<0.01, " p<0.001 vs. B6; " p<0.01, ™"
p<0.001 vs. B6.Slel|yaa (ANOVA).
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Figure 21. Decreased BM B cells in B6.Slel|yaa Relative to B6. BM cells were prepared as
described in Chapter II and flow-cytometric analyses performed to assay for changes in
various BM subsets. A. Decreased pro- and pre-B but increased non-B cells in B6.Sle!|yaa
compared to B6. Live BM cells were pre-gated on IgM" and examined for CD43 vs. B220
expression to delineate the pro-B (IgM CD43'B220"), pre-B (IgM'CD43B220") and non-B
(IgM'CD43"B220") BM populations. Values represent percentages of total BM cells. B.
Decreased immature and mature B cells in B6.Sle/|yaa. Live BM cells were stained for [gM
and B220 to look at immature (IgM 'B220'°) and mature (IgMB220™) B cells. B6.Sle!|yaa
had less immature B cells relative to B6 and decreased mature B cells compared to all groups.
Mean + SEM. p<0.05, "p<0.01, ""p<0.001 vs. B6; 'p<0.05, " p<0.01 vs. B6.Slel|yaa
(ANOVA).
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Figure 22. Sles1 Reconstitution of yaa-Associated Defect in Splenic T2 and MZ B cells
Maintained at Older Ages. Flow-cytometric analyses of splenocyte suspensions from 4-6
month old mice were performed to assay for changes in the development of splenic T1
(CD23°CD21'IgM"), T2 (CD23"CD21"IgM™), follicular (CD23"CD21 IgM™) and MZ
(CD23°CD21°IgM") B cells. A. Representative dot-plots of live cells from the different
strains pre-gated on CD23" (upper) and CD23" (lower) and examined for CD21 vs. IgM
expression to delineate the various populations described above. B6.Sle!|Sles!|yaa mice
showed comparable MZ and T2 populations relative to B6, while B6.S/e!|yaa demonstrated
a decreased percentage of both these populations. B6.yaa only showed a decreased MZ
population relative to B6. Bold numbers represent percentages of CD21'IgM" (upper) and
CD21"IgM"™ (lower) cells as a percentage of CD23 and CD23" cells respectively. B.
Cumulative data demonstrating the decrease in T2 and MZ B cells in B6.S/e!|yaa that was
restored in the presence of Sles/. Percentages indicate percent of live splenocytes for each
population. C. Data from individual mice to show the decreased frequency of MZ B cells in
B6.yaa and B6.Slel|yaa. Mean + SEM. ~ p<0.01, ™" p<0.001 vs. B6; "p<0.001 vs.
B6.Slel|yaa (ANOVA).
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Figure 23. No Increase in Splenic B1 Cells Seen in Aged B6.Slel|SlesI|yaa. Flow-
cytometric analyses of splenocytes from 4-6 month old mice were performed to assay for
changes in the development of splenic Bla (CD5'CD23B220"), Blb (CD5CD23B220™)
and B2 (CD5CD23'B220") B cells. A. Representative dot-plots of cells from the different
strains pre-gated pre-gated on CD5™ and examined for CD23 vs. B220 expression to delineate
the various populations described above. Bold numbers represent percentages of CD23"
B220" and CD23"B220" cells as a percentage of CD5". B. Cumulative data on the Bla, B1b
and B2 B cell populations. B6.Sle!|Sles!|yaa mice showed comparable B1b and B2, but
decreased populations relative to B6, while B6.Sle!|yaa demonstrated an increased and
decreased percentage of B1b and B2 cells respectively relative to all the strains. An increase
in the Bla population in B6.Sle!|yaa was only seen vs. B6 and B6.Sle!|Sles!|yaa. Mean +
SEM. "p<0.01, ""p<0.001 vs. B6; " p<0.01, " p<0.001 vs. B6.Slel|yaa (ANOVA).
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Figure 24. No Increase in Activated B Cells at 4-6 months in B6.Sle|Sles!|yaa. Flow-
cytometric analyses of splenocytes were performed to assay for changes in activation marker
expression on B cells from 4-6 month old mice of the different strains. A-B. Representative
histograms and cumulative data demonstrating the increased percentage of CD69" B220 B
cells in B6.Slel|yaa spleens, which was not observed in the presence of Sles/. Increased
CD69" B cell percentages were also seen in B6.yaa. Shaded histograms- B6.Sle!|yaa; bold
histogram- B6.Sle!|Sles!|yaa. C-D. Cumulative data demonstrating the lack of increased
cell-surface expression (MFI) of CD69 (C.) and CD86 (D.) on B220" (C.) and follicular (D.)
B cells from B6.Slel|Sles1|yaa spleens. Symbols represent individual mice. Mean + SEM.
“p<0.01, ""p<0.001 vs. B6; 7 p<0.001 vs. B6.Slel|yaa (ANOVA).
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Figure 25. No Accumulation of Activated T Cells in 4-6 month old B6.Slel|Sles1|yaa
Spleens. Flow-cytometric analyses of splenocytes were performed to assay for changes in
activation marker expression on T cells from 4-6 month old mice of the different strains. A-B.
Representative histograms and cumulative data demonstrating the increased percentage of
CD69" CD3 T cells in B6.Sle!|yaa spleens, which was not seen in B6.Sle!|Sles!|yaa. Shaded
histograms- B6.Sle! |yaa; bold histogram- B6.Sle!|SlesI|yaa. C. Cumulative data
demonstrating the lack of increased cell-surface expression (MFI) of CD69 on CD3" T cells
from B6.Sle!|Sles1|yaa spleens. D-E. Representative dot-plots and cumulative data
demonstrating the increased percentage of CD69'CD25" and CD69'CD25 CD4 T cells
observed in B6.Sle!|yaa spleens, which was not observed in the presence of Sles/. An
increased percentage of CD69 CD25 CD4 T cells was seen in B6.yaa as well. Values in the
quadrants in (C.) represent the percentage of that pggulation within total CD4 T cells.

Symbols represent individual mice. Mean + SEM. = p<0.001 vs. B6; " p<0.001 vs.
B6.Slel|yaa (ANOVA).
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Figure 26. Accelerated B and T cell Differentiation Phenotypes Not Observed in
B6.Sle|Sles1|yaa Spleens. Flow-cytometric analyses of splenocytes were performed to assay
for changes in differentiation marker expression on B and T cells in 4-6 month old mice of
the different strains. A-B. Representative dot-plots and cumulative data showing the
increased accumulation of CD19°CD138" plasma cells in B6.Sle! [yaa spleens, which was not
observed in the presence of Sles/. Numbers in gates represent percentage of live cells. C-D.
Representative dot-plots and cumulative data demonstrating that percentages of
CD62L"'CD44", CD62L°CD44'"° and CD62L°CD44™ CD4 T cells are comparable to B6 in
B6.Slel|Sles1|yaa spleens. Values in the quadrants in (C.) represent the percentage of that
population within total CD4 T cells. Symbols represent individual mice. Mean + SEM.
p<0.001 vs. B6; " p<0.05," p<0.001 vs. B6.Slel|yaa (ANOVA).
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Figure 27. Normal Proliferative Response and IFNY Production in B6.S/el|Sles!|yaa. A-
B. Splenocytes were labeled with CFSE and subjected to culture in the presence of oCD3 or
algM. Harvested cells were stained with antibodies to CD19, CD4 and CD8 and analyzed by
flow cytometry. C-D. Splenocytes, prestained with CD4, were stimulated for 4 hours with
PMA and ionomycin in the presence of BD Golgi Stop. Cells were surface-stained, fixed,
permeabilized and then stained with antibodies against IL-4 and IFNYy. B6.Sle!|Sles|yaa
cells did not show the increase in ex vivo IFNy producing CD4" cells seen in B6.yaa, B6.Slel
and B6.Slel|yaa. C. Representaive dot-plots. D. Cumulative data for 2 mice/genotype.
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Values in the quadrants represent the percentage of that population within total CD4 T cells.

kokok

p<0.001 vs. B6; ™ p<0.001 vs. B6.Slel|yaa (ANOVA).
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Figure 28. Long-term suppression of anti-chromatin autoAbs by Sles1. Serum levels of
IgM and IgG anti-chromatin autoAbs were determined by ELISA for samples obtained at 4-6
months of age. Samples were assayed simultaneously, in duplicate, on plates coated in
parallel to allow for interplate comparisons of mean titres. Samples were deemed positive if
they exceeded the mean B6 value + 4SD. Dotted lines indicate the thresholds for being
considered positive. A-B. Anti-chromatin IgM and IgG respectively. For both isotypes,
B6.Slel|Sles1|yaa was comparable to B6, while a highly significant increase relative to B6
controls was seen in B6.Sle!|yaa samples. B6.yaa and B6.Slel showed increased titres as
well. p<0.05, "p<0.01, ""p<0.001 vs. B6; p<0.05, ™ p<0.01, """ p<0.001 vs. B6.Slel|yaa
(ANOVA).
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Figure 29. Suppression of anti-dsDNA autoAbs by Sles1. Serum levels of IgM and IgG
anti-dsDNA autoAbs were determined by ELISA for samples obtained at 4-6 months of age.
Samples were assayed simultaneously, in duplicate, on plates coated in parallel to allow for
interplate comparisons of mean titres. Samples were deemed positive if they exceeded the
mean B6 value + 4SD. Dotted lines indicate the thresholds for being considered positive. A-
B. Anti-dsDNA IgM and IgG respectively. For both isotypes, while B6.Sle!|Sles|yaa was
comparable to B6, a highly significant increase relative to B6 controls was observed in
B6.Slel|yaa samples. B6.yaa and B6.Slel showed increased titres of IgM and 1gG
respectively. p<0.05, " p<0.01, " p<0.001 vs. B6; " p<0.001 vs. B6.Slel|yaa (ANOVA).
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Figure 30. Suppression of anti-GBM autoAbs by SlesI. Serum levels of IgM and IgG anti-
GBM autoAbs were determined by ELISA for samples obtained at 4-6 months of age.
Samples were assayed simultaneously, in duplicate, on plates coated in parallel to allow for
interplate comparisons of mean titres. Samples were deemed positive if they exceeded the
mean B6 value + 4SD. Dotted lines indicate the thresholds for being considered positive. A-
B. Anti-GBM IgM and IgG respectively. For both isotypes, B6.Sle!|SlesI|yaa was
comparable to B6, while a highly significant increase relative to B6 controls was seen in
B6.Slel|yaa samples. B6.yaa and B6.Slel showed increased titres as well. 'p<0.05, " p<0.01,
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p<0.001 vs. B6; "p<0.05, ™ p<0.01, """ p<0.001 vs. B6.Slel|yaa (ANOVA).
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Figure 31. Mortality and Severe GN are Abrogated by Slesl. A-B. Kidneys were
collected from the different mice at the time of sacrifice and fixed sections were examined
for evidence of pathologic changes in the glomeruli, tubules or interstitial areas and
glomerular lymphocyte infiltration, as detailed in Chapter II. A. Kidney sections from 4-6
month old mice. Neither GN nor lymphocyte infiltration was observed at this age in
B6.Slel|Sles1|yaa. Representative slides from each strain are shown below. B. Kidney
sections from 9 month old mice. B6.Sle!|Sles!|yaa kidneys had significantly lower GN
scores than B6.Sle!l|yaa, with a very low incidence of lymphocyte infiltration. Scores: 0:
normal 1: mild increase in mesangial cellularity, matrix 2: moderate increase in mesangial
cellularity & matrix; thickening of GBM 3: focal endocapillary hypercellularity with
substantial thickening &/ irregularity of GBM 4: Diffuse endocapillary hypercellularity,
segmental necrosis, hyalinized end-stage glomeruli; Light gray: No lymphocyte infiltration,
Dark gray: Mild lymphocyte infiltration Black: Moderate lymphocyte infiltration. C. 9-
Month Survival Curves. In contrast to the 64% mortality seen in B6.Sle!|yaa, all 23
B6.Slel|Sles1|yaa survived to 9 months. ~ p<0.001 vs. B6; ™" p<0.01, """ p<0.001 vs.
B6.Slel|yaa (ANOVA).
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Figure 32. Schematic depicting the timecourse of autoimmunity in B6.S/el|yaa and the
suppression mediated by Sles]!.



Chapter V. Epistatic Suppression of SLE:

Partial Protective Effects Mediated by Sles1, Sles2 and Sles3

Introduction

Genetic interactions, classically termed epistasis, have been shown to play a major
role in the development and modulation of the systemic autoimmune disorder SLE. It has
been postulated that autoimmune susceptibility may be a consequence of specific
combinations of common alleles that dysregulate normal immune functions and responses
(reviewed in (18)). Understanding how such susceptibility loci interact has been a major
focus of research in multiple laboratories studying different animal models of lupus, and in
addition, recent human genetic studies have begun to explore the combined impact of
predisposing alleles in lupus patients (56, 59, 67, 83, 148, 157, 185, 186, 199, 200, 231, 240,
242, 252, 286).

Linkage analyses of the NZM2410 lupus-prone strain initially revealed the presence
of three NZW-derived susceptibility intervals, Slel, Sle2 and Sle3/5, on chromosomes 1, 4
and 7 respectively, which were necessary and sufficient to reconstitute fatal lupus nephritis
on the C57Bl/6 (B6) background (146, 201). Given the lack of fatal autoimmunity seen in the
parental NZW strain, it was postulated that this could be due to the presence of epistatic
modifiers in the NZW genome, which cumulatively suppress the development of lupus
nephritis. Analyses of [B6.Slel X NZW]F; X NZW backcross progeny, for linkage to GN

and anti-dsDNA autoAbs, confirmed this hypothesis and revealed the existence of four such
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suppressive modifiers termed the Sles/-4 (SLE suppressor) loci on chromosomes 17, 4, 3 and
9 respectively (242).

These linkage studies indicated that: Sles/ was strongly associated with suppression
of both GN (LOD 10.9) and humoral autoimmunity (LOD 8.54); Sles2 and Sles3 had greater
effects on humoral autoimmunity (LOD 3.07 and LOD 2.9 respectively) and Sles4 had a
male-specific effect on GN (LOD 2.14). In the backcross progeny, it was also shown that the
number of active (NZW homozygous) Sles loci negatively correlated with the penetrance of
GN and humoral autoimmunity. Furthermore, it was demonstrated by introgressing Sles/
onto B6.Slel, B6.Sle2 and B6.S/e3/5 that the suppression mediated by Sles! is specific for
Slel and has no effect on the phenotypes of Sle2 and Sle3/5 (242).

We have recently shown that Sles/ maps to a ~956 KB region and, using genetic
complementation tests, that the 129/SvJ strain appears to harbor a complementary
suppressive allele (227). Furthermore, we have demonstrated that the introduction of Sles/
onto the B6.Sle!|yaa lupus model completely abrogates the male-specific development of
severe, highly penetrant systemic autoimmunity and related immunological abnormalities
associated with this strain (Chapter IV). These data indicate that, in the right genomic context,
Sles1 can mediate a profound and complete suppression of systemic autoimmunity.

In this study, similar to the original studies with Sles/, we introduced the Sles2 and
Sles3 loci onto the B6.S/e/ model and compared the degree of humoral autoimmunity and
related phenotypes elicited in these two bicongenic strains. We find that both Sles2 and Sles3
modulate the titres and penetrance of autoAb production normally observed in the B6.Sle/

model, such that a partial suppressive effect is observed, and, consistent with the lower LOD



172

scores of the initial linkage study, these effects are much less than that observed previously
for Slesl (227, 242).

In addition, we present evidence suggesting that the ability of Sles/ to suppress
autoimmunity is highly dependent on the nature of the additional loci interacting with its
target locus, Slel/. We introgressed Sles! onto the B6.Sle!|Sle2|Sle3/5 (B6.TC) lupus model
and tested its ability to suppress the systemic autoimmunity observed in this strain. We find
that, in contrast to the B6.S/e!|yaa lupus model, the introduction of Sles/ does not prevent
the development of autoimmunity, but instead appears to delay the kinetics and degree of
disease. These data are consistent with the development of autoimmunity observed in the
NZM?2410 strain, which harbors the NZW Sles! allele, and indicate that Sles/ is not a global
suppressor of autoimmunity per se. These studies provide insights into the complex genetic

interactions that mediate and modulate the development of systemic autoimmunity.
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Results
Sles2 and Sles3 Impact the Kinetics and Degree of Humoral Autoimmunity Mediated by
Slel

Bicongenic strains bearing the suppressive modifier loci Sles2 (~39.4 Mb) and Sles3
(~33 Mb) on the B6.Sle! background were generated by marker assisted selection as
described previously, using the markers described in Table 5 and illustrated in Fig.33 (327).
Cohorts of female B6, B6.Slel, B6.Slel|Sles2 and B6.Slel|Sles3 mice were aged and assayed
for anti-chromatin IgG autoAbs at 4, 7 and 9-12 months of age by ELISA.

Fig.34A presents the mean (£ SEM) titres from the various groups at the three
different timepoints. In the case of the B6.S/e/ mice, the anti-chromatin IgG autoAb titres
differed significantly from B6 at all ages examined (p <0.0/; ANOVA), and in addition,
demonstrated an age-dependent increase in the mean titres. Interestingly, the introduction of
Sles2 and Sles3 resulted in decreased mean titres relative to B6.Sle!/ at all timepoints
examined (Fig.34A). At 4 and 7 months, the mean anti-chromatin IgG titres in B6.Sle!|Sles?2
and B6.S/e!|Sles3 mice differed significantly from B6.S/e!, but not from B6. By 12 months
of age, however, the average titres for these two strains were intermediate between and
significantly different from both B6 and B6.Sle!, as shown in Fig.34A (ANOVA). On the
other hand, the mean titres of B6.5/e/|Sles2 and B6.Slel|Sles3 were not statistically different
from each other.

This same data is presented in Fig.34B, as a function of penetrance at each age. This
is defined as the percent of mice having titres that exceeded the mean + 4SD of the age and

gender-matched B6 controls assayed in these experiments. This method of analysis also
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provides clear evidence of the suppression mediated by Sles2 and Sles3. Somewhat
surprisingly, the penetrance of the B6.Sle! positive controls were higher than what has been
previously reported at these ages (153, 226). However, these results have been replicated in
independent repeats of the same sample sets and this increase may hence be specific to the
cohort of animals used in these studies.

These data demonstrate that both Sles2 and Sles3 significantly impact the humoral
autoimmunity elicited by the Sle/ locus on the B6 background at all ages examined. In
contrast to Sles/, and consistent with their lower LOD scores, the suppression mediated by
these loci is incomplete, but does appear to be maintained in ~25% of the animals until 12

months of age.

Sles2 and Sles3 Suppress Splenomegaly and Impact Cell-Surface Phenotypes

At the 12-month terminal sacrifice, spleens were weighed to assess for suppression of
the mild splenomegaly observed in aged B6.S/e/ mice. As shown in Fig.35A, in accordance
with previous reports, the average spleen from a 9-12 month old B6.S/e/ mouse weighed
approximately twice as much as that of age and gender-matched B6 controls (235.4 £16.8
mg vs. 113.2 £4.14 mg; p<0.001, ANOVA) (153, 226). In contrast, B6.Slel|Sles2 and
B6.Slel|Sles3 mice had intermediate spleen weights (149.4 + 13.92 mg and 158.9 +27.59
mg, respectively), which differed significantly from B6.Slel (p<0.001 and p<0.05
respectively; ANOVA) but not from B6 or each other.

We have previously shown that the humoral autoimmunity mediated by the Slel

locus on the B6 background is accompanied by an age-associated increase in cell-surface
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activation markers on splenic B and T lymphocytes, indicative of a chronically activated
immune system. In order to determine whether these phenotypes are impacted by the
presence of the suppressive modifiers Sles2 and Sles3, we performed preliminary flow
cytometric analyses of splenocytes from 12-month old mice.

An increase in the percentage of splenic B and CD4 T cells expressing the early-
activation marker CD69 is a consistent and relatively robust phenotype observed in aged
B6.Slel mice. As shown in Fig.35B-C, both B220 B and CD3 T cells from B6.S/e!|Sles2
mice showed an increase in the percentage of cells expressing CD69, relative to control B6
samples (p<0.05 and p<0.01 respectively; ANOVA). While these p values are less
significant that what was observed for B6.Sle/ mice, in particular for the B cells, it does
suggest that a portion of the lymphocytes remain activated in these mice. Further
investigation of the CD4 T cell population for distribution of the activation markers CD25
and CD69 (Fig.35D), revealed no significant differences in the activation status of the CD4 T
cells in B6.Sle!|Sles2 vs. B6.Slel. Statistical results are not indicated for the B6.Sle!|Sles3
mice, as only three mice have been analyzed, which is insufficient for ANOVA testing. The
preliminary data from these three mice does however suggest increased lymphocyte
activation vs. B6 and a reduction vs. B6.Slel, particularly in the CD4 population. Further
mice will have to be analyzed for both genotypes in order to make any definitive conclusions.

These data demonstrate that Sles2 and Sles3 mediate a partial suppression of the
humoral autoimmunity and splenomegaly elicited by Sle/, such that both these phenotypes
are intermediate between what is normally observed in B6 and B6.Sle/ mice at this age (153,

226). While the flow-cytometric analyses of spleens from these mice remain incomplete, the
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data generated thus far suggest that, consistent with the partial suppression seen for humoral
autoimmunity and splenomegaly, the various lymphocyte activation phenotypes are also

partially modulated in the presence of Sles2 and Sles3.

Slesl Mediates a Reduction in the Degree and Penetrance of Humoral Autoimmunity in
the B6.TC Lupus-Prone Mouse

It has been previously shown that Sle/ is necessary for the reconstitution of severe
lupus nephritis observed in the B6.Sle!|Sle2|Sle3/5 (triple congenic; B6.7C) lupus model,
perhaps due to the fact that Sle/ interacts epistatically with both Sle2 and Sle3/5, while in
contrast, the interaction between Sle2 and Sle3/5 appears non-epistatic (201, 240). Also, as
described earlier, it has been demonstrated that Sles/ specifically suppresses the humoral
autoimmunity elicited by the Sle/ locus on the B6 background, but has no effects on the
phenotypes mediated by the Sle2 and Sle3/5 loci (242). Given these different potentiating and
suppressive epistatic interactions seen between the different Sle and Sles loci on the B6
background, we wished to test whether the introduction of Sles/ has any effect on the
systemic autoimmunity seen in the TC lupus model. We hence introduced Sles/ onto the TC
lupus-model using marker-assisted selection, as described in Chapter II.

Cohorts of female B6.Sle!|Sle2|Sle3/5 (B6.TC) and B6.Slel|Sle2|Sle3/5|Sles1
(quadruple congenic; B6.QC) mice were aged to 12 months and assayed for anti-chromatin
and anti-dsDNA IgG autoAbs at 4, 7 and 9-12 months of age by ELISA. B6 and B6.Slel age
and gender-matched serum samples were used as negative and positive controls respectively.

As shown in Fig.36A, both B6.S/le/ and B6.7C had higher mean titres of anti-chromatin IgG
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autoAbs vs. B6 at all timepoints tested (p<0.001 for both at all ages; ANOVA). Interestingly,
starting at 7 months, B6.7C samples had significantly higher mean titres relative even to
B6.Slel (p<0.01 at 7 and p<0.001 at 9-12 months; ANOVA). In contrast, B6.QC samples
had mean titres intermediate between B6 and B6.Sle/ at both 4 and 7 months and were not
significantly different from either group (ANOVA). By 12 months, the overall mean titre
increased in the B6.QC samples such that they did not differ signficantly from B6.S/le/, but
were significantly more and less than B6 and B6.QC samples respectively (p<0.001 for both;
ANOVA).

This same data is presented in Fig.36B as a function of penetrance. In accordance
with the reduced mean titres at the different ages, the percentage of positive samples of the
B6.0OC genotype was less than that seen in both B6.Sle/ and B6.7C at 4, 7 and 9-12 months.
These data demonstrate that the introduction of Sles/ significantly affects both the mean titre
and penetrance of anti-chromatin IgG autoAbs at all ages tested.

We also compared the levels of anti-dsDNA IgG autoAbs between the various
genotypes at different ages, as shown in Fig.37A. At 4 months of age, B6.7C samples had
significantly higher mean titres of these autoAbs than B6, B6.S/e/ and B6.QC (p<0.001,
p<0.05 and p<0.05 respectively, ANOVA). At 7 months of age, while both B6.7C and
B6.Slel had increased mean titres relative to B6 (p<0.001; ANOVA), B6.QC did not differ
significantly from any group. In contrast, at 9-12 months of age both B6.7C and B6.QC had
significantly increased titres of anti-dsDNA IgG autoAbs relative to B6. These data were not
as consistent between the different genotypes at the various ages as was observed with the

titres of anti-chromatin IgG autoAbs. The most uniform differences seen here were for the
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B6.7C samples, which had an increased mean anti-dsDNA titre relative to all the groups at
all ages, though this value only reached significance vs. B6 consistently. Importantly, B6.QC
did not appear to follow the same pattern of increased titres with age as B6.7C, and did not
differ significantly from B6 until 12 months of age (Fig.37A).

Differences are also seen in the penetrance of anti-dsDNA IgG autoAbs when B6.QC
is compared to B6.7C, as shown in Fig.37B. B6.Sle/ had a low penetrance of anti-dsDNA
autoAb positive mice, which reached roughly 12% by 9-12 months of age. Consistent with
previous reports and the increased severity of systemic disease, B6.7C had a high penetrance
of positive mice, which was evident as early as 4 months of age and reached ~67% by 9-12
months (201). In contrast, the onset and development of highly penetrant anti-dsDNA
autoAbs appears delayed in B6.QC, as evidenced by the fact that only at 9-12 months did the
penetrance increase in the B6.QC strain, and even then was lower than that observed in
B6.7C at 4 months of age (Fig.37B).

These data demonstrate that the introduction of Sles/ appears to delay the kinetics
and decrease the severity of autoAb production normally observed in the B6.7C strain,
without completely abrogating these phenotypes altogether. This is in contrast to what we
have observed in the B6.Sle!|Sles|yaa model (Chapter IV) and suggests that the ability of
Sles! to suppress humoral autoimmunity is highly dependent on the additional loci

interacting with its target locus Sle!.

Slesl Does Not Suppress Splenomegaly But Impacts Cell-Surface Phenotypes
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Measurement of spleen weights from the different mice post-sacrifice at 9-12 months
of age revealed that while B6.Slel, B6.7C and B6.QC all had increased spleen sizes relative
to B6 (p<0.001; non-parametric ANOVA), these three genotypes did not differ significantly
from each other (Fig.38A). This indicates that the introduction of Sles/ does not significantly
impact the splenomegaly normally elicited in the B6.7C mice (201). However, it is possible
that examination of the spleen weights at earlier ages may have revealed differing kinetics,
similar to what was observed for autoAb production in the B6.QC mice.

Flow-cytometric analyses of splenocytes and BM cells were performed in order to
determine whether changes in different immune cell populations, normally observed in aged
B6.7C mice, are modified by the introduction of Sles/. Analyses of BM B cell precursor
populations revealed comparable percentages between B6, B6.7C and B6.QC. In the spleen,
comparable splenic B cell development was observed for both B6.7C and B6.QC mice, as
well as normal percentages of CD19", CD4", CD8" and CD11b" cells. The major changes
observed between the B6.7C and B6.QC groups were in various activation phenotypes and in
splenic plasma B cell differentiation, as described below.

As shown in Fig.38B, both B6.Sle/ and B6.7C mice displayed an increased
percentage of CD3" T cells expressing the early activation marker CD69 vs. B6 (p<0.001 for
both; ANOVA). In addition, both groups had greater cell-surface expression of CD69 on
CD3" T cells, as evidenced by increased MFIs relative to B6 (Fig.38C) (p<0.001 for both;
ANOVA). In contrast, B6.0C mice had reduced percentages of CD69" CD3 T cells
compared to both B6.Sle/ and B6.7C (p<0.001 for both; ANOVA) (Fig.38B). A small

increase in CD69 cell-surface expression on CD3" T cells was observed in B6.QC mice
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relative to B6 (p<0.05; ANOVA), but compared to B6.7C samples, there was a significant
decrease (p<0.01; ANOVA) (Fig.38C). Similar to what was observed in the analyses of
CD3" T cells, there was an increased percentage of activated CD4 T cells
(CD69"CD25"/CD69°CD25") in B6.Slel and B6.TC, as depicted in Fig.38D (p<0.01;
ANOVA). While there was no change in the percentage of CD69'CD25" CD4 T cells
between B6.QC and the other groups, an increase relative to B6 but a decrease compared to
B6.7C was observed for the CD69'CD25 CD4 population (p<0.01 for both; ANOVA).
Interestingly, an increased proportion of CD25'CD69 CD4 T cells in B6.OC mice were seen
relative to B6.7C (p<0.01; ANOVA), with no differences in this population occurring
between the other groups (Fig.38D).

Like the T cell compartment, the percentage of CD69" B220 B cells was increased in
both B6.Sle/ and B6.7C relative to B6 at 9-12 months of age (p<0.001 and p<0.01
respectively; ANOVA) (Fig.38E). This phenotype was not observed in the presence of Sles/,
such that the percentage of activated B cells in the B6.QC group was significantly less than
that in both B6.Sle/ and B6.7C (p<0.001 vs. both), but comparable to that seen in B6, as
shown in Fig.38E. Somewhat surprisingly, given the humoral autoimmunity seen in the
B6.0C strain with age, there are less splenic plasma cells (CD19°CD138") relative to both
B6.Slel and B6.7C, as shown in Fig.38F (ANOV A). Both B6.Sle/ and B6.7C showed a mild
increase relative to B6 in this population (p<0.05; ANOVA).

These data illustrate that even though introduction of Sles/ onto the B6.7C model
does not completely prevent the development of humoral autoimmunity, it does however,

significantly impact the degree of activated lymphocytes normally observed in this lupus-
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prone strain. This is in contrast to what has been observed in other spontaneous lupus-prone
models where the phenotypes of lymphocyte activation and humoral autoimmunity are
closely correlated, especially as the mice are aged. This suggests that the B6.QC model could
provide insight into dysregulated pathways leading to autoimmunity in the absence of a

chronically activated lymphocyte population.

Increased Survival but Comparable GN in the Presence of Slesl

As shown in Fig.39A, introduction of Sles!/ increased the 9-month survival observed
in the B6.7C animals used in this study from 55.6% to 95% (p=0.0064; log-rank test). Given
this increased survival, it is interesting to note that the average GN scores between B6.7C
and B6.QC are comparable, with mean scores of 2.5 (Fig.39B). The similar degree of GN
between these two groups is hence perhaps more reflective of the similar degree of anti-
dsDNA IgG autoAbs seen at this age. These data may also be skewed due to the increased
mortality seen in the B6.7C mice, wherein the mice having severe GN (score = 3) would

have been the ones that died, thus enriching for mice with less severe GN.
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Discussion

The results of these studies illustrate the different effects modifier loci can have on
the phenotypic expression of potent susceptibility loci. In addition, we demonstrate that the
degree of suppression can be highly dependent on the specific combination of susceptibility
loci present, similar to the background genome effect on phenotypes seen in many gene-
targeted lupus models.

Slesl, Sles2 and Sles3 were originally identified in a linkage-analysis designed to
identify loci that prevented the development of lupus nephritis in the NZW mouse strain.
While the LOD scores for the Sles2 and Sles3 loci were relatively weak, especially when
compared to Sles/, multivariate analyses of disease penetrance did suggest a significant role
for these latter two loci as well in the lack of humoral autoimmunity in the NZW mouse.
Those initial studies also revealed, using different bi-congenic systems, that Sles/
specifically suppresses the effects mediated by the Sle/ locus on the B6 background, and
does not appear to impact the phenotypes seen in B6.Sle2 and B6.S5/e3/5 mice (242). The
impact of Sles2 and Sles3 on component phenotypes in isolated bi-congenic models was not
addressed in these original analyses.

Hence, in order to characterize the consequences of Sles2 and Sles3 on the
phenotypes mediated by the Sle/ locus on the B6 background, bi-congenic mice were
generated and characterized for suppression of these different Sle/ phenotypes. To test for
effects on humoral autoimmunity, cohorts of B6, B6.Slel, B6.Slel|Sles2 and B6.Slel|Sles3
female mice were aged and bled at 4, 7 and 9-12 months of age and the sera analyzed by

ELISA for anti-chromatin IgG autoAbs. In terms of penetrance and mean titres, clear effects



183

were seen in the presence of Sles2 and Sles3. In both bi-congenic strains, a significant
reduction was observed in mean titres at all ages tested, relative to B6.S/e/. Similar results
were also noted for the overall penetrance of autoAb production. Significantly, the effects of
Sles2 and Sles3 were greatest at the younger timepoints, suggesting that stochastic events
impact the likelihood of autoAb production in these mice as they age. In addition, the mean
spleen weights from the two bi-congenic strains were intermediate between B6 and B6.Sle!,
but differed significantly only from B6.Sle/. We can hence conclude that Sles2 and Sles3 can
alter the kinetics and degree of humoral autoimmunity and mediate a reduction in the average
spleen weight when combined with Sle/ on the B6 background.

The data regarding modulation of lymphocyte activation remains much more
inconclusive, especially given the fact that only three B6.Sle/|Sles3 mice have so far been
analyzed. The existing data does however suggest that Sles2 has a greater effect on reducing
the percentage of activated B cells than it does on T cells (Fig.35B-D). Even though a
relatively large sample size of B6.Sle/|Sles2 animals have been examined (n=9), larger
numbers may still be required in order to draw meaningful conclusions.

In these studies, we also examined the effects of the introduction of Sles/ onto the
lupus-prone B6.7C strain. This model (B6.QC) combines the most potent susceptibility loci
identified in NZM2410 (Slel, Sle2 and Sle3/5) with the most potent suppressive modifier
locus found in NZW, Sles! (146, 242). ELISA analyses for anti-chromatin and anti-dsSDNA
IgG autoAbs was conducted on serum samples from mice of 4, 7 and 9-12 months of age,
Comparison of the two strains, B6.7C and B6.QC, revealed decreased titres and penetrance

of both these IgG autoAbs in the presence of Sles/ at all ages examined. Similar to what was
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observed in the B6.Sle!|Sles2 and B6.Slel|Sles3 studies, the suppressive effect of Sles/
appeared greatest at the younger ages, again implicating stochastic factors in the
development of humoral autoimmunity.

No difference was observed in the degree of splenomegaly seen between the B6.7C
and B6.QC animals, but similar to what was observed for humoral autoimmunity, a
comparison of younger mice may have revealed greater variation between the two groups.
Despite no significant differences in the severity of GN between these two groups, B6.0C
animals had significantly increased survival. As mentioned earlier, this may be a
consequence of enrichment for lower GN scores in the B6.7C group, due to their greater
mortality.

Flow-cytometric analyses of different cell populations revealed that there was
significant reduction in the percentage of activated B and T lymphocytes and splenic plasma
cells in B6.QC mice relative to B6.7C. Interestingly, there was an increase only compared to
B6.7C in the CD25'CD69” CD4 population in B6.QC mice. The significance of this reduced
population in B6.7C mice, which has the cell-surface characteristics of the regulatory CD4 T
cell population, remains unclear. While a large number of B6.QC mice (n=19) were analyzed,
due to the increased mortality in the B6.7C strain, only five animals from this group were left
for analysis. In order to get a better idea of the differences in different splenic populations
between these two strains, it may be instead necessary to perform these analyses on mice of a
slightly younger age (7-8 months) with more equivalent sample sizes. Nonetheless, these data
do demonstrate that Sles/ has a partial suppressive effect on the different autoimmune

phenotypes assayed in these studies. The fact that the effect is incomplete is consistent with
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the fact that, as has been shown previously, Sles/ has no effect on the phenotypes of Sle2 and
Sle3/5 (242). Hence, it may be that while Sles/ is able to impinge upon some of the pathways
Slel modulates, it cannot influence those pathways that are affected by the epistatic
interactions of Sle/ with Sle2 and Sle3/5, thus resulting in the partial reduction in the
different autoimmune phenotypes.

These studies also illustrate that there are some important factors to consider when
studying such partially suppressed phenotypes. Since, for any given phenotype, the ranges of
the experimental values are increased, due to the partial modulatory effect, the standard
deviations are much larger than what is observed in the positive and negative control strains.
This reduces the power of statistical comparisons and greatly increases the number of
samples that must be analyzed in order to make meaningful comparisons. This also makes
the effects of experiment-to-experiment variation highly magnified. In the case of analyzing
autoAb titres by ELISA, systematic experimental variation can be overcome by the fact that
sera collected on different days can be stored and assayed simultaneously, as done in these
studies. Since spleen weights are an absolute measurement, this phenotype is also less
affected by such experimental variations.

However, flow-cytometric analyses appear particularly sensitive to small differences
between experiments, since the phenotypes being measured are themselves only slightly
modulated by the suppressive loci. Such difficulties were also noted in studies using B6 BAC
(Bacterial Artificial Chromosome) transgenic animals to look for suppression of the
phenotypes mediated by the endogenous Slelb locus (N. Limaye et al., unpublished results).

Furthermore, it can be difficult to get appropriate numbers of age and gender-matched
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animals from multiple strains. Hence, the flow-cytometric assays are performed with
different sub-groups of strains on different days. Even in the presence of appropriate negative,
non-autoimmune controls, these experimental differences combined with the inherent
biological variation can make it difficult to make any definitive conclusions. Also, due to the
fact that these phenotypes may differ significantly at various ages, the range of time within
which these assays can be performed and compared becomes limiting as well. These are
important caveats to consider when studying the effects of partial immunomodulatory loci.
These studies demonstrate that Sles2 and S/es3 can modulate various phenotypes
associated with S/e/, but most importantly the potent humoral autoimmunity elicited by this
locus. The next challenge will be to fine-map these two loci, which should prove quite
complicated and will require large numbers of progeny based on their partial suppressive
effects. While such efforts may prove quite complicated and cumbersome, they could provide
insight into alleles having potent and specific immunomodulatory functions. It would also be
interesting to determine whether a greater, longer-lasting effect on suppression of autoAb
production would be obtained if these two loci were combined together on the B6.Slel
background. Furthermore, we show that the ability of Sles/ to suppress systemic
autoimmunity is highly dependent on the nature of the additional susceptibility loci
interacting with Slel, as evidenced by the complete suppression seen in the
B6.Slel|Sles1|yaa model (Chapter IV) vs. the partial suppression seen in the B6.QC system,
described here. These data provide insight into the complex genetic interactions that

influence the development of systemic autoimmunity.
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Fig. 33
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Figure 33. Schematic Depicting the Generation of B6.S/el|Sles2 and B6.Slel|Sles3 Mice.
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Figure 34. Reduced Mean Titres and Penetrance of anti-chromatin IgG autoAbs in the
Presence of Sles2 and Sles3 at All Ages. Serum levels of IgG anti-chromatin autoAbs were
determined by ELISA for samples obtained at 4, 7 and 9-12 months of age. Samples were
assayed simultaneously, in duplicate, on plates coated in parallel to allow for interplate
comparisons of mean titres. Samples were deemed positive if they exceeded the mean B6
value + 4SD. A. Comparison of mean titres and B. Comparison of penetrance of autoAb
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production between the different strains at 4, 7 and 9-12 months of age. " p<0.01,
p<0.001 vs. B6; " p<0.05, " p<0.01, """ p<0.001 vs. B6.Slel (ANOVA). n = 8-25
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Figure 35. Sles2 and Sles3 Mediate Suppression of Splenomegaly but Do Not Impact
Cell-Surface Activation Phenotypes. Spleens were collected from the mice at time of
sacrifice (9-12 months) and weighed. Flow-cytometric analyses of splenocyte suspensions
were performed to assay for suppression of Sle/-mediated activation phenotypes (153, 226).
B6.Slel|Sles2 and B6.Slel|Sles3 were compared by ANOVA to B6, B6.Slel and each other
for the different phenotypes. A. Comparison of spleen weights at 9-12 months of age. Both
B6.Slel|Sles2 and B6.Slel|Sles3 differed significantly from age and gender-matched B6.S/el
spleens, but not B6 (n=7-31). " p<0.001 vs. B6; " p<0.05, " p<0.001 vs. B6.Slel
(ANOVA). B-C. Percentage of B220" B (B.) and CD3" T (C.) cells expressing the early
activation marker CD69. D. Percentage of CD4" T cells expressing combinations of the
activation markers CD25 and CD69. B6.S/e!|Sles2 had significantly more positive cells than
B6 in both B and T cells, and do not differ significantly from B6.S/e/. Statistical values for
the flow-cytometric analyses are not indicated for B6.Sle/|Sles3 mice, as only three mice
have thus far been analyzed. 'p<0.05, “p<0.01, ™" p<0.001 vs. B6 (ANOVA).
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Figure 36. Reduced Mean Titres and Penetrance of anti-chromatin IgG autoAbs in
B6.QC at All Ages. Serum levels of [gG anti-chromatin autoAbs were determined by ELISA
for samples obtained at 4, 7 and 9-12 months of age. Samples were assayed simultaneously,
in duplicate, on plates coated in parallel to allow for interplate comparisons of mean titres.
Samples were deemed positive if they exceeded the mean B6 value + 4SD. A. Comparison of
mean titres and B. Comparison of penetrance of autoAb production between the different
strains at 4, 7 and 9-12 months of age. = p<0.001 vs. B6; ™ p<0.01, ** p<0.001 vs. B6.Slel
and "p<0.001 vs. B6.TC (ANOVA). n = 5-25 /genotype/timepoint.
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Figure 37. Decreased Mean Titres and Penetrance of anti-dsDNA IgG autoAbs in
B6.0C at All Ages. Serum levels of anti-dsDNA autoAbs were determined by ELISA for
samples obtained at 4, 7 and 9-12 months of age. Samples were assayed simultaneously, in
duplicate, on plates coated in parallel to allow for interplate comparisons of mean titres.
Samples were deemed positive if they exceeded the mean B6 value + 4SD. A. Comparison of
mean titres and B. Comparison of penetrance of autoAb production between the different
strains at 4, 7 and 9-12 months of age. ~ p<0.01, " p<0.001 vs. B6; " p<0.05, vs. B6.Slel

and p<0.05 vs. B6.TC (ANOVA). n = 5-25 /genotype/timepoint.
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Figure 38. Sles1 Does Not Affect Splenomegaly but Impacts Cell-Surface Activation
Phenotypes. Spleens were collected from the mice at time of sacrifice (9-12 months) and
weighed. Flow-cytometric analyses of splenocyte suspensions were performed to assay for
suppression of activation phenotypes. B6.7C and B6.QC were compared by ANOVA to both
B6, B6.Slel and each other. A. Comparison of spleen weights at 9-12 months of age. B6.Sle/,
B6.7C and B6.QC differed significantly from age and gender-matched B6 but not each other
(n=5-25). B-C. Percentage and MFI of CD3" T cells expressing the early activation marker
CD69. B6.Slel and B6.7C had significantly increased values relative to B6 for all parameters.
In contrast, B6.QC had decreased levels relative to B6.7C for the different phenotypes. D.
Percentage of CD4 cells expressing combinations of the activation markers CD25 and CD69.
B6.0C had decreased values relative to B6.7C, but increased CD69'CD25™ CD4 T cells
compared to B6. E-F. Percentage of B220 B cells expressing the activation markers CD69
(E.) and CD19°CD138" plasma B cells (F.) B6.0C had decreased percentages relative to
B6.Slel and B6.7C for these different phenotypes, but was not significantly different from
B6.” p<0.05, "p<0.01, " p<0.001 vs. B6; " p<0.05, " p<0.001 vs. B6.Slel; "'p<0.01,
p<0.001 vs. B6.TC (ANOVA)
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Figure 39. SlesI Increased Survival but Did Not Affect GN. A. Comparison of nine-
months survival curves between B6.7C and B6.QC. The introduction of Sles/ increased
survival from 55.6% to 95% (p=0.0064; log-rank test). B. GN scores from 9-12 month old
B6.7C and B6.QC mice. Despite the decreased mortality in B6.QC, no significant differences
are seen in the GN scores between B6.7C and B6.QC.



Chapter VI: Discussion

There is growing evidence and appreciation for the fact that autoimmunity may arise
as a consequence of ‘unfortunate’ combinations of common, non-deleterious allelic variants
at multiple, immunoregulatory loci (reviewed in (17, 18)). It has been hypothesized that these
autoimmune predisposing genes, some of which have been shown to be highly diversified
and polymorphic, are being selected for and maintained in response to pathogen-driven
selection mechanisms. Historically, HLA polymorphisms that have been associated with
predisposition to autoimmunity are the best example of this type of genetic element. How
then do these common variants elicit systemic autoimmunity? We, and others, have proposed
that epistatic interactions between different combinations of polymorphic genes lead to subtle
alterations in the regulation and functional responsiveness of the immune system that can
ultimately lead to the development and progression of autoimmunity (18). The challenge
ahead lies in trying to decipher the underlying mechanisms by which these allelic
polymorphisms confer susceptibility to autoimmune disorders like SLE.

Furthermore, in addition to the inherent genetic risk conferred by these common
allelic variants, both environmental factors and stochastic events influence the likelihood of
disease development and progression. This results in a probabilistic relationship between the
genetic variants and autoimmunity, in contrast to the deterministic association between
genotype and the disease state seen in simple Mendelian disorders, as depicted in Fig. 40

(reviewed in (17)).
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We have previously shown that Slel, Sle2 and Sle3/5, on chromosomes 1, 4 and 7
respectively, are the major loci contributing to lupus predisposition in the NZM2410 mouse
strain (146). By creating congenic strains of these loci on the B6 background, it has been
shown that each locus mediates unique phenotypes, in terms of both autoimmune pathology
and intrinsic immune responsiveness and functions (225, 226, 235, 238, 279). Subsequent
genetic reconstitution experiments of these three intervals demonstrated that: (i) these loci are
sufficient to cause systemic autoimmunity on the B6 background and (ii) S/e/ is required for
the epistatic interactions needed to generate autoimmunity when these loci are combined
(201, 240).

The fact that all three Sle loci originate from the non-autoimmune NZW parent of
NZM2410, yet are sufficient to mediate systemic autoimmunity when combined on the B6
background, led to the hypothesis that suppressive modifier loci in the NZW genome prevent
the development of autoimmunity in this strain. Linkage analyses confirmed the presence of
four such modifers, termed the Sles/-4 loci, and bi-congenic analyses demonstrated that
Sles1 specifically suppressed the phenotypes of Sle/, but had no effect on those of Sle2 and
Sle3 (242).

In order to study the role of epistatic interactions in the suppression of autoimmunity,
we introduced the Sles/-3 loci onto our different autoimmune-prone congenic models to
assay their effects on the modulation of both humoral and systemic autoimmunity. This
allowed us to further characterize our existing autoimmune models and study how the
introduction of a single locus, originally identified as a suppressive modifier, affected the

development of autoimmunity. Our data demonstrate that such an approach can indeed reveal
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subtle changes in the degree of different autoimmune phenotypes, as illustrated by our
findings that while the mice remain clearly seropositive, the introduction of Sles2 and Sles3
cause a drop in the mean anti-chromatin autoAb titres normally observed in B6.S/e!.

Characterization of suppression mediated by Sles/ revealed that the ability of this
locus to epistatically modulate the autoimmune cascade elicited by Sle/ is highly dependent
on the nature of the additional interacting susceptibility loci. Hence, while Sles/ completely
abrogates the autoimmune phenotypes, systemic and humoral, seen in B6.S/e!|yaa, its effects
on the B6.7C model are much less impressive and bear further careful investigation. Using a
recombinant fine-mapping strategy, we have found that Sles/ maps to a ~956 Kb interval that
is highly gene-dense and polymorphic. Interestingly and of much practical relevance, our
data indicates that the non-autoimmune 129 strains harbors a ‘complementary’ Sles/-allele
(227). The quest ahead lies in determining how the epistatic relationships between the causal
genes within the various loci translate to modulations in immune cell interactions and

function.

Polymorphisms, Dysregulation of Immune Tolerance and the Development of Lupus

A consistent observation in a variety of natural and genetically engineered lupus
models is the spontaneous development of populations of activated and effector-phenotype B
and T lymphocytes. It has been posited that these cells arise and accumulate due to failures in
peripheral tolerance and regulation mechanisms (189, 194, 195, 213, 226, 235, 236, 238).
Both knock-out and transgenic lupus models have provided insight on how aberrant signaling,

proliferation and antigen clearance can contribute to the dysregulation of the immune
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response and consequent disease development, as detailed in Chapter I. This begets the
question: in the case of spontaneous models how do the underlying common polymorphisms
in susceptibility genes lead to failures in tolerance mechanisms and the emergence of
autoreactive B and T cells? While we do not yet have clear mechanistic explanations,
emerging data from our group and others suggest that the underlying polymorphisms could

affect multiple aspects of peripheral tolerance, which cumulatively engender autoimmunity.

Defects in Central Tolerance and the Development of Autoimmunity

T cells undergo a highly regulated series of positive and negative selection events in
the thymus in order to form peripheral repertoires capable of recognizing foreign peptides in
the context of presentation by self-MHC. TCRs that weakly bind self-peptide MHC
complexes undergo positive selection events in the thymic cortical epithelium. At this stage,
some cells expressing highly self-reactive TCRs undergo editing of the TCRa chain.
Medullary thymic epithelial and interdigitating DCs are the agents of negative selection and
test TCRs for reactivity to self-peptide-MHC complexes. TCRs that bind self too strongly
undergo clonal deletion via TCR signaling induced activation of the Fas and BIM pro-
apoptotic pathways (2). It is believed that failure to appropriately present peripheral self-
peptides at this stage of selection allows for the emergence of autoreactive cells, particularly
in organ-specific autoimmune diseases (1). Evidence for this comes from the fact that defects
in the AIRE transcription factor, in both humans and mice, has been shown to lead to failures
in ectopic thymic presentation of peripheral antigens, and polyglandular autoimmune

syndromes. This has been postulated as being due the ability of AIRE to transcriptionally
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regulate the expression of tissue-specific antigens, as well as genes involved in MHC
presentation and thymic migration (328, 329). Interestingly, AIRE has a C4HC3 zinc-finger-
like motif, PHD, reminiscent of, but distinct from the C3HC4 type RING finger domain
found in Ringl and Rnf3 in the Sles! interval, as well as in the novel autoimmunity-
promoting roquin gene and the E3 ubiquitin ligase c-chl ((227, 330) and reviewed in (331)).
Similarly, a point mutation in the ZAP-70 protein, signaling through which is essential for
thymocyte deletion, has been found to lead to the escape of autoreactive T cells and the
development of a murine disorder closely resembling rheumatoid arthritis (332). While no
gross differences in thymic selection events, based on thymocyte staining for CD3, CD4,
CDS8 and CDS5, have been observed in B6.Slel, B6.Slel|yaa, B6.Slel|Sles1|yaa mice, it is
possible that using a system that can reveal qualitative and quantitative changes in positive
and negative selection events, such as the HY-TCR Tg model, may reveal subtle differences.
Recent studies have demonstrated that in both mice and humans, due to the random
receptor rearrangements involved in generating the BCR in the BM, an impressive
percentage of immature B cells have autoreactive specificities. Most of these are removed
from the naive repertoire due to central tolerance mechanisms in the BM, in which further
maturation of autoreactive B lymphocytes is prevented when the strength of receptor
signaling during selection events exceeds specific thresholds (323, 333). If a B cell clone
undergoes successful receptor editing, it survives, but failure to rescue the autoreactive B cell
leads to clonal deletion, due in part to lack of BAFF-mediated survival signals and
expression of pro-apoptotic molecules such as BIM (1). Clear evidence regarding how

defects in B cell central tolerance mechanisms in the BM leads to lupus-like phenotypes have
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not yet been demonstrated, and we have not seen any significant changes in BM subsets in
any of the strains we have examined. However, using the o-HEL BCR-mHEL double Tg
model of central tolerance, it has been shown that Sle/ does not impact effective central

tolerance mechanisms (K. Raman et al., unpublished observations).

Defects in Peripheral Tolerance: Multiple Mechanisms Can Lead to Autoimmunity

Despite these mechanisms of clonal deletion and editing of autoreactive B and T cells
in the BM and thymus, a subset of the immature B cells and naive T cells that emerge into
the periphery have autoreactive receptors. This can be due to the fact that their self-
specificity was not of high enough avidity to trigger clonal deletion, or because of the self-
antigen was not ‘seen’ in the primary lymphoid organ during selection. Peripheral tolerance
mechanisms depend on the interactions between lymphocytes, as well as APCs and stromal
cells, and different peripheral checkpoints occur within specialized microenvironments in the
spleen and LN (1).

We, and others, have shown that the emergence of humoral and systemic
autoimmunity in a variety of different lupus models is preceded and accompanied by age-
associated changes in the activation status and functional responses of both B and T
lymphocytes, albeit with differing kinetics (189, 194, 195, 213, 226, 235, 236, 238). We
found that differences in the activation status of splenic B and T cells can be observed as
early as 6-8 weeks in the B6.Sle!|yaa lupus model. Furthermore, early differentiation of B
and T lymphocytes into phenotypic ‘effector’ plasma and effector-memory populations

respectively was observed. Consistent with these observations, we saw increased levels of
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both IgM and IgG self-specific autoAbs, relative to normal, age-matched controls. The
underlying mechanisms mediated by the epistatic interactions between Sle/ and yaa that lead
to these early-onset phenotypes, and what is the role of Sles/ in preventing them, remains to
be determined, but some possibilities are discussed below.

Given that we have not observed significant changes in B and T cell development
phenotypes in the BM or thymus in our different models, yet have seen significant and early
changes in B and T cell accumulation, development and differentiation in the spleen, we
postulate that the underlying allelic variants modulate the ability to effectively regulate
peripheral tolerance, quite possibly at multiple levels. Evidence for the fact that Sle/ can
impact these mechanisms comes from studies of the o-HEL BCR-sHEL double Tg model of
peripheral tolerance, where it has been shown that Sle/ causes o-HEL BCR B cells, normally
rendered anergic by the presence of soluble HEL, to remain functionally responsive and
undergo less receptor editing (K. Raman et al., unpublished observations).

Maintenance of peripheral B cell tolerance is believed to be a consequence of
decreased display of self-reactive BCRs, molecular feedback mechanisms that change
thresholds for BCR signaling, competition for survival signals with less autoreactive cells,
and regulation of co-stimulatory molecules and immunogenic stimuli. While the precise
molecular mechanisms guiding these processes have yet to be determined, it is believed that
events during peripheral selection in the spleen play an important role. It is important to note,
however, that the ability of the BCR to undergo somatic hypermutation in the GCs can

increase the self-specificity of the BCR (1).
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It has been shown that in the non-autoimmune B6.yaa strain, B cell responsiveness to
a variety of stimuli, including PMA/Ionomycin, LPS, anti-IgM and anti-CD40, are
significantly heightened (195). This may indicate that the variation in the gene encoded by
yaa somehow modifies the regulatory and molecular feedback mechanisms that adjust
thresholds for BCR signaling. In addition, we, and others, have observed increases in overall
IgM levels, with elevated self-reactive IgM autoAbs in non-autoimmune B6.yaa mice, which
may be a consequence of this intrinsic hyper-responsiveness of the B cell compartment (334).
This would suggest that the triggering of self-reactive BCRs in these mice activates sufficient
signaling pathways, such as NFkBI1, to allow for the survival of these autoreactive B cells,
due to this inherent hyper-reactivity. The failure of B6.yaa mice to progress to the
development of high-titred IgG autoAbs has been postulated as being due to lack of T cell
help, as yaa has been shown to act in a B cell intrinsic manner (196). However, recent
experiments, which have shown that WT CD4 T cells can interact with yaa B cells to
promote severe autoimmunity, suggest this explanation is insufficient to explain the lack of
autoimmune progression (194).

To date, despite the fact that aged B6.Sle/ mice have much stronger humoral
autoimmunity and activated B cell phenotypes than B6.yaa, we have not observed any robust
changes in B cell responsiveness to external stimuli at young ages, in terms of CFSE
proliferation in response to IgM stimulus (data not shown). These experiments bear repeating
with doses of different stimuli including a-IgM, a-CD40, LPS, CpG and PMA/ionomycin
and simultaneous comparison of responses between young 6-8 week old female B6, B6.Sle/

and B6.S/e!|Sles] and male B6, B6.yaa, B6.Slel, B6.Slel|yaa and B6.Slel|Sles|yaa.
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In addition, the yaa gene has been shown to result in a significant reduction in the
development of splenic MZ B cells. This population of mature B cells plays an important role
in the early T-independent defense against blood-borne pathogens due to their specialized
anatomical location at the border of the splenic white and red pulp and limited repertoire. MZ
B cells have been shown to be enriched for self-specificities, and it has been suggested that
both TLRY and BCR signaling dictates their peripheral selection. Studies of mice deficient in
a variety signaling molecules, such as CD19, CD21, Btk, Aiolos and CD22, have
demonstrated differential requirements of these proteins for the development of the MZ,
follicular and B1 mature B cell subsets (319, 325). Furthermore, deficiencies in different
members of the Notch family of receptors and ligands, which are involved in cell-fate and
differentiation determination, have been shown to have specific effects on the development
of this B cell population (306, 310).

The role of the MZ population and the development of lupus has been a subject of
much interest and debate. Like B1 B cells, because of their ability to secrete self-reactive
‘natural’ autoAbs, it has been postulated that failure to regulate MZ B cells may play a role in
the development of autoreactive B cells (217, 318, 319). In addition, an early expansion of
this population has been shown in the lupus-prone BWF; mouse strain, as well as in mice
over-expressing the B cell survival factor BAFF, which also develop a lupus-like disease
(217). However, the yaa-associated deficiency in MZ B cells argues against a major role for
these cells in the autoAb production seen in this model. Instead, the yaa-associated MZ B
cell deficiency may be a consequence of alterations in antigen-receptor derived signal

thresholds, as various analyses indicate that weak antigen receptor-derived signals favors MZ
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B-cell generation, while relatively strong signals favor the development of mature follicular
B cells and even stronger signals derived from the antigen receptor are believed to favor the
generation of B1 B cells (322). The ability of Sles! to reconstitute this population suggests an
effect of the gene contained within this locus on ‘resetting’ signaling thresholds, though
conclusive proof of this remains to be shown. It is important to note that neither endogenous
nor Tg Class II IE-o. expression was able to restore this population, eliminating this gene as a
possible candidate in the Sles/-mediated rescue of MZ B cells in this model (315).

Similar to the various mechanisms regulating the development and specificity of the
mature B cell subsets (follicular, MZ and B1), the events leading to terminal B cell
differentiation into plasma cells (PCs) are also highly regulated. PCs can be formed from
either MZ or follicular B cell precursors. Following activation by antigen, naive B cells in
both the MZ and follicles rapidly can rapidly develop into short-lived plasma cells. In
addition, follicular B cells can undergo a germinal-center (GC) reaction, and following
repeated rounds of proliferation, affinity maturation and class-switch recombination, both
memory B cells and plasma cells can be generated. The mechanisms and factors guiding the
commitment of B cells to the memory B cell or PC fate is a subject of intense research and
has been shown to involve various transcription factors (BLIMP1, BCL6, Pax5) and
cytokines (IL-4, IL-21) (335).

An increase in cells with a PC phenotype (CD19"CD138") was observed in older
female B6.S/el mice, and in both young and older B6.S/e!|yaa males, while no differences
were observed in this population in female B6.Sle!|Sles! and male B6.yaa or

B6.Slel|Sles1|yaa. Interestingly, no increase was observed in the proportion of BM PCs in
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either B6.Sle! or B6.Slel|yaa. Recent work on the AM14 Ig-Tg, which is specific for [gG2a’,
and is used as a model for the anti-rheumatoid factor response, has described that, despite the
lack of a GC response, there is extensive Ab-forming cell (AFC) generation in the spleen,
accompanying somatic hypermutation but, like both B6.Sle/ and B6.Sle!|yaa, no
accumulation of PCs in the BM. The immune response was also shown to correlate with the
levels of IgG2a-chromatin ICs but not total I[gG2a, implicating an important role for immune
complexes in the activation of these B cells (336). These events were found to occur outside
the follicles and instead at the splenic T-B border, and the AFCs were found to have rapid
turnover and phenotypic characteristics of plasmablasts, rather than true plasma cells (337).
In contrast, it has been shown, using the anti-dsDNA specific 3H9 Ig-Tg system, that on the
MRL./pr background Tg-B cells accumulate within the B cell follicle, and this localization is
dependent on Ipr (338). Whether anti-self specific B cells in B6.Sle/ and B6.Sle!|yaa mice
show preferential splenic accumulation has yet to be determined, and further characterization,
both by flow-cytometry for changes in chemokine receptor expression and markers of GC B

cells, as well as histological analyses of spleens, are clearly warranted.

Dysregulation of T cells and Peripheral Tolerance

Unlike B cells, T cells that emerge into the periphery are developmentally mature and
do not undergo peripheral selection. However, by the very nature of their selection on self-
MHC, the TCR has inherent self-specificity, and in fact, ‘tonic’ interactions between the T
cell and self-peptide MHC complexes, as well as various survival cytokines (IL-7) are

required for the maintenance of peripheral T cells. Furthermore, recent work has
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demonstrated that the CD25 Foxp3" CD4 T, population has a higher degree of self-
reactivity than their non-regulatory counterparts. T cell tolerance is maintained in peripheral
lymphoid tissues through a variety of mechanisms that include increased expression of the
inhibitory receptor CDS5, the negative co-stimulatory receptors CTLA-4 and PD-1 (on naive
and activated T cells respectively), as well as various ubiquitin ligases (CBL-B, GRAIL and
ITCH), in addition to competition for growth factors (IL-7) and Ty, function (1, 339).

We have found that development of humoral autoimmunity in B6.S/e/ and systemic
autoimmunity in B6.S/e!|yaa is accompanied by the development of activated and effector-
memory CD4 T cells. In the latter model, changes in the peripheral splenic CD4 population
are detectable as early as 6-8 weeks, and are associated with a roughly two-fold increase in
the percentage of cells with the ability to secrete IFNYy in response to PMA/ionomycin
stimulation at this young age.

The ability of a naive T cell to discriminate between interactions that lead to survival,
immunity or tolerance is believed to be due to differences in inherent TCR-mediated
signaling thresholds, determined during positive selection, as well as the degree of co-
stimulation received from mature DCs. It is well known that failure to receive appropriate co-
stimulation leads to tolerance induction, but it has been recently suggested that aberrations in
homeostatic proliferation can to lead to disruptions in normal tolerogenic mechanisms.
According to this hypothesis, inherent changes in ‘survival’ vs. ‘tolerogenic’ thresholds lead
to the maintenance of functional autoreactive T cells (1, 89, 340). We can hence postulate
that altered signaling thresholds in B6.Sle/|yaa T cells leads to an accumulation of ‘effector-

memory’ phenotype CD4 T cells. The SLAM/CD2 haplotype provided by Sle/ may
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influence the avidity of the TCR ‘tickling’ interactions with APC presented self-peptide-
MHC complexes and thus facilitate the survival of these autoreactive cells, by reducing the
requirements for CD28 mediated signaling. For example, it has been posited that modulation
of the PI3K-PKB/Akt pathway can circumvent the requirements for CD28 mediated co-
stimulation (340). Lending support for this hypothesis, is the fact that the SLAM/CD2 family
is known to signal via the PI3K-PKB (Akt) axis, and that B6.Slel/b and B6.S/elb./pr mice
show alterations in this pathway (C. Xie et al., unpublished observations) (234). In addition,
the temporal differences in the emergence of these CD4 T cells between B6.Sle/ and
B6.Slel|yaa mice may reflect the increased B cell interactions with CD4 T cells provided
when both Slel and yaa are epistatically interacting, given that both these loci impact the B
cell compartment.

With age, we find that both B6.S/e/ and B6.Sle!|yaa mice accumulate greater
percentages of these ‘effector-memory’ phenotype CD4 T cells and became unresponsive to
anti-CD3 induced stimulation. These data suggest that the CD4 T cells from these lupus
prone mice, which are continually self-antigen stimulated and/or inherently hyper-responsive,
undergo cell-cycle arrest leading to apoptosis and replication resistant phenotypes. It is
believed that continual activation of MAPK signaling, in contrast to transient activation,
leads to cell-cycle arrest. It may be that such chronic activation, presumably through self-
antigen, leads to the accumulation of memory-phenotype CD4s that are metabolically active
and make pro-inflammatory cytokines, such as IFN-y (194). Interestingly, pep‘/ " mice, which
lack the inhibitory phosphatase Pep/PTPN22, a protein implicated in human autoimmune

susceptibility, demonstrate a similar accumulation of ‘effector-memory’ T cells, which show
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enhanced TCR-mediated functions, as well as increased GC formation and splenomegaly, yet
fail to elicit systemic autoimmunity (341). Such data indicate that enhanced B or CD4 T cell

responsiveness alone is not a predictor of the ability to lose peripheral tolerance.

Lymphocyte Interactions in Autoimmunity: Emerging Evidence for Follicular Ty cells

The numerous cell types and factors implicated in lupus susceptibility have made a
cohesive, encompassing picture of the various interactions key to generating systemic
autoimmunity tremendously difficult to ascertain. For a variety of reasons, most studies focus
on ex vivo cell-surface phenotypes and in vitro responses, which, while contributing valuable
information, cannot give an in vivo ‘picture’ of the actual cell interactions occurring in the
peripheral lymphoid organs. It has been hypothesized that the specialized anatomical
localization of various immune cells, such as B and T lymphocytes, can serve as a method of
extrinsic regulation of peripheral tolerance, by preventing interactions between autoreactive
lymphocytes, as well an intrinsically hyper-responsive APCs, such as those found in
B6.Sle3/5 (1, 237).

While there has been no unequivocal demonstration of ‘follicular exclusion’ as a
method for regulating tolerance, recent work concerning the newly described follicular CD4
T cell (Trn) population sheds insight on the significance of this population in autoimmunity
and has potentially important implications for our different NZM2410-derived lupus models.
A genetic defect in the Roquin RING-finger protein that leads to defective regulation of CD4

Tru cells has been proposed as the causal mechanism leading to the systemic autoimmunity
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seen in sanroque mice (330). Try cells are found in the GCs and have been recently shown to
have a transcriptional program of differentiation unique from extrafollicular cells (342).

Importantly, and of high relevance to the humoral autoimmunity mediated by Slelb,
members of the SLAM/CD2 family, including CD84, CD229, and their downstream adaptor
SAP (SLAM-Associated Protein) are differentially upregulated in Try, relative to other CD4
cells, in both mouse and human. It is tempting to speculate that the lack of ability to maintain
long-term humoral immunity in Sap”” mice may be a consequence of impaired functionality
of these cells (343). In addition, these Try cells have been shown to display increased levels
of CXCRS, CD200, ICOS and IL-21 message and protein (330, 342).

Given their unique localization within the B cell follicle and GC, and their B cell
maturation promoting transcription profile, it has been suggested that Ty cells may serve as
additional regulators of antigen-dependent B cell humoral responses, via their unique
cytokine and chemokine profiles, separate from the classical IL-4 secreting T2 CD4 cell.
For example, in vitro B cell stimulation with a-IgM and IL-21 has been shown to
significantly promote PC differentiation in vitro, which was not observed when o-IgM and
IL-4 were used. Furthermore, in complete contrast to the inhibitory effect of IL-4 on [FNy
production, a key component of the Ty 1/Ty2 paradigm, IL-21 has been shown to promote
IFN-y production by T cells. Interestingly, serum IL-21 levels have been shown to be
elevated in the BXSB.yaa strain, while TCR-engagement induced IL-4 production has been
found to be impaired in the B6.Slelb strain, as well as in Slam™ and Ly108” mice ((233, 344,

345) and C. Nguyen et al., unpublished observations). Defects in the regulation of the Try
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population may also explain the Fas dependent accumulation within the B cell follicle of both
anti-dsDNA specific Tg-B cells and CD4 cells in the MRL./pr 3H9 Tg (338).

It is tempting to speculate that the polymorphisms in the Sle/b SLAM/CD2 haplotype,
which cause structural changes in the extracellular-binding domains and differential isoform
expression of family members, could be influencing the outcomes of antigen-receptor
mediated signaling in follicular B and Try cells, leading to increased interactions and
differentiation, as well as modulation of the local cytokine milieu, such as elevated IL-21 and
IFNY, but decreased IL-4 production. This may promote the emergence of IgG switched anti-
chromatin specific B cells, the maintenance of which was originally facilitated by changes in
mechanisms of homeostatic maintenance by the SLAM/CD2 family polymorphisms during
peripheral selection events. The addition of yaa to this scenario transitions these humoral
aberrations to systemic autoimmunity, via its epistatic interaction with Sle/b/Slel, possibly
by impinging on similar downstream pathways and by influencing kidney susceptibility to
lymphocyte infiltration.

Adding a further layer of complexity to the possible scenarios and mechanisms
described is the ability of Sles! to prevent Sle/-mediated autoimmunity. Our genetic fine-
mapping analysis excluded many MHC genes, including TNF-¢, a lupus susceptibility
candidate gene implicated in both human and murine studies, but still left 69 genes as
possible Sles! candidates (55, 291-293).

As detailed earlier, the association of Class II genes in mediating susceptibility to
lupus has proven quite complicated and dependent on epistatic interactions, resulting in a

variety of hypotheses such as mixed haplotype/isotype Class II molecules, suppression
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mediated by increased Class II I-E expression and peptide competition leading to decreased
self-peptide presentation during thymic development, as mechanisms by which
polymorphisms in these genes can lead to autoimmunity (146, 148, 210, 211, 216). While our
genetic fine-mapping analyses have not yet positionally eliminated Class II genes as
candidates for Sles/, our genetic complementation experiments with 129 strongly argue
against these molecules as being causal. Our contention that the 129 Sles/ interval harbors a
suppressive modifier is supported by evidence from a recent [B6 X 129]F; intercross study,
which showed that the chromosome 17 interval from B6 is permissive for the autoimmunity
elicited by a 129-derived chromosome 1 interval, while that from 129 is suppressive (252).
These studies indicate that 129 and B6, despite sharing the H2" Class II haplotype, are not
completely identical at this region (289).

In addition to the Class II genes, the Sles/ interval harbors a plethora of candidate
genes with known immunological function and relevance, including C4, Daxx, Hspal and
Notch4. These genes and/or their family members have all been shown to play roles in
regulation of lymphocyte function and/or development (25, 41, 301, 308). While many of
these studies have used knockouts or transgenic approaches to interrogate the roles of these
genes in immune function, it is quite likely that polymorphisms in these genes can impact
many of the phenotypes they have been shown to mediate when completely absent or over-
expressed. For example, Daxx plays a role as a transcriptional repressor in IFN-af3-mediated
suppression of B cell development and induction of apoptosis (25). Aberrant activation of
this pathway, as a result of the underlying polymorphisms in the genes within the Sle/ locus,

could lead to defective regulation of B cell development only in the context of the B6 Daxx
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allele. While completely conjectural, this provides an example of how these complex genetic
interactions could lead to different outcomes, one permissive for autoimmunity and the other
suppressive.

It is important to note that despite being one of the most characterized regions of the
genome, there are many genes within the MHC region that are novel and poorly
characterized. Key examples of such genes are the Ring-family members, Ring! and Rnf3,
and the butyrophilin-like genes 070355 (Btnl2), 035441 and 070358, within the minimal
Sles interval, as shown in Fig.11.

Ringl and Rnf5 both contain the RING-finger protein-interaction domain, a specialized
C3HC4-type Zn-finger of 40 to 60 residues that binds two atoms of zinc and has been
implicated in a diverse range of biological processes. Ring! is a ubiquitously-expressed
member of the polycomb group (PcG) of transcriptional repressors and is a member of an E3
ubiquitin-ligase complex. Interestingly, the T-cell anergy factors, CBL-B, C-CBL and
GRAIL all contain a RING domain. These molecules are believed to interfere with and
downregulate TCR-mediated signaling via tagging TCR-CD28 and/or cytokine receptor
molecules with ubiquitin, and thus promote endocytosis and proteolytic degradation of these
signaling moieties (reviewed in (331, 346, 347)). Whether Ring! (or Rnf5) function similarly
is currently unknown, but RING1 expression has been shown to correlate with different B
cell differentiation stages in humans (348). Recently, the RING domain containing ubiquitin
ligase Roquin has been shown to be essential for repressing ICOS expression and regulation
of Try cells, and failure in these mechanisms, due to a mutation in Roquin, has been

postulated to account for the lupus phenotype seen in san roque mice (330). This makes
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Ringl and Rnf5 particular intriguing, given the association of the SLAM/CD2 family with
Trn cells.

The butyrophilin proteins, 070355 (Btnl2), 035441 and 070358, are also emerging as
exciting, novel candidate genes for Sles/. These genes are cell-surface proteins and members
of the Ig superfamily and have been shown to have homology to the B7 family of co-
stimulatory molecules (reviewed in (32)). The B7 family and their ligands have been shown
to have tremendous impact on immune regulation and function, as has been extensively
reviewed. Recently, a truncating splice site mutation in BTNL2 was found to be associated
with the polygenic immune disorder sarcoidosis (349). BTNL? is expressed in a variety of
tissues, including leukocytes and thymus, and expression can be upregulated by pro-
inflammatory cytokines such as TNF-o and IL1-f. Interestingly, treatment with BTN
induced tolerance in a murine EAE model and BTNL?2 has been shown to be a target gene of
the transcription factor E2A, known to have critical roles in regulating B and T cell
development (350, 351). Given these roles for BTNL2, polymorphisms in this gene and/or its
family members could quite potentially mediate the suppressive role of Sles/ by impacting

tolerance mechanisms and providing enhanced inhibitory signals.

Conclusions and Future Directions

The studies we have presented herein illustrate the importance of epistatic
interactions in both the potentiation and suppression of autoimmunity. Our results suggest
that various combinations of immunoregulatory genes lead to alternate versions of a ‘normal’

immune system, as illustrated in the transcription profiles of B6 and B6.S/es|Sles! in splenic
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B and CD4 T cells in Fig.41. Both of these strains are non-autoimmune, yet have very
different patterns of gene-regulation, indicating that there are many pathways leading to
‘normal’. We postulate that the suppression mediated by Sles/ is a dynamic one, and that the
balance between autoimmunity and tolerance achieved by Sles/ is a fine one. Consistent with
this, we find intrinsic B cell ERK hyperphosphorylation in B6.S/es|Sles !, and despite the
potent suppression of humoral and systemic autoimmunity in both the B6.Sle/ and
B6.Slel|yaa models by Slesi, we find the occasional Sles/-bearing mouse that is seropositive
or has kidney disease respectively.

Identifying Sles! is a top priority and elucidating the mechanisms by which it
suppresses Slel-mediated autoimmunity will provide enormous insight into the dysregulated
pathways leading to autoimmunity. The interval contains both well-studied and novel genes
that can be postulated as having roles in ensuring immune regulation. The fact that the 129
strain bears a suppressive allele will allow us to utilize 129-derived ES cells and BACs
libraries to perform in vivo identification of Sles/, as well as identify which cell-lineage Sles/
is expressed in. Importantly, identification of the causal mutation will be simplified, as the
degree of variability between the B6 and 129 intervals is much less, and allow us to focus on
the polymorphisms shared between 129 and NZW that are divergent from B6. Emerging
technologies in genomics and genetics, such as recombineered BAC knock-in strategies and
lineage specific deletion strategies, will help to interrogate the role of individual SNPs in
candidate Sles genes and facilitate causal gene identification and function. Further
characterization of cytokines, chemokines and immunoregulatory cell-surface receptors, as

well as elucidation of variations in downstream signaling molecules, using transcription
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arrays, flow-cytometry and Western blot strategies will enhance our understanding of
changes in different biological pathways elicited by Sles/ suppression.

The schematics in Fig.42 and Fig.43 provide models to illustrate the complex genetic
and cellular mechanisms that underlie the balance between a normal and autoimmune state.
There are numerous paths leading to immune dysregulation, a result of the inherent conflict
between sustaining responsiveness to rapidly evolving pathogens and preserving tolerance to

self, and variations in genes like Sles/ help to maintain this exquisitely fine balance.
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Fig. 40
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Figure 40. Model Comparing the Development of Mendelian Disorders with Complex
Traits, such as Autoimmunity.
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Fig. 41
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Figure 41. Differential Gene Expression Between B6 and B6.S/el|SlesI Illustrate Two
Versions of ‘Normal’. Splenic CD4 T and B220 B cells from 9-12 month old mice were
purified using the MoFlo high-speed cell sorter. RNA was extracted and hybridizations
performed on a mouse 22K oligo chip generated in the Microarray Core at UT Southwestern.
Comparisons represent 8 B6 and 4 B6.Sle!|Sles] mice and demonstrate that the
transcriptional profiles of both T and B cells differ significantly between these two non-
autoimmune strains, suggesting that there is no ‘normal’ profile of the immune system.
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Figure 42. Revised Model of Epistatic Interactions Involved in SLE Susceptibility
Incorporating both Potentiating and Suppressive Loci.
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Figure 43. Hypothetical Model Illustrating Interactions Leading to Autoimmunity. On
the B6 background, Slam/Cd?2 haplotype 1 interactions are minimal and do not lead to
autoimmunity. Slam/Cd2 haplotype 2 results in increased basal and activation-inducaed
expression, increased interactions and is permissive for autoimmunity in the context of the
B6 Slesl allele, hypothetically shown as Ringl, Daxx and Btni2 ((231)and C. Nguyen et al.,
unpublished observations). While the basal expression patterns of the Slam/Cd2 haplotype 2
family members are similar in B6.Sle!|Sles! (data not shown), in the context of the NZW
Sles! allele, these interactions are not permissive for autoimmunity. This could be due to
transcriptional repression mediated by a gene like Ring! or Daxx, or due to inhibition of
signaling by the B7 homolog Bni?2.
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