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The Sle1b susceptibility interval mediates a breach in tolerance to nuclear
antigens in the NZM2410 model of systemic lupus erythematosus (SLE).
Congenic B6 mice carrying the Sle1b locus produce anti-nuclear autoantibodies
(ANASs) but do not develop lupus nephritis as seen in the parental NZM2410
strain. Fine mapping of the Sle1b locus placed it within a 900kb interval between
171.3 and 172.2Mb on chromosome 1. A Bacterial Artificial Chromosome
(BACs) contig that spanned the interval was constructed, and a tiling pathway
comprised of six BACs was sequenced. Sequence analysis revealed a dense
region of 24 expressed genes. Expression studies determined numerous

polymorphisms between B6 and the B6.S/e7b congenic and identified a cluster of



genes known as the Slam/CD2 family as the primary candidates for Sle1b.
These immunoregulatory receptors play a role in intercellular interactions and
regulate function in several immune cell lineages. Of the seven family members
within the locus, Ly108 appears to be the strongest candidate as B6.Sle1b shows
a differential expression in isoforms. Ly108-1 is highly expressed, while Ly108-2
is expressed at much lower level in the congenic when compared to B6. When
lymphocytes are stimulated, Ly7108-2 is strongly up-regulated in B6, but not
B6.Sle1b. Sequence analysis of the extra-cellular immunoglobulin domains of
the Slam/CD2 family revealed two stable haplotypes in a panel of 33 common
inbred strains of mice. The first haplotype is only found in B6 and other C57-
related strains. The more common second haplotype is found in Sle7b and other
autoimmune strains such as MRL, NOD, and NZB, as well as non-autoimmune
strains such as 129Sv and Balb/c. The presence of this haplotype on B6
mediates autoimmunity as B6 congenics carrying the Sle1b locus from 129Sv
also produce ANAs. Signaling studies on both B6.Sle7b and B6.729 reveal an
altered pattern of calcium mobilization upon stimulation in T cells. In addition,
CD4 T cells from B6.Sle1b demonstrate a reduction in IL-4 expression and
secretion upon activation, suggesting that haplotype 2 of the Slam/CD2 family
alters the immune response in T cells. Studies to understand the mechanisms by

which this haplotype mediates autoimmunity are in progress.
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Chapter 1: Introduction

SLE is a complex autoimmune disease of unknown etiology. It is
estimated to affect about 1 in 2000 people, and the clinical presentation is highly
variable and can be fatal, with a 10-year mortality rate of 28%. There is a strong
gender bias, with a female: male ratio of about 9:1 between the ages of 15 and
50 years. Ethnicity also influences the incidence of the disease: African-
Americans and Hispanics are approximately two to four times more likely to

contract the disease than Caucasians (1,2).

SLE is primarily characterized by the production of autoantibodies
directed against nuclear antigens such as double-stranded DNA and chromatin.
These antinuclear autoantibodies (ANAs) cause end-organ damage by a variety
of mechanisms, notably via immune-complex-mediated inflammation, which can
result in glomerulonephritis (GN), arthritis, rashes, serositis, and vasculitis. At the
molecular level, defects in both immune complex clearance and in B-cell and T-
cell tolerance and function have been implicated in the pathogenesis of this

disease (3).

There is a large body of evidence supporting a genetic basis for
susceptibility to SLE. Estimates of the concordance rates in monozygotic twins
range between 25% and 69%, while the rate is only 1-2% in dizygotic twins. In
addition, 10—-12% of SLE patients have first-degree or second-degree relatives
with the disease (4). Stochastic processes and environmental influences clearly

also play a significant role in disease development and exacerbation. These can



include stress, bacterial and viral infections, sun exposure, exogenous hormones

and certain drugs (2).

SLE caused by single gene defect

SLE rarely occurs as a result of a single gene mutation. However,
deficiencies in the early components of the complement cascade can cause the
disease: 95% of C1g-deficient and C4-deficient patients develop lupus, as do
10% of patients with C2 deficiency (5,6). In animal models, disruption of Fas and
Fas ligand (FasL) also has major effects in disease susceptibility (7,8). SLE
more commonly occurs as a complex, polygenic disease, with MHC and non-
MHC genes interacting with each other as well as environmental triggers to

create the varied clinical manifestations (9,10).

Given that single gene deficiencies account for a very small percentage of
SLE cases, susceptibility to lupus is mediated by multiple genetic and
environmental factors. As with any multifactorial disease, this complicates the
identification of disease genes. There is a low degree of penetrance associated
with individual susceptibility loci, and different combinations of genes may be
associated with disease development in different families. In addition, the lack of
any strong selection against the susceptibility loci makes them fairly common in
the general population. This makes their detection by linkage analysis difficult in
human populations, which have a high degree of genetic variability. Nonetheless,
numerous SLE susceptibility intervals have been identified in the human genome

(11-13).



Animal Models of Lupus

A useful alternative strategy when dealing with genetically complex
diseases like SLE is the elucidation of disease mechanisms in suitable animal
models. These studies often yield valuable insights that can then be applied to

human studies (14,15).

There are numerous synthetic murine models and spontaneous murine
models of lupus. The synthetic models include transgenics and targeted gene
disruptions in which candidate disease genes that are involved in a variety of
lymphocytic interactions, apoptosis, or antigen clearance are silenced or
overexpressed (16-18). As might be expected, disrupting or enhancing pathways
involved in normal immune surveillance and reactivity often results in

autoimmunity.

In addition to synthetic mouse models, there are also classic spontaneous
models, including the (NZB x NZW)F1 (or NZB/W) mouse and the congenic
recombinant NZM2410 strain derived from this cross, the MRL/Ipr mouse, and
the BXSB/yaa mouse. NZB/W mice develop systemic autoimmunity with ANA
production and immune-complex-mediated GN, much like that seen in humans.
There is also a strong female gender bias in disease susceptibility, which is not
seen in the NZM2410 strain. It is thought that this may be due to the presence of
very strong susceptibility alleles in the NZM2410 strain, which cause a phenotype
severe enough to mask the effects of sex hormones (19). The Ipr mutation of the

Fas gene, which is involved in apoptosis, is a strongly potentiating factor for



autoimmunity. In combination with a susceptible genome, it causes systemic
disease in MRL/Ipr mice. In the case of BXSB mice, the Y-linked autoimmune
accelerator gene causes severe disease in males when expressed in the

susceptible BXSB genome.

Numerous linkage analyses have been carried out in each of these strains
to identify the chromosomal regions responsible for mediating susceptibility to
various component phenotypes such as ANA production, splenomegaly, and GN
(20). In each study, three or more loci were linked to disease susceptibility. This
holds true in the case of the (SWR x NZB)F1 strain. Mice of this strain also
develop disease very similar to that seen in NZB/W mice, and linkage analysis
has recently been carried out to understand the contribution of the SWR genome

to disease susceptibility (21).

More than 50 loci have been found to affect susceptibility to lupus or one
of its component phenotypes (22,23), pointing to the complexity and the
polygenic nature of this disease. Loci on chromosomes 1, 4, 7, and 17 have been
identified in multiple studies, which indicate that genes in these regions may be
important in immune regulation and function, and may play a role in mediating
disease in a manner not specific to strain. Many mapped loci co-localize with
regions linked to other autoimmune diseases like insulin-dependent diabetes,
experimental autoimmune encephalomyelitis, and experimental induced arthritis
in various murine models (24). This makes it probable that certain loci affect

autoimmune susceptibility in general by modulating processes such as immune



reactivity or apoptosis, while other genes play a role in determining the specific

target organ and antigens involved in disease pathogenesis.

Linkage analysis followed by congenic dissection is a powerful strategy
that is used to narrow identified regions showing linkage to susceptibility, down to
a point where physical mapping and candidate gene analysis can be
meaningfully carried out. In congenic dissection, the various genomic regions are
moved individually onto a resistant genome or vice versa, allowing one to see the
effects of each individual locus. Using this technique, significant advances have
been made towards identifying genes that may be involved in the loss of

tolerance to nuclear antigens in the spontaneous models of murine lupus.

Linkage analysis of the NZM2410 strain

Linkage analysis of susceptibility to GN and ANA production in the
NZM2410 strain by Morel and Wakeland identified three prominent loci (25), and
congenic strains were then made by moving each locus onto the lupus-resistant
C57Bl/6J (B6) background (26). The B6.Sle? congenic carries the Sle1 interval,
found on chromosome 1. The congenic is associated with the production of
autoantibodies against H2A/H2B/DNA sub-nucleosomes and with the elevated
expression of the activation markers B7.2 on B cells and CD69 on CD4" T cells
(27). B6.Sle2 harbors the Sle2 interval on chromosome 4 and shows a reduction
in the threshold for activation of B cells, leading to the production of polyclonal
IgM and increased numbers of peritoneal and splenic B1 cells when present on

the B6 genetic background (28). B6.S/e3, whose congenic interval lies on



chromosome 7, possesses an affected T-cell compartment, as well as the
production of polyclonal IgG by B cells. These B6.Sle3 congenic mice also have
an expansion of CD4" T cells, along with a decrease in activation-induced cell
death of these cells following stimulation with anti-CD3. The T cells exhibit a
stronger proliferative response in vitro to T-dependent antigen stimulation, but

not to T-independent antigen stimulation (29).

Significantly, neither the Sle2 nor the Sle3 interval is sufficient to cause
the production of autoantibodies and kidney disease on the lupus-resistant B6
background. When combined with Sle1 as a bi-congenic model, however, they
cause renal lesions and proteinuria with varying penetrance (30). This
demonstrates the need for both an initiating factor and the amplification of the
immune response for disease pathogenesis to occur. The Sle7 locus thus
appears to be an initiating factor in murine lupus that causes systemic
autoimmunity, resulting in GN when it is combined with either the Sle2 or Sle3

loci in bi-congenic strains of mice, or with the BXSB-derived yaa gene (31).

Given the multiple loci that were identified in the NZM2410 strain, the
susceptibility to lupus is highly complex. But to further complicate the issue, it
was recently discovered that there existed epistatic modifiers or genes that
suppress autoimmunity. Most of the SLE intervals were derived from the NZW
strain, which does not develop significant autoimmune phenotypes seen in the

NZM2410 strain (32).



Linkage analysis then confirmed that there existed four suppressive loci,
labeled 'Sles' (SLE suppressor), in the NZW genome (32). The Sles? locus,
which is a specific suppressor of Sle1, can in fact completely suppress the entire
autoimmune cascade that is caused by Sle7 on a B6/NZW heterozygous
background. This includes a powerful humoral autoimmune response, and a high
penetrance of fatal lupus nephritis (>75%). Sles1 is located on chromosome 17,
in the complement region of the murine MHC. B6 mice congenic for both the Sle1
and the Sles1 intervals are phenotypically indistinguishable from B6 mice.
Heterozygosity at the H2 locus has previously been linked to lupus susceptibility

in mouse models as well as human lupus (16).

Sles2 is located on a region on chromosome 4 that was previously shown
to contain NZB-derived susceptibility loci, and is linked to suppression of
autoantibody production (32). Sles3 on chromosome 3 is located near 112, a
region that has been linked to diabetes and experimental autoimmune
encephalomyelitis susceptibility in murine models (32). It is linked with humoral
autoimmunity and, more weakly, nephritis suppression. Sles4 on chromosome 9
is linked with protection from nephritis but not humoral autoimmunity, and its
effect is entirely male specific (32). These four suppressive loci, along with the
Sle loci, help illustrate the complexity of SLE and the importance of epistatic

interactions among susceptibility genes in leading to autoimmunity.

The major mouse model that our lab studies is the B6.S/e7b subcongenic

line. B6.Sle1b was derived from Sle7 when it was discovered through fine



mapping that the Sle? locus actually consisted of a cluster of functionally-related
loci (33). The highest penetrance of anti-chromatin autoantibody production as
well as earliest age of onset of the phenotype was mediated by the Sle1b locus
(34). Sle1b is associated with the loss of tolerance to H2A/H2B/DNA
subnucleosome, which is characteristic of the entire Sle? interval (35). Sle1b
mice show elevated levels of both total IgM and IgG and elevated surface

expression of activation markers on B and T cells (36).

Because Sle1b was the most potent locus within the Sle7 interval, one of
the major projects of our lab was to positionally clone the gene(s) responsible for
the Sle1b phenotype. From sequencing the entire Sle1b interval, we discovered
a gene-dense region, making analysis for candidate genes of Sle1b
cumbersome. However, what caught our attention was the presence of a cluster

of genes with immunological relevance known as the Slam/CD2 family.

Slam/CD2 Family of Immuno-receptors

The Slam/CD2 family of receptors is comprised of seven members:
CD244 (2b4), CD229 (Ly9), Cs1 (19a24, CRACC), Cd48 (Bcm-1), Cd150 (Slam),
Ly108 (NTB-a), and Cd84 (37). These cell-surface receptors are characterized
by a two immunoglobulin (Ig)-like extracellular domains, a single transmembrane
domain, and an intercellular segment that contain tyrosine-based motifs
TxYxxV/I, known as immuno-tyrosine switch motifs (ITSM) (38,39). CD48 is the
only exception as it lacks an intracellular domain and is a GPI-linked receptor.

These members are located on human chromosome 1q23, which is a region that



has been associated with SLE susceptibility in numerous human linkage studies
(12,13,40). In the mouse, the family lies in a syntenic region on mouse
chromosome 1 (41). Many of these members have been reported to have
multiple isoforms as a result of alternative splicing and have differential functions
(42).

The Slam/CD2 family of molecules is widely expressed in immune-related
tissues, and their expression levels can be influenced by antigen-receptor
stimulation as well as cytokines (43). They are known to interact with each other
in either homotypic or heterotypic fashion, such as Cd150/Cd150 interaction and
CD244/Cd48, respectively (44). Members of this family have been shown to
deliver both activating and inhibitory signals during cell-cell interactions among T
and B cells, monocytes, and NK cells (45-47). Phosphorylation of the ITSM
motifs in their cytoplasmic tails allows for the recruitment of downstream
signaling molecules, such as SAP and Eat-2, and leads to the modulation of a
variety of immune functions, which include T cell activation, cytokine secretion,
as well as NK cell cytotoxicity (48,49). The family’s ability to influence immune
cell functions have been shown to heavily depend upon numerous factors that
include their expression levels, functional avidity for their ligand pair, and the

availability of downstream signal transduction molecules (50-52).

CD244

CD244 was first identified in the attempt to identify receptors involved in

non-MHC restricted killing by NK cells (53 54). CD244 (2b4) is expressed



predominantly on NK cells, as well as CD8 T cells, monocytes, and basophils.(53
55). Unlike most of the other members of Slam/CD2 family, CD244 has been
shown to interact in a heterotypic manner with another family member, Cd48 (56
57). Two isoforms of CD244 have been identified in the mouse: CD244-L and
CD244-S (58). Both isoforms share the same extracellular domains and differ
only in their cytoplasmic domains. The long isoform contains four ITSM motifs
while the short has only one such motif (59). Schatzle et al. demonstrated that
CD244-L is inhibitory in terms of cytotoxic function in NK cells while CD244-S is
activating when expressed in RNK-16 cell line. In CD8 T cells, data involving
anti-CD244 mAb has shown that CD244 plays a role in CD8 proliferation (60).
Data from CD244-deficient mice reveal an enhanced cell-mediated cytotoxicity
and interferon-gamma secretion (61). Interestingly, retroviral-mediated
expression of CD244-L, but not CD244-S, in the CD244-deficient NK cells
restored the phenotype, suggesting that CD244 in the mouse acts primarily in an
inhibitory manner (62). Thus the data supporting its role as an activating
receptor using the anti-CD244 mAb may actually reflect the blocking of CD244

with its ligand pair, Cd48 (63).

CD229

CD229 was first characterized from lymphoid cell lines and was
discovered to belong to the Slam/CD2 family (64). The molecule is expressed on
T cells and mature B cells (65). It has been recently demonstrated that Ly9
interacts with itself and colocalizes to the immune synapse of B and T cells upon

antigen stimulation (66). Structurally, CD229 is unique amongst the other
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Slam/CD2 family members because its extracellular segment consists of four Ig-
variable-like domains (67). CD229 has possible isoforms based on our own
Northern analysis data in mice (68) and human lymphoid tissue (69). Currently,

no reports have elucidated the role of CD229 in the immune system.

O
(7]
PEY

Cs1 was first identified by three independent groups (70-72). ltis
expressed on nearly all NK cells, activated CD8 T cells, B cells, and mature
dendritic cells (73). Cs1 is another member of the family who is a self-ligand
(71). It mediates cytotoxicity in NK cells in a Sap-independent manner and
requires activation of extracellular signal-regulated kinases-1/2 (ERK 1/2) (74).
In CD8 T cells on the other hand, Cs1 does not mediate cytotoxicity, thus it has
been suggested that it may act in a costimulatory fashion (75). Similar to CD244,
two isoforms of Cs1 have been described in the mouse. The longer isoform has
an ITSM motif, while the shorter isoform does not have any motifs (76). When
the individual isoforms were transfected into the rat NK cell line RNK-16, it was
demonstrated that the long isoform can mediate cytotoxicity while the short
isoform had no effect (77). This argues that Cs1-L may play an activating role

(78).

Cd48

Cd48 was first identified as the molecule that was recognized by the

monoclonal Ab 5-8A10 that could inhibit anti-CD3 induced T cell activation (79). It
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is expressed on B and T cells, NK cells, and monocytes (80). It is the only
member of the Slam/CD2 family that lacks an intercellular signaling domain.
Instead, it is linked to the cell surface by a glycosylphosphatidylinositol (GPI)
anchor (81). It was initially reported to be able to bind to CD2 with low affinity
(82), however later it was discovered that Cd48 bound to CD244 with a higher
affinity (83). Cd48 functions in a costimulatory manner, potentiating CD4 and
CD8 T cell activation and proliferation (84,85). In support of this, splenocytes
from CD48-deficient mice show a diminished response in CD4 T cells to
Concanavalin -A and anti-CD3 stimulation (86). No change in LPS response was
observed; however, there was a dramatic defect in response to

phytohemagglutinin (PHA) (87).

Cd150

Cd150 was first identified and characterized on human B cells as IPO-3
(88). Itis expressed on resting/activated B cells and activated T cells, as well as
CD45R0O"9" memory T cells, T-cell clones, and thymocytes (89,90). In addition,
studies in mice have demonstrated that Cd150 is expressed on highly polarized
Th1 and Th2 populations, but is only maintained on Th1 clones, and not Th2
(91). Recently, Mavaddat et al. demonstrated that Cd150 interacts in a
homophilic manner but in a low affinity manner (92). Activated human T cells
have been reported to express a membrane form, a soluble form that is secreted,
a cytoplasmic form, and a variant membrane form with a truncated cytoplasmic
tail (93). In the mouse, two isoforms of Cd150 have been reported with mSlam1

having three ITSM motifs and mSlam2 having only one (94).
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In human studies, cross-linking Cd150 on activated peripheral T cells or T
cell clones led to a costimulatory effect on proliferation and IFN-gamma
production (95). Other groups have also reported this Th1-biasing response
upon Cd150 activation in CD4 T cells (96-98). Data from the Cd150 knockout
mice suggests that Cd150 does indeed play a role in balancing IL-4 and IFN-
gamma production. When CD150-deficient CD4 T cells are subjected to TCR
stimulus, there is a decrease in IL-4 production and slightly higher IFN-gamma

production when compared to wild-type littermates (99).

Cdg4

Cd84 was first identified as an antigen that was recognized by three
different monoclonal mAbs directed against CD84 from a human B cell line (100),
and the same group later cloned the murine homolog (101). Itis expressed on B
and T cells, monocytes, platelets, and granulocytes (102). Two possible
isoforms have been described (103), but structural and signaling properties
regarding the cytoplasmic domains were not reported. It has been
demonstrated that CD84 is another homophilic molecule, and in humans, ligation
of CD84 enhances anti-CD3-induced IFN-gamma production (104) and anti-CD3-

induced proliferation of T cells (105).

Ly108
Ly108 was first identified fortuitously from erythrocyte RNA while
attempting to study p53-regulated genes (106). Itis expressed on T, B, and NK

cells in both human and mouse (107-109). It is up-regulated upon activation of
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human B and T cells (110). Ly108 has at least two alternatively spliced isoforms
in the mouse, termed Ly108-1 and Ly108-2 (111). These two isoforms share the
same extracellular and transmembrane domains and differ only in their
cytoplasmic tails. Ly108-1 has two ITSM motifs, while Ly108-2 has three (112-
113). Valdez et al. demonstrated that engaging Ly108 has a costimulatory effect
on anti-CD3 stimulated CD4 T cells leading to an increase in proliferation and

IFN-gamma secretion (114). No isoform-specific function has been established.

SAP adaptor

Slam-Associated Protein (SAP) is an SH2-domain containing protein
encoded by the Sh2d1a gene that acts as a signaling adaptor downstream of the
Slam/CD2 family members (115). Sap is expressed mostly in NK and T cells
(116) and binds to the ITSM motifs of the Slam/CD2 family in a phosphorylation-
dependent manner (117,118). The role of this molecule in the regulation of the
immune system became evident when it was discovered that mutations and/or
deficiencies of Sap led to X-linked lymphoproliferative disorder (XLP) (119,120)

Studies involving Sap knockout mice have provided a clue to the function
of Sap and its relation to the Slam/CD2 family. Sap appears to play a significant
role in Th2 responses, as Sap deficient mice exhibit a dramatically impaired IL-4
response upon T cell activation (121,122). Furthermore, when these mice are
challenged with pathogens such as Toxoplasma gondii or Leishmania major,
they exhibit an exaggerated IFN-gamma response (121,122). Additional
characterization of this model has suggested that the defective IL-4 response is

independent of IFN-gamma because when Sap knockouts were bred to IFN-
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gamma knockouts, the IL-4 phenotype persisted (123). Interestingly, the T cells
had the capacity to secrete |IL-4 when polarized under Th2-promoting conditions,
which indicated that the T cells were capable of responding to Th2 cytokines and
can still differentiate into the appropriate Th subsets (124).

The Slam/CD2 family wide expression pattern across lymphoid tissues
suggests a possible redundancy in functionality. This is also supported by the
data that engaging the receptors, as in the case of Cd150, Ly108, and Cd8&4,
leads to a Th1 biased response. In the data | will present, CD4 T cells from our
Sle1b mouse model also show a Th1-biased response when stimulated with anti-
CD3 and anti-CD28 antibodies. The significance of this will be discussed, and
the role of this family of receptors as a whole in establishing a particular cytokine

environment that is conducive to autoimmunity will be suggested.

Cytokines and SLE

Cytokines have long been considered potential players in the
pathogenesis of autoimmunity as the destruction of tissues in diseases such as
SLE and diabetes is influenced by proinflammatory cytokines (125). However,
the roles that cytokines play is not entirely absolute as many of them have
multiple functions in modulating the immune system. Furthermore, the data from
mouse models studying individual cytokines have often lead to ambiguous
conclusions as the induction of tolerance by cytokines is more complicated than

previously thought (126).
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Interleukin-2 (IL-2)

IL-2 is an important cytokine regulating T cell tolerance (127). T cells from
NZB/W mice were first shown to have a deficient IL-2 response when compared
to non-autoimmune strains such as C57BI/6 and DBA/2 (128). When stimulated
with ConA, both splenic and lymph node T cells show a reduced capacity to
produce IL-2 as the mice aged (129). They also showed that MRL/Ipr exhibits a
more pronounced reduction in response than that seen in B/W mice, which they
say correlates with the early autoimmune phenotype seen in MRL/Ipr mice.
Furthermore, B6/Ipr also showed decreased IL-2 response, suggesting that the
IL-2 defect is associated with the Ipr gene. How this IL-2 defect plays a role in
disease pathogenesis is still not clear. One group has demonstrated that adding
anti-IL2R monoclonal antibody, which blocks the alpha subunit of the IL-2
receptor, ameliorates lupus nephritis in B/AW mice (130). On the contrary,
another group reported that adding exogenous low and high doses of human
recombinant IL-2 does not affect the autoimmune phenotype in B/W mice (131).
This was also shown to be the case in MRL/Ipr (132). In addition to SLE, IL-2
polymorphisms has been implicated in mediating susceptibility to type 1 diabetes
in the NOD mouse model (133); however, this locus was then later demonstrated
to be necessary but not sufficient in the development of disease in the NOD
mouse (134). While IL-2 and its role in autoimmunity remains inconclusive, it is
clear that IL-2 does play a role in tolerance as IL-2 deficiency has been shown to

lead to an autoimmune phenotype (135).
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Interferon-gamma (IFN-gamma)

Interferon-gamma is a proinflammatory cytokine that is secreted by Th1,
CD8 cytotoxic T cells, and NK cells (136). It has been shown to be highly
expressed in lupus mice, such as MRL and BSXB mice (137). Although contrary
data has been shown by another group where it was reported that no clear Th1
or Th2 expression pattern existed (138). In the B/W model, two different groups
have demonstrated that disease is exacerbated with the administration of
exogenous IFN-gamma. Moreover, the addition of anti-IFN-gamma monoclonal
antibody or soluble IFN-gamma receptor improved the autoimmune phenotype
(139,140).
The role of IFN-gamma in B/W mice is further supported by data involving IFN-
gamma knockout mice that show a dramatic reduction in lupus nephritis (141).
What is interesting is that IFN-gamma deficiency on the MRL//pr background
leads to a suppression of disease despite the mice having high levels of ANAs
and glomerular immune complex deposits (142). This suggests that IFN-gamma
plays more of an important role in end organ disease pathogenesis, rather than
pathways leading to a breach in tolerance. However, the notion that IFN-gamma
simply acts as a pro-inflammatory cytokine in autoimmunity cannot be accepted
because IFN-gamma deficiency can lead to susceptibility to experimental allergic
encephalomyelitis (EAE) in Balb/c mice (143). In fact, it has been demonstrated
that IFN-gamma can mediate effector T cell apoptosis (144). Thus, IFN-gamma
can mediate both inflammation in the pathogenesis of autoimmune disease as

well as promote apoptosis to regulate immune responses.
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Interleukin-6 145

IL-6 is a pleiotropic cytokine involved in immune regulation and
inflammation. It plays an important role in the final maturation stages of B cells
developing into antibody-secreting cells (146). In 1989, it was reported that IL-6
transgenic mice developed massive plasmacytosis with autoantibody production
and glomerulonephritis that resembled SLE (147). One of the first reports that
suggested IL-6 having a role in murine lupus came out the following year when it
was discovered that adding exogenous IL-6 to B cells from old B/W mice
augmented IgG anti-DNA antibody production (148). Another group later
confirmed that the administration of recombinant IL-6 to B/W mice exacerbated
the autoimmune phenotype (149). One group has reported no difference in the
serum levels of IL-6 in B/W mice when compared to non-autoimmune strains;
however, they did detect higher levels of IL-6 in MRL/Ipr mice (150). Another
group demonstrated by RT-PCR that splenocytes from B/W mice did have
increased level of IL-6 expression (151). Furthermore, Dr. K. Liu in our lab has
observed that B cells and monocytes from Sle1ab recombinant mice produce
higher levels of IL-6 as demonstrated by intracellular FACS analysis (152). Not
surprising then, it has been previously shown that blocking the IL-6 receptor by
antibody suppresses the development of lupus nephritis in the B/W mice (153).
However, the role of IL-6 in lupus is still not entirely clear because treating B/W
mice with neutralizing anti-IL-6 antibody suppressed the development of

glomerulonephritis (154) while another group reported no effect (155).
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Interleukin-4 (IL-4)

IL-4 is an immunoregulatory cytokine that is involved in regulating B cells
and promoting the development of Th2 cells (156). While one group has found
no difference in IL-4 expression in lupus mice (157), others have reported either
an increase (158) or decrease (159-161) in the levels of expression. To make
matters more complicated, it has been reported that IL-4 transgenic expression in
B cells prevented lupus nephritis in (NZW x B6.yaa)F1 (162). However, another
group reported that the when IL-4 stimulated splenocytes are transferred to B/W
mice of the same age, the production of IgG anti-dsDNA antibody was enhanced
and that the treatment with neutralizing anti-IL-4 ameliorated the disease (163).
Finally, IL-4 knockout on the MRL//pr background lead to reduced end organ
disease despite producing IgG2a and IgG2b autoantibodies (164), demonstrating
again that pathways mediating end-organ damage may be independent of
pathways mediating loss in tolerance. The conflicting reports on IL-4 does not
allow for a clear conclusion as to the mechanisms by which it mediates

autoimmunity.

Interleukin-10 (IL-10)

IL-10 is another pleioptropic cytokine that plays an important
immunoregulatory role in the immune system. Because IL-10 inhibits Th1
responses and mediates B cell proliferation, differentiation, and antibody
secretion, it has been hypothesized that this cytokine plays a potential role in the
pathogenesis of SLE. IL-10 can also inhibit the activation of monocytes, dendritic

cells, and macrophages that can lead to a decrease in the production of
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inflammatory cytokines (165). IL-10 may play a role in inducing tolerance as it
can downregulate MHC class Il expression as well as intercellular adhesion
molecules on APCS (166). Polymorphisms in the promoter of IL-10 have been
associated with human SLE (167). In murine models of lupus, IL-10 has been
reported to be increased in expression in lymph nodes and splenic tissue in
BXSB male mice and MRL/lpr (168,169). Also, the continuous administration of
anti-IL-10 to B/W mice at an early age does indeed delay the onset of ANA
production and lupus nephritis and significantly improved survival rates (170).
Although one would hypothesize that IL-10 influences B cell activation and
function and thus could mediate B cell hyperactivity in lupus mice, the data from
the mouse model may not accurately reflect human SLE because IL-10 does not
activate mouse splenic B cells (171). This is a reminder that cytokine studies in
murine lupus models should carefully be interpreted if conclusions made were to

be applied to human SLE.

Tumor Necrosis Factor alpha (TNFa)

Tumor necrosis factor alpha (TNFa) is a multifunctional cytokine that plays
both a proinflammatory and immunoregulatory role. It is secreted by
macrophages and NK cells and has been implicated in autoimmunity, but the
data between human and mice is not consistent. While high sera levels of TNFa
have been demonstrated in SLE and RA patients (172), findings in lupus mice
are inconsistent. A polymorphism in the TNFa gene in the B/W mice has been
correlated with low TNFa expression levels (173). When young B/W mice are

placed on recombinant TNFa therapy, the onset of kidney disease was delayed;
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however, this effect was not observed once the disease had progressed (174).
On the contrary, elevated TNFa levels have also been reported to be involved in
lupus mice (175-177). In the MRL/Ipr model, it has been shown that tubular
epithelial cells produce TNFa along with colony-stimulating factor 1 (CSF-1) to
recruit macrophages to the kidney, leading to inflammation and renal disease
(178). Furthermore, TNFa has been shown to be highly expressed in kidney
tissues in B/W mice (179). When 4 months-old B/W mice were then injected with
low doses, but not high doses, of TNFa, the renal injury was accelerated (180).
This is perplexing because Jacob et al. administered to B/W mice TNFa at a
dosage ten times higher than the largest dose from the Brennan group and
observed a delay in the development of lupus nephritis (181). This protective
effect is not unique to lupus murine models as the administration of TNFa to
NOD mice provides protection from autoreactive islet-specific T cells (182,183).
Despite being a proinflammatory cytokine, how TNFa contributes to the
pathogenesis as well as protection from autoimmunity in mouse models is still

not fully understood.

Interleukin-17 (IL-17)

IL-17 is a proinflammatory cytokine that is produced by activated T cells
that is suspected to be involved in inflammatory diseases (184). It has been
demonstrated to be elevated in the serum of SLE and Systemic multiple sclerosis
(SSc) patients, as well as the synovial fluid from RA patients, and has thus been
suggested to contribute to the inflammatory process seen in autoimmune and

degenerative diseases (185,186). While there are no currently published findings
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on IL-17 involvement in lupus mouse models, most of the work on IL-17 pertains
to rheumatoid arthritis and pulmonary diseases. Studies have demonstrated its
role in the induction of proinflammatory cytokines in monocytes along with

neutrophil recruitment and macrophage activation (187).

Interleukin-21 (IL-21)

IL-21 is a key cytokine that plays a role in the transition between innate
and adaptive immune responses. ltis secreted by activated T cells and plays a
supportive role in B and T cell proliferation as well as NK cytotoxic function (188).
Data from the IL-21R knockouts suggests that IL-21 also mediates B cell function
with the help of IL-4 (189). When IL-21 expression was examined in the spleens
from BXSB/yaa mice, it was demonstrated that IL-21 is greatly elevated and thus

suggested a possible role in the pathogenesis of lupus (190).

Th1/Th2 Paradigm

The large body of work on T cell cytokines and their influence on the
immune system have been organized into two distinct models based on cytokine
secretion and function: the Th1 and Th2 lineages (191). Th1 cells are derived
from naive T-cell precursors following their interaction with APCs in the presence
of IL-12. Th1 cells go on to secrete IL-2 and IFN-gamma to further augment the
Th1 response. Th1 cells function to protect against intracellular pathogens,
activate phagocytes, and promote delayed-type hypersensitivity responses. Th2
cells are generated in the presence of IL-4, and subsequent to activation, they

produce IL-4, IL-5, IL-10, and IL-13. Th2 cells protect against extracellular
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pathogens, activate eosinophils, and promote antibody-mediated immune
responses. (192,193).

The fine balance between these two functionally different T helper subsets
and their cytokine profiles is considered to have a significant impact in many
diseases (194-197). Given the inflammatory cytokine profile of Th1 cells, it has
been argued that diseases such as diabetes and experimental autoimmune
encephalomyelitis (EAE) are Th1-mediated, while Th2 act to counter Th1 effects
and promote tolerance (198). However, not all diseases conveniently fall within
this Th1/Th2 paradigm because SLE is a humoral Th2-mediated autoimmune
disease where Th1 cytokines have also been implicated (199). Clearly, IFN-
gamma has been demonstrated to be highly elevated in lupus-prone strains of
mice (200), and IFN-gamma knockout mice suggest that the inflammatory
cytokine is required for disease pathogenesis (201). Furthermore, studies
demonstrating the reduction of mortality in B/W and MRL//pr mice with anti-1L4
implicates the important role of Th2 cytokines in lupus pathogenesis (202). Itis
difficult then to use the Th1/Th2 paradigm in describing lupus, especially given
that the model has been recently revised. The Th1 and Th2 classifications have
been extended to other cell types, such as CD8, NK, dendritic, macrophages,
and even B cells (199,203).

In the upcoming chapters, we describe our attempts in finding the Sle1b
gene and how it might mediate the autoimmune phenotype in our B6.Sle1b
congenic line. We discuss the identification and characterization of the genes

within the Sle1b interval and focus upon the Slam/CD2 gene cluster that lies
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within it as the strongest candidates. We demonstrate expression pattern
differences of this family between B6 and the B6.S/e7b congenic as well as a
difference in isoform expression for Ly708 and CD229. Dr. Nisha Limaye from
our lab has already demonstrated two major haplotypes of the Slam/CD2 family.
In conjunction to that finding, we present calcium flux data that indicates altered
signaling events in T cells from mice that carry haplotype 2. Finally, we
demonstrate that Sle1b CD4 T cells exhibit a reduced IL-4 cytokine response
under primary and secondary stimulation. We propose that the polymorphisms
of the Slam/CD2 family influence early TCR events and lead to an altered

cytokine profile in the B6.Sle1b mice.
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Chapter 2: Methods
Mice
The mice used in the studies were kept under specific pathogen-free (SPF)
conditions at the University of Texas Southwestern Medical Center. The
introgression of the SLAM/CD2 interval from 129/SvJ onto C57BL/6 was
performed using marker assisted selection protocols 204, and required five
backcross generations onto C57BL/6. The B6.729¢c1 congenic carries a 129-
derived congenic interval from D1MIT148 to D1MIT115 (roughly four Mb) and
includes Sle1b, but excludes Sle1a, Sle1d, and Sle1c. The B6.Castc1 congenic

strain has a congenic interval similar in size to B6.Sle1. B10.Br, FVB, C3H mice

were kindly provided by Dr. Michael Bennett.

BAC Contig Construction

The BAC contig that spans the Sle1b interval was constructed by screening the
C57Bl/6J-derived BAC library created by de Jong and colleagues (205) and the
CJ7/129Sv-derived CalTech library (206) with probes designed from D1Mit148,
D1Mit146, D1Mit113, and D1Mit149 markers as well as genes already known to
lie within the interval. Several markers were also used from published YAC and
BAC contigs to help screen the libraries (207). In addition, oligo primers
designed from BAC-end-sequences (BES) as well as the ESTs and gene probes
were used to PCR screen the positive BACs to help confirm and situate their

position and orientation within the contig.
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BAC DNA Extraction and Insert Sequencing

BAC DNA was prepared following the Wellcome Trust Centre for Human
Genetics and Institute of Molecular Medicine protocol.

(http://www.molbiol.ox.ac.uk/~jmejia/more _protocols.html). For sequencing

libraries, BAC DNA was sheared in a nebulizer (Glas-Col, Inc.; Terre Haute, IN)
at 150-psi nitrogen for 2.5 minutes. Fragment ends were mended by incubating
with 0.2mM dNTPs, 40 units T4 DNA polymerase for 15 min. at RT, and addition
of 25 units Klenow for 1-hour at RT. DNA was purified by phenol-chloroform
extraction, and ethanol precipitation, and run on a 1% agarose gel. 1-3kb
fragments were extracted using the Genecleanll kit (Qbiogene; Carlsbad, CA)
and ligated into the pUC18 vector using the Rapid Ligation Kit (Roche Boehringer
Mannheim; Indianapolis, IN). DH5a TM competent cells (Invitrogen; Carlsbad,
CA) were transformed, and plated onto LB plates with 100ug/ml ampicillin,
50ug/ml X-gal, and 1mM IPTG. Plasmid DNA was extracted using an Autogen
740 (AutoGen; Holliston, MA) and sequenced using M13 primers on the
Beckman CEQ 2000XL (Beckman Coulter; Fullerton, CA). Sequence was

assembled using phred, phrap, and consed (http://www.phrap.org).

Cell Preparation

Splenocytes were harvested from mice into RPMI-10 complete media (10% fetal
calf serum, 1% penicillin/streptomycin, 1% glutamine, 25mM HEPES, and 10mM
beta-mercaptoethanol). Red blood cells were lysed with ACK lysing buffer

(0.1mM EDTA, 0.15M NH4CI, 10mM KHCO3 pH 7.2) to yield single cell
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splenocyte suspension. Splenic cells were then used directly in stimulation
assays or purified via positive selection for B220™ or CD4" T cells using
Dynabeads mouse pan B (B220") or CD4" magnetic beads respectively (Dynal;
Brown Deer, WI). For cytokine analysis, CD4" T cells were negatively isolated
using a cocktail of biotinylated antibodies that consisted of anti-HSA (M1/69),
B220 (RA3-6B2), CD8 (53-6.7), NK1.1 (PK136), CD49b (DX5), and Cd11b
(M1/70) (BD Pharmingen; San Diego, CA), and streptavidin-magnetic beads (BD
Pharmingen) in conjunction with the Imagnet direct magnet (BD Pharmingen) as

outlined in manufacturer’s protocol.

RNA Isolation and cDNA Preparation

For Northern analysis, total RNA was isolated from splenic tissues using Trizol
(Invitrogen; Carlsbad, CA), according to manufacturer’s instruction. For
quantitative real-time PCR, total RNA was isolated from splenocytes, B cells, and
T cells with the Qiagen Rneasy Mini Kit (Qiagen; Valencia, CA) and genomic
DNA was removed with treatment with DNase |, according to Qiagen protocol.
cDNA was synthesized from 1 ug total RNA with the Tagman Reverse
Transcriptase Kit, according to manufacturer’s instructions (Applied Biosystems;

Foster City, CA).

Quantitative real-time PCR

Quantitative real-time PCR was performed on 10 ng cDNA using the 2X SYBR

Green PCR Master Mix (Applied Biosystems) in 20ul reactions. The GeneAmp
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5700 Sequence Detection System (Applied Biosystems) was used for the initial
expression studies, and it was later updated to the 7300 Real-time PCR System
(Applied Biosystems). The run condition was modified into a 3-step cycle: 95°C
for 20sec, 55°C for 20sec, and 72°C for 30sec for 40 cycles. Primer sequences
used in the studies are listed in Table 1. For GATA-3, a Tagman probe and
primer pair combination was kindly provided by Applied Biosystems. Using the
2x Tagman PCR Master Mix (Applied Biosystems), the run condition was set at
the manufacturer’s instructions: 2-step cycle of 95°C for 15sec, 60°C for 1min for
40 cycles. For each primer set, standard curves were generated using serial
dilutions of cDNA. To control for loading, Gapdh, Actin, or B-2 microglobulin was
used as reference genes for normalization. Data is either presented as the
mean fold difference of B6.S/e1b relative to B6 or as normalized to reference

gene. A Student's t-test or paired t-test was used to determine significance.

Northern RNA Analysis

5ug of total splenic RNA was resolved on a 1% denaturing formaldehyde gel and
transferred to Hybond-N+ nylon membrane (Amersham Biosciences; Piscataway,
NJ) with the Turboblotter system (Schleicher & Schuell Biosciences; Keene, NH),
according to manufacturer’s directions. Oligo primers (listed in Table 1) were
used to generate hybridization probes via PCR amplification from C57BI/6
splenic cDNA. PCR oligos were radioactively labeled with the Rediprime Il kit
(Amersham), and purified with Quick Spin G-50 Sephadex Columns (Roche).

ULTRAhyb solution (Ambion; Austin, TX) was used for hybridization according to
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manufacturer’s directions. Membranes were washed with 2X SSC/ 0.1% SDS,
followed by 0.1X SSC/0.1% SDS, and exposed with Phosphor Screen and
Phospholmager Storm system (Amersham). Tissue blots were mouse poly A+

Northern blots available from OriGene (Rockville, MD)

Calcium Flux Analysis

Splenic B and T cells from 1-2 month old B6 and B6.S/e7b mice were enriched
by negative selection using Dynabeads mouse pan T (Thy1.2) and B (B220)
magnetic beads (Dynal), respectively. 10° cells were labeled with 4uM Fluo-3
(Molecular Probes; Eugene, OR) and 200 ug/ml Pluronic F-127 (Molecular
Probes) at 37°C for 30 minutes and then washed twice with HBSS buffer.
Experimental runs were performed on the FACSScan (Becton Dickinson;
Franklin Lakes, NJ). Samples were run for 45 seconds to establish baseline
reading. At the 45 sec mark, an antibody cocktail (1.7ug/ml biotin TCR f chain
H57-597, 1.7ug/ml biotin CD4 (GK1.5), and 1.7ug/ml biotin CD8a (53-6.7) (BD
Pharmingen; San Diego, CA)) was added. Data was acquired for 1 min and was
followed by cross-linking with 20ug/ml streptavidin (Roche). After 5 min, 2uM
ionomycin (Calbiochem; San Diego, CA) was added to achieve maximal
response, followed by 2mM MnCl, (Sigma-Aldrich; St. Louis, MO) to achieve
minimal response. Analysis was performed on FlowJo version 4.1 (Tree Star;
Ashland, OR). Calcium concentrations were determined as described (208).

Mean calcium concentrations were determined at the baseline, peak response,
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and post response. Paired Student’s t-Tests were used to determine

significance.

CFSE and BrdU Analysis

2-3 x 107 splenocytes were labeled with 2.5uM carboxy-fluorescein diacetate
(CFSE) (Molecular Probes) in RPMI-10 media for 15 min at 37°C. Cells were
washed twice with media and were plated out at 2.5 x10° cells/ml in triplicates 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 CD8-PerCPCy5.5 (563-6.7) (BD Pharmingen) for T cell
proliferation. Flow cytometric data on the stained cells were acquired on the
FACSScan (Becton Dickinson) and analyzed using FlowJo (Tree Star). Data is
presented as CD19-gated or CD4 and CD8-gated CFSE histograms. BrdU
assays were performed with the FITC BrdU Flow Kit (BD Pharmingen). 0.8mg/ml
BrdU was introduced into the drinking water at for 9 days, followed by a change
to normal water. Mice were sacrificed two weeks later, and splenocytes were

harvested and analyzed according to manufacturer’s directions.
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In-Vitro Stimulation Assays for RNA Analysis

Splenocytes were isolated and plated in triplicates in DMEM-10 or RPMI-10 in
96-well round bottom plates at 1x10° cells per well. F(ab’), anti-IlgM (Jackson
ImmunoResearch), anti-CD40 (209), anti-CD3e (145-2C11), anti-CD28 (37.51)
(BD Pharmingen), phorbol myristate acetate (PMA) (Sigma; St. Louis, MO) and
ionomycin (Calbiochem) were added to media. Cells were harvested at various

time points for RNA isolation with RNEasy Mini kit (Qiagen).

Cytokine Assays

CD4 T cells were negatively purified as described above and plated at 1x1 0%/ml
in 96 round bottom plates pre-coated with 1Tug/ml anti-CD3e with or without
10ug/ml anti-CD28 (BD Pharmingen). Supernatant and cells were harvested at
24hr, 48hr, and 72hr for cytokine ELISAs and RNA isolation for real-time
quantitative PCR. Supernatants were diluted at 1:2 (IL-4) or 1:25 (Interferon
gamma) and assessed for cytokine levels with the CytoSet ELISA kit (Biosource

International; Camarillo, CA) as outlined in manufacturer’s directions.
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Gene Name Direction Sequence (5’ 2> 3’) Product Size (bp)
IL-4 For ACAGGAGAAGGGACGCCAT 55
Rev GAAGCCCTACAGACGAGCTCA
IFN-gamma For AGCAACAGCAAGGCGAAAA 55
Rev CGCTTCCTGAGGCTGGAT
IL-10 For GGTTGCCAAGCCTTATCGGA 55
Rev ACCTGCTCCACTGCCTTGCT
IL-17 For GCTCCAGAAGGCCCTCAGA 55
Rev AGCTTTCCCTCCGCATTGA
IL-21 For CCTGGAGTGGTATCATCGCTTT 55
Rev TGATTGTGACACTTTTCTGGGAAT
TNFa For CATCTTCTCAAAATTCGAGTGACAA 55
Rev TGGGAGTAGACAAGGTACAACCC
T-bet For CCTGTTGTGGTCCAAGTTCAAC 55
Rev CACAAACATCCTGTAATGGCTTGT
B2M For GACCCTGGTCTTTCTGGTGCTT 55
Rev TCAGTATGTTCGGCTTCCCATT
Actin For GCTTCTTTGCAGCTCCTTCGT 60
Rev CTTCTGACCCATTCCCACCA
Cs1 probe For GGAGAGAAAGACCAGGCCTTAACA 55
Rev CTATGAGCACAGCCTCATTCATCA
Slam probe For ACAAAAGTGTCCGCATCCGCATCCTC 60
Rev TGATTTCTGTACTTGGGCATAA
Cd48 probe For TGTGCTTCATAAAACAGGGATG 53
Rev TGAATGATGAGTGTTGTGACCA
Cd84 probe For CAGGGCACTTATAAAGGACGAA 55
Rev TCATCTTCTCAGAAAGCTGCAC
Cd229 probe For CCAGTGTCACCAAGAGTCCTGT 57
Rev CATCCATAGACCCATCCACTTT
Ly108 probe For ACTGCCCTCGTTATCAACCTAA 55
Rev CATACACAGTGTTCCCTGGAGA
Ly108-1 probe For ATCCCCAAACACTTCAGACTCTAC 55
Rev CTGCACTGGGAAGGTCTTTTATAG
Ly108-2 probe For TTGAGGAAATTAAACAATGCTGTC 55
Rev ATTCCACTTCTCTTAGGTCCATTG
Gapdh probe For TGCTGAGTATGTCGTGGAGTCT 55
Rev TGCTGTAGCCGTATTCATTGTC
Actin probe For AGCCATGTACGTAGCCATCC 60
Rev ACTCATCGTACTCCTGCTTGCT

Table 1: Primers used for Real-time Quantitative PCR and Northern blotting
analysis. An annealing temperature of 55° was used for all reactions
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Gene Name Direction Sequence (5’ 2> 3’) Product Size (bp)
B4galt3 For TTCGACTATTCTCATCCCCACGAT 55
Rev CTTTCTGGACAGTAGGGCAATGCT
Ppox For CAGATGGTGCGATCTTTGAACTTG 55
Rev GACAGGCAAGACTTCAGACTCCAA
Usp23 For GAGTGGGAGCCAAGATACCATTTC 55
Rev CTGGGAGGCAAAGGTCGTAACAT
Ucf1 For TCCGGTATGTGGAGAACAACAAGA 55
Rev AGGAAATCGTGGATGTACCAGCAT
Rpl27 For GCGATCCAAGATCAAGTCCTTTGT 55
Rev GTCCCTGAACACATCCTTGTTGAC
Dedd For TGTGATATCAGGCTCCGAGTTC 55
Rev GGGTCCTGCTTATTGGAGAAGA
Nit1 For CATCAACACCAAACAAGCAAGAGA 55
Rev GGAGTAATGTCTCGGCAGGGTTT
Pfdn2 For GAGGGCAACAAGGAGCAGATAC 55
Rev ATGAGACGAATGTTGTGCTTTTC
Usf1 For ATGTACAGGGTGATCCAGGTGTCA 55
Rev GGATCACTGCCTGGGTCATAGACT
Jam For GATCAGTGTCCCCTCCTCTGTCA 55
Rev ATATCCCGTCCTTGAACCAGGAAT
Itin For AACAGGTGGGGCAATTCTTTCTTT 58
Rev GTGCGCAGGAAATAGAGACCATCT
CD244 For TCTGAAGAAGTGGTTGGTGTCTCA 55
Rev CATCATTATACCAATTCAGGATCTCAA
CD229 For TCCTGCACCTTCACCCTAATCTG 55
Rev GGGTGTGGCTTCCATCGTATGTAT
Cs1 For AGGAATCCAGTCAGCAACAGTTT 55
Rev AAAAATAGTCAGCAAGACAGCAAA
Clpx For AACACCAGCATACTTTGCCTCAAAA 55
Rev TCCCAGAGGCTGATTTCTTACTGC
Cd48 For CTTGAAGAAAAACAATGGTGCACTT 55
Rev TTCACGCAGCACTCTCATGTAGT
Cd150 For CAAAACCCAGGAGAACGAGA 55
Rev CGGTGCAGTTGTAGATGCTG
Cds4 For GTCCAGCAGCCATGTACAGACACT 55
Rev GCCAACATCGGAATGAGAATAAGC
Ly108 For TCACAAGTCACTGCCCTCGTTATC 55
Rev CAGGGAGTAGGACTGGGTGATGTT
Ltap For TGGATCCTGGAGAAGTATTACCAT 55
Rev AATACACCTTGAAGCCAGACACTT
Nhih1 For TGGAAGCCTTCAACCTAGCCTTC 55
Rev ATGGCCAGGCGTAGGATCTCAAT
Nic For CTGCTCAACGCCACTCATCAGATT 55
Rev GGTCAACACCCACTTCAGGTCTTC
Copa For GCCTGTGAGAAAACCCCACAGAT 55
Rev CGGTAAGATGCAGCACAAATGTCA
Pxf For TGCTAATGGCGAACAGTGTCTGAT 55
Rev CCTCAGTTCCCAGTGACTCTGTTG
Gapdh For TGCACCACCAACTGCTTAG 55
Rev GGATGCAGGGATGATGTTC
Ly108-1 RT For GACCACACTCATGCCCTGAC 55
Rev GTATTCAGCCTAGGAGAAATGG
Ly108-2 RT For CCGGCTATAACCAACCCATT 55
Rev AAGCCAGAGCTGTGGTGACA
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Chapter 3: Association of Polymorphisms of the Slam/CD2 Family

with Murine Lupus

Genetic predisposition is a central element in susceptibility to many
common autoimmune diseases, including systemic lupus erythematosus (SLE)
(210-212). We have used congenic dissection to characterize the susceptibility
genes in the lupus-prone NZM2410 mouse (27,213,214). These analyses
identified Sle1, on murine chromosome 1, as causal for a loss in immune
tolerance thatleads-leading to anti-nuclear autoantibody (ANA) production, on
the B6 background. Interestingly, Sle1 is syntenic with genomic intervals that are
associated with susceptibility to SLE in human linkage studies (12,40).

Fine mapping of Sle1 revealed a cluster of four loci (designated Sle1a-
Sle1d) within the B6.Sle1 congenic interval, each contributing seme-a portion of
the phenotypes originally associated with “Sle1” (215). Sle1b is the most potent
member of this cluster, mediating gender-biased and highly penetrant ANA
production in the B6.S/le1b congenic strain. Sle1b leads to fatal lupus nephritis
when combined with the autoimmune-accelerating mutations /pr or yaa,
illustrating the importance of this locus to lupus pathogenesis (216). Analyses of
Sle1 expression in mixed bone-marrow chimeras indicate that genes in the Sle1
cluster are cell intrinsic, mediating activation phenotypes in both B and T cell
lineages developed from B6.Sle 1-derived bone marrow stem cells (217; 218).
These results would suggest that all of the susceptibility alleles in the Sle1 cluster

are expressed in at least the lymphocytic lineages, although we have not
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repeated this experiment with bone marrow derived from the that-vary-at
individual Sle1-cluster loci.

Here we describe the genomic characterization of the Sle1b interval,
which identifies a highly polymorphic seven-member cluster of SLAM/CD2-family
genes in the middle of the Sle1b critical interval. Analyses of this family reveal
extensive sequence and expression-level differences between B6 and B6.Sle1b
and associate a subset of SLAM/CD2-family members with autoimmunity. Given
the well-established role of this family in the modulation of cellular activation and
signaling in the immune system, they are ideal candidates for mediating the

Sle1b phenotype (for reviews see 219-222; 223, 224).

Mapping and sequencing the Sle1b congenic interval

Under the direction of Dr. Amy Wandstrat, we constructed a Bacterial
Artificial Clone (BAC) contig, or a set of overlapping BACs, that spanned the
Sle1b interval. Using probes designed from D1MIT markers and genes already
known to lie within the interval, we screened by hybridization both the C57BI/6J-
derived BAC library created by de Jong and colleagues (225) and the
CJ7/129Sv-derived CalTech library (226) to identify positive clones. Several
markers were also used from published YAC and BAC contigs to help screen the
libraries (227). In addition, oligo primers designed from BAC-end-sequences
(BES) as well as the ESTs and gene probes were used to PCR screen the
positive BACs to help confirm their position and orientation within the region

(Figure 1). Using polymorphic markers derived from the ends of the contig, PCR
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analysis positioned the telomeric end of the Sle7b within a 10kb interval lying
between ApoA2 and B4galt3, and the centromeric end inside a 15kb interval with
the Pxflocus (Figure 2). Thus, the Sle1b interval was contained within seven
overlapping BAC clones (BAC 41: 194d6, BAC 47: 48011, BAC 25: 171k8, BAC
40: 1459, 77a8, 438k9, and BAC 95: 462j8). (Figure 2)

The BACs that spanned the Sle1b interval were then subjected to
sequencing. More than 8700 sequence reads were collected and assembled,
and when combined with sequences available in the public genomic databases

(www.genome.ou.edu), provided between 9 to 19-fold coverage of the entire

region. The resulting sequences were subjected to various gene-prediction
software that included PANORAMA (http://atlas.swmed.edu), Genescanl|
(http://genes.mit.edu/GENSCAN.html) and HMMgene

(http://www.cbs.dtu.dk/services/HMMgene) .

Figure 2 depicts the genetic map of the Sle1b interval. Public databases
place the genomic location of the Sle1b interval between 171.3Mb and 172.2Mb
along mouse chromosome 1. The region is approximately 900kb in length and
contains 24 expressed genes and two pseudogenes. RT-PCR analysis revealed
that 19 of the genes are expressed in splenic tissue. Of great interest, seven of
these genes, CD244, CD229, Cs1, Cd48, Cd150, Ly108, and Cd84, are
members of the SLAM/CD2 gene superfamily (228). These members are cell-
surface receptors that have been implicated in regulatory immune functions and

are known to interact with each other in both homotypic and heterotypic fashion.
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More importantly, out of the 19 candidate genes within the Sle1b interval, they

are the only ones that have an obvious immunological role (229,230).

Extensive polymorphisms distinquish the SLAM/CD2 family genes in B6

and B6.Sle1b

In assessing the candidacy of the genes mediating the Sleb phenotype,
two conditions had to be fulfilled. First, the Sle71b gene must be expressed in the
spleen, and second, Sle7b must exhibit a functional polymorphism between B6
and B6.Sle7b. Real-time quantitative PCR (RT-PCR) and Northern blot analysis
determined that 19 of the genes within the interval are expressed in splenocytes.
Sixteen of these are expressed in B and T cells as shown in Figures 3. Of these
16 genes analyzed, only the members of the Slam/CD2 family show expression
differences greater than two-fold and are statistically significant between B6 and
B6.Sle1b. These criteria make them our primary candidates. The two-fold cut-
off was set due to the detection limitation of the Applied Biosystems GeneAmp
5700 Sequence Detection System (personal communication with ABI
representatives). Four members of the Slam/CD2 family vary in their expression
in splenic B220" B cells and/or CD4" T cells between B6 and B6.Sle1b. (Figure
3a, 3b). Cd84 and Ly108 are up-regulated in B cells from young B6.Sle1b mice
which met statistical significance. CD229 and Cd7150, despite exhibiting a trend
for higher expression levels in B cells from B6.S/le7b mice, did not meet
significance however (Figure 3a). On the other hand, Cs1, Cd48, and Ly108 are

down-regulated in B6.Sle1b T cells. Cd150 also shows a decrease in expression
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but is not statistically significant (Figure 3b). These expression differences were
detected in young female mice (<3 months-old), well prior to the development of
ANA or any other autoimmune manifestations.

Northern blot analysis of the Slam/CD2 family was also performed. We
analyzed total RNA from splenic tissues 2 months-old female B6 and B6.Sle7b
mice. While all the members, except for CD48, show multiple bands indicative of
possibly different isoforms, only Ly7108 and CD229 show a difference in
expression pattern between the two strains of mice (Figure 4). Ly108 exhibited
three prominent bands at 1.5, 2.6, and 4.7 kb, which is consistent with the
findings reported in the original Ly108 cloning paper (231). What was striking
about this was that B6.S/e1b showed a more prominent band at 4.7 and 2.6 kb,
whereas B6 strongly expressed the 1.5 kb band. CD229 also exhibited a
pronounced pattern difference where B6.Sle7b expressed a 3.2 kb band that is
barely detectable in B6 (Figure 4). As for Cd84, Cs1, Cd48, and Cd150, there
were no obvious differences in the expression patterns between the two strains
(Figure 4). Ly108 and CD229 were also assessed for tissue distribution on the
poly-A+ tissue Northern blot (232) (Figure 5). The tissue blots demonstrate that
both genes are most strongly expressed in the thymus, followed by the spleen.

Detectable bands were also noted in the liver and testis for CD229.

Expression of isoforms of Ly108 is different in B6 and B6.Sle1b

Because Northern blot analysis revealed a possible difference in isoform

usage between B6 and B6.Sle7b, Ly108 became a strong candidate for the
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Sle1b gene. We refer to the long and short isoform based on message length
Ly108-1 and Ly108-2, respectively. The exon/intron structure is depicted in
Figure 6a. Upon finishing our sequencing of our Sle7b BAC contig, we
discovered that the terminal exons differed between the two isoforms (Figure 6a).
Both isoforms share the first seven exons, but each would splice to a unique
exon and 3’ UTR. Ly708-1 splices to exon 8, while Ly108-2 splices to exon 9
(Figure 6a). Interestingly, the longer isoform encodes for a shorter protein,
whereas the shorter isoform encodes for a longer protein. Ly108-1 protein is 331
amino acids in length and has two tyrosine-based signaling motifs. Ly108-2
protein is 351 amino acids in length and shares the same two tyrosine motifs that
Ly108-1 has but has two additional tyrosines, one of which conforms to the ITSM
motifs (Figure 6b).

The next step was to design real-time oligos that could distinguish the two
isoforms. RT-PCR was performed on B and CD4 T cell RNA and confirmed our
Northern blot findings. In B and T cells, Ly708-1 shows an increase in the level
of expression for B6.Sle1b mice, whereas Ly108-2 is down-regulated (Figure 6¢).
This strongly correlated with the observed increase in the 2.6 kb band and
decrease in the 1.5 kb band. To further confirm that the 2.6 kb band was indeed
related to Ly108-1, an oligo probe designed from exon 8 was hybridized to
confirm Ly108-1 (Figure 6d). When a probe designed from exon 9 was used, the
1.5 kb band was indeed Ly108-2. What was interesting was that the Ly7108-2
probe also hybridized to the 3 kb band (Figure 6d). Although we are uncertain

whether it represents another isoform or unspliced transcript, the band is evident
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in the original Northern blot and does not differ between the two strains. Peck
and Ruley also observed high molecular weight bands in their Northern analyses,
and they attribute it to partially unspliced RNA transcript or additional splice
variants through the use of alternative polyadenylated signals (233).

Many of the Slam/CD2 family members are up-regulated upon cell
activation (234,235). This led us to examine the effects of antigen-stimulation on
Ly108 isoform expression in our mice. Total splenocytes from young B6 and
B6.Sle1b females were cultured in the presence of increasing concentrations of
LPS for 48hrs. What was observed was that the ratio of Ly7108-2 to Ly108-1 was
up-regulated in B6, but not in B6.Sle1b (Figure 7a). Statistical significance was
not assessed as the experiment was only performed twice. Instead, the
experiment was repeated with three mice in each group. To assess Ly7108-2
expression differences in B cells, anti-lgM at 10ug/ml was used to stimulate the
cells for 72hrs. 0.2ug/ml of anti-CD3e was used for 48hrs to detect T cell
changes. Basal level of Ly108-2 was approximately 2-fold higher in resting
splenocytes from B6 than from B6.Sle1b (Figure 7b). Upon anti-IgM or anti-
CD3e stimulation, approximately a 7-fold increase in Ly108-2 expression was
observed in B6 but not B6.Sle1b (Figure 7c, 7d). Ly108-1 was not examined.

Dr. Nisha Limaye in our lab had previously characterized a panel of inbred
laboratory strains of mice to determine whether the SLAM/CD2-family gene
cluster in B6.Sle1b is a unique feature of the genome of the NZM2410 strain.
Her sequence analysis of the extracellular immunoglobulin regions of the

SLAM/CD2 family revealed that the majority of these inbred strains of mice carry
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alleles that are indistinguishable from those of B6.S/le71b. The autoimmune-
associated haplotype of B6.Sle1b, termed SLAM/CD2 haplotype 2, is the most
common version in laboratory strains, being detected in every autoimmune-prone
strain analyzed as well as many non-autoimmune strains such as 129/SvJ
(Figure 8a). This then posed the question whether Ly7108 and CD229 expression
correlated with the two haplotypes. We were interested in knowing whether or
not the expression differences of these two genes were a unique feature of the
Sle1b interval, so we compared the expression patterns of Ly708 and CD229
amongst mice belonging to the two haplotypes. Isoform usage for both genes
did mostly correlate with the haplotype (Figure 8b), with one exception. For
CD229, the expression pattern in the B6.Castc1 congenic resembles B6. B6 and
B10.Br showed similar banding patterns where Ly7108-2 is the predominant band,
whereas B6.Sle1b, B6.Castc1, NZW, 129Sv/J, Balb/c, FVB, and C3H exhibited
similar patterns demonstrating the up-regulation of Ly708-1. Real-time
quantitative RT-PCR of the individual isoforms confirmed the Northern findings
(Figure 8c).

This strongly suggests that the expression patterns from Sle7b and its
connection to an autoimmune phenotype is somehow epistatically influenced by
background genes. If inbred strains of mice such as Balb/c and 129Sv/J share
the same expression patterns and B6.S/le71b but are not autoimmune, this would
argue that either there are suppressive genes in their genome or permissive
genes in the B6 genome that allows the Sle1b interval, when moved onto the B6

background, to cause autoimmunity. As Dr. Limaye demonstrated in her

41



dissertation, when the Sle1b locus from 129Sv/J or CAST/ei are introgressed
onto B6, these mice do indeed exhibit a loss in tolerance and produce highly

penetrant autoantibodies (Figure 9).

Ly108-1 Transgenic Exhibited no Qualitative Effects on Lymphocytes

To gain insight into the role of Ly108 in autoimmunity, we generated
isoform-specific Ly108 transgenic mice. Our strategy would allow us to address
two questions. First, would the overexpression of Ly108-1 in the B6 mouse lead
to an autoimmune phenotype? Second, would the overexpression of Ly108-2 in
the B6.Sle1b mouse mitigate its phenotype? Dr. Limaye designed the two
constructs as shown in Figure 10a. A full-length cDNA encoding either isoforms
1 or 2 was cloned into the pCAGGs vector, generously provided by Dr. Toru
Miyazaki, driven by a -actin promoter. One founder line for Ly108-2 on the B6
background was established and was subsequently bred onto B6.Sle1b.
Unfortunately, the expression level of Ly108-2 in the spleen was
indistinguishable from non-transgenic littermate, and no expression in the liver
was detected (Figure 10b). Real-time PCR confirmed that the overall expression
of Ly108-2 in the spleens from transgenic mice were no different from B6.Sle7b
(Figure 10c). Interestingly, real-time analysis did detect Ly7108-2 expression in
the liver from the Ly108-2 transgenics (Figure 10c).

One founder that expressed high levels of Ly7108-1 was crossed onto B6.
The Northern blot revealed that the level of Ly708-1 in the spleen was higher in

the transgenic line than the non-transgenic littermate, but surprisingly, the level of
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expression appeared similar to that of B6.Sle1b (Figure 10b). Furthermore, a
very high level of Ly108-1 was detected in the liver, but not in the negative
littermate (Figure 10b). Real-time studies in both hepatic and splenic tissues
confirmed the Northern findings (Figure 10d).

To ascertain the effects of the overexpression of the long isoform on
lymphocyte development, the Ly108-1 transgenic was then characterized by
FACS analysis, and it was determined the transgenic had normal lymphocyte
percentages (Figure 10e). Both male and female Ly108-1 transgenics were
aged and bled at five and twelve months of age, and unfortunately, these mice
failed to produce autoantibodies detected by ELISA (Figure 10f). The impact of
overexpressing of Ly108-1 on cellular proliferation was also examined by CFSE
labeling. However, no differences were detected in CD19 B cells, CD4 T cells
(Figure 10g), and CD8 T cells (not shown) between the Ly108-1 transgenic and
B6 mice. Finally, using an anti-Ly108 monoclonal antibody created by our
collaborator Dr. John Schatzle, we demonstrated no differences in the levels of
surface expression in splenocytes and thymocytes (Figure 10h-i). Although the
mAb against Ly108 is unable to distinguish the difference between the isoforms,
the lack of increased surface expression suggested that the Ly108-1 transgene
in spite of having an increased expression in the spleen and liver, did not seem
to affect splenic or thymic expression. Thus, the data regarding Ly108
overexpression and its possible role in mediating the Sle7b phenotype remains

inconclusive.
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The work presented here together with Dr. Limaye’s sequence analysis
reveal extensive variations between B6 and B6.S/e7b within the Sle1b region,
predominantly in the SLAM/CD2-family cluster. Numerous structural and
expression polymorphisms distinguish the seven genes in the SLAM/CD2 cluster
as Dr. Limaye’s data and our real-time quantitative RT-PCR data suggest. Many
of these structural mutations are located in the extracellular domains that are
believed to be essential for the function of these molecules. In addition, four of
these genes vary in their levels of expression in B and T lymphocytes between
B6 and B6.Sle1b. In contrast, the non-SLAM/CD2 genes within the Sle1b
interval showed less sequence diversity and exhibited no changes in their levels
of expression between the two strains of mice (Figure 3a, 3b). Ly708 is the most
promising candidate because of the differential isoform expression in B6.Sle1b.
CD229 also showed a difference in expression patterns by Northern blot
analysis, but this expression difference was not noted in the B6.Castc? congenic
mouse that is also autoimmune (Figure 8b). As Dr. Limaye has already shown,
the B6.Castc1 mouse does produce anti-nuclear autoantibodies, which argues
that CD229 isoform usage may not be related to the autoimmune phenotype.
However, the notion that the entire haplotype of the Slam/CD2 family instead of

one single member mediating the Sle1b phenotype cannot be ruled out.
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Figure 1. Completed BAC contig spanning the Sle71b congenic interval

Polymorphic markers, including microsatellite markers, known genes, as well as
ESTs, that were used to orient the BAC clones are listed from left to right, and
the BAC clones are listed from top to bottom. The entire BAC contig is
comprised of 100 BAC clones that were taken from both the RPCI-23 and
CalTech library. Highlighted boxes represent the markers for that an individual
clone was positive for by PCR. The B6 allelic version of the D1Mit148 and
D1Mit149 markers at the proximal and distal ends, respectively, define the
minimal Sle1b interval. D1Mit113 is the original peak linkage marker identified
for Sle1b.
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Figure 2. The genetic map of the Sle1b interval. The numbered lines above
the map represent the tiling pathway comprised of B6-derived BACs. The gray
bar represents the Sle1b region as defined by congenic breakpoint mapping. The
hatched bar is the area outside of Sle7b and is the C57BI/67 genome. The
arrows denote transcriptional direction. Genes bolded belong to the Slam/CD2

family.
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Figure 3. Real-time quantitative PCR expression data of candidate genes.
A. B220 B cells and B. CD4 T cells from in 6-8 weeks old B6 and B6.Sle1b
females (n=5-7) were assessed for gene expression. Data is represented as a
relative fold difference to B6. The box represents a 2-fold limit of detection that
was used as a cut-off for identifying candidates.
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Figure 4. Northern blot analysis of SLAM/CD2 family members. Total spleen
RNA from 2-3 months-old B6 and Sle1b females was resolved on a 1%

denaturing formaldehyde gel. Hybridization probes were designed from cDNA
sequences and are listed in Table 1.
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Figure 5. Tissue distribution of Ly108 and Cd229. A commercial tissue blot

was used to assess expression distribution. Ly708 and Cd229 are strongly
expressed in the thymus and the spleen.
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terminal exons. B. Protein structure of the individual isoforms. Both isoforms are
the same until amino acid 327, where the isoforms diverge. “Y” represents
tyrosine amino acids.
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Figure 6C. Ly108 splice variants. Real-time quantitative RT-PCR was
performed on B and CD4 T cell RNA to assess for isoform expression. B6 was
set to 1, and B6.Sle1b was plotted as a fold difference to B6. The hatched box
represents the 2-fold difference that was used as a minimal cut-off. Total B cell
RNA was resolved on a 1% denaturing formaldehyde gel and probed with Ly108.
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Figure 6D. Ly108 splice variants. Northern blot was first performed with the
original Ly 108 probe that detects both isoforms. The membrane was stripped
and rehybridized with isoform-specific probes. Arrows denote strong bands that
are evident in original blot.
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Figure 7A. Ly108-2 : Ly108-1 ratio is augmented in B6 splenocytes upon
increased doses of LPS. LPS from 0 to 10ug/ml was used to stimulate for 48
hrs. Real-time RT-PCR was performed to assess for isoform expression. Data
is plotted as a ratio of the two isoforms.
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Figure 7B. Basal levels of Ly108-2 in unstimulated splenocytes from B6 and
B6.Sle1b. Real-time RT-PCR was performed. Sle1b was set to 1, and B6 data
was plotted as a fold difference to B6
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Figure 7C. Levels of Ly108-2 is up-regulated in B6 splenocytes activated
with anti-lgM. Splenocytes were activated with 10 ug/ml anti-lgM for 72 hrs.
Data is presented as a fold difference relative to Sle1b.
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Figure 7D. Levels of Ly108-2 is up-regulated in B6 splenocytes activated
with anti-CD3. Splenocytes were activated with 0.2 ug/ml anti-CD3 for 48 hrs.
Data is presented as a fold difference relative to Sle1b.

58



SLAM/CD2 Haplotype 1: B6

Usp23 Nit1 Refbp2 Cd244 Cd229 Cs1 Cd48 Cd84 Ly108  Nicastrin Copa Pxf

SLAM/CD2 Haplotype 2: B6.Sle1b, NZM2410, 129Sv/J

Usp23 Nit1 Refbp2 Cd229 Cs1 Cd48 Cd84 Ly108  Nicastrin Copa Pxf

Cd244

Recombinant Haplotype: B6.Castc1

Usp23 Nit1 Refbp2 Cd244 Cd229 Cs1 Cd48 Cdg4 Ly108  Nicastrin Copa Pxf

~ I X KB ) — 80— ()5

Figure 8A. Haplotype analysis of the Sle1b interval. Sequence analysis of
the Slam/CD2 family demonstrated the presence of two major haplotypes. The
first haplotype is shared by B6 and other B6-like strains of mice. The second
haplotype is the more common of the two when a panel of inbred strains of mice
were examined. Hatched marks represent SNPs that distinguish between the
two haplotypes. Cd244 shows a gene expansion in the haplotype 2. B6.Castc1
is unique in that it is characterized by a recombinant haplotype because it has
parts of haplotype 1 and haplotype 2.
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Figure 8B. Ly108 and Cd229 expression correlates with haplotype. Total
splenic RNA was harvested from mice that represent the two Slam/CD2
haplotypes and was resolved on a 1% denaturing formaldehyde gel. The
expression patterns for both genes correlates with the haplotype with one
exception. The expression of Cd229 in B6.Castc1 resembles B6. B6.Castc? has
been demonstrated to produce ANAs. This suggests that Cd229 may not be a
mediator in the loss of tolerance in this congenic line.
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Figure 8C. Real-time quantititatve RT-PCR confirms the haplotype
expression of Ly108. cDNA derived from the RNA samples used in the
haplotype Northern were assessed for Ly708 isoform expression. Data is
presented as a relative fold difference to B6.
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Figure 9. Moving the Sle1b interval from 129Sv/J or CAST/ei onto B6 leads
to autoimmunity. Penetrance of the production of ANAs is shown in the chart.
Sera from 9 months-old female mice were assayed at a 1:800 dilution for anti-
total histone/dsDNA 1gG by ELISA.
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Figure 10A. Construct of Ly108 transgene. cDNA of Ly708 isoforms were
cloned into the pCAGGs vector and driven under the 3 actin promoter.
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Ly108-1 Ly108-2 Ly108-1 Ly108-2
Tg- Tg+ Tg- Tg+ Tg- Tg+ Tg- Tg+

Figure 10B. Northern blot analysis of the Ly108 transgenics. Total RNA
from liver and spleen were harvested from 3 months-old transgenics and
negative littermates. Ly7108-1 transgenics are the B6 background. Ly7108-2
transgenics are on the B6.S/e7b background.
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Figure 10C. Real-time quantitative RT-PCR data of Ly108-2 transgene in
hepatic and splenic tissues. Mouse #80 and #81 are transgenic for Ly108-2
and are on the B6.Sle1b background. Mouse #82 is a negative littermate.
Expression levels for the transgenic are similar to B6.Sle1b.
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Figure 10D. Real-time quantitative RT-PCR data of Ly108-1 transgene in
hepatic and splenic tissues. Mouse #24 is a positive transgenic and shows
very high levels of Ly108-1 expression in the liver. The transgenic line is on a B6
background, and the levels of expression in the spleen is higher than B6, but not
that of B6.Sle1b .
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Figure 10E. Normal lymphocytic development in Ly108-1 transgenic mice.

10*

<FL2-H>

66




Ly108-1Tg Seraat 4-5Mo 1: 800

U/ml
N w N [6)] [e)] ~

B6F M- F- M+ F+

Ly108-1Tg Sera at 12Mo 1:800

U/ml

B6F M- F- M+ F+

Figure 10F. ANA analysis of Ly108-1 transgenic. Sera at 1:800 dilution from
male and female transgenics that were 4 or 12 months-old mice were assayed
for anti-total histone/dsDNA IgG antibodies and compared to female B6 of similar
age. The Ly108-1 transgenics do not exhibit autoimmunity. Interestingly, there
appears to be a gender bias in the levels of antibody.
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Figure 10G. CFSE analysis of Ly108-1 transgenics. No difference was
detected in the proliferative capacity in B and T cell compartments of Ly108-1
transgenic mice. Splenocytes from B6 and Ly108-1 transgenics were stimulated
with 10 ug/ml anti-IgM or 0.2 ug/ml anti-CD3.
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Figure 10H. Surface staining of Ly108 in Ly708-1 transgenic mice in splenic
B220 B and CD4 T cell populations.
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Figure 10l. Surface staining of Ly108 in Ly7108-1 transgenic mice on thymic

CD4 and CD8 T cell populations.
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Chapter 4. Functional Polymorphisms Associated with SLAM Haplotype 2

on the C57BI/6 Background

Introduction

The B6.Sle1b congenic mouse carries a 900kb interval on chromosome 1
that is derived from the NZM2410 lupus mouse. Sle7b mediates a loss of
tolerance to chromatin, and B6.S/e1b produces high titers of anti-nuclear
autoantibodies but exhibits no evidence of lupus nephritis (236). The Sle1b locus
is @ 900 kb interval that is located on the telomeric end of mouse chromosome 1.
In order to find the causative gene that is responsible for the Sle7b autoimmune
phenotype, our lab has constructed a BAC contig that spans the interval.
Sequence analysis has revealed a gene-dense region consisting of 26 genes.
We also discovered a cluster of genes known as the Slam/CD2 family that lies
within the interval. Extensive sequence analyses and expression studies has
demonstrated this cluster as the strongest candidates for mediating the Sle1b
phenotype.

Although we have not identified the causative gene for Sle1b, we have
undertaken several studies to better understand the possible mechanisms by
which this family of receptors leads to the loss of tolerance in the B6.Sle1b
model. In this chapter, we explore the proliferative capacity of Sle1b
lymphocytes as we hypothesize that the Slam/CD2 family leads to a hyperactive
phenotype. We also discuss our findings in calcium mobilization in Sle1b T cells

as well as an altered cytokine production upon T cell activation. How these
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aberrant responses contribute to a loss of tolerance remains unclear, but it does

provide us some insight as to how this gene family contributes to autoimmunity.

B6.Sle1b does not exhibit a hyperproliferative response in the B and T cell

compartment upon antigen stimulation

Studies have shown that hyperproliferation of B and T cells are a major
contributor to the pathogenesis of murine lupus (237,238). Dr. Limaye has
previously demonstrated that the B6.Sle1b mouse exhibits splenomegaly even at
an early age less than 3 months-old, well prior to the production of ANAs (Figure
11a). This enlargement of the spleen is maintained as the mice age and become
seropositive. However, FACS analysis of the splenic B and T cell populations
performed by S. Subramanian in the lab revealed no significant differences in the
overall percentages (Figure 11b). We hypothesized that Sle7b may impact
proliferative responses to stimulus, so proliferation was assessed by CFSE and
BrdU labeling. When splenocytes from 2 months-old female B6 and B6.S/e1b
were compared three days after the addition of B or T cell stimuli, the data
indicates that there is no difference in both the proliferative capacity and kinetics
of B6.Sle1b lymphocytes (Figure 12a-c). Because there were no gross
differences, we performed cell cycle analysis with BrdU labeling and reached
similar conclusions as there were no detectable differences in the G0/G1, G2,
and S phase between B6 and B6.S/e1b (Figure 13). Interestingly enough, when
12 months-old female B6 and B6.Sle1b mice were examined, the Sle1b mice

showed a remarkable decrease in proliferative response by CFSE (Figure 14).
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Hypoproliferative responses have been observed in human SLE where chronic
activation of autoreactive T cells leads to an “exhausted phenotype” (239,240).
Such a description may be apt for the T and B cells in B6.S/le1b because they

start to produce ANAs by the early age of 5-6 months (241).

B6.Sle1b T cells but not B cells exhibit an altered calcium response profile

After concluding that the proliferative capacity was similar between the two
strains of mice, we decided to assess for any differences in the signaling patterns
induced by antigen receptor stimulation. Altered signaling events have been
shown to be abnormal, particularly calcium flux in B and T cells from SLE
patients (242,243). Figure 15 outlines the strategy that was used to examine
calcium mobilization. Splenocytes from young female B6 and B6.S/e7b mice
were enriched for B or T cells via magnetic beads and subsequently labeled with
Fluo-3. When B cells were stimulated with F(ab’), anti-IgM, no differences in
calcium signaling was observed between the two strains of mice (Figure 16). To
address the possibility of suboptimal cross-linking of the BCR, biotinylated F(ab’),
anti-lgM was also used followed by the addition of streptavidin; however, no
conclusive results were gained. T cells were stimulated with a cocktail containing
anti-TCRp, anti-CD4, and anti-CD8 antibodies. A subtle yet consistent delay in
the calcium response was observed (Figure 17). When mean fluorescence was
expressed as calcium concentration as a function of time, it became apparent
that T cells from B6.Sle1b mice showed a slower return to baseline than B6

(Figure 17).
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This led us to ask if this phenotype is a unique property to the B6.Sle1b
congenic. Is the altered calcium flux a manifestation of moving the NZW-derived
Sle1b interval onto the B6 background, and if so, would moving genomic
intervals from other mice that share the same haplotype onto B6 yield a similar
effect? As mentioned in Chapter 3, Dr. Limaye’s work demonstrated that by
moving the Sle1b locus from either 129Sv/J or CAST/Ei mice onto B6, the
resultant B6.129¢1 and B6.Castc1 congenic mice break tolerance to chromatin
and produce high titers of ANAs (Figure 9). We then postulated that these
congenics would also exhibit a prolonged calcium signaling response. T cells
from NZW were first examined to address whether or not the parental strain from
which the Sle1b interval is derived shows this response, and they were found to
behave similarly to Sle1b (Figure 18). Remarkably, the T cells from B6.129c1
and B6.Castc1 congenics also displayed the altered calcium flux when stimulated

with the antibody cocktail (Figure 19).

The Slam haplotype 2 on the B6 background leads to an altered cytokine

profile

Clearly, cytokine milieu plays an important role in autoimmunity.
Numerous studies have characterized the NZM2410 strain, and Mohan et al. has
characterized cytokine production the B6.Sle1 mouse (27,244). . However, the
findings are not consistent. In an attempt to find a mechanism by which the
B6.Sle1b mouse becomes autoimmune, cytokine profiling was undertaken. The

strategy for the cytokine experiments is shown in Figure 20. To measure
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responses to primary stimulation, CD4 T cells purified by negative selection were
cultured with anti-CD3¢ in the presence or absence of costimulatory anti-CD28
antibody. A fraction of the cells were allowed to rest in media alone with IL-2 for
seven days, and then subjected to secondary stimulation to assess memory
response. Cells were stimulated for 24, 48, and 72 hours, and harvested. RNA
was isolated and measured for cytokine transcript levels by real-time PCR, and
the supernatants were collected for cytokine ELISA analysis.

Multiple studies involving knockouts have implicated SAP with IL-4 and
IFN-gamma production (245,246). Thus, IL-4 was first measured in primary
stimulated CD4 T cells from B6 and B6.Sle71b. B6.Sle1b mice appeared to have
a diminished IL-4 response, tending towards a lower expression level of IL-4
message and protein (Figure 21a-b). This trend was also observed when T cells
received secondary stimulation (Figure 21c-d). What is unusual is that T cells
from both B6 and B6.S/e1b mice that were initially stimulated with anti-CD3e
alone were able to respond when subjected to secondary stimulus. In the
absence of costimulation, these cells were expected to anergize (247,248)
(Figure 21c-d). ltis possible that the cultured T cells were able to provide
costimulation to one another when plated in round-bottom wells. When IFN-
gamma was measured by real-time PCR, we were surprised to find that primary-
stimulated T cells from B6.S/e7b exhibited a lowered response (Figure 22a).
ELISA data on IFN-gamma levels in the supernatants on the other hand have not
been consistent as it is barely detectable, even at 72 hrs (Figure 22b). However,

when CD4 T cells under secondary stimulation were examined, interferon-
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gamma transcript was higher in B6.S/le7b than in B6 (Figure 22c), but again, no
differences were detected by ELISA (Figure 22d).

To further explore the diminished IL-4 response in the Sle1b CD4 T cells,
transcriptional factors that regulate T helper cell development were examined. T-
bet and GATA-3 are considered the primary regulators of Th1 and Th2
development, respectively (249). When we examined CD4 T cells under primary
stimulation, Sle1b T cells exhibited a trend for increased expression of T-bet
when given anti-CD3 and anti-CD28 (Figure 23a). Furthermore, this trend was
also noted in Sle1b T cells that were subjected to anti-CD3 secondary stimulation
(Figure 23b). In spite of the increased levels of T-bet messages in Sle1b, no
consistent difference was observed in GATA-3 levels in CD4 T cells under
primary and secondary stimulation (Figure 23c, 23d) at 24 hrs. These findings
do not appear to correlate with the IL-4 and IFN-gamma data; however, this may
be due to the kinetics of expression for these transcription factors as it may be
possible that GATA-3 expression returns to baseline at 24 hrs.

IL-10 is an immunoregulatory cytokine that has been associated with SLE.
Polymorphisms in the IL-10 promoter region have been linked to lupus (250-252).
When IL-10 was assayed in the primary stimulated T cells, no consistent
differences were noted by both real-time PCR and ELISA (Figure 24a-b). Under
secondary stimulation, there were also no significant differences seen in
message or protein levels (Figure 24c-d).

TNF-a is a proinflammatory cytokine that has been associated with SLE

and has been shown to be elevated in SLE patients (172,253). Primary
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stimulation of CD4 T cells from B6.S/e1b showed no consistent difference in the
level of expression from B6 T cells (Figure 25a). When T cells from B6.Sle1b
mice received secondary stimulation, there appeared to be a significant increase
in message (Figure 25b), but the ELISA failed to show a consistent difference at
the protein level (Figure 25c). IL-17 is another pro-inflammatory cytokine that
has been shown to be up-regulated in SLE patients (185). IL-17 showed no
difference in expression in CD4 T cells that received primary stimulation (Figure
26a). However, under secondary stimulation, T cells from B6.S/e1b exhibited a
significant reduction in message (Figure 26b). This is puzzling because we
expected that Sle1b T cells would secrete proinflammatory cytokines.

IL-21 plays a role in B cell differentiation in to plasma cells and has been
demonstrated to be elevated in the lupus-prone BXSB mice (254). IL-21 showed
no consistent trend in primary stimulated T cells from B6.Sle1b (Figure 27a).
Interestingly enough, when CD4 T cells were subjected to secondary stimulation
with CD3 first, there was a trend for increased IL-21 expression in Sle1b T cells
(Figure 27b). Conversely, when T cells from Sle1b were subjected to CD3 and
CD28, there was a trend for decreased expression of IL-21 (Figure 27b). Neither

result was statistical significance, however.

Activating CD4 T cells from B6.Sle1b leads to an altered expression of the

Slam/CD2 family members

We finally assessed the effects of TCR stimulation on the levels of

expression of the Slam/CD2 family members on purified CD4 T cells. Numerous
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reports have shown that many of the members are up-regulated on T cell
activation (255,256). We have already demonstrated that CD4 T cells ex vivo
from B6.Sle1b mice show a difference in the level of RNA expression for a
subset of the Slam/CD2 family members (Figure 3b). The question we wanted to
address was what effect would TCR stimulation have on the expression of these
genes. ltis conceivable that the differences seen in the level of expression ex
vivo are a result of pre-activated T cell population. However, we hypothesize that
the Sle1b CD4 T cells would maintain these differences in expression since we
believe that this phenotype is intrinsic to the T cell compartment.

Consistent with our findings ex vivo, Cd48 was found to have a trend for
lower expression in Sle1b T cells under resting conditions (Figure 28a).
However, when anti-CD3 was given, Cd48 showed a significant increase in
Sle1b T cells. When costimulatory anti-CD28 was provided, there was also a
trend for higher levels of Cd48 expression (Figure 28a). Under secondary
stimulation, Sle1b T cells showed a trend for decreased expression (Figure 28b).

Cd84 showed a significantly higher level of expression in Sle1b T cells in
both non-stimulated and anti-CD3 primary stimulated conditions (Figure 29a).
When the secondary response on Cd84 expression was examined, Sle1b T cells
also showed a significant increase under non-stimulatory conditions and a trend
for increased expression with anti-CD3 treatment (Figure 29b).

Cs1 was found to have a lower level of expression in Sle1b T cells in both
resting and anti-CD3/CD28 treated in the primary response assay (Figure 30a).

This confirmed our previous finding that Cs7 was down-regulated in ex vivo
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Sle1b T cells (Figure 3b). When the secondary response was examined, Cs1
showed a significant decrease in the level of expression with anti-CD3/CD28
treatment (Figure 30b).

CD229 showed an increased level of expression in Sle1b T cells for both
primary and secondary response studies (Figure 31a-b). Primary stimulation
with anti-CD3 and anti-CD28 led to a significant increase in CD229in Sle1b T
cells.

Cd150 did not show any expression differences under non-stimulated
conditions during the primary response. However, upon anti-CD3/CD28
treatment, we observed a significant increase in the level of Cd750 expression in
Sle1b T cells (Figure 32a). Furthermore, under secondary stimulation, there was

also a significant increase in the message level in the Sle1b T cells (Figurer 32Db).

It has previously been demonstrated that Ly108 is up-regulated upon T
cell activation (257). We have also shown that Sle7b splenocytes do not up-
regulate Ly7108-2 message upon stimulation to the extent of B6 (Figure 7).
These experiments were repeated again in splenocytes with three B6 and three
B6.Sle1b mice. When the ratio of the Ly108 isoforms 2:1 was compared
between B6 and B6.Sle1b, B6 displayed a higher ratio of 2:1 upon activation
(Figure 33a). We then asked if purified CD4 T cells would behave in a similar
manner. We performed real-time analysis and calculated the isoform 2 to
isoform 1 ratio. The data showed that the ratio increased in both B6 and Sle7b
under primary and secondary conditions; however, the ratio in Sle1b T cells

never reached that of B6 (Figure 33b-c). The differences in the isoform ratio in
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CD4 T cells between the two strains is not as dramatic as the splenocyte data,

but this is most likely due to the changes of expression in other cell types.

In summary, we still do have an answer as to how the Slam/CD2
haplotype mediates autoimmunity. We have not been able detect any significant
differences in its capacity to proliferate in B and T cells. This is discouraging
since the splenomegaly phenotype cannot be accounted for in these mice. We
have demonstrated an altered calcium flux in the T cell compartment from
B6.Sle1b as well as two other congenics, B6.129¢1 and B6.Castc1, that carry the
same Slam/CD2 haplotype as B6.Sle1b, but how this contributes to the
autoantibody production is still unclear. In addition, a reduced IL-4 response as
well as the up-regulation of certain Slam/CD2 family members appear to be the
most consistent phenotype of Sle7b CD4 T cells that have undergone primary
and secondary stimulation (summarized in Tables 2a-b). Given the role of IL-4 in
maintaining peripheral tolerance (258), it is tempting to speculate that the skewed
cytokine response in B6.S/le1b can promote an unnatural environment that is
conducive to autoreactivity. However, the observed cytokine profile may have
nothing to do with the loss of tolerance and may play more of a role in end-organ
disease pathogenesis, which requires additional susceptibility genes as B6.Sle1b

do not develop kidney disease. ]
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Figure 11. B6.Sle1b show signs of splenomegaly. A. Spleen weights of
female B6 and B6.Sle1b mice are plotted as a function of age. B. FACS anslysis
of CD19, CD4, CD8, and CD11b subsets show normal percentages in B6.Sle1b

mice.
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Figure 12. CFSE analysis of Sle1b lymphocytes. A. CD19 B cells, B. CD4 T
cells, and C. CD8 T cells from B6.Sle1b mice do not show a difference in
proliferative capacity in CD19 B cells, CD4 T cells, and CD8 T cells
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Figure 13. BrdU analysis reveals no difference in cell cycling. BrdU was
added to drinking water for 9 days, after which, normal water was given. Mice
were sacrificed 2 weeks later and spleens were harvested for FACS analysis.
Cells were gated on CD19 or CD4, and data is presented as percentage of cells
positive for BrdU.
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Figure 14. CFSE analysis in older mice. B6.S/e7b mice exhibit a diminished
capacity to proliferate at 12 months of age in CD19 B cells and CD4 and CD8 T

cells.
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Figure 15. Strategy for calcium flux assay. Enriched B and T cells are located
with Fluo-3 and stimulated with anti-IgM or biotinylated cocktail of anti-TCR},
anti-CD4, and anti-CDS8, respectively. lonomycin was added to achieve a
maximal calcium response, while MnCl, was added to determine minimal
response. Calcium concentrations were then calculated with the listed equation.
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Figure 16. Calcium flux in B6.Sle1b B cells. B cells from B6.Sle71b show a
similar calcium response to B6. Raw data plotted as a function of time is
presented on top. Arrows denote when reagents were added. Mean
fluorescence was determined and used to calculate calcium concentrations.
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Figure 17. Calcium flux in B6.Sle1b T cells. T cells from B6.Sle1b exhibit an
altered calcium response to B6. Raw data plotted as a function of time is
presented on top. Arrows denote when reagents were added. Mean
fluorescence was determined and used to calculate calcium concentrations.
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Figure 18. Calcium flux in NZW T cells. NZW T cells also show an abnormal

calcium flux when compaied to B6. Raw data plotted as a function of time is
presented on top. Mean fluorescence was determined and used to calculate

calcium concentrations.
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Figure 19. Calcium flux in T cells from B6.129¢1 and B6.Castc1. B6.729c1
and B6.Castc1 are autoimmune and also exhibit an altered response to T cell
stimulation. Raw data plotted as a function of time is presented on top. Arrows
denote when reagents were added. Mean fluorescence was determined and
used to calculate calcium concentrations.
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Figure 20. Strategy for cytokine response assays. CD4 T cells are purified by
negative selection and plated in the presence of anti-CD3 with or without anti-
CD28. Cells are stimulated for up to 72 hrs and then harvested for RNA and
cytokine ELISAs. A portion of the cells are allowed to rest for a week with [L-2
and then restimulated again to assess secondary immune response.

90



700
600
500

400
300 —
200 —

“I'm M - B

B6 Sle1b B6 Sle1b B6 Sle1b
Unstimulated Anti-CD3 Anti-CD3/28

%

Norm to B2M

Figure 21A. IL-4 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. There is a
downward trend in Sle1b T cells with anti-CD3, and this meets signficance with
anti-CD3+CD28 stimulation. * p<0.05
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Figure 21B. IL-4 ELISA at 48 hrs in CD4 T cells under primary stimulation.
Representative data is shown from three separate experiments. Supernatants
were collected at 48 hrs for cytokine ELISA. There is a decrease in IL-4

produced in B6.Sle1b T cells with either anti-CD3 or anti-CD3+CD28 stimulation.
* p<0.05
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Figure 21C. IL-4 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. There is a downward trend in Sle1b T cells with anti-CD3 and
anti-CD3+CD28 stimulation but none attain significance.
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Figure 21D. IL-4 ELISA at 48 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. Supernatants were collected at 48 hrs for cytokine
ELISA. There is a significant decrease in IL-4 production in B6.Sle1b T cells with
either anti-CD3 or anti-CD3+CD28 stimulation under anti-CD3 primary-treated
conditions. There is a trend for decreased secretion in B6.Sle1b T cells under
anti-CD3/28 primary-treated conditions. * p<0.05
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Figure 22A. IFN-gamma expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. There is a
downward trend in Sle1b T cells with anti-CD3, and this meets signficance with
anti-CD3+CD28 stimulation. * p<0.05
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Figure 22B. IFN-gamma ELISA at 48 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
Supernatants were collected at 48 hrs for cytokine ELISA. IFN-gamma levels are
barely detectable, even up to 72 hrs (data now shown). While there appears to
be a decrease in IFN-gamma levels in B6.Sle1b, no consistent trends were
observed.

96



30000
25000

= T
& 20000
g 15000 =
5 10000 *
= 5000 «H»
0 T T D T | T T T T T D T El T T T
e e o el o o
- - - - - -
© 2 o 2 o 9 ©o 2 0o 2 o 9
m o M O M N m v MO v MO O
T T
& = 8 @
= ed g = 0 g
2 a o 3 a a
E Q Q E Q o
B = = B = £
D < g D < <
Anti-CD3 Anti-CD3/28

Figure 22C. IFN-gamma expression at 24 hrs in CD4 T cells under
secondary stimulation. Representative data is shown from three separate
experiments. Data on the left of the graph represent cells that were initially
stimulated with anti-CD3 and then rested, whereas data on the right represent
cells stimulated with both anti-CD3 and costimulatory anti-CD28 and then rested.
Cells were restimulated a week later. RNA was harvested from CD4 T cells
collected at 24 hrs. Real-time PCR was performed, and B2-microglobulin was
used for normalization. There is a trend for increased IFN-gamma expression in
B6.Sle1b T cells with anti-CD3 and anti-CD3+CD28 stimulation under anti-CD3
primary-treatment. A small but significant increased in IFN-gamma was
observed for anti-CD3+CD28 stimulation under anti-CD3/CD28 primary
treatment. * p<0.05
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Figure 22D. IFN-gamma ELISA at 48 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. Supernatants were collected at 48 hrs for cytokine
ELISA. No trends in the level of IFN-gamma were detected.
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Figure 23A. T-bet expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. There is a trend for

increased expression of T-betin B6.Sle1b T cells with anti-CD3+CD28
stimulation.
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Figure 23B. T-bet expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. There is a trend for increased T-bet expression with anti-CD3 and
anti-CD3+CD28 stimulation under anti-CD3 primary treatment.
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Figure 23C. GATA-3 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was

performed, and 2-microglobulin was used for normalization. No consistent
differences in the level of GATA-3 expression was noted.
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Figure 23D. GATA-3 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. No consistent differences in GATA-3 expression was observed.
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Figure 24A. IL-10 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. B6.Sle1b appears

to have lower level of IL-10 expression, but this was not consistent across three
different experiments.
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Figure 24B. IL-10 ELISA at 48 hrs in CD4 T cells under primary stimulation.
Representative data is shown from three separate experiments. Supernatants
were collected at 48 hrs for cytokine ELISA. B6.Sle1b appears to have lower
level of IL-10 expression with anti-CD3+CD28 stimulation, but this was not
consistent across three different experiments.
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Figure 24C. IL-10 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. No consistent differences in the level of IL-10 expression was
observed.
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Figure 24D. IL-10 ELISA at 48 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. Supernatants were collected at 48 hrs for cytokine
ELISA. No trends in the level of IL-10 were detected.
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Figure 25A. TNFa expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. There is a trend for

increased expression of TNFa in B6.Sle1b T cells with anti-CD3+CD28
stimulation.
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Figure 25B. TNFa expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. There is a significant increase in the level of TNFa expression in
B6.Sle1b mice with anti-CD3+CD28 stimulation under anti-CD3 primary
treatment. There was also a trend for increased expression with anti-CD3+CD28
stimulation under anti-CD3/28 primary treatment. *p<0.05
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Figure 25C. TNFa ELISA at 48 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. Supernatants were collected at 48 hrs for cytokine
ELISA. No consistent differences in the level of TNFa production were detected.
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Figure 26A. IL-17 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was

performed, and 2-microglobulin was used for normalization. No consistent
differences in the level of IL-17 expression were observed.
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Figure 26B. IL-17 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. There are trends for decreased IL-17 expression in B6.Sle1b T
cells with anti-CD3 and anti-CD3+CD28 under both primary stimulatory
treatments.

111



12000
10000
8000
6000
4000

2000
0 | 1 [

B6 Sle1b B6 Sle1b B6 Sle1b
Unstimulated Anti-CD3 Anti-CD3/28

Norm to B2M

Figure 27A. IL-21 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was

performed, and 2-microglobulin was used for normalization. No consistent
differences in the level of IL-21 expression were observed.
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Figure 27B. IL-21 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. There is a trend for increased IL-21 expression in B6.Sle1b T
cells with anti-CD3 alone under anti-CD3 primary stimulatory treatment. There is
also a trend for decreased IL-21 expression with anti-CD3 alone under anti-
CD3/28 primary treatment.
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Figure 28A. Cd48 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. There is a trend for
decreased expression of Cd48 under resting conditions; however, with anti-CD3

stimulation, there is a subtle but significant increase in the levels of expression in
B6.Sle1b. *p<O0.
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Figure 28B. Cd48 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. There is a significant decrease in Cd48 expression with anti-CD3
stimulation under anti-CD3 primary treatment. Also, a trend for decreased
expression in B6.Sle7b was noted in T cells stimulated with anti-CD3 under anti-
CD3/CD28 primary activation conditions. *p<0.0
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Figure 29A. Cd84 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. Cd84 is

significantly expressed on CD4 T cells from B6.Sle1b under resting and
activation conditions. *p<0.05
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Figure 29B. Cd84 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and 32-microglobulin was used for
normalization. There are trends for increased Cd84 expression in B6.Sle1b mice
at resting and anti-CD3+CD28 stimulation conditions.
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Figure 30A. Cs1 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. Cs1 is significantly

down-regulated on CD4 T cells from B6.S/le1b under anti-CD3+CD28 stimulation.
*p<0.05
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Figure 30B. Cs1 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. Cs1 is significantly down-regulated in B6.Sle7b T cells with anti-
CD3 stimulation alone under anti-CD3/CD28 primary treatment. *p<0.05
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Figure 31A. Cd229 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. Cs1 is significantly

up-regulated on CD4 T cells from B6.Sle1b under resting and activating
conditions. *p<0.05

120



180
160
140
120
100 ]

80 -

60 -
40
20 -
0 T T T T T T T T T T T T

Norm to B2M

Sle1b |

o e o e o
- - - - -
©o 2 o 2 o 2 o 2 o 2 o
m v M0 v Mm » m v M v Mm
° o 2
% & 5 &
= 8 3 = 8 8
£ 3] 3] £ %) 3)
- i L =] 1 1
2 € = 2 € €
D < < -} < <
Anti-CD3 Anti-CD3/28

Figure 31B. Cd229 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and 32-microglobulin was used for
normalization. There are trends for increased expression of Cd229 in B6.Sle1b
at resting conditions for both sets of primary stimulatory treatments.
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Figure 32A. Cd150 expression at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 hrs. Real-time PCR was
performed, and B2-microglobulin was used for normalization. Cd150 is

significantly up-regulated on CD4 T cells from B6.Sle7b with anti-CD3+CD28
stimulation. *p<0.05
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Figure 32B. Cd150 expression at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. Cd150 is significantly up-regulated in Sle1b T cells under resting
conditions. There are also trends for increased expression with anti-CD3 or anti-
CD3+CD28 stimulation under anti-CD3 primary treatment. *p<0.05

123



O Unstimulated

20 - BT cell stimulus

Isoform 2:1

B1 B2 B3 b1 1b2  1b3

Figure 33A. Real-time PCR of Ly108 isoforms in activated splenocytes.
Splenocytes from 2 months-old B6 and B6.Sle 1b females were cultured with anti-
CD3 for 48 hrs. Real-time PCR analysis was performed, and the data is
presented as the ratio of isoform 2 to 1.
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Figure 33B. Ly108 isoform ratios at 24 hrs in CD4 T cells under primary
stimulation. Representative data is shown from three separate experiments.
RNA was harvested from CD4 T cells collected at 24 and 48 hrs. Real-time PCR
was performed, and B2-microglobulin was used for normalization. The
differences in the isoform ratio of 2:1 between B6 and B6.S/e7b are significant
under resting and activating conditions.
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Figure 33C. Ly108 isoform ratios at 24 hrs in CD4 T cells under secondary
stimulation. Representative data is shown from three separate experiments.
Data on the left of the graph represent cells that were initially stimulated with anti-
CD3 and then rested, whereas data on the right represent cells stimulated with
both anti-CD3 and costimulatory anti-CD28 and then rested. Cells were
restimulated a week later. RNA was harvested from CD4 T cells collected at 24
hrs. Real-time PCR was performed, and [32-microglobulin was used for
normalization. The differences in the isoform ratio of 2:1 between B6 and
B6.Sle1b is significant under resting and activated conditions.
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Figure 34. The SLAM/CD2 family haplotype affects T cell response.
Haplotype 1 on the B6 background mediates normal TCR signaling events.
However, by moving haplotype 2 onto the B6 genome, this causes a potentiation
in signaling pathways downstream of TCR activation. This altered cytokine
profile is associated with a breach in tolerance by mechanisms yet to be
elucidated.
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Unstim CD3 CD3/28

IL-4 Lx l L
fn-g - l L
IL-10 - - -
IL-17 - - -
IL-21 - - -
TNFa - - T
Gata-3 - - -
T-bet - - T
Cd48 l T T
Cds4 T T T
Cs1 I - N
Cd229 | Tx T T - =no trend
Cd150 - - Tx ! = downward trend
Ly108-1| T= T T T = upward trend
* = significant p<0.05
;)g g _81-2 i: i:l:k i: n=3 egpelzime_ntz of 3-5
. pooled mice in each group

Table 2A. Summary of real-time quantitative RT-PCR data on activated CD4
T cells under primary stimulation.
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Anti-CD3 Anti-CD3+CD28

Unstim CD3 CD3/28 Unstim CD3 CD3/28
IL-4 - l l - - l
lin-g - T T - - T
IL-10 - - - - - -
IL-17 - l l l l
IL-21 - T - - l -
TNFa - - T ] ] 1
Gata-3 - - - - - -
T-bet - T T - - -
Cd48 - Lx - - l -
Cds4 T T - T - T
Cs1 - - - - Lx -
Cd229 T - - T - -
Cd150 | T= T T T - -
Ly108-1| T= T T T T T
Ly108-2| = L L L L L
Iso 2:1 L ! d* dx L L

Table 2B. Summary of real-time quantitative RT-PCR data on activated CD4
T cells under secondary stimulation.
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Chapter 5: Discussion

An enormous effort that have been devoted to the identification of Sle1b
and has led to the identification of a cluster of genes known as the Slam/CD2
family as the strongest candidates for mediating the autoimmunity seen in Sle1b.
Both the expression data presented in this thesis along with the extensive
sequence analysis carried out by Dr. Limaye demonstrate that this gene cluster
is highly polymorphic. Furthermore, three independently-derived congenic
strains, B6.Sle1b, B6.129c1, and B6.Castc1, all of which harbor identical alleles
for the telomeric portions of the Slam/CD2 gene family, exhibit ANA production.
This strongly supports that the Slam/CD2 haplotype 2-derived alleles for Cd48,
Cd150, Cd84, and Ly108 are the susceptibility genes that mediate the loss in
tolerance.

Indeed, the B and T cell data on Ly108 expression indicate a dramatic
difference in the levels of the two isoforms between B6 and B6.S/e7b, which
strongly favors Ly108 as the prime candidate gene. This is particularly
interesting because it has been demonstrated that splice variants of CD244 play
opposing roles in NK cell cytotoxicity (259), and thus, it is tempting to
hypothesize that the two isoforms of Ly108 may mediate different functions.
Isoform variations of other autoimmune susceptibility genes, such as CTLA-4
(260,261), CD45 (262,263) and CD95 (264), have already been demonstrated to
be associated to autoimmunity. Furthermore, the difference in the up-regulation
of Ly108 in activated B and T cells between B6 and Sle7b is intriguing. The ratio

of isoform 2:1 increases in both strains of mice upon cell activation, but this ratio
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in Sle1b never reaches the same level as B6 (Figure 7, Figure 33). Studies on
the long isoform of another Slam/CD2 member, Cd244, have indicated its
capacity to inhibit NK cell cytotoxcity (265). While there is currently no evidence
on the functional properties of the Ly108-2, the long isoform of Ly108, it is
tempting to speculate that Ly108-2 may also have some negative regulatory role.
If we could assume that Ly108-2 behaves in an inhibitory capacity, we would
hypothesize that in non-autoimmune mice such as B6, Ly108-2 becomes up-
regulated during cell activation in an attempt to down-regulate the immune
response. Such would not be the case in B6.Sle1b, where the levels of Ly108-2
are not increased to the same extent as seen in B6, thereby allowing signaling
pathways to go unchecked.

Collaborative efforts are underway with the Bennett/Schatzle lab to
characterize the role of the individual isoforms. Due to the lack of an available
Ly108 antibody at the time, we created epitope-tagged Ly108-1 and Ly108-2
constructs. Initial data on transfected Jurkat cell lines by Jill Mooney from the
Schatzle lab suggests a difference in signaling properties between the two Ly108
isoforms (data not shown). Further studies in Jurkats along with retroviral
transduction into primary lymphocytes may give us a better picture as to how the
individual isoforms function and how their differential expression in the Sle1b
mice contributes to autoimmunity.

In addition to the transfection studies, in vivo models by overexpressing
Ly108 isoforms were generated by Dr. Limaye when she established the Ly108

transgenic mouse lines. By overexpressing Ly108-1 on B6 and Ly108-2 on

131



Sle1b, we had hoped to either recapitulate or suppress, respectively, the
autoimmune phenotype. However, only the Ly108-1 transgenic line exhibited
high levels of expression on the B6 background (Figure 10b), but in spite of that,
these mice showed no developmental abnormalities and failed to produce any
autoantibodies (Figure 10e-f). Furthermore, when an antibody that recognized
Ly108 was finally made available, we detected no differences in the level of
surface expression between the transgenic and non-transgenic littermates.
(Figure 10h). Nevertheless, Ly7108 remains a top candidate gene, and while it
has already been knocked out (266), no reports on any autoimmune phenotypes
have been published.

To understand the process by which the Slam/CD2 family mediates the
Sle1b phenotype, we assessed cellular proliferation, calcium signaling, and
cytokine production in the Sle1b mice. While we have demonstrated that Sle1b
mice have enlarged spleens when compared to B6, even prior to the onset of
detectable ANAs, our proliferation studies with CFSE and BrdU labeling have
indicated no difference in the capacity to divide in B and T cells from Sle1b. Itis
very likely that the dosage of stimuli used in these experiments are too high to
detect any subtle differences, and so, these experiment need to be repeated with
an appropriate dose curve. Interestingly, when we looked at mice greater than
9months old, there was a remarkable impairment in the proliferative capacity of
Sle1b B and T cells. We attribute this to an exhausted phenotype (267,268) that

is indicative of a chronically activated immune system.
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When no significant difference in the level of proliferation was observed,
we turned our attention to signaling pathways and proposed that the Slam/CD2
haplotype might affect the activation threshold of B and T cells. When we
examined the mobilization of calcium following antigen receptor stimulation, we
observed that B cells did not show any difference between B6 and B6.Sle1b.
Sle1b T cells, on the hand, exhibited a subtle but consistent difference in calcium
flux. However, we have not fully teased out which T cell subset is responsible for
altering the signaling phenotype since anti-CD4 and anti-CD8 antibodies were
used in the cocktail. Further experiments involving one or the other would help
narrow down which T cell subset is affected. However, one group has previously
reported that T cells from SLE patients exhibit increased calcium responses
following the cross-linking of the TCR/CD3 complex, and this phenotype is not
unique to any particular T cell subset (269).

The observed increase in calcium flux in the T cells from B6.Sle1b mice is
intriguing, but how Ly108 isoform expression and/or the presence of a particular
Slam/CD2 haplotype mediates this phenotype is uncertain. We have not ruled
out the possibility that more than one of these genes may contribute to the
overall susceptibility to autoimmunity. It is more than feasible that the overall
autoimmune phenotype is more a result of a divergent haplotype of the
Slam/CD2 family than Ly708. This would not be the first time that the association
of autoimmunity with a polymorphic haplotype has been made. There is a
tremendous amount of work on the major histocompatibility complex and its

association with autoimmunity (212) along with the more recently reported
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association of susceptibility to Crohn’s disease with a specific common haplotype
of the human cytokine gene cluster on chromosome 5q31 (270).

Additional support for Sle1b being the Slam/CD2 haplotype has recently
emerged from data involving knockouts of particular family members. Both
Cd150 (271) and Ly108 (272) knockout mice exhibit a reduction in [L-4
production and a modest to no increase in IFN-gamma upon CD4 T cell
stimulation with anti-CD3 and anti-CD28 antibodies. Interestingly, this is the
phenotype that is observed in our B6.Sle7b mice where both receptors are still
intact. When purified CD4 T cells from Sle1b are subjected to either primary or
secondary stimulation, there is a noticeable decrease in the levels of IL-4
produced, both at the RNA and protein level (Figure 21a-d). This suggests a
possible redundancy amongst the Slam/CD2 family in the regulation of IL-4. On
the other hand, it also possible that the haplotype of the family influences the T
cell signaling environment by mechanisms that remain to be determined. In
support of this, data on the SAP-deficient mice suggests a similar defect in Th2
cytokine regulation upon CD4 T cell activation (273,274). Given that the SAP
adapter molecule interacts with members of the Slam/CD2 family via the ITSM
motifs, it is then conceivable that the entire family and its interaction with Sap can
overall regulate the cytokine response upon T cell activation.

How the Slam/CD2 family mediates the decreased IL-4 response is not
currently known. However, studies on TCR signaling strength and T helper cell
differentiation offer a possible model (Figure 34). Brogdon and colleagues have

demonstrated that a weak TCR signal mediated by altered peptide ligands lead
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to a Th2 differentiation response, whereas a strong TCR signal favors a Th1
response (275). Their report noted that the degree of calcium flux upon TCR
stimulation can influence the translocation of nuclear transcription factors that
regulate the expression of cytokine genes. Furthermore, they demonstrated that
a weak calcium response is associated with a Th2 outcome (276). Given that T
cells from B6.Sle1b mice exhibit more prolonged calcium flux, we propose that
the decreased IL-4 production is a manifestation of a strong TCR signal seen by
the Sle1b T cells. In such a hypothetical model, the Slam/CD2 haplotype 2 in the
B6.Sle1b mice mediates a reduction in the activation threshold in T cells, thereby
causing a stronger TCR signal to occur. The output of such a stronger signal is
made evident as a stronger calcium mobilization response and is translated into
a skewed Th response of naive CD4 T cells as the production of IL-4 is reduced.
However, what is problematic with this model is that one might anticipate a
consistent increase in the levels of IFN-gamma in the Sle7b T cells, but that is
not the case, at least under primary stimulatory conditions (Figure 22). This is
not too unusual because it was also reported that while SAP deficient mice show
an increase in IFN-gamma production, the data has not been always consistent
(Dr. Pamela Schwartzberg, personal communication). Still, the question remains
as to how this cytokine imbalance contributes to the loss of tolerance seen in
B6.Sle1b.

Care must be taken when making interpretations of the IL-4 response and
its role in mediating the Sle1b phenotype. There is no doubt that cytokines are

important contributors to the dysregulation of the immune system in lupus-prone
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mouse models (277), but categorizing murine lupus, if not the Sle1b model,
under a Th1 or Th2 paradigm is difficult. The IFN-gamma and IL-4 knockouts on
the MRL/Ipr background argue that both Th1 and Th2 cells are equally important
in SLE (164). Furthermore, the use of anti-IL-4 and anti-IFN-gamma antibodies
in B/W mice also suggests that both Th1 and Th2 cells are involved in IgG
autoantibody production (278). On the other hand, another study involving IFN-
gamma or IL-4-encoding plasmids in B/W mice demonstrated that only the
overexpression of IFN-gamma leads to an exacerbation of the phenotype while
overexpressing IL-4 had no effect (279). In fact, in a study with BXSB mice that
harbored a deletion of the IL-4 receptor, IL-4 was demonstrated not to play a role
at all in the development of autoimmunity (280). Therefore, the diminished IL-4
response in the Sle7b model may or may not have anything to do with the loss of
tolerance to nuclear antigens.

The polymorphisms of gene clusters involved in the regulation of the
immune system such as the Slam/CD2 gene family may be the consequence of
a pathogen-driven selection. Such selection would favor the maintenance of
polymorphisms that diversify the immune response against pathogens (281).
The engagement of several of the Slam/CD2 family members, such as Cd224,
Cd84, Cd150, and Ly108 leads to IFN-gamma production (282-286), so one
would predict that this family plays a significant role in viral immunity. Indeed,
there are several studies that have associated polymorphisms of the Slam/CD2
family with resistance to certain viral pathogens, including a prominent role in the

regulation of Epstein Barr Virus (EBV) infections (287). Intriguingly, EBV has
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been suggested to be a possible environmental trigger for SLE, and that raises
the possibility that polymorphisms in the Slam/CD2 family could lead to variations
in the response to EBV infections, which could potentiate susceptibility to SLE
(288-290).

While there is not an EBV homologue in the mouse, it has been
demonstrated that certain infections in the B/W mice improve their autoimmune
phenotype. Chen et al. recently reported that infection with Toxoplasma gondii
protected B/W mice from developing lupus nephritis (291). B/W mice infected
with T. gondii exhibited a reduction in the expression of IFN-gamma in the
spleens as well as a concomitant reduction in the levels of |gG2a anti-DNA
antibody and IgG2a glomerular deposition (292). Not only that, there have also
been studies that support a protective role against malarial infections in B/W
mice (293-295). However, in contrast to the T. gondii model, it was reported that
infected mice exhibited an increase in the levels of Th2 cytokines, but no
changes in IFN-gamma were detected (295). Conclusions as to whether or not
the overall levels of IFN-gamma or IL-4 or both are related to the Slam/CD2
haplotype cannot be clearly drawn, but it is tempting to postulate that this
particular haplotype, which is found in both non-autoimmune and autoimmune
strains of mice, can lead to autoimmunity in the context of permissive genomes.
Such allelic variations of receptors that can be potentially harmful in the context
of autoimmunity are being maintained because it confers protection against

pathogens such as T. gondii and the Plasmodium species.
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