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Immunoregulatory roles of CD48 in autoimmunity and tolerance

Abstract

CDA48 is an adhesion and costimulatory molecule expressed constitutively on nearly all hematopoietic
cells. Via interactions with its ligand CD2, it contributes to synapse organization between T cells and APCs,
and can enhance TCR signaling; via interactions with its higher affinity ligand CD244, CD48 mediates
interactions with T cells and NK cells. In addition to its roles in T cell activation and NK-mediated lysis, CD48
deficiency is associated with development of spontaneous lupus-like disease on a mixed 129 and B6 genetic
background, but not on a mixed 129 and Balb/c background. Despite these cellular and clinical observations,
the mechanisms by which CD48 might contribute to autoimmunity and tolerance in vivo were not well defined.
In this thesis we examined the immunoregulatory roles of CD48 in spontaneous and induced models of
autoimmune disease, using CD48 deficient mouse strains and anti-CD48 antibodies. We found that CD48
deficiency did not precipitate spontaneous lupus-like disease in mice on a pure B6 background, but resulted in a
spontaneous increase in lymphocyte activation within both young and aged mice. This implicated neighboring
immunoreceptor genes in development of lupus-like disease. CD48 deficient mice had modestly attenuated
disease in a mouse model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE), including
reduced severity and accelerated resolution. At the peak of disease, CNS-infiltrating CD4+ T cells in CD48
deficient mice produced less GM-CSF, a cytokine that contributes to encephalitogenicity of T cells in EAE.
When we examined CD48 expression in wild type mice during EAE, we found that CD48 expression was
increased on activated CD4+ T cells, and that CD48++ CD4+ T cells were enriched for GM-CSF, IL-17A and
IFNYy-producing cells. Administration of anti-CD48 antibody during EAE in wild type mice dramatically
reduced the number of these cytokine-producing cells, and could significantly attenuate or even prevent disease.
Anti-CD48-mediated attenuation of EAE was partially dependent on Fc receptors, suggesting a mechanism of
depletion of activated CD48++ CD4+ T effectors. Collectively, our data support a critical role for CD48 in
regulating the generation of activated lymphocytes and suggest that CD48 may be used to identify pathogenic

self-reactive T cells in autoimmune disease.
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Part I

Immunoregulatory roles of CD48 in autoimmunity and
tolerance



Chapter 1: Introduction

CD48 (SLAMF2, BLAST-1) is a cell surface molecule expressed on most immune cells, with described roles in
cell adhesion and costimulation. Initially discovered as a molecule highly upregulated on blasting B cells
during Epstein-Barr virus (Thorley-Lawson and Poodry 1982), CD48 has since been characterized as a member
of the signaling lymphocyte activation molecule family (SLAMF), a subgroup of the CD2 superfamily of
immunoglobulin domain-containing proteins (Davis and van der Merwe 1996), with genes found on
chromosome 1 in both mice and humans (Staunton et al. 1989; Wong et al. 1990). The SLAMEF locus has been
linked to autoimmune susceptibility in both mice and humans, and the numerous surface proteins encoded in
this region have been of interest for their roles in immune cell function (Calpe et al. 2008; Cannons, Tangye,
and Schwartzberg 2011). Although understanding of the function of the SLAMF molecules continues to grow
rapidly, interpretation of data has been complicated by the polymorphic nature of these genes and the mixed
genetic backgrounds that sometimes resulted during generation of the initial SLAM family knockout mice
(Keszei et al. 2011). To eliminate potentially confounding factors due to polymorphisms in the SLAMF locus,
we have used a CD48-/- mouse generated in a B6 ES cell, and kept on the B6 background to bring clarity to the
roles of CD48 in immune function, and to shed additional light on the potential of the CD48 pathway as a target

of therapy for diseases of immune dysfunction.

The SLAM family and autoimmunity

Overview of the SLAM family

The SLAM family includes nine cell surface molecules: CD150 (SLAM, SLAMF1), CD48 (SLAMF2,
BLAST-1), Ly9 (SLAMF3, CD229), CD244 (SLAMF4, 2B4), CD84 (SLAMFS), Ly108 (SLAMF6, known as
NTB-A in humans), CRACC (SLAMF7,CD319), BLAME (SLAMFS), and CD84H (SLAMF9, SF2001).
CD244 is a high affinity ligand for CD48 (Brown et al. 1998), the ligands for SLAMF 8 and 9 are unknown
(Kingsbury et al. 2001; Fraser et al. 2002; Fennelly et al. 2001; Zhang et al. 2001), and the remaining SLAM
receptors are all self-ligands (Martin et al. 2001; Flaig, Stark, and Watzl 2004; Cao et al. 2006; Falco et al.
2004; Kumaresan et al. 2002; Mavaddat et al. 2000; Punnonen et al. 1997; Romero et al. 2005; Yan et al. 2007).

These receptors each have unique expression patterns on immune cells, and participate in diverse aspects of



immune function including costimulation, cytokine production, and cytotoxicity(Calpe et al. 2008; Cannons,
Tangye, and Schwartzberg 2011). All but CD48, SLAMF8 and SLAMF9 contain one or more immunoreceptor
tyrosine-based switch motifs (ITSM), which allow them to signal via the intracellular adaptors SAP and/or
EAT-2 (SLAM-associated protein and EWS-Flil-activated transcript-2, respectively) (Sayos et al. 1998; Morra
et al. 2001; Shlapatska et al. 2001; Li et al. 1999; Poy et al. 1999). CD48, as discussed below, is GPI-linked,
while SLAMF8 and SLAMF9 do not have any tyrosine motifs in their intracellular domains (Kingsbury et al.

2001; Fraser et al. 2002; Fennelly et al. 2001; Zhang et al. 2001).

The SLAMF locus on mouse chromosome 1

The SLAM family genes are located on chromosome 1, within a region that has been linked to spontaneous
lupus-like disease in mice. This region was initially identified for its ability to precipitate lupus-like disease in
B6 mice when crossed to the lupus-prone NZM2410 mouse (Morel et al. 1994; Mohan et al. 1998). B6 mice
with the ‘Slel’ segment of chromosome 1 from NZM2410 mice develop glomerulonephritis and anti-nuclear
antibodies (Mohan et al. 1998; Morel et al. 2001). Extensive characterization of the Slel region revealed
multiple loci that independently contribute to lupus-like disease on the B6 background (Morel et al. 2001). The
‘Slelb’ subregion was shown to have the strongest link to humoral autoimmunity, and contains the SLAM
family genes (Morel et al. 2001; Wandstrat et al. 2004). Because the SLAM family was already implicated in

immune function, these were the strongest candidates for disease susceptibility in this region.

To better understand the mechanisms involved in the loss of tolerance to chromatin and generation of anti-
nuclear antibodies, Croker et al. combined each of the Slela, Slelb and Slelc alleles with Y autoimmunity
accelerator (Yaa) or Faslpr mutations. They found that Yaa mutations could accelerate lupus in mice with the
Slelb allele only, but not in mice with Slela or Slelc alone. This suggests that Slelb and Yaa are involved in
the same pathway that can lead to humoral autoimmunity (Croker, Gilkeson, and Morel 2003). In contrast, the
Ipr mutation could accelerate lupus with any one of the three Slel subloci, but caused most severe disease in
combination with Slela. This suggests that Slela and Ipr are part of the same pathway that can lead to

antinuclear antibodies and glomerulonephritis (Croker, Gilkeson, and Morel 2003).



Further examination of the Slelb region associated polymorphisms in the SLAM family genes with lupus
susceptibility. At least two haplotypes of the SLAM family region were found in inbred mouse strains, one in
B6 strains and a second in NZW, Balb/c, 129 and NOD strains. Notably, the Slelb-derived SLAM family
haplotype causes autoimmunity only in B6 strains, and not in strains with the second SLAM haplotype,
indicating that epistatic interactions with other portions of the B6 genome are required for autoimmunity

(Wandstrat et al. 2004).

This identification of multiple SLAM family haplotypes, and their effects on autoimmunity, were critical for
reevaluation of contemporary studies using SLAM family gene knockout mice. Many knockout strains were
made by gene targeting in 129-derived embryonic stem (ES) cells, and then backcrossing onto the desired
background—Balb/c, B6, etc. For SLAM family gene knockouts backcrossed onto B6, this meant a mixed
genetic background in a known polymorphic region with known autoimmune linkage. The CD48-/- mouse was

one such example.

CD48-/- mouse strains and spontaneous autoimmunity

CD48-/- mouse strains were generated by gene targeting in J1 129 embryonic stem cells, and then backcrossing
to either B6 or Balb/c backgrounds (Gonzalez-Cabrero et al. 1999). The CD48-/- [B6.129] was found to
develop spontaneous anti-DNA autoantibodies and severe glomerulonephritis with aging (Keszei et al. 2011).
The kinetics and severity of disease were more severe than that seen in the B6.Slelb mouse. In contrast, the
CD150-/- [B6.129] mouse, which had been made using the same 129 ES cell, was found to develop only mild
disease and thus supported an interpretation that disease in CD48-/- [129.B6] mice was due to absence of
CD48. However, neither the CD48-/- [Balb/c.129] nor CD150-/- [Balb/c.129] strains had any evidence of anti-
DNA autoantibodies or glomerulonephritis. These observations suggested to the authors that the primary effect
of CD48 or CD150 deficiency on the lupus-like disease in CD48-/- [B6.129] and CD150-/- [B6.129] strains
was due to epistatic interaction of the 129-derived genes with the B6 background. However, the enhanced
severity of disease in the CD48-/- [B6.129] mice compared to CD150-/- [B6.129] mice suggested that CD48
deficiency might enhance disease pathology. Moreover, there were data supporting altered T cell responses in

vivo in CD48-/- [Balb/c.129] mice compared to WT Balb/c mice, where there were no confounding factors due



to an autoimmune-prone background (Keszei et al. 2011). Collectively, this suggested that CD48 might have a

role in regulating T cell autoimmunity and tolerance.

Further characterization of glomerulonephritis in the CD48-/- [B6.129] strain supported a role for CD48 in
modulating autoimmunity mediate by the interactions of the B6 genetic background with the CD48 gene
knockout locus (Koh et al. 2011). B6 congenic mice that carry a region of the 129 DNA on chromosome 1 that
is nearly identical to that contained in CD48-/-[B6.129] mice, were described to have autoantibodies, but no
glomerulonephritis (Carlucci et al. 2007). The additional disease severity characterized by Koh et al. suggested

that CD48 deficiency had a critical role in promoting development of glomerulonephritis (Koh et al. 2011).

These observations are important to consider when interpreting data generated with these CD48 deficient mice,
as both the absence of CD48 and the epistatic interactions of the 129-derived genes with the B6 genetic
background have been shown to have consequences for the immune system. It may not be clear which genetic
difference is the primary or contributing cause to altered phenotypes, in publications using this CD48-/-

[B6.129] strain.

CD48 structure and expression

CDA48 structure

Like other CD2 family members of the immunoglobulin superfamily, CD48 contains an IgV-like domain and a
C2-like domain, with cysteine residues that allow a disulfide bond in the C2-like domain (Staunton et al. 1989).
A single polymorphism in the IgV domain of CD48 was identified in a study of 10 inbred laboratory mouse
strains; only B6 mice differed in residue 68, having an asparagine instead of aspartate. This correlates with the
two SLAM family haplotypes observed in laboratory strains, as well. Examination of two inbred strains
derived from wild mice indicated additional polymorphisms, suggesting that CD48 may be polymorphic in
natural populations (Cabrero, Freeman, and Reiser 1998). A wider analysis of SLAM haplotypes in 48 Mus
species and subspecies revealed substantial polymorphisms in wild mouse populations; however, the aim of this
study was to correlate evolution of polymorphisms with autoimmune susceptibility, and did not directly

examine the functional effects of alternative protein sequences (Limaye et al. 2008).



CDA48 is unique among the SLAM family receptors, in that it is GPI-linked and contains no intracellular motifs
(Staunton et al. 1989; Yokoyama et al. 1991). Like other GPI-liked proteins, CD48 is associated with lipid rafts
on the cell surface (Stefanova and Horejsi 1991). It can also be detected in a soluble form in the serum and
plasma of humans, and is elevated during EBV infection, arthritis, and in lymphoproliferative disorders (Smith
etal. 1997). It is not known how the soluble form of CD48 is generated physiologically, but GPI-linked
molecules are susceptible to cleavage by phospholipases, such as phospholipase C and phospholipase D (Low
and Saltiel 1988; Metz et al. 1994). Two splice variants of CD48 have been detected in humans: one contains
2 exons and encodes isoform 1, the other contains 4 exons and differs in the 3° UTR and coding region, and has

a unique C-terminus (Jostins et al. 2012).

CD48 expression

CD48 was initially identified by its high expression on Epstein-Barr virus (EBV)-infected B cells (Thorley-
Lawson and Poodry 1982), which appears to be due to the action of an EBV-derived protein acting on a
positive element in the CD48 gene (Klaman and Thorley-Lawson 1995). However, further characterization of
CDA48 revealed that it was expressed on nearly all hematopoietic cells at steady state including B cells, T cells

and dendritic cells (Yokoyama et al. 1991; Kato et al. 1992; Baorto et al. 1997).

In mice, the only hematopoietic cell populations that distinctly lack CD48 expression are hematopoietic stem
cells (HSC) and multipotent progenitors (MPPs), and this has been used as a means to help distinguish these
progenitors from other bone marrow populations. HSCs can be highly purified as CD150"CD244 CD48-, while
MPP are CD244*"CD150'CD48", and most lineage-restricted progenitors are CD48+ (Kiel et al. 2005). These
SLAMEF markers were also sufficient to purify HSCs from mouse fetal liver (Kim et al. 2006). In humans and
rhesus macaque however, differential CD150 and CD48 surface expression are not sufficient to enrich for

HCSs among CD34+ blood cells (Larochelle et al. 2011).

CDA48 expression can be upregulated by interferon (IFN) alpha/beta and IFN gamma (IFNy) on human
peripheral blood mononuclear cells (PBMCs), including CD3+, CD14+ and CD19+ cells (Tissot et al. 1997).

Increased CD48 expression on monocytes and lymphocytes has been detected in patients with viral and



bacterial infections (Katsuura et al. 1998). Soluble CD48 also is increased in the serum of patients with EBV

infection, leukemia and arthritis (Smith et al. 1997).

During allergic responses or after IL-3 exposure, CD48 expression on eosinophils has been shown to increase
(Munitz et al. 2007; Munitz et al. 2006). During bacterial infection CD48 expression increases on both

eosinophils and mast cells(Rocha-de-Souza et al. 2008).

CD48 RNA expression in various mouse immune cell populations was characterized as part of the InmGen
project. CD4+ Tregs (CD4+ CD3+ CD25+ CD19-) were among the cells with the highest CD48 expression.
CDA48 transcripts also appear to be high in developing thymocytes and thymus-resident DCs. In neutrophils,

CDA48 transcripts are extremely low (Davis and Hamilton 2008).

CD48 function: ligand interactions with CD2, CD244 and FimH

CDA48 has two binding partners in both mice and humans, CD2 and CD244 (Kaplan et al. 1993; Arulanandam et
al. 1993; Brown et al. 1998; Latchman, McKay, and Reiser 1998). In mice, CD48 is the exclusive ligand for
CD2, whereas in humans CD2 also binds to CD58 (Dustin et al. 1987). The affinity of mouse CD48 for CD2 is
~90uM (Davis and van der Merwe 1996), while the affinity of CD48 for CD244 is higher, with a K;~16uM
(Brown et al. 1998). Both CD48 and CD2 are widely expressed on murine immune cells, whereas CD244 is
restricted to NK cells, some memory CD8+ T cells, y0 T cells, iELs, monocytes and granulocytes (Garni-
Wagner et al. 1993; Schuhmachers et al. 1995; Kubota 2002; Elishmereni et al. 2013; Calpe et al. 2008;
Cannons, Tangye, and Schwartzberg 2011). In humans, CD244 expression is also observed on eosinophils,
basophils and mast cells (Romero et al. 2004). Thus, the interactions that predominate in vivo can depend on
both the receptor pairs present and their different affinities. Notably, in insect cells transfected with murine
CD2 or CD48, CD2 co-expression in CD48+ cells was shown to augment CD48 interactions with CD2+ cells,

suggesting that CD48 and CD?2 can interact in cis to influence trans interactions (Kaplan et al. 1993).



CDA48 can also bind to the lectin FimH on E.coli, and has been shown to be a receptor for detection and
endocytosis of bacteria by macrophages and mast cells (Baorto et al. 1997; Shin, Gao, and Abraham 2000;

Moller et al. 2013).

The CD48:CD2 interaction has been largely studied in T:APC interactions. The CD48:CD244 interaction has
been largely studied in NK:target interactions, where CD244 engagement has been described to lead to either
stimulatory or inhibitory effects on NK cytotoxicity, depending on the context. The functional effects of both

interactions are described below.

CD48:CD2 interactions in T cell activation: adhesion and signaling
The role of CD48 in T cell activation has been studied both from the side of the T cell and the APC, using a
number of methods including crosslinking, blocking, transfection, and knockout. Molecular mechanisms have

been inferred from these results, and also directly probed using coimmunoprecipitation assays.

The ability of CD48 to act as a costimulatory molecule on T cells was first observed by using anti-CD48 mAbs
to either cross-link or block this molecule during stimulation. Soluble anti-CD48 or anti-CD2, plus secondary
antibody, was not capable of inducing proliferation of splenic T cells. However, cross-linking anti-CD48 or
anti-CD2 could augment proliferation induced by cross-linking anti-CD3. In contrast, blocking CD2 or CD48
on splenoctyes during PHA stimulation reduced proliferation, while these antibodies did not alter proliferation
induced by ConA (Kato et al. 1992). This data suggested that signaling into a T cell through either CD2 or

CD48 could enhance T cell activation

Due to its GPI linkage, CD48 localizes to lipid raft domains in the cell membrane (Staunton et al. 1989;
Stefanova and Horejsi 1991). Lipid rafts are enriched for both signal transduction molecules and actin
cytoskeletal components (Harder and Simons 1997). In human T cells, the GPI-linked proteins CD59, CD55
and CD48 were found to associate with the Src family protein-tyrosine kinase Lck, and crosslinking these GPI-
anchored molecules resulted in Lck phosphorylation (Stefanova et al. 1991). CD48 crosslinking on human T

cells was also shown to cause intracellular Ca++ flux, in a cholesterol-dependent mechanism (Stulnig et al.



1997). Thus, CD48 is associated with intracellular signaling molecules and has the capacity to influence

signaling cascades.

CD48 costimulation of T cells was later shown to enhance IL-2 production and TCR signaling in a mouse T cell
line, using either CD2-expressing APCs or soluble anti-CD48 and anti-CD3 plus secondary antibodies.
Compared to CD3 stimulation alone, CD48 costimulation increased phosphorylation of both Lck and the TCR
zeta chain and led to association of the phosphorylated zeta chain with the cytoskeleton, in a manner dependent
on intact lipid rafts. Using coimmunoprecipitation assays, CD48 was found to physically interact with Lck
(Moran and Miceli 1998). This supported a role for CD48 on T cells to contribute to TCR signaling and T cell

activation, by its localization to lipid rafts and interaction with Lck.

Further molecular characterization of CD48 signaling was done in human T cell lines, separately analyzing the
roles of CD2 and CD48 in early T cell signaling. Drbal et al. found that CD48 became immobilized in the
immune synapse of anti-CD3-stimulated T cells, while other GPI-linked proteins like CD59 did not (Drbal et al.
2007). Muhammad et al. then showed that CD2 was required for CD48 to associate with the TCR and CD3,
and that lateral interactions between CD2 and CD48 contribute to T cell activation: CD48 can recruit LAT to
the TCR when CD?2 is also present on the T cell. CD2 was required for CD48 to associate with the TCR, and
CD48 was required for LAT association with the TCR (Muhammad et al. 2009). These results propose a model
where GPI-linked CD48 interacts in cis with CD2 to efficiently bring Lck and LAT to the TCR/CD3 complex,
and thus facilitate TCR signaling. When either CD2 or CD48 are lacking from the T cell, there is a reduction in
LAT recruitment to the TCR, LAT phosphorylation, calcium flux, and IL-2 production (Muhammad et al.

2009).

A role for CD48 on the APC, to enhance T cell activation, has also been described. Latchman et al. found that
CD48, expressed along with the MHC class IT molecule IA® on CHO cells, enhanced DO11.10 T cell
proliferation and IL-2 production compared to CHO cells with IA® alone. This effect was comparable to that
obtained by using CHO cells with I-Ad and B7-1, suggesting that CD48 was a strong costimulator. The

CD48:CD2 interactions increased adhesiveness, as assessed by a T cell-APC conjugates assay, and the authors



proposed that increased adhesion could be responsible for the increased stimulatory effect (Latchman, McKay,
and Reiser 1998). These data complement earlier reports, supporting a role for CD48 in contributing to T cell
activation whether it was expressed on the T cell or the APC.

The function of CD48 as an adhesion molecule on APCs has also been examined from a structural perspective.
CD48:CD2 interactions were shown to contribute to adhesion between an APC and T cell, stabilize the immune
synapse, and set the intermembrane spacing around the TCR to facilitate optimal TCR:MHC interactions
(Milstein et al. 2008). By creating mutant forms of CD48 with additional IgV regions, Milstein et al. could
examine the importance of the height of CD48 to its role in immune synapse organization. Increasing the size
of CD48 on the APC resulted in reduced T cell proliferation and abnormal synapse formation: CD2 clusters on
the T cell were biased towards peripheral regions of the synapse instead of the center of the synapse, and overall
CD2-TCR colocalization was reduced (Milstein et al. 2008). These studies highlight how both the size of
CDA48 and its specificity for CD2 can contribute to its function on APCs as both an adhesion and costimulatory

molecule.

Studies with the CD48-/- [B6.129] mouse further confirmed the contribution of CD48 to T cell activation from
both the T cell and APC. CD48-/- T cells had reduced proliferative potential when stimulated with either WT
or CD48-/- APCs, and the CD48-/- APCs were less stimulatory that WT APCs to WT T cells (Gonzalez-
Cabrero et al. 1999). This was apparent in alloreactions between B6 and Balb/c splenocytes, but was most
dramatic with CD48-/- responders to irradiated Balb/c stimulators. Further investigation showed that purified
CD4+ T cells had impaired proliferation in response to ConA or anti-CD3 plus PMA, but not to ionomycin plus
PMA, supporting a positive role for CD48 in TCR signaling (Gonzalez-Cabrero et al. 1999). Although
lymphocytes from knockout mice do not always replicate results using transfection and antibody blocking

systems, these results did align with prior investigations.

A role for CD48 on both T cells and macrophages was demonstrated in a model of experimental colitis, using
adoptive transfer of CD45RB" cells into Balbc.Rag-/- recipients. CD48-/- [Balb/c.129] T cells failed to induce
disease in CD48-/- Rag-/- recipients, although CD48 present on either the donor T cells or in the recipient was

sufficient to restore disease. The absence of CD48 on either the APC or the T cell reduced IL-2 production in
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vitro, but this effect was most dramatic when CD48 was absent on both the T cell and the APC. CD48-/-
peritoneal macrophages were less stimulatory to WT T cells in vitro, and produced less TNFo and IL-12 after
in vitro stimulation with LPS compared to WT peritoneal macrophages. Attenuated colitis could also be
recapitulated by treatment with anti-CD48 antibody, although whether the mechanism of action was blocking,
depleting, or a combination of factors was not examined. Collectively, these data suggested that CD48
contributed to colitis from both the T cell and the APC side (Abadia-Molina et al. 2006). The phenotype of
CD48-/- macrophages in vitro suggests a potential cell intrinsic role for CD48 on innate immune cells in

responding directly to bacterial components such as LPS.

CD48 as a ligand for CD244 on NK cells and CTLs

As the exclusive binding partner of CD244, CD48 can influence signaling through the immune tyrosine switch
motive (ITSM)-containing CD244. In mice, CD244 is expressed on NK cells, v T cells, some CD8+ T cells,
resting monocytes, eosinophils and basophils (Mathew et al. 1993; Schuhmachers et al. 1995; Kubota 2002;
Elishmereni et al. 2013). CD244 has been most extensively studied for its influence on cytotoxicity and
activation. On NK cells, CD244 has been described as both an activating and inhibitory receptor, either
promoting or inhibiting target lysis (Garni-Wagner et al. 1993; Schatzle et al. 1999; Lee et al. 2004; Vaidya et
al. 2005; Chlewicki et al. 2008). One factor in mouse NK cells is the relative expression of two different
isoforms of CD244: the long form was found to be inhibitory, while the short form was found to be stimulatory
(Schatzle et al. 1999). Stimulation was also shown to be dependent on the density of CD244 on the cell surface,
the degree of crosslinking, and the amount of the signaling molecule SAP: high surface expression, strong
crosslinking and low levels of SAP were associated with inhibitory effects (Chlewicki et al. 2008). Some
studies also suggest that signaling through EAT-2 promotes inhibitory effects, whereas signaling via SAP-Fyn
promote activation and target lysis (Veillette 2010). This mechanism is supported by studies of NK cells
lacking SAP or Fyn, which show defects in lysis of CD48+ targets (Bloch-Queyrat et al. 2005). However,
signaling through EAT-2 was also shown to result in positive signals involving phospholipase C (Clarkson and
Brown 2009). Thus, while it appears that CD244 can influence NK cell cytotoxicity through multiple

independent factors, the molecular mechanism is not yet fully elucidated. Furthermore, it was shown that CD2
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on NK cells could compete with CD244 for binding to CD48 on target cells, providing additional influences on

NK activation (Clarkson and Brown 2009).

The role of CD244 is not always dependent on CD48 expression on the target cell, however. On CD8+ T
effector cells, it was shown that CD48 expression on neighboring CTLs was sufficient to enhance CD244-
mediated cytotoxicity, independent of CD48 expression on target cells (Lee et al. 2003). CD244-CD48
interactions between NK cells were also shown to prevent NK cell fratricide, further supporting a role for this
receptor-ligand pair in the activation of effector cells, prior to target recognition (Taniguchi, Guzior, and Kumar
2007). In one example of crosstalk between NK and CTL, Waggoner et al. found that the CD244-/- mouse was
more susceptible to LCMYV infection due to enhanced NK-mediated lysis of activated CD44+ CD8+ T effectors,
at early stages of infection. Preferential killing of activated, but not naive, CD8+ T cells prevented effective

virus clearance (Waggoner et al. 2010).

These data have important implications for CD244 function during T cell exhaustion, as well. CD244 is highly
expressed on the dysfunctional CD8+ cells in chronic infection and cancer models (Blackburn et al. 2009). A

functional role for CD244 on CD8+ memory T cells has also been described. CD244 was shown to be critical
for limiting persistence of CD8+ memory cells during chronic viral infection, but had no role in persistence or

function of naive CD8+ T cells (West et al. 2011).

Anti-CD48 has been described to alter NK cells in vivo, increasing CD69 and CD244 surface expression, and
inducing cytokine production (Sinha et al. 2010; Yuan, Guo, and Thet 2013). Additionally, anti-CD48 altered
the distribution of IgG subtypes produced by B cells after stimulation with the T-independent antigen, NP-

Ficoll. This effect was only partially NK-cell dependent, suggesting that anti-CD48 could directly affect both

NK cells and B cells in vivo, in a model that is independent of T cell help (Yuan, Guo, and Thet 2013).

As a ligand for FimH on bacteria

The bacterial lectin FimH can bind CD48 via the mannose sugar residues in its GPI linkage (Baorto et al. 1997).

On mast cells, FimH binding to CD48 can trigger the mast cell TNFa response (Malaviya et al. 1999) or
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phagocytosis (Shin, Gao, and Abraham 2000). On macrophages, FimH binding to CD48 leads to an opsonin-
free mechanism for phagocytosis of bacteria. This involves formation of caveolae in cholesterol-rich domains
of the cell membrane, and facilitates entry of the microbe into macrophages (Baorto et al. 1997; Moller et al.
2013). This mechanism may be particularly relevant for phagocytosis of FimH+ bacteria that have not yet been

opsonized, but have adhered to tissue surfaces (Moller et al. 2013).

The ability of FimH to bind to CD48 also has implications for bacterial invasion of human brain microvascular
endothelial cells (HBMEC), during E coli K1 infections. FimH binding to cultured HBMECs provides
adhesion for E coli K1, and induces cellular changes in the endothelial cells to facilitate bacterial invasion.

CD48 was identified on these HBMECS as the putative receptor for FimH in this scenario (Khan et al. 2007).

CD48 function in models of immunity

CD48 on granulocytes, in allergy and asthma

A role for CD48 in innate immune cell activation has been described on both human and mouse cells. Munitz
et al. found that CD48 expression was increased on eosinophils from patients with atopic asthma, and also on
eosinophils from mice after allergen challenge (Munitz et al. 2006). They also provide evidence for a
functional role of CD48 on these cells. Crosslinking CD48 on cultured eosinophils, using plates coated with
anti-mouse F(ab’), plus anti-CD48 mAb, resulted in degranulation. Human eosinophils also express CD244
and SAP, and crosslinking CD244 results in production of eosinophil peroxidase, IFNy and IL4 (Munitz et al.

2005).

In a model of allergic airway inflammation, in vivo treatment with anti-CD48 antibody one day before antigen
challenge dramatically reduced inflammation, while anti-CD2 had only a mild effect and anti-CD244 had no
effect. Anti-CD48 reduced lung cell infiltration, cytokines, and histological signs of inflammation. The authors
did not observe depletion of lymphocytes in the spleen, or alterations to eosinophils in the bone marrow, but did
see reduced eosinophils in the bronchoalveolar lavage fluid (Munitz et al. 2007). Although CD48 expression
was shown to increase on lymphocytes, macrophages and NK cells in the lung as well, the effect of anti-CD48

on the number of these cells in the lung was not described.
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CDA48 expression can increase on human cord blood-derived mast cells, along with Toll-like receptor (TLR) 2
expression, after infection with Staphylococcus aureus in vitro. Blocking CD48 with an anti-CD48 antibody

reduced the inflammatory response of these cells (Rocha-de-Souza et al. 2008).

CDA48 appears to be involved in eosinophil detection of S. aureus. Eosinophils can be stimulated by S. aureus
to degranulate, and produce IL-8 and IL-10; this can be blocked with an anti-CD48 antibody and does not occur
in eosinophils from CD48-/- [B6.129] mice. In a model of peritonitis induced by intraperitoneal injection of
Staphylococcal toxin B (SEB), CD48-/- [B6.129] mice had reduced numbers of eosinophils and granulocytes in
peritoneal lavage fluid, but no reduction in lymphocytes, when compared to WT mice (Minai-Fleminger et al.
2014). CD48 and CD244 were shown to mediate interactions between mast cells and eosinophils in vitro,
allowing eosinophils to costimulate IgE-mediated activation of mast cells (Elishmereni et al. 2013). These data
indicate that CD48 can contribute to bacterial sensing, granulocyte activation and immune cell cross-talk in

circumstances of allergy or S.aureus infection.

Human neutrophils were reported to be stimulated by cross-linking CD48 with an anti-CD48 antibody plus a
secondary antibody, although the main aim of this study was to characterize the signaling potential of another
GPI-anchored molecule, CD59, during activation of the membrane attack complex of complement.
Crosslinking of CD59, or any of the other GPI-linked molecules examined including CD48, was sufficient to
induce intracellular Ca++ flux as measured by an intracellular Ca++-sensitive dye (Morgan et al. 1993). In
mice, however, CD48 mRNA expression in neutrophils is extremely low (Davis and Hamilton 2008), and

CDA48 function on mouse neutrophils is not yet clear.

CD48 and graft rejection

CD2 is recognized as a strong target for allogeneic responses, and anti-CD2 antibody therapies have been used
alone or in combination with other immune suppressants to facilitate graft survival in numerous mouse models
(Qin et al. 1994; Chavin, Lau, and Bromberg 1992). Being the only ligand for CD2 in the mouse, CD48 was
investigated for its role in graft rejection, as well. Early studies showed that anti-CD48 in vivo could augment

the effects of anti-CD2 in prolonging allograft survival (Qin et al. 1994). Anti-CD2 plus anti-CD48 allowed
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indefinite cardiac allograft survival, while either antibody alone had milder effects on graft survival (Qin et al.
1994), and anti-CD244 did not enhance the effects of either anti-CD2 or anti-CD48 (Bai et al. 2002). While the
combined antibodies were drastically more effective than either antibody alone, this study revealed that anti-

CDA48 alone could have an effect on both CD4+ and CD8+ T cell responses.

Although targeting CD48 alone has not been an ideal method to promote graft survival, it is being explored in
combination therapies. For example, anti-CD48 in combination with anti-LFA1 and FTY720 has been shown

to enable survival of embryonic pig pancreatic tissue transplanted into mice (Tchorsh-Yutsis et al. 2009).

CDA48 and T cell effector functions

The anti-CD48 antibody has been used both in vivo and in vitro to distinguish the role of CD48 during priming
and effector phases of an immune response. Anti-CD48 treatment in vivo was found to limit CTL priming and
contact-sensitivity reactions. For CTL responses, anti-CD48 was most effective when given at the time of
priming, whereas for CD4+ T cell responses anti-CD48 was most effective during the effector phase. In vivo
administration could also limit responses to in vitro alloantigen stimulation (Chavin et al. 1994). Combined
with in vitro studies, these data suggest that anti-CD48 could limit priming of CTLs but not target lysis, and
could limit effector functions of CD4+ T cells such as proliferation and IL-2 secretion (Qin et al. 1994; Chavin
et al. 1994).

Other in vitro studies have implicated CD2:CD48 interactions during both T cell priming and effector
responses. Anti-CD2 or anti-CD48 mAb reduced IL-2Ra expression, IL-2 and IFNYy production, and target
lysis by anti-CD3-stimulated bulk T cells. Notably, the reduced target lysis could be rescued by addition of IL-
2 (Musgrave, Watson, and Hoskin 2003). The authors suggest that the mechanism regulating the effects of
CD48:CD2 costimulation may be similar to that induced by CD28 costimulation, stabilizing IL-2 mRNA

(Musgrave et al. 2004).

CD48 in hematopoiesis

CDA48 is not expressed on the surface of HSCs or MPPs, but it is found on other lineage-restricted progenitors

and nearly all mature hematopoietic cells (Kiel et al. 2005). A role for CD48 in hematopoiesis was first
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suggested in studies using an anti-CD48 antibody to prevent graft-versus-host disease (GVHD). Following
sublethal irradiation and allogenic bone marrow transplantation (BMT), combined use of anti-CD48 plus anti-
CD2 effectively prevented GVDH. However, it also prevented recovery of the hematopoietic compartment.
Anti-CD48 was found to be capable of preventing reconstitution after congenic BMT, as well, and led to
reduced CD48 surface expression on cells in the bone marrow. In non-irradiated mice, anti-CD48 treatment
also reduced CD48 surface expression in the spleen and bone marrow, but did not deplete cells. The authors
concluded that anti-CD48 treatment altered expression of CD48 in the bone marrow, and that CD48 expression

here is critical for hematopoietic recovery after sublethal irradiation (Blazar et al. 1998).

Hematopoiesis has also been studied in the CD48-/- [B6.129] mouse, which was found to have a dysregulated
hematopoietic stem cell compartment and a propensity towards follicular B cell-type lymphomas. Boles et al.
observed a change in the distribution of monocyte and lymphocyte precursors in the bone marrow of CD48-/-
mice, and also a reduced proliferative capacity for CD48-/- HSCs. Aged mice had an increased incidence of
lymphoma, which correlated with upregulated Pak1 activity in CD19+ tumor cells but not in CD19+ cells from
the spleen (Boles et al. 2011). Whether this phenotype of altered hematopoiesis and increased incidence of

tumors occurs in CD48-/- [Balb/c.129] or a pure B6 CD48-/- remains to be shown.

CD48 and CDS58 in human disease

Although CDA48 is the only known ligand for mouse CD2, in humans the high affinity ligand for CD2 is CD58
(LFA3), while CD48 is a lower affinity binding partner (Dustin et al. 1987; Sandrin et al. 1993). Both CD48

and CD58 have been of interest for their linkage or role in human disease states.

Genome-wide association scans identified CD58 as a risk locus in multiple sclerosis (MS). Investigation of a
potential mechanism found that the protective allele resulted in increased CD58 mRNA in PBMCs (De Jager et
al. 2009; International Multiple Sclerosis Genetics et al. 2007). CD58 expression was also found to increase
during remissions in MS patients (Arthur et al. 2008; De Jager et al. 2009). De Jager et al. propose that the
protective allele for CD58 results in increased expression and thus increased engagement of CD2, which can

increase Foxp3 expression. Improved functionality of Tregs would then correlate with disease remission.
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Interestingly, a separate study examining the effects of anti-VLA-4 mAb therapy (natalizumab) in MS patients
found that treatment was associated with an increase in activated cells in the peripheral blood, including an
increase in CD58+ and CCR5+ CD8+ T cells. These authors hypothesized that anti-VLA-4 mAb sequestered

effector cells in the blood (Kivisakk et al. 2009).

An alternative method of analysis of GWAS data sought to identify nodes of interacting proteins, based on
susceptibility genes—a protein-interaction-network-based pathway analysis. CD48 was among a small group
of high confidence candidates identified by this analysis, which the authors believe should be further

investigated (International Multiple Sclerosis Genetics 2013).

One recent study examined association of CD58 polymorphisms with neuromyelitis optica (NMO, also known
as Devic’s disease), a demyelinating disease that primarily affects the optic nerve and spinal cord. Two
haplotypes and four alleles showed an association with NMO, by TagMan analysis, but no functional studies

were performed (Kim et al. 2014).

CDA48 has been of interest in the study of viral infections and some cancers, as the counter-receptor for CD244
on NK and CD8+ T cells. One group observed that CD48 and NTB-A (SLAMF6) were downregulated on
HIV-infected T cell blasts, which could potentially limit the ability of NK and CD8+ T cells to lyse infected
target cells (Ward et al. 2007). In human cells, CD244:CD48 interactions have been shown to either enhance or
inhibit cytotoxicity of NK and CD8+ T cells, depending on the context (Waggoner and Kumar 2012). Another
group found that CD244 expression on virus-specific CD8+ T cells decreased after simultaneous TCR and

CD244 signaling, suggesting that CD48 engagement could influence CD244 expression (Pacheco et al. 2013).

Perhaps most famously, CD48 expression increases on B cells during Epstein Barr Virus (EBV) infection
(Yokoyama et al. 1991). This infection is particularly dangerous for patients with X-linked lymphoproliferative
syndrome 1 (XLP-1), a disease resulting from mutation of the SH2D1A gene that encodes the signaling
molecule SAP (Sayos et al. 1998). Patients with this disease cannot control EBV infection, and NK cells from

these patients are unable to kill EBV+ B cells (Parolini et al. 2000; Purtilo, Cassel, and Yang 1974). This
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appears to be due to a lack of activation of SAP-deficient NK cells, upon engagement of CD48+ targets
(Parolini et al. 2000). A more recent publication examined cells from female carriers of the XLP-1 mutation
who, due to random X chromosome inactivation, have both SAP(+) and SAP(-) cells. They found that all EBV-
specific CD8+ T cells in these individuals were SAP(+), whereas CD8+ T cells specific for other viruses, such
as cytomegalovirus or flu, were a mixture of SAP(+) and SAP(-). Closer inspection revealed that CD8+ T cells
required SAP in order to recognize antigen on B cells, but did not require SAP to recognize antigen on other
cell types, and this was dependent on both CD244 and NTB-A expression. The authors suggest that these
observations may partially explain why XLP-1 patients are particularly susceptible to EBV and EBV-induced
lymphomas (Palendira et al. 2011). Relatedly, Meazza et al. found that EBV+ B cells do not express ligands
for the activating NK receptors DNAM-1 and NKG2a, rendering target lysis particularly sensitive to signaling

through CD244 (Meazza et al. 2014).

Understanding the unique roles for CD48 and its binding partners, in different types of immune cell

interactions, may continue to offer insight into disease pathogenesis and potential therapeutic interventions.

Experimental autoimmune encephalomyelitis as a model for multiple sclerosis

Multiple sclerosis (MS) is a demyelinating disease of the CNS that appears to have both immune and
neurodegenerative components, and results in progressive loss of motor and sensory function (Compston and
Coles 2002). Its estimated median prevalence is 30 out of 100,000 individuals worldwide, and it affects twice
as many women as it does men (World Health Organization 2008). In addition to studying patients and clinical
samples, many research groups contribute to knowledge of MS and autoimmune disease by using the
experimental autoimmune encephaloymyelitis (EAE) disease model. EAE has many similarities to MS and is
used to study autoimmunity, CNS inflammation, and potential treatments for MS. Several drugs currently
available to treat MS were first studied in EAE, including Natalizumab (anti-a4 integrin antibody, Tysabri),
Glatiramir acetate (semi-random peptide, Copaxone), and FTY720 (small molecule inhibitor of S1P-1 receptor,
Fingolimod). However, there are also treatments that have ameliorated EAE that have not worked in MS, either
due to lack of efficacy or toxic side effects. Although not a perfect model for the human disease, there are

different models of EAE that have unique benefits.
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EAE models in mouse strains

EAE in mice typically manifests as ascending paralysis, starting with loss of tail strength and progressing to
affect the hind limbs and then forelimbs. This is considered “classical” EAE. Some strains or modes of
induction result in a “non-classical” form of EAE, characterized by ataxia, head tilt, spinning or spasticity
(Greer et al. 1996; Muller, Pender, and Greer 2000, 2005; Abromson-Leeman et al. 2004; Kroenke, Chensue,
and Segal 2010; Batoulis et al. 2011). Histologically, these two types of EAE correlate with infiltration and
inflammation focused in the spinal cord in classical EAE, or the brainstem and cerebellum in atypical EAE
(Abromson-Leeman et al. 2004; Kroenke, Chensue, and Segal 2010). The combination of clinical and

histological evaluation can thus provide insight into mechanisms of disease pathogenesis.

EAE can be induced in mice by immunization with certain CNS-derived proteins, or by adoptive transfer of
activated T cells that are specific for particular CNS-derived peptides. Different peptides have been found,
experimentally, to be potent at inducing EAE in different mouse strains. Furthermore, the clinical course of
EAE varies in different strains and with different methods of induction. For instance, SJL/J mice are
susceptible to EAE induced by immunization with a peptide from the myelin protein proteolipid protein, and
develop a relapsing-remitting disease that has similarities to relapsing-remitting MS (Tuohy et al. 1989). In
contrast, B6 mice are susceptible to immunization with a peptide from myelin oligodendrocyte glycoprotein
(MOG), MOG[35-55], and generally develop a chronic disease (Mendel, Kerlero de Rosbo, and Ben-Nun
1995), although varying the dose of antigen and adjuvants can also produce a relapsing-remitting form of EAE
(Berard et al. 2010).

Adoptive transfer of activated, myelin-specific CD4+ T cells can also induce EAE. One tool that has been
extremely useful for the study of CD4+ T cells in EAE in B6 mice, is the 2D2 TCR Tg mouse strain. These
mice have transgenic TCR alpha and beta chains that are specific for MOG[35-55] peptide presented in IA®
MHCII molecules (Bettelli et al. 2003). These provide a source of MOG-specific CD4+ T cells that have the
potential to be manipulated, transferred to recipient mice, and then specifically tracked in vivo or ex vivo. 2D2
TCR Tg mice develop spontaneous EAE at a very low frequency. However, when 2D2 mice were crossed to

mice with the MOG-specific knock-in B cell receptor IgHMOG, 60% of offspring developed spontaneous and
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severe Devic-like disease with lesions restricted to the optic nerve and spinal cord (Bettelli et al. 2006). Thus,

the 2D2 mouse has numerous uses in the study of EAE and CNS autoimmunity.

Priming and activation of CD4+ T cells in EAE

CD4+ T cells have been the primary effectors studied in EAE pathogenesis. Early studies using CD4+ T cell-
depleting antibodies revealed that CD4+ T cells were important for development of EAE (Kennedy et al. 1987;
Whitham et al. 1996). In addition, TCR transgenic mice with MOG-specific CD4+ T cells develop spontaneous
EAE, and are more susceptible to peptide-induced EAE (Adlard et al. 1999; Bettelli et al. 2003; Waldner et al.
2000; Pollinger et al. 2009). Some myelin-specific CD8+ T cells can also induce disease (see below), but the
predominant use of specific MHCII-restricted peptides or encephalitogenic CD4+ TCR Tg populations has

honed the focus of many studies on the role of CD4+ T cells and their activation by MHCII+ APCs.

In addition to requiring initial T cell activation, EAE also requires MHCII-mediated antigen presentation in the
CNS during the effector phase of disease (Tompkins et al. 2002). Costimulatory and coinhibitory molecules on
CD4+ T cells and APCs thus have the potential to influence EAE during both the priming and effector phases.
For example, B7.1-/-B7.2-/- mice, which lack all CD28:B7 costimulation, are resistant to MOG-induced EAE
and are also resistant to EAE induced by adoptive transfer of an activated, MOG-specific cell line. CD28-/-
mice, which specifically lack the costimulatory signal from B7 molecules, are also resistant to MOG-induced
EAE (Chang et al. 1999). However, this can be overcome by in vivo blocking of CTLA-4, indicating that
elimination of coinhibitory signals is sufficient to restore T cell activation (Chitnis et al. 2001). The
CD28:B7:CTLA-4 pathway reveals the sensitivity of CD4+ T cells to stimulatory and inhibitory inputs that are

antigen-nonspecific, and suggests the relevance of these molecules as targets of therapy.

Not all costimulatory molecules have the same effect during initiation and effector phases of EAE. For

instance, blocking ICOS during T cell priming results in increased Th1 differentiation and IFNYy production,
and enhanced EAE severity. In contrast, blocking ICOS during the effector phase limits IFNy production by
splenocytes, chemokine expression in the CNS, and infiltration of lymphocytes into the CNS (Rottman et al.

2001).
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Similarly, adhesion molecules such as LFA-1 can have multiple roles in promoting T cell conjugation to APCs,
as well as facilitating rolling or firm adhesion to endothelial cells during T cell migration to inflamed tissues
(Springer and Dustin 2012). Thus, the relative importance of a molecule to T cell priming, Treg expansion, and
tissue homing, can influence the outcome of disease in mice in which that molecule is absent or is transiently
blocked. These are critical considerations when evaluating the relevance for disease treatment, as opposed to

etiology.

Because costimulatory molecules have the potential to affect both T effectors and Tregs, they can influence the
activation and differentiation of T effectors, as well as the proportion of Tregs. The PD-1:PD-L1 pathway has
critical roles in limiting activation of autoreactive T cells, as well as promoting development of Tregs
(Francisco, Sage, and Sharpe 2010). Together, these roles can influence the size of the T effector population
and thus the likelihood and severity of EAE. Indeed, antibody blockade of PD-1 during EAE results in
increased T cell proliferation, activation and cytokine production, and enhanced disease severity (Salama et al.

2003).

The cytokine milieu influencing CD4+ T cell differentiation can also influence the course of EAE. Through in
vitro differentiation studies, Jager et al. showed that Th1, Th9 and Th17 polarized 2D2 CD4+ T cells were all
capable of inducing EAE, albeit with different clinical outcomes, while Th2 polarized 2D2 CD4+ T cells were
not capable of inducing EAE (Jager et al. 2009). Thus, the cytokines present during activation and

differentiation of the CD4+ T cell can influence the course of EAE.

Effector cytokine production in the CNS

Myelin-specific T cells with a Th1 phenotype are capable of inducing EAE, and IFNy and TNFa are found in
the CNS during EAE (Sriram et al. 1982; Merrill et al. 1992; Ando et al. 1989; Baron et al. 1993). Although
neither IFNY, nor the critical Thl-polarizing cytokine IL-12, are required for EAE (Ferber et al. 1996; Becher,
Durell, and Noelle 2002; Gran et al. 2002), IFNy can shape the course of disease. Using adoptive transfer

models, Lees et al. showed that IFNYy production by T cells and IFNYy sensing by the CNS influence the location
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of CNS invasion. In the absence of either of these (using either IFNy-/- T cells or IFNYR-/- recipients),
adoptively transferred Th1 cells could infiltrate the brainstem and cerebellum but were significantly reduced in

the spinal cord (Lees et al. 2008).

Myelin-specific T cells with Th17 polarization are also capable of inducing EAE (Langrish et al. 2005; Jager et
al. 2009). In contrast to IL-12, the Th17-stabilizing cytokine IL-23 was found to be critical for EAE (Cua et al.
2003; Becher, Durell, and Noelle 2003), and neutralizing IL-17 can attenuate EAE while neutralizing IFNy
does not (Park et al. 2005; Langrish et al. 2005). However, the results from lacking or neutralizing effector
cytokines can be difficult to interpret, since these may play multiple roles during disease. For example, IFNy
also plays a critical role in suppressing activated CD4+ T cells during EAE (Willenborg et al. 1996; Krakowski
and Owens 1996; Chu, Wittmer, and Dalton 2000), and can induce expression of the co-inhibitory molecule
PD-L1 on macrophages and antigen presenting cells (Loke and Allison 2003). Thus cytokines can contribute
inflammatory and anti-inflammatory roles in different locations and at different times during the immune

response.

Several studies have shown how these two cytokine-producing effectors can differentially affect the course of
disease. O’Connor et al. found that IFNy production was required for entry of Th17 cells into the uninflamed
CNS (O'Connor et al. 2008). Kroenke et al. found that the histological, cellular and molecular features of Th1-
induced EAE differed from those of Th17-induced EAE (Kroenke, Chensue, and Segal 2010). Strommnes et
al. similarly found that the Th1:Th17 ratio of CD4+ T cells influenced the location of infiltration. Infiltration of
the brain and spinal cord meninges, and the spinal cord parenchyma was not correlated with a specific
Th1:Th17 ratio, while accumulation of cells in the brain parenchyma only occurred when Th17 outnumbered
Th1 (Stromnes et al. 2008). Th17-induced EAE often shows a higher incidence of ‘non-classical’ clinical

symptoms such as ataxia, head tilt, and spinning (Jager et al. 2009).

In contrast to Th1 and Th17 cells, Th2-polarized cells do not induce EAE, and the cytokines IL-4 and IL-5 are

not substantial in the CNS during EAE (Merrill et al. 1992; Baron et al. 1993; Jager et al. 2009). Although

neither IFNY nor IL-17 are required for EAE, the Th17 effector cytokine GM-CSF was found to be both
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necessary and sufficient to induce neuroinflammation: in the absence of IFNy and IL-17, GM-CSF-producing
Th could induce EAE, while GM-CSF-deficient Th could not induce disease (Ponomarev et al. 2007; Codarri et
al. 2011; El-Behi et al. 2011). GM-CSF production by Th17 cells promotes IL-23 production by APCs, thus

creating a positive-feedback loop for inflammation.

CD4+ T cell migration in EAE

Homing molecules, including adhesion molecules and chemokines, have been found to play crucial roles in the
development of EAE and have been key targets of therapy. The small molecule FTY720 inhibits T cell egress
from the lymph node, and was found to attenuate EAE in both rats and mice (Matloubian et al. 2004; Fujino et
al. 2003; Webb et al. 2004). Blocking a4 integrin (CD49d, a subunit of the heterodimer VLA-4) on T cells, the
ligand for VCAM-1 on endothelial cells in CNS capillaries, was initially found to prevent EAE if administered
prior to disease onset (Brocke et al. 1999; Theien et al. 2001). Further studies of VLA-4 revealed that this
molecule was critical for Th1 CD4+ T effectors to enter the spinal cord during EAE, but that Th17 cells could
enter the brain independent of VLA-4 and instead relied on LFA-1 (Rothhammer et al. 2011). Notably, in mice
lacking a4-integrin specifically in Foxp3+ cells, Tregs were capable of entering the CNS using LFA-1
(Glatigny et al. 2015). CD44 was also shown to contribute to CD4+ T cell entry to the CNS, while CD62L was

dispensable (Brocke et al. 1999).

Chemokines and chemokine receptors also influence EAE, as they can provide signals to recruit lymphocytes
into the CNS. CCR6 was shown to be important for entry of Th17 cells into the choroid plexus (Reboldi et al.
2009). CX;CR1 was found to be critical for NK cell homing to the inflamed CNS during EAE (Hao et al.
2010). CCL2 (also known as MCP-1) is a chemokine that can attract CCR2+ macrophages, memory T cells,
and DCs. It is expressed by epithelial cells of the blood brain barrier, and is upregulated during CNS
inflammation (Williams, Holman, and Klein 2014). Although numerous chemokines are found in the CNS
during EAE, studies with various chemokine or chemokine receptor deficient mice have revealed that

individual chemokines are not always crucial for disease, suggesting overlapping or compensatory roles.
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Antigen presenting cells in the CNS during EAE

Although initial CD4+ T cell priming in the MOG/CFA immunization model of EAE occurs in the periphery, T
cells must reencounter their cognate antigen in the CNS, in the context of MHCII, in order to initiate disease.
In the uninflamed CNS, the only MHCII-expressing cells are microglia and vessel-associated dendritic cells
(McMahon et al. 2005; Greter et al. 2005). MHCII expression on CD11c+ DCs alone was shown to be
sufficient for induction of EAE, suggesting that antigen presentation by microglia is not required for induction
of disease (Greter et al. 2005). However, microglia can contribute to disease progression, and have been
demonstrated to upregulate MHCII, as well as costimulatory molecules like CD80 and CD86 (Sedgwick et al.
1998; Aloisi 2001; McMahon et al. 2005; Bechmann et al. 2001; Becher, Bechmann, and Greter 2006). In
addition, EAE requires de novo antigen processing and presentation by APCs in the CNS, supporting an
important role for CNS APCs in controlling the progression of disease (Tompkins et al. 2002). Thus, a
combination of peripheral, CNS-resident, and migratory APC populations can contribute to the pathogenesis of

EAE.

Contribution of other lymphocytes to EAE pathogenesis
CD4+ T cells, and their activation by MHCII+ APCs, are widely studied in EAE pathogenesis. However, they
are not the only cell type capable of inducing or influencing disease, as CD8+ T cells, B cells and NK cells have

been shown to contribute to EAE as well.

CD8+ T cells have been reported to both ameliorate and exacerbate EAE, likely reflecting the many subsets of
CD8+ T cells and their unique roles at different phases of the immune response. Adoptive transfer of certain
myelin-specific CD8+ T cells lines are capable of inducing EAE (Huseby et al. 2001; Sun et al. 2001). CD8+ T
cells were shown to respond to MOG[37-46] peptide after immunization with MOG[35-55] (Ford and Evavold
2005). However, other groups have found that myelin-specific CD8+ T cells could not induce disease (York et
al. 2010), or instead have regulatory roles in EAE. For example, CD8-/- MHCI-/- mice have enhanced CNS
tissue destruction (Linker et al. 2005), and depleting CD8+ T cells before disease induction exacerbates disease
(Montero et al. 2004). Jiang et al found that CD8+ T cells were required for protecting MBP-immunized mice

from a second induction of EAE, but were not required for recovery from the first induction of EAE (Jiang,
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Zhang, and Pernis 1992). A recent study found that MOG-specific CD8+ T cells attenuated EAE in a perforin-
dependent manner (Ortega et al. 2013). Regulatory CD8+ T cells can attenuate EAE after recognizing peptide
in Qa-1 on CD4+ T cells (Lu et al. 2008). The mechanisms of suppression by CD8+ Tregs are being further
defined, and involve perforin, IFNy and TFGP (Chen et al. 2009; Beeston et al. 2010). These studies reflect the
many roles that CD8+ T cells can play in EAE, whether at different times or in different locations or by
different subsets. Notably, CD8+ T cells are prevalent in CNS lesions from MS patients (Friese and Fugger
2009). Thus, developing optimal EAE models in which to study CD8+ T cells will be critical to our

understanding of the pathogenic and regulatory roles they play in CNS inflammation (Huseby et al. 2012).

Although not required for peptide-induced EAE, B cells are required for EAE induced by whole MOG protein
(Wolf et al. 1996; Hjelmstrom et al. 1998; Lyons et al. 1999), and have been shown to be capable of
contributing to EAE in numerous ways. B cell deficient mice had attenuated EAE compared to WT mice
(Svensson et al. 2002); anti-MOG antibodies are capable of enhancing EAE in rats (Linington et al. 1988); and
B cells contribute to formation of ectopic germinal centers in the CNS (Gommerman et al. 2003; Magliozzi et
al. 2004). Protective roles for B cells have also been described, such as their ability to bias CD4+ T cells
towards Th2 differentiation (Pistoia 1997), and produce anti-inflammatory IL-10 (Fillatreau et al. 2002).
Matsushita et al. found that IL-10-producing regulatory B cells could inhibit EAE initiation, but had little effect
after disease progression. In contrast, B cell depletion during ongoing EAE attenuated disease (Matsushita et
al. 2008). Notably, mice containing both transgenic anti-MOG IgH and MOG-specific TCR genes develop
spontaneous disease at higher frequency and with different pathology than mice containing only MOG-specific
transgenic TCR (Bettelli et al. 2003; Bettelli et al. 2006). Thus, B cells can influence EAE by their functions as
APCs, by cytokines they produce (IL-10) or by antibody production, and different subsets may be important
during different phases of disease (McLaughlin and Wucherpfennig 2008). Anti-CD20 mAb is an approved

treatment for MS, further supporting the relevance of B cell subsets in CNS autoimmunity.

NK cells have also been implicated in EAE, although their roles are less well defined and some contradictory

reports about their contribution to EAE have not yet been resolved. Depletion of NK cells starting before EAE

induction was shown to enhance disease severity, increase CD4+ T cell proliferation and increase production of
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Th1 cytokines (Zhang et al. 1997). Other groups have found that NK depletion at early time points (prior to
disease onset) results in attenuation of EAE (Winkler-Pickett et al. 2008; Dungan et al. 2014). This may be due
to opposing effects during priming and effector phases of EAE. NK cells have been shown to contribute to Thl
differentiation in lymphoid organs, and to promote Th1-dependent EAE (Shi et al. 2000; Martin-Fontecha et al.
2004; Laouar et al. 2005). However, they also have the potential to migrate to the CNS and influence
inflammation during EAE. The chemokine receptor CX3CR1 was found to be important for NK cell migration
to the CNS during EAE, but not to the liver during cytomegalovirus infection. Mice deficient in CX3CR1 had
more severe EAE than WT mice, and reduced NK cells in the CNS (Huang et al. 2006). Further studies
suggested that this was due to action of NK cells in the CNS, inhibiting production of Th17-promoting
cytokines by microglia (Hao et al. 2010). However, another group found that CX3CR1-/- mice have more DCs
in the CNS during EAE, which could also contribute to the phenotype of exacerbated EAE (Garcia et al. 2013).

Thus, NK cells also appear to be able to influence EAE in different ways, at different times and places.

These data indicate that numerous cell types are involved in EAE pathogenesis, and can be influenced to alter
the outcome of disease. Further studies in both mice and humans are needed to better understand how each
player contributes to overall disease progression and resolution, and which might be best suited as targets of

therapeutic intervention.

CD48 and EAE

To date, no published studies have examined CD48 in EAE. Anti-CD2 antibodies were capable of suppressing
EAE in the Lewis rat model of EAE. The anti-CD2 antibody OX34 could prevent or significantly attenuate
EAE induced by immunization with MBP in CFA, when given two days before immunization or when
administered at the onset of clinical disease. OX34 could also block EAE induced by adoptive transfer of an
activated encephalitogenic T cell line, when given on the day of cell transfer and four days later. Treatment
with OX34 involved a decrease in circulating T cells, and downmodulation of CD2 surface expression, but
maintenance of T cell response to antigen ex vivo (Jung, Toyka, and Hartung 1995). Another study by the
same group found that OX34 caused immediate depletion of CD4+ T cells in naive rats (Hoffmann et al. 1997),

raising the possibility that depletion could be responsible for protection from EAE. Alternatively, Sido et al.
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proposed that OX34 provides a suppressive signal to T cells rather than blocking a CD2:CD48 interaction (Sido
et al. 1997). Thus, it is not clear whether the effects of OX34 on rat EAE can provide any information on the

role of CD48 in this model.

Immunoregulatory roles of CD48 in autoimmunity and tolerance

In Part I of this thesis, we examine the roles of CD48 in the context of autoimmunity, including spontaneous
and induced models of lupus-like disease, as well as EAE. Using novel mouse strains and a previously-
described antibody, we characterize several roles for CD48 in lymphocyte activation, homeostasis and survival

in both naive animals and circumstances of immune pathology.
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Chapter 2: Materials and Methods

Mice. 6-12 week old mice were used for all experiments, except as noted for ageing experiments. For EAE
experiments, mice were 8-12 weeks old. WT C57BL/6, Ragl-/-, TCRa-/- and B6(C)-H2-Ab1bmi2/KhEgJ
(BM12) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). I12ryc-/-Rag2-/- mice were
purchases from Taconic Biosciences (Hudson, New York). CD48-/- [B6.129] (Gonzalez-Cabrero et al. 1999),
CDA48-/- [B6.129]+Tg, CD48-/- [B6], CD244-/-(Brown et al. 2011), and 2D2 TCR Tg (Bettelli et al. 2003) mice
were maintained in our animal facility. 145F9.BACTg.CD48-/- [B6.129] mice were generously provided by Dr.
Cox Terhorst of Beth Israel Deaconess Medical Center and Harvard Medical School. Fcerly-/- mice were
generously provided by Dr. Tanya Mayadas of Harvard Medical School. CD48-/-Rag-/-, CD48-/-TCRa.-/- and
CD48-/-2D2 mice were generated in our laboratory. All mice were housed in a specific pathogen free animal
facility, and used in accordance with the Harvard Medical School Standing Committee on Animals and
National Institutes of Health animal healthcare guidelines. Animal protocols were approved by the Harvard

Medical School Standing Committee on Animals.

CD4 T cell isolation. Spleens and lymph nodes were dissected from donor mice, and mechanically dissociated
through a filter. Red blood cells were lysed with ACK (Lonza). Cells were resuspended in staining buffer
(PBS with 1% FBS and 2mM EDTA), and stained with CD4 MACS beads (L3T4, Miltenyi) for 15 minutes at
4°C, washed, then run over a MACS column. Eluted cells were counted, washed, and used for downstream
purposes. In some cases, as noted in text, cells were further purified by flow cytometry. In this case, cells were
stained with directly conjugated antibodies against CD4, CD8a., B220, and CD11c, and sorted on a FACSAria

(BD, Franklin Lakes, NJ) for CD4+ CD8a-B220-CD11c¢- cells.

Chronic GVHD model of lupus. CD4+ T cells were isolated from the spleens of WT, CD48-/- or bm12 mice,
using MACS columns. 7-10x10° CD4+ T cells were injected intraperitoneally (i.p.) in 200ul. Mice were
sacrificed at day 7, 10 or 14 after cell transfer. Blood was collected for analysis of serum antibodies by ELISA.

Spleens were collected and weighed, then analyzed by flow cytometry.
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Flow cytometry. All antibodies for flow cytometry were purchased from BioLegend, BD Biosciences, or
eBioscienes. For cell surface staining, antibodies were diluted 1:200 in staining buffer and applied to cells for
20 minutes at room temperature or at 4°C. For intracellular staining, cells were fixed and permeabilized with

the eBiosciences Foxp3 staining kit. Antibodies included those against CD2 (RM2-5), CD3 (145-2C11), CD4
(RM4-5), CD8a (53-67),CD11b (M1/70), CD11c (N418), CD19 (6D5), CD25 (PC61), CD44 (IM7), CD45
(30-F11), CD48 (HM48-1), CD49b (DXS5), CD49d (R1-2), CD62L (MEL-14), CD69 (H1.2F3), CD90.1 (OX-7),
CD90.2 (30-H12), CD138 (281-2), CD244 (2B4), B220 (RA3-6B2), Foxp3 (FJK-16s), yd TCR (GL3), GL7
(GL7), GM-CSF (MP1-22E9), I-A/I-E (M5/114.15.2), ICOS (C398.4A), IFNy (XMG1.2), IL-2 (JES6-5H4),
IL-10 (JES5-16E3), IL-17Av(TC11-18H10.1), Ki67 (B56), Lag3 (CO9B7W), LFA-1 (H155-78), NK1.1 (PK136),
and Hamster IgG (Poly4055). Samples were collected on a FACSCalibur (BD Biosciences) or LSRII (BD

Biosciences), and analysis was performed using FlowJo software (FlowJo LLC).

Assays for apoptosis. For assessment of active caspases by flow cytometry, cells were incubated with 0.5ul
fluorescin-Z-VAD-FMK (Caspglow kit, eBioscience) per 100ul cell media (RPMI), for 1hr at 37°C. For
assessment of apoptosis, cells were incubated with AnnV-APC (BioLegend) in AnnV staining buffer (BD

Pharmingen) along with cell surface markers and 7AAD (Biolegend) to exclude dead cells.

IgG ELISA. Serum was collected for analysis of anti-dsDNA and anti-chromatin antibodies. For dsDNA
ELISA, 96-well Immunolon Plate 1B (Dynex) were first irradiated with UV light overnight. To prepare
dsDNA, calf thymus DNA (Sigma) was diluted in pre-warmed PBS (Gibco) to 2ug/mL, the 0.5ul of Mung
Bean Nuclease (40U/ul, New England Biolabs) was added and incubated at 37°C for one minute, then brought
to room temperature. Plates were coated with 50ul/well of this dsDNA preparation, and incubated for 1hr at
room temperature. Plates were washed 3 time with ELISA wash buffer (0.1% Tween (American Bloanalytical)
in PBS), using an ELX405 plate washer (BioTek Instruments, Inc). Plates were blocked with 100ul/well of 1%
BSA (Sigma-Aldrich) in ELISA wash buffer, for 1hr at room temperature, followed by 3 washes with ELISA
wash buffer. Serum samples were diluted at 1:50, 1:150, and 1:350 in blocking buffer (1% BSA), then added to
plates at 50pl of sample/well. A standard curve was generated by 1:2 serial dilution of control serum from aged

MLR/LPR mice, where 1:100 dilution represents 100 reference units. After 1hr of incubation at room
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temperature, plates were washed 3 times, then incubated with alkaline-phosphatase conjugated anti-mouse IgG
(Southern Biotech) diluted at 1:1000, for 1hr at room temperature. Plates were washed 3 times. The alkaline

phosphatase substrate CIP (Sigma-Aldrich) was prepared by dissolving 2 pellets in 9mL of water plus ImL of
10x DEA buffer (Sigma-Aldrich). 100ul of substrate solution was added to each well, and allowed to develop.

Plates were read at 405nm.

For anti-chromatin ELISA, 96-well Immunolon Plate 1B (Dynex) were first coated with 100pug/mL methylated
BSA (Sigma-Aldrich) in PBS overnight at 4°C, then washed 2x with ELISA wash buffer. Plates were then
coated with 50ul/well of DNA in PBS overnight at 4°C, then washed 2x. Plates were then coated with
10pg/mL Histone solution overnight at 4°C, then washed 2x. Plates were then blocked for 4hrs at room
temperature in blocking buffer (3% BSA, 0.1% Gelatine (Sigma Cell Culture), 3mM EDTA in PBS), then
washed 2x. Samples were diluted 1:100 in buffer (2% BSA, 0.1% Gelatine, 3mM EDTA, 0.05% Tween in
PBS), then washed 4x. A standard curve was generated by 1:2 serial dilution of control serum from aged
MLR/LPR mice, where 1:100 dilution represents 100 reference units. After 2hrs of incubation at room
temperature, plates were washed 4 times, then incubated with HRP conjugated goat-anti-mouse IgG (Southern
Biotech) diluted at 1:20,000 for 2hrs at room temperature. Plates were washed 4 times, then developed with

OptEIA reagent (BD Biosciences) for 10 minutes, and stopped with 1M H;PO,. Plates were read at 450nm.

CD4+ T cell transfers to Rag-/-, TCRo-/- and WT mice. CD4+ T cells were purified as described above,
from 2D2 TCR Tg mice and in some cases from CD48-/- 2D2 TCR Tg mice. CD4+ T cells were resuspended
in PBS, and 3-10° CD4+ T cells were injected intravenously (i.v.) or i.p., as indicated in figure legends. In
some cases, WT and CD48-/- CD4+ T cells were mixed prior to injection. Rag-/- and TCRa-/- recipients were
rested for 2 weeks, to allow for homeostatic proliferation, before immunization. WT mice were immunized the

same day or one day after cell transfer.

Mixed bone marrow chimeras. Bone marrow was isolated from Thy1.1/1.2 WT mice and from Thy1.1

CD48-/- mice, mechanically dissociated with a syringe and then filtered to generate single cell suspensions.

Red blood cells were lysed with ACK, then bone marrow cells were resuspended in PBS, and mixed at a ~1:1

30



ratio. Recipient Thyl.2 WT mice received two doses of 600 Rads, separated by 4 hours, and were then given

7x10° bone marrow cells i.v. Mice were rested for two months before further manipulation.

MOG([35-55] immunizations: Mice were injected subcutaneously with 50ug of MOG[35-55] (UCLA
Biopolymers Facility) in 100l of PBS emulsified 1:1 with 100pl of a mixture of Complete Freund’s Adjuvant
(Sigma) supplemented with 400pg of Mycobacterium tuberculosis H37RA (Sigma). To prepare emulsions,
aqueous solutions were drawn up in one syringe, oil solutions were pulled up in a separate syringe, and the two
were connected with a 3-way stopcock. Solutions were mixed in the syringes until a stiff emulsion formed,
which would not dissolve in PBS. Mice were shaved on the rump, and received two 100ul injections such that

the primary draining lymph nodes would be the inguinal lymph nodes.

Experimental autoimmune encephalomyelitis induction with MOG immunization. Mice were immunized
as described above. 100ng of pertussis toxin (List Biological Laboratories) diluted in 200ul of PBS was
injected i.p on the day of immunization and two days later. In some cases, where noted in figure legends, only
one dose of pertussis toxin was given. Fcerly-/- mice were given two doses of 200ng of pertussis toxin each.
Mice were monitored daily for clinical scores. Scores were assigned as follows: 0.5=some tail weakness;
1.0=flaccid tail; 1.5=cannot resist being rotated supine, but can easily right itself; 2.0=cannot easily right itself
from supine position; 2.2=rump drags while walking; 2.5=one hind food paralysis; 3.0=two hind feet paralysis;

3.2=some arm weakness; 3.5=significant arm weakness; 4.0=arm paralysis; 5.0=dead.

2D2 CD4+ TH1 differentiation in vitro. CD4+ T cells from 2D2 TCR Tg mice were isolated by MACS, as
described above. Feeder cells were prepared by depleting CD4+ T cells from splenocytes. CD4+ T cells were
cultured at 2e6/mL along with irradiated feeder cells at 10°/mL with IL-12 (10ng/mL, PeproTech), anti-IL-4
(20mg/mL, clone 11B11, BioXcell), and anti-CD3 (2.5ug/mL, clone 2C11, BioXcell). Cultures were split
every two days, and supplemented with 100U/mL rhIL-2 (R&D Systems). On day 6, live cells were collected
using Lymphocyte Separation Media (Mediatech, Inc), and used for either in vitro proliferation assays

(described below) or restimulated to generate 2D2 TH1 CD4+ Teff for adoptive transfer EAE (described below).
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In vitro proliferation of 2D2 Th1l CD4+ T cells. 2D2 CD4+ Thl T cells were generated as described above,
then labeled with either CFSE (1uM, Life Technologies) or CellTrace Violet (5 uM, Life Technologies) in PBS
at 37°C for 12 minutes. Labeled cells were washed thoroughly and cultured at 2e6/mL along with 10/mL
TCRa-/- or CD48-/- TCRo-/- splenocytes plus 0, 1, 10 or 100pg/mL of MOG[35-55]. Cells were collected 3

days later for analysis of CFSE or CellTrace Violet dilution by flow cytometry.

EAE induction with 2D2 CD4+ TH1 polarized Teff. 2D2 CD4+ Th1 T cells were generated as described
above, then restimulated for 16-24 hours on plates coated with anti-CD3 and anti-CD28 (2.5ug/mL each). Cells
were then washed, resuspended in PBS, and injected i.v. or i.p. into recipients, as noted in figure legends.

Approximately 2-6e6 live CD4+ T cells were injected, in each experiment.

Cytokine measurements. For measurement of antigen-specific cytokine production, total lymphocytes from
spleen, lymph node or CNS were restimulated in vitro with 0, 1, 10 or 100 pg/mL of MOG[35-55] for 3 days.
Supernatants were collected and analyzed by Cytokine Bead Array (BD Biosciences) for detection of secreted
cytokines. For measurement of intracellular cytokine production, total lymphocytes from spleen, lymph node or
CNS were restimulated in vitro with PMA and ionomycin, in the presence of GolgiStop (BD Biosciences) at
37°C for 3-5 hours. Cells were then stained for surface markers, fixed with either 4% paraformaldehyde in PBS
or Fix/Perm Buffer (Foxp3/Transcription Factor Staining Buffer Kit, eBioscience), then stained for intracellular
cytokines in permeabilization buffer (Foxp3/Transcription Factor Staining Buffer Kit, Permeabililzation Buffer,

eBioscience), and analyzed by flow cytometry.

CNS tissue collection for flow cytometry. For collection of CNS tissue, mice were first euthanized, then
perfused with 10mL of PBS through the left ventricle. Brain and spinal cord were collected, and mechanically
dissociated through a nylon filter. Lymphocytes were collected using density centrifugation. Briefly, CNS
tissue homogenate was resuspended in 4-5mL of 37% Percoll (GE Healthcare), and 1-3mL of 70% Percoll was
carefully underlaid. Samples were centrifuged at 500g for 20 minutes with no brake. The interface was

collected, washed, counted, and used for flow cytometry.
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Histology. For collection of CNS tissue, mice were first euthanized, then perfused with 10mL of PBS through
the left ventricle. Brain and spinal cord were collected and immediately placed in 4% PFA in PBS. Tissues

were processed for histology by the Dana Farber/Harvard Cancer Center Rodent Histopathology Core. Tissues
were embedded in paraffin, sliced, mounted on slides, and stained with either hematoxylin and eosin, or Luxol

Fast Blue to stain myelin. Histological analysis was performed by Dr. Raymond Sobel at Stanford University.

EdU administration and staining. 800pg of EAU (2mg/mL, Life Technologies) in PBS was injected i.p. 12-
16 hours before euthanasia. EdU incorporation was detected with the Click-iT kit EAU Alexa Flour 488 Flow

Cytometry Assay Kit (Life Technologies), per the manufacturer’s instructions.

In vivo antibody administration. Antibodies were given i.p. at 200ug per mouse, in 200ul PBS. Frequency
of administration and number of doses is noted in figure legends. Clones used included: rat anti-mouse CD2
(RM2-1, gift of Hideo Yagita) or rat IgG isotype control (Rat IgG2a, BioXcell); mouse anti-mouse NK1.1
(PC16, Bio X Cell) or mouse IgG2a (C1.18, BioXcell); hamster anti-mouse CD48 (HM48-1, BioXcell and
Biolegend), or Armenian hamster isotype control (polyclonal Armenian hamster IgG, BioXcell and HTK 888,

Biolegend); rat anti-mouse CD16/CD32 (clone 93, BioLegend) or rat IgG2a (2A3, BioXcell).

Nanostring. 2D2 Th1 CD4+ T effectors were generated as described above, and transferred i.p. to CD48-/-
recipients to induce EAE. 200pg of anti-CD48 or cIgG was given on day 5 after adoptive transfer, and on day 7
(prior to disease onset) spleens were collellected. CD4+ T cells were isolated from each spleen by magnetic
separation (Miltenyi), then stained for CD4, Thyl.1, Vbl1, Va3.2, Thyl.2. 2D2 CD4+ T cells were purified as
CD4+Thy1.14Vb11+Va3.2+Thyl.2- cells, counted, and frozen. Samples from eight individual mice from two
independent experiments were used for RNA analysis. Cells were resuspended in RLT buffer (RNeasy Kit,
Qiagen), hybridized with custom capture probesets and reporter probesets, then analyzed on the NanoString
nCounter and nCounter Digital Analyzer (NanoString Technologies). The probeset examined 199 genes,
including 4 housekeeping genes, plus 8 negative controls and 6 positive controls. Data was processed using the
nSolver Analysis Software (NanoString Technologies), to normalize expression levels to housekeeping genes

and controls. Statistics were computed in Excel using Student’s t test. A p value of 0.00025 was considered
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statistically significant, based on Bonferroin correction for testing 199 hypotheses with a total false discovery

rate of 5%.

Statistical analysis and software. Statistical analysis was performed using Excel and Prism (GraphPad).
Statistical tests used include unpaired t test and paired t test, Mann-Whitney test for non-parametric data, and
Fischer’s exact test for levels of incidence. Methods are noted in figure legends. Unless otherwise noted,

#2p<0.05, **=p<0.01, ¥**=p<0.001, ****=p<0.0001.
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Chapter 3: Susceptibility of CD48-/- [B6] mice to spontaneous and induced lupus-like disease

ABSTRACT

CDA48 has been implicated in modulating severity of a spontaneous lupus-like disease, which is mediated by
epistatic interactions between a region of 129-derived DNA on chromosome 1 and the B6 genetic background.
However, it is not clear to what extent CD48 provides protection against this model of lupus, nor is it clear
whether CD48 can modulate the severity of disease in other models of lupus on the B6 background. Here we
examine the effects of CD48 reconstitution and deficiency on immune activation and lupus-like disease in both
the mixed CD48-/-[B6.129] background and on a pure B6 background. We find that CD48 reconstitution does
not alter immune activation in CD48-/-[B6.129] mice, that CD48 deficiency does not precipitate lupus-like
disease on a pure B6 genetic background, and the CD48 expression on T cells promotes disease in the BM12

graft versus host model of induced lupus.

RESULTS

Partial CD48 reconstitution does not alleviate splenomegaly in aged CD48-/- [B6.129] mice

Because CD48 deficiency, as well epistatic interactions from flanking 129-derived genes, appeared to
contribute to the glomerulonephritis in the CD48-/- [B6.129] strain (Koh et al. 2011), we tested whether
reconstituting CD48 expression in CD48-/- [B6.129] mice would be sufficient to prevent lupus-like disease. To
address this hypothesis, we obtained CD48-/- [B6.129] mice that had been bred with transgenic mice harboring
a bacterial artificial chromosome (BAC) with the B6 version of CD150 (SLAM), CD48, and CD319 (SLAMF7,
CS1, CRACC) (Figure 3.1A). Since this was a BAC transgenic mouse, no additional promoter was included in
the transgene. These mice, along with their transgene-negative littermates, were examined at 6-12 months of
age for signs of glomerulonephritis. As shown in Figure 3.1B, CD48 reconstitution in CD48 deficient strains
was not complete, as only 40-60% of lymphocytes expressed CD48. Thus, we assessed whether partial

reconstitution of CD48 was sufficient to attenuate lupus-like disease in the CD48-/- [129.B6] strain.

CDA48 expression did not prevent splenomegaly in CD48-/- [B6.129] mice (Figure 3.1C-D). The transgene was

also not sufficient to significantly reduce the proportion of CD69+ cells among CD4+ T cells, CD8+ T cells, or
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Figure 3.1. Partial CD48 reconstitution does not alleviate splenomegaly in aged CD48-/- [B6.129] mice.
A. Schematic of the 145 BAC transgene, containing the B6 alleles of CD150, CD48 and CD319. B-G BAC Tg
positive and negative CD48-/- [B6.129] and CD48-/- [B6] mice were analyzed when 6-12 months old for signs
of spontaneous autoimmunity. B. Percentage of CD4+, CD8+ and B220+ cells that stain positive for CD48 in
CD48-/- [B6.129] mice without and with the 145 BAC Tg. C. Spleen weight in 6-12 month old BAC Tg
positive and negative CD48-/- [B6.129] and CD48-/- [B6] mice. D. Spleen cellularity. E. %CD69+ among
CD4+ T cells in the spleen. F. %CD69+ among CD8+ T cells in the spleen. G. %CD69+ among B220+ B cells
in the spleen. N= 6-10 mice per group. Representative of two independent experiments using 5-10 mice per
group. Lines represent means. Statistical significance calculated using Student’s t test. Data are from an
experiment performed by Dr. Dan Brown in the Sharpe lab, and are included for completeness.
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B220+ cells (Figure 3.1E-G). We conclude that partial reconstitution of CD48 in the CD48-/- [B6.129] strain

is insufficient to alter splenomegaly in aged mice, but can affect aspects of lymphocyte activation.

Generation of the CD48-/- [B6] strain

To further investigate the role of CD48 in spontaneous autoimmunity, without confounding factors from
epistatic interactions in a mixed genetic background, our laboratory generated a CD48-/- on a pure B6
background. The CD48-/- was created by gene targeting in the B6 embryonic stem cell line Bruce 4, and was

maintained on a pure B6 background by Dr. Yvette Latchman in the Sharpe lab.

Young CD48-/- [B6] have altered distribution of T cell precursors in the thymus

Because CD48 is widely expressed on hematopoietic cells, and has been implicated in hematopoietic
development (Boles et al. 2011), we first examined the distribution of CD4+ and CD8+ T cells in the thymus of
both young and adult mice. Thymi were collected from 26 day old male WT and CD48-/- mice, stained with
CD4, CDS, CD44 and CD25, and analyzed by flow cytometry. As shown in Figure 3.2A-B, CD48-/- mice had

a significant increase in the proportion of CD4SP cells among total thymocytes.

When we analyzed thymi from 11-21 week old adult mice, we saw a more skewed distribution. Thymocytes
were stained for CD3, CD4, CD8 and YOTCR, and analyzed by flow cytometry. CD48-/- mice had significantly
increased proportions of both CD4SP and CD8SP, and a decrease in DP thymocytes (Figure 3.2C-D). This
suggests that T cell development in CD48-/- [B6] mice may be altered, compared to WT mice.

Adult CD48-/- [B6] mice have altered distribution of lymphocytes in the spleen

Next we examined the distribution of lymphocytes and monocytes in the spleens of 11-21 week old mice.
CD48-/- mice had an increased percentage of CD4+ T cells and CD8+ T cells in the spleen, and a decreased
proportion of B220+ B cells, compared to age matched WT mice (Figure 3.3A). The proportion of NK cells
was not different. The percentage of CD138+ plasma cells was increased in the spleen of CD48-/- mice
(Figure 3.3B). Among B220+ B cells, there was an increase in the %CD69+ (Figure 3.3C) and %GL7+ cells

(Figure 3.3D) in CD48-/- mice.
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Figure 3.2. CD48-/- mice have altered distribution of thymocytes. A-B Thymi were collected from 26 day
old WT and CD48-/- mice and stained for CD4 and CD8. A.Representative staining of thymocytes in WT and
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Figure 3.3: CD48-/- mice have altered lymphocyte distributions in the spleen. Splenocytes from 11-21
week old WT and CD48-/- mice were collected and analyzed by flow cytometry. A. Percentage of CD4+,
CD8+, B220+ and NK1.1+ cells in the spleen. B-D. Splenocytes were stained for B220, CD138, GL7 and
CD69. B. Representative staining for CD138 and B220 on WT and CD48-/- splenocytes, and quantification of
%CD138+ of total splenocytes in all animals. C. Representative staining of CD69 on B220+ cells in the
spleen, and quantification of %CD69+ of B220+ cells in all animals. D. %GL7+ of B220+ cells in the spleen.
E-H Splenocytes were stained for CD44, CD62L, CD69, and either CD4 or CDS. E. Representative staining
of CD44 and CD62L on CD4+ cells in the spleen, and quantification of CD44-CD62L+, CD44+CD62L- and
CD44+CD62L+ CD4+ T cells in the spleen. F. %CD69+ of CD4+ T cells in the spleen. G. Representative
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Surface staining with CD44 and CD62L revealed that among CD4+ T cells, CD48-/- mice had a decrease in the
proportion of CD44+CD62L+ cells, but no significant difference in naive or CD44+CD62L- activated cells
(Figure 3.3E). There was no significant difference in the percentage of CD69+ cells among CD4+ T cells
(Figure 3.3F). Among CD8+ T cells, there was an increase in the proportion of naive CD44-CD62L+ cells and
a decrease in the proportion of both CD44+CD62L- T cells and CD44+CD62L+ (Figure 3.3G). There was also
an increase in the %CD69+ among CD8+ T cells (Figure 3H). These data suggest that the distribution of
lymphocytes in CD48-/- mice is not dramatically different from that in WT mice, but there are some subtle in

the proportion of naive and activated cells.

Young CD48-/- [B6] mice have increased surface expression of CD2 and CD244,

Mice lacking surface receptors often have increased expression of the corresponding ligand(s). We therefore
investigated whether mice lacking CD48 had altered surface expression CD2 or CD244 on T cells, B cells, NK
cells, or monocytes. Splenocytes from WT and CD48-/- mice were stained for CD3, CD8, CD4, yOTCR,
Foxp3, B220,CDl11c,CDI11b and CD2 or CD244; in a separate experiment WT and CD48-/- splenocytes were
stained for NK1.1, CD11b and CD2 or CD244. As shown in Figure 3.4A-B, CD48-/- mice had a significantly
increased level of CD2 expression on CD4+ and CD8+ T cells and B cells, a decreased level of CD2 expression
on CD11c+ monocytes, and no change in CD2 expression levels on CD11b+ monocytes or NK cells. CD48-/-
mice had significantly increased CD244 expression levels on yOT cells, dendritic cells and CD11b+CD11c+

monocytes (Figure 3.4C) as well as NK cells (Figure 3.4D).

Aged CD48-/- [B6] mice do not develop glomerulonephritis

CD48-/- [B6.129] mice develop glomerulonephritis with aging, with development of anti-dsDNA antibodies,
anti-chromatin antibodies, renal pathology, and an increase in activated CD44+ CD4+ T cells (Keszei et al.
2011; Koh et al. 2011). To determine whether CD48-/- [B6] mice were also susceptible to lupus-like disease,
we analyzed cohorts of WT B6, CD48-/- [B6], and CD48-/- [B6.129] mice that were either 6-9 months old or

10-18 months old.
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Figure 3.4: CD48-/- mice have increased CD2 and CD244 MFI on select lymphocytes and monocytes.
Splenocytes from 5 WT and 5 CD48-/- x week old mice were collected and stained for CD3, CD4, CDS, v 0
TCR, Foxp3, B220, CD11b, CDl 1c, and either CD2 or CD244. In a separate experiment, splenocytes were
collected and stained for NK1.1, CD11b and either CD2 or CD244. Tconv were gated as CD3+CD4+Foxp3-;
Treg were gated as CD3+CD4+Foxp3+; CD8 T cells were gated as CD3+CD8+B220-; B cells were gated as
B220+CD3-; gd T cells were gated as CD3+gd+; CD11b+ monocytes were gated as CD11b+CD3-B220-
CDl1c; CD11c+CD11b+ monocytes were gated as CD11¢+CD11b+CD3-B220-; CD11c+ monocytes were
gated as CD11¢c+CD3-B220-CD11b-. NK cells were gated as NK1.1+CD11b+. A. Mean MFI of CD2 on
Tconv, Treg, CD8 T, B, and monocytes. A representative histogram of CD2 staining on CD3+CD4+Foxp3-
Tconv is shown at right. B. MFI of CD2 on NK cells. C. Mean MFI of CD244 on Tconv, Treg, CDS8 T, v 6
T, B, and monocytes. A representative histogram of CD244 staining on CD11c+CD11b- dendritic cells is
shown at right. D. Mean MFI of CD244 on NK cells. A representative histogram of CD244 staining on NK
cells is shown at right. 5 WT and 5 CD48-/- mice were used for all stains except for NK cell stains; 2 WT and 2
CD48-/- mice were used for NK cell stains. Bars represent means, error bars represent SEM. *p<0.05;

#%p<0.01; #**p<0.001; **+%p<0.0001
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We found that 6-9 month old CD48-/- [B6] mice had a modest but significant increase in spleen weight
compared to WT mice (Figure 3.5A), and a pronounced increase in spleen cellularity (Figure 3.5B), but not to
the degree of CD48-/- [B6.129] mice. Anti-dsDNA antibody titers in CD48-/- [B6] did not differ from those in
WT, while CD48-/-[B6.129] had significantly higher titers than WT (Figure 3.5C). Two of the 14 CD48-/-
[B6] mice had detectable anti-chromatin IgG, in contrast to none of the WT mice and 5 of the 7 CD48-/-
[B6.129] mice (statistically different between B6.KO and 129.KO only, p<0.05 by Fischer’s exact test) (Figure
3.5D).

Spleens from 6-9 month old mice were also analyzed by flow cytometry, for signs of B and T cell activation.
CD48-/- [B6] mice did not have altered lymphocyte distribution in the spleen compared to WT mice, although
CD48-/- [B6.129] mice had an increased proportion of CD4+ T cells and a decreased proportion of CD8+ T
cells (Figure 3.5E). CD48-/- [B6] mice had an increase in the proportion of CD69+ cells among CD4+ T cells,
but no significant increase in the %CD69+ among CD8+ T cells (Figure 3.5F-G). CD48-/- [B6] mice had an
increase in the %CD69+ among B220+ cells (Figure 3.5H), and also an increase in the proportion of GL7+
cells among B220+ cells (Figure 3.5]J), but not to the degree seen in CD48-/- [B6.129]. Thus, 6-9 month old
CD48-/- [B6] mice have a modest increase in the proportion of activated cells in the spleen, but do not display

the level of lymphocyte activation seen in the CD48-/- [B6.129] strain.

We also examined a small cohort of WT B6, CD48(het) [B6], CD48-/- [B6] and CD48-/- [B6.129] mice that
were 10-18 months old, to again survey for signs of spontaneous autoimmunity. CD48-/- [B6] mice had higher
anti-dsDNA serum antibody levels than WT, but lower than CD48-/- [B6.129] mice (Figure 3.5K). 3 out of the
5 CD48-/- [B6] mice had anti-chromatin antibodies, compared to 1 out of 3 WT and 4 out of 4 CD48-/-
[B6.129] (Figure 3.5L). This suggests that CD48-/- [B6] do not develop the robust spontaneous lupus-like

disease seen in the CD48-/- [B6.129] strain.

CD48-/- CD4+ T cells fail to induce disease in the BM12 model of induced lupus nephritis
We hypothesized that lack of CD48 might make CD48-/- [B6] mice more susceptible to an induced form of
autoimmunity. The BM12 model of induced lupus nephritis takes advantage of a three amino acid difference in

MCHII proteins between the congenic BM12 and B6 mice. Adoptive transfer of CD4+ T cells or total
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Figure 3.5. Aged CD48-/- [B6] develop splenomegaly but not glomerulonephritis. A-J WT and CD48-/-
[B6] mice were analyzed when 6-9 months old for signs of spontaneous lupus-like disease. CD48-/- [B6.129]
mice were included as a positive control. A. Spleen weights. B. Splenocyte counts. C. Anti-dsDNA antibody
titers from serum. D. Anti-chromatin antibody titers from serum. E-J. Splenocytes were collected and stained
for CD4, CD8,B220, CD69 or GL7, then analyzed by flow cytometry. E. Distribution of lymphocytes in the
spleen. F. %CD69+ of CD4+ cells. G. %CD69+ of CD8+ cells. H. %CD69+ of B220+ cells. J. %GL7+ of
B220+ cells. K-L WT, CD48(het) [B6], and CD48-/- [B6] mice were analyzed when 10-18 months old for
signs of spontaneous lupus-like disease. CD48-/- [B6.129] mice were included as a positive control. K. Anti-
dsDNA antibody titers in serum. L. Anti-chromatin antibody titers in serum. A-I n=5-14 mice per group. J-K
n=3-5 mice per group. Lines represent means. Significance determined using ANOVA; significance calculated
using Student’s t test to compare experimental groups to WT. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
Data from an experiment performed in collaboration with Dr. Dan Brown.
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splenocytes from BM12 mice into B6 mice, or visa versa, results in a CD4+ T cell-mediated graft-versus-host
(GVH) and host-versus-graft response (Morris, Cohen, and Eisenberg 1990). Polyclonal activation of B cells
ensues, with appearance of plasma cells in the spleen by day 7 after transfer and development of anti-dsDNA
antibodies in the serum by day 14 after transfer. Previous work showed that CD244-/- mice develop an
enhanced response to BM12 transfer, including splenomegaly, donor cell expansion, plasma cell development
and anti-dsDNA antibodies (Brown et al. 2011). This suggested that the CD244:CD48 pathway might be

involved in susceptibility to this disease model.

We first transferred CD4+ T cells from BM12 donors into WT and CD48-/- recipients, and examined spleens
14 days later. As shown in Figure 3.6A,B, we did not see a significant difference in spleen cellularity or the
percentage of CD138+ plasma cells in the spleen. Next, we transferred CD4+ T cells from WT or CD48-/-
mice into BM12 recipients, and examined spleens 14 days later. Recipients of CD48-/- CD4+ T cells had lower
spleen cellularity than recipients of WT CD4+ T cells (Figure 3.6C), and a strikingly reduced percentage of
CD138+ plasma cells in the spleen (Figure 3.6D). When we looked for donor CD4+ T cells in the spleens of
recipients, we found that the percentage of CD48-/- CD4+ T cells in the spleen was dramatically reduced as
well (Figure 3.6E). Collectively, this indicated that CD48-/- recipients did not have a significantly altered
response to induced lupus, compared to WT mice, but CD48-/- CD4+ T cells were not capable of inducing a

lupus-like disease in this model.

We hypothesized that the absence of a persistent GVH response could be due to NK-mediated killing of CD48-
/- cells. NK cell target lysis can be inhibited by CD244 on NK cells binding to CD48 on target cells (Lee et al.
2004). To test this hypothesis, we administered anti-NK1.1 mAb or isotype control to BM12 mice starting one
day before adoptive transfer of CD4+ T cells, and ever 5 days thereafter. CD4+ T cells from WT or CD48-/-
mice were transferred i.p. and spleens were analyzed 14 days later. Anti-NK1.1 did not significantly alter the
number of cells in the spleen of recipients of WT or CD48-/- cells (Figure 3.6F), nor did it affect the proportion
of donor CD4+ T cells among total CD4+ T cells in recipients of either WT T cells or CD48-/- T cells (Figure
3.6G). This suggests that NK cells do not play a critical role in regulating the number of donor T cells in the

BM12 model, whether using WT or CD48-/- donor cells.
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Figure 3.6. CD48-/- [B6] splenocytes are not pathogenic in the BM12 model of induced lupus. A-B.
CD4+ T cells from BM12 mice were transferred i.p. into WT or CD48-/- mice to induce GVH lupus.
Recipients were analyzed 14 days later. A. Spleen cellularity. B. %CD138+ plasma cells in spleen. C-E.
CD4+ T cells from BM12 mice were transferred i.p. to Thyl.1 congenic WT or CD48-/- mice, to induce GVH
lupus. Recipients were analyzed 14 days after transfer. C. Spleen cellularity. D. %CD138+ plasma cells in
spleen. E. %Thyl.1+ donor CD4+ T cells among total CD4+ T cells in spleen. F-G BM12 mice received 200
u g of anti-NK1.1 (PK136) or isotype control (mouse IgG2a, clone CI.18) i.p. one day before transfer of CD4+
T cells from WT or CD48-/- mice, and every 5 days thereafter. F. Spleen cellularity. G. Percentage of donor
CD4+ T cells (Thyl.1+ WT or CD48-/-) among total CD4+ T cells in the spleen. A-B representative of 2
independent experiments with 5 mice per group. C-E representative of 3 independent experiments with 5 mice
per group. Lines represent means. Statistical significance calculated using Student’s t-test. *p<0.05;
*#p<0.01; ****p<0.0001. Data are from experiments performed in collaboration with Dr. Dan Brown.
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DISCUSSION

In this study, we investigated the function of CD48 in autoimmunity and tolerance. Our studies were motivated
by several lines of evidence which suggested that CD48 could play a role in development of spontaneous lupus-
like disease. First, CD48 is located in the lupus-susceptibility locus Sle1b, which has two common haplotypes
in inbred mouse strains. Second, the CD48-/- [B6.129] mouse develops spontaneous lupus-like disease with
autoantibodies and glomerulonephritis. There were indications that both CD48 deficiency and epistatic
interactions could contribute to the severity of disease, and it was not clear whether one of these was the
primary cause or both contributed significantly (Keszei, Latchman, et al. 2011; Koh et al. 2011). The potential
importance of epistatic interactions is illustrated by studies in which the haplotype 1 allele, from NZB or 129
mouse strains, was crossed on to the B6 genetic background, and precipitated lupus-like disease on the B6
genetic background but not on 129 or Balb/c backgrounds (Wandstrat et al. 2004). Thus, epistatic interactions
of 129-derived genes with the B6 genetic background could contribute to development of lupus-like disease.
Third, both CD48-/- [B6.129] and CD48-/- [Balb/c.129] mice have altered T cell and APC function as assessed
by in vitro assays, suggesting that not all of the altered phenotype of CD48-/- [B6.129] mice was due to
epistatic interactions (Gonzalez-Cabrero et al. 1999; Keszei, Latchman, et al. 2011). Thus, we undertook this
investigation to examine the role of CD48 in susceptibility to lupus-like disease on the B6 background, using
three distinct approaches to overcome the limitations of these earlier studies: 1) reconstitution of CD48 in
CDA48-/- [B6.129] mice using a BAC transgene; 2) generation and analysis of CD48-/- [B6] mice, to eliminate
the potential of epistatic interactions; and 3) analysis of the role of CD48 in an inducible, GVH model of lupus

using CD48-/- [B6] mice.

We found that reconstitution of CD48-/- [B6.129] mice with a BAC transgene containg the B6 version of CD48
(haplotype 2) was insufficient to alleviate autoimmunity. In addition, 6-12 month old CD48-/- [B6] mice did
not develop spontaneous lupus-like disease like that seen the CD48-/- [B6.129], as assessed by splenomegaly,
anti-dsDNA antibodies, anti-chromatin antibodies, and lymphocyte activation. Lastly, we found that CD4-/- T
cells were not potent inducers of autoimmunity in a GVH model of lupus. However, our studies revealed that
CDA48 deficiency led to increased B and T cell activation in both young and aged CD48-/- [B6] mice, as well as

altered distribution of T cell precursors in the thymus. Collectively, these data suggest that CD48 does not have
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a primary role in susceptibility to lupus-like disease, but might have a critical role in lymphocyte development,

homeostasis and/or activation in vivo.

In our first approach, we examined whether reconstitution of CD48 in the CD48-/- [B6.129] strain with a BAC
transgene could prevent the lupus-like phenotype in CD48-/- [B6.129] mice. We had not anticipated that
reconstitution would be incomplete. Because expression of CD48 was restored in only ~50% of all
lymphocytes, the interpretation of our results is somewhat confounded. However, it appears that at least partial
reconstitution of CD48 is not sufficient to alleviate splenomegaly or development of anti-nuclear antibodies in
CD48-/- [B6.129] mice. This suggests that either the contribution of CD48 is not dominant over the
contributions of epistatic interactions between 129-derived genes and the B6 genome; that partial CD48
reconstitution is not sufficient to overcome the effects of epistatic interactions; or that the effects of CD48 are
undetectable or not biologically significant in the context of autoimmunity induced by these epistatic
interactions. Our interpretation was limited by the technical aspects of the experiment, and thus led us to pursue
other approaches to examine the effect of CD48 deficiency on susceptibility to autoimmunity. However, the
ability of epistatic interactions between 129-derived genes and the B6 genome to promote spontaneous
autoimmunity remains intriguing in its own right, and suggests that other SLAM family genes may be critical in
this model. For instance, it is possible that 129-derived genetic elements cause altered expression levels or

regulate gene expression in this locus, possibly for other SLAM family genes.

Our second approach was to eliminate the contribution of epistatic interactions, and study the effects of CD48
deficiency on a pure genetic background. To accomplish this, we used a new CD48-/- B6 mouse strain,
generated in the lab by Dr. Yvette Lachtman using a B6 ES cell and maintained on the B6 background. By
examining this strain, we could investigate whether there was a role for CD48 in susceptibility to lupus on the
B6 background. Although the CD48-/- [Balb/c.129] strain does not develop lupus-like disease, suggesting that
CDA48 is not critical for protection from autoimmunity, disease susceptibility can vary by genetic background.
We first compared lymphocyte development and homeostasis in young WT and CD48-/- B6 mice, both to
generate a context in which to interpret any phenotypes in aged mice and also because studies in the CD48-/-

[B6.129] strain had suggested roles for CD48 in hematopoiesis, particularly B cell development and
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homeostasis (Boles et al. 2011). In the thymus of 4-week old mice, we observed an increased proportion of
CDA4SP cells among total thymocytes. This was also described in the CD48-/- [B6.129] mouse, although those
studies also found a decrease in DP thymocytes, which we did not observe (Gonzalez-Cabrero et al. 1999).
When we examined 6-8 week old mice, we found an altered thymocyte distribution, suggesting that T cell
development may be altered in CD48-/- mice. Although no publications have directly examined the role of
CD48 in T cell development in the thymus, the function of CD48 as an adhesion molecule in the immune
synapse between T cells and APCs might be important in thymocyte development, as well as homeostasis of

mature lymphocytes.

Next we examined lymphocytes in the periphery of 6-8 week old CD48-/- [B6] mice, to establish a baseline for
any alterations that we might see in aged mice. Interestingly, there were some alterations in B cells in the
young CD48-/- [B6] mice. CD48-/- [B6] mice had increased B cell activation in the spleen, including an
increased percentage of CD138+ plasma cells, GL7+ germinal center B cells, and CD69+ activated B cells,
compared to age-matched WT mice. Boles et al. had found that B cells from CD48-/- [B6.129] mice had
altered hematopoietic development that resulted in increased IFNYy in the bone marrow and Pak1 activation, as
well as a higher incidence of B cell-type malignancies in aged mice (Boles et al. 2011). Because those studies
were performed using the CD48-/- [B6.129] strain, it is possible that those phenotypes are due to CD48-
independent mechanisms in the mixed genetic background. However, our data suggest that B cells from CD48-
/- [B6] mice are more activated, as well, supporting a role for CD48 in this process. We did not explicitly look
for lymphomas or tumors, nor were our aged cohorts quite as old as those analyzed by Boles et al. (6-12 months
old in our studies, ~16 months old in Boles et al. studies). Thus, further investigation would be required to
ascertain whether CD48-/- [B6] mice also have alterations in hematopoietic development or the incidence of

hematologic malignancies.

We also saw alterations in the distribution of naive and activated T cells in the periphery of 6-8 week old mice:
CD48-/- [B6] mice had a reduced percentage of CD44+CD62L+ cells among both CD4+ and CD8+ T cells, as
well as an increase in naive CD44-CD62L+ CD8+ T cells. Considering the alterations in the thymus, this may

be due to developmental alterations, or possibly due to homeostasis in the periphery. The bias towards more
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naive T cells does not explain the increase in B cell activation. Preliminary data in our lab indicate that CD48-/-
[B6] mice do not have altered proportions of T follicular helper or T follicular regulatory cells among total
CD4+ T cells, suggesting that increased B cell activation may be due to cell intrinsic effects of CD48 deficiency
in B cells. Additional studies would benefit from examining cytokine secretion in B cells, as well as antigen
presenting functions. It is also possible that studies using immunization with either T-dependent or T-
independent antigens may reveal greater differences in B cell activation, cytokine production, or antibody
production. Preliminary data in our lab suggests that CD48-/- [B6] mice do not have a defect in antibody
production in response to either primary or secondary challenge with NP-OVA (Dan Brown, unpublished data),

however addition studies could examine B cell responses to TLR agonists such as LPS.

Interestingly, when we examined the spleens of 6-12 month old CD48-/- [B6] mice, we saw increased
activation of B cells, as well as CD4+ and CD8+ T cells. Although these mice did not develop splenomegaly to
the degree seen in 6-12 month old CD48-/- [B6.129] mice, both spleen cellularity and weight were increased
compared to age-matched WT animals. Although neither anti-dsDNA nor anti-chromatin antibodies were
significantly elevated in CD48-/- [B6] mice, compared to WT mice, the increase in spleen size and cellularity
suggests some immune dysregulation. Among CD4+ T cells and B cells, the percentage of CD69+ cells was
significantly increased, and a similar trend was observed in CD8+ T cells, although this was not statistically
significant. Other measures of B cell activation, such as the percentage GL7+ and CD138+, were also increased
in CD48-/- [B6] mice. Thus, aged CD48-/- [B6] mice had signs of increased activation of lymphocytes,
compared to WT mice, but these changes did not lead to the development of the lupus-like disease seen in 6-12

month old CD48-/- [B6.129] mice.

Our third approach for studying CD48 function in lupus, was to use a model of induced disease. We
hypothesized that, although CD48-/- [B6] mice were not susceptible to spontaneous lupus-like disease,
increased B cell activation in CD48-/- mice might make them more susceptible to a GVH model of lupus. To
test this, we used the BM12 transfer model. We did not see any difference in plasma cell development or anti-
dsDNA production when BM12 CD4+ T cells were transferred to WT versus CD48-/- [B6] recipients. When

we did the reciprocal experiment, transferring CD48-/- or WT CD4+ T cells into BM 12 recipients, we saw a
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dramatic phenotype, but not of increased severity. Instead, CD48-/- CD4+ T cells did not persist in the BM12
host. This was in stark contrast to the phenotype we had seen when transferring BM12 splenocytes into
CD244-/- mice, which resulted in increased spleen cellularity, plasma cell development, and anti-dsDNA
antibody production (Brown et al. 2011). These results suggested that either the phenotype in CD244-/- mice
was not due to disruption of CD244:CD48 interactions, or that a unique factor was involved in CD48-/ [B6]
mice. We considered that WT NK cells might be more likely to kill CD48-/- target cells, but depleting NK cells
with anti-NK1.1 antibody did not restore CD48-/- CD4+ T cell persistence. It remains possible that this
phenotype is due to increased killing of CD48-/- CD4+ T cells by CD8+ T cells. Additional studies are
required to better understand this phenotype. Studies that could be informative include examination of the
kinetics of CD48-/- CD4+ T cell activation and number after transfer to BM12 recipients, as well as
investigation of potential mechanisms such as CD8-mediated killing, reduced proliferation, increased apoptosis
or altered migration. It is also possible that CD48-/- CD4+ T cells fail to effectively compete with CD48+
CD4+ T cells in the BM12 host for access to survival signals. Thus, both cell intrinsic and extrinsic
mechanisms should be assessed to understand why there is decreased persistence of CD48-/- CD4+ T cells

following transfer into BM12 recipients.

Our finding that CD48 deficiency is not solely responsible for spontaneous autoimmunity in the CD48-/-
[B6.129] strain, and that disease is instead likely due to epistatic interactions, suggests that other SLAM family
members may be responsible for disease in the CD48-/- [B6.129]. Other studies have examined the role of
neighboring SLAM family genes in susceptibility to lupus-like disease. Although there are likely multiple
players, Ly108 (SLAMF6) appears to play a prominent role in precipitating disease in the Sle1b.B6 strain.
Keszei et al. identified a new isoform, Ly108-H1, which was present in B6 mice (SLAMF haplotype 2) but was
absent in congenic lupus-prone strains with the SLAMF haplotype 1. Introduction of Ly108-H1 into Sle1b.B6
mice, using a BAC transgene, dramatically attenuated signs of lupus-like disease (Keszei, Detre, et al. 2011).
Thus, there is clear evidence for roles of SLAM family genes other than CD48 in contributing to lupus in the

Sle1b.B6 strain.
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Notably, our observation of increased B and T cell activation in both naive and aged mice would not be
predicted by the decreased ability of CD48-/- APCs to induce proliferation in vitro, or by the reduced
proliferation of CD48-/- T cells in vitro (Gonzalez-Cabrero et al. 1999; Keszei, Latchman, et al. 2011). This
suggests that the phenotype observed in CD48-/- [B6] in vivo is due to a more complex or multi-component
mechanism, and raises the possibility that lack of CD48 on different cell populations may have different,
opposing contributions to the whole animal. This is not too hard to imagine, considering that CD48 has been
described to have functions ranging from detection and internalization of bacteria by mast cells and
macrophages (Baorto et al. 1997; Malaviya et al. 1999; Moller et al. 2013), to triggering of eosinophils
(Elishmereni et al. 2013; Minai-Fleminger et al. 2014), to adhesion between T cells and APCs (Latchman,
McKay, and Reiser 1998; Milstein et al. 2008). Critical roles for CD48 may vary depending on the disease
model used, and the key populations involved in that model, as well as the key populations involved in each
phase of disease. Thus, future studies may benefit from examining the role of CD48 on specific immune cell
subsets individually, with adoptive transfers of deficient cells into WT recipients, conditional knockout mice,

and inducible conditional knockout mice.

In summary, the goal of these studies was to elucidate the role of CD48 in humoral autoimmunity by
investigating the effects of CD48 deficiency on the B6 background, in both spontaneous and induced models of
lupus. We found that 6-12 month old CD48-/- [B6] mice do not develop spontaneous lupus-like disease with
aging, but do display other signs of immune dysregulation such as increased plasma cells and B cell activation.
Our data suggest that some prior studies of CD48 deficient cells, performed using the CD48-/- [B6.129], may
be worth repeating with the CD48-/- [B6] mice, to clarify whether the prior observations were due to lack of
CDA48 or to epistatic interactions from 129-derived genes. However, our data also support prior publications
describing roles for CD48 in T cell and B cell activation, and provide rationale for further studies using CD48

deficient mice to examine the role of CD48 in autoimmunity and tolerance.
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Chapter 4: Susceptibility of CD48-/- [B6] mice to an induced model of autoimmunity,

experimental autoimmune encephalomyelitis

ABSTRACT

CDA48 contributes to T cell activation via its adhesion and costimulatory properties. Our studies of CD48 in a
model of induced lupus indicated that CD48 expression on CD4+ T cells was critical to development of disease,
and suggested that this molecule might have an important role in other models of autoimmunity. A homologue
of CD48 found in humans—CD58, also a ligand for CD2 —was identified as a risk locus in multiple sclerosis,
and suggested that the CD2 pathway may be important in regulating this autoimmune disease. Here, we
investigate the role of CD48 in contributing to development of autoimmune encephalomyelitis, a mouse model
of multiple sclerosis. We found that CD48-/- mice have modestly attenuated EAE. Surprisingly, CD48
expression on CD4+ T cells did not appear to affect severity of disease. Instead, our data suggest that CD48

may have a role in modulating disease via it expression on either Tregs, CD8+ T cells and/or B cells.

RESULTS

CD48-deficient mice have slightly delayed and attenuated experimental autoimmune encephalomyelitis
Considering the increased development of spontaneous autoimmunity in the B6.129.CD48-/- mouse, we
wondered whether these animals would show increased susceptibility in an induced autoimmunity model such
as experimental autoimmune encephalomyelitis (EAE). EAE can be induced by immunization with a peptide
from the brain-specific protein myelin oligodendrocyte glyclprotein (MOG), emulsified in complete Freund’s
adjuvant (CFA). To test our hypothesis, we immunized WT B6 and CD48-/- [B6.129] mice with MOG [35-55]
emulsified in CFA to induce EAE. As shown in Figure 4.1A, CD48-/- [B6.129] mice had similar disease
course to WT mice up to day 17. However, resolution of disease was accelerated and enhanced in CD48-/-
[B6.129] mice compared to WT, as the median disease score was significantly lower on days 19 through 26 .
This indicated to us that the phenotype of enhanced autoimmunity in the lupus model did not carry over into the
EAE model in CD48-/- [B6.129] mice, and instead suggested that CD48 deficient mice might be protected in

EAE.
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Figure 4.1 CD48-/- mice have moderately attenuated EAE. Mice (8-12 week old) were immunized s.c. with
50pg MOG[35-55] emulsified in 100pl of MTb fortified CFA (400pug MTb), and given 100ng pertussis toxin
i.p.on days 0 and 2. Mice were monitored daily for clinical disease. A. Mean clinical scores + SEM during
EAE in WT B6 and CD48-/- [B6.129] mice, which were generated from 129 ES cells and backcrossed to B6 for
>10 generations. B-D. EAE in WT B6, CD48-/- [B6.129] and CD48-/- [B6.129] mice carrying a BAC
transgene containing the B6 version of CD150, CD48, and CD319. B. Mean clinical scores, + SEM. C. Day of
disease onset. D. Peak clinical score by day 18. E-G. EAE in WT B6 and CD48-/- [B6] mice, which were
generated from B6 ES cells and maintained on a B6 background. E. Mean clinical scores, +SEM. F. Day of
disease onset. G. Peak clinical score by day 17. A, n=10 mice per group, representative of 2 experiments with
8-10 mice per group. B-D, n=4-5 mice per group. E-G, n=7-10 mice per group, representative of 3
independent experiments with 5-10 mice per group. Lines on dot plots represent mean (C, F) or median (D, G).
Error bars represent SEM. Significance calculated using Mann-Whitney test (A,B,D,E,G) or Student’s t test
(CF). *p<0.05, **p<0.01, ***p<0.001. Data in A-D from experiments performed in collaboration with Dr.
Dan Brown.
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To determine whether the lack of CD48 or flanking 129-derived genes contributed to these protective effects in
EAE, we compared EAE severity in WT B6 mice, CD48-/- [B6.129] mice, and CD48-/- [B6.129] mice in which
CD48 was reconstituted in a BAC transgene (see Figure 3.1A for transgene schematic). As shown in Figure
4.1B, all three groups had similar disease courses, with a slight delay in onset of disease (Figure 4.1C) and
reduced peak disease score (Figure 4.1D) for CD48-/- [B6.129] lacking the BAC Tg compared to those with
the BAC Tg. However, this difference was not statistically significant. Due to limited availability of these

strains, we only performed one experiment and did not examine the resolution phase of EAE.

To further examine the role of CD48 in EAE, we focused exclusively on the CD48-/- [B6] mouse strain
(hereafter referred to as “CD48-/-*), in order to avoid confounding influences from flanking 129-derived genes.
We

immunized a large cohort of WT B6 and CD48-/- mice with MOG/CFA to induce EAE, and monitored these
mice for clinical disease (Figure 4.1E). CD48-/- mice had tended to have delayed disease onset, but this was
not statistically significant (Figure 4.1F). However, CD48-/- mice had moderately reduced peak disease score
compared to WT B6 mice by day 16 after immunization, which was statistically significant (Figure 4.1G).

This suggests that CD48 deficiency provides a degree of protection in this model of induced autoimmunity.

CD48-/- mice have a reduced proportion of GM-CSF+ T cells in the CNS during EAE

To investigate a cellular mechanism for attenuated EAE severity in CD48-/- mice, we examined CNS-
infiltrating lymphocytes near the peak of EAE disease in WT and CD48-/- mice. A representative experiment is
shown in Figure 4.2. On day 17 after immunization, the median disease score for CD48-/- mice was less than
that of WT mice, but this was not statistically significant in this experiment (Figure 4.2B). We isolated
lymphocytes from the spleen, inguinal lymph node (iLN, which drains the immunization site) and CNS of these
mice, and examined the number of CD4+ T cells by flow cytometry. The number of CD4+ T cells in the CNS
of CD48-/- mice was less than that in WT mice, but this was not statistically significant (Figure 4.2C). In
contrast, the number of CD4+ T cells in the iLN of CD48-/- mice was significantly greater than that in WT mice

(Figure 4.2D).
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Figure 4.2 CD48-/- mice have a reduced proportion of GM-CSF+ T cells in the CNS during EAE

WT B6 and CD48-/- mice aged 8-12 weeks were immunized s.c. with 50ug MOG[35-55] emulsified in
100pl of MTb fortified CFA (400pug MTb), and given 100ng pertussis toxin i.p. on days 0 and 2. Mice were
monitored daily for clinical disease. A. Mean clinical scores, + SEM. B. Clinical scores at the endpoint of
the experiment. C. Number of CD4+ T cells isolated from the CNS of each mouse. D. Number of CD4+ T
cells isolated from the iLNs of each mouse. E. Proportion of CD4+ T cells in CNS and iLN that are Foxp3+,
as assessed by intracellular staining. F-G. Lymphocytes from CNS and iLN were restimulated for 4 hours
at 37C with PMA and ionomycin in the presence of GolgiStop. Cells were then stained and fixed for flow
cytometric analysis of intracellular cytokines. Percentage of CD4+ T cells that stain for each cytokine are
shown for the CNS (F) and iLN (G). Representative of two independent experiments, with 8-10 mice per
group. Bars represent means, error bars represent SEM. Significance calculated using Student’s t test.
*p<0.05, **p<0.01, **p<0.001, ****p<0.0001
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We hypothesized that the moderate but statistically significant attenuation of EAE in CD48-/- mice might be
due to altered proportions of pathogenic and regulatory cells among CD4+ T cells in the CNS or iLN. Foxp3+
Tregs in the CNS are associated with resolution of disease (McGeachy, Stephens, and Anderton 2005), while
production of IFNYy, IL-17 and GM-CSF are associated with disease progression (Robinson et al. 2014). To test
this, we first examined the proportion of Foxp3+ Tregs using intracellular Foxp3 staining and flow cytometry.
As shown in Figure 4.2E, there was no difference in the proportion of Foxp3+ cells among CD4+ cells in the
CNS or iLN. Next, we examined the proportion of cytokine-producing cells, using intracellular cytokine
staining after restimulation with PMA and ionomycin. We found that CD48-/- mice had a significantly lower
percentage of GM-CSF+ cells among CD4+ T cells in the CNS, but no differences in the proportion of IFNy+,
IL-17A+ or IL-10+ among CD4+ T cells in the CNS (Figure 4.2F). We did not observe any significant
differences in intracellular cytokine expression of IL-2, IFNy, IL-17A or GM-CSF in CD4+ T cells in the iLN,
although there was a modest but significant increase

in the percentage of IL-10+ CD4+ T cells (Figure 4.2G). Together, these data suggest that CD48-/- mice have

a slight deficit in GM-CSF production in the CNS during EAE.

CD48-/- and WT mice have similar CD4+ T cell numbers and activation states at an early time point in
EAE

We hypothesized that differences in CD4+ T cell activation, entry, accumulation or survival in the CNS might
be more apparent at earlier time points during EAE in CD48-/- mice. To address this possibility, we examined
lymphocytes from the CNS and iLN of WT and CD48-/- mice on day 12 after immunization for EAE, around
the time of disease onset. As shown in Figure 4.3A, both WT and CD48-/- mice were beginning to show
clinical signs of disease by day 12. The incidence of disease was identical in WT and CD48-/- mice at this time
(70% for each), and there was no significant difference in the median clinical score at this time (Figure 4.3B).
When we examined the CD4+ T cells in the CNS, we again saw trend towards fewer CD4+ T cells in the CNS,
but this was not statistically significant (Figure 4.3C). There was no significant difference in the proportion of
CD4+ T cells from the CNS that stained for intracellular IFNg, IL-17A or GM-CSF after restimulation with
PMA and ionomycin (Figure 4.3D), nor was there a difference in the percentage of Foxp3+ CD4+ T cells in the

CNS (Figure 4.3E). Restimulation of CNS cells with 100pg/mL of MOG[35-55] peptide for three days also
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Figure 4.3 WT and CD48-/- mice have similar CD4+ T cell infiltrates in the CNS near the onset of EAE.
WT B6 and CD48-/- mice (8-12 weeks old) were immunized s.c. with 50hg MOG[35-55] emulsified in 100 | of
MThb fortified CFA (4004g MTb) to induce EAE, and given 100ng pertussis toxin i.p. on days 0 and 2. Mice
were monitored daily for clinical disease score. A. Mean clinical scores, + SEM. B. Clinical scores at the
termination of the experiment. C. Number of CD4+ T cells isolated from the CNS of each mouse. D.
Intracellular cytokine expressing T cells in the CNS, after restimulation with PMA and ionomycin in the
presence of GolgiStop. E. Percentage of Foxp3+ of CD4+ in CNS. F. Antigen specific cytokine secretion by
CNS lymphocytes after restimulation with MOG peptide for 3 days. G. Number of CD4+ T cells isolated from
the iLN of each mouse in A. H. Intracellular cytokine expressing T cells in the iLN after restimulation with
PMA and ionomycin in the presence of GolgiStop . J. Percentage of Foxp3+ of CD4+ in iLN. K. Antigen-
specific cytokine secretion by iLN lymphocytes after restimulation with MOG peptide for 3 days. N=10 mice
per group. Bars represent means, error bars represent SEM. Significance calculated using Mann Whitney test
(A-B) or Student’s t test (C-J). ***p<0.001.
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revealed no significant difference in the amount of IFNg, IL-17, TNFa, IL-6 or IL-10 secreted in response to

antigen (Figure 4.3F).

To assess the ongoing priming of CD4+ T cells in the periphery, we also examined cells from the iLN at this
time point. CD48-/- mice had significantly increased cellularity in the iLN (30x10°in WT, 45.5x10° in KO,
p<0.01, data not shown), and significantly increased numbers of CD4+ T cells (Figure 4.3G). There was no
significant difference in production of IFNy or IL-17 as measured by intracellular cytokine staining after
restimulation of iLN cells with PMA and ionomycin. However, there was a lower percentage of GM-CSF+
CD4+ T cells in CD48-/- mice (Figure 4.3H). There was no difference in the percentage of Foxp3+ CD4+ T
cells in the iLN (Figure 4.3I). There was no significant difference in the secretion of IFNvy, IL-17, TNFa, IL-6
or IL-10 after restimulation with MOG peptide for 3 days (Figure 4.3J). Together these data indicate that at an
early time point in EAE, CD48-/- mice had similar numbers of CD4+ T cells in the CNS and no differences in
cytokine production in the CNS. However, the number of CD4+ T cells in the iLN was increased, while the

%GM-CSF+ of CD4+ T cells was decreased.

CD48-/- and WT mice have similar CD4+ T cell activation on day 7 after MOG immunization

We next investigated whether the reduced proportion of GM-CSF+ CD4+ T cells in CD48-/- CNS at the peak
of disease was due to a defect in CD4+ T cell priming earlier after immunization. To test this, we immunized
WT and CD48-/- mice with MOG/CFA, and examined CD4+ T cells from the iLN seven days later. WT and
CDA48-/- mice had similar numbers of CD4+ T cells in the iLN (Figure 4.4A), but an increased number of
CD4+ T cells in the spleen (Figure 4.4B). When we stained for intracellular Foxp3, we found no significant
difference in the proportion of Foxp3+ Tregs among CD4+ T cells in the iLN or spleen (Figures 4.4C-D). To
assess cytokine production by CD4+ T cells, we restimulated iLN and spleen with PMA and ionomycin, and
then stained for intracellular cytokine production. As shown in Figure 4.4E, there was no difference in the
9%GM-CSF+ in the iLN, but CD48-/- mice had a significantly decreased percentages of IL-17A+ and IFNy+
CD4+ T cells. In the spleen, production of GM-CSF, IL-17A and IFNYy was extremely low, but the percentage
of GM-CSF+ CD4+ T cells was significantly lower in CD48-/- mice (Figure 4.4F). To assess antigen-specific

cytokine production, we restimulated iLN with 100pg/mL MOG peptide for 3 days; we observed no significant
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Figure 44 WT and CD48-/- mice have similar CD4+ T cell activation on day 7 after MOG immunization.
WT and CD48-/- mice (8-12 weeks old) were immunized s.c. with 50pg MOG[35-55] emulsified in 100pl of
MThb fortified CFA (400ug MTb). Spleen and iLN were collected for analysis seven days later. A-B. Number
of CD4+ T cells in A.iLN and B. Spleen. C-D. Intracellular cytokine production by CD4+ T cells, after
restimulation with PMA and ionomycin in the presence of GolgiStop, in the C.iLN and D. Spleen. E-F.
Proportion of Foxp3+ CD4+ T cells in the E. iLN and F. Spleen. G. Antigen-specific cytokine secretion by iLN
lymophocytes after restimulation with MOG peptide for 3 days. A-F, n=5 mice per group, representative of 3
independent experiments with 4-5 mice per group. G, n=15 mice per group, representative of 2 independent
experiments with 5 mice per group. Lines on dot plots indicate mean. Bars represent means, error bars
represent SEM. Significance calculated using Student’s t test. *p<0.05, **p<0.01.
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differences in the amount of cytokines secreted by WT or CD48-/- lymphocytes (Figure 4.4G). These data
suggest that CD48-/- mice might have a slight defect in CD4+ T cell cytokine production by day seven after

immunization, but no dramatic defect in CD4+ T cell priming.

Rag-/- and CD48-/- Rag-/- mice are susceptible to EAE mediated by WT 2D2 CD4+ T cells

Because CD48 is widely expressed on hematopoietic cells, we considered the possibility that the absence of
CDA48 on different cell populations could lead to opposing phenotypes that cancelled each other out in the
CD48-/- mice. During our characterization of the phenotype of naive CD48-/- mice, our lab had observed that
CD48-/- APCs have a reduced capacity to stimulate the initial activation of naive CD4+ T cells compared to
WT APCs (Dr. Dan Brown, unpublished data). To evaluate the role of host cells other than lymphocytes in
regulating EAE induced by WT CD4+ T cells, we used Rag-/- and CD48-/- Rag-/- mice as adoptive transfer
recipients. We sorted CD4+ T cells from 2D2 TCR Tg mice using flow cytometry and adoptively transferred
these into Rag-/- and CD48-/- Rag-/- recipients, waited two weeks for homeostatic proliferation, then
immunized with MOG/CFA to induce EAE. As shown in Figure 4.5A, the course of disease was not
significantly different for recipients of WT or CD48-/- 2D2 CD4+ T cells. There was a slight delay in onset of
EAE, but this was not statistically significant (Figure 4.5B). There was no difference in the incidence of
disease (all mice developed EAE), and there was no significant difference in the severity of disease as assessed
by the peak disease score reached by each animal (Figure 4.5C). This suggests that CD48 on APCs is not

critical for development of EAE in this model.

CD48-/- mice have attenuated EAE induced by adoptive transfer of TH1-polarized 2D2 CD4+ T cells
Adoptive transfer of primed, MOG-specific CD4+ Teff into recipient mice provides a method to specifically
examine the effector phase of disease, while controlling the conditions of activation. We generated TH1-
polarized Teff using CD4+ T cells from 2D2 mice, which have a transgenic TCR specific for MOG[35-55] in
the context of IA° MHCII molecules (Bettelli et al. 2003). By generating WT 2D2 TH1-polarized Teff in vitro,
we could ensure that the priming phase is identical for all recipients, and then evaluate the role of CD48

expressed on the APC during the effector phase in CD48-/- recipients.
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Figure 4.5 Rag-/- and CD48-/- Rag-/- mice are susceptible to EAE mediated by WT 2D2 CD4+ T cells.
CD4+ T cells from 2D2 TCR Tg mice were purified by FACS and transferred i.v. to Rag-/- and CD48-/-Rag-/-
recipients. Two weeks later, mice were immunized s.c. with 50ug MOG[35-55] emulsified in 100 1 1 of MTb
fortified CFA (400 1 g MTb) to induce EAE. 100ng of pertussis toxin was given i.p. on day 0 only. Mice were
monitored daily for clinical disease. A.Mean clinical scores, + SEM. B. Day of onset of disease. C. Peak
clinical score by day 15. N=4-5 mice per group, representative of 4 independent experiments with 1-6 mice per
group. Lines on dot plots represent mean (B), or median (C). Statistical significance calculated using Mann-
Whitney test (A, C) or Student’s t test (B). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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First we compared the capacity of WT and CD48-/- APCs to stimulate TH1-polarized 2D2 CD4+ T cells in
vitro. 2D2 CD4+ T cells were cultured in vitro under TH1 polarizing conditions for 6 days. Live cells were
collected and labeled with CFSE, then cultured with MOG peptide and either TCRa.-/- or CD48-/- TCRa.-/-
splenocytes for 3 days. Cell division was assessed by CFSE dilution. As shown in Figure 4.6A, 2D2 CD4+
THI1 cells divided less with CD48-/- APCs than with WT APCs. This suggests that CD48 on the APC

contributes to proliferation of previously activated Teff.

Based on this result, we hypothesized that CD48-/- mice would have attenuated EAE induced by transfer of WT
2D2 TH1 CDA4+ T cells, compared to WT recipients. To test this, we again cultured 2D2 CD4+ T cells in vitro
under TH1-polarizing conditions for 6 days, then collected live cells and restimulated them for 24 hours on anti-
CD3/anti-CD28-coated plates to generate Teff. These reactivated cells were then transferred into WT and
CD48-/- mice, and we compared the course of disease. As shown in Figure 4.6B, CD48-/- mice had attenuated
EAE compared to WT mice. There was a slight delay in onset of disease, but this was not statistically
significant (Figure 4.6C), while the peak clinical score was significantly lower for CD48-/- than for WT

recipients (Figure 4.6D).

We hypothesized that reduced severity of EAE in CD48-/- mice following transfer of TH1 polarized 2D2 cells
could be due to reduced accumulation of 2D2 cells in the CNS —potentially due to altered migration, survival
orproliferation in the CNS. The number of 2D2 cells in the CNS of CD48-/- mice was slightly reduced
compared to WT mice at day 16 post transfer, but this was not statistically significant (Figure 4.6E). We next
compared the proportion of 2D2 cells in the CNS and spleen that produced IFNy, GM-CSF, IL-17A and IL-10

after restimulation ex vivo with PMA and ionomycin, but did not observe any differences (Figure 4.6F-G).

We considered that differences in EAE severity as induced by the 2D2 cells could be amplified by altered
recruitment of regulatory or pathogenic host CD4+ T cells in WT versus CD48-/- recipients. However, we did
not see a decrease in the number of host CD4+ T cells recovered from the CNS (data not shown), or the

proportion of these that were IFNy+ or GM-CSF+; in fact, the percentage of host CD4+ IL-17A+ was slightly
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Figure 4.6 CD48-/- mice have attenuated EAE induced with TH1-polarized 2D2 TCR Tg CD4+ T
cells. CD4+ T cells were MACS purified from Thy1.1 congenic 2D2 TCR Tg mice, and cultured in vitro
with IL-12, anti-IL4, anti-CD3 and irradiated WT splenocytes to generate TH1-polarized 2D2 CD4+ T cells.
A. On day 6 of culture, live cells were collected with lymphocyte separation media, labeled with CFSE,
and restimulated in vitro for 3 days with WT or CD48-/- TCRa-/- splenocytes plus MOG peptide (0, 10 or
100pg/mL). CFSE dilution was assessed by flow cytometry and division index was calculated with
Flow]Jo. B-H. TH1-polarized cells were restimulated on anti-CD3/anti-CD28-coated plates for 24hrs, then
transferred to WT and CD48-/- recipients. B. Mean clinical scores, + SEM. C. Day of onset of EAE. D.
Clinical scores at experiment endpoint. E. Number of 2D2 CD4+ T cells in the CNS. F-G, CNS and spleen
lymphocytes were restimulated with PMA and ionomycin in the presence of GolgiStop, then stained and
fixed for detection of intracellular cytokines in 2D2 CD4+ T cells. F. %IFNy+. G. %GM-CSF+. H. Number
of host CD4+ T cells in CNS. I. Proportion of host CD4+ T cells expressing each indicated cytokine after
restimulation with PMA and ionomycin in the presence of GolgiStop. J. Proportion of Foxp3+ host CD4+ T
cells in CNS and spleen. K. Proportion of 2D2 CD4+ T cells among total CD4+ T cells in the spleen.
Representative experiment with n=4-5 mice per group, representative of 3 independent experiments
with 4-5 mice per group. Lines on dot plots represent mean (C, E, H, K) or median (D). Bars represent
mean, error bars represent SEM. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001. Statistical significance
calculated using Mann Whitney test (B, D) or Student’s t test (C, E-K).
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increased in CD48-/- recipients (Figure 4.6H). There was no significant difference in the proportion of host

CD4+ T cells in the spleen or CNS that were Foxp3+ (Figure 4.6I).

Although we did not obtain absolute cell counts in the spleen, CD48-/- mice had an increased proportion of 2D2
cells in the spleen compared to WT mice (Figure 4.6J). Collectively, these data suggest that CD48-/- mice may
have a reduced ability to support the activation or pathogenicity of previously activated WT CD4+ Teff,

although we did not examine these directly.

CD48-/- CD4+ T cells are readily detectable in the CNS and lymphoid organs during EAE in mice with
mixed WT and CD48-/- CD4+ T cells

We next investigated whether the attenuated EAE in CD48-/- mice was due to a defect in CD48-/- CD4+ T
cells. To test this hypothesis, we isolated CD4+ T cells from congenic Thyl.1 WT and Thy1.1/1.2 CD48-/-
2D2 TCR Tg mice, mixed them at a ~1:1 ratio, and adoptively transferred these into Rag-/- recipients. After
allowing two weeks for homeostatic proliferation, mice were immunized with MOG/CFA to induce EAE and
monitored for disease (Figure 4.7A). Near the peak of disease, lymphocytes from the CNS, spleen and blood
were collected for analysis (lymph nodes in Rag-/- recipients had very few cells). As shown in Figure 4.7B, we
found that WT CD4+ T cells. were more abundant than CD48-/- CD4+ T cells in all compartments examined
(~70% WT, 30% CD48-/-), but there was no significant difference in the %WT of total CD4+ T cells in the
CNS compared to the blood or spleen. There was no significant difference in activation between WT and
CDA48-/- CD4+ T cells, as measured by Ki67 expression (Figure 4.7C), expression of the CNS-homing
molecule VLA-4 (Figure 4.7D), or production of the effector cytokines IFNy or GM-CSF after restimulation
with PMA and ionomycin (Figure 4.7E-F). We concluded that in a WT host, CD48-/- CD4+ T cells are
capable of contributing to EAE, and do not display a defect in proliferation, cytokine production or expression

of CNS-homing molecules by our measurements.

As an alternative approach to compare WT and CD48-/- CD4+ T cells in the same host, we generated mixed

bone marrow chimeras using congenically marked WT and CD48-/- bone marrow transplanted into lethally

irradiated WT recipients. After waiting two months for reconstitution of the immune system, we immunized
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Figure 4.7. CD48-/- T cells are readily detectable in the CNS and lymphoid organs during EAE in Rag-/-
mice reconstituted with a mix of WT and CD48-/- 2D2 CD4+ T cells. CD4+ T cells were isolated from
Thy1.1 congenic 2D2 TCR Tg mice and Thy1.1/1.2 CD48-/- 2D2 TCR Tg mice, mixed at at 1:1 ratio and
transferred into Rag-/- recipients. Two weeks later, mice were immunized s.c. with 50 x g MOG[35-55]
emulsified in 100 u 1 of MTDb fortified CFA (400 1z g MTb) to induce EAE. 100ng of pertussis toxin was given
i.p. on dO only. Mice were monitored daily for clinical disease. A.Mean clinical scores, + SEM. N=4 mice.
B. Proportion of WT and CD48-/- cells among CD4+ T cells in the CNS, spleen and blood. C. Proportion of
Ki67+ cells among WT CD4+ or CD48-/- CD4+ T cells, in the CNS and spleen. D. Proportion of VLA-4+
cells among WT CD4+ or CD48-/- CD4+ T cells in the CNS, spleen and blood ex vivo. E-F Lymphocytes from
CNS, spleen and blood were restimulated in vitro with PMA and ionomycin in the presence of GolgiStop for
4hrs at 37C, then stained and fixed for detection of intracellular IFNy (E) or GM-CSF (F) by flow cytometry.
N=4 mice, representative of 3 independent experiments with 3-4 mice per experiment. Bars represent means,
error bars represent SEM. Statistical significance calculated using ANOVA (B) or paired t tests (C-F).
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mice with MOG/CFA to induce EAE (Figure 4.8A) and then compared WT and CD48-/- CD4+ T cells in
various compartments at the peak of disease. As shown in Figure 4.8, CD48-/- cells were more highly
represented that WT among donor CD4+ T cells, and this was similar in all organs examined (Figure 4.8B-C).
We looked for differences in pathogenic and regulatory cells by examining the proportion of IFNy+, IL-17A+
and Foxp3+ CD4+ T cells in the CNS and spleen. There were no significant differences in the percentage of
IFNvy+ or IL-17A+ CD4+ T cells in the CNS or spleen (Figure 4.8D-E). We did not observe any significant
differences in the percentage of Foxp3+ CD4+ T cells in the CNS, but a lower percentage of CD48-/- CD4+ T
cells in the spleen were Foxp3+, compared to the %Foxp3+ of WTCD4+ T cells (Figure 4.8F-G). Collectively,
these data indicate that CD48-/- CD4+ T cells are capable of contributing to EAE in a WT host, and are not

underrepresented among CD4+ T cells in the CNS compared to other lymphoid organs.
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Figure 4.8. CD48-/- CD4+ T cells are readily detectable in the CNS and lymphoid organs during EAE in
mixed bone marrow chimeras. Bone marrow was isolated from Thy1.1/1.2 congenic WT mice and Thy1.1
congenic CD48-/- mice, mixed at a 1:1 ratio and adoptively transferred into Thy1.2 congenic, lethally irradiated
WT recipients. Two months later, mice were immunized s.c. with 50ug MOG[35-55] emulsified in 100l of
MThb fortified CFA (400ug MTb) to induce EAE, and given 100ng of pertussis toxin i.p on dO0 and d2. Mice
were monitored daily for clinical disease. A.Mean clinical scores, + SEM. N=3 mice. B. Number of WT and
CD48-/- CD4+ T cells in the CNS of each mouse in A. Mean 13.81x10° WT, 28.9x10* CD48-/-. C. Proportion
of WT and CD48-/- cells among CD4+ T cells in the spleen, iLN and CNS. D-E. CNS and spleen were
restimulated in vitro with PMA and ionomycin in the presence of GolgiStop for 4hrs at 37C, then stained and
fixed for detection of intracellular cytokines by flow cytometry. Proportion of cytokine+ cells among WT
CDA4+ or CD48-/- CD4+ T cells are shown for CNS (D), Spleen, (E). F-G. Percentage of WT and CD48-/-
cells in the CNS (F) and spleen (G) that stain for intracellular Foxp3. Data are mean +SEM. Representative of
two independent experiments with 3 mice each. Statistical significance calculated using paired t tests. *p<0.05
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DISCUSSION

The goal of these studies was to investigate the role of CD48 in regulating T cell-mediated autoimmunity, by
investigating how CD48 deficiency affects the pathogenesis of EAE. These studies were motivated by a
number of independent factors. First, our studies of the CD48-/- [B6.129] and CD48-/- [B6] strains suggested a
role for CD48 in lymphocyte development, homeostasis and activation, but did not demonstrate a role for CD48
in development of spontaneous humoral autoimmunity. We were interested in evaluating the role of CD48 in
other autoimmune contexts, besides lupus. Second, the initial characterizations of the CD48-/- [B6.129] and
CD48-/- [Balb/c.129] strains suggested a role for CD48 in T cell activation and proliferation in vitro, from both
the T cell and APC sides (Gonzalez-Cabrero et al. 1999; Abadia-Molina et al. 2006; Keszei et al. 2011). In
vitro studies with anti-CD48 antibodies also supported a role for CD48 in T:APC interactions, as did studies of
human cell lines (Kato et al. 1992; Milstein et al. 2008; Muhammad et al. 2009). Third, a homologue of CD48
that exists in humans but not in mice, CD58, was found to be linked to susceptibility to multiple sclerosis, and
initial functional studies suggested a role for CD58 on Tregs during autoimmune disease (De Jager et al. 2009).
Fourth, costimulatory and adhesion molecules have been extensively studied in EAE, for their varied roles in
priming, differentiation, and trafficking of effector cells. However, no prior studies have examined the role of
CD48 in EAE, despite its demonstrated role in T cell adhesion and activation. Thus, we were interested in
investigating the role of CD48 in EAE, particularly with regard to its contribution to T cell activation and its

roles on the T cell and the APC.

To this end, we used the CD48-/- [B6] strain, combined with EAE adoptive transfer models, to evaluate the role
of CD48 in development of an induced, CD4+ T cell-mediated autoimmune disease. We approached this in
three ways: 1) by examining cytokine production and T cell activation at various time points after
immunization of WT and CD48-/- mice with MOG[35-55] emulsified in CFA, both prior to and during clinical
disease; 2) by evaluating the contribution of CD48 in the host using adoptive transfer of WT CD4+ T cells into
CDA48-/- recipients; and 3) by examining the contribution of CD48 on CD4+ T cells during EAE in mice with a

mix of WT and CD48-/- CD4+ T cells.
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We found that CD48-/- [B6] mice had attenuated EAE, particularly during the resolution phase of disease,
which was modest but statistically significant. At the peak of disease, fewer CD4+ T cells in the CNS of CD48-
/- mice produced GM-CSF than did CD4+ T cells in WT mice. Although we did not observe striking
differences in T cell priming or cytokine production at early time points after immunization (pre-clinical or near
disease onset), we did find that CD48-/- mice were dramatically protected in an adoptive transfer model of EAE
using WT Thl-primed 2D2 CD4+ Teff, when compared to WT recipients. In contrast, CD48-/- CD4+ T cells
behaved very much like WT CD4+ T cells during EAE, when the two populations were mixed in vivo in WT
hosts. Our results suggest that CD48 may play a role in T cell activation and pathogenicity during EAE,
particularly during the effector phase of disease, which is likely mediated by CD48 expression on APCs, B

cells, CD8+ T cells or Tregs.

In our first approach, we examined how CD48 deficiency affected susceptibility to and severity of EAE, by
comparing the course of EAE in WT and CD48-/- mice immunized with MOG/CFA. Preliminary experiments
in CD48-/- [B6.129] mice indicated that CD48 deficiency might result in protection in EAE, particularly during
the resolution phase of disease. In CD48-/- [B6.129] mice reconstituted with a CD48-containing BAC
transgene, this protection was lost, supporting a role for CD48 in mediating the severity of EAE. When we
replicated these experiments in CD48-/- [B6] mice, disease severity was again slightly attenuated, but this did
not always reach statistical significance. In some experiments the day of onset and peak disease were identical,
while in other experiments we observed a slight delay or reduced peak disease score in CD48-/- [B6] mice.
However, we never observed CD48-/- [B6] mice to develop a more severe disease than WT mice; these

observations suggest that there is a modest but significant protection from EAE in CD48-/- mice.

This protection from EAE would not have been predicted by the increased B and T cell activation seen in naive
CD48-/- mice, but it is consistent with the reduced T cell proliferation observed with CD48-/- [B6.129] and
CDA48-/- [Balb/c.129] T cells and APCs (Gonzalez-Cabrero et al. 1999; Keszei et al. 2011). We first looked for
a cellular mechanism for this protection, by examining lymphocytes in the CNS and periphery of mice at the
peak of disease. The only significant differences we consistently observed were increased numbers of CD4+ T

cells in the iLN, and decreased numbers of GM-CSF+ CD4+ T cells in the CNS of CD48-/- mice. Increased
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numbers of iLN CD4+ T cells were present before the peak of disease, as well, suggesting that progression of
CD4+ T cells from the iLN to the CNS might be delayed in CD48-/- mice. We also saw a decrease in the
%GM-CSF+ of CD4+ T cells in the iLN at day 12, suggesting that development of pathogenic CD4+ T cells
might be reduced or delayed in the periphery, even prior to entry in the CNS. At an even earlier time point, on
day 7 after immunization, we saw an increase in spleen cellularity but a decrease in the %GM-CSF+ CD4+ T
cells in the spleen, while the iLN had no difference in the number of CD4+ T cells but a decrease in the %IFNy
and %IL-17A+ CD4+ T cells. The percentage of cytokine-producing CD4+ T cells in the periphery was quite
low at day 7, making it difficult to ascertain whether a statistically significant, 50% reduction in cytokine-
producing cells from 3% to 1.5% is biologically relevant. When we restimulated cells with MOG[35-55] and
measured secreted cytokines, we did not observe any significant differences between WT and CD48-/- mice at

any time point. However, GM-CSF was not included in the analysis of secreted cytokines.

Collectively, our data suggest that decreased severity of EAE in CD48-/- mice is due to a delay in entry of
CD4+ Teff into the CNS, and/or reduced pathogenicity and recruitment due to decreased GM-CSF production.
GM-CSF is a critical effector cytokine in EAE, allowing CD4+ Teff to activate monocytes in the CNS, which
then secrete IL-23 to stabilize Th17 cells, thus creating a positive feedback loop that promotes
neuroinflammation (El-Behi et al. 2011). Antibody blockade of GM-CSF in vivo during EAE attenuates
disease (El-Behi et al. 2011), so it is possible that the reduction in GM-CSF+CD4+ T cells in the CNS of CD48-

/- mice is sufficient to result in attenuated disease.

Additional studies are needed to identify a molecular mechanism for the reduced GM-CSF production in CD48-
/- mice. It was recently shown that IL-7 activated STATS can promote GM-CSF production, and further
promotes a Th differentiation state distinct from Thl and Th17 (Sheng et al. 2014). It is possible that CD48-/-
CD4+ T cells are intrinsically resistant to this differentiation state, for example due to altered expression of
cytokine receptors like IL-7R or IL-23R. Alternatively, extrinsic factors might influence CD4+ T cell
differentiation, such as cytokines production by APC populations. Additional cellular and molecular
characterization of both CD48-/- T cells and APCs will be required to explain the attenuated GM-CSF

production and EAE severity.
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While we focused our attention on the early phases of disease in the CD48-/- [B6] strain, additional studies are
needed to examine later time points during the resolution phase. During the resolution phase of EAE, there is

an increase in the ratio of Treg:Teff in the CNS (McGeachy, Stephens, and Anderton 2005). Although we did
not see differences in the proportion of Tregs or Teff at early time points, it is possible that these differ at later
phases of disease. Also, it is possible that reduced GM-CSF may limit the extent of inflammation and promote

earlier recovery from disease.

In our second approach to study CD48 in EAE, we examined the role of CD48 on cells other than CD4+ Teff,
such as APCs. To accomplish this, we used an adoptive transfer system such that CD48 was expressed only on
CD4+ T cells. When WT 2D2 CD4+ T cells (unstimulated) were transferred to Rag-/- and CD48-/-Rag-/- mice,
and immunized with MOG/CFA to induce EAE, we saw no difference in incidence or severity of disease in
CDA48 deficient recipients. This was surprising, since WT T cells have been shown to proliferate less in
response to CD48-/- APCs, compared to WT APCs, in vitro. Although these data suggest that CD48 expression
on host cells, such as APCs, is not critical for EAE, there are limitations to this interpretation. First of all,
disease in this model is accelerated and severe, making it difficult to resolve slight differences in time of onset
or rate of progression. It is possible that with an attenuated protocol or a different model, a difference in
severity may become apparent in mice lacking CD48-/- on host cells. Second, cell types other than APCs in
Rag-/- mice, such as NK cells, may counter any effect of reduced costimulation by CD48-/- APCs, resulting in
the apparent lack of difference in EAE severity. NK cells have been shown to influence EAE both in the
priming phase and in the effector phase, and have been reported to have both protective and pathogenic roles
(Zhang et al. 1997; Shi et al. 2000; Martin-Fontecha et al. 2004; Laouar et al. 2005; Huang et al. 2006; Winkler-
Pickett et al. 2008; Hao et al. 2010; Dungan et al. 2014). Although the precise roles of NK cells in EAE are still
controversial, it is possible that CD48-/- NK cells are less effective at limiting CNS inflammation mediated by
WT T cells, compared to the ability of WT NK cells to limit activation of WT T cells. One way to eliminate
any contribution from NK cells is to generate NK cell deficient CD48-/- mice, for example by crossing CD48-/-
with I12ryc-/- Rag-/- mice. We could then assess EAE induced by WT T cells in I12ryc-/- Rag-/- and CD48-/-

I12ryc-/- Rag-/- mice. Another way would be to generate conditional CD48-/- mice, in order to specifically
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examine the role of CD48 on APCs, versus other cell types. Thus, while our data suggest that CD48 on APCs

might not be critical for EAE mediated by WT T cells, it is not yet clear whether this is the case.

As an alternative approach to examine the role of CD48 on non-CD4+ Teff, we used a model of adoptive
transfer of primed WT Teff. This model uses in vitro polarized Th1 Teff, and thus allows analysis of the role of
CD48 on host cells during the effector phase of disease, only. In striking contrast to our results with CD48-/-
Rag-/- mice, we found that CD48-/- mice had significantly attenuated disease induced by WT 2D2 TH1 Teff,
compared to that in WT recipients. Although this observation is more consistent with the described
costimulatory role for CD48 on APCs, as well as our own comparison of WT versus CD48-/- APCs in
stimulating WT Teff, this did not match our observations in the Rag-/- model. We considered that this could be
due to altered recruitment of WT versus CD48-/- host CD4+ T cells to the periphery. However, there was no
difference in the number of host CD4+ T cells in the CNS in WT and CD48-/- recipients, nor did CD48-/- mice
have reduced cytokine production or increased proportions of Tregs. This suggested to us three alternative
possibilities: 1) that EAE in the Rag-/- model was too rapid to distinguish the contribution from CD48 on T cell
costimulation; 2) that CD48 had a unique role in the effector phase of disease mediated by Th1 Teff; or 3) that
the difference in EAE severity in the Th1 adoptive transfer model was due to CD48 expression on a host cell
type not present in Rag-/- mice, such as B cells, CD8+ T cells, or Foxp3+ Tregs. Additional studies are
required to distinguish among these possibilities. Although we did not observe any difference in the proportion
of Foxp3+ Tregs in the Th1 adoptive transfers, it remains possible that CD48-/- Tregs have altered function
compared to WT Tregs. This could be evaluated using in vitro and in vivo suppression assays, as well as
adoptive transfers of WT or CD48-/- Foxp3+ Tregs to mice with EAE (Kohm et al. 2002). B cells and CD8+ T
cells are also candidates to explain the difference in these two models, and could be examined by co-
transferring WT or CD48-/- B cells or CD8+ T cells along with CD4+ T cells into Rag-/- and CD48-/- Rag-/-
mice. To examine the role of CD48 during the effector phase of disease, in the absence of B cells and CD8+ T
cells, the 2D2 TH1 adoptive transfer model could be used with Rag-/- and CD48-/- Rag-/- recipients.
Collectively, these experiments could help to characterize the role of CD48 on various cell types, in the

development, severity, and resolution of EAE.
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For our third approach, we focused on the role of CD48 on CD4+ T cells during EAE, by comparing WT and
CD48-/- CD4+ T cells during EAE in CD48+ hosts. First, we transferred a ~1:1 mix of WT and CD48-/- 2D2
CD4+ T cells into Rag-/- recipients, waited for homeostatic proliferation, and then immunized for EAE with
MOG/CFA. By mixing WT and CD48-/- CD4+ T cells in the same host, we limited experimental variability
(since these T cells were in the same host responding to the same stimuli), and performed pairwise comparisons
between WT and CD48-/- CD4+ T cells. We consistently found that WT CD4+ T cells were more highly
represented in all organs examined. Although this could be due to lack of precision in preparing the 1:1 mix
used for cell transfers, our results suggest that WT T cells might have an advantage in homeostatic proliferation,
or might proliferate more in response to MOG/CFA immunization. Although additional studies are needed to
discriminate amongst these possibilities, we did notice a difference in the percentage of naive cells in the
starting populations which could explain the skewed ratio: CD48-/- CD4+ T cells had an increased percentage
of CD44+CD62L- and decreased percentage of CD44- CD62L+ CD4+ T cells. These differences in the starting
population could influence their ability to expand in vivo. Future studies could use purified naive CD4+ T cells
to determine whether CD48-/- T cells have a disadvantage in homeostatic proliferation. We did not choose this
approach for our EAE model, because naive CD4+ T cells transferred to lymphopenic mice can induce colitis
(Powrie et al. 1993). Alternatively, the ratio of WT:CD48-/- CD4+ T cells in the blood could be measured prior
to immunization, to establish the starting ratio. Importantly, the ratio of WT:CD48-/- CD4+ T cells was the
same in the CNS as in the periphery, suggesting that CD48-/- CD4+ T cells were not at a disadvantage for
reaching the CNS. We saw no differences in cytokine production between WT and CD48-/- T cells, further
suggesting that both types were similarly pathogenic. These data suggest that CD48-/- CD4+ T cells expand
less than WT cells when mixed in vivo, but do not have a defect in reaching the CNS or producing

inflammatory cytokines.

A defect in T cell expansion is consistent with in vitro studies using T cells from the CD48-/- [B6.129] strain:
CDA48-/- CD4+ T cells had reduced proliferation in vitro when stimulated with anti-CD3, and CD48-/- total T
cells had reduced proliferation in an allo-mixed lymphocyte reaction with Balb/c stimulators (Gonzalez-Cabrero
et al. 1999). However, CD4+ T cells from CD48-/- [Balb/c.129] mice were not found to have a defect in

proliferation in a recall response in vitro after priming in vivo. Keszei et al. transferred CD48-/- DO11.10
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CD4+ T cells into CD48-/- mice, immunized recipients with OVA/CFA, and three days later restimulated
lymph node cells ex vivo with OVA. In this case, CD48-/- DO11.10 cells did not have a defect in proliferation
or secretion of IL-2 or IFNY in vitro (Keszei et al. 2011). Preliminary work in our lab also shows that CD4+ T
cells from CD48-/- [B6] mice do not have a defect in response to antigen restimulation after in vivo priming
(Dr. Dan Brown, unpublished data). Additional studies are needed to determine how CD48-/- CD4+ T cell
proliferation in vivo correlates with proliferation in vitro, and whether this is affected by CD48 expression on

APCs or CD4+ T cells.

To further study CD48-/- CD4+ T cells in EAE, we generated mixed bone marrow chimeras in WT recipients.
In contrast to the Rag-/- model above, donor CD48-/- CD4+ T cells were more abundant than donor WT CD4+
T cells in mixed bone marrow chimeras during EAE, and this was true in all organs examined. The group size
in these experiments was small (only 3 mice each in two independent experiments) so it is difficult to draw firm
conclusions. However, we did not observe a significant defect in the ability of CD48-/- CD4+ T cells to
contribute to EAE: CD48-/- CD4+ T cells were equally represented in the CNS as in the spleen, and there was
no significant decrease in the percentage of CD48-/- CD4+ T cells in the CNS or spleen that produced IL-17A
or IFNY after restimulation with PMA and ionomycin. Combined with our experiments in the Rag-/- model,

these data suggest that CD48-/- CD4+ T cells do not have a significant defect in contributing to EAE.

In addition to comparing WT and CD48-/- CD4+ T cells side by side, the mixed bone marrow chimera also
provided a CD48-replete environment in which both CD48+ and CD48-/- hematopoietic cells could develop.
Thus, potential developmental differences in CD48-/- CD4+ T cells, due to extrinsic factors, would be
eliminated or reduced in the mixed chimera setting. For example, CD48-/- cells have increased CD2
expression, compared to WT cells. However, WT and CD48-/- CD4+ T cells that developed in the mixed bone

marrow chimera had identical CD2 surface expression.

Based on the decreased proliferation of CD48-/- cells in vitro (Gonzalez-Cabrero et al. 1999), we might have

predicted a more dramatic phenotype of reduced EAE severity in CD48-/- mice. On the other hand, increased T

cell activation in CD48-/- mice might have predicted a more severe EAE course when EAE was induced in
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CDA48 deficient mice. Our result suggests that either CD48 is not critical for activation of naive MOG-reactive
T cells in EAE, or that other mechanisms for cell adhesion and costimulation can compensate in CD48 deficient
mice. In addition, we did not demonstrate a key role for CD48 on either CD4+ Teff or APCs, suggesting that
reduced disease severity might be due to B cells, CD8+ T cells, or Tregs. Further studies are required to
identify the key population in CD48-/- mice that influence susceptibility to EAE, likely involving both

conditional knockout mice and functional assays.

Our studies did reveal several interesting findings about the CD48-/- [B6] strain, particularly when examined in
the context of other published studies. Notably, CD48-/- CD4+ T cells are capable of inducing EAE in a CD48-
/- host. This is in contrast to observations using the CD45RB" model of colitis, in which CD48 expression on
either the T cell or host macrophages was sufficient for development of colitis, but lacking CD48 on both CD4+
T cells and on host macrophages prevented development of colitis (Abadia-Molina et al. 2006). In the colitis
model, this was due to reduced efficiency of antigen uptake and processing by CD48-/- peritoneal macrophages,
as well as reduced costimulatory function: stimulation of CD4+ T cell proliferation with whole OVA was
reduced by 10-fold in CD48-/- peritoneal macrophages, while proliferation in response to OVA peptide was
reduced by 2-fold (Abadia-Molina et al. 2006). Our EAE model did not examine antigen processing explicitly,
since we immunized with the MOG[35-55] peptide. However, EAE requires de novo antigen presentation in
the CNS (Tompkins et al. 2002), suggesting that progression of EAE might be limited in CD48-/- mice due to
reduced antigen processing in the CNS. This could be examined directly in future experiments, using WT and
CD48-/- CNS-derived APCs to stimulate T cells ex vivo. However, it is also possible that the function of CD48
on macrophages is distinct from that on dendritic cells and microglia in the CNS during EAE, and thus the
phenotype of colitis with CD48-/- cells differs from that of EAE in CD48-/- mice. This highlights the benefit of
examining multiple disease models during the characterization of immune receptor functions, as they may have

different roles on different cell types, or under different conditions.

Our results also highlighted potential roles for CD48 in EAE, on cell types other than CD4+ T cells and APCs.

The fact that EAE was not attenuated in Rag-/- mice reconstituted with CD48-/- 2D2 CD4+ T cells initially

suggested to us that CD48 expression on the CD4+ T cell was the critical factor for EAE: while CD48-/- mice
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have attenuated EAE compared to WT mice, EAE is not attenuated in CD48-/- Rag-/- mice when induced with
WT T cells. However, the fact that EAE was attenuated in CD48-/- recipients of Thl-polarized 2D2 CD4+ T
cells suggests that a non-CD4+ T cell mechanism is involved. It is possible that CD48 on host cells may be
particularly important to sustain Th1 responses, or that CD48 is more critical during the effector phase of EAE,
or that a cell type not present in Rag-/- mice could attenuate EAE in CD48-/- mice. Both CD8+ T cells and
Tregs are attractive candidates to consider. CD8+ T cells can limit EAE severity (Lu et al. 2008; Beeston et al.
2010; Ortega et al. 2013), and have been shown to be critical for resistance to re-induction of EAE in the
B10PL strain (Jiang, Zhang, and Pernis 1992). We did not rigorously examine CD8+ T cells in our EAE
studies, nor did we examine CD8+ T cell function. It is possible that CD48-/- CD8+ T cells are better than WT
CD8+ T cells at limiting EAE severity; this would be consistent with our findings EAE is attenuated in CD48-/-
mice, in CD48-/- recipients of WT TH1 Teff, but not in CD48-/- Rag-/- mice reconstituted with 2D2 CD4+ T
cells. Alternatively, CD4+ Foxp3+ Tregs might also be involved in attenuating EAE in CD48-/- mice. The
initial observation of attenuated EAE in CD48-/- [B6.129] mice suggested a more pronounced effect during the
resolution phase of EAE, rather than during the induction phase. CNS inflammation leads to Foxp3+ Tregs
entry and expansion in the CNS, which contributes to resolution of disease (McGeachy, Stephens, and Anderton
2005; O'Connor, Malpass, and Anderton 2007). Thus increased function of CD48-/- Foxp3+ Tregs could

explain our observations, as well.

In summary, the goal of these studies was to characterize the role of CD48 in EAE, with particular focus on its
role on CD4+ Teff and APCs, by examining CNS infiltration and cytokine production in WT and CD48-/-
mice. We found that CD48-/- mice have attenuated EAE, with a trend towards reduced infiltration of the CNS
by CD4+ T cells, significantly increased numbers of CD4+ T cells in the periphery, and significantly reduced
GM-CSF production by Teff in the CNS at the peak of disease and in the periphery prior to disease onset.
Using adoptive transfers, we compared the effects of CD48 deficiency on CD4+ T cells and on host cells.
These transfers suggested that CD48 expression on CD4+ Teff did not contribute significantly to severity of
EAE, but that CD48 expression on other cell types was likely involved in modulating severity of disease.
Future studies would benefit from examination of the resolution phase of disease, as we did not find striking

differences during the priming phase of EAE and did not undertake cellular analysis beyond the peak of disease.
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In addition, closer examination of other cell types such as CD8+ T cells and Tregs in the CNS is highly
warranted, as we found only a few differences in CD4+ T cells at the peak of disease. Lastly, the finding of
reduced GM-CSF production in CD48-/- CD4+ T cells is quite tantalizing, and functional studies examining Th
polarization and cytokine production in CD48-/- mice may help determine whether this is a likely cause or

result of attenuated EAE in CD48-/- mice.
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Chapter 5: Mechanisms of action of an anti-CD48 monoclonal antibody in attenuation

of experimental autoimmune encephalomyelitis

ABSTRACT

CDA48 is an adhesion and costimulation molecule expressed constitutively on most hematopoietic cells. We
examined CD48 expression during EAE, and found that a population of CD4+ T cells upregulated surface
CDA48 expression during EAE. These CD48++ cells were predominantly CD44+ and Ki67+, and were most
prominent in the CNS. Administration of anti-CD48 mAb after induction of EAE, but before disease onset,
could block or significantly attenuate clinical disease and accumulation of lymphocytes in the CNS. This
treatment was similarly protective after adoptive transfer of encephalitogenic CD4+ T cells, and moderately
protective in mice with ongoing clinical disease. At pre-clinical time points, anti-CD48 administration reduced
the number of cytokine-producing CD4+ Teff in the spleen, but did not alter the proportion of Foxp3+ Tregs.
The mechanism of action was dependent on FcyRs, as anti-CD48 could not limit disease in Fcerlvy-/- mice or in
WT mice receiving anti-CD16/CD32 mAb. Similarly, anti-CD48 had no effect on the number of cytokine-
producing CD4+ Teff in anti-CD16/CD32 mAb treated WT mice. Closer analysis of cytokine-producing IL-
17+ and GM-CSF+ CD4+ Teff during EAE revealed that these pathogenic cells are a subset of the CD48++
population. Our data suggest that this anti-CD48 antibody can both limit CD4+ T cell proliferation and
preferentially deplete pathogenic CD4+ T cells during EAE, thereby preventing or attenuating disease. This
highlights the potential of CD48, and its human homologue CD58 (LFA-3), to be used as markers of T cell

activation during study and treatment of autoimmunity in human patients.

RESULTS

CD48 expression increases on CD4+ T cell subsets during EAE

We examined CD48 surface expression on CD4+ T cells from mice at the peak of EAE disease, using flow
cytometry, and compared this to CD48 expression on CD4+ T cells from naive mice. As shown in a
representative experiment in Figure 5.1A, ~4% of CD4+ T cells in the spleen of a naive mouse had

exceptionally high CD48 expression (CD48++), but this increased to ~13% in mice at the peak of EAE. In the
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Figure 5.1 CD48 expression increases on activated CD4+ T cells during EAE. WT mice were immunized
s.c. with 50pg of MOG[35-55] emulsified in CFA, and given 100ng of pertussis toxin i.p. on days 0 and 2.
Spleen and CNS were collected from naive and immunized mice at the peak of disease, for analysis by flow
cytometry. A.Far left, CD48 staining on CD4+CD3+ T cells from the spleen and CNS of representative naive
and EAE mice. Quantitation of the percentage (center) and absolute number (far right) of CD48++ CD4+CD3+
T cells in the iLN, spleen and CNS. B. CD48 co-staining with activation markers Ki67, ICOS, VLA-4, CD44
or CD62L on CD4+CD3+ T cells from the spleen. C. CD48 surface staining on dendritic cells
(CD11c+IAIE+), macrophages (CD11b+IAIE+), B cells (CD19+), CD8 T cells (CD8+), NK cells
(NK1.1+DX5+) from the spleen. D. Representative CD48 staining on CD3+CD4+Foxp+ Tregs (teal) and
CD3+CD4+Foxp3- Tconv (black) from the spleen. E. Representative staining of CD3+CD4+ cells from the
spleen, showing Foxp3 and CD48 co-staining. Data are representative of 3 independent experiments with 4-6
mice per group. One naive control was used in A.
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CNS of mice at the peak of EAE, ~60% of CD4+ T cells were CD48++. This contrasted with approximately
10% of CD4+ T cells recovered from the CNS of naive mice, although it should be noted that very few
lymphocytes are found the CNS of naive mice. Although the percentage of CD48++ cells was highest in the
CNS, compared to the iLN and spleen at the peak of EAE (Figure 5.1A, center), the absolute number of
CD48++ CD4+ T cells was greater in the iLN and spleen than in the CNS (Figure 5.1A, right). Thus, the
number of CD48++ CD4+ T cells increased dramatically in all organs during EAE, but the percentage of
CD48++ cells among CD4+ T cells was highest in the CNS. This suggested that high CD48 surface expression

might correlate with CD4+ T cell activation.

When we co-stained with other markers to assess cell activation, such as Ki67, ICOS, VLA4, CD44 and CD62L,
we saw that CD48++ CD4+ T cells were predominantly Ki67+, ICOS+, and CD44+, and tended to be VLA-4+
and CD62L- (Figure 5.1B). To determine whether this CD48++ population was unique to CD4+ T cells, or a
general feature of immune cells during EAE, we examined CD48 surface expression on other lymphocytes and
monocytes in the spleen of mice near the peak of EAE, and compared this with CD48 expression in naive mice.
CD48 MFI increased on CD11c+MHCII+ DCs after immunization, and decreased on CD11b+MCHII+
macrophages (Figure 5.1C). We did not detect a change in CD48 MFI nor %CD48++ cells among CD19+ B
cells, CD8+ T cells, or NK1.1+DX5+ NK cells in the spleen, after immunization with MOG (Figure 5.1C and

data not shown).

We also examined CD48 expression on Foxp3+ versus Foxp3- CD4+ T cells. In naive animals, Foxp3+ T cells
had slightly higher CD48 MFI than Foxp3- CD4+ T cells. In mice with EAE, the CD48 MFI increased on both
Foxp3+ T cells as well as Foxp3- T cells (Figure 5.1D). The increase in CD48 expression was also visible
when examined as the percentage of Foxp3+ or Foxp3- cells that were CD48++ (Figure 5.1E). This suggested
that an increase in CD48 expression might be unique to subsets of CD4+ T cells and some APC populations,

during EAE.

CD48 expression increases on antigen-specific 2D2 CD4+ T cells after activation
We hypothesized that increased CD48 expression might be a feature of antigen-activated Teff. To address this,

we examined CD48 expression on cells that we knew to be antigen-specific: MOG-specific 2D2 TCR Tg
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CD4+ T cells. We transferred purified CD4+ T cells from Thy1.1 congenic 2D2 mice into WT Thy1.2
recipients, and immunized recipients with MOG/CFA or left them unimmunized. Eight days later, we assessed
expression of CD48 and other markers by flow cytometry on both 2D2 and host CD4+ T cells. In unimmunized
mice, CD48 expression on naive (CD44-CD62L+) 2D2 CD4+ T cells was similar to that on host naive CD4+ T
cells (Figure 5.2A, left). In immunized mice, CD48++ cells were more prominent among 2D2 CD4+ T cells
than among host CD4+ T cells. 2D2 CD4+ T cells also had increased percentages of CD44+ and Ki67+ cells,
compared to host CD4+ T cells, again suggesting that high CD48 surface expression might be a feature of

activated cells (Figure 5.2A, right).

Because the above model of MOG immunization does not guarantee that all 2D2 CD4+ T cells will encounter
antigen and become activated, we wanted a way to examine CD48 on CD4+ T cells that we knew to be
activated T effectors (Teff). To do this, we used CD4+ T cells from 2D2 mice to generate TH1-polarized Teff
in vitro, and transferred these into WT recipients. Five days later, we examined expression of CD48 and other
activation markers on both 2D2 TH1 and host CD4+ T cells, using flow cytometry. Staining from a
representative experiment is shown in Figure 5.2B. Nearly all 2D2 cells were CD48++ and CD44+, and were
predominantly Ki67+ (approximately 88%, 100% and 74% respectively). In contrast, among host CD4+ T cells
only 13% were CD48++, 28% CD44+ and 22% Ki67+ (Figure 5.2B). We concluded that CD48 surface

expression increases on activated CD4+ T cells after immunization or in vitro polarization and stimulation.

The anti-CD48 mAb HM48-1 causes both blocking and downmodulation of surface CD48

The expression pattern of CD48 during EAE, and its known role as an adhesion and costimulatory type
molecule, led us to investigate whether this molecule could be a valuable therapeutic target to alter the course of
EAE in WT animals. To first establish the effects of anti-CD48 in vivo in the absence of EAE, we administered
200pg of anti-CD48 i.p. to naive WT mice. The antibody was detectable on the surface of CD4+ T cells two
days after administration, using an anti-hamster IgG secondary antibody to stain cells ex vivo (Figure 5.3A,
left), and blocked competitive staining with a fluorescently-conjugated version of the same anti-CD48 clone
(HM48-1) for up to 3 days in vivo (Figure 5. 3A, center). Staining with purified anti-CD48 followed by anti-

hamster IgG FITC was less bright in anti-CD48-treated mice, suggesting that anti-CD48 administration results
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Figure 5.2 CD48 expression increases on activated antigen-specific CD4+ T cells. A. CD4+ T cells from
Thy1.1 congenic 2D2 TCR Tg (MOG-specifid) mice were purified by MACS and transferred into WT
recipients. Mice were then immunized with MOG/CFA or left unimmunized. 8 days later, host and 2D2 donor
CD4+ cells in the spleen were analyzed by flow cytometry. Left, representative CD48 staining on host (gray
shaded) and 2D2 donor (black) naive CD62L+CD44- CD4+ T cells. Right, representative staining for CD48,
CD44 and Ki67 on host CD4+ and 2D2 donor CD4+ T cells. B. CD4+ T cells from Thy1.1 congenic 2D2 TCR
Tg mice were purified and cultured in vitro under TH1-polarizing conditions for 6 days. Live cells were then
purified and restimulated on anti-CD3/anti-CD28 coated plates for 24 hours. 2D2 TH1 Teff were collected and
injected i.v. into WT recipients. 8 days later, host and donor 2D2 CD4+ T cells in the spleen were analyzed by
flow cytometry. Representative CD48, CD44 and Ki67 staining on host CD4+ (gray shaded) and adoptively
transferred TH1-polarized 2D2 CD4+ Teff (black lines) on day 5 after adoptive transfer is shown. Data
representative of 5 independent experiments with n=3-7 mice per group (A), and 5 independent experiments
with n=4-8 mice per group (B).
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Figure 5.3 The anti-CD48 mAb HM48-1 causes both blocking and downmodulation of surface CD48.
200pg of anti-CD48 mAb (clone HM48-1) or control Armenian hamster IgG was given i.p. to naive WT mice
on day 0 and day 3. On day 6, spleen, skin-draining lymph nodes, and peripheral blood were collected for
analysis by flow cytometry. A. Splenocytes were stained with CD4 and anti-Hamster IgG FITC (Left) to detect
surface-bound anti-CD48 from in vivo administration; anti-CD48 PE (Center) was used to detect CD48 not
bound by anti-CD48 from in vivo administration; or purified anti-CD48 plus anti-Hamster IgG FITC (Right)
was used to measure total surface CD48 in mice given anti-CD48 in vivo. B. Cellularity in spleen, iLN and
blood. C. Quantitation of the %B220+, %CD4+, %CD8+ and %NK1.1+ in the spleen. D. Distribution of naive,
activated and memory CD4+ T cells in the spleen, iLN and blood. E. %Foxp3+ of CD4+ T cells. F. Absolute
number of Foxp3+ CD4+ T cells. G. %Ki67+ Foxp3+ CD4+ Tregs. H. %Ki67+ of Foxp3- CD4+ Tconv. N=4
mice per group, representative of 2 independent experiments with 3-4 mice per group. Bars represent mean
+SEM *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance calculated using Student’s t
test.
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in some down-regulation of surface CD48 after antibody treatment as well as some retention of CD48-anti-
CD48 complexes on the cell surface (Figure 5.3A, right). This was true on all lymphocytes examined,

including CD4+ T cells, CD8+ T cells, and B cells (data not shown).

This antibody clone has been reported to be non-depleting, but to alter distribution of lymphocytes (Chavin et al.
1994; Blazar et al. 1998; Munitz et al. 2007). To confirm this, we tested the effects of 200ug anti-CD48 every
three days, two doses total, in naive mice. We did not observe a decrease in cellularity in the spleen, skin-
draining lymph nodes or blood (Figure 5.3B). We also examined the distribution of lymphocyte subsets in the
spleen, lymph nodes and blood. Mice treated with anti-CD48 had an increased proportion of B cells in the
spleen, decreased proportion of CD8+ T cells, and a decrease in the percentage of NK cells (Figure 5.3C).
Similar trends were observed in the iLN, and there were no differences in lymphocyte distribution in the blood

(data not shown).

Because we had observed that CD48 expression is higher on activated cells and Tregs, we also examined the
proportion of activated CD4+ T cells in anti-CD48 treated mice. There was a slight increase in the proportion
of naive CD44-CD62L+ CD4+ T cells in the blood, and decrease in CD44+ populations (Figure 5.3D). The
percentage of Foxp3+ CD4+ T cells was reduced in anti-CD48 treated mice, although the absolute number was
not significantly altered (Figure 5.3E-F). The proportion of Ki67+ Foxp3+ CD4+ T cells was significantly
reduced in all organs (Figure 5.3G), although this was not true for Ki67+ CD4+ Tconv (Figure 5.3H). This
suggested that anti-CD48 treatment in vivo resulted in slight changes to the distribution of CD4+ T cell subsets,
particularly in the blood and particularly with respect to activated Ki67+ Tregs. However, we did not observe

lymphopenia or widespread activation of lymphocytes, in agreement with published descriptions.

Anti-CD48 attenuates EAE in WT mice

Next we examined the effect of anti-CD48 during EAE, using the MOG[35-55] immunization model. Starting
on day 6 after immunization with MOG/CFA, mice received 200ug of anti-CD48 or control IgG (Armenian
hamster IgG) every 3 days for a total of 3 doses. As shown in a representative experiment in Figure 5.4A, anti-

CDA48 treatment dramatically altered the course of EAE: anti-CD48 reduced the incidence of EAE (5/5 mice
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receiving cIgG, 3/5 mice receiving anti-CD48) (Figure 5.4B), delayed the onset, and limited the severity of
disease as assessed by the peak clinical score (Figure 5.4C). Indeed, disease was completely blocked for as
long as the antibody was detectable in vivo (day 15, Figure S.4A). A summary of data pooled from 5

experiments is shown in Table 5.1.

Histological analysis of brain and spinal cord sections at day 12 (onset of disease) and day 15 (peak of disease)
after immunization revealed minimal leukocyte infiltration or lesions in anti-CD48 treated mice, compared to
control mice (Figure 5.4D-E, Table 5.2, histological scoring performed by Dr. Ray Sobel). Cellular analysis of
the CNS by flow cytometry similarly revealed reduced accumulation of lymphocytes in the CNS by day 17 after
immunization, when control mice were near the peak of disease (Figure 5.4F). The number of total CD45+
cells in the CNS was reduced, but did not reach statistical significance, while the number of CD4+ T cells in the
CNS of anti-CD48 treated mice was significantly reduced (Figure 5.4G-H). Anti-CD48 treated mice had a
reduced percentage of Foxp3+ CD4+ T cells in the CNS, but no difference in the %Foxp3+ CD4+ T cells in the
spleen (Figure 5.4I). This indicated that anti-CD48 treatment blocked EAE as assessed by clinical score,

histology, and cellular analysis.

To confirm that anti-CD48 did not have off-target effects in EAE, we administered anti-CD48 in the same way
to CD48-/- mice immunized for EAE. We did not observe any effect of anti-CD48 on the clinical course of

EAE in CD48-/- mice (Figure 5.4J).

B cells and CD8 T cells are not required for anti-CD48-mediated attenuation of EAE

Because CD48 is widely expressed on hematopoietic cells, it was possible the mechanism of anti-CD48-
mediated attenuation of EAE might involve multiple immune cell types. We wanted to identify the minimum
components required for anti-CD48 to exert its protective effects. EAE in the MOG[35-55] immunization
model is dependent on CD4+ T cells and MHCII antigen presentation. Although B cells and CD8 T cells are
not required for this model of EAE, they have but have been shown to play modulatory roles in disease (Pistoia
1997; Fillatreau et al. 2002; Magliozzi et al. 2004; Matsushita et al. 2008; Ford and Evavold 2005; Lu et al.

2008; Ortega et al. 2013). To test whether B cells and CD8+ T cells were dispensable for anti-CD48-mediated

85



A 41 -e cgG B 25 *x¥ C 5
o -0- aCD48 s 0o o
) * 2 44 o
& 1 " g 20 S
= 3 §7 %% Ze o
O o - RS}
= ° ° £
=} 2 15 °
% 14 o [ L J ©
*— o 14 e
g = .
0- 500d 104 r Od——o0—
0 5 10, 15,20 clgG aCD48 clgG aCD48
Day after immunization 9 9
D Day 12 CNS Histology E Day 15 CNS Histology ...
H clgG *% [
1901 =3 oCDas = 100
2 9 — *%
S 50 * % 50
H — =+
25 25
0 0
Brain Spinal Cord Brain Spinal Cord Brain Spinal Cord Brain Spinal Cord
--Parenchyma-- ---- Meninges --- -- Parenchyma --  ---- Meninges ---
# CD45+ # CD4+
F CNS, d17: EAE +clgG EAE +aCD48 Naive (;12000 H *%
— 931 173 498 © 100
- ‘ , ‘ = 1500 %
= 2 2
| @ S 1000 &
- c Y 50
A = £
n
5 X 500 b
T O
. e e — o <
FSC > * ) 0
| J clgG aCD48 naive  clgG aCD48 naive
404 B ClgG 41 o CD48/- +dgG
x| X [ acD48 v |3 cosss- ralDas
O 30 [ naive S
5 @
+ ©
M 204 B
g £
o )
o}
=
0d O
CNS Spleen 0 5 10 15 20

Day after immunization

Figure 5.4 Anti-CD48 antibody in vivo attenuates clinical, histological and cellular indications of EAE in
WT mice. A-I WT mice were immunized s.c. with 50ug MOG[35-55] in CFA to induce EAE, and given
100ng of pertussis toxin on days 0 and 2. 200ug of anti-CD48 or cIgG was given on days 6,9 and 12 after
immunization (black triangles). A.Mean clinical scores, +SEM. B. Day of onset. C. Peak clinical scores. D-E.
Histological analysis of CNS lesions in WT mice near the onset of EAE (D, day 12 after immunization), or near
the peak of EAE (E, day 15). CNS tissue was fixed in 4% PFA, embedded in paraffin, sectioned and mounted
on slides. Sections were stained with H&E or Luxol fast blue and lesions were enumerated by Dr. Raymond
Sobel. F-1. Flow cytometric analysis of CD45+ and CD4+ infiltration of the CNS in WT mice on day 17 after
immunization for EAE with MOG/CFA, receiving cIgG or anti-CD48 on days 8, 11 and 14. cIgG-treated mice
were at the peak of disease, anti-CD48-treated mice had no clinical disease. H. Representative FACS plots
from the CNS, showing relative leukocyte (CD45hi) accumulation. I. Absolute number of CD45+ cells in the
CNS. J Absolute number of CD4+ T cells in the CNS. K. Proportion of Foxp3+ CD3+CD4+ T cells in the
CNS and spleen. L. CD48-/- mice were immunized for EAE and treated with anti-CD48 during EAE, as
described above for WT mice. Mean clinical scores, +SEM. A-C, n=5 mice per group, representative of 6
independent experiments with 4-6 mice per group. D-E, n=5 mice per group. F-I, n=4-5 mice per group,
representative of 3 independent experiments. J, n=5 mice per group. Bars represent mean + SEM. *p<0.05,
*p<0.01, ***p<0.001, ****p<0.0001. Statistical significance calculated with Mann-Whitney test (A, C) or
Student’s t test (B, D, F, J-L).
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Table 5.1 Anti-CD48 limits incidence and severity of EAE in WT mice

Incidence of EAE Median peak score Mean

day of

Treatment By day 15 By day 25 By day 15 By day 25 onset*
clgG 14/15 10/10 3 3 123+0.3
aCD48 0/15 4/10 0 0 188 +0.6

WT mice were immunized for EAE with MOG/CFA as described. 200ug of anti-CD48 or cIgG was given i.p.

on days 6,9 and 12 after immunization. Clinical score was monitored for 15 or 25 days. Data are mean + SEM.
*For mice who developed disease, only.

Table 5.2 Anti-CD48 limits parenchymal and meningeal lesions in the brain and spinal cord during EAE

Lesions in Brain Lesions in Spinal Cord Maximum
Day of clinical
Treatment  Parenchyma  Meninges  Parenchyma  Meninges onset score
clgG 398+142 416+9.1 80.4+ 189 899+ 14 134+02 2+04
aCD48 24+10 28+1.1 0+0 08+0.5 > 15 0

WT mice were immunized for EAE with MOG/CFA as described. 200ug of anti-CD48 or cIgG was given i.p.
on days 6,9 and 12 after immunization. Mice were sacrificed on day 15, brain and spinal cord were collected
and fixed in 4% PFA, and then embedded in paraffin. Sections were collected for histology, stained with Luxol
fast blue or H&E, and scored blindly for parenchymal and meningeal lesions in the brain and spinal cord. Data
are mean + SEM. Histological analysis performed by Dr. Ray Sobel at Stanford University.
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attenuation of EAE, we transferred purified CD4+ T cells from 2D2 mice into Rag-/- recipients. Two weeks
later, we immunized mice with MOG/CFA. This model of EAE has accelerated disease onset compared to that
in intact WT animals. To replicate the regimen in which anti-CD48 treatment starts before the onset of disease,
we gave antibody on days 4, 7 and 10 after immunization. Anti-CD48 was protective in this model,
significantly attenuating disease (Figure 5.5A), and delaying the day of onset (Figure 5.5B). This suggests that

CDS8 T cells and B cells are not required for anti-CD48-mediated attenuation of EAE.

NK cells are not required for anti-CD48-mediated attenuation of EAE

NK cells are reported to modulate EAE (Zhang et al. 1997; Huang et al. 2006; Winkler-Pickett et al. 2008; Hao
et al. 2010; Garcia et al. 2013; Dungan et al. 2014). NK cells can lyse activated T cells during an immune
response (Lu et al. 2007), while CD48 on target cells can limit NK-mediated lysis by binding to CD244 on the
NK cell (Mooney et al. 2004). We hypothesized that blocking CD48 during EAE might allow un-checked
killing of activated CD4+ T cells by NK cells, and thus reduce the size of the Teff pool such that mice do not
develop EAE. To test this hypothesis, we eliminated NK cells in two different ways. First, we depleted NK
cells in WT mice with the anti-NK1.1 mAb PK136. Anti-NK1.1 was administered one day before MOG/CFA
immunization, and every 5-6 days thereafter. Anti-CD48 was administered on days 6, 9 and 12 after
immunization. As shown in Figure 5.5C, mice receiving anti-NK1.1 plus anti-CD48 were significantly
protected from EAE compared to mice receiving anti-NK1.1 only. Among all anti-NK1.1 treated mice, anti-
CDA48 significantly reduced disease incidence, day of onset (Figure 5.5D), and peak score compared to mice

receiving anti-NK1.1 plus cIgG (Figure 5.5E).

As a second method to examine the role of NK cells, we transferred purified CD4+ T cells from 2D2 mice into
I12rcy-/-Rag2-/- recipients, which lack NK, B and T cells. After allowing 2 weeks for homeostatic proliferation,
mice were immunized with MOG/CFA. EAE in this model was accelerated and severe. A representative
experiment is shown in Figure 5.5F. Anti-CD48 administration on days 4 and 7 significantly delayed disease
onset (Figure 5.5G) and reduced the severity of disease on days 8 and 9 (Figure 5.5F), but did not significantly
reduce the median peak disease score (Figure 5.5H) or the number of 2D2 CD4+ T cells in the CNS (Figure

5.51. These data suggest that NK cells may contribute to the mechanism of anti-CD48-mediated attenuation of
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Figure 5.5 B cells, CD8+ T and NK cells are not required for anti-CD48-mediated attenuation of EAE.
A-B.CD4+ T cells from 2D2 TCR Tg mice were purified by flow cytometry and injected i.v. into Rag-/-
recipients. Two weeks later, after homeostatic proliferation, mice were immunized s.c. with 50pg MOG[35-55]
in CFA to induce EAE, and given 100ng of pertussis toxin on day 0 and 2 after immunization. 200ug of anti-
CD48 or cIgG was given on days 4, 7 and 10 after immunization (black triangles), and mice were monitored
daily for clinical disease. A.Mean clinical scores, +SEM. B. Day of disease onset. C-E WT mice were
immunized for EAE as described above. 200ug of anti-NK1.1 or isotype control (mouse IgG1) was given one
day before immunization and every 5 days thereafter to deplete NK cells. 200ug of anti-CD48 or isotype
control (Armeniam hamster IgG) was given on days 6,9 and 12 after immunization (black triangles). C. Mean
clinical scores, +SEM. D. Peak clinical score. E. Number of CD4+ T cells recovered from the CNS of mice on
day 15 after immunization. F-J. CD4+ T cells from 2D2 TCR Tg mice were purified by MACS and injected
into I12Ryc-/-Rag-/- mice, which lack T, B and NK cells. Two weeks later, after homeostatic proliferation,
mice were immunized s.c. with 50ug MOG[35-55] in CFA to induce EAE, and given 100ng pertussis toxin on
day 0 only. 200pg of anti-CD48 or cIgG was given on days 4 and 7 after immunization (black triangles). F.
Mean clinical scores, +SEM. G. Day of onset. H. Peak clinical score. J. Number of CD4+ T cells recovered
from the CNS on day 10. A-B, n=4 mice per group, representative of 3 independent experiments with 4-6 mice
per group. C-E, n=5 mice per group, representative of 4 independent experiments with 5 mice per group. F-G
n=4-5 mice per group, representative of 3 independent experiments with 4-5 mice per group. Lines in dot plots
represent mean. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance calculated with
Mann-Whitney test (A, C, D, F, H) or Student’s t test (B, E, G, J).
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EAE, but that NK cells do not appear to be solely responsible, as anti-CD48 was still capable of attenuating

disease in mice lacking NK cells.

CD244 is not required for anti-CD48 to delay onset of EAE

We hypothesized that anti-CD48 treatment might block EAE by interrupting a critical interaction between
CD48 and one of its ligands, CD2 or CD244. CD2-/- mice are not commercially available, so we were unable
to test the effect of anti-CD48 in CD2-/- mice. As an alternative approach to examine the role of CD2:CD48
interactions in EAE, we administered the anti-CD2 mAb (RM2-1) to both WT and CD48-/- mice during EAE.
Anti-CD2 antibodies are reported to have a strong immunosuppressive effect (Chavin et al. 1993), and we
found that a single dose of anti-CD2 was capable of delaying and attenuating EAE in WT mice (Figure 5.6A).
However, anti-CD2 was also capable of attenuating EAE in CD48-/- mice (Figure 5.6B), suggesting that the
mechanism of action of this antibody was independent of CD48. Because this did not aid our investigation of

the role of CD48, we did not pursue this further.

To examine whether anti-CD48 interrupted a critical interaction with CD244, we used CD244-/- mice. CD244-
/- mice were immunized with MOG/CFA, and received anti-CD48 or cIgG on days 7, 10 and 13 after
immunization. A representative experiment is shown in Figure 5.6C, in which anti-CD48 delayed onset of
EAE, but did not entirely block disease. The day of onset was significantly delayed (Figure 5.6D), and the
median peak clinical score by day 17 was significantly reduced (Figure 5.6E). However, in other experiments
in which we monitored mice until later time points, CD244-/- mice developed severe EAE after cessation of
anti-CD48 treatment. This suggests that CD244 is not required for anti-CD48 to delay onset of EAE, but might

be involved in sustained attenuation of disease.

Anti-CD48 limits antigen-specific cytokine production in the spleen

Next we examined the effects of anti-CD48 at time points prior to disease onset. One of the factors important
for development of EAE is differentiation and expansion of MOG-specific Teff. We hypothesized that anti-
CD48 might attenuate disease by altering the initial activation of CD4+ Teff in the periphery. To investigate

this, we examined cytokine production by peripheral Teff prior to disease onset. WT mice were immunized
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Figure 5.6 Anti-CD2 attenuates EAE independently of CD48, and anti-CD48 attenuates EAE in CD244-/-
mice. Mice were immunized s.c. with 50ug of MOG[35-55] emulsified in CFA to induce EAE, and given
100ng of pertussis toxin i.p. on days 0 and 2. A. Mean clinical scores, +SEM, in WT mice that received 200ug
of anti-CD2 (RM2-1) or control IgG (rat [gG2a) on days 5 and 10 after immunization (black triangles). B.
Mean clinical scores, +SEM, in CD48-/- mice that received anti-CD2 or cIgG as described in (A). C-E.
CD244-/- mice were immunized for EAE as described. On days 7, 10 and 13 after immunization mice received
200pg of anti-CD48 or cIgG (black triangles). C. Mean clinical scores, £SEM. D. Day of onset. E. Peak
clinical scores. A, n=5 mice per group, representative of 2 independent experiments with 4-5 mice per group.
B, n=4-5 mice per group. C-E, n=5 mice per group, representative of 6 independent experiments with 5-6 mice
per group. Lines in dot plots represent mean. *p<0.05, **p<0.01, ***p<0.001. Statistical significance
calculated with Mann-Whitney test (A-C, E) or Student’s t test (D).
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with MOG/CFA, and given anti-CD48 or cIgG 6 and 9 days later. On day 12, we isolated spleen and inguinal
lymph nodes (iLN, draining lymph node from the immunization) and restimulated equal numbers of total cells
in vitro with MOGI[35-55] peptide. Three days later, we measured cytokines in the supernatants of cultures.
We did not observe differences in the amount of IFNy, TNFa, IL-17 or IL-10 produced by cells from the iLN
(Figure 5.7A, top). However, we detected significantly less IFNy, and TNFa in supernatants from
restimulated spleen cells. IL-17 was also reduced in the spleen, but this was not statistically significant, and
there was no difference in IL-10 (Figure 5.7A, bottom). The starting cultures had comparable proportions of
CD4+ T cells (Figure 5.7B), suggesting that this difference was not due to decreased numbers of CD4+ T cells
in the cultures. CD4+ Foxp3+ Tregs are capable of limiting T cell activation and cytokine production
(Sakaguchi et al. 2009); however, we did not observe significant differences in the proportion of Foxp3+ cells

among CD4+ T cells in the iLN or spleen at day 12, in anti-CD48 treated mice (Figure 5.7C, D).

As a second method to assess antigen-specific cytokine production, we examined intracellular cytokine
production in MOG-specific 2D2 CD4+ T cells. We first transferred purified CD4+ T cells from 2D2 mice into
WT recipients. Mice were then immunized with MOG/CFA, and given anti-CD48 or cIgG 4 and 7 days later.
On day 8 after immunization, we collected cells from the blood, spleen and iLN of recipients, restimulated cells
with PMA and ionomycin in the presence of GolgiStop, and then stained for intracellular cytokines in both host
and 2D2 CD4+ T cells. A representative flow cytometry plot of 2D2 cells from the spleen is shown in Figure
5.8A. Mice that received anti-CD48 had a significantly reduced percentage of IFNy+ and IL-17A+ cells among
2D?2 cells in the blood and spleen, and a reduced proportion of GM-CSF+ cells in the spleen; there were no
differences in the iLN (Figure 5.8B). We did not observed differences in the %IL-2+ (data not shown), and
observed very few IL-104+ 2D2 CD4+ T cells. The proportion of host CD4+ cells producing effector cytokines
was not significantly altered, although there was a statistically significant decrease in the percentage of GM-
CSF+ cells among host CD4+ T cells in the iLN (Figure 5.8C). Thus, anti-CD48 treatment has a significant
effect on antigen-specific cytokine production in the spleen and blood, but minimal effect on antigen-specific

cytokine production in the iLN or on non-antigen-specific cytokine production by host CD4+ T cells.
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Figure 5.7 Anti-CD48 reduces antigen-specific cytokine production in the spleen but not in the iLN. WT
mice were immunized s.c. with 50ug of MOG[35-55] emulsified in CFA, and given 100ng of pertussis toxin i.p.
on days 0 and 2. 200pg of anti-CD48 or cIgG was given i.p. on days 6 and 9. On day 12, spleen and iLN were
collected for analysis. A. Equal numbers of cells from spleen and iLN were restimulataed in vitro with 0, 1, 10
or 100pg/mL of MOG[35-55] peptide for 3 days at 37° C. Supernatants were collected and the indicated
cytokines were analyzed by cytokine bead array. Top,iLN. Bottom, spleen. B. %CD4+ of lymphocytes in

iLN (top) or spleen (bottom) of samples in A, at the start of culture. C-D. In a separate but identical

experiment to that in A, iLN and spleen were collected and stained for analysis by flow cytometry.

C. %Foxp3+ of CD4+ T cells in the iLN. D. %Foxp3+ of CD4+ T cells in the spleen. A-B, n=5 mice per
group, representative of 2 independent experiments with 5 mice per group. C-D, n=5 mice per group,
representative of 2 independent experiments with 5 mice per group. Data shown as mean +SEM. *p<0.05,
*#*p<0.01. Statistical significance calculated using Student’s t test.
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Figure 5.8 Anti-CD48 reduces cytokine production in antigen-specific CD4+ T cells, but not bulk CD4+
T cells. CD4+ T cells from Thyl.1 congenic 2D2 TCR Tg mice were purified by MACS and transferred into
Thy1.2 WT recipients i.v. One day later, recipients were immunized with MOG/CFA, but were not given
pertussis toxin, and on day 6 mice received anti-CD48 or cIgG. On day 8, spleen, iLN and peripheral blood
were collected, and lymphocytes were restimulated in vitro with PMA and ionomycin in the presence of
GolgiStop. Cells were stained for intracellular cytokine production, and analyzed by flow cytometry. A.
Representative flow cytometry plots of intracellular cytokine staining in Thyl.1+ 2D2 CD4+ T cells. B.
Quantitation of the percentage of IL-17A+, IFNy+, GM-CSF+ and IL-10+ 2D2 CD4+ T cells in the spleen, iLN
and blood. C. Quantitation of the percentage of IL-17A+, IFNy+, GM-CSF+ and IL-10+ host CD4+ T cells.
N=7 mice per group, representative of 4 independent experiments with 3-7 mice per group. Bars represent
means, error bars represent SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance
calculated using Student’s t test.
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Anti-CD48 can attenuate EAE during the effector phase of disease

Since anti-CD48 was effective in blocking EAE prior to disease onset, we next investigated whether it would
also be able to attenuate disease in mice that had already developed clinical symptoms. We first tested this by
initiating treatment at the first sign of clinical disease: WT mice were immunized with MOG/CFA, and given
anti-CD48 on days 0, 3 and 6 after disease onset in each animal. Anti-CD48 was able to limit the severity of
disease in this model, significantly reducing the median clinical throughout the course of treatment (Figure

5.9A), and significantly reducing the median peak clinical score (Figure 5.9B).

As a second approach, we started anti-CD48 treatment after substantial disease progression but before the
anticipated ‘peak’ of disease. A representative experiment is shown in Figure 5.9C. In this model anti-CD48
had a slight effect, reducing severity after the peak of disease. The median score was significantly lower for
anti-CD48 treated mice on days 18 and 20, but anti-CD48 did not significantly reduce the median peak clinical

score (Figure 5.9D).

Based on the time frame in which anti-CD48 could significantly attenuate EAE, we hypothesized that this
method might be effective after differentiation of encephalitogenic CD4+ Teff, but prior to disease onset. To
test this hypothesis, we used an adoptive transfer model of EAE using TH1-polarized CD4+ T cells from 2D2
mice. Administration of anti-CD48 on days 6,9 and 12 after adoptive transfer was able to delay onset, reduce
incidence, and limit severity of disease in this model of EAE. A representative experiment is shown in Figure
5.9E, in which anti-CD48 completely prevented clinical disease (Figure 5.9F). CD4+ T cell infiltration of the
CNS was significantly reduced, but 2D2 cells were readily detectable in the periphery of anti-CD48 treated
mice and were in fact more abundant than in control mice (Figure 5.9G). We did not observe any increase in
the percentage of Foxp3+ cells among CD4+ T cells in the CNS, spleen or blood; in fact, the percentage of
Foxp3+ cells in the CNS was significantly lower in anti-CD48 treated mice (Figure 5.9H), similar to our

observations with the MOG immunization model (Figure 5.41).

Collectively, these data indicate that anti-CD48 treatment inhibits both the initiation and effector phase of EAE.

Anti-CD48 treatment can have a profound effect on clinical disease when initiated prior to disease onset, a

95



A 54 == clgG B 5m * C 4 4.
) 0= aCD48 ) o |-® de6 o L]
54l v antibody rx o 4 5 | o aCD48 = e® O
& ) o S oo ° K34 v IgGrx § 3] ®® %
s g3l * o T © °
= g ‘E 2 g 2 o)
5 S 2| @ e0e =S 5
S s 000 G =< 1.
e & g ;i
n 1 L] 0- L) J n L L]
0 5 10 15 20
clgG aCD48
clgG oCD48 Day after immunization 9
aCDA48 after 2D2 TH1 CD4+ adoptive transfer
41 o clgG 4 XX ~ 15, — 12504 —2X 4 809 XX
g -0- aCD48 % o P ) R g
* o < 10004
A 3 % S 3 \f1 0 °5° Ueol
w = Fo— < 3
S Sl 7504
£y A 8, | S
(] S + 0. 500 °
& 14 %1 8%1 « & 20.
] c 1@ I o’ 250 o
= o s} o o
0 ol e FOUL—RALR ol % o0
0 5 10 15 clgG aCD48 (| °
; clgG aCD48 9 clgG aCD48 CNS Spleen
Day after adoptive transfer ~~ ~7~ " ____ CNS -—--- —-Spleen--—-

Figure 5.9 Anti-CD48 attenuates EAE during the effector phase of disease. A-B. WT mice were
immunized s.c. with 50pg MOG[35-55] emulsified in CFA to induce EAE, and given 100ng of pertussis toxin
on days 0 and 2. Starting on the first day of clinical disease, mice were then given 200ug of cIgG or anti-CD48
every 3 days, 3 doses total (black triangles). A.Mean clinical score +SEM, relative to the day of onset of
disease. B. Peak clinical scores. C-D. WT mice were immunized with MOG/CFA to induced EAE as
described. At day 14, mice were divided into two groups with equal median disease scores, and given 200ug of
anti-CD48 or cIgG on days 14, 17 and 20 (black triangles). C. Mean clinical scores +SEM. D. Peak clinical
scores. E-H. CD4+ T cells were isolated from 2D2 TCR Tg mice, and then activated in vitro to generate TH1-
polarized 2D2 CD4+ Teff, as described in materials and methods. WT mice received 3-6x10° 2D2 CD4+ Teff
i.p. on day 0, followed by 200ug of anti-CD48 or cIgG on days 6,9 and 12 (black triangles). CNS and spleen
were collected on day 14 for analysis by flow cytometry. E. Mean clinical scores +SEM. F. Peak clinical score.
G. Absolute number of 2D2 CD4+ T cells in the CNS. H. Absolute number of 2D2 CD4+ T cells in the spleen.
J. %Foxp3+ of host CD4+ T cells in CNS, spleen and blood. A-B, n=5 mice per group, representative of 3
independent experiments with 4-8 mice per group. C-D, n=6 mice per group, representative of 2 independent
experiments with 5-6 mice per group. E-H, n=5 mice per group, representative of 3 independent experiments
with 5-6 mice per group. Bars represent means, error bars represent SEM. Lines in dot plots indicate means.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance calculated using Mann-Whitney (A-F)
or Student’s t test (G-J
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modest but statistically significant effect when initiated at the time of disease onset, and modest effect when
initiated after substantial disease progression. Furthermore, anti-CD48 can attenuate EAE mediated by in vitro
polarized MOG-specific TH1 CD4+ Teff if administered prior to disease onset. Thus, anti-CD48 does not need

to be present during differentiation of CD4+ Teff in order to have its clinical effects.

Anti-CD48 mAb limits CD4+ Teff numbers and proliferation in vivo

The effectiveness of anti-CD48 in limiting EAE even after CD4+ Teff differentiation, but prior to disease onset,
led us to further investigate the effect of anti-CD48 in the 2D2 TH1 adoptive transfer model of EAE. Because
there are few 2D2 CD4+ T cells in the CNS of anti-CD48 treated mice (and also to avoid confounding factors
of comparing a sick mouse to a healthy mouse), we focused our investigation on cells in the periphery at pre-

clinical time points.

To investigate the effect of anti-CD48 on Teff in vivo, we examined 2D2 TH1 cells on day 5 after adoptive
transfer. Anti-CD48 treatment on day 3 significantly reduced the absolute number of 2D2 CD4+ T cells in the
spleen, blood and lymph nodes (Figure 5.10A). Anti-CD48 did not alter the proportion of IFNy+ 2D2 cells in
the spleen or lymph nodes, although there was a modest but significant decrease in the percentage of IFNy+

2D2 cells in the blood (Figure 5.10B,C).

However, the absolute number of IFNy+ 2D2 Teff cells was dramatically reduced in spleen, blood and iLN
(Figure 5.10D). This contrasted with our observations using 2D2 cells transferred into WT mice followed by
MOG immunization, in which we saw a decrease in the percentage of cytokine-producing 2D2 cells in all
compartments examined (Figure 5.8B, top). Notably, anti-CD48 did not affect the absolute number of host
CDA4+ T cells (Figure 5.10E) or reduce the percentage of Foxp3+ host CD4+ T cells (Figure 5.10F). In fact,
there was a modest but significant increase in Foxp3+ host CD4+ T cells in the spleen only (Figure 5.10F).

Thus anti-CD48 seemed to selectively reduce the number of 2D2 CD4+ Teff, but not host CD4+ Treg or Tconv.

We considered that the decrease in 2D2 Teff cell number could be due to reduced proliferation or survival. To

investigate the effect of anti-CD48 on proliferation of Teff, we first examined Ki67 expression. Anti-CD48
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Figure 5.10 Anti-CD48 limits CD4+ Teff cell number and proliferation in vivo. CD4+ T cells from 2D2
TCR Tg mice were purified by MACS, polarized in vitro under TH1 conditions for 6 days, restimulated on anti-
CD3/anti-CD28-coated plates for 24 hrs, then adoptively transferred to WT recipients. Mice received 200pg of
anti-CD48 or cIgG on day 3, and 800pug of EAU i.p. on day 4. On day 5 spleen, blood and skin-draining lymph
nodes (LN) were collected for analysis. A. The absolute number of 2D2 CD4+ T cells in spleen, LNs and blood.
B-D. Cells were restimulated in vitro with PMA and ionomycin in the presence of GolgiStop to assess
intracellular cytokine production. B. Representative staining of IFNy on Thy1.1+CD4+ 2D2 cells from the
spleen. C. Quantitation of the %IFNy 2D2 CD4+ T cells. D. Absolute number of IFNy+ 2D2 CD4+ T cells. E.
Absolute number of host CD4+ T cells. F. %Foxp3+ of host CD4+ T cells. G. Representative Ki67 staining in
2D2 CD4+ T cells from the spleen. H. Quantitation of the %Ki67+2D2 CD4+ T cells. I. Representative EAU
staining in 2D2 CD4+ T cells from the spleen. J. Quantitation of %EdU+ 2D2 CD4+ T cells. K-L In an
identical, independent experiment, apoptosis was analyzed. K. Cells were incubated with ZVAD-FMK-
fluorescin for 30 minutes at 37°C, to label active caspases, then analyzed by flow cytometry. Quantitation

of %ZVAD+ of 2D2 CD4+ T cells. L. %9AnnV+ of TAAD- 2D2 CD4+ T cells. Bars represent means, error

bars represent SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance calculated using
Student’s t test.
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treated mice had a significantly lower percentage of Ki67+ 2D2 cells, in both the spleen and blood but not in
the lymph nodes (Figure 5.10G-H). In some experiments we also gave a single i.p. injection of EAU 14 hours
before euthanasia, to label cells that were actively dividing. The percentage of EAU+ 2D2 CD4+ T cells was
also significantly reduced in the spleen and blood of anti-CD48 treated mice, but not in the iLN

(Figure 5.101-J).

To investigate whether anti-CD48 might also limit 2D2 CD4+ Teff cell number by increasing cell death, we
examined the proportion of apoptotic cells among 2D2 CD4+ T cells. We did not see a significant increase in
the percentage of AnnV+7AAD- among CD4+ 2D2 cells from mice treated with anti-CD48 (Figure 5.10K).
As another measure of apoptosis, we incubated cells ex vivo with FITC-ZVAD-FMK to label cells with active
caspases. We saw a significant increase in the percentage of ZVAD+ 2D2 CD4+ T cells in the spleen and
blood, but not in the iLN (Figure 5.10L). This suggests that anti-CD48 might increase Teff propensity for

apoptosis.

Anti-CD48 limits proliferation of WT Teff restimulated with WT APCs, and to a lesser extent with
CDA48-/- APCs

We next asked whether anti-CD48 mediated its effect on proliferation by interacting with CD48 on CD4+ T
cells, APCs, or both. We first investigated this in vitro, by comparing the effect of anti-CD48 on proliferation
of 2D2 CD4+ Teff restimulated with MOG plus WT or CD48-/- APCs. We generated TH1-polarized T cells
using a similar protocol for generating TH1 Teff. CD4+ T cells from 2D2 mice were cultured with IL-12, anti-
IL4, anti-CD3, and irradiated splenotyces. After 6 days of culture, we collected live cells, labeled cells with
CellTrace Violet, and restimulated them with MOG[35-55] and splenocytes from either TCRa-/- or CD48-/-
TCRa-/- mice. Anti-CD48 or cIgG was added at a final concentration of S5pg/mL. On day 4 of culture we
assessed CellTrace Violet dilution by flow cytometry. Representative histograms are shown in Figure 5.11.
We found that at intermediate doses of MOG, anti-CD48 could limit proliferation of T cells cultured with WT
APCs, as assessed by CellTrace Violet dilution (Figure 5.11, top). Proliferation with CD48-/- APCs was less

than with WT APCs; although anti-CD48 could still limit proliferation, this effect was less pronounced with
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Figure 5.11 Anti-CD48 limits proliferation of WT Teff when stimulated with WT APCs, and to a lesser
extent when stimulated with CD48-/- APCs. CD4+ T cells were purified by MACs from 2D2 TCR Tg mice,
and polarized in vitro under TH1 conditions for 6 days. Live cells were purified, labeled with CellTrace Violet,
and restimulated in vitro with TCRa-/- splenocytes (top) or CD48-/-TCRa.-/- splenocytes (bottom) and MOG
peptide in the presence of cIgG (black) or anti-CD48 (gray). After 3 days, proliferation was assessed by flow
cytometry, and division index was calculated as the average number of divisions per cell, for all cells in culture
(FlowJo). Data are from duplicate wells, representative of 5 independent experiments. *p<0.05, **p<0.01.
Statistical significance calculated using Student’s t test.
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CD48-/- APCs (Figure 5.11, bottom). This indicated that anti-CD48 was capable of limiting Teff proliferation

in vitro, and suggested that this effect was partially dependent on CD48 expression on APCs.

Anti-CD48 reduces the number of WT CD4+ 2D2 Teff in CD48-/- hosts without reducing proliferation
Because anti-CD48 had only a limited effect on proliferation of 2D2 CD4+ Teff in vitro when stimulated with
CD48-/- APCs, we next adapted this to an in vivo model in order to further asses the effects of anti-CD48 on
Teff. We generated WT 2D2 TH1 CD4+ Teff as described in materials and methods, and adoptively
transferred these to CD48-/- recipients. Anti-CD48 or cIgG was given on day 5 after adoptive transfer and on
day 7 we analyzed cells from the spleen by flow cytometry. In some cases, EAU was given i.p. 16 hours before
harvest. As shown in a representative flow cytometry plot in Figure 5.12A, anti-CD48 treatment resulted in an
~10-fold decrease in the percentage of 2D2 CD4+ Teff in the spleen of CD48-/- mice. This reduction was also
present in the lymph nodes and the blood (Figure 5.12B). In contrast to our observations in WT recipients,
anti-CD48 also reduced the percentage of IFNy+ 2D2 CD4+ Teff in the lymph nodes and spleen as well as the
blood (Figure 5.12C). This reduction in cell abundance did not appear to be due to decreased proliferation, as
neither the percentage of Ki67+ nor the percentage of EdU+ 2D2 Teff was significantly reduced (Figure 5.12D,
E). We did observe an increase in the percentage of ZVAD+ 2D2 Teff, which was statistically significant in

the blood and spleen (Figure 5.12F).

These results suggested that anti-CD48 could have cell intrinsic effects on CD4+ Teff that affected cell survival.
To further investigate cell intrinsic effects of CD48 on T cells, we performed transcriptional analysis on Teff
from anti-CD48-treated and control mice. We used the same protocol described above, transferring WT 2D2
TH1 Teff to CD48-/- recipients on day 0, administering anti-CD48 or cIgG on day 6, and harvesting cells on

day 7. 2D2 Teff were purified from the spleen as CD4+Thy1.1+Vp11+Va3.2+ cells, using flow cytometry,
then counted and frozen for storage. We analyzed cells from 8 individual mice (4 treated, 4 controls) taken
from 2 independent experiments. Cells were lysed and mRNA expression was examined using a custom
NanoString probe set (generously provided by Youjin Lee in the lab of Dr. Vijay Kuchroo at BWH and HMS)

and the nCounter analysis system. Data was analyzed using the nSolver Analysis Software. The probe set
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Figure 5.12 Anti-CD48 limits WT CD4+ 2D2 Teff cell number in CD48-/- hosts without affecting
proliferation. CD4+ T cells were isolated from 2D2 TCR Tg mice, and activated in vitro under TH1-
polarizing conditions as described in materials and methods, to generate 2D2 TH1 CD4+ Teff cells. 3-6x10°
2D2 CD4+ Teff were adoptively transferred to CD48-/- recipients. Mice received 200pg of anti-CD48 or cIgG
on day 5, followed by 800ug of EAU i.p. on day 6. On day 7 spleen, blood and skin-draining lymph nodes (LN)
were collected for analysis. A.Representative flow cytometry plot of the percentage of Thyl.1+ donor 2D2
cells among total splenocytes. B. Quantification of the percentage of donor 2D2 CD4+ T cells among total cells
collected from LN, spleen and blood. C. Cells were restimulated in vitro with PMA and ionomycin in the
presence of GolgiStop, to assess intracellular cytokine production. %IFNvy+ of 2D2 CD4+ T cells in the LNs,
spleen and blood. D. %Ki67+ of 2D2 CD4+ T cells. E. %EdU+ of 2D2 CD4+ T cells. F. Cells were incubated
with FMK-ZVAD-fluorescein for 30 minutes at 37°C to measure active caspases. %ZVAD+ of 2D2 CD4+ T
cells. G.2D2 cells (Thyl.1+CD4+VB11+Va3.2+ Thyl.2-) were sorted from spleens on day 7 and frozen for
mRNA analysis by NanoString. Heatmap shows the relative increase (yellow) or decrease (cyan) in expression
for 22 genes that were most differentially expressed between cIgG and anti-CD48-treated mice, as determined
using the nSolver analysis software. A-F, n=6 mice per group, representative of 3 independent experiments
using 5-6 mice per group. G, n=4 mice per group, from two independent cell transfer experiments. A-F,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance calculated using Student’s t test. G,
bold indicates p<0.00025 (Bonferroni correction for testing 199 genes, with 0.05 total FDR). NanoString
experiment performed under the guidance of Youjin Lee, in the lab of Dr. Vijay Kuchroo at BWH and HMS.
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examined 199 genes, including 4 housekeeping genes (beta actin, GAPDH, Tubb5, HPRT). We found that 122
genes were expressed above the level of detection, 48 genes had an average fold change of 1.5 or greater, and
14 genes had an average fold change 2.5 or greater. We found that 6 genes had a fold change greater than 2 and
a p value less than 0.00025 (Bonferroni correction for 199 genes queried). The expression data are summarized
in Figure 5.12G. Using flow cytometry, we validated some of the transcriptional changes: anti-CD48
treatment resulted in decreased %IFNy+, no difference or increased %CCR2+, increased %CD25+ or CD25
MFI, decreased %9GM-CSF+, and increased ZV AD-FMK-fluorescein staining (data not shown). We observed
very low PD1 and Lag3 expression in both groups (data not shown). This suggests that anti-CD48 treatment

might have an effect on the pathogenicity or survival of 2D2 CD4+ Teff, independent of any effects on APCs.

An Fc receptor blocking antibody limits the effects of anti-CD48 on 2D2 CD4+ Teff numbers in vivo
Although the effects of anti-CD48 on CD4+ Teff proliferation and/or survival might account for the reduced
cell number, we considered that anti-CD48 treatment might also exert its effects, at least in part, by depleting
CD4+ Teff—particularly since we had observed that activated cells have high CD48 surface expression. NK
cells and macrophages can mediate antibody-dependent cellular cytotoxicity via Fc receptors, and complement
factors can also bind to antibody Fc regions to promote phagocytosis via complement receptors. To investigate
whether the effects of anti-CD48 involved FcR-mediated mechanisms, we co-administered anti-CD16/CD32
antibody (clone 93, anti-FcyRII/III) along with anti-CD48 or cIgG, to block FcRs. 2D2 TH1 CD4+ Teff were
adoptively transferred to WT mice on d0, 200ug of each antibody was given i.p. on day 3 (pre-mixed prior to
injection), and spleen and blood were collected for analysis on day 5. Although anti-CD48 dramatically
reduced the number of 2D2 Teff in the periphery, when compared to mice receiving cIgG only, anti-CD48 plus
anti-CD16/CD32 did not significantly reduce the number of 2D2 Teff compared to mice receiving anti-
CD16/CD32 only (Figure 5.13A). Interestingly, mice that received anti-CD48 plus anti-CD16/CD32 still had
reduced %Ki67+ 2D2 CD4+ T cells, compared to mice receiving anti-CD16/CD32 only (Figure 5.13B). The
percentage of IFNYy+ was modestly increased in mice receiving anti-CD16/CD32+anti-CD48, compared to mice
receiving anti-CD16/CD32 alone (Figure 5.13C), and anti-CD48 did not reduce the absolute number of IFNy+
2D2 CDA4+ Teff in mice receiving anti-CD16/CD32 (Figure 5.13D). In contrast, other effects of anti-CD48 on

2D2 CD4+ Teff persisted with co-administration of anti-CD16/CD32, such as reduced VLA-4 MFI (Figure
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Figure 5.13 FcyRII/III are required for anti-CD48 mediated reduction of 2D2 CD4+ Teff numbers.
CD4+ T cells were isolated from 2D2 TCR Tg mice and activated under TH1-polarizing conditions as
described in materials and methods. 3-6x10°2D2 CD4+ Teff were adoptively transferred to WT recipients.
200pg of anti-CD48 or cigG, pre-mixed with 200pg of either anti-CD16/CD32 or isotype control (rat IgG2a),
was given i.p. on day 3 after cell transfer. On day 5, spleen and blood were collected for analysis by flow
cytometry. A.Number of 2D2 CD4+ Teff in the spleen and blood. B. %Ki67+ of 2D2 CD4+ Teff. C.
Lymphocytes from spleen and blood were restimulated in vitro with PMA and ionomycin in the presence of
GolgiStop to assess intracellular cytokine production. %IFNy+ of 2D2 CD4+. D. Absolute number of IFNy+
2D2 CD4+ T cells. E. %CD69+ of 2D2 CD4+ T cells. F. %VLA4hi of 2D2 CD4+ T cells. Representative
experiment with n=5 mice per group, representative of 2 independent experimetns with 5 mice per group. Bars
represent means, error bars represent SEM. *p<0.05, *¥p<0.01, ***p<0.001, ****p<0.0001. Statistical
significance calculated using Student’s t test.
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5.13E) and increased percentage of CD69+ on 2D2 CD4+ T cells (Figure 5.13F). This suggests that part of the
effect of anti-CD48 on limiting the number of Teff at early time points is due to an FcR-dependent mechanism,

but other effects of anti-CD48 are not FcR-dependent.

Fc receptors contribute to anti-CD48-mediated attenuation of EAE

Because anti-CD16/CD32 abolished the effect of anti-CD48 treatment on reducing 2D2 CD4+ Teff cell
numbers, we hypothesized that FcRs might also be required for anti-CD48-mediated attenuation of EAE. To
test this, we co-administered anti-CD16/CD32 mAb along with anti-CD48 to WT mice on days 8, 11 and 14
after immunization with MOG/CFA. A representative experiment is shown in Figure 5.14A. Mice receiving
anti-CD16/CD32 alone had similar disease to mice receiving control IgG only. Anti-CD48 did not significantly
attenuate EAE in mice receiving anti-CD16/CD32, compared to mice receiving anti-CD16/CD32 alone, as
measured by day of onset (Figure 5.14B) and peak clinical score (Figure 5.14C). In addition, the number of
CD4+ T cells in the CNS was similar in mice that received anti-CD16/CD32 alone or anti-CD16/CD32 plus
anti-CD48 (Figure 5.14D). These results suggest that an FcR-mediated mechanism contributes to the

protective effects of anti-CD48 in EAE.

As a second means to test for the role of FcRs in anti-CD48 mediated attenuation of EAE, we administered anti-
CD48 during EAE in Fcerly-/- mice, which lack all FcyRs (Figure 5.14E). Anti-CD48-treated Fcerly-/- mice
had a similar disease course compared to those receiving cIgG. Anti-CD48 did not significantly reduce the
median peak disease score (Figure 5.14F) or the number of CD4+ T cells in the CNS (Figure 5.14G). This
suggests that FcRs are critical for anti-CD48-mediated attenuation of EAE, although our interpretation is
limited by the small group sizes for these experiments with Fcerly-/- mice. Combined, these data suggest that
anti-CD48-mediated attenuation of EAE is partially dependent on FcRs, likely FcyRII/IIL, but that this is not
solely responsible for protection. FcRs may contribute to anti-CD48 mediated attenuation of EAE by depleting

CD48++ cells, namely the activated Teff generated either in vitro or in vivo after immunization.

As a third means to investigate this possibility, we used a F(ab’)2 fragment generated from whole anti-CD48

IgG. We tested the ability of this F(ab’)2 to attenuate MOG/CFA induced EAE, in comparison to intact anti-
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Figure 5.14 FcyRs contributes to anti-CD48-mediated attenuation of EAE. A-D WT mice were
immunized s.c. with 50pg MOG[35-55] emulsified in CFA to induce EAE, then given 100ng pertussis toxin on
days 0 and 2. On days 8, 11 and 14 after immunization, mice were given 200ug of cIgG or anti-CD48 pre-
mixed with 200ug of anti-CD16/CD32 or isotype control (rat IgG2a) (black triangles). A. Mean clinical scores,
+SEM. B. Day of onset. C. Peak clinical scores. D. Number of CD4+ T cells recovered from the CNS. E-G.
Fcerly-/- mice, which lack all FcyRs, were immunized for EAE as described above, and given 200ng of
pertussis toxin on days 0 and 2 after immunization. On days 7, 10 and 13 after immunization, mice were given
200pg of anti-CD48 or cIgG (black triangles). E. Mean clinical scores, +SEM. F. Peak clinical scores. G.
Number of CD4+ T cells recovered from the CNS. H-I. WT mice were immunized for EAE as described for
(A). Mice received PBS or anti-CD48 IgG on days 6, 9 and 12 after immunization, or anti-CD48 F(ab’)2 on
days 7,10, 12 and 14. A-D, n=4-5 mice per group, representative of 3 independent experiments with 4-5 mice
per group. E-G. n=3-4 mice per group, representative of 5 independent experiments with 2-5 mice per group.
H-I, n=5 mice per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance calculated
using Mann Whitney test (A, C, E, G) or Student’s t test (B, D, G
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CD48 IgG. PBS-treated mice were used as a positive control for disease induction. Because we anticipated a
reduced half-life in vivo, 150ug F(ab’)2 was given every 2 days starting on day 7 after immunization, while
200pg anti-CD48 IgG was given every 3 days starting on day 6. As shown in Figure 5.14H, F(ab’)2
completely blocked EAE in WT mice, as did anti-CD48 treatment. Due to limited supply of F(ab’)2, we were
able to perform this experiment only once. It is also important to note that in this experiment, the incidence of
EAE in PBS-treated mice was only 80% by day 15, suggesting that EAE induction was suboptimal. When
considered alongside our data using anti-FcR antibodies and Fcerly-/-, this suggests that in a situation of mild

EAE, anti-CD48 is able to mediate protection independent of Fc-mediated effects.

Anti-CD48 mAb cannot attenuate EAE mediated by CD48-/- CD4+ T cell

We hypothesized that CD48 expression on CD4+ Teff would be critical for anti-CD48-mediated attenuation of
EAE in a WT host—that is, that anti-CD48 would be unable to attenuate EAE induced with CD48-/- CD4+ T
cells in a WT recipient. We tested this hypothesis in two EAE models. First, we transferred CD4+ T cells from
CD48-/- 2D2 mice into Rag-/- recipients, waited 2 weeks for homeostatic proliferation, and then immunized
with MOG/CFA to induce EAE and administered anti-CD48. As shown in a representative experiment in
Figure 5.15A, anti-CD48 treatment on days 6, 9 and 12 after immunization did not significantly affect the day
of onset (Figure 5.15B), incidence, or median peak disease score (Figure 5.15C). Anti-CD48 also had no

significant effect on the number of 2D2 CD4+ T cells in the CNS (Figure 5.15D) by day 13 after immunization.

As a second means to test the importance of CD48 on CD4+ T cells for anti-CD48 mediated attenuation of EAE,
we transferred CD48-/- 2D2 TH1 CD4+ Teff cells into WT recipients and administered anti-CD48 or cIgG on
days 6,9 and 12 after adoptive transfer (Figure 5.15E). Anti-CD48 did not delay the day of onset of EAE
(Figure 5.15F), but anti-CD48 treatment did result in a modest but statistically significant effect on peak

disease score (Figure 5.15G). Notably, mice treated with anti-CD48 had dramatically reduced numbers of host
WT CD4+ T cells in the CNS, but increased numbers of CD48-/- 2D2 Teff in the CNS, compared to mice

treated with cIgG (Figure 5.15H).
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Figure 5.15 Anti-CD48 cannot attenuate EAE induced by CD48-/- CD4+ T cells in WT recipients. A-D
CD4+ T cells were isolated from CD48-/- 2D2 TCR Tg mice, and adoptively transferred to Rag-/- recipients.
Two weeks later, after homeostatic proliferation, mice were immunized s.c. with 50ug MOG[35-55] emulsified
in CFA to induce EAE, and given 100ng of PT i.p. on days O and 2. On days 4,7 and 10 after immunization
200pg of anti-CD48 or cIgG was given i.p (black triangles). A Mean clinical scores, +SEM. B. Day of onset.
C. Peak clinical scores. D. Number of CD48-/- 2D2 CD4+ T cells recovered from the CNS. E-H. CD4+ T
cells were isolated from Thy1.1 CD48-/- 2D2 TCR Tg mice, and activated in vitro under TH1-polarizing
conditions as described in materials and methods to generate 2D2 TH1 CD4+ Teff. 3-6x10° 2D2 TH1 CD4+
Teff were adoptive transferred to Thyl.2 WT recipients, and 200ug of anti-CD48 or cIgG was given i.p. on
days 6,9 and 12 after transfer (black triangles). E. Mean clinical scores, +SEM. F. Day of onset. G. Peak
clinical score. H. Number of CD48-/- 2D2 CD4+ T cells (circles) and WT host CD4+ T cells (squares)
recovered from the CNS. I-K CD4+ T cells were isolated from Thyl.1 2D2 TCR Tg mice and also from
Thy1.1/1.2 CD48-/- 2D2 TCR Tg mice, then mixed at a ~1:1 ratio and adoptively transferred into Rag-/-
recipients. Two weeks later, mice were immunized for EAE as described for (A). 200ug of anti-CD48 or cIgG
was given on days 4, 7 and 10 after immunization (black triangles). I. Mean clinical scores, +SEM. J. Peak
clinical scores. K. Number of WT and CD48-/- 2D2 CD4+ T cells recovered from the CNS and spleen. A-D,
n=6-7 mice per group, representative of 5 independent experiments with 4-7 mice per group. E-H, n=5 mice
per group, representative of 2 independent experiments with 4-5 mice per group. J-L, n=4 mice per group,
representative of 4 independent experiments with 4-5 mice per group. Line on dot plots represents mean. Bars
represent mean, error bars represent SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical
significance calculated using Mann Whitney test (A, C, E, G, J, K) or Student’s t test (B, D, F, H,L).
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This suggested to us that anti-CD48 could have a targeted effect on WT CD4+ T cells during EAE, without
limiting the pathogenicity of CD48-/- T cells. To examine this further, we reconstituted Rag-/- mice with a
mixture of WT and CD48-/- 2D2 CD4+ T cells, and immunized for EAE with MOG/CFA 2 weeks later. Anti-
CDA48 or cIgG was given on days 4, 7 and 10 after immunization (Figure 5.15I). There was no difference in
the peak disease score (Figure 5.15]J). Mice treated with anti-CD48 had significantly reduced WT 2D2 CD4+
T cells in the CNS, but no change in the number of CD48-/- 2D2 CD4+ T cells in the CNS, and an increase in
the number of CD48-/- 2D2 CD4+ T cells in the spleen (Figure 5.15K). Collectively, these data suggest that
anti-CD48-mediated attenuation of EAE is highly dependent on and specific to CD48-expressing CD4+ T cells.
Furthermore, anti-CD48 can prevent CD48+ CD4+ T cells from accumulating in the CNS even in the midst of

ongoing CNS inflammation mediated by CD48-/- T cells.

Anti-CD48 mAb can attenuate EAE when CD4+ T cells are the only cells expressing CD48

The requirement for CD48 expression on CD4+ T cells led us to ask whether anti-CD48 could mediate its
protective effects if CD4+ T cells were the only CD48-expressing cells. To test this, we purified CD4+ T cells
from 2D2 mice, adoptively transferred these into CD48-/-Rag-/- recipients, waited 2 weeks for homeostatic
proliferation, then immunized for EAE with MOG/CFA. In this model, anti-CD48 prevented any signs of
clinical disease (Figure 5.16A-C). We detected very few CD4+ T cells in the CNS of anti-CD48 treated mice
(Figure 5.16D), and the number of CD4+ T cells in the spleen was strikingly reduced as well (Figure 5.16D).
This was also the case when we adoptively transferred WT 2D2 TH1 CD4+ Teff cells into CD48-/- recipients:
anti-CD48 completely blocked EAE (Figure 5.16E), prevented accumulation of 2D2 CD4+ T cells in the CNS,

and also reduced the number of 2D2 CD4+ T cells in the spleen (Figure 5.16F).

Anti-CD48 rapidly eliminates activated CD48+ CD4+ T cells from the blood in CD48-/- mice

We suspected that in the above model, where the only CD48 in the host was on a few million CD4+ T cells, this
dose of antibody had the potential to have a strong depleting effect. We were interested in testing this
hypothesis for two reasons: 1) to support our prior observations that that this antibody has the potential to cause

elimination of CD4+ Teff under certain conditions, and 2) to determine whether our in-depth study of the
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Figure 5.16 Anti-CD48 can attenuate EAE when CD4+ T cells are the only CD48+ cells. A-D. CD4+ T
cells were isolated from 2D2 TCR Tg mice and adoptively transferred to CD48-/-Rag-/- recipients. Two weeks
later, mice were immunized s.c. with 50pug MOG[35-55] emulsified in CFA to induce EAE, and given 100ng of
pertussis toxin on days 0 and 2 after immunization. On days 4, 7 and 10 after immunization, mice were given
200pg of anti-CD48 or cIgG i.p (black triangles). A.Mean clinical scores +SEM. B. Day of onset. C. Peak
clinical score. D. Number of CD4+ T cells in the CNS (left) and spleen (right). E-F. CD4+ T cells were
isolated from Thy1.1 2D2 TCR Tg mice and activated in vitro under TH1-polarizing conditions as described in
materials and methods to generate 2D2 TH1 CD4+ Teff. 3-6x10° 2D2 CD4+ Teff were adoptively transferred
to Thyl.2 CD48-/- recipients. 200ug of anti-CD48 or cIgG was given on days 4, 7 and 10 after adoptive
transfer (black triangles). E. Mean clinical scores, +£SEM. F. Number of donor 2D2 CD4+ T cells in the CNS
and spleen. A-D, n=4 mice per group, representative of 4 independent experiments with 3-5 mice per group.
E-F, n=5 mice per group, representative of 2 independent experiments with 4-5 mice per group. Lines on dot
plots represent means. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance calculated
using Mann Whitney test (A, C, E) or Student’s t test (B, D, F).
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intrinsic effect of anti-CD48 on WT T cells in CD48-/- hosts was likely to be confounded by effects of CD4+ T
cell elimination. We tested this hypothesis in two ways. First, we examined the kinetics of disappearance of
WT cells from the blood, spleen and inguinal lymph nodes in CD48-/- hosts, by looking at 4 and 24 hours after
anti-CD48 administration. CD48-/-TCRa-/- mice were given an ~1:1 mix of WT and CD48-/- 2D2 CD4+ T
cells, and one week later recipients were immunized with MOG/CFA. 6 days after immunization, anti-CD48 or
clgG was administered, and mice were analyzed 4 hours or 24 hours later. By 4 hours, anti-CD48 significantly
reduced the percentage of WT 2D2 cells in blood but not in the spleen or iLN (Figure 5.17A). By 24 hours,
the %9WT was significantly reduced in the spleen and iLN as well (Figure 5.17B). The kinetics of this effect
suggest that the antibody causes elimination of WT cells, or relocalization of WT cells such that they are not

detectable in the blood, spleen, or lymph nodes.

To further test our hypothesis that anti-CD48 caused depletion of CD48+ cells in CD48-/- recipients, we
examined the role of FcRs in this process. We transferred WT 2D2 TH1 CD4+ Teff into CD48-/- recipients,
and on day 6 after transfer we co-administered anti-CD16/CD32 along with anti-CD48 or cIgG. Spleen and
blood were analyzed one day later. As shown in representative flow cytometry plots in Figure 5.17C, anti-
CDA48 alone drastically reduced the percentage of 2D2 cells in the blood and spleen, while anti-CD48 plus anti-
CD16/CD32 did not reduce the percentage of 2D2 cells compared to anti-CD16/CD32 alone. The absolute
number of 2D2 CD4+ T cells was significantly reduced in the spleen, blood and lymph nodes of anti-CD48
treated mice, compared to mice receiving control IgG; however, the absolute number was not significantly
reduced in anti-CD48+anti-CD16/CD23-treated mice compared to mice receiving anti-CD16/CD32 alone
(Figure 5.17D). Notably, addition of anti-CD16/CD32 reduced the magnitude of other effects of anti-CD48
such as that on the percentage of ZVAD+ and GM-CSF+ 2D2 CD4+ T cells (Figure 5.17E, F). Collectively,
these results suggests that anti-CD48 can cause FcR-mediated elimination of CD4+ Teff from the blood and
lymphoid compartments, and further suggests that the effects of anti-CD48 on WT T cells in CD48-/- hosts may

not represent exclusively cell intrinsic effects of the antibody on T cells.
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Figure 5.17 Anti-CD48 rapidly eliminates activated CD48+ CD4+ T cells from the blood in CD48-/- mice.
A-B CD4+ T cells were isolated from Thyl.1 2D2 TCR Tg and Thy1.1/1.2 CD48-/- 2D2 TCR Tg mice, mixed
at a ~1:1 ratio, and adoptively transferred into CD48-/-TCRa.-/- recipients. Two weeks later, mice were
immunized with 50ug MOG[35-55] emulsified in CFA. On day 6 after immunization, 200pg of anti-CD48 or
clgG was given i.p. Four or 24 hours later, blood, spleen, and iLNs were collected and stained for analysis by
flow cytometry. A.%WT of total CD4+ T cells at 4 hours after anti-CD48 administration. B. %WT of total
CD4+ T cells at 24 hours after anti-CD48 administration. C-F CD4+ T cells were isolated from Thy1.1 2D2
TCR Tg mice and activated in vitro under TH1-polarizing conditions to generate 2D2 TH1 CD4+ Teff, as
described in materials and methods. 3-6x10°2D2 TH1 CD4+ Teff were adoptively transferred into Thy1.2
CD48-/- recipients. 200ug of anti-CD48 or cIgG pre-mixed with either anti-CD16/CD32 or isotype control (rat
IgG2a) was given i.p. on day 4 after adoptive transfer, and spleen, blood and skin-draining lymph nodes were
collected on day 6. C. Representative flow cytometry plots of live cells in the spleen and blood stained for CD4
and Thy1.1 to reveal the percentage of donor CD4+ T cells among lymphocytes. D. Quantification of the
number of donor 2D2 CD4+ T cells in the spleen, blood and lymph nodes. E. Cells were incubated for 30
minutes at 37° C with ZVAD-FMK-fluorescein to label active caspases, then analyzed by flow cytometry. F.
Cells were restimulated in vitro with PMA and ionomycin in the presence of GolgiStop, then stained for
intracellular cytokine production. Quantification of the %9GM-CSF+ of 2D2 CD4+ T cells. A-B, n=3 mice per
group, representative of 2 independent experiments with 1-3 mice per group. C-F n=4 mice per group. Lines in
dot plots represent means. Bars represent mean, error bars represent SEM. *p<0.05, **p<0.01, ***p<0.001,
*#*%p<0.0001. Statistical significance calculated using Student’s t test.
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Cytokine-producing cells are enriched in the CD48++ population of CD4+ T cells

The effect of anti-CD48 on EAE in WT mice, and the expression pattern of CD48 on activated cells, led us to
more closely examine CD48 expression on CD4+ Teff. Because CD4+ T cells infiltrating the CNS have higher
CDA48 than those in the periphery, we speculated that CD48++ might be an indicator of the most potent Teff.
Specifically, we hypothesized that CD48++ cells were enriched for cytokine-producing cells. To address this,
we immunized WT mice with MOG/CFA to induce EAE, then isolated cells from the CNS, iLN and spleen at
the peak of disease. We then stimulated cells with PMA and ionomycin in the presence of GolgiStop, and
analyzed intracellular cytokine production along with surface CD48 expression using flow cytometry.
Representative flow cytometry plots are shown in Figure 5.18A, gated on CD4+CD3+Foxp- cells in the spleen
and CNS. In the spleen, GM-CSF+, IFNvy+ and IL-17A+ CD4+ T cells had increased CD48 expression, while
IL-2+ cells were primarily not CD48++. In the CNS, all GM-CSF+, IFNvy+, IL-17A+ and IL-2+ cells were

primarily CD48++, although this was less pronounced for IL-2+ cells.

We considered that CD48++ might be a useful surrogate marker for cytokine-producing cells—that is to say,
that it appeared that CD48++ CD4+ T cells were enriched for some cytokine-producing cells, compared to
CDA48+ CD4+ T cells. Thus we calculated the percentage GM CSF+, IFNy+, IL-17A+, IL-2+ and IL-10+ cells
among CD48++ and CD48+ CD4+ T cells in each organ. As shown in Figure 5.18B, CD48++ CD4+ T cells
were enriched for GM-CSF+, IFNy+ and IL-17A+ cells in all organs examined; enriched for IL-2+ cells in the
CNS, but not in the iLN or spleen; and enriched for IL-10+ cells in the iLN and spleen but not in the CNS. This
suggests that high CD48 expression might discriminate a population of CD4+ T cells that is enriched for

cytokine-producing cells.

In a related experiment, we immunized WT mice with MOG/CFA to generate activated CD4+ T cells, but did
not give pertussis toxin to induce EAE and instead looked at cells from the spleen and iLN at d14 after
immunization (Figure 5.18C). In this experiment we again saw that in the spleen, CD48++ CD4+ T cells were
enriched for IFNy+, GM-CSF+, IL-17A+ and IL-10+ cells, but not for IL-2+ cells (Figure 5.18D). However, a
greater portion of IFNy+ CD4+ T cells were CD48+ rather than CD48++ (Figure 5.18C, E), which contrasted

with our observation in mice with EAE. CD48++ CD4+ T cells were still enriched for IFNy+ cells compared to

113



A WT, peak of A{0.112 0.971| N {0653 2.09] 10251 0272 AN4313
EAE (d17) : |7
Gated on
CD4+CD3+Foxp3-
Spleen |
CNS
0
L
3 > Ny
= £ o
O ]46.7 =130 53] =]
CD48

B Gated on CD3+CD4+
Foxp3- and: GM-CSF+ %IFNy+ %IL-17A+ %IL-2+ %IL-10+

B CD48++ 404 %% xxxx  xxxx 404 % ®x%%  ¥% 204 xxx  xxx  xxxx 0 4 *XE KKK

[ CD48+ 40

30 3
: 30

20 2
20

10 10 1

0 0

*
CNS iLN Spleen CNS iLN Spleen CNS iLN Spleen CNS iLN Spleen CNS iLN Spleen

C WT mice, d14 after MOG/CFA immunization
Gated on CD3+CD4+Foxp3- in the spleen

% cytokine+

=]

3.07 1.84 0.196 .o 119 'I‘ 0.252 0602 0221
> < Y e 7 :
e o = o
Lot 346) = Gleas = Jos. o g
CD48
D 5o. KERE  xkkx  xxx Wl CD48++ E 150 Ml CD48++
— = = ] CD4s+ " 3 CD4s+
40. 4
$ £
L 30 = 100
2 il
o 20 * *%% S
2 _*
S 10 i S 50
R — = B =
1
0 0
IFNy+ GM-CSF+ IL-17A+ IL-2+  IL-4+  IL-10+ IFNy+ GM-CSF+ IL-17A+ IL-2+ IL-4+  IL-10+

Figure 5.18 Teff cells producing pathogenic cytokines have increased CD48 surface expression. A-B.

WT mice were immunized s.c. with 50ug MOG[35-55] emulsified in CFA to induce EAE, and given 100ng of
pertussis toxin on days 0 and 2. On day 17, near the peak of disease, CNS, spleen and iLN were collected for
analysis. Cells were restimulated with PMA and ionomycin in the presence of GolgiStop, then stained for
surface CD48 and intracellular cytokines. A.Representative flow cytometry plots of CD4+ CD3+ T cells from
the CNS (top) and spleen (bottom) with CD48 and cytokine co-staining. B. Based on the gates in

A, %IFNY+, %IL-17A+, %GM-CSF+ and %IL-2 of CD48++ and CD48+ CD4+CD3+ T cells in the CNS, iLN
and spleen. C-E WT mice were immunized as above, but did not receive pertussis toxin. On day 14, in the
absence of EAE, spleen and iLN were collected for analysis. Cells were restimulated with PMA and ionomycin
in the presence of GolgiStop, then stained for surface CD48 and intracellular cytokines. C. Representative flow
cytometry plot of CD4+CD3+ T cells in the spleen with CD48 and cytokine co-staining. D. Based on the gates
in C, %IFNy+, %GM-CSF+, %IL-17A+, % IL-2+, %IL-4+ and %IL10+ of CD48++ and CD48+ CD4+CD3+ T
cells in the spleen. E. Based on the gates in C, the %CD48++ and %CD48+ of IFNvy+, GM-CSF+, IL-17A+,
IL2+, IL-4+ and IL-10+ CD4+CD3+ T cells in the spleen. A-B, n=4 mice. C-D, n=4 mice. *p<0.05, **p<0.01,
*#%p<0.001, ****p<0.0001. Bars represent means, error bars represent SEM. Statistical significance

calculated using Student’s t test.
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the CD48+CD4+ population (Figure 5.18D), but IFNy production was no longer so restricted to the CD48++
population. This suggests that high CD48 expression levels might indicate a unique activation state in CD4+ T

cells, in addition to providing a potential cell surface marker for enrichment of cytokine-producing cells.
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DISCUSSION

The goal of these studies was to characterize the role of CD48 in autoimmunity and tolerance in the context of
an inducible model of autoimmune disease, EAE. By using an anti-CD48 antibody, we could complement our
prior studies that relied on the CD48-/- [B6] strain. These studies initially were motivated by the caveats of
studying germline knockout mice. We considered that CD48 deficiency might result in developmental
differences in knockout mice, causing changes that were not related to lack of CD48 on mature lymphocytes. It
was also possible that CD48-/- mice had alterations to compensate for the absence of CD48, which could mask
the roles of CD48 in WT mice. Thus, we undertook the study of CD48 function in WT mice during EAE, and
administered an anti-CD48 blocking antibody to probe the pathogenic and regulatory roles of this immune
receptor. Our discovery that anti-CD48 could potently attenuate EAE led us to explore the mechanism of its
action and its implications for the functions of CD48. In these studies, we: 1) characterized CD48 expression
during EAE; 2) investigated the clinical, histological and cellular effects of anti-CD48 during EAE; 3)
identified the cell types needed for anti-CD48 mediated attenuation of EAE; 4) analyzed the effects of anti-
CDA48 on proliferation, activation of and cytokine production by antigen-specific CD4+ Teffector cells; 5)
determined the cell-intrinsic effects of anti-CD48 on WT 2D2 CD4+ Teff in CD48-/- hosts; 6) characterized the
Fc-binding components required for anti-CD48 mediated attenuation of EAE; 7) identified the CD48 expression
pattern required for anti-CD48 mediated attenuation of EAE; 8) characterized functional differences between

CD48++ and CD48+ CD4+ T cells from mice with EAE.

We found that CD48 expression was increased on CD4+ T cells during EAE, particularly those recovered from
the CNS, as well antigen-specific 2D2 CD4+ T cells that had been activated in vitro or in vivo. High CD48
expression correlated with production of IFNy, IL-17 and GM-CSF after restimulation ex vivo with MOGI[35-
55] or PMA and ionomycin. Administration of the anti-CD48 antibody HM48-1 to mice prior to onset of EAE
was able to dramatically attenuate disease, and resulted in a reduction in the number of antigen-specific
cytokine producing Teff in the periphery and CNS. CD48 expression on CD4+ Teff was necessary for
protection, while CD48 expression on other cell types was dispensable. Our studies indicated that anti-CD48
mediated attenuation of EAE did not require B cells or CD8+ T cells, potentially involved NK cells, and was at

least partially dependent on FcRs. Notably, anti-CD48 was effective in limiting disease during the effector
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phase, and could also enhance resolution when administered near the peak of disease. Our results suggest that
anti-CD48 exerts its protective effects in attenuating EAE by limiting activation/proliferation of Teff and
depleting highly activated CD48++ CD4+ Teff. In addition, our results suggest that high CD48 expression is
correlated with production of pathogenic cytokines during EAE, and that targeting CD48++ CD4+ Teff for

depletion may be a useful treatment to prevent progression of autoimmunity.

First, we examined the expression of CD48 on various lymphocyte populations during EAE. We found that a
subset of CD4+ T cells had increased CD48 expression during EAE, and that these CD48++ CD4+ T cells were
numerous in the spleen and represented the majority of CD4+ T cells in the CNS. This suggested to us that
CD48++ CD4+ T cells represented highly activated cells. CD48 expression is reported to increase on human B
cells during EBV infection or after PHA stimulation (Yokoyama et al. 1991); on T cells, B cells and monocytes
after exposure to IFNa, IFN or IFNy (Tissot et al. 1997); and on B cells during multiple myeloma (Hosen et
al. 2012). In both cases, these cell populations are activated and highly proliferative, suggesting that CD48
expression in humans also correlates with proliferative capacity or cell cycle stage. In mice, CD48 expression
is reported to increase on eosinophils during allergic inflammation (Munitz et al. 2006; Munitz et al. 2007) and
on mast cells during bacterial infection (Rocha-de-Souza et al. 2008). We found that CD48 expression
correlated partially with other activation markers such as CD44,ICOS, VLA-4 and Ki67. All CD48++ cells
were CD44+, but not all CD44+ cells were CD48++, suggesting that CD48 expression levels might indicate a
unique activation state of the cell. Further studies examining gene expression in CD48+ and CD48++ cells may
reveal whether these are distinct populations, and what upstream signaling pathways contribute to increased

CD48 expression.

We also found that CD48 expression was increased on antigen-specific cells that we knew to be activated. In
vitro stimulated, TH1 polarized 2D2 CD4+ Teff transferred into WT mice were entirely CD48++. When we
transferred 2D2 CD4+ T cells into WT mice and then immunized recipients with MOG/CFA, an increased
percentage of 2D2 CD4+ T cells were CD48++ compared to the percentage of host CD4+ T cells. This
supported the interpretation that CD48 expression was uniquely increased on activated cells, and further

suggested that CD48 expression might be increased after TCR stimulation. Additional studies are required to
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determine whether TCR stimulation is critical, and what other costimulatory signals might be required, as well.
In addition, future studies could identify whether other stimuli are sufficient to upregulate CD48 expression on
murine T cells, such as exposure to certain cytokines or activation of certain transcription factors. Although
preliminary experiments with in vitro polarization of CD4+ T cells did not suggest that CD48 upregulation was
specific to TH1, Th2, TH17 or Tregs, further characterization is necessary to confirm this. This is of particular
interest, as other costimulatory and coinhibitory molecules are associated with particular T helper functions.
For instance, VLA-4 ligation during T cell priming promotes TH1 differentiation and opposes Th2 (Mittelbrunn

et al. 2004).

Functional studies are also required to determine the kinetics of CD48 upregulation, and whether high CD48
expression is stable or transient. In some cases, we saw that CD48++ cells were enriched in a population of
cells with high forward scatter properties by flow cytometry, suggesting that increased CD48 MFI could be due
to increased cell size. However, other surface stains were not brighter on these cells, suggesting that cell size
was not the only factor influencing the brightness of CD48 staining. These larger cells may also represent large

blasting cells, which would be consistent with our observation that CD48++ cells are often Ki67+ as well.

We next administered anti-CD48 in vivo and assessed the effects of this antibody on cell surface expression of
CDA48 and proportions of lymphocyte subsets. Other publications had reported that this antibody did not cause
gross depletion of lymphocytes, but did cause a change in the distribution of lymphocyte subsets (Chavin et al.
1994), and could prevent reconstitution by bone marrow in lethally irradiated mice (Blazar et al. 1998), cause
downregulation of surface CD48 (Blazar et al. 1998), and augment the effects of anti-CD2 in vivo to prolong
allograft survival (Qin et al. 1994). We first assessed how the antibody affected CD48 expression in naive
mice. We found that anti-CD48 administration in vivo resulted in some downregulation of total surface CD48
expression, but that much of the CD48 remained on the cell surface and was bound by anti-CD48 antibody that
could be detected with a secondary antibody. Staining with directly conjugated anti-CD48 was blocked by anti-
CD48 administration in vivo, but by 3-4 days after anti-CD48 antibody administration, staining with directly
conjugated CD48 did not differ between cIgG and anti-CD48 treated mice. This suggests that the anti-CD48

antibody did not have a long half-life in vivo, and also that there is eventual turnover of surface CD48
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molecules. We also observed a slight change in the distribution of lymphocyte subsets, most notably a decrease
in the percentage of Ki67+ Foxp3+ CD4+ T cells. This was interesting to us, because in naive mice the CD4+
T cells with highest CD48 expression levels are Ki67+ Foxp3+ CD4+ T cells. Importantly, we confirmed that
anti-CD48 did not cause widespread lymphocyte depletion in our hands, but our studies suggested that the anti-
CD48 antibody might have a targeted effect on CD48++ cells.

We next administered anti-CD48 to WT mice in order to evaluate the role of CD48 during EAE. When we
administered anti-CD48 to mice during EAE, prior to onset of clinical disease, we found that it caused dramatic
attenuation and even prevention of disease. We first hypothesized that this might be due to an inability for
lymphocytes to traffic from the meninges to the CNS. For instance, during EAE in B7-1/B7-2-/- mice,
lymphocytes were effectively activated in the periphery, but when they reached the CNS they did not receive
the necessary reactivation to then enter the parenchyma. Histologically, this was apparent as a striking
accumulation of lymphocytes in the meninges of the brain and spinal cord, but very few lymphocytes in the
CNS (Chang et al. 1999). When we examined the CNS histology in anti-CD48 treated mice at days 12 and 15
after immunization, times when cIgG-treated mice are at the onset and peak of disease, respectively,
histological analysis revealed minimal lymphocytic infiltration in either the meninges or the parenchyma of
anti-CD48 treated mice in contrast to cIgG treated mice which showed substantial infiltration. This suggested
that anti-CD48 blocked pathogenesis in EAE in a different way than B7-1/B7-2 deficiency. By cellular analysis
of the CNS, reduced infiltration was also apparent. The number of CD45+ lymphocytes and monocytes
recovered from the CNS of anti-CD48 treated mice was significantly reduced, particularly for CD4+ T cells, but
also for CD8+ T cells, CD11b+, CD11c+ and B220+ cells. This suggested to us that anti-CD48 treatment
might somehow limit activation of the relevant Teff population, block migration of Teff into the CNS, reduce
survival of Teff in the CNS, and/or mitigate pathogenicity of Teff such that an MOG-reactive T cell response

could not be sustained in the CNS.

Adhesion and costimulatory molecules have been common targets for antibody blockade during EAE, to
explore the role of immune receptors in activation and migration of CD4+ Teff. Several molecules, such as
VLA-4 and LFA-1, have been found to play different roles at different phases of disease, and also to be critical

to both Teff and Treg functions. Thus, the overall result of antibody treatment is sometimes difficult to
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interpret. For instance, anti-VLA-4 antibody given before onset of disease limits the severity of EAE, but not
incidence, likely by blocking secondary recruitment of activated Teff into the CNS (Brocke et al. 1999).
However anti-VLA-4 given during ongoing disease exacerbates EAE, suggesting that this molecule may have
multiple roles (Theien et al. 2001). Conflicting reports about the effect of anti-LFA1 during EAE also suggest
that this molecule may have multiple roles, on multiple cell types, at different phases of disease (Welsh et al.
1993; Cannella, Cross, and Raine 1993; Gordon et al. 1995). Anti-CD44 was also capable of attenuating EAE
during established disease (Brennan et al. 1999). Anti-CD40L antibody is also described to attenuate EAE,
although the mechanism of action of this antibody was dependent on Fc receptors and thus thought to be via
depletion, rather than blocking costimulation (Monk et al. 2003). Based on these published studies, it was
critical to consider the many possible effects that antibodies can have in vivo—on different cell types, at

different phases of disease, and potential for blocking, depleting or activating activities.

We investigated the mechanism of action of anti-CD48 in EAE by first identifying the key cellular components
that were required for protection. Although CD4+ T cells and MHCII+ APCs are required to induce EAE with
MOG][35-55], it was possible that anti-CD48 might act on CD8+ T cells, B cells or NK cells to mediate its
protective effects. We found that in Rag-/- mice reconstituted with 2D2 CD4+ T cells (thus lacking B cells and
CDS8+ T cells), anti-CD48 could still attenuate EAE. This indicated to us that neither B cells nor CD8+ T cells
were critical for anti-CD48 to attenuate EAE. To test for the role of NK cells, we used both antibody depletion
of NK cells in WT mice, and 2D2 CD4+ T cell transfer to I12Ryc-/-Rag-/- mice. Although EAE was more
severe in mice lacking NK cells, in our hands, anti-CD48 was still able to attenuate the severity of disease.
However, anti-CD48 could no longer completely block EAE in mice lacking NK cells. It is possible that anti-
CD48 was having the same magnitude of effect, but the increased severity of disease in NK cell deficient mice
meant that disease could not be blocked by this dose of anti-CD48. Alternatively, it is possible that the effects
of anti-CD48 antibody may be partially dependent on NK cells for attenuation of disease, and in their absence
the protective effects of anti-CD48 are present but reduced. To address these possibilities, future experiments
could use a milder form of EAE, or an increased dose of antibody. In one preliminary experiment, we used the

2D2 THI1 adoptive transfer model to induce EAE in I12Ryc-/- mice, rather than immunizing mice after
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reconstitution with CD4+ T cells. Although disease was milder than in the immunization model, anti-CD48

was still only partially protective.

We can imagine several potential roles for NK cells in anti-CD48 mediated attenuation of EAE, based on the
described —but controversial —roles of NK cells in EAE as well as roles of CD244 on NK cells, and the
expression of Fc receptors on NK cells. NK cells can lyse activated CD4+ Teff, and this is enhanced in mice
lacking Qa-1 (Lu et al. 2007). It is possible that anti-CD48 affects Qa-1:NKG2A interactions between CD4+ T
cells and NK cells, respectively, and enhances NK-mediated lysis of Teff. NK cells were also suggested to
limit TH17 cells in the CNS during EAE, so it is possible that anti-CD48 might augment the ability of NK cells
to mediate these effects (Hao et al. 2010). In addition, CD244:CD48 interactions are described to influence
NK-mediated lysis (Garni-Wagner et al. 1993; Schatzle et al. 1999; Lee et al. 2004; Vaidya et al. 2005;
Chlewicki et al. 2008). Thus, anti-CD48 may limit the ability of NK cells to mediate protective, CD244-

dependent effects.

We also tested the role of CD244 in anti-CD48 mediated attenuation of EAE. Considering the potential for an
NK-mediated role, this was of particular interest. However, our experiments with anti-CD48 in EAE in
CD244-/- mice were somewhat inconsistent, and thus difficult to interpret. In some cases anti-CD48 did not
attenuate EAE substantially in CD244-/- mice, and in fact seemed to result in increased severity after the final
dose. In other cases, anti-CD48 was just as protective as in WT mice. Additional studies would be required to
determine if in fact cessation of anti-CD48 treatment results in a rebound effect, or whether there were other
factors influencing the variability of EAE in this strain, in our colony. However, it did appear that anti-CD48
could be protective at least partially, during EAE in CD244-/- mice. This suggested that anti-CD48 was not
interrupting a critical CD48:CD244 interaction, to mediate protection, but instead blocked critical CD48:CD2

interactions and/or had cell intrinsic effects on CD48+ cells.

We also pursued the mechanism of action of anti-CD48 in EAE by examining the effects of anti-CD48

treatment on Teff activation, proliferation, and cytokine production prior to disease onset. We hypothesized

that anti-CD48 might limit T cell activation, thus leading to delayed and attenuated EAE. To start, we
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examined antigen-specific cytokine production by lymphocytes from the spleen and iLN on day 12 after
immunization, in cIgG and anti-CD48 treated mice. Although we did not see any difference in production of
IFNYy, TNFa, IL-17 or IL-10 in the iLN after restimulation with MOG[35-55] for 3 days, we did observe a
significant decrease in the production of IFNy and TNFa in the spleen, as well as a trend towards less IL-17 in
the spleen. This was not due to a difference in the percentage of CD4+ T cells in anti-CD48 treated mice, nor to
a difference in the percentage of Foxp3+ Tregs, as these were not significantly altered in anti-CD48 treated
mice. This suggested that anti-CD48 did not limit T cell priming at the site of immunization, but might have an
effect on the fate of these cells after leaving the lymph node. Although IFNY is not required for development of
EAE, IFNYy production by CD4+ Teff can influence CNS entry as well as the course of disease (Lees et al.
2008; O'Connor et al. 2008). Similarly, IL-17 is not required for EAE, but blocking IL-17 can attenuate disease
(Park et al. 2005). Thus, we considered that the reduced production of these disease-promoting cytokines could

contribute to attenuated EAE following anti-CD48 treatment.

To further examine the effects of anti-CD48 antibody on antigen-specific cytokine production by Teff, we
adoptively transferred MOG-specific 2D2 CD4+ T cells to WT mice, immunized these recipients with MOG
and gave anti-CD48 on day five. When we examined cytokines on day eight, we saw a striking reduction in the
percentage and number of IFNy+, IL-17A+, and GM-CSF+ 2D2 CD4+ T cells in the spleen and blood, but less
of a difference in the iLN, and no differences in cytokine production by host CD4+ T cells. This again
suggested that anti-CD48 had an effect on CD4+ T cells after leaving the iLN, and further suggested that this
effect was specific to—or else amplified in—antigen-specific CD4+ T cells. Reduced GM-CSF production was
particularly intriguing, as this cytokine has been identified as a crucial effector cytokine in EAE: GM-CSF
promotes activation of dendritic cells and macrophages, and production of IL-23, which can then stabilize TH17
Teff cells (Codarri et al. 2011; El-Behi et al. 2011). Interestingly, IL-10 production by 2D2 CD4+ T cells was
not reduced, nor did we see a difference in IL-2 production, suggesting that anti-CD48 had a specific effect on
production of only some cytokines, or some types of cytokine-producing cells. This is particularly interesting
considering that CD48 expression is highest in activated, antigen-specific cells in this model, and also in light
of our subsequent findings that IFNYy, IL-17 and GM-CSF-producing cells tend to have high CD48 expression.

We considered several possibilities to explain the selective effects on cytokine production. CD48:CD2

122



interactions are costimulatory (Kato et al. 1992; Moran and Miceli 1998; Latchman, McKay, and Reiser 1998),
so it is reasonable to consider that anti-CD48 blocks a signal required for development of these highly activated,
CD48++, cytokine-producing cells. It is also possible, although not yet described, that CD48++ cells are more
dependent on CD48 signaling for their survival. It is also possible, and supported by our later findings of the
dependence on FcRs for anti-CD48 to attenuate EAE, that the antibody causes selective depletion of the cells
that express the highest levels of CD48. Selective depletion of high expressers has been described for other
antibodies, such as anti-CTLA-4 depletion of Tregs (Simpson et al. 2013). However, these are not mutually

exclusive possibilities, and further experiments would be required to identify how each might be relevant.

In complementary studies, we sought to clarify whether anti-CD48 attenuates EAE by affecting the T cell
priming or effector phase. Whether anti-CD48 could affect CD4+ Teff that had already infiltrated the CNS was
particularly interesting to us, as we considered future therapeutic implications for this work and whether anti-
CD48 administration could be effective in patients with clinical disease. We found that anti-CD48 could
significantly attenuate disease when treatment was initiated right at the onset of clinical symptoms, although it
did not completely block progression. In contrast, when administered after substantial disease burden but prior
to the peak of disease, anti-CD48 had a more modest effect; although it did increase recovery, this was not as
striking as in our other administration protocols. Lastly, we found that anti-CD48 could dramatically attenuate
EAE induced by adoptive transfer of TH1-polarized 2D2 CD4+ Teff, indicating that the antibody was capable
of limiting disease independent of any effects on Th differentiation. The latter finding also suggested that anti-
CDA48 could act directly on activated Teff, possibly limiting their proliferation, survival or pathogenicity, rather

than limiting their generation.

To further assess the effects of anti-CD48 on Teff, we examined 2D2 TH1 CD4+ Teff on day 5 after adoptive
transfer, prior to onset of disease. We found that anti-CD48 treatment on day 3 did not alter the proportion of
IFNvy+ cells among the 2D2 CD4+ Teff, in contrast to our results using naive 2D2 CD4+ T cell transfer
followed by MOG immunization. This suggested that anti-CD48 did not have a direct effect on the ability of
cells to product cytokine. However, the number of 2D2 CD4+ Teff was reduced, and thus the number of IFNy+

Teff was reduced, suggesting that anti-CD48 could keep the number of Teff below the critical threshold
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required to precipitate disease. Indeed, anti-CD48 treated mice had reduced Ki67 expression in 2D2 CD4+
Teff, and also reduced EdU incorporation, suggesting that the number of Teff might be limited by reduced
proliferation. Anti-CD48 was also capable of limiting 2D2 TH1 CD4+ Teff proliferation in vitro. Thus, we
concluded that anti-CD48 was capable of limiting proliferation of 2D2 CD4+ Teff both in vivo and in vitro, and
that anti-CD48 also reduced the number of 2D2 CD4+ Teff in vivo. This is consistent with the described role
of anti-CD48 in limiting proliferation of T cell in vitro (Kato et al. 1992; Qin et al. 1994; Musgrave, Watson,
and Hoskin 2003). However, these experiments did not determine whether limiting proliferation was the only,

or even the critical, factor in reducing cell number.

We considered that reduced cell number might also be caused by reduced survival. To test this, we examined
AnnV staining on 2D2 TH1 CD4+ Teff on day 5 after adoptive transfer, and also measured active caspases with
the ZVAD-FMK-fluorescein reagent. We found an increase in the percentage of ZVAD+ 2D2 CD4+ T cells in
mice that received anti-CD48 on day 3, compared to control mice, but no difference in the %AnnV+ 2D2
CD4+. This suggested that anti-CD48 treatment might result in increased apoptosis of Teff. Although the
increase was modest (~30% increase) it is possible that reduced proliferation combined with reduced survival
might combine to result in the dramatic decrease in cell numbers. CD2 engagement on B cells is reported to
promote survival during affinity maturation, so it is possible that blocking CD48 might also prevent CD4+ T
cells from receiving optimal survival signals through CD2 (Genaro et al. 1994). In addition, CD2 engagement
on T cells is reported to increase IL-2 production in vitro, and blocking this with an anti-CD2 or anti-CD48
antibody results in reduced IL-2 production, decreased IL-2Ra expression, and destabilization of IL-2 mRNA
(Musgrave, Watson, and Hoskin 2003; Musgrave et al. 2004). Our observations are thus consistent with other
reports, in that anti-CD48 can limit both survival and proliferation signals for T cells. However, we did not
observe an effect of anti-CD48 treatment on IL-2 production in 2D2 CD4+ T cells during EAE, and actually

found that CD25 expression increased in anti-CD48 treated mice.

We also examined whether anti-CD48 treatment caused cell intrinsic or extrinsic effects on CD4+ Teff in vivo.

Although we had observed that anti-CD48 could limit proliferation of 2D2 CD4+ Teff stimulated with WT

APCs, both in vivo and in vitro, we investigated the contributions of CD48 on the T cell or APC. When we
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stimulated WT Teff with CD48-/- APCs in vitro, we found that CD48-/- APCs were less stimulatory than WT
APCs, and that the effect of anti-CD48 on proliferation was less pronounced with CD48-/- APCs. This
suggested that the effect of anti-CD48 on limiting proliferation was primarily by blocking CD48 on APCs. We
examined this question in vivo, by transferring WT 2D2 TH1 CD4+ Teff into CD48-/- recipients, and giving
anti-CD48. Importantly, we had already established that anti-CD48 had no effect on EAE in CD48-/- mice,
when immunized with MOG/CFA. When we induced EAE in CD48-/- mice using WT CD4+ T cells and
administered anti-CD48 antibody, we observed a profound decrease in 2D2 CD4+ Teff numbers (~10-fold
decrease), but minimal effect on Ki67 expression or EdU incorporation. Caspase activation was still increased.
This suggested that anti-CD48 could have dramatic cell intrinsic effects on CD4+ Teff; we investigated this
further using NanoString transcriptional analysis of 2D2 CD4+ Teff from the spleens of anti-CD48 and cIgG
treated CD48-/- recipients on day 7 after cell transfer. Our Nanostring results were in line with some of our
prior observations by flow cytometry, in that anti-CD48 treatment resulted in reduced GM-CSF and IFNY, but
increased CD25 expression. However, the NanoString indicated that CCR2 expression was decreased, while
flow cytometry indicated that CCR2 was unchanged or even increased. The NanoString also indicated that
Lag3 was increased, although we never detected Lag3 expression by flow cytometry using the commercially
available COB7W clone. Although changes in gene expression do not always directly correlate with protein
expression, our data suggest that anti-CD48 treatment in CD48-/- mice can result in some cell intrinsic effects
on WT 2D2 CD4+ T cells, including IFNYy. Further studies are required to validate the leads from the
NanoString experiment, both by flow cytometry and mRNA analysis; however our later discovery suggesting
profound depletion of WT CD4+ T cells in CD48-/- hosts suggests that future experiments need to eliminate

potential depletion effects, during study of cell-intrinsic effects of anti-CD48 in this model.

In further studies, we directly investigated the possibility of an Fc-mediated mechanism, such as depletion. To
determine which anti-CD48 mediated effects were FcR-dependent, we first co-administered anti-CD48 with an
FcR blocking antibody, anti-CD16/CD32, to WT mice that had received a 2D2 TH1 CD4+ Teff adoptive
transfer. We found that reduction in CD4+ Teff cell numbers was FcR dependent. Although reduced numbers of
Teff consistently correlated with attenuated disease in anti-CD48 treated mice, it was not clear whether this was

required for attenuation of EAE. We also observed that some effects of anti-CD48 treatment were FcR
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independent, including reduced proliferation, increased % VLA-4+ and increased %CD69+ amongst 2D2 CD4+
Teff. Additional studies using other methods to ascertain the role of FcRs would be valuable, to confirm these

results. For instance, we could use Fcerly-/- mice as recipients, or mice lacking specific FcRs.

We also asked whether anti-CD48 attenuation of EAE was dependent on FcR interactions. Using the same anti-
CD16/CD32 antibody, co-administered with anti-CD48 or cIgG, we found that anti-CD48 mediated attenuation
of EAE was partially dependent on CD16/CD32. WT mice were immunized with MOG/CFA to induce EAE,
and then given a mixture of anti-CD48 and/or anti-CD16/CD32, along with control antibodies. We found that
mice that received anti-CD48 plus anti-CD16/CD32 developed EAE with reduced incidence and severity
compared to mice that received anti-CD16/CD32 alone, while mice that received anti-CD48 alone did not
develop any signs of clinical EAE. This suggests that some but not all of the effects of anti-CD48 on EAE
pathogenesis required FcRs. We did not observed the course of EAE to be significantly different in mice
receiving anti-CD16/CD32 alone compared to mice receiving cIgG only. This type of FcR blockade has been
used by other groups to identify which FcR are involved in antibody-mediated depletion (Setiady, Coccia, and
Park 2010). However, additional experiments are needed to determine if and when anti-CD48 physically

interacts with CD16/CD32.

In a complementary approach to FcR blocking antibodies, we administered anti-CD48 to FcR-deficient mice
during EAE (Fcerly-/- mice). In these experiments, anti-CD48 treatment had almost no protective effect. This
suggested that FcRs were required for anti-CD48 to attenuate EAE, although additional experiments are
necessary to identify the relevant FcRs, since Fcerly-/- mice lack all FcRs. In contrast to these results,
however, a F(ab’)2 of anti-CD48, which should not interact with any FcRs, was also able to prevent EAE in
WT mice. Although this particular experiment was only performed once, and the result would need to be
confirmed, it supports the finding using anti-CD16/CD32 antibodies, that at least some of the protective effects
of anti-CD48 are Fc-independent. It is possible that the dose of anti-CD48 F(ab’)2 might not have been
equivalent to the dose of anti-CD48 given to Fcerly-/- mice. We were not certain what the half-life of the
F(ab’)2 would be in vivo, and so administered it every 2 days instead of every 3 days. This may have resulted

in additional potency, and thus enhanced protection even in the absence of Fc-mediated effects. Collectively,
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our data suggested a key role of FcRs in at least part of the mechanism of anti-CD48 mediated attenuation of
EAE with clone HM48-1. Generation of new anti-CD48 antibodies, for example by immunizing CD48-/- mice,

could be extremely valuable for developing tools to study the effects of CD48 blockade or stimulation.

Next, we asked which CD48+ cells anti-CD48 acted on, to attenuate disease. To investigate this, we used
various adoptive transfers of WT or CD48-/- CD4+ T cells into WT or CD48-/- recipients, to identity the CD48
expression pattern that was critical for anti-CD48 to attenuate EAE. We found that anti-CD48 could not
significantly attenuate EAE mediated by CD48-/- CD4+ T cells in a CD48+ host. When both WT and CD48-/-
CD4+ T cells were present in the host, anti-CD48 prevented infiltration of WT CD4+ T cells in the CNS, but
did not prevent CD48-/- CD4+ T cells from infiltrating the CNS. This suggested to us that expression of CD48
on CD4+ Teff was critical for anti-CD48 to attenuate EAE. Although we might have expected that blocking
CD48 on host cells, such as APCs, could limit activation and proliferation of CD48-/- CD4+ T cells, this is not
something we have examined directly. Preliminary data from our lab indicate that CD48-/- CD4+ T cells
proliferate more in response to WT APCs, than to CD48-/- APCs, in vitro, but additional studies are required to
determine how anti-CD48 antibody affects this proliferation in vitro (Dan Brown, unpublished data). Our
results suggest that any effect anti-CD48 might have on proliferation of CD48-/- T cells in WT recipients is

insufficient to alter the clinical course of EAE.

While these studies indicated that CD48 expression on CD4+ T cells was required for anti-CD48 to attenuate
EAE, we next asked whether this was sufficient. To test this, we induced EAE with WT CD4+ T cells in
CD48-/- hosts, and administered anti-CD48. In both the MOG/CFA immunization model and the 2D2 TH1
CD4+ Teff adoptive transfer model, anti-CD48 completely blocked disease in CD48-/- recipients. This was
accompanied by a striking reduction in the number of WT CD4+ T cells in the spleen and lymph nodes of anti-
CD48-treated mice, suggesting that anti-CD48 could act directly on CD48+ CD4+ T cells to limit proliferation
or survival. Because we had observed that anti-CD48 had FcR-dependent effects in WT mice, and also that
anti-CD48 might have cell intrinsic effects on WT CD4+ T cells in CD48-/- recipients, we hypothesized that the

striking reduction in cell numbers might be due to an FcR-mediated depletion mechanism.
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We tested this hypothesis in two ways. First, we examined the kinetics of WT CD4+ T cell disappearance from
blood, spleen and lymph nodes in CD48-/- mice, after anti-CD48 administration. We evaluated this in
MOG/CFA-immunized CD48-/-TCRa-/- recipients that had received a mix of WT and CD48-/- 2D2 CD4+ T
cells, and compared the proportion of CD4+ T cells that were WT (susceptible to anti-CD48 effects) and CD48-
/- (presumed to be unaffected by anti-CD48 treatment). Four hours after anti-CD48 administration, WT CD4+
T cells were dramatically reduced in the blood, but not in the spleen or lymph nodes. By 24 hours after anti-
CD48 administration, WT CD4+ T cells were dramatically reduced in the spleen as well, and moderately
reduced in the lymph node. The kinetics of the disappearance of WT CD4+ T cells from the blood, spleen, and
lymph nodes were consistent with a mechanism of depletion of CD48+ T cells, although this could also be due
to relocalization of cells in another compartment not examined. While additional experiments are required to
describe the pattern of WT CD4+ T cell localization in other compartments after anti-CD48 treatment, these
findings strongly suggested to us that anti-CD48 exerts its effects through an FcR-mediated depletion
mechanism. To test for the role of FcR in anti-CD48 mediated elimination of WT CD4+ T cells from the blood
and spleen of CD48-/- mice, we co-administered anti-CD16/CD32 along with antiCD48. In CD48-/- recipients
of 2D2 TH1 CD4+ Teff, anti-CD48 treatment strikingly reduced the percentage of WT cells in the blood and
spleen, while anti-CD16/CD32 plus anti-CD48 treatment was indistinguishable from anti-CD16/CD32
treatment alone. This strongly suggested that anti-CD48 treatment in CD48-/- recipients could cause Fc-
mediated elimination of WT CD4+ T cells, consistent with a mechanism of depletion. Interestingly, anti-
CD16/CD32 plus anti-CD48 had little effect on apoptosis, as measured by caspase activation, whereas anti-
CDA48 alone increased the proportion of cells with active caspases. This suggests that increased apoptosis in
anti-CD48 treated mice was also FcR-dependent. We also asked whether the effect of anti-CD48 on GM-CSF
production was FcR-dependent. In mice that received anti-CD16/CD32 plus anti-CD48, the %GM-CSF+ of
CD4+ T cells was modestly reduced in the spleen and lymph nodes, compared to anti-CD16/CD32 treatment
alone. In contrast, anti-CD48 alone resulted in a dramatic reduction in the %9GM-CSF+ CD4+ T cells compared
to control mice. This suggests that some of the effects of anti-CD48 on WT CD4+ T cells in CD48-/- hosts,
which we interpreted to represent cell intrinsic effects of anti-CD48 on CD4+ T cells, may in fact partially be
due to FcR-mediated mechanisms, as well. To better identify truly cell intrinsic effects of anti-CD48 on WT

CD4+ T cells, studies using anti-CD16/CD32 along with anti-CD48, in CD48-/- hosts, would be valuable. To
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identify the specific FcRs involved in anti-CD48 mediated elimination of WT CD4+ T cells, future studies
could use CD48-/- mice that also lack specific FcRs. Similarly, to characterize the cells involved in FcR-
mediated effects of anti-CD48, CD48-/- mice that lack specific FcRs on specific cell types would also be

valuable.

What was most striking to us, however, was the indication that an anti-CD48 antibody could dramatically limit
the number of cytokine-producing WT CD4+ Teff, in both WT and CD48-/- hosts, and that this coincided with
attenuated disease. It appeared that anti-CD48 might deplete CD48++ activated cells, but also limit the
generation of CD48++ cells, resulting in fewer pathogenic CD4+ T cells. This led us to hypothesize that high
CD48 expression might be related to production of certain cytokines. To test this, we examined CD48
expression on CD4+ T cells along with intracellular cytokine expression. We found that in the spleen of mice
at the peak of EAE, GM-CSF+, IFNy+ and IL-17A+ CD4+ T cells were predominantly those that most highly
expressed CD48 (CD48++), and the percentage of cytokine-producing cells was significantly higher among
CD48++ CD4+ T cells, than it was among CD48intermediate (int) CD4+ T cells. Notably, the majority of IL-
2+ cells were CD48int, rather than CD48++, suggesting that IL-2 production is not so restricted to CD48++
cells. In the CNS, nearly all cytokine-producing cells that we examined were CD48++ (GM-CSF+, IFNvy+, IL-
17A+, IL-2+). Itis not clear if this is because only the most activated cells enter the CNS, or because cells
become more activated within the CNS. We considered that CD48++ expression might be a result of recent
antigen stimulation; thus in the CNS all cytokine-producing cells are likely responding to antigen, whereas in
the periphery there may be naive CD4+ T cells that produce IL-2 in response to PMA and ionomycin.
Additional studies to examine CD48 expression along with cytokine production in both naive and immunized
mice may aid in understanding factors regulating CD48 expression. Additionally, we could use cell surface
markers to distinguish naive CD4+ T cells, such as CD62L and CD44, along with measuring intracellular
cytokine production, to test the hypothesis that the spleen contains naive, IL-2-producing, CD48int CD4+ T

cells.

Also notable was the fact that the majority of IL-10+ CD4+ T cells in the spleens of these mice were CD48int,

rather than CD48++. IL-10 can attenuate inflammation in EAE, and is associated with disease resolution
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(Bettelli et al. 1998; Zhang et al. 2004; McGeachy, Stephens, and Anderton 2005), and this suggested to us that
CD48++ expression might in fact be correlated with production of pathogenic cytokines during EAE. Further
studies, including functional studies to compare CD48++ and CD48int CD4+ T cells, will be required to

determine if and how this might be the case.

Our results indicate that CD48 expression tends to be higher among cytokine-producing cells during EAE, than
among non-cytokine producing cells, and also that anti-CD48 treatment results in a decrease in the number of
IFNg+, IL-17A+ and GM-CSF+ CD4+ Teff which is partially dependent on FcgRs. This suggests to us a
mechanism whereby anti-CD48 treatment limits the generation and survival of CD48++, pathogenic-cytokine-
producing CD4+ Teff during EAE, resulting in prevention or attenuation of disease. Although we cannot
exclude an effect of anti-CD48 on regulatory CD4+ T cell populations, as well, it appears that the net effect of

anti-CD48 treatment is to create a less pathogenic environment.

Our studies of CD48 using the anti-CD48 antibody were initiated to complement our study of the CD48-/-
mouse, in recognition of the potential developmental effects that can occur in germline knockout mice.
However, the ability for anti-CD48 to dramatically attenuate EAE in WT mice instigated an investigation to
study both the role of CD48 in EAE as well as the potential for this molecule as a therapeutic target in
autoimmunity. Our discovery that this effect was dependent on an FcR-mediated mechanism, despite prior
reports that this antibody was not depleting in other models, provides a new perspective to evaluate the role of
CD48 in autoimmunity and tolerance. While CD48 can contribute to costimulation and activation of naive T
cells, its upregulation on activated cells suggests that CD48 may have a critical function on activated cells, and
that it may be a valuable marker for activated cells during both immunologic studies and development of

immunomodulatory therapies for disease.

Our results support a role of CD48 in costimulation, including reactivation of previously activated cells. The
effect of blocking CD48 in vitro or in vivo with anti-CD48 mimicked some of the features of CD48-/- cells, but
not all of them. Others and we have observed that CD48-/- APCs are less stimulatory to WT T cells than WT

APCs (Gonzalez-Cabrero et al. 1999; Abadia-Molina et al. 2006). Similarly, addition of anti-CD4S8 to in vitro
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cultures of WT T cells and WT APCs limited T cell proliferation, and anti-CD48 also reduced T cell
proliferation in vivo. In contrast, addition of anti-CD48 to in vitro cultures of WT T cells with CD48-/- APCs
had only a slight effect on proliferation, suggesting that CD48 on the APC contributes more to T cell
proliferation than does CD48 on the T cell. This is consistent with our in vivo findings that anti-CD48 did not

effect the %Ki67+ or %EdU+ of WT T cells in CD48-/- hosts.

Aside from effects on proliferation, however, anti-CD48 treatment during EAE in WT mice did not phenocopy
EAE in CD48-/- mice. We initially considered that the CD48-/- mouse may have developmental differences
that masked a role for CD48 in EAE: CD48 has been shown to affect hematopoiesis (Boles et al. 2011), and
lack of a cell surface molecule can lead to increased expression of and reliance on alternative pathways. These
are still possibilities in the CD48-/- mouse, but our data suggest that the primary reason for the different effect
of anti-CD48 treatment in EAE compared to CD48-/- EAE is due to an FcR-mediated mechanism. Further
studies of the effect of blocking CD48 could be performed in FcR-/- animals, with F(ab’)2 and Fab’, or with
mutated antibodies that don’t bind to FcRs, to determine whether blocking CD48 transiently has a similar effect
to using CD48-/- cells. Alternatively, development of a conditional or inducible CD48-/- mouse would allow

further study of the role of CD48 under specific conditions.

Based on our collective results, we suggest that one or more of the following models may explain the effects of
anti-CD48 on EAE: 1) that anti-CD48 limits proliferation and activation such that the number of pathogenic
Teff is too low to cause clinical disease; 2) that CD48++ cells are more dependent on CD48 signaling for
survival, and do not persist with anti-CD48 blockade; 3) that anti-CD48 causes selective FcR-mediated
depletion of the CD48++ CD4+ Teff such that the number of pathogenic Teff is too low to cause clinical
disease: 4) anti-CD48 alters the migration of cells such that CD48++ Teff are sequestered somewhere other
than the spleen, blood or lymph node and they cannot migrate to induce disease in the CNS. The reduced
number and percentage of Ki67+ Teff is consistent with both an effect on proliferation and preferential
elimination of activated cells. Only the effect of anti-CD16/CD32 provides evidence against this model as the
sole mechanism. Given that the %Ki67+ was still slightly reduced in mice that received anti-CD48 plus anti-

CD16/CD32, and that clinical disease was partially attenuated in these mice, it seems likely that a combination
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of models one through three contribute to the total effect of anti-CD48 on disease. We have not eliminated the
possibility that Teff are sequestered in an organ such as the lung or liver or mesenteric lymph node —locations
that were not routinely examined in the course of our studies. There are reports that activated cells receive
further activation in the lung, so it remains possible that anti-CD48 causes cells to get stuck here (Odoardi et al.

2012).

We were initially puzzled by seemingly contradictory data regarding the effect of anti-CD48 on cytokine
production in 2D2 CD4+ T cells transferred to WT mice. Anti-CD48 could reduce the percentage of cytokine
producing cells in WT mice that had received purified 2D2 CD4+ T cells and then immunized with MOG, but
anti-CD48 did not limit the percentage of cytokine-producing cells in WT mice that received TH1-polarized
2D2 CD4+ Teff. In both cases the absolute number of IFNy+ 2D2 CD4+ T cells was reduced; only the
percentage change differed between the two experimental setups. However, this result is consistent with a
mechanism whereby anti-CD48 leads to selective elimination of CD48++ cells. In the MOG immunization
model, only a portion of 2D2 CD4+ T cells become activated and CD48++, and these CD48++ cells include all
of the cytokine-producing cells. Thus, if anti-CD48 treatment preferentially eliminated the CD48++ cells, this
would result in an apparent decrease in both absolute number and percent of cytokine-producing cells. In
contrast, all TH1-polarized 2D2 CD4+ T cells are CD48++ in vivo, regardless of whether they are IFNYy-
producers. Thus, if anti-CD48 treatment preferentially eliminated CD48++ cells, this would not affect the
percentage of cytokine-producing cells, but would decrease in the absolute number. These data are also
consistent with a model in which CD48++ cells are most dependent on CD48-mediated costimulation, such that

anti-CD48 treatment preferentially affects CD48++ cells.

Depletion of high expressers has been demonstrated in other systems with in vivo antibody administration,
suggesting that this mechanism is not unreasonable to consider for anti-CD48. For instance, anti-CTLA-4 mAb
treatment was shown to preferentially deplete tumor-infiltrating Tregs, which have the highest CTLA-4
expression among Tconv and Treg in tumor and lymph node (Simpson et al. 2013). The anti-CD25 antibody

PC61 has also been shown to have depleting effects (Setiady, Coccia, and Park 2010).
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Our data are also interesting in light of the fact that Foxp3+ Tregs have higher CD48 expression than Tconv, at
least in naive animals, and yet anti-CD48 treatment did not result in Treg depletion and overt autoimmunity.
Anti-CD48 dramatically reduced the percentage and number of inflammatory cytokine-producing Teff, but not
the percentage or number of Tregs. This may be because Teff have higher CD48 expression than Tregs,
making them either more susceptible to anti-CD48 mediated effects or more dependent on CD48 costimulation
and thus sensitive to CD48 blockade. Although it is not always possible to predict the net effect of antibody
treatment, the timing of antibody administration and preferential effects on certain cell types may determine
whether EAE is exacerbated or attenuated. For instance, anti-VLA-4 treatment during EAE prior to disease
onset can attenuate disease, while treatment at the peak of disease or remission in a relapsing-remitting model
of EAE, can exacerbate disease (Theien et al. 2001; Mindur et al. 2014). This may be due to the combined
effects of anti-VLA4 on limiting leukocyte entry to the CNS, but also affecting activation of naive T cells (Sato
et al. 1995; Mittelbrunn et al. 2004). VLA-4 is although thought to be critical for TH1 but not TH17 entry to
the CNS (Rothhammer et al. 2011). Notably, lack of alpha4 integrin on TH1 Teff resulted in delayed but not
attenuated EAE, suggesting that anti-VLA4 antibody treatment may mediate its critical effects via other VLA-

4-expressing cells (Glatigny et al. 2011).

Recently, Glatigny et al. reported that in the absence of VLA-4, Tregs can use LFA1 to enter the CNS (Glatigny
et al. 2015). This offers a potential mechanism for the effectiveness of Natalizumab (anti-VLA4 mAb) in
treatment of multiple sclerosis, in that it may restrict trafficking of Teff but not Tregs to the CNS. Thus,
evaluating the effect of potential therapeutic treatments on both Treg and Tconv may be beneficial to evaluating
their safety or effectiveness. While we observed only a modest effect of anti-CD48 at the peak of disease,
additional insights may come from administering anti-CD48 at even later time points, during the resolution

phase of EAE, to see if at that time it has a more dramatic effect on Treg or Teff.

While further work is needed to understand the mechanism of action of anti-CD48 in EAE, we are particularly
struck by the potential of CD48 to be a marker of highly activated cells. The expansion of the CD4+ CD48++
population after immunization, the enrichment of CD48++ cells in the target organ during EAE, and the

association of cytokine production with the CD48++ population, suggest that CD48 could be a useful marker
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for activated cells in EAE and possibly other immune models as well. We have not fully explored the pattern of
CDA48 expression in other models of immunization or with other TCR Tg T cells, although preliminary data in
our lab suggest that CD48 is highly expressed on OTII cells after OVA immunization. We are intrigued by the
possibility of a pattern of cell surface expression that may be unique to antigen-activated T cells, allowing

identification of these cells for study, enrichment, or depletion.

In summary, our studies of CD48 using the anti-CD48 antibody were initiated to complement our study of the
CD48-/- mouse, in recognition of the potential developmental effects that can occur in germline knockout mice.
However, the ability of anti-CD48 to dramatically attenuate EAE in WT mice led us to study both the role of
CD48 in EAE as well as the potential for this molecule to be a therapeutic target in autoimmunity. Our
discovery that this effect was dependent on an FcR-mediated mechanism, despite prior reports that this antibody
was not depleting in other models, suggests that cell surface molecules with expression patterns like CD48
could be valuable targets for antibody-directed therapies in human disease. The increased expression of CD48
on activated cells, particularly on cytokine-producing cells, further suggests that molecules like CD48 could be
valuable as biomarkers or surrogate markers for cytokine-producing cells. In light of our observations, we

believe further studies using human samples are highly warranted.
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Part I1

Immunologic regulation of IgG glycosylation



Chapter 6: Introduction

A link between IgG glycosylation and immune disease

Antibodies are a critical component of immunity, bridging the antigen specificity of adaptive immune responses
to the effector functions of innate immunity. Though often appreciated for the remarkable specificity of their
antigen-binding domain, antibodies also carry critical information to the effector arm of the immune system via
the Fc region. In addition to the array of isotypes and their specialized functions, modification of N-linked
glycans in the Fc region can also affect binding to Fc receptors and downstream immunologic function. IgA
and IgE have numerous glycosylation sites, while IgG has a single site in the constant region of the heavy chain.
Modification of IgG glycosylation has been shown to impact the effector functions of IgG, with alternate
glycoforms having enhanced pathogenicity or anti-inflammatory effects (Banda et al. 2008; White, Cummings,
and Waxman 1997; Nose and Wigzell 1983; Malhotra et al. 1995; Mimura et al. 2000; Shields et al. 2002;
Albert et al. 2008). However, the immune mechanisms regulating alternative glycosylation of IgG are
undefined. We are particularly interested in immune regulation of galactosylation of 1gG —the presence of
galactose in the glycan structure (Figure 6.1A). The IgG glycoform that lacks terminal galactose and sialic acid
(agalactosyl IgG, abbreviated as GO-IgG) is significantly increased in patients with rheumatoid arthritis (RA)
(Parekh et al. 1985). Despite this long-standing observation and the established influence of glycan structure on
IgG effector functions, the relationship between pathology in RA and the altered IgG glycoform has remained

correlative.

IgG has a conserved glycosylation site in the CH2 domain of the Fc region, at Asn297, which can carry one of
32 complex bi-antennary glycans (Figure 6.1A). X-ray crystallography indicates that the complex glycan is
buried within the fully folded protein, and electron density mapping suggests that the oligosaccharide makes 85
contacts with 14 amino acids in the CH2 chain (Deisenhofer 1981). Deglycosylation of IgG1 significantly
reduces thermal stability of the Fc region, indicating that these glycans are critical to the structural integrity of

this domain (Mimura et al. 2000).

136



N-linked glycan at Asn297 IgG constant regions

Bisecting
N-acetylglucosamine

1 1

I 1

1 1

1 1

1 1

1 1

1 . . .

| Sialic acid — : A

I 1 o

: Galactose ___ ! MR

1 ! ' \\
1

: N-acetylglucosamine __ ! s

1

I | Cy2

1 R

| Mannose ! Fc .

| .

| : region e

| 1 L7

1 | ,

: | ,’/CH3
1

1 F 1 Ve

| Core ucose —— : S

'

1 . 1 7

| |:| Variable Asn297 | s

1

&,

G1(1.6)F
§ G1(1.3)F

'[ G1(1.6)FB
JG1{1.3)FB

G2

G1(1.6)
GOFB ",61(1,3]

Relative Intensity

>

Time (elution from column)

Figure 6.1. IgG has a single conserved glycosylation site in the heavy chain constant region, which can be
described by glycan analysis methods. A. The Fc region of IgG, which includes the CH2 and CH3 regions of
the heavy chain, has one conserved glycosylation site at asparagine 297 (Asn297). This sugar has 7 core
residues (yellow), but may also contain variable residues (orange) such as fucose, bisecting N-
acetylglucosamine, galactose on one (G1) or both (G2) arms, and sialic acid on one or both galactose. B. N-
linked glycans can be released from IgG heavy chains, and analyzed by HPLC based on the characteristic
elution time for each unique structure. A representative trace is shown, illustrating the elution pattern for
several GO and G1 glycoforms. The area under each elution curve represents the relative quantity of that glycan
structure among the mixture of glycan structures released from the sample of IgG heavy chains. B modified
from Mimura et al., 2008.

137



The influence of N-linked glycans on IgG structure and effector functions

Altered glycoforms of IgG vary in the efficacy of their Fc-mediated effector functions, as demonstrated by
experiments both in vitro and in vivo. Deglycosylated IgG1 is unable to stimulate complement-mediated lysis,
and shows a 70% reduction in stimulating superoxide production by monocytes (Mimura et al. 2000).
Activation of the alternative and classical complement pathways is enhanced by GO-IgG relative to native IgG,
in a model of anti-collagen II antibody induced arthritis (Banda et al. 2008). Terminal sialic acid is thought to
confer the anti-inflammatory activity of therapeutic intravenous immunoglobulin (IVIG) and to reduce
antibody-dependent cell-mediated cytotoxicity (ADCC) activity (Kaneko, Nimmerjahn, and Ravetch 2006;
Anthony et al. 2008; Nimmerjahn, Anthony, and Ravetch 2007). The presence of a core fucose residue was
also shown to impact ADCC (Shinkawa et al. 2003; Peipp et al. 2008) by altering binding to FcyRII (Shields et
al. 2002). In a passive transfer model of acute synovitis, removal of terminal galactose enhanced the
pathogenicity of IgG containing anti-collagen autoantibodies (Rademacher, Williams, and Dwek 1994). More
recently, it was shown that removal of all but one core N-acetylglucosamine significantly reduced the
pathogenicity of K/BxN IgG in serum transfer arthritis, and reduced effective platelet clearance by IgG1 and
IgG2a anti-platelet antibodies (Albert et al. 2008). Collectively, these reports have indicated that Fc region

glycosylation significantly influences the immunologic functions of IgG.

Agalactosyl IgG and Rheumatoid Arthritis

The relative proportion of GO-IgG in human and mouse serum increases gradually with normal ageing.
However, abnormally high levels of GO-IgG are associated with a select subset of immune diseases: RA,
juvenile onset chronic arthritis, Crohn’s disease, a subset of Sjogren’s syndrome, and tuberculosis (Parekh et al.
1989; Parekh et al. 1985; Bond et al. 1997). Notably, it is not associated with other autoimmune or
rheumatologic diseases such as systemic lupus erythematosus, multiple sclerosis, or osteoarthritis (Parekh et al.
1989). During remission of disease, GO-IgG levels are observed to decrease to normal levels, for example
during pregnancy in patients with RA (Rook et al. 1991). Studies in our lab indicate that GO-IgG levels rise in
individuals prior to disease onset (Ercan et al. 2010). However, the functional relationship between altered

glycosylation and disease etiology or progression has not been defined.
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One group has sought to correlate the IgG glycan phenotype with expression of b1l ,4-galactosyltransferases
(GalTase), the Golgi-resident enzymes responsible for adding terminal galactose to oligosaccharides. Knock
down and overexpression of GalTase-I in B cells is capable of reducing and increasing galactosylation of IgG,
respectively (Keusch 1998b). It is also reported that B cells from RA patients have reduced GalTase activity but
normal GalTase-I protein levels (Keusch 1998a). However, there are six other GalTases, whose relevance to B
cells and IgG has yet to be defined (Amado et al. 1999). Thus, while it is clear that there are cellular factors
capable of altering IgG galactosylation, there are no definitions of which are responsible for the changes

observed in instances of pathology such as RA.

IgG glycosylation in B cells

A few studies have investigated an immune related regulation of IgG glycosylation. One study in autoimmune
MLR-Irp/Ipr mice concluded that the predominance of GO-IgG in these animals was not due to excessive IgG
production or reduced Golgi transit time in plasma cells (Jeddi et al. 1999). This suggests that altered
glycosylation of IgG is a regulated process, rather than a result of an overdriven secretory protein pathway.
Another group examined how glycosylation varies among IgG subclasses, by comparing the profile of IgG
paraproteins from several multiple myeloma patients. The authors found that the distribution of glycoforms in
paraprotein IgG samples did not mirror that observed in polyclonal IgG from healthy donors. Instead, each
sample was dominated by one or two glycoforms. The presence of terminal galactose was found to vary even
within each IgG subclass (Jefferis et al. 1990). Their results suggest that different B cells can have a bias
towards production of a unique set of IgG glycoforms, though the regulation of this bias in a cancer cell may be

different than that in a normal plasma cell.

Several cytokines were shown to influence the amount of galactosylation, bisecting N-acetylglutamine, or
sialylation of IgG produced by human B cells in vitro. In particular, IL-21 increased galactosylation and
sialylation, while all-trans retinoic acid decreased galactosylation. This change was not observed on total
cellular N-glycans, suggesting that the changes in glycosylation were specific to IgG (Wang et al. 2011). This
indicates that antibody-secreting cells can be influenced to alter IgG glycosylation, and begs the question of

how such influences could be active in vivo.
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Arthritis in the K/BxN mouse.

The K/BxN model of arthritis is a useful system in for our investigations, as disease in these animals involves a
strong antibody response against a defined autoantigen. K/BxN mice carry a transgenic TCR that recognizes
the self-antigen glucose-6-phosphate isomerase (GPI), an intracellular metabolic protein (Matsumoto et al.,
1999). These mice develop spontaneous, aggressive arthritis within a few weeks of birth, and autoantibodies
from these mice are sufficient to induce arthritis in healthy recipients. The K/BxN mouse replicates many of
the clinical, immunologic, and histologic features of human RA, and has been a valuable model for this disease

(Kouskoff et al. 1996).

Here we describe the results of some preliminary studies of IgG galactosylation in K/BxN mice, suggesting that
the GO/G1 ratio of total serum IgG is strongly correlated with the severity of disease, which in most cases also
correlates with autoantibody titer. However, in mice resistant to arthritis, high titer autoantibodies did not
necessitate aberrant galactosylation. We also show preliminary data in which hypogalactosylation was specific

to autoantibodies in a model of K/BxN arthritis.
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Chapter 7: Materials and Methods

Mice. Wild type C57BL/6J (WT B6) and B6.129S7-Rag1™™°™/J (Rag-/-) mice were purchased from the
Jackson Labs (Bar Harbor, ME). KRN TCR Tg mice on the C57BL6/JxNOD background (K/BxN) and F1
C57BL6/IxXNOD (BxN) mice were acquired from the Jackson Labs, through special arrangement with Drs.
Christophe Benoist and Diane Mathis. Animal experiments were approved by the Institutional Animal Care
and Use Committee of the Dana-Farber Cancer Institute. Mice were housed in the specific pathogen free

animal facility of the Dana-Farber Cancer Institute.

Mouse serum. For endpoint collection of mouse serum, mice were euthanized with isofluorene and blood was
collected by cardiac puncture. For serial collection of mouse serum, 25-100pul of blood was obtained by tail
vein bleed. For generation of stock K/BxN serum, to be used for induction of arthritis in our laboratory, a
cohort of arthritic male K/BxN mice were sacrificed periodically, blood was collected by cardiac puncture,
serum was separated by centrifugation in the absence of heparin, and serum was pooled, aliquoted, and stored at
-20 C until ready for use. As indicated in the text, we obtained mouse serum samples from several collaborators

for use in our studies. Samples were stored at -20 C until ready for use.

Experimental arthritis. Serum transfer arthritis was induced by intraperitoneal injection of 75ul of
arthritogenic K/BxN serum diluted in 75ul of sterile PBS on days 0 and 2 of each experiment (Korganow et al.
1999). K/BxN mice develop spontaneous arthritis beginning around 6 weeks of age. Clinical index was
assigned based on a scale of 0-3 for each paw (score of 12 maximum), and by caliper measurement of ankle

thickness.

Production of recombinant murine GPI. Mouse glucose-6-phosphate isomerase (GPI) is the target of
autoantibodies in the K/BxN model of arthritis (Matsumoto et al. 1999). Our lab obtained the cDNA sequence
for mouse GPI from the IMAGE consortium (IMAGE clone # 6394822), and cloned it into the glutathione-S-
transferase (GST) containing PGEX 4T-3 bacterial expression vector (Amersham Biosciences, Amersham UK).

GPI-GST was expressed in T7 E. coli (NEB, Ipswich MA), and was purified from bacterial cell lysates with a
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glutathione column (GE Healthcare, UK). Concentration was computed based on absorbance at 280nm using a

spectrophotometer.

Anti-GPI IgG ELISA. 96-well EIA/RIA plates (Corning) were coated with 500ng/well of GPI-GST in PBS.
Serial dilutions of serum from donor mice were incubated with the plate-bound GPI, washed, and the assay was
developed with HRP-conjugated anti-mouse IgG followed by TMB substrate (BD Biosciences). Absorbance
was read at 650nm, 3-5 minutes later. A dedicated stock of K/BxN serum was used to create a standard curve,

for comparison of other samples.

Mouse IgG ELISA. 96-well EIA/RIA plates (Corning) were coated with 50pl of 2ug/mL goat anti-mouse IgG
(Invitrogen), washed with PBS-Tween, and blocked with 2% BSA. Serum samples were serially diluted at 1:3
or 1:5 to generate dilution curves for each sample. The assay was developed with HRP-conjugated donkey anti-
mouse IgG (Jackson Immunoresearch) followed by TMB substrate. Absorbance was read at 650nm, 3-5

minutes later.

Purification of serum IgG. Serum was diluted 1:1 in PBS and incubated with Protein G sepharose beads (GE
Healthcare). Columns were washed with 10 bed volumes of PBS, then IgG was eluted with 0.5M acetic acid,
pH 2.5, and neutralized with 1M Tris, pH 8. Eluates were transferred to dialysis tubing, and dialyzed against
PBS before measurement of protein concentration by spectrophotometry. In some cases, samples were

concentrated by transferring samples to dialysis tubing and extracting water using PEG.

Purification of anti-GPI IgG. Anti-GPI IgG was purified from serum using affinity chromatography. GPI-
affinity columns were made in one of two ways, depending on the intended use for the anti-GPI IgG. In some
cases, glutathione-sepharose beads with bound GPI (from bacterial cell lysates) were directly incubated with
donor serum diluted 1:1 in PBS. Samples were then washed with 10 bed volumes of PBS, and total beads+GPI
+anti-GPI IgG was used for isolation and analysis of anti-GPI IgG heavy chains. In other cases, a GPI-affinity

column was made using GPI-GST and AminoLink beads (Pierce), according to the manufacturer’s instructions.
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In this case, serum was diluted 1:1 with PBS, incubated with GPI-AminoLink agarose beads, then washed with
10 bed volumes of PBS. Beads+GPI+IgG were used for isolation and analysis of anti-GPI heavy chains.
Purification of non-GPI-binding IgG. Serum from donor mice was diluted 1:1 in PBS, then incubated with
GPI-AminoLink agarose beads to remove anti-GPI IgG. The flow-through from the column was saved, tested
for residual GPI-reactivity by GPI ELISA, and in some cases was run over a second GPI-AminoLink column to
ensure complete removal of anti-GPI IgG. This ‘repertoire’ IgG was then captured on Protein G sepharose
beads (GE Healthcare), eluted with 0.2M glycine (pH 2.5) and neutralized with 1M Tris (pH9). 1gG was
dialyzed against PBS using dialysis tubing or a Slide-A-Lyzer dialysis cassette (Pierce), and used for isolation

and analysis of non-GPI-binding IgG heavy chains.

Analysis of N-glycans from IgG. Whole serum, purified IgG, or affinity-purified IgG bound to sepharose
beads (as described above) were used for experiments. The protocol is described in Methods in Molecular
Biology Ch 9, “Detailed Structural Analysis of N-Glycans Released from Glycoproteins in SDS-PAGE Gel
Bands Using HPLC Combined with Exoglycosidase Array Digestions” (Royle 2006). Briefly, samples were
reduced with DTT at 70 C, alkylated with iodoacetamide, then run on an SDS-polyacrylamide gel next to a
protein size ladder. Gels were stained with coomassie blue, and heavy chain bands were identified by their size,
at 52kDa, and excised from the gel using a clean razor blade. N-linked glycans were removed from the
glycoprotein using PNGase F (Prozyme, San Leandro, CA), then labeled with the fluorophore 2-
aminobenzamide (2-AB) according to the manufacturer’s instructions (Prozyme, San Leandro, CA). Labeled
N-glycans were analyzed by HPLC using a normal phase TSK gel amide-80 column (4.6mm (ID) x 25.0 cm
(L)) and an ammonium formate:acetonitrile gradient (20mM ammonium formate (35%--> 47%)(Fisher
Scientific, Pittsburg, PA); acetonitrile (65%-- >53%) (Sigma, St. Louis, MO) over 60 minutes). GO and G1
peaks were identified based on elution time, relative to a 2-AB labeled Glucose Homopolymer ladder
(Associates of Cape Code Inc, East Falmouth, MA). GO and G1 values were obtained by integrating the area
under each elution curve, respectively, where GO included FA2 and FA2B structures, and F1 included
FA2[6]G1,FA2[6]BG1 and FA2[3]Gl1 structures. See Figure 1 for more details on glycan structures and

analysis by HPLC.
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Statistical Analysis. Statistical significance was computed using Student’s t-test. Data plotted as bar graphs

represent means, error bars represent standard error of the mean.
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Chapter 8: Hypogalactosylation of IgG in the K/BxN model of inflammatory arthritis

RESULTS

Hypogalactosylation of IgG in the K/BxN model of arthritis

Our lab has used the K/BxN mouse model of arthritis to gain insight into mechanisms of autoimmunity,
inflammation, and how these can inform parallel studies using samples from patient cohorts. One question that
had not previously been addressed in mouse models of arthritis, was whether the feature of antibody
hypogalactosylation during active disease was also recapitulated by the mouse model. Drs. Melissa Hazen and
Altan Ercan performed a longitudinal analysis of K/BxN clinical scores, autoantibody titers, and serum
glycosylation, and observed a striking correlation between these three parameters (Figure 8.1A-C, data from Dr.
Melissa Hazen and Dr. Altan Ercan). Clinical symptoms appear after anti-GPI titers rise, and the GO/G1 ratio
rises at this same time. We considered two possible explanations for this correlation. First, that the anti-GPI
IgG might be exclusively responsible for the high GO/G1 ratio observed in the total serum IgG, and that as titers
increase so does the GO/G1 value for total serum. This assumes that the signal from glycans on anti-GPI IgG
would gradually overwhelm the signal from glycans on non-anti-GPI IgG. This might be due to the type of
cells producing anti-GPI IgG, the rate of antibody secretion, the immune influences on autoreactive B cells, or
some other mechanism specific to the autoantibody-secreting B cells. In this case, we would expect the anti-
GPI and repertoire IgG to have different GO/G1 profiles. Alternatively, the increase in GO/G1 might be due to
increased inflammation with progressing disease, influencing the glycosylation program in all antibody
secreting cells or possibly even the glycosylation of circulating IgG. In this case, we would expect all IgG in an

arthritic mouse to exhibit the same GO/G1 profile.

Glycan analysis of repertoire and anti-GPI IgG in arthritic K/BxN mice

To address these possibilities, we first wanted to compare the GO/G1 profiles of anti-GPI and ‘repertoire’ (non-
GPI-binding) IgG in K/BxN mice. We examined IgG in serum from arthritic young K/BxN, adult K/BxN, and
healthy adult BxN mice. Anti-GPI IgG was first separated from serum by passage over a series of GPI-GST-
Sepharose columns. The flowthrough from this process was tested by ELISA for reactivity to GPI, until

significant GPI-reactivity was removed. ‘Repertoire’ IgG was then purified from the remaining flowthrough
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Figure 8.1. Hypogalactosylation of serum IgG in K/BxN mice increases in concert with the appearance of
anti-GPI autoantibodies and the onset of clinical disease. K/BxN and BxN mice were monitored
longitudinally for clinical disease, autoantibody titers, and serum glycan profiles. A.GO0/G1 ratios were

measured by glycan analysis of

whole serum beginning at 2 weeks of age. B. Anti-GPI IgG titers in serum

were measured by ELISA beginning at 1 week of age. C. Clinical index was assessed beginning at 1 week of
age. Data are from experiments performed by Dr. Melissa Hazen and Dr. Altan Ercan.
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using a Protein G column. As shown in Figure 8.2A, the GPI-reactivity of the purified ‘repertoire’ IgG was
significantly reduced, compared to the starting sample. However, it was difficult to determine exactly how
much anti-GPI antibodies remained, and what proportion of the IgG in this repertoire fraction was still anti-GPI
IgG. Notably, K/BxN mice have extremely high titers of anti-GPI IgG, which has been measured at up to
10mg/mL (Korganow et al. 1999). Although we measured the anti-GPI and total IgG concentrations, the
‘repertoire’ fraction contained extremely low concentrations of total IgG, meaning that any residual anti-GPI
IgG had the potential to represent a substantial portion of that fraction. However, we proceeded to extract
glycans from the heavy chains of these two IgG populations for analysis by HPLC. Comparison of the glycan
profiles in these two populations revealed that the GO/G1 ratio in repertoire IgG of arthritic K/BxN mice was
not dissimilar from that of anti-GPI IgG (Figure 8.2B). However, we were not confident that this experiment
sufficiently depleted anti-GPI IgG from the K/BxN serum, or that a ‘repertoire’ population was actually non-

negligible. We performed this experiment a few times, but never felt that they provided unambiguous results.

Galactosylation of host repertoire IgG is not altered by serum transfer arthritis

Many features of K/BxN arthritis can be recapitulated in wild-type mice by transfer of K/BxN serum. We
hypothesized that the systemic inflammation induced by K/BxN serum-transfer arthritis could impact the
glycosylation of serum IgG in the recipient mouse. To address this possibility, we compared the GO/G1 profile
of anti-GPI IgG and non-GPI-binding host repertoire IgG. WT mice received 75l of K/BxN serum i.p. on days
0 and 2, to induce arthritis. Mice were sacrificed on days 4, 7 and 10 after the start of the experiment, and
serum was collected for analysis. Anti-GPI IgG was collected using a series GPI-GST-Sepharose columns.

The flowthrough from this process was tested by ELISA for reactivity to GPI, until 95-99% of GPI-reactivity
was removed (Figure 8.3A). ‘Repertoire’ IgG was then purified from the remaining flowthrough using a

Protein G column.

Glycans from the Ig heavy chains of these two populations were analyzed by HPLC. The GO/G1 profile for

repertoire IgG was similar in naive mice and arthritic mice, but was significantly lower than that of the anti-GPI
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Figure 8.2. Repertoire IgG in K/BxN serum is hypogalctosylated compared to repertoire IgG in BxN
serum. Serum samples were analyzed from 3 K/BxN mice that were 39 days old (mild arthritis), from pooled
adult K/BxN serum (severe arthritis), and from one healthy BxN mouse that was 80 days old. Anti-GPI IgG
was removed from K/BxN serum by passage over a series of GPI affinity columns, and total IgG remaining in
the final flow-though was isolated with Protein G beads. A. Anti-GPI titers in the starting K/BxN serum and in
the final flow-through after anti-GPI IgG removal were assessed by GPI ELISA. Anti-GPI reactivity in the
flow-though was reduced to approximately 6% of the starting concentration, but not completely removed.
Dashed line indicates the threshold of detection. B.IgG heavy chains were isolated from anti-GPI IgG, flow-
through IgG, and BxN serum IgG. Glycans were analyzed by HPLC, and the ratio of GO/G1 glycans is shown.
Data represent mean +SEM. N=1-3 mice per group.
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Figure 8.3. Glycosylation of host ‘repertoire’ IgG is not altered after serum transfer arthritis. 75ul of
K/BxN serum was given i.p. to WT B6 mice to induce arthritis. 7 and 10 days later, serum was collected from
recipients for glycan analysis of host repertoire IgG and K/BxN donor anti-GPI IgG. Anti-GPI IgG was
removed from serum by passage over a series of GPI affinity columns, and total IgG remaining in the final
flow-though was isolated with Protein G beads. A. To confirm removal of anti-GPI IgG from the serum of
arthritic mice, GPI ELISAs were performed on the starting and anti-GPI-depleted samples. Naive WT mouse
serum was included as negative control. B. IgG heavy chain glycans from naive mouse repertoire IgG, arthritic
mouse repertoire IgG, and arthritic mouse anti-GPI IgG, were analyzed by HPLC. The ratio of GO/G1 glycans
is shown. Data represent mean +SEM. N=3-6 mice per group. *p<0.05. Statistical significance calculated
using Student’s t test.
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fraction in arthritic mice (Figure 8.3B). This indicated that serum transfer arthritis did not affect the GO/G1

profile of host IgG in circulation up to 10 days after induction of arthritis.

Hypogalactosylation is not a feature of high-titer anti-GPI in the absence of inflammation

We hypothesized that the altered GO/G1 profile of K/BxN IgG might be due to a progressive overwhelming of
the secretory system in antibody secreting cells in these mice, independent of an inflammatory environment.
K/BxN mice have 10-fold higher IgG concentration in serum than control WT mice (Kouskoff et al. 1996;
Korganow et al. 1999). Because anti-GPI titers are tightly linked to disease progression in K/BxN mice, this
system would not allow us to distinguish between the effects of inflammation versus antibody titers on IgG
GO/G1 profiles. However, we learned of a model developed by Dr. Haochu Huang, in the lab of Dr. Diane
Mathis and Dr. Christophe Benoist at the Joslin Diabetes Center and Harvard Medical School, which results in
high titers of anti-GPI IgG in the absence of arthritis (Huang et al. 2006). These mice have knock-in BCR
heavy and light chains, derived from an anti-GPI IgG1 antibody B cell clone from a K/BxN mouse. We sought
out a collaboration with Dr. Huang, who by this time had established his own lab at the University of Chicago,
and were able to obtain serum samples from several mice in his experiments. The BCR knock-in mice,
H'?"*L"2"* have low anti-GPI titers and no arthritis (Figure 8.4A and B, far left); serum from these mice were
included as a negative control. Non-arthritic high-titer mice had been generated in two different ways. First,
using co-adoptive transfers of T cells from KRN TCR Tg mice ( TCR specific for the autoantigen GPI) and
anti-GPI B cells sorted from H'*"*L'*"*Rag*" mice into Rag” recipients. Second, by transfer of KRN Tg T cells
into H"*"*L"*"*Rag” recipients. The absence of arthritis in these mice is likely due to the fact that the antibody
response in these mice is monoclonal, which was previously shown to be insufficient to induce arthritis
(Maccioni 2002). We compared glycosylation of total serum IgG from each of these mice, as well that that
from our own K/BxN and BxN mice. We found that while anti-GPI antibody titers in adoptive transfer mice
were comparable to those in arthritic K/BxN mice (Figure 8.5A), these disease-free mice had total IgG GO/G1
ratios like those of healthy BxN mice (Figure 8.4B and C). Thus, a high GO/G1 ratio was not correlated with

high titer anti-GPI antibodies in this model.
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Figure 8.4. Hypogalactosylation is not a feature of high-titer anti-GPI in the absence of inflammation.
Mice with KRN Tg T cells and a monoclonal anti-GPI B cell population (H"*'L'*") have high titers of anti-GPI
IgG, but no arthritis. Serum samples from these mice were provided by Dr. Haochu Huang. A. Anti-GPI titers
were measured by GPI ELISA. B. Clinical index for mice in each group. C.IgG heavy chains were purified
from total serum IgG, and glycans were analyzed by HPLC. The GO/G1 ratio for samples from each group is
shown. Data represent mean +SEM. N=2-3 mice per group. **p<0.01, ***p<0.001. Statistical significance
calculated using Student’s t test.
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IgG galactosylation in K/BxN mice with attenuated disease: FcRy-/- and C5-/- K/BxN

Next, we asked if modulating the level of inflammation in the K/BxN mouse could alter the GO/G1 profile of
anti-GPI IgG, independent of autoantibody titers. We considered generating an arthritis-resistant Rag-/- strain
into which we could do our own transfers of KRN Tg T cells and various B cell populations to induce arthritis.
Both FcyR deficient and C5 deficient mice are resistant to serum transfer arthritis, and we hypothesized that
Rag-/- mice lacking either the Fcerly or C5 genes would be resistant to adoptive transfer arthritis as well. We
selected the FcyR-/-Rag-/- as our preferred candidate. However, we learned in September 2009 that Dr. Bryce
Binstadt, in that lab of Dr. Diane Mathis and Dr. Christophe Benoist at the Joslin Diabetes Center, had found
that FcyR-deficient K/BxN mice are in fact not protected from arthritis, but C5-deficicent K/BxN are slightly
protected (Binstadt et al. 2009). They also found that K/BxN suffer from endocarditis, and that this
inflammation is dependent on FcyR but not C5. Although we cancelled our initial plans to use FcyR-/-Rag-/-

mice, we sought the opportunity to analyze IgG glycosylation in serum from FcyR-/- and C5-/- K/BxN mice.

Through a collaboration with Dr. Bryce Binstadt, who by that time had his own lab at the University of
Michigan, we were able to obtain clinical scores, anti-GPI titers and serum from FcyR-deficient K/BxN and C5-
deficient K/BxN mice. We analyzed the GO/G1 profile of total serum IgG from these mice, and looked for a
correlation between the glycan profile and either clinical indices or anti-GPI titers. We found that while the C5-
/- mice had reduced severity of arthritis (Figure 8.5A), both their anti-GPI titers and GO/G1 profile were
comparable to C5+ K/BxN (Figure 8.5B and C). In fact, no difference in IgG G0/G1 ratio was observed in
FcYR- or C5-deficient K/BxN mice, compared to their respective controls (FcyR+/+ K/BxN and C5+/- K/BxN)
(Figure 8.5D). G0/G1 profile did not appear to correlate with arthritis disease activity in C5-deficient mice
(Figure 8.5E), although it is important to note that these mice all had endocarditis that is not accounted for in
the arthritis score. Notably, the correlation between GO/G1 and titers remained somewhat intact (Figure 8.5F),
even in mice with less severe disease. This would fit with a model whereby anti-GPI IgG contributes the

hypogalactosyl IgG, and thus more anti-GPI results in lower GO/G1 for total serum IgG.
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Figure 8.5. Mutant K/BxN mice with reduced arthritis or endocarditis still have hypogalactosylation of
IgG. K/BxN mice lacking the Fcerly chain (FcyR-/-) have full arthritis, but no endocarditis. In contrast,
K/BxN mice lacking the complement protein C5 have attenuated arthritis, but full endocarditis. Clinical index,
titers and serum from these mice were provided by Dr. Bryce Binstadt. A. Arthritis clinical scores from C5+/-
and C5-/- K/BxN mice. B. Anti-GPI titers from C5+/- and C5-/- K/BxN mice. C. IgG heavy chains were
purified from total serum IgG, and glycans were analyzed by HPLC. GO/G1 ratios are shown. D. IgG heavy
chains from FcRg-/- and FcRg+ mice were purified from total serum IgG, and analyzed by HPLC, as well.
Summary of GO/G1 profile for all groups is shown. E. Comparison of arthritis clinical scores and GO/G1 in
C5+ and C5-/- mice. F. Comparison of anti-GPI titers with GO/G1 ratios in C5+ and C5-/- mice. Lines on dot
plots represent means. Bars represent mean, error bars represent SEM. N=6-8 mice per group. ***p<0.001.
Statistical significance calculated using Student’s t test.
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IgG galactosylation in K/BxN mice with attenuated disease: a germ free environment

We were still interested in finding K/BxN mice with reduced disease, to see if in any case the linkage between
titers and GO/G1 profiles could be broken. We learned from one of our collaborators that K/BxN mice raised in
a germ free (GF) environment have delayed and attenuated arthritis, compared to their counterparts raised in
specific pathogen free (SPF) environments (Wu et al. 2010). We hypothesized that if IgG glycosylation is more
coupled to inflammation than to autoantibody titers, then we would expect the GF K/BxN mice to have a less
dramatic IgG hypogalactosylation phenotype than their SPF counterparts. Titers, scores, and serum samples
from 9.5 week old K/BxN and BxN mice raised in SPF or GF environments were kindly shared by Joyce Wu
from the lab of Dr. Mathis and Dr. Benoist at Joslin Diabetes Center and HMS. Although clinical scores are
reduced in 9.5 week old GF K/BxN mice compared to SPF K/BxN mice (Wu et al. 2010), this did not reach
statistical significant for the groups we analyzed (Figure 8.6A). Anti-GPI titers in GF and SPF K/BxN mice
were comparable (Figure 8.6B). We found that the GO/G1 ratio was slightly reduced in GF K/BxN, but this
was not statistically significant (Figure 8.6C). However, the correlation between GO/G1 and titers remained
the same in both GF and SPF mice (Figure 8.6D), as was the correlation between clinical score and titers
(Figure 8.6E). This contrasts with our observation in C5-/- K/BxN mice. To us, the GF K/BxN data looks like

young K/BxN: lower disease, lower titers, lower GO/G1.

These results do not aid in differentiating the influences of inflammation or IgG production on IgG
galactosylation, although they do support the model where anti-GPI IgG predominantly contributes to the

apparent hypogalactosylation of serum IgG in arthritic mice.

Galactosylation of repertoire and anti-GPI IgG in Rituxan-treated hCD20 K/BxN mice

Although we had tried to compare repertoire and anti-GPI IgG GO/G1 profiles directly from K/BxN serum,

these experiments were technically challenging and it was not clear whether a ‘repertoire’ population of any
detectable significance was present in arthritic K/BxN mice. However, we learned from our collaborator Dr.
Haochu Huang about a scenario where K/BxN mice did have a significant repertoire IgG population. We
thought this could be a better system to isolate both anti-GPI and repertoire IgG from arthritic K/BxN mice. Dr.
Huang had generated K/BxN mice carrying the human CD20 (hCD20) gene in a bacterial artificial chromosome,

which resulted in hCD20 expression on B cells. These mice were responsive to treatment with the B cell
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Figure 8.6. K/BxN mice raised in a germ free environment have lower G0/G1 profiles compared to SPF
K/BxN mice. K/BxN and BxN mice were raised in SPF or GF environments. Clinical data, anti-GPI titers, and
serum were provided by Dr. Joyce Wu from the lab of Drs. Mathis and Benoist. A. Ankle swelling as a
measure of disease severity in K/BxN mice raised GF or SPF environments. B. Anti-GPI titers in K/BxN mice
raised in GF or SFP environments. C.IgG heavy chains were isolated from total serum IgG, and glycans were
analyzed by HPLC. GO/G1 ratios are shown for each mouse. D. Correlation of GO/G1 profile with disease
burden, as measured by change in ankle thickness from baseline, in SPF and GF K/BxN mice. E. Correlation of
GO/G1 profile with anti-GPI titers in SPF and GF K/BxN mice.
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depleting monoclonal antibody Rituxan (anti-Human CD20) (Huang, Benoist, and Mathis 2010). Rituximab
treatment in these mice reduces anti-GPI titers, depletes GPI-positive B cells, has no observable effect on
clinical disease, and is accompanied by a gradual increase of ‘repertoire’ IgG (Huang, Benoist, and Mathis
2010). If hypogalactosylation of IgG in these mice was restricted to anti-GPI autoantibodies, this would
suggest a change in glycosylation program specific to anti-GPI IgG-secreting B cells—possibly the splenic
plasmablasts which Dr. Huang had shown to be the primary producers of anti-GPI IgG. In contrast, if
hypogalactosylation was a feature of all IgG in these mice, this would point to a role for inflammatory feedback

on all IgG-secreting cells.

We obtained serum samples from K/BxN and hCD20 K/BxN mice prior to and after treatment with Rituximab
for different durations: 0, 4, 6, 10, 12, 14 and 17 weeks of treatment. Although the initial intent was to analyze
only the post-treatment serum samples, pre-treatment samples were included as well. Serum was first depleted
of the Rituxan mAb by passage over an anti-human IgG affinity column. Removal of Rituxan was confirmed
by anti-human IgG ELISA. The flow-through was incubated with a series of GPI-sepharose beads to collect
GPI-reactive IgG, and each flow-through was evaluated for GPI reactivity by GPI ELISA. When the reactivity
was as low as that of healthy normal mouse serum, the final flow through was then incubated with protein G
sepharose for purification of ‘repertoire’ IgG. As shown in Figure 8.7A, the repertoire IgG fraction was
substantially reduced in its anti-GPI reactivity (much better than in my earlier experiments, as shown in Figure
3). Both the anti-GPI IgG and the final repertoire IgG were analyzed for their glycan profile. The repertoire
IgG had a GO/G1 profile lower than that of anti-GPI IgG, both prior to an after Rituxan treatment (Figure 8.7B
and C). Rituxan treatment did not appear to change the GO/G1 profile of either repertoire or anti-GPI IgG
(Figure 8.7D and E). These experiments suggested that anti-GPI IgG was uniquely hypogalactosylated, and
contributed to the apparent increase in GO/G1 of total serum IgG during arthritis in K/BxN mice. This data also
suggests that hypogalactosylation could be specific to IgG secreted by splenic plasmablasts, since Dr. Huang

had shown that anti-GPI IgG arises almost exclusively from this type of antibody secreting cell.
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Figure 8.7. Anti-GPI IgG is hypogalactosylated compared to repertoire IgG in K/BxN mice. K/BxN mice
carrying the human CD20 gene in a bacterial artificial chromosome were treated with Rituxan (anti-human
CD20 mAb, human IgG1 Fc) for 10-17.5 weeks. Serum was collected prior to and at completion of Rituxan
treatment. Serum was generously provided by Dr. Haochu Huang. Rituxan was first removed from serum
using an anti-human IgG1 affinity column, prior to downstream analysis. Depletion of Rituxan mAb was
confirmed by anti-human IgG ELISA. Anti-GPI IgG was removed from hCD20 K/BxN serum by passage over
a series of GPI affinity columns. Depletion of anti-GPI IgG from the repertoire fraction was ascertained by
ELISA; only when serum reached background levels of GPI-reactivity (equivalent to that of healthy normal
mouse serum) was it considered ‘depleted’ of anti-GPI IgG. Total IgG remaining in the repertoire fraction was
isolated with Protein G beads. IgG heavy chains were isolated from each sample and glycans were analyzed by
HPLC. A. Sample GPI ELISA data, to assess depletion of anti-GPI IgG from one serum sample. NMS=
normal mouse serum for negative control. Start= Rituxan-depleted serum sample. FT1= flow through from
first GPI column. FT2= flow through after second GPI column. K/BxN= positive control serum for GPI
reactivity. B. GO/G1 profiles for anti-GPI and repertoire IgG isolated from serum of pre-treatment mice. C.
GO/G1 profiles for anti-GPI and repertoire IgG isolated from serum of mice that had been treated with Rituxan
for 10, 13.5, 14 or 17.5 weeks. D. GO/G1 ratios for repertoire IgG pre- (light gray) and post- (dark gray)
Rituxan treatment. E. GO/G1 ratios for anti-GPI IgG pre- (salmon) and post- (red) Rituxan treatment.
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DISCUSSION

Our goals were to determine whether the K/BxN model of arthritis replicated the hypogalactosylation
phenotype of RA and, if so, how this phenotype was related to disease pathology. Our lab found that the
K/BxN model does in fact display a high GO/G1 profile for serum IgG, and that this increased in concert with
rising autoantibody titers and clinical symptoms. We hypothesized that this GO/G1 phenotype was due to a
specific hypogalactosylation on autoantibodies, and sought evidence to support or refute this. Initial
experiments suggested that this hypothesis was not true, and so we instead turned our focus to determine
whether hypogalactosylation was more strongly linked to disease severity (i.e. inflammation) or antibody titers.
However, a more rigorous analysis of repertoire and anti-GPI IgG from a larger cohort of K/BxN mice revealed
that anti-GPI IgG are in fact hypogalactosylated compared to repertoire IgG. Further studies are needed to
confirm this finding, and to define the mechanism for this specificity of altered IgG glycosylation. We
hypothesize that this could be due to the nature of the antibody-secreting cell producing anti-GPI IgG, or

immune signals received by autoreactive B cells.

Our data is consistent with other reports in mouse models showing that hypogalactosylation or asialylation are
associated with certain antigen-specific IgG species. For example, during an active immune response,
sialylation decreases on total IgG, but not IgM; this decrease is enhanced on antigen-specific IgG, compared to
total IgG (Kaneko et al., 2006). Another study compared the effects of tolerogenic versus immunogenic
immunization on the sialylation of antigen-specific IgG: immunization with antigen plus adjuvant results in
reduced sialylation of antigen-specific IgG1 compared to total IgG1, while immunization with antigen alone or
in a tolerogenic manner (antigen tethered to DEC205) results in IgG1 with sialylation comparable to that of
total IgG in naive animals. Decreased sialylation of IgG correlated with decreased expression of an a-2,6
sialyltransferase (Oefner et al. 2012). Taken together, these data indicated that IgG glycosylation can be
altered on an antigen-specific population of IgG during inflammatory immune response. Further studies are

needed to define the precise pathways in vivo by which B cells are activated to alter IgG glycosylation.

Studies of IgG glycosylation in RA are increasingly supporting a model where altered IgG glycosylation is

specific to a subset of IgG—possibly a pathogenic subset. In RA, antibodies recognizing citrullinated proteins
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(anti-citrullinated protein antibodies, ACPA) are present in a subset of RA patients, and correlate with severe
erosive disease (Scherer et al. 2010). Glycan analysis of ACPA from serum and synovial fluid of RA patients
revealed that serum ACPA have comparable galactosylation to total serum IgG1, but tend to lack sialic acid. In
contrast, synovial fluid ACPA are enriched for agalactosyl IgG compared to total synovial fluid IgG1 (Scherer
et al. 2010). This further supports the idea that ACPA have a joint-specific pathological role. One study from
our group using a proprietary reagent to isolate ACPA found a higher G0/G1 profile in ACPA compared to
repertoire IgG, and also found that hypogalactosylation of serum IgG correlates with disease activity, and
predates onset of clinical disease and diagnosis (Ercan et al. 2010). Although the precise role of anti-
citrulinated protein antibodies in RA has not been demonstrated, there are numerous implications that these are
pathogenic. For instance, B cells isolated from the joints of ACPA+ RA patients make more ACPAs than do B
cells isolated from the joints of ACPA- RA patients, suggesting that these are joint-specific auto-antibodies
(Amara et al. 2013). Collectively, these data indicate that ACAP are associated with disease in RA, but so far it
has not been possible to ascertain the relative contribution of antigen specificity versus the nature of Fc

glycosylation to the pathogenicity of these autoantibodies.

The studies described here show a dramatic difference in galactosylation of autoantibodies, compared to
repertoire IgG, in a model of spontaneous autoimmune arthritis. Although the polyclonal anti-GPI response is
critical to precipitate disease (Maccioni et al. 2002), it is likely that that the hypogalactosyl state of this
abundant autoantibody also contributes to the inflammatory disease. For example, eliminating the FcR-binding
ability of anti-GPI IgG in vivo (by cleaving off all IgG glycans with EndoS) significantly reduces disease
severity (Albert et al. 2008). Similarly, treating arthritic K/BxN mice with IVIG can attenuate disease (Anthony
et al. 2008). Although the former treatment is not suitable for patients with RA, the latter is used to alleviate

numerous inflammatory diseases, and highlights the relevance of this type of work to clinical applications.

IgG glycosylation and its importance in immunology

The relevance of antibody glycosylation in immunology is multi-fold. First, for the production of therapeutic

antibodies with tunable effector functions—whether neutralizing, blocking, agonistic or depleting. Although
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outside the scope of this discussion, such applications are becoming increasingly important as drugs based on

monoclonal antibodies emerge as successful immunotherapies (Jefferis 2012, 2009).

A second goal is to gain an understanding of how the immune system can regulate the function of IgG by
modulations of N-linked glycosylation. The pro- and anti-inflammatory effects of different IgG glycoforms are
well established, and linking these to the types of antibody secreting cells or the types of immune responses
may help to identify mechanisms of inflammation and resolution. These could in turn lead to new targets for
therapy. For example, IVIG is widely used to treat a range of inflammatory conditions, despite the lack of a
definite mechanism for its mode of action— which may furthermore be varied among its different uses (Schwab
and Nimmerjahn 2013). With a finer understanding, more efficient reagents could be developed to achieve the

desired therapeutic effects.

On a more speculative note, the ability to link altered glycoforms to antigen-specific antibodies and specific
antibody-producing cells has additional potential. This could provide a novel way to identify pathogenic
antibodies in diseases of unknown etiology, which could in turn be used to identify antigenic trigger(s) or
provide biomarkers to distinguish subtypes of the disease. For example, neuromyelitis optica (NMO) is a
demyelinating disease of the central nervous system that was often diagnosed as multiple scerlosis (MS), prior
to identification of an NMO-specific autoantibody. Although these two diseases have many overlapping
symptoms, they respond quite differently to common therapies. Traditional immunomodulatory treatments for
MS tend to have no effect or even a detrimental effect on patients with NMO. The ability to distinguish these
two diseases has had profound effects on patients and their quality of life (Collongues and de Seze 2011).
Identifying biomarkers for other diseases, based on characterization of newly-identified autoantibodies, could

lead to improved selection of best treatments, and thus improved prognosis, for patients.
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Part I11

General Discussion

Despite the disparate nature of the studies included in this thesis, there is at least one uniting theme:
investigation of inflammatory autoimmune disease for the purpose of understanding immune function and
pathology, with the long term goal of developing more targeted therapies for patients. Through investigations
using multiple models—including spontaneous and induced arthritis, spontaneous and induced lupus, and
induced encephalomyelitis —these studies have characterized multiple pathways that contribute to autoimmune

inflammation, and suggest novel approaches for future exploration.

Several challenges continue to face the development and administration of optimal treatments for autoimmune
disease. Immunosuppressive drugs can lack specificity for pathogenic immune responses, and can render
patients susceptible to infections or malignancies. Immunomodulatory drugs depend on our understanding of
the mechanisms of pathogenesis in a particular disease or disorder, in order to tip the balance towards a
protective environment. Importantly, predicting which drugs will be most beneficial for each patient is a
remaining challenge, particularly in disorders with considerable heterogeneity such as multiple sclerosis. Thus,
there is great impetus for developing both more targeted therapies, and also for identification of biomarkers to

predict or discern how patients will respond to a given therapy.

The studies described here relate to both of these issues. In our investigation of CD48, we identified CD48++
cells as activated cells that contributed to disease in EAE, and which could be eliminated with an anti-CD48
antibody. Furthermore, we found that CD48 expression correlated with production of certain cytokines,
suggesting that CD48 might be a valuable marker to identify pathogenic T cells for further study. By analyzing
the antigen specificity of these activated cells, it may be possible to identify the targets of autoimmune attack in
diseases of unknown etiology. Thus, CD48 might have value as both a therapeutic target and as a biomarker.

Similarly, in our preliminary studies of IgG galactosylation during arthritis in the K/BxN mouse, we examined
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the value of hypogalactosylation as both an inflammatory mediator and a biomarker. We investigated whether
hypogalactosylation was more likely a driver or consequence of inflammation, to guide development of future
therapies that might prevent development of this inflammatory IgG. In addition, we hypothesized that
hypogalactosylation might be a unique feature of antigen-specific IgG, and could thus be a valuable biomarker
for identification of autoantibodies in inflammatory disease —and, by inference, of the autoantigens driving
inflammatory disease. Despite the differing level of detail in which each study was investigated, both offer only
preliminary suggestions for the development of clinically relevant therapies. However, each suggests unique

methods for investigating the mechanisms of autoimmunity.

In our studies of CD48, using both WT and CD48 deficient strains, we learned several things about the role of
this immune receptor in regulation of autoimmunity and tolerance. First, that CD48 was not critically involved
in development of spontaneous lupus-like disease, and that epistatic interactions likely involving other SLAM
family genes may contribute to the disease phenotype observed in CD48-/- [B6.129] mice. This is important for
focusing future studies on the most relevant immunologic players, for example other polymorphic SLAMF
genes. In addition, our results support the view that the B6.Sle1b model of lupus is likely due to effects from
multiple genetic loci. Although development of novel models using single-gene-deficient mice is useful for
laboratory study, these examples of more complex, spontaneous diseases in mice may lead to improved
approaches for the study of multi-gene diseases in humans. Already, polymorphisms in a neighboring SLAMF
gene have been identified as contributing to disease in the B6.Sle1b model, but this was not found to be entirely
responsible (Keszei et al. 2011). The methods that are used to further dissect the mechanism of action in such

multi-gene diseases may be applied to investigations of human diseases, as well.

In addition, we found that different approaches for studying the function of CD48 —from knockout mice to
antibodies, GVH to EAE—provided unique information about the role of this molecule. Published studies
using a model of colitis had identified a key role for CD48 on macrophages, in both antigen processing and
costimulation of T cells (Abadia-Molina et al. 2006). Importantly, this study found that CD48 on the T cell
contributed to disease development, as well, and that when CD48 was absent from both T cells and APCs, mice

were completely protected from colitis. In contrast, we found that mice lacking CD48 on both APCs and T
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cells were still susceptible to EAE. Whether this is due to the different cell types involved in each disease
model, or other factors, remains to be determined. Collectively, this highlights the fact that immune receptors
may have important roles on different cell types, during different types of immune responses and at different
times. Thus, additional roles for CD48 may become apparent using alternative approaches. While we focused
our studies to date on B cell activation and TH1/TH17 responses, it is possible that CD48 has a more critical

role in Th2-mediated responses.

Perhaps most excitingly, these studies revealed the potential for CD48 to act as a novel activation marker on T
cells, possibly allowing for identification of cytokine-producing or activated, antigen-specific T cells. Although
this work is still preliminary, there are multiple potentially valuable applications for such a cell surface marker.
First, as a biomarker for identification of activated cells, CD48 may be useful to identify cells that recently
encountered antigen. By studying antigen specificity of CD48++ cells, we might learn about the antigenic
triggers that led to their activation. Second, by investigating the stimuli that result in CD48 upregulation, we
might learn more about the mechanisms of costimulation that lead to increased T cell activation. Third,
therapies that target CD48, or other molecules with similar expression patterns in humans, could be valuable for

elimination of pathogenic T cells.

A monoclonal antibody targeting CD52 was recently adapted from its prior use to treat leukemia, to a new
application in patients with relapsing-remitting multiple sclerosis (Willis and Robertson 2014). CD52 is
expressed on most lymphocytes in humans, but has a different expression pattern in mice. However, anti-CD52
treatment in B6 mice during EAE results in reduced numbers of IFNy-producing, MOG-specific T cells, and
reduced CNS infiltration (Turner et al. 2013). This is highly reminiscent of the effects of anti-CD48. Thus, our
studies of anti-CD48 may be informative about the mechanism of anti-CD52 therapy, or may suggest an
alternative target. Notably, patents for anti-CD48 as a therapy for autoimmune disease already exist, suggesting

that this is an area of active investigation in the pharmaceutical industry.

In summary, this thesis has described studies of multiple models of autoimmune disease, each seeking to better

understand mechanisms of pathogenesis and immunoregulation. Our results collectively highlight the potential
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value of biomarkers in investigation of disease, and also the relevance of antibody Fc regions to their functions
in vivo. The results described here suggest multiple paths for future investigation, including the regulation of
costimulatory molecule expression, and the value of such molecules as therapeutic targets. In light of the
numerous antibody-mediated therapies now approved for treatment of autoimmunity and cancer, these studies

have great promise for contributing to future developments of disease-modifying therapies.
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