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Abstract

Genetic susceptibility to multiple sclerosis (MS) has been linked to the HLA-DR15 haplotype
consisting of DRB1*15:01(DR2b)- and DRB5*01:01(DR2a) alleles. Given almost complete
linkage disequilibrium of the two alleles, recent studies have suggested differential roles in
susceptibility (DR2b) or protection from MS (DR2a). Our objective was to assess the potential
contribution of DR2a to disease etiology in MS using a humanized model of autoimmunity. To
assess the potential contribution of DR2a to disease etiology, we created DR2a humanized
transgenic (Tg) mice and subsequently crossed them to Tg mice expressing TL3A6, an MS
patient-derived myelin basic protein (MBP)83-99 -specific T cell receptor (TCR). In TL3A6/
DR2a Tg mice, CD4 Tg T cells escape thymic and peripheral deletion and initiate spontaneous
experimental autoimmune encephalomyelitis (EAE) at low rates depending on the level of DR2a
expression. The ability to induce active EAE was also increased in animals expressing higher
levels of DR2a. Inflammatory infiltrates and neuronal damage were present throughout the spinal
cord consistent with a classical ascending EAE phenotype with minor involvement of the
cerebellum, brainstem and peripheral nerve roots in spontaneous as well as actively induced
disease. These studies emphasize the pathologic contribution of the DR2a allele to the
development of autoimmunity when expressed as the sole MHC class Il molecule, and strongly
argue for DR2a as a contributor to CNS autoimmunity in MS.
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Introduction

The major histocompatibility complex (MHC, Human leukocyte antigen, HLA, in humans)
region and particularly the HLA-DR15 haplotype are long known as the major genetic
susceptibility determinant in multiple sclerosis (MS)(1-5). An estimated 10-60% of the
genetic risk appears to be conferred by the DR15 haplotype (6), while approximately 3% or
less are attributed to recently identified cytokine receptor genes (IL7RA, IL2RA) and other
quantitative trait loci (7-10). The HLA-DR15 haplotype is comprised of two DR beta chain
genes, HLA-DRB1*15:01 and HLA-DRB5*01:01(3), and these are in virtually complete
linkage disequilibrium. The two DR beta chains are expressed together with DR alpha and
form the heterodimeric membrane proteins DR2a (DRA1*01:01/DRB5*01:01) and DR2b
(DRA1*01:01/DRB1*15:01), respectively. Whether both or only one of the two alleles and
resulting DR molecules contribute to MS etiopathogenesis is one of the most important
questions in MS research. A role for both alleles in MS has been postulated earlier based on
the ability of both DR2a and DR2b molecules to support myelin autoreactivity in MS (11,
12). Each allele can serve as restriction element for MBP-specific CD4 T cells, which are
postulated to drive autoimmunity in MS (13-17). Furthermore, both DR2a and DR2b bind
the immunodominant MBP peptide (83-99), probably the best examined autoantigen in
humans (17-20).

Different from the above early studies, a series of observations during recent years pinpoints
MS risk to the DR2b allele. Genetic association studies in a small number of African
Americans, who show greater haplotype diversity in the HLA region, indicated that MS risk
may be separated from DR2a (21). MBP (84-101)/DR2b complexes could be shown with a
monoclonal antibody in MS brains (22), suggesting that they are targets for autoimmune T
cell responses in the target tissue. Furthermore, the occurrence of spontaneous autoimmune
disease in humanized Tg mice expressing a MBP (84-102)-specific T cell receptor (TCR)
and DR2b (23, 24) have lent support to the functional role of DR2b and its contribution to
MS. Research into the relationship between vitamin D, a confirmed environmental risk
factor for MS (25)(26) and MS has indicated the involvement of DR2b in disease based on
the identification of vitamin D-responsive elements in the transcriptional regulatory regions
controlling expression levels of DR2b, which, according to Ramogapalan et al. (27), are not
conserved in several other alleles. Particularly the findings that HLA-DRB5*null subjects
are at an increased risk for the more debilitating secondary progressive (SP) form of MS in
African Americans (28), and a disease-ameliorating effect of DR2a in protecting from
severe MBP-specific EAE in DR2b Tg mice (29) have been interpreted as evidence that
evolutionary pressure to counterbalance the negative influence of DR2b by DR2a underlies
the linkage disequilibrium of the two alleles. Gregersen et al. therefore have argued for an
epistatic interaction such that the risk to develop autoimmune disease that is conferred by
one allele (DR2b) is offset by the linked second allele (DR2a) (29).

A number of observations primarily from our laboratory argue, however, that the situation
may be more complex and that both alleles are indeed jointly involved in MS
etiopathogenesis. When characterizing in detail the MBP-specific CD4 T cell response in
MS patients and healthy controls, T cell lines (TCL) and clones (TCC) restricted by DR2b
or DR2a can both easily be established (11, 15, 17, 30). As mentioned above, the
immunodominant MBP peptide (83-99) binds strongly to both DR2b and DR2a (17, 20).
Perhaps more importantly, DR2b binds only one MBP peptide, (83-99), while DR2a binds at
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least three (83-99, 131-145/139-153, 76-91)(11, 12). Furthermore, MBP-specific DR2a- and
DR2b-restricted CD4 TCL/TCC show distinct phenotypes. DR2a-restricted TCC are often
capable of perforin-mediated and very efficient target cell lysis and more frequently show a
Th1 phenotype (15). In contrast, DR2b-restricted TCL/TCC lyse target cells relatively
inefficiently by Fas/Fas-L-mediated mechanisms (15, 31, 32). When examining the relative
expression of DR2b versus DR2a in different cells and tissues, the DR2a heterodimers are
expressed at higher levels in almost all cells and tissues when compared with DR2b
heterodimers at the mRNA- and protein level (33).

The above discrepancies led us to address whether DR2a contributes to autoimmune
inflammation in the central nervous system (CNS) in a humanized transgenic EAE model.
Toward this end, we chose a well-characterized MBP (83-99)-specific and DR2a-restricted
TCR, TL3AG6, which we had isolated from a MS patient (30) and which has been co-
crystallized with MBP (83-99)/DR2a (34). The present study characterizes humanized
transgenic mice carrying the DRA1*01:01- and DRB5*01:01 alleles to form the heterodimer
DR2a together with the TCR-alpha and -beta chains of the TL3A6 TCR. The TL3A6/DR2a
Tg mice develop spontaneous autoimmunity with associated demyelination and axonal loss
at low rates, similar to those described in a DR2b/MBP-TCR Tg mouse (23) and following
immunization develop more severe clinical disease. The predisposition for disease is
increased in animals expressing higher levels of DR2a supporting a role for this molecule in
the pathogenesis of autoimmune disease. These observations show that DR2a like DR2b can
restrict pathogenic T cell responses in humanized mice and that both alleles are likely to
contribute to the etiopathogenesis of MS.

Materials and Methods
Generation of TL3A6/DR2a Tg Mice

The HLA-DRB5*01:01-1EB gene construct was generated by replacing the HLA-
DRB1*04:01 exon 2 gene of HLA-DRB1*04:01-1E fusion gene (35) with exon 2 of the
HLA-DRB5*01:01gene. Briefly, the £coRI fragment containing HLA-DRB1*04:01 exon 2
and I-E intron genes was subcloned into a pWS vector (Stratagene) and was used to replace
HLA-DRB1*04:01 exon 2 with HLA-DRB5*01:01 exon 2 with a Seamless cloning kit
(Stratagene). The HLA-DRA-I-EY a and HLA-DRB5*01:01-1-E9  human/mouse chimeric
MHC class Il gene (DR2a) constructs were microinjected into fertilized eggs of C57BL/6
mice to generate Tg mice expressing these chimeric MHC class 11 genes. The DR2a Tg mice
were crossed with MHC class 11 (I-A and I-E)-deficient mice (Jackson laboratory, Bar
Harbor, ME)(36).

The TL3A6 TCR Tg mice were generated as follows. HLA DRB5*01:01-restricted MBP
(83-99) -specific TL3A6 TCC was established from peripheral blood mononuclear cells
isolated from an MS patient by a limiting dilution split well technique (32, 37). TL3A6
expresses Va9.2-Ja12-Ca and VB5.1-D-Jp1.2-CB (34) thus, PCR products encoding
Va9.2-Ja12 were synthesized with a primer located in the 5” flanking region of the Va9.2
gene (5’-GGGAGTGGCTTCCTAACACA-3’) and a primer located in the 3’flanking region
of the Ja12 gene (5-ACACTTTGGCAGAGGATGGA-3’), while PCR products encoding
VB5.1-D-JP1.2 were synthesized with a primer located in the 5’flanking region of the V5.1
gene (5’-TGCTGTGCAGAACAGAGAGC-3’) and a primer located in the 3’flanking region
of the JB1.2 gene (5’-GAGACCCCCAGCCTTACCTA-3’). These Va9.2-Ja12 and Vp5.1-
D-JB1.2 PCR products were then subcloned into pTa and pTp cassette expression vectors
(38), respectively. TCR functionality was confirmed in TCR-/- hybridomas prior to
microinjection of chimeric TL3A6 TCR a and B gene constructs into fertilized eggs of
C57BL/6 mice. Offspring were screened with Southern blotting and PCR, and crossed to
DR2a/MHC class 11 KO mice to generate TL3A6/DR2a/MHC class 11 KO mice. These mice
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were crossed again to Rag-1KO mice (Jackson Laboratories) and screened to maintain only
mice devoid of Rag-1 and mouse Class II-1A/IE. Animals were maintained in a specific
pathogen free (SPF) facility at the NIH and results were duplicated in a SPF facility at
UMDNJ.

Proteins, peptides and Positional Scanning Combinatorial Libraries (PSCL)

MBP (83-99): (ENPVVHFFKNIVTPRTP) was synthesized to 95% purity (Stanford Pan
Facility, Stanford CA) for use in both animal immunizations and cell culture assays. A
synthetic N-acetylated, C-amide L-aa decapeptide combinatorial library in a positional
scanning format (PS-SCL; 200 mixtures in the O1Xg to XgO; format, where O stands for
one of the twenty defined L-amino acid and X for a randomized position containing all 20
L-amino acids except cysteine to avoid generation of secondary structures) was prepared as
previously described (39). Each OXg mixture consists of 3.2 x 1011 (199) different decamer
peptides at approximately equimolar concentration. Both combinatorial libraries and
individual 10- or 20-mers of MBP and agonists of MBP were synthesized by Torrey Pines
Institute for Molecular Studies (TPIMS, Torrey Pines, CA). Individual peptides were
synthesized using solid phase Fmoc technology while peptide libraries were synthesized
using the simultaneous multiple peptide synthesis approach. Purity and identity were
assessed by mass spectrometry. Whole human MBP was prepared as previously described
(40, 41).

Flow cytometric analysis and T cell proliferation

Thymi, spleens or lymph nodes (axillary, brachial, and inguinal) were aseptically removed
from mice immediately after euthanasia. To isolate CNS-cell infiltrates, mice were
anaesthetized and perfused intracardially through the left ventricle with 30 ml ice-cold PBS.
CNS-cell infiltrates were purified with a 30/70% percoll density gradient after digestion of
the homogenized brain and spinal cord with Neural Tissue Dissociation kit (Miltenyi Biotec,
Auburn, CA). Tissues were passed through a 40pm nylon mesh prior to create a single cell
suspension for subsequent red blood cell (RBC) lysis of spleen cells. For FACS analysis,
1x10°% cells were washed twice in staining buffer (0.1% NaNs, 2% FCS in PBS), pre-
incubated with Fc block (Pharmingen, San Jose, CA) and stained with biotinylated-, PE-,
APC- or FITC-labeled antibodies to murine CD4, CD8, CD3, CD69 (BD Pharmingen,
Franklin Lakes, NJ), HLA-DR, mouse Foxp3, IFN-vy, IL-17A, GM-CSF (eBiosciences, San
Diego, CA) or human V5.1 (Beckman Coulter, Brea, CA). The cells stained with
biotinylated mAb were further incubation with Streptavidin-Cychrome (BD Pharmingen).
Intracellular staining kit (eBioscience) was used to fix and permeabilize the cells for staining
with anti-Foxp3 mAb. To examine the expression of IL-17A, GM-CSF and IFN-v, cells
were cultured with MBP83-99 at 10 pg/ml for 5 hrs in the presence of brefeldin A (10 pg/
ml) and then stained with FITC-anti IL-17A, PE-anti GM-CSF, APC-IFN-y mAbs. FACS
analysis was performed on a BD FACSCalibur using CellQuest software (BD Pharmingen)
and a Cytomics FC 500 using CXP Analysis Software (Beckman Coulter). Production of
IFN-7, IL-17, and GM-CSF was also measured by ELISA (R&D Systems, Minneapolis,
MN).

Spleen and LN populations were tested for proliferative responses at 4x106 cells/ml in 96
well round bottom plates in the presence of dose titrations of antigens. Bare lymphocyte
syndrome (BLS) patient cells devoid of MHC class Il expression and transfected to express
HLA-DR2a were kindly provided by G. Nepom and W. Kwok (University of Washington,
Seattle, WA). TL3A6 Tg T cell lines (TCL) were prepared by repeated stimulation of
TL3A6/DR2a/Rag-1KO mouse spleen cells with irradiated DR2a Tg spleen cells (2 x10°
per well, 3000 rad). 3x10* rested TL3A6 TCC or TL3A6 Tg TCL were co-cultured with
9x10% irradiated (25,000 rad) DR2a-transfected BLS cells or DR2a Tg spleen cells in serum-
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free X-Vivo-15 media (BioWhittaker, Walkersville, MD), respectively. PSCL mixtures or
peptides were added at various concentrations in 96 well round bottom plates for 48 h at
37°C. 1 pCi of [3H]-thymidine (Perkin Elmer, Waltham, MA) was added to each well for an
additional 16 h before harvesting on a Tomtec I1IM harvester (Tomtec, Hamden, CT) and
measuring the incorporated radioactivity on a Wallac Trilux Microbeta Scintillation Counter
(Perkin Elmer).

Immunization for epitope mapping or the induction of active or passive EAE

Histology

Results

All experiments were carried out in compliance with the Guide for the Care and Use of
Laboratory Animal Resources and approved by the NINDS and UMDNJ Animal Care and
Use Committee. 6-10 week old male and female mice were immunized with 500 g human
MBP or 200, 100, or 50 g of MBP 83-99 or agonist peptide in 1 or 4mg/ml Mycobacterium
H37Ra in incomplete Freund’s adjuvant (Difco Laboratories, Detroit, MI) for epitope
mapping or disease induction, respectively. For active EAE induction, 200ng of pertussis
toxin (List Biologicals, St. Louis, MO) was administered i.p. on days 0 and 2 to initiate
disease.

Animals were similarly immunized for passive EAE and ten days later the inguinal, brachial
and axillary lymph nodes (LN) were removed. Tissues were dissociated on steel mesh and
single cell suspensions seeded at 4x108 cells/ml in T cell media (TCM) consisting of RPMI
1640 (Invitrogen, Carlsbad, CA), 10% Fetal calf serum (FCS, Invitrogen) with glutamine,
non essential amino acids, penicillin/ streptomycin (Biowhittaker) and 5 pg/ml MBP
(83-99). Four days later cells suspensions were washed well in TCM and resuspended in
PBS. 1-2x107 cells were delivered i.v. to each recipient and pertussis toxin administered as
for active disease. Animals were weighed and monitored daily; clinical signs were assessed
according to the following scale: 0: no disease,1: limp tail, 2: hindlimb paresis-mild; 2.5:
severe paresis, 3: single hindlimb paralysis; 3.5: 2 limbs paralyzed; 4: hindlimb paralysis,
forelimb paresis and 5: no mobility/moribund.

For histological analysis, deeply anesthetized mice were perfused with 50 ml cold PBS
followed by 50 ml 4% paraformaldehyde in PBS. The brain and spinal column were
removed, and placed in 10% PFA for 5-10 days before systematic processing. Brains were
cut into 3mm slices coronally and embedded in paraffin; after decalcification spinal cords
were cut and divided into upper and lower columns. Each was cut into 5 mm cross sections
and 8 mm longitudinal sections; paraffin embedded tissue was cut at 6 m followed by
hematoxylin and eosin (H&E) staining or Bielschowsky silver impregnation stain to detect
axons (Histoserve, Gaithersburg, MD). To prepare frozen sections, the paraformaldehyde-
fixed brain and spinal cord were soaked in 30% sucrose/PBS for 3 days. The frozen sections
(thickness: 20 wm) were generated with a HM505E cryostat (Microm) and stained with anti-
CD4, -Mac 3, and -Ly-6G mAbs (BD Bioscience) and rhodamine- and fluorescein-labeled
secondary Abs (Jackson Immunoresearch, West Grove, PA). Nuclei were stained with
Hoechst-33258 (Sigma Aldrich). The stained sections were analyzed with an Axiovert 200
microscope (Carl Zeiss, Thornwood, NY).

TL3A6 TCR Tg myelin-reactive T cells are positively selected in HLA-DR2a Tg animals

HLA-DR plays an essential role in the development of autoreactive CD4 T cells including
myelin-specific CD4 T cells. Thus, we first examined whether HLA-DRB5*01:01 can
promote the development of MBP-specific CD4 T cells. Transgenic mice expressing HLA-
DRA1*01:01 and HLA-DRB5*01:01genes were created and crossed with MHC class 11 KO
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mice to replace mouse MHC class Il genes with the human MHC class 11 genes (referred to
as DR2a Tg mice). To examine the influence of expression levels of DR2a gene on the
development of MBP-specific CD4 T cells, two lines of DR2a Tg mice were selected: one
with higher (DR2a") and one with lower (DR2a'°) levels of HLA-DRB5*01:01 expression
(Fig. 1A). Expression levels of HLA-DR in the DR2a" mice were similar to that of human
PBMCs, while the transgene expression in the DR2al® mice was roughly 10 times lower as
compared with DR2a" mice (Fig. 1A). The latter DR2a Tg animals were immunized with
whole human or bovine MBP and draining LN cells were tested ex vivo against overlapping
20-mer MBP peptides for myelin reactivity. However, proliferative responses were low, and
MBP (83-99)-specific T cells could not be detected (data not shown), suggesting that DR2a-
restricted MBP (83-99)-specific Type A T cells, which can recognize naturally processed
MBP peptides, are largely deleted in DR2a mice as reported previously (42). In the same
study, MBP-specific T cells are also deleted in DR2b Tg mice. In contrast to this
observation, DR2a- and DR2b-restricted MBP (83-99)-specific Type A T cells, including
TL 3A6 TCC, have been isolated from humans expressing DR15. This difference could be
due to distinct TCR diversity when comparing mice and humans as indeed, T cell diversity
in humans is 10-20 times higher than that in mice (43, 44). Thus, Tg mice expressing human
TCR (TL3AG6) specific for MBP (83-99)/DR2a were created and crossed with DR2aM and
DR2al® Tg mice (referred to as TL3A6/DR2a mice) to examine whether MBP-specific
human TCR Tg T cells can develop in DR2a Tg mice. To our surprise, CD4+TL3A6 TCR
Tg T cells were positively selected in the thymus and efficiently developed in the periphery
of TL3A6/DR2a" mice (Fig.1B). Although CD8+ TL3A6 TCR Tg T cells developed as
well as CD4+ TL3A6 TCR Tg T cells in the thymus of TL3A6/DR2al® mice, increased
expression of DR2a in TL3A6/DR2a mice preferentially promoted the development of
CD4+ TL3A6 TCR Tg T cells without significant reduction of the thymic cellularity (Fig.
1B). Poor development of CD4 T cells in the TL3A6/DR2al® mice could be due to
inefficient positive selection because expression of CD69 on CD4*CD8* DP thymocytes
was reduced in the TL3A6/DR2a'® mice (Fig.1C) as observed in other TCR Tg mice in
which inefficient positive selection occurs (45, 46). To eliminate the effect of endogenous
mouse TCRs on thymic and peripheral development of TL3A6 Tg T cells, TL3A6/DR2a
mice were crossed to Rag-1 KO mice to create TL3A6/DR2a/ mouse MHC class |1 KO/
Rag-1KO mice (referred to as TL3A6/DR2a/Rag-1K0). CD4+TL3A6 TCR Tg T cells were
still positively selected in the thymus and efficiently develop in the periphery of TL3A6/
DR2aM"/Rag-1KO mice. In contrast, development of CD4+TL3A6 Tg T cells is inefficient in
the thymus and spleen of the TL3A6/DR2a°/Rag-1KO mice (Fig. 1D). These data suggest
that DR2a-restricted MBP (83-99)-specific CD4+ T cells can develop in DR2a Tg mice,
however, their development is dependent on the expression level of DR2a. We also
examined the development of TL3A6 Tg Foxp3* regulatory T cells. 5.2 % of CD4+TL3A6
Tg T cells express Foxp3 in the spleen of TL3A6/DR2a" mice, while the percentage of
Foxp3* CD4+ T cells increased to 22.5 % in the spleen of TL3A6/DR2!° mice
(Supplementary Fig.S1). In accordance with other MBP-TCR Tg mice (47), development of
Foxp3™ regulatory T cells was not detected in TL3A6/DR2a/Rag-1 KO mice
(Supplementary Fig. S2).

Specificity and HLA-restriction of the human TCC TL3AG6 are preserved in TL3A6 Tg mice

To examine whether TL3A6 Tg T cells can recognize naturally processed MBP peptides as
well as exogenously added MBP (83-99) peptide in the context of DR2a, splenocytes from
TL3A6 Tg mice expressing high or low levels of DR2a were cultured with whole MBP or
MBP (83-99) peptide. Splenocytes isolated from TL3A6/DR2aM and TL3A6/DR2a® mice
proliferated to MBP and MBP (83-99), yet cells from TL3A6/DR2aM" mice responded more
strongly than those from TL3A6/DR2al® mice (Fig. 2A and B). Lower proliferative
responses of spleen cells isolated from the TL3A6/DR2al® mice correlated with lower
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expression of DR and less efficient development of CD4+ T cells expressing the TL3A6
Vbeta chain VB5.1* in TL3A6/DR2a'® mice (Fig. 1A and B). Importantly, MBP (83-99)-
specificity (Type A) was preserved in the TL3A6 Tg T cells that had been selected in
TL3A6/DR2a mice.

We next examined whether the fine specificity of TL3A6 TCR is also preserved in this
humanized animal. We previously demonstrated systematically by using positional scanning
synthetic combinatorial peptide libraries (ps-SCL) and bioinformatics approaches that
TL3AG recognizes a large number of peptides in addition to MBP (83-99) and with higher,
similar or lower affinities (i.e. at lower, similar or higher antigen concentrations). In order to
assess whether the TL3A6 TCR/HLA-DR?2a transgene constructs consisting of human-
mouse chimeric TCR and human-mouse chimeric HLA-DR2a maintained this reactivity
pattern, we tested the human TL3A6 TCC and TL3A6 TCR Tg cells with ps-SCL. To
eliminate any expression of endogenous mouse TCR, the TL3A6 Tg T cells were
established from TL3A6/DR2a/Rag-1 KO mice. When comparing the amino acids in each of
the 10 positions of ps-SCL that activated the human TL3A6 TCC (Fig. 3A) or a murine
TL3A6 TCR Tg TCL (Fig. 3B), the patterns are comparable confirming that the peptide
specificities of the two TCRs (human versus mouse-human chimeric construct) are close to
identical. Minor differences exist in only a few positions, (only Gly in position 2 stands out
for the TL3A6 TCR Tg TCL), while the primary TCR contact (Lys in position 3) and other
important residues are recognized by both TCRs (48). These data show that the fine
specificity of TL3A6 TCR was preserved in this humanized animal, which was further
supported by altered MBP (83-99) peptides. The human TL3A6 TCC has been
characterized extensively for recognition of numerous altered peptides derived from MBP
(83-99) as well as other molecular mimics (30, 49-51). Superagonists of the native antigen
MBP (83-99) for TL3A6 were predicted previously by screening TCC TL3A6
systematically for recognition of amino acid exchanges in the MBP (83-99) peptide (50).
These peptides with up to 6 log lower half-maximal stimulatory effective concentration
(ECsp) values activated the Tg T cells in a similar hierarchy relative to MBP (83-99),
confirming that the specificity of the interactions between DR2a and TL3A6 Tg humanized
constructs reproduced data obtained with the original TL3A6 TCC (Fig. 4). Notably, mouse
Tg TCL from these mice respond to MBP 81-99 and 83-99 peptides when presented by
human APCs expressing DR2a (BLS cells expressing DR2a). They do not, however,
respond to MBP(83-99) or MBP(81-99) when presented by BLS cells transfected with
DR2b. The original human T cell clone demonstrated an ECsq of between 0.7 to 1 ug/ml
when cultured with either DR2-matched PBMC or DR2a-transfected BLS cells and MBP
(83-99). The mouse TL3A6 Tg TCL responded to MBP(83-99) and DR2a-transfected
human BLS cells with a similar ECgq of 0.8 ug/ml, but demonstrated a one log lower ECsgq
(0.08ug/ml) when cultured with DR2a Tg spleen cells (data not shown).

TL3A6 Tg T cells are encephalitogenic

We examined whether TL3A6 Tg T cells possess encephalitogenic potential and how DR-
expression levels affect the development of EAE. We first examined the induction of active
EAE in TL3A6/DR2a double Tg mice. Disease could not be readily induced in DR2a single
Tg animals with MBP (83-99), nor could it be induced in TL3A6 TCR single Tg mice
(Table I). TL3A6/DR2a double Tg mice rarely exhibited disease when immunized with CFA
or pertussis alone, yet immunization with MBP (83-99) in CFA with pertussis elicited
disease in 47% and 90% in TL3A6/DR2a!” versus TL3A6/DR2a" animals, respectively,
suggesting that TL3A6/DR2aN Tg mice are more susceptible to active EAE compared to
TL3A6/DR2al® Tg mice. We next examined whether a stronger stimulus by using
superagonist peptides increases the incidence of active EAE in TL3A6/DR2al® Tg mice.
This was not the case (Table Il), however, the superagonist induced clinical disease at lower
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doses (50 p.g) and with slightly higher clinical scores compared to MBP (89-98) (Table I1).
In contrast to active EAE, adoptive transfer of TL3A6 Tg TCL established from MBP
(83-99) -immunized TL3A6/DR2al® Tg mice induced disease in both lines of DR2a Tg mice
at 100% (Fig. 5). While the severity of disease was not significantly different between these
two groups, the DR2a!® Tg mouse line showed delayed onset of disease (day 12 vs. day 7,
p<0.05) and a tendency to recover with less severe disease than DR2a" animals (Fig. 5).
These data suggest that TL3A6 Tg T cells are potentially encephalitogenic and that a high
expression of DR2a increases the development of induced EAE.

TL3A6 Tg TCR mice develop spontaneous EAE

We next examined the occurrence of spontaneous EAE in TL3A6/DR2a Tg mice. TL3A6/
DR2a Tg mice developed spontaneous disease with differing incidences (Table 111), from
4.5% in TL3A6/DR2a" Tg mice to less than 1% in TL3A6/DR2a'® Tg mice. In addition to
increased disease incidence, TL3A6/DR2aM Tg mice showed a trend towards earlier onset of
disease (10 vs 21 weeks of age at onset), but numbers were insufficient to reach statistical
significance (p=0.08). To examine the level of DR2a expression required for the
development of spontaneous EAE, TL3A6/DR2aM Tg mice were crossed with TL3A6/
DR2a!® Tg mice to generate TL3A6/DR2a Tg mice expressing various levels of DR2a (Fig.
6). Expression of HLA-DR in these animals was normalized to that observed on the HLA-
high expressing TL3A6/DR2aM Tg mice and expressed as % of the maximal mean
fluorescence identity (MFI). The onset of spontaneous EAE was greatly decreased in mice
expressing HLA-DR at low levels, i.e. less than 50% of that observed in TL3A6/DR2a" Tg
mice (Fig.6). 14% of TL3A6/DR2a Tg mice that express higher levels of DR (over 50% of
the TL3A6/DR2aM Tg DR-expression level) developed spontaneous EAE.

Since Rag-1-deficiency increases the frequency of spontaneous EAE in MBP-TCR Tg mice
due to the lack of CD4+CD25+ regulatory T cells (52, 53), we also examined this aspect in
TL3A6/DR2a/Rag-1KO mice. As expected, the incidence of spontaneous EAE increased in
TL3A6/DR2aN/Rag-1KO mice (Table I11), however, not in the TL3A6/DR2al°/Rag-1KO
mice.

These data suggest that TL3A6 Tg T cells are able to differentiate into pathogenic T cells
spontaneously, however, incidence of spontaneous EAE is dependent on expression levels of
DR2a.

Spontaneous development of Thl, Th17, and GM-SCF-producing CD4 T cells in TL3A6/

DR2a" mice

We examined the production of IFN-vy, IL-17, and GM-CSF in response to MBP83-99 in the
splenocytes isolated from healthy TL3A6/DR2a'® and TL3A6/DR2aM mice. Production of
these cytokines is higher in TL3A6/DR2aM mice than TL3A6/DR2a°mice (Fig.7A), and
greater numbers of Th1, Th17 and GM-CSF+ expressing CD4 T cells exist in TL3A6/
DR2aM mice (Fig.7B). Intracellular flow cytometric analysis indicated that GM-CSF is
predominantly produced by Th1/Th17 cells that co-produce IFNvy and IL-17 (Fig.7B).

We next examined the production of IFN-y, IL-17, and GM-CSF in mice that had
spontaneously developed EAE. Although the development of Thl, Th17, and GM-CSF
+CDA4 T cells in the spleen was comparable between healthy and spontaneous EAE mice
(Fig.7A and B), an increased production of these cytokines was detected in the CNS of
spontaneous EAE mice (Fig.7A). In accordance with the cytokine profile, greater numbers
of MBP-specific Thl, Th17, and GM-CSF+ CD4+ T cells were detected in the CNS during
the course of spontaneous EAE (Fig.7B). Infiltration of these pathogenic T cells was not
detected in healthy TL3A6/DR2a " mice (data not shown).
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Histological analysis of demyelinating disease in both spontaneous as well as induced

EAE

Both induced and spontaneous EAE mice develop typical EAE with ascending motor
deficits, and induced- and spontaneous disease in the double Tg mice were
indistinguishable. Histological differences were also not apparent between TL3A6/DR2aM
vs TL3A6/DR2al® Tg mice that developed induced EAE. Inflammation predominated within
the spinal cord with lesser involvement of the brainstem and relative sparing of the cerebrum
and cerebellum (Fig. 8 A-F and Table SI). Infiltrates contained predominantly CD4+ T cells
and mononuclear cells, but also significant numbers of polymorphonuclear (PMN)
leukocytes/granulocytes (Fig 8 A,B (arrows) and Supplementary Fig.S3). Swollen axons and
degenerating neurons could be detected throughout the spinal cord (arrows, arrow heads Fig.
8C) including evidence of axonal loss (Fig. 8E). Similar to our previous humanized MBP
TCR Tg model (54) and also in other models of MBP-induced EAE, there was minor
involvement of the cranial and spinal nerve roots and thus involvement of the proximal
peripheral nervous system (Fig 8 G,H and Supplementary Table Sl). These data indicate that
TL 3A6 Tg T cells can induce neuroinflammation and subsequently neurodegeneration in
TL3A6/DR2a Tg mice.

Discussion

Almost thirty years ago, DR2, later termed DR15, and now the DR15 haplotype consisting
of DR2a and DR2h, was identified as the DR type most consistently linked to MS (55). In
the majority of studies the focus of attention has been on DR2b, and the existence of the
second DR15 gene, DR2a, which is in almost absolute linkage disequilibrium with DR2b,
has often not been considered. Several lines of evidence seemed to suggest that only DR2b
is pathogenic, i.e. the above mentioned genetic data in a small number of African Americans
with MS (21), but also the demonstration that Tg mice expressing the MBP (84-102)-
specific and DR2b-restricted TCR Ob.1A12 develop spontaneous EAE and are highly
susceptible to actively induced disease (23). The effect of DR2a on the development of
spontaneous EAE was examined using a. DR2a-resticted Epstein-Barr virus (EBV) peptide
specific TCR (Hy.2E11), which also recognizes MBP (85-99) in the context of DR2b (56).
Hy.2E11 TCR/DR2b Tg mice and a second Tg mouse recognizing MBP (83-99) in the
context of DR2b, Ob.1A12-TCR/DR2b Tg mice, both develop spontaneous EAE. These
observations are the main reason for the currently prevailing assumption that DR2b confers
disease risk in MS. However, development of spontaneous EAE is reduced in the Hy.2E11-
TCR Tg mice that are bred to co-express DR2b and DR2a genes, and this was attributed to
the induction of DR2a-mediated apoptosis in Hy.2E11TCR Tg T cells in the periphery (29).
Based on these data the authors concluded that DR2a plays a protective role in the
development of spontaneous EAE by deleting autoreactive Tg T cells in the periphery. Since
these mice are not infected with EBV, Hy.2E11-TCR Tg T cells may cross-react with an
unknown self-antigen associated with DR2a in the Hy.2E11-TCR/DR2b/DR2a Tg mice. In
contrast to Hy.2E11-TCR/DR2a/DR2b Tg mice, development of spontaneous EAE is not
affected by expression of DR2a in Ob.1A12-TCR/DR2a/DR2b Tg mice (29). Since the
authors have not identified DR2a-restricted peptides recognized by the Ob.1A12-TCR, and
therefore one may conclude that a DR2a-presented self-peptide mediates suppressive effects
or e.g. acts as co-inhibitor, only on Hy.2E11-TCR-carrying MBP-specific T cells. However,
the pathogenic role of DR2a-restricted MBP-specific T cells has not been addressed. We
show here that MBP-specific, DR2a restricted T cells are indeed encephalitogenic, and that
an increase in DR2a expression is associated with the development of spontaneous EAE in
TL3A6/DR2a Tg mice.

Our and others groups’ prior data also indicated that it is more likely that both alleles jointly
confer risk. The main observations in that direction are that DR2a-restricted,
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proinflammatory MBP-specific T cells can readily be generated (11, 12), that DR2a is
expressed at higher levels in most cells and tissues (33) and binds more MBP peptides (17),
and that the two alleles, due to similarities of their binding pockets, bind overall similar or
overlapping sets of peptides (17-19). The most important example for the latter is the
immunodominant MBP peptide (83-99) that has been described as a target epitope for both
DR2a- and DR2b-restricted T cell clones. These observations combine with our TL3A6/
DR2a Tg mouse data to suggest that DR2a-restricted MBP-specific CD4+ T cells are likely
to contribute to the pathogenesis of MS.

Thymic and peripheral development of autoreactive T cells are dependent on the avidity of
TCR to self-antigen/MHC class Il complex. MBP-specific T cells are largely deleted in the
thymus and periphery, and only those expressing a low avidity TCR can escape the
tolerance-inducing mechanisms (57). Immunization of DR2a Tg mice with whole MBP and
subsequent attempts to map DR2a-restricted MBP epitopes identified very low numbers of
responsive cells. As a consequence disease is difficult to induce by immunization with MBP
suggesting that DR2a-restricted, MBP (83-99)-specific Type A T cells, which recognize
naturally processed MBP antigens, largely undergo deletion and/or anergy in DR2a Tg mice.
Similarly, MBP (83-99)-specific Type A T cells also undergo tolerance in DR2b Tg mice
(42). The observation that MBP(82-100) specific Type A T cells can be positively selected
in DR2a Tg and DR2b Tg mice that are deficient in MBP-expression (42), suggests that
MBP (82-100)-specific Type A T cells are deleted in the thymus and/or undergo anergy in
the periphery due to the expression of endogenous MBP. In contrast, MBP (82-100) specific
Type B T cells that recognize a cryptic MBP (82-100) epitope can escape immune tolerance
in DR2a Tg mice and possess encephalitogenic activity (42). Although thymic negative
selection and peripheral tolerance may occur more frequently in MBP-specific Type A T
cells than Type B T cells, studies have shown MBP-specific Type A T cells that escape
thymic and peripheral tolerance are more encephalitogenic than Type B T cells (57). Despite
the tolerance induction in MBP (83-99)-specific Type A T cells in DR2a and DR2b Tg
mice, DR2a- and DR2b-restricted MBP-specific Type A T cells are frequently isolated in
humans. This difference may be due to higher TCR diversity in DR15+ humans compared
with DR2a Tg mice. The total TCR repertoire in the human blood and mouse spleen is
estimated as 2.5 x 107 and 1-2 x 10°, respectively (43, 44). Thus, T cell diversity in humans
is 10-20 times higher than that in mice. Our study examines such a DR2a-restricted
MBP83-99-specific Type A human TCR (TL3AG6) that escaped tolerance in a patient and is
capable of driving disease. Tg mice that express DR2a positively select the TL3A6 Tg
CD4+Type AT cells, and these cells can escape thymic and peripheral deletion in the
TL3A6/DR2aM Tg mice and go on to initiate spontaneous disease.

The escape from thymic and peripheral tolerance could be due to a low avidity of
TL3A6TCR to MBP (83-99)/DR2a. Indeed, the crystal structure of the TL3A6/MBP
(83-99)/HLA-DR2a complex shows relatively few TCR contact residues available for
recognition and an overall low affinity for the peptide-MHC complex with no high affinity
bonds (salt bridges, hydrogen bonds), but only van der Waals bonds contributing to TCR-
MHC/peptide interaction(34). In addition, the crystal structure analysis revealed a non-
traditional nesting of the peptide within the DR2a molecule with a slight shift to the N-
terminus (34). The bound peptide’s sitting slightly off center in the MHC likely limits
optimum availability to the TCR. Such unconventional recognition of the N-terminal portion
of the peptide has been demonstrated in another autoreactive TCR and may contribute to
escaping thymic deletion (58).

Spontaneous EAE develops in TL3A6/DR2aM mice in about 4.5% of animals, i.e. roughly
45 times more frequently than the prevalence observed in MS in Northern European and
North American populations and similar to the prevalence in first-degree relatives of MS
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patients (59), while spontaneous autoimmunity was detected in TL3A6/DR2a!® Tg mice at
considerably reduced levels. Development of spontaneous EAE was significantly reduced in
TL3A6/DR2a Tg mice when DR2a-expression fell below 50% of that in DR2aM mice. This
higher incidence of spontaneous EAE, the earlier disease onset and more severe score in the
DR2aN-expressing animals are all consistent with the increased risk of MS in DR15
homozygote individuals (60). Since HLA genes are expressed codominantly, DR15
homozygote individuals display roughly twice the amount of DR2a and DR2b molecules
than heterozygote individuals, who express DRB1- and DRB3-, 4-, or 5- alleles from
another haplotype.

HLA-DR2a may affect the development of spontaneous EAE in several ways. Interestingly,
the incidence and disease severity were not significantly affected by the level of DR2a
expression in adoptive transfer EAE (Fig.5), suggesting that a high expression of DR2a is
not required during the effector stages of the disease. Since spontaneous development of
Th17 cells depends on the strength of the interaction between the TCR and self Ag/MHC
class Il complex (61), low expression of DR2a may not be sufficient for the development of
Th17 T cells in TL3A6/DR2alo Tg mice. Indeed, development of MBP-specific Thl and
Th17 cells is low in TL3A6/DR2al® Tg mice and their development increases in the TL3A6/
DR2a"Tg mice (Fig.7). In addition, development of GM-CSF-producing Th1/Th17 cells,
which play an essential role in the development of EAE (62, 63), was increased in TL3A6/
DR2aM Tg mice (Fig. 7). Thus, expression levels of DR is one of the factors involved in the
differentiation of encephalitogenic T cells. In addition, a decrease in the development of
MBP-specific Foxp3 Tregs in the TL3A6/DR2aM mice (Supplementary Fig. S1) may be
contributing to the spontaneous development of encephalitogenic T cells. Nevertheless, only
a small percentage (4.5-14%) of TL3A6/DR2a" Tg mice develops spontaneous EAE
although MBP-specific Thl, Th17, and GM-CSF+CD4 T cells develop in the mice. Thus,
further experiments are required to investigate other factors influencing the development of
spontaneous EAE.

In summary, data from this novel Tg mouse model documents that a DR2a-restricted, MBP
(83-99)-specific TCR causes EAE spontaneously, upon active induction with MBP and
following adoptive transfer. Therefore, we conclude that DR2a independently or together
with the other HLA-DR15 risk allele DR2b serves as etiologic risk factor for MS rather than
as an epistatic modulator that lowers MS risk. These data are probably not only relevant for
MS and its major HLA risk haplotype DR15, but also for other autoimmune diseases, for
which an association with a specific HLA-DR haplotype has been demonstrated including
rheumatoid arthritis, type | diabetes, myasthenia gravis and others.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Bruno Gran, MD, Division of Clinical Neurology, Nottingham University Hospitals, UK, and Mireia
Sospedra, PhD, Institute for Neuroimmunology and Clinical MS Research, University Medical Center Hamburg-
Eppendorf, Germany, for helpful suggestions and critical reading of the manuscript. We would like to dedicate this
manuscript to the memory of Marco Vergelli, MD, who first isolated and characterized the TL3A6 T cell clone.

References

1. Jersild C, Svejgaard A, Fog T. HL-A antigens and multiple sclerosis. Lancet. 1972; 1:1240-1241.
[PubMed: 4113225]

J Immunol. Author manuscript; available in PMC 2013 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quandt et al.

10

11.

12.

13.

14.

15.

16.

17.

Page 12

. Dyment DA, Ebers GC, Sadovnick AD. Genetics of multiple sclerosis. Lancet neurology. 2004;

3:104-110. [PubMed: 14747002]

. Fogdell A, Hillert J, Sachs C, Olerup O. The multiple sclerosis- and narcolepsy-associated HLA

class Il haplotype includes the DRB5*0101 allele. Tissue antigens. 1995; 46:333-336. [PubMed:
8560455]

. Fogdell A, Olerup O, Fredrikson S, Vrethem M, Hillert J. Linkage analysis of HLA class Il genes in

Swedish multiplex families with multiple sclerosis. Neurology. 1997; 48:758-762. [PubMed:
9065561]

. Naito S, Namerow N, Mickey MR, Terasaki PI. Multiple sclerosis: association with HL-A3. Tissue

antigens. 1972; 2:1-4. [PubMed: 5077731]

. Haines JL, Terwedow HA, Burgess K, Pericak-Vance MA, Rimmler JB, Martin ER, Oksenberg JR,

Lincoln R, Zhang DY, Banatao DR, Gatto N, Goodkin DE, Hauser SL. Linkage of the MHC to
familial multiple sclerosis suggests genetic heterogeneity. The Multiple Sclerosis Genetics Group.
Human molecular genetics. 1998; 7:1229-1234. [PubMed: 9668163]

. Gregory SG, Schmidt S, Seth P, Oksenberg JR, Hart J, Prokop A, Caillier SJ, Ban M, Goris A,

Barcellos LF, Lincoln R, McCauley JL, Sawcer SJ, Compston DA, Dubois B, Hauser SL, Garcia-
Blanco MA, Pericak-Vance MA, Haines JL. Interleukin 7 receptor alpha chain (IL7R) shows allelic
and functional association with multiple sclerosis. Nature genetics. 2007; 39:1083-1091. [PubMed:
17660817]

. Lundmark F, Duvefelt K, Hillert J. Genetic association analysis of the interleukin 7 gene (IL7) in

multiple sclerosis. Journal of neuroimmunology. 2007; 192:171-173. [PubMed: 17913246]

. Lundmark F, Duvefelt K, lacobaeus E, Kockum I, Wallstrom E, Khademi M, Oturai A, Ryder LP,

Saarela J, Harbo HF, Celius EG, Salter H, Olsson T, Hillert J. Variation in interleukin 7 receptor
alpha chain (IL7R) influences risk of multiple sclerosis. Nature genetics. 2007; 39:1108-1113.
[PubMed: 17660816]

. Hafler DA, Compston A, Sawcer S, Lander ES, Daly MJ, De Jager PL, de Bakker PI, Gabriel SB,
Mirel DB, Ivinson AJ, Pericak-Vance MA, Gregory SG, Rioux JD, McCauley JL, Haines JL,
Barcellos LF, Cree B, Oksenberg JR, Hauser SL. Risk alleles for multiple sclerosis identified by a
genomewide study. The New England journal of medicine. 2007; 357:851-862. [PubMed:
17660530]

Pette M, Fujita K, Kitze B, Whitaker JN, Albert E, Kappos L, Wekerle H. Myelin basic protein-
specific T lymphocyte lines from MS patients and healthy individuals. Neurology. 1990; 40:1770-
1776. [PubMed: 1700336]

Martin R, Jaraquemada D, Flerlage M, Richert J, Whitaker J, Long EO, McFarlin DE, McFarland
HF. Fine specificity and HLA restriction of myelin basic protein-specific cytotoxic T cell lines
from multiple sclerosis patients and healthy individuals. J Immunol. 1990; 145:540-548.
[PubMed: 1694881]

Chou YK, Vainiene M, Whitham R, Bourdette D, Chou CH, Hashim G, Offner H, Vandenbark
AA. Response of human T lymphocyte lines to myelin basic protein: association of dominant
epitopes with HLA class Il restriction molecules. Journal of neuroscience research. 1989; 23:207—
216. [PubMed: 2474079]

Pette M, Fujita K, Wilkinson D, Altmann DM, Trowsdale J, Giegerich G, Hinkkanen A, Epplen
JT, Kappos L, Wekerle H. Myelin autoreactivity in multiple sclerosis: recognition of myelin basic
protein in the context of HLA-DR2 products by T lymphocytes of multiple-sclerosis patients and
healthy donors. Proc Natl Acad Sci U S A. 1990; 87:7968-7972. [PubMed: 1700423]

Vergelli M, Kalbus M, Rojo SC, Hemmer B, Kalbacher H, Tranquill L, Beck H, McFarland HF,
De Mars R, Long EO, Martin R. T cell response to myelin basic protein in the context of the
multiple sclerosis-associated HLA-DR15 haplotype: peptide binding, immunodominance and
effector functions of T cells. J Neuroimmunol. 1997; 77:195-203. [PubMed: 9258250]

Martin R, Howell MD, Jaraquemada D, Flerlage M, Richert J, Brostoff S, Long EO, McFarlin DE,
McFarland HF. A myelin basic protein peptide is recognized by cytotoxic T cells in the context of
four HLA-DR types associated with multiple sclerosis. The Journal of experimental medicine.
1991; 173:19-24. [PubMed: 1702137]

Wucherpfennig KW, Sette A, Southwood S, Oseroff C, Matsui M, Strominger JL, Hafler DA.
Structural requirements for binding of an immunodominant myelin basic protein peptide to DR2

J Immunol. Author manuscript; available in PMC 2013 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quandt et al.

18.

19.

20.

21

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 13

isotypes and for its recognition by human T cell clones. The Journal of experimental medicine.
1994; 179:279-290. [PubMed: 7505801]

Vogt AB, Kropshofer H, Kalbacher H, Kalbus M, Rammensee HG, Coligan JE, Martin R. Ligand
motifs of HLA-DRB5*0101 and DRB1*1501 molecules delineated from self-peptides. J Immunol.
1994; 153:1665-1673. [PubMed: 7519208]

Li Y, Li H, Martin R, Mariuzza RA. Structural basis for the binding of an immunodominant
peptide from myelin basic protein in different registers by two HLA-DR2 proteins. Journal of
molecular biology. 2000; 304:177-188. [PubMed: 11080454]

Valli A, Sette A, Kappos L, Oseroff C, Sidney J, Miescher G, Hochberger M, Albert ED, Adorini
L. Binding of myelin basic protein peptides to human histocompatibility leukocyte antigen class Il
molecules and their recognition by T cells from multiple sclerosis patients. J Clin Invest. 1993;
91:616-628. [PubMed: 7679413]

. Oksenberg JR, Barcellos LF, Cree BA, Baranzini SE, Bugawan TL, Khan O, Lincoln RR,

Swerdlin A, Mignot E, Lin L, Goodin D, Erlich HA, Schmidt S, Thomson G, Reich DE, Pericak-
Vance MA, Haines JL, Hauser SL. Mapping multiple sclerosis susceptibility to the HLA-DR locus
in African Americans. American journal of human genetics. 2004; 74:160-167. [PubMed:
14669136]

Krogsgaard M, Wucherpfennig KW, Cannella B, Hansen BE, Svejgaard A, Pyrdol J, Ditzel H,
Raine C, Engberg J, Fugger L. Visualization of myelin basic protein (MBP) T cell epitopes in
multiple sclerosis lesions using a monoclonal antibody specific for the human histocompatibility
leukocyte antigen (HLA)-DR2-MBP 85-99 complex. The Journal of experimental medicine. 2000;
191:1395-1412. [PubMed: 10770805]

Madsen LS, Andersson EC, Jansson L, krogsgaard M, Andersen CB, Engberg J, Strominger JL,
Svejgaard A, Hjorth JP, Holmdahl R, Wucherpfennig KW, Fugger L. A humanized model for
multiple sclerosis using HLA-DR2 and a human T-cell receptor. Nat Genet. 1999; 23:343-347.
[PubMed: 10610182]

Ellmerich S, Mycko M, Takacs K, Waldner H, Wahid FN, Boyton RJ, King RH, Smith PA, Amor
S, Herlihy AH, Hewitt RE, Jutton M, Price DA, Hafler DA, Kuchroo VK, Altmann DM. High
incidence of spontaneous disease in an HLA-DR15 and TCR transgenic multiple sclerosis model. J
Immunol. 2005; 174:1938-1946. [PubMed: 15699121]

Handunnetthi L, Ramagopalan SV, Ebers GC. Multiple sclerosis, vitamin D, and HLA-DRB1*15.
Neurology. 2010; 74:1905-1910. [PubMed: 20530326]

Ascherio A, Munger KL, Simon KC. Vitamin D and multiple sclerosis. Lancet Neurol. 2010;
9:599-612. [PubMed: 20494325]

Ramagopalan SV, Maugeri NJ, Handunnetthi L, Lincoln MR, Orton SM, Dyment DA, Deluca GC,
Herrera BM, Chao MJ, Sadovnick AD, Ebers GC, Knight JC. Expression of the multiple sclerosis-
associated MHC class Il Allele HLA-DRB1*1501 is regulated by vitamin D. PLoS Genet. 2009;
5:€1000369. [PubMed: 19197344]

Caillier SJ, Briggs F, Cree BA, Baranzini SE, Fernandez-Vina M, Ramsay PP, Khan O, Royal W
3rd, Hauser SL, Barcellos LF, Oksenberg JR. Uncoupling the roles of HLA-DRB1 and HLA-
DRBS5 genes in multiple sclerosis. J Immunol. 2008; 181:5473-5480. [PubMed: 18832704]
Gregersen JW, Kranc KR, Ke X, Svendsen P, Madsen LS, Thomsen AR, Cardon LR, Bell JI,
Fugger L. Functional epistasis on a common MHC haplotype associated with multiple sclerosis.
Nature. 2006; 443:574-577. [PubMed: 17006452]

Vergelli M, Hemmer B, Utz U, Vogt A, Kalbus M, Tranquill L, Conlon P, Ling N, Steinman L,
McFarland HF, Martin R. Differential activation of human autoreactive T cell clones by altered
peptide ligands derived from myelin basic protein peptide (87-99). European journal of
immunology. 1996; 26:2624-2634. [PubMed: 8921948]

Jaraguemada D, Martin R, Rosen-Bronson S, Flerlage M, McFarland HF, Long EO. HLA-DR2a is
the dominant restriction molecule for the cytotoxic T cell response to myelin basic protein in
DR2Dw?2 individuals. J Immunol. 1990; 145:2880-2885. [PubMed: 1698864]

Vergelli M, Hemmer B, Muraro PA, Tranquill L, Biddison WE, Sarin A, McFarland HF, Martin R.
Human autoreactive CD4+ T cell clones use perforin- or Fas/Fas ligand-mediated pathways for
target cell lysis. J Immunol. 1997; 158:2756-2761. [PubMed: 9058810]

J Immunol. Author manuscript; available in PMC 2013 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quandt et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 14

Prat E, Tomaru U, Sabater L, Park DM, Granger R, Kruse N, Ohayon JM, Bettinotti MP, Martin R.
HLA-DRB5*0101 and -DRB1*1501 expression in the multiple sclerosis-associated HLA-DR15
haplotype. J Neuroimmunol. 2005; 167:108-119. [PubMed: 16111772]

Li Y, Huang Y, Lue J, Quandt JA, Martin R, Mariuzza RA. Structure of a human autoimmune
TCR bound to a myelin basic protein self-peptide and a multiple sclerosis-associated MHC class 11
molecule. The EMBO journal. 2005; 24:2968-2979. [PubMed: 16079912]

Ito K, Bian HJ, Molina M, Han J, Magram J, Saar E, Belunis C, Bolin DR, Arceo R, Campbell R,
Falcioni F, Vidovic D, Hammer J, Nagy ZA. HLA-DR4-IE chimeric class Il transgenic, murine
class Il-deficient mice are susceptible to experimental allergic encephalomyelitis. The Journal of
experimental medicine. 1996; 183:2635-2644. [PubMed: 8676084]

Madsen L, Labrecque N, Engberg J, Dierich A, Svejgaard A, Benoist C, Mathis D, Fugger L. Mice
lacking all conventional MHC class 1l genes. Proc Natl Acad Sci U S A. 1999; 96:10338-10343.
[PubMed: 10468609]

Martin R, Utz U, Coligan JE, Richert JR, Flerlage M, Robinson E, Stone R, Biddison WE,
McFarlin DE, McFarland HF. Diversity in fine specificity and T cell receptor usage of the human
CDA4+ cytotoxic T cell response specific for the immunodominant myelin basic protein peptide
87-106. J Immunol. 1992; 148:1359-1366. [PubMed: 1371525]

Kouskoff V, Signorelli K, Benoist C, Mathis D. Cassette vectors directing expression of T cell
receptor genes in transgenic mice. J Immunol Methods. 1995; 180:273-280. [PubMed: 7714342]

Pinilla C, Appel JR, Blanc P, Houghten RA. Rapid identification of high affinity peptide ligands
using positional scanning synthetic peptide combinatorial libraries. BioTechniques. 1992; 13:901—
905. [PubMed: 1476743]

Deibler GE, Boyd LF, Kies MW. Proteolytic activity associated with purified myelin basic protein.
Progress in clinical and biological research. 1984; 146:249-256. [PubMed: 6201896]

Deibler GE, Martenson RE, Kies MW. Large scale preparation of myelin basic protein from
central nervous tissue of several mammalian species. Prep Biochem. 1972; 2:139-165. [PubMed:
4623901]

Kawamura K, McLaughlin KA, Weissert R, Forsthuber TG. Myelin-reactive type B T cellsand T
cells specific for low-affinity MHC-binding myelin peptides escape tolerance in HLA-DR
transgenic mice. J Immunol. 2008; 181:3202-3211. [PubMed: 18713991]

Arstila TP, Casrouge A, Baron V, Even J, Kanellopoulos J, Kourilsky P. A direct estimate of the
human alphabeta T cell receptor diversity. Science (New York, N Y). 1999; 286:958-961.
Casrouge A, Beaudoing E, Dalle S, Pannetier C, Kanellopoulos J, Kourilsky P. Size estimate of the
alpha beta TCR repertoire of naive mouse splenocytes. J Immunol. 2000; 164:5782-5787.
[PubMed: 10820256]

Yamashita I, Nagata T, Tada T, Nakayama T. CD69 cell surface expression identifies developing
thymocytes which audition for T cell antigen receptor-mediated positive selection. Int Immunol.
1993; 5:1139-1150. [PubMed: 7902130]

Li J, Vandal O, Sant’Angelo DB. TCR affinity for self-ligands influences the development and
function of encephalitogenic T cells. PLoS One. 2011; 6:e17702. [PubMed: 21437282]

Hori S, Haury M, Coutinho A, Demengeot J. Specificity requirements for selection and effector
functions of CD25+4+ regulatory T cells in anti-myelin basic protein T cell receptor transgenic
mice. Proc Natl Acad Sci U S A. 2002; 99:8213-8218. [PubMed: 12034883]

Hemmer B, Vergelli M, Tranquill L, Conlon P, Ling N, McFarland HF, Martin R. Human T-cell
response to myelin basic protein peptide (83-99): extensive heterogeneity in antigen recognition,
function, and phenotype. Neurology. 1997; 49:1116-1126. [PubMed: 9339699]

Hemmer B, Vergelli M, Gran B, Ling N, Conlon P, Pinilla C, Houghten R, McFarland HF, Martin
R. Predictable TCR antigen recognition based on peptide scans leads to the identification of
agonist ligands with no sequence homology. J Immunol. 1998; 160:3631-3636. [PubMed:
9558061]

Hemmer B, Pinilla C, Gran B, Vergelli M, Ling N, Conlon P, McFarland HF, Houghten R, Martin
R. Contribution of individual amino acids within MHC molecule or antigenic peptide to TCR
ligand potency. J Immunol. 2000; 164:861-871. [PubMed: 10623833]

J Immunol. Author manuscript; available in PMC 2013 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quandt et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 15

Vergelli M, Hemmer B, Kalbus M, Vogt AB, Ling N, Conlon P, Coligan JE, McFarland H, Martin
R. Modifications of peptide ligands enhancing T cell responsiveness imply large numbers of
stimulatory ligands for autoreactive T cells. J Immunol. 1997; 158:3746-3752. [PubMed:
9103439]

Lafaille JJ, Nagashima K, Katsuki M, Tonegawa S. High incidence of spontaneous autoimmune
encephalomyelitis in immunodeficient anti-myelin basic protein T cell receptor transgenic mice.
Cell. 1994; 78:399-408. [PubMed: 7520367]

Furtado GC, Olivares-Villagomez D, Curotto de Lafaille MA, Wensky AK, Latkowski JA, Lafaille
JJ. Regulatory T cells in spontaneous autoimmune encephalomyelitis. Immunol Rev. 2001;
182:122-134. [PubMed: 11722629]

Quandt JA, Baig M, Yao K, Kawamura K, Huh J, Ludwin SK, Bian HJ, Bryant M, Quigley L,
Nagy ZA, McFarland HF, Muraro PA, Martin R, Ito K. Unique clinical and pathological features
in HLA-DRB1*0401-restricted MBP 111-129-specific humanized TCR transgenic mice. J Exp
Med. 2004; 200:223-234. [PubMed: 15263029]

Bertrams J, Kuwert E, Liedtke U. HL-A antigens and multiple sclerosis. Tissue Antigens. 1972;
2:405-408. [PubMed: 4655776]

Lang HL, Jacobsen H, Ikemizu S, Andersson C, Harlos K, Madsen L, Hjorth P, Sondergaard L,
Svejgaard A, Wucherpfennig K, Stuart DI, Bell JI, Jones EY, Fugger L. A functional and
structural basis for TCR cross-reactivity in multiple sclerosis. Nature immunology. 2002; 3:940-
943. [PubMed: 12244309]

Anderton SM, Viner NJ, Matharu P, Lowrey PA, Wraith DC. Influence of a dominant cryptic
epitope on autoimmune T cell tolerance. Nature immunology. 2002; 3:175-181. [PubMed:
11812995]

Hahn M, Nicholson MJ, Pyrdol J, Wucherpfennig KW. Unconventional topology of self peptide-
major histocompatibility complex binding by a human autoimmune T cell receptor. Nature
immunology. 2005; 6:490-496. [PubMed: 15821740]

Sadovnick AD, Baird PA. The familial nature of multiple sclerosis: age-corrected empiric
recurrence risks for children and siblings of patients. Neurology. 1988; 38:990-991. [PubMed:
3368082]

Barcellos LF, Oksenberg JR, Begovich AB, Martin ER, Schmidt S, Vittinghoff E, Goodin DS,
Pelletier D, Lincoln RR, Bucher P, Swerdlin A, Pericak-VVance MA, Haines JL, Hauser SL. HLA-
DR2 dose effect on susceptibility to multiple sclerosis and influence on disease course. American
journal of human genetics. 2003; 72:710-716. [PubMed: 12557126]

Marks BR, Nowyhed HN, Choi JY, Poholek AC, Odegard JM, Flavell RA, Craft J. Thymic self-
reactivity selects natural interleukin 17-producing T cells that can regulate peripheral
inflammation. Nature immunology. 2009; 10:1125-1132. [PubMed: 19734905]

Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L, Suter T, Becher B.
RORgammat drives production of the cytokine GM-CSF in helper T cells, which is essential for
the effector phase of autoimmune neuroinflammation. Nature immunology. 2011; 12:560-567.
[PubMed: 21516112]

El-behi M, Rostami A, Ciric B. Current views on the roles of Th1l and Th17 cells in experimental
autoimmune encephalomyelitis. J Neuroimmune Pharmacol. 2010; 5:189-197. [PubMed:
20107924]

Abbreviations used in this paper

EAE Experimental Autoimmune Encephalomyelitis
ECsg half maximal effective concentration

MBP Myelin Basic Protein

MS Multiple Sclerosis

PSCL Positional Scanning Combinatorial Libraries

J Immunol. Author manuscript; available in PMC 2013 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quandt et al.

Rag
TCR
Tg

Recombinase-Activating Gene
T cell receptor
Transgenic

J Immunol. Author manuscript; available in PMC 2013 September 15.

Page 16



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Quandt et al.

DR2a" Tg mouse

72.0%)|

3A6/DR2a"

W J208% | 32.9%

2

g
|

950%‘

0.202%

552%

-
A

1w’ 124% L 52.6%

1

i CD4 SP

‘ CD8 sP

| o

SR (XN 0.498%

is

T3D 22.4 3

A
<
2| w
Q
<
-
T
B220
3A6/DR2a
o oew | h
8 w0 [7.63%
8 T T
CD4
_— o . i
Vps5s.1
W J28% |
2 2 |s16%
o W
co4

Vp5.1

Figure 1.

l ‘ cnasp
jl ,‘ ) cnssp

DR2a® Tg mouse

snwAy |

uas|dg

Vps.1

3AB/DR2a"/Rag-1KO
"osn 39.5%|

Page 17
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TL3A6 Tg T cells are positively selected in the thymus and efficiently develop into the
periphery. (A) Comparative expression of HLA-DR in DR2a Tg mice and humans.
Peripheral blood cells isolated from two founder DR2a Tg mouse lines, DR2a" and DR2al°,
and healthy donors carrying DR15 haplotype were stained with anti-HLA-DR and -B220
mADb. (B) Greater DR2a-expression promoted the development of TL3A6 Tg CD4 T cells in
TL3A6/DR2a double Tg mice. Thymocytes and splenocytes isolated from TL3A6/DR2a
double Tg mice at 6 weeks of age were stained with anti-CD4, CD8, and Vp5.1 mAbs. The
number of thymocytes and splenocytes are as follows: TL3A6/DR2al® mice (n=3); 9.4+/-4.0
x 10e7 (thymocytes) and 11.0+/-2.6 x 10e7 (splenocytes), TL3A6/DR2aN mice (n=5);
7.4+/-2.8 x 10e7 (thymocytes) and 7.9 +/- 4.4 x 10e7 (splenocytes). (C) Inefficient positive
selection of TL3A6 Tg CD4 T cells in TL3A6/DR2al° mice. Thymocytes isolated from
TL3A6/DR2a® and TL3A6/DR2a" mice were stained with anti-CD4, -CD8, and -CD69

mAbs. CD4+CD8+ DP cells are gated for analysis of CD69 expression.

; 1gG

control, sess=s ; TL3A6/DR2a!% MOUSE, mummmm ; TL3A6/DR2aM mouse. Data shown are
representative of three experiments. (D) Development of VB5.1+ Tg CD4 T cells is less
efficient in TL3A6/DR2a!°/Rag-1KO mice compared with TL3A6/DR2aN/Rag-1KO mice.
TL3A6/DR2aN/Rag-1KO mice (n=4); 2.9+/- 1.2 x 10e7 (thymocytes) and 2.3+/-0.8 x 10e7
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(splenocytes). TL3A6/DR2a°/Rag-1KO (n=3); 4.9+/-0.4 x 10e7 (thymocytes) and 11.1+/-
0.6 x 10e7 (splenocytes).
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Figure 2.

TL3A6 Tg T cells recognize naturally processed MBP peptides as well as MBP 83-99
peptide. Splenocytes isolated from 6-8 wk healthy TL3A6/DR2al® and TL3A6/DR2a Tg
mice were cultured with whole human MBP (A) and MBPgs.gg peptide (B) and their
proliferation was examined by [3H]-thymidine-uptake. In A and B the average of 2 and
mean of 3 mice per group respectively are shown, error bars in B indicate SEM.
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POSITION 6

PSCL comparison of TL3A6 TCC to TL3A6 Tg TCC antigen recognition in the context of
DR2a. (A) TL3A6 TCC was tested with BLS-DR2a transfectants against PSCL at 100 g/
ml to identify stimulatory amino acids throughout scanning 10-mers and compared against
to distinguish recognition in the context of DR2a. (B) TL3A6 Tg TCC established from a
TL3A6/DR2a/Rag-1KO animal was tested with DR2a Tg spleen cells. The stimulation
index (SI) is the ratio of CPM of duplicate wells to controls without antigen. Data represent

the mean SI from 2 experiments, error bars represent the standard deviation.
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Figure 4.
Proliferation of TL3A6 Tg TCL in response to native MBP89-98 and a relative TL3A6 TCC

superagonist. TL3A6 Tg TCL were established from TL3A6/ DR2a Tg mice and cultured
with DR2a Tg spleen cells with MBP 89-98 (FFKNIVTPRT: ECso= 2.1 x 10-3ug/ml) and
superagonist (WFKLIPTTKL: EC50=3.7 x 10 7g/ml) for 48hrs and [3H]-thymidine-uptake
measured over an additional 16 hours. Data represent the average of 2 independent
experiments.
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Figure 5.
Induction of passive EAE in DR2a Tg mice. TL3A6 Tg TCL raised from an immunized

TL3A6/DR2al® mouse were transferred into 8 week-old DR2al° (n=4) and DR2a" (n=5)
mice for induction of passive disease as outlined in Material & methods. Data indicate the
mean and error bars the standard deviation.
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Figure 6.
Correlation between expression level of DR2a transgene and development of spontaneous

EAE. Homozygous TL3A6/DR2a" Tg mice (HLA-DR mean fluorescence intensity (DR-
MF1) = 100%) were crossed with homozygous TL3A6/DR2al® Tg mice (DRA-MFI ~10%)
and the offspring were intercrossed several times to generate TL3A6/DR2a Tg mice
expressing various levels of DR. Expression of HLA-DR on PBMC was examined by
staining with anti-HLA-DR mADb at the age of 4-5 week-old and development of EAE was
monitored until 25-30 weeks of age. Numbers are given as relative HLA-DR levels in
percent compared with the HLA-DR-expression in TL3A6/DR2aM Tg mice. Twenty out of
346 mice developed spontaneous EAE. The clinical score of spontaneous EAE was 3.3+1.0
and onset of disease was 7.2+2.4 wks.
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Development of Thl, Th17, and GM-CSF-producing CD4 T cells.

(A) Splenocytes isolated from TL3A6/DR2a!® mice, TL3A6/DR2aM mice (neither exhibiting
clinical disease), and spontaneous EAE mice (TL3A6/DR2_ahi mice), and CNS mononuclear
cells isolated from spontaneous EAE mice (TL3A6/DR2aM mice) were cultured with
MBP(83-99) at 10 pg/ml for 3 days and production of IFN-vy, IL-17, and GM-CSF was
measured by ELISA. (B) Flow cytometric analysis of the production of IFN-y, IL-17, and
GM-CSF in CD4* T cells by stimulation with MBP83-99 at 10 pg/ml for 5 hrs. CD4* cells
are gated for production of IFN-y and IL-17. IFNy* (Th1), IL-17* (Th17), and
IFNy*IL-17* (Th1-Th17) cells are further gated for analysis of GM-CSF production. Data
are from one representative of more than three independent experiments. *; p<0.05, **;

p<0.0001
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Figure 8.
Histopathological analysis of induced and spontaneous disease. Inflammatory infiltrates and

axonal degeneration were observed primarily in the spinal cord of MBP 83-99-immunized
TL3A6/DR2a Tg mice with relative sparing of the cerebrum or cerebellum. (A)

Longitudinal section of the spinal cord reveals both granulocytic (arrows) and lymphocytic
infiltrates similar to those shown in (B) at the margin of the spinal cord adjacent to the
meninges. (C) Cross section of the spinal cord and spinal nerves of the cauda equina depict a
swollen axon (arrow head) and a degenerated axon (arrow) (A-C, X400). Animals exhibiting
spontaneous disease (in the absence of immunization or adjuvant) showed a similar pattern
of primarily spinal cord involvement (D-H, inset). (D) Longitudinal section of the cord
reveals severe white matter infiltration with relative gray matter sparing (X200). (E)
Bielschowsky silver stained specimens indicate axonal injury/loss in spinal cord with several
interrupted longitudinal fibers/loss of axonal staining (arrowheads) (X200). (F) Spontaneous
meningomyelitis in the lumbar spinal cord with numerous infiltrates and swollen/fragmented
axons (X100, inset X200). (G) Spontaneous EAE animals also showed evidence of neuritis
where lymphocytic infiltration associated with cranial nerves (X100) (higher magnification
in H: X200).
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Table Il

Induction of active EAE in TL3A6/DR2al® Tg mice with superagonist and native ligand MBP 83-99 peptide
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Peptide ECsq (pg/ml) Dose (g) per mouse  Incidence of disease (%) Day of onset  Peak severity
200 5/9 (56) 10.8+2.1 2.6+05
100 5/9 (56) 106+6.1 2110
WFKLIPTTKL 3.7x10E-7
50 5/8 (63) 116+5.8 23+04
25 1/4 (25) 32 1.0
200 5/9 (56) 13.0+2.7 22+03
FFKNIVTPRT 2.1x10E-3 100 3/9 (33) 12.6+2.9 1.7+0.6
50 0/9 (0)
25 0/9 (0)
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