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Abstract

An HLA-DR variant containing Arginine at position 74 of the DRB1 chain confers a strong genetic
susceptibility to autoimmune thyroid diseases (AITD), Graves’ disease (GD) and Hashimoto’s
thyroiditis (HT), while Glutamine at position DR1-74 is protective. We hypothesized that the
DRpB1-Arg74 variant is able to present pathogenic thyroglobulin (Tg) peptides to T-cells more
efficiently, thereby triggering thyroid autoimmunity. Indeed, we have previously identified 4 human
Tg (hTg) peptides that bind specifically to DRB1-Arg74 with much weaker binding to the protective
variant DRB1-GIn74. The aim of our study was to examine in vivo whether an hTg peptide that binds
strongly and specifically to DRB1-Arg74 is capable of stimulating T-cells during the induction of
thyroiditis in a “humanized” mouse expressing human DR3, and in patients positive for Tg antibodies.
Sequencing of exon 2 of the DR transgene in the DR3-mice, null for endogenous MHC Il molecules,
confirmed that they expressed the disease associated DRB1-Arg74 variant, thus making them an ideal
in vivo model to test the presentation of hTg peptides by DRB1-Arg74 HLA-DR. Induction of EAT
in the DR3 mice lead to T-cell stimulation and proliferation to Tg.2098, a strong and specific
DRp1-Arg74 binder, while a non-binding control peptide, Tg.2766 did not induce this response.
Moreover, Tg.2098 stimulated T-cells from 4 individuals who were positive for thyroglobulin
antibodies, demonstrating that Tg.2098 is an immunogenic peptide capable of being presented in
vivo and activating T-cells in EAT and AITD. Energetic analysis of the complex formed by Tg.2098
and DRB-Arg74 has shown that the origin of the affinity was determined by residues 1, 7 and 9 in
the peptide, while the selectivity of the peptide for the MHC was determined by the Asp in position
4. The disease-protective substitution R74Q, leads to reduction in affinity due to changes in local
interaction with D4 as well as non-local interaction with other residues. The electrostatic potential
on the surface of the DRB-Arg74 - Tg.2098 complex has a unique signature which may be recognized
by T-cell receptors leading to autoimmune thyroiditis. Taken together these findings suggest that Tg.
2098, a strong and specific binder to the disease associated HLA-DRpB-Arg74, is a major human T-
cell epitope and participant in the pathoetiology of AITD.
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INTRODUCTION

The MHC class Il molecules, expressed on the surface of professional antigen presenting cells
(APCs, e.g. dendritic cells and B-cells), are composed of a. and B chains that form the peptide
binding pocket where mostly foreign peptides are packaged and presented to CD4+ T-cells.
Recognition of the peptide-MHC Il (pMHC II) complex by T-cells, in the presence of co-
stimulatory signals, results in T-cell activation leading to an immune response against the host
protein from which the presented peptide was derived [1]. When immunogenic self peptides
are presented in the context of the MHC 11 pocket, the result is T-cells activation against self
peptides, leading to the onset of autoimmunity [2].

A recurrent theme in the initiation of autoimmunity is the importance of the amino acid
signature of the peptide binding cleft of the MHC Il molecule. In T1D, it has been shown that
the structural features of the MHC class 1l molecule have a major impact on the presentation
of auto-antigenic islet-cell peptides to T-cells [2-6]. Similarly, in rheumatoid arthritis specific
HLA-DR pocket sequences have also been found to be associated with disease [7;8], suggesting
that this might be a general paradigm in autoimmunity. Our group has identified specific HLA-
DR pocket sequences that were strongly associated with autoimmune thyroid disease (AITD),
Graves’ disease (GD) [9] and Hashimoto’s thyroiditis (HT) [10]. The key amino acid position
in the AlITD-associated pocket signature was position DRB1-74. The presence of arginine at
position DRB1-74 was associated with strong susceptibility to AITD while the glutamine at
this position was protective [9;10]. Moreover, we have shown a statistical interaction between
amino acid variants in thyroglobulin (Tg), a major tissue specific antigen in autoimmune
thyroid disease, and DRB1-Arg74 resulting in a high odds ratio for GD [11]. This statistical
interaction suggested a biological interaction between specific pathogenic Tg peptides and
DRpB1-Arg74 HLA-DR. To explore this possibility we have utilized an in vitro system to
identify cathepsin generated hTg peptides that bound to DR1-Arg74 HLA-DR and only
minimally to DRB1-GIn74, expressed either as recombinant protein or in a cell-based system.
Using these novel binding assays we identified four hTg peptides with strong and selective
binding to DRB1-Arg74 HLA-DR: Tg.726, Tg.1571, Tg.1951, and Tg.2098 [12].

Of the four hTg peptides we identified as good binders to DRB1-Arg74, two (Tg.726 and Tg.
2098) have been previously reported [13]. Tg.2098 is especially interesting because it is the
only peptide that was bound to MHC Il molecules in the thyroids of AITD patients [13], and
was able to induce thyroiditis in DR3 transgenic mice when used to immunize the mice [14].
Therefore, the aim of the current study was to extend our in vitro binding studies and to
examine, in vivo, both in patients and in a mouse model of EAT, whether Tg.2098 is a major
T-cell epitope in thyroid autoimmunity. Our results demonstrated that Tg.2098, which is a
strong and specific binder to DRB1-Arg74, stimulated T-cells from mice and humans that
developed autoimmune thyroiditis, while a non-binding peptide (Tg.2766) did not elicit a
response.

MATERIALS AND METHODS
Mice
Mice transgenic for DRB1*0301 (DR3) and lacking endogenous murine MHC 11 were

generated as previously described [15;16]. Briefly, the DR3 (DRA1*0101/DRB1*0301)
transgenes were inserted into B10.M embryos and the progeny crossed with 1-Ap knockouts
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(C57BL/6 x129) to obtain mice lacking murine MHC class 11 and expressing human DR3. The
transgenic mouse line was maintained by intercrossing. The background non-MHC genes in

the DR3 transgenic line is 50% C57BL/10 genes and 50% contribution from CBA, C57BL/6,
and 129 genes. Mice were bred in a pathogen-free facility (Mount Sinai Medical Center, New
York, NY), and expression of HLA-DR3 was tested by PCR and/or by flow cytometry using
antibody L243 (American Type Culture Collection [ATCC], Manassas, VA).

Sequencing of exon 2 of the HLA-DR3 gene in DR3 transgenic mice

DNA was extracted from mouse tails using the Puregene kit (Gentra Systems, Minneapolis,
MN) according to the manufacturer’s instructions.

In order to identify the HLA-DR sequence at position 3-74, we sequenced exon 2 of the HLA-
DRB1 gene which encodes the specific amino acids determining the DR specificities. Genomic
DNA was amplified and sequenced using the following DR3-specific primers: Forward primer
— AACCAGGAGGAGAACGTGCG,; reverse primer - GAAGCTCTCCACAACCCCGT.
PCRs were performed in a 20 uL reaction mixture containing 50 ng genomic DNA,; 5 pmol of
each primer; PCR buffer containing 50 mmol/L KCI; 10 mmol/L Tris-HCI (pH 8.3); 2.25
mmol/L MgCl,; 200 mmol/L of each deoxy (d) - dATP, dGTP, dTTP, and dCTP; and 1 U of
AmpliTag DNA polymerase (ABI, Foster City, CA). Reaction mixtures were heated to 94°C
for 7 min, and then cycled 30 times as follows: 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C.
The product size was 171 bp. The PCR products were sequenced using the same DR3-specific
primers used for amplification (see above). Sequencing was performed using the ABI Big Dye
DNA sequencing kit (ABI, Foster City, California, USA), and the sequencing products were
separated on an ABI-3130 automated sequencer (ABI). Sequence alignment analyses were
performed using the Sequencher™ version 3.1 program (Gene Codes Corporation, Ann Arbor,
MI). For alignment the known DR3 subtype sequences were obtained from the
ImMunoGeneTics project (IMGT)-HLA Informatics Group (HIG) database
(http://www.ebi.ac.uk/imgt/hla).

Experimental Autoimmune Thyroiditis

EAT was induced in 10 mice by injecting subcutaneously human thyroglobulin at a
concentration of 3 mg/ml (75 ug of hTg per injection), emulsified 1:1 in complete Freund’s
adjuvant (CFA) supplemented with Mycobacterium tuberculosis. Two injections of 50 ul, one
to the inner thigh and one to the opposite outer hip, were performed at day 0 and again in the
opposite thigh and hip at day 7. Mice were sacrificed on day 28.

Lymphocyte isolation

Spleens and draining lymph nodes were collected from mice and kept on ice in Hanks Balanced
Salt Solution (HBSS). To harvest lymphocytes, the spleen and lymph nodes were placed in
complete RPMI medium [RPMI 1640 medium supplemented with fetal bovine serum (FBS;
10%), L-glutamine (2 mM) and penicillin-streptomycin (100 U/ml, 100 pg/ml)] (Hyclone,
Fisher Scientific), and cut in several places. These were then pressed in a circular motion with
a plunger from a 6 ml syringe until only fibrous tissue remained. To further disperse clumps
in the suspension, it was drawn up and expelled several times through a 6 ml syringe using a
19 gauge needle, and then the suspension was filtered twice through a nylon screen (75um cell
strainer) into a 50 ml falcon tube. The cell suspension was then spun for 10 minutes at 200xg
and the supernatant was discarded. Cells were again suspended in complete RPMI medium
and centrifuged a second time, and the media were discarded. To remove remaining non-
lymphocytic cells from spleen, 5 ml of ACK lysis buffer was added to the cells for 5 minutes,
after which complete RPMI medium was added to fill the tube, and centrifuged for 10 minutes.
The remaining cell pellet was washed and resuspended in 10 ml of complete RPMI medium
for counting and plating.
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T-cell stimulation assays in DR3 mice immunized with human Tg T-cell proliferation assays

Cells taken from the draining lymph nodes and spleens of EAT mice were pooled and cultured
in RPMI 1640 medium supplemented with fetal bovine serum (FBS; 10%), L-glutamine (2
mM) and penicillin-streptomycin (100 U/ml, 100 pg/ml) (Hyclone, Fisher Scientific). Cultures
of cells were split into five groups, plated 6 x 10 cells per well in 180ul of medium: Group
1: cells were treated with PBS (negative control); Group 2: cells were stimulated with 2pg/ml
Concavalin A (positive control); Group 3: cells were stimulated with human thyroglobulin at
a concentration of 40pg/ml; Group 4: cells were stimulated with Tg.2098 (shown to bind to
DRp1-Arg74 HLA-DR) at a concentration of 10pg/ml; and Group 5: cells were stimulated
with Tg.2667 (shown not to bind to DRB1-Arg74 HLA-DR) at a concentration of 10ug/ml.
After 48 hrs, cells were pulsed with 1 uCi/well of [3H]thymidine (MP biomedical, Costa Mesa,
CA). As negative controls we used non immunized mice of the same strain (DR3 transgenic).
Cells were harvested 18 h later, and [3H]thymidine incorporation was measured in a
scintillation counter (TopCount:-NXT™; PE life sciences, Boston, MA). All assays were
performed in quadruplicates. Data are expressed as stimulation index. We calculated the
stimulation index by using the following formula: Stimulation index = (CPM of the peptide
treated lymphocytes/CPM of PBS treated lymphocytes). The differences between T cell
proliferation when cells were incubated with Tg.2098 and Tg.2667 were analyzed using
Student’s t-test. P-values of < 0.05 were considered significant.

Interleukin-2 (IL-2) measurements

Lymphocytes isolated from draining lymph nodes and spleens of DR3 mice induced with EAT
were plated 2.5 x 108 cells per well in 900 ul complete RPMI 1640 medium in 24 well culture
plates. Cells were treated for 48 hours with PBS, 2 pg/ml Concavalin A, 40 ug/ml human
thyroglobulin, or 10 ug/ml of peptides (Tg.2098 or Tg.2766). After 48 hours, the supernatant
was collected, and used to analyze for IL-2 production. IL-2 levels were assayed using a bead
based array (Linco/Millipore, Bellerica, MA). Briefly, in a 96 well plate, 25ul of a mixture of
color coded polystyrene beads, was incubated with 25 ul undiluted supernatant, for 1 hour.
Beads were washed with wash buffer, and then incubated with biotinylated anti-1L-2 detection
antibody solution. Without washing, streptavidin-phycoerythrin was then added to the plate.
After washing with wash buffer, sheath fluid was added to the beads, and beads were then read
on the Luminex 200 machine (xMAP technology Millipore, Bellerica MA). Standards were
run in parallel to the samples.

HLA-DR Typing
Molecular typing of HLA-DR was carried out according to the requirements of The American
Society for Histocompatibility [9]. The major alleles of HLA-DR were typed using the
technique of group-specific PCR-amplification followed by restriction enzyme digestion as
previously described [9].

Direct Sequencing of Exon 2 of the Human HLA-DRB1 Gene

To determine the HLA-DR sequences in AITD patients we sequenced exon 2 of the HLA-
DRBL1 gene, which encodes the specific amino acids determining the DR specificities, as
described above for the DR3 transgenic mice.

T-cell proliferation assays in patients

We tested T-cell proliferation in 4 individuals with AITD, all with high levels of thyroglobulin
antibodies. Mononuclear cells were isolated from heparinized whole blood by density gradient
centrifugation over Ficoll-Hypaque (Pharmacia, Piscataway, NJ). Cells were cultured in RPMI
1640 medium supplemented with FBS; 10%, L-glutamine (2 mM) and penicillin-streptomycin
(100 U/ml, 100 pg/ml) (Hyclone, Fisher Scientific). Cultures of cells were plated at 2 x 10°
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cells per well in 180 ul of media, and split into five groups as described above for mouse
lymphocyte proliferation assays,: Group 1: cells were treated with PBS (negative control);
Group 2: cells were stimulated with 2 ug/ml Concavalin A (positive control); Group 3: cells
were stimulated with 40 ug/ml human thyroglobulin; Group 4: cells were stimulated with 10
ug/ml Tg.2098 (binds to DRB1-Arg74); and Group 5: cells were stimulated with 10 ug/ml Tg.
2667 (does not bind to DRP1-Arg74). Proliferation was determined by [®H]thymidine
incorporation as described above for mouse lymphocytes.

Computer simulations of peptide binding to HLA-DR

RESULTS

The complexes of DRB1-Arg74 HLA-DR with the Tg.2098 peptide have been constructed with
AMBER using the known structure of DR3 with the CLIP peptide (1A6A.pdb). The register
of the peptide in the complex was determined by a multiple alignment of the peptides that bind
to DR3. The register for Tg.2098 is: ALSSV1VVD4PSIRHgFD. The corresponding 15 residues
in the CLIP peptide were substituted with the sequence of the Tg.2098 peptide. The complex
of DR3 and Tg.2098 was placed in a periodic box filled with water and neutralized with
counterions. The water and ions in the systems were equilibrated by progressively reducing
the restraints on the solute [17;18]. Finally the systems were simulated without restraints for
10 ns. Analysis of the trajectory by 2D-RMSD shows that the simulation stabilized after 1 ns
and the structures in the remaining time were within a root mean square deviation (rmsd) of 2
A from each other. Structures from the equilibrated segments were extracted for MM-PBSA
analysis, base on reported protocols [19;20]. The binding energy of the peptide to DRB1-Arg74
was computed with the MM-PBSA approximation. The elements of the calculation consist of
the interaction energy including solvation, changes in translational, rotational, and vibrational
entropy. The binding energy was decomposed into residue-based contributions as well as into
pairwise contributions as described previously [12;19;20]. The decomposition contains the
contributions from solvation but not from entropic changes.

HLA class Il molecule of humanized DR3 mice is Arg74 positive

Before starting experiments with the humanized DR3 mice, it was important to determine
whether the HLA-DR3 of these mice contained the DRB-Arg74 pocket amino acid which is
strongly associated with AITD. Therefore, we sequenced exon 2 of the HLA-DRb1 gene,
coding for the position 74 variants. Sequencing results showed that the humanized DR3 mice
possess the disease-associated arginine at position 74 of the DRB1 chain (Figure 1). Therefore,
the DR3 mice express the same DR3 pockets that we found to be associated with AITD and
to bind specific hTg peptides [9;10;12]. Clearly, the results of testing the presentation of hTg
peptides in DR3 mice are translatable to human AITD.

Tg.2098 is a major epitope in the induction of experimental autoimmune thyroiditis (EAT) in

DR3 mice

Of the four hTg peptides we identified to bind strongly and specifically to the disease associated
HLA-DRB-Arg74 [12], Tg.2098, was shown to be involved in the etiology of AITD by two
other groups [13;14]. Therefore, we tested Tg.2098 for stimulating T-cell proliferation in vivo
using the “humanized” DR3 mice. To determine if there was a correlation between peptide
binding and immunogenicity, we induced EAT in DR3 mice by injection of full length human
thyroglobulin with complete Freund’s adjuvant. After 28 days the mice were sacrificed and T-
cells were collected from both the main draining lymph nodes (inguinal and cervical) and
spleen. As negative controls we used non-immunized mice. As expected both Tg.2098 and Tg.
2766 did not stimulate T-cells from non-immunized mice (stimulation indexes were 1.05 and
1.09, respectively). DR3 mice immunized with hTg developed strong proliferative T-cell
responsesto hTg (Figure 2A). This T-cell response to hTg was accompanied by IL-2 production
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(Figure 2B). Next we determined whether Tg.2098, known to bind to DRB-Arg74 pockets, was
a major T-cell epitope in DR3 mice induced with EAT. Lymphocytes from mice immunized
with hTg were treated with Tg.2098, and a control non-binding peptide, Tg.2766 (Figure 2C),
and proliferation and cytokine production were determined. Treatment with Tg.2098 resulted
in significant proliferation of lymphocytes while the non-binding peptide Tg.2766 did not
induce cell proliferation (Figure 2D). Similarly, there was significant increase in the production
of IL-2 by lymphocytes incubated with Tg.2098 compared to lymphocytes incubated with Tg.
2766 (Figure 2E). This suggested that Tg.2098 was presented within HLA-DR on APC’s to
T-cells during the immunization of the mice, thereby generating a memory response to it.

Tg.2098 is a major epitope in patients

Tg.2098 was also tested for its ability to stimulate T-cell proliferation in vivo. Four individuals
positive for Tg antibodies were HLA typed for position 74 amino acids variants: Patient 1 —
HLA-DR3 homozygote, Arg/GIn-74; Patient 2 - HLA-DR2/HLA-DR12, Arg/Glu-74; Patient
3-HLA-DR11/HLA-DR14, Ala/GIn-74; Patient 4 —- HLA-DR11/HLA-DR7, Ala/GIn-74.
Mononuclear cells from each individual were treated with Tg.2098, and the control non-
binding peptide, Tg.2766, and proliferation was determined by [3H]thymidine incorporation.
Treatment with Tg.2098 resulted in significant proliferation of lymphocytes compared to
incubation with the non-binding peptide Tg.2766 (Figure 3). These data suggested that Tg.
2098 is a major thyroglobulin epitope in human AITD in addition to EAT in DR3 mice.

Tg.2098 peptide fits into the HLA-DRB-Arg74 peptide binding pocket

The energetic analysis of binding of Tg.2098 to DRB-Arg74 pocket is shown in Table 1. A
decomposition of the total interaction energy between Tg.2098 and the HLA-DRp-Arg74
pocket into residue-based contributions shows that the main source of the change lies in the
negatively charged residue in the center of the peptide. Thus, the interaction with D4 in Tg.
2098 is —3.1 kcal/mole (with respect to the separated molecules), with other important
contributions originating from V1 (—7.6 kcal/mol), 17 (6.2 kcal/mol) and H9 (—8.0 kcal/mol).
As in all the peptides studied by us [12] the contributions from the hydrophobic residues are
the main source of the stability. However, the interaction with D4 confers the main selectivity
of the peptide to DRB-Arg74 as illustrated by the change in the binding pattern of Tg.2098 to
the DRB-GIn74 variant. The interaction energy between D4 and the DRB-GIn74 is +0.2
indicating a total contribution to destabilization of +3.3 kcal/mol. Interactions of other residues
are also affected by the substitution R74Q: V1 changes to —5.6 kcal/mol, 17 to —3.4 kcal/mol
and H9 to —0.6 kcal/mol. These results clearly illustrate that the effect of substitution in the
HLA-DRp-Arg74 pocket has both direct and indirect effects on peptide binding and selectivity.
Although other residues gain in interaction energy (not shown) the total binding energy to
DRp-GIn74 is reduced by 1.9 kcal/mol. This change would correspond to a 25-fold reduced
affinity of Tg.2098 to DRB-GIn74. The selectivity of Tg.2098 to DRB-Arg74 is illustrated in
Figure 4, which shows the steric and electrostatic properties of the complex. The peptide is
closely packed in the binding groove with strong interaction between the two positive residues
K71 and R74 (represented by the positive electrostatic potential on the surface of the complex)
and the carboxylate of D4. The hydrophobic residues V1, 17 and H9 are inserted into deep
pockets at the bottom of the binding groove and are therefore not visible. The electrostatic
potential presented on the surface of the complex is the characteristic and unique signature of
the complex of DRB-Arg74¢Tg.2098 not shared with complexes with other peptides.

DISCUSSION

Thyroglobulin and HLA-DR are two major susceptibility genes for AITD [2;21]. HLA-DR3
has been consistently shown to be associated with both GD and HT [22-25]. Furthermore, our
group has identified specific DR pocket amino acid signatures that were associated with AITD
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[9;10]. When the positively charged amino acid arginine was present at position 74 of the
DRp1 chain there was a strong association with AITD, while glutamine was protective.

Thyroglobulin (Tg) is the major protein in the thyroid gland, and it serves as the precursor and
storehouse for thyroid hormones. Linkage and association studies performed in Caucasian and
non-Caucasian populations have consistently demonstrated that Tg is a major AITD gene
[21;26-31]. Sequencing studies identified amino acid variations in Tg that were strongly
associated with AITD [32]. Furthermore, the Tg gene and the DRB1-Arg74 variant of HLA-
DR have shown statistical interaction in predisposing to AITD [11], suggesting that a biological
interaction between Tg peptides and DRB1-Arg74 pockets may play an important role in the
etiology of AITD. Therefore, we tested whether DRB1-Arg74 pockets binds specific hTg
peptides that can be presented to T-cells and induce thyroiditis. Indeed, we have identified four
hTg peptides with strong and specific binding to the disease-associated DRB1-Arg74 pocket
and not to the disease-protective DRB1-GIn74 pocket. Of these four peptides one peptide Tg.
2098 was found to be important in AITD by two other groups [13;14]. Flynn et al used computer
algorithms to predict potential hTg peptides that bind to DR3 and then tested them in DR3
mice. They found that Tg.2098 (designated by them hTg2079) stimulated proliferative
responses in hTg immunized mice and was able to induce thyroiditis when mice were
immunized with the peptide [14]. These data are consistent with our findings and demonstrate
that Tg.2098 is a major hTg epitope. Muixi et al used a different strategy. They sequenced
peptides bound to HLA-DR molecules that were isolated from the thyroid glands of GD
patients. One of the hTg peptides identified was Tg.2098. Taken together these studies
suggested that Tg.2098 is a major T-cell epitope in AITD [13].

Other hTg peptides have also been identified as T-cell epitopes in AITD, including p2340 (a.a.
2340-2359) [33], p179 (a.a. 1790194), p2540 (a.a. 2540-2554), p2529 (a.a. 2529-2545)
[34], and others [35]. However, all of these peptides were tested in EAT susceptible mice (e.g.
CBA/J, SJL, AKR/J) expressing murine MHC class Il and not human DR3. We have previously
shown, using sequencing and structural modeling studies, that the murine EAT-associated
MHC Il pocket has different peptide binding cleft structure than the human AITD-associated
HLA-DR pocket signature [10]. Therefore, the hTg pathogenic peptides that were reported to
be associated with EAT in mice expressing murine MHC Il may not be relevant to human
AITD, where hTg peptides are presented within specific HLA-DR pockets (e.g. DRB1-Arg74).
In the current study we have used “humanized” mice, expressing human DR3 (harboring the
disease specific DRB1-Arg74 ) and no murine MHC Il, in order to ensure that after
immunization with hTg, hTg peptides are being presented to T-cells within the same DR
pockets that are associated with human AITD. Using this strategy we have identified Tg.2098
as a major hTg peptide associated with EAT in “humanized” DR3 mice, strongly suggesting
that it is a dominant T-cell epitope in human AITD. Moreover, Tg.2098 was also able to
stimulate T-cells from patients with antibodies to hTg. These data are consistent with the results
of Flynn et all who also used the DR3 “humanized” mice [14].

In this study we have examined the correlation between hTg peptide binding and pathogenicity.
Our results showed T-cell responses to the known HLA-DRB1-Arg74 binder Tg.2098
compared to non-binder Tg.2766 in DR3 mice induced with EAT, and in 4 individuals positive
for thyroid antibodies. Furthermore, our computational analysis of the complex of Tg.2098
with the HLA-DRpB1-Arg74 showed a characteristic electrostatic potential on the surface of
the complex. We propose that this signature is responsible for selecting the correct T-cell
receptor responsible for inducing thyroiditis.

Of the 4 patients, positive for anti-Tg antibodies that were analyzed for their T-cell responses
to Tg peptides, only two had DRB1-74 genotypes. The fact that lymphocytes from two patients
without DRB1-Arg74 stimulated in response to Tg.2098 demonstrated the significant
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pathogenicity of this peptide, and that it could also bind to pockets that do not contain DRB1-
Arg74, albeit with weaker affinity. This is not unexpected as individuals that are negative for
DRp1-Arg74 still can develop thyroid autoimmunity and anti-Tg T-cell responses.

How can a Tg peptide be important in AITD when anti-TSH receptor (TSHR) and anti-thyroid
peroxidase (TPO) antibodies are the clinical hallmarks of GD and HT, respectively? One
potential explanation is the concept of epitope spreading. According to the model of epitope
spreading it is possible that Tg may be critical to the initiation phase of GD and HT, but after
the disease develops and the thyroid is infiltrated with T-cells, TSHR and TPO become the
dominant antigens. A similar situation has been shown to occur in celiac disease, where gluten
clearly initiates the autoimmune response, but once the disease is initiated tissue
transglutaminase (the endomysial antigen) becomes the dominant autoantigen [36;37].

In conclusion, we have shown that Tg.2098 is a major peptide involved in the initiation of
AITD. Tg.2098 is the first peptide that has been consistently found to be pathogenic in AITD.
These findings have treatment implications since they open the way for possible peptide
blocking therapies.
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Figure 1.
Sequencing of exon 2 of the DRB1 gene in DR3 transgenic mice demonstrates the presence of
arginine (CGG) at position 74 of the DRB1 chain.
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Figure 2.

EAT was induced in DR3 mice by injection of full length human thyroglobulin with complete
Freund’s adjuvant. After 28 days the mice were sacrificed and T-cells were collected from
draining lymph nodes (inguinal and cervical) and spleen. (A) Lymphocytes from mice
immunized with hTg were incubated with hTg and proliferation was measured by 3[H]-
Thymidine incorporation. Significant proliferation is seen in lymphocytes incubated with hTg
compared to PBS. (B) Levels of IL-2 production by lymphocytes incubated with hTG were
also significantly elevated. (C) Sequences of the Tg.2098 and Tg.2766 peptide tested in cellular
proliferation assays, sequences showed no significant sequence alignment. (D) Lymphocytes
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from mice immunized with hTg were incubated with hTg peptides Tg.2098 and Tg.2766 and
proliferation was measured by 3[H]-Thymidine incorporation. Significant proliferation is seen
in lymphocytes incubated with Tg.2098 compared to lymphocytes incubated with PBS or with
the non-binding peptide Tg.2766. (E) Levels of IL-2 production by lymphocytes incubated
with Tg.2098 were significantly elevated compared to lymphocytes incubated with PBS or
with the non-binding peptide Tg.2766.
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Figure 3.

Lymphocytes from 4 patients who are positive for anti-Tg antibodies were incubated with hTg,
and hTg peptides Tg.2098 and Tg.2766. Proliferation was measured by 3[H]-Thymidine
incorporation. Significant proliferation is seen in lymphocytes incubated with Tg.2098
compared to lymphocytes incubated with the non-binding peptide Tg.2766.

J Autoimmun. Author manuscript; available in PMC 2011 August 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Menconi et al.

Page 17

Figure 4.

Tg.2098 embedded inside the binding groove, with a characteristic and unique electrostatic
potentials displayed on its surface. The ridge opposite the Arg-74 shows a positive potential
flanked by negative potential.
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Interaction energies as a function of the amino acid sequence of the peptide. Final column suggests an ‘optimal’

peptide for binding to HLA-DRp-Arg74 based on previous [12] and current results.

Tg.2098 | Interaction Energy (kcal/mol) | Optimal a.a. residue

1 \% -7.6 |

2 \Y -5.0 \Y
3 \% —4.3 F
4 D -3.1 D
5 P -3.7 P
6 S -0.1 \Y
7 | -6.2 |

8 R -1.0 P
9 H -8.0 H
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