1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Eur J Immunol. Author manuscript; available in PMC 2017 April 01.

-, HHS Public Access
«

Published in final edited form as:
Eur J Immunol. 2016 April ; 46(4): 834-845. doi:10.1002/eji.201545942.

Type 1 diabetes associated HLA-DQ2 and DQ8 molecules are
relatively resistant to HLA-DM mediated release of invariant
chain-derived CLIP peptides

Zemin Zhoul, Eduardo Reyes-Vargas!, Hernando Escobar?, Brant Rudd?l, Alan L.
Rockwood®2, Julio C. Delgadol2, Xiao Hel, and Peter E. Jensen?l:2

1Department of Pathology University of Utah, Salt Lake City, UT, USA
2ARUP Laboratories, University of Utah, Salt Lake City, UT, USA

Summary

HLA-DM is essential for editing peptides bound to MHC class 11, thus influencing the repertoire
of peptides mediating selection and activation of CD4+ T cells. Individuals expressing HLA-DQ2
or DQ8, and DQ2/8 trans-dimers, have elevated risk for type 1 diabetes (T1D). Cells co-expressing
DM with these DQ molecules were observed to express elevated levels of CLIP (Class Il
associated invariant chain peptide). Relative resistance to DM-mediated editing of CLIP was
further confirmed by HPLC-MS/MS analysis of eluted peptides, which also demonstrated peptides
from known T1D-associated autoantigens, including a shared epitope from ZnT8 that is presented
by all four major T1D-susceptible DQ molecules. Assays with purified recombinant soluble
proteins confirmed that DQ2-CLIP complexes are highly resistant to DM editing, whereas DQ8-
CLIP is partially sensitive to DM, but with an apparent reduction in catalytic potency. DM
sensitivity was enhanced in mutant DQ8 molecules with disruption of hydrogen bonds that
stabilize DQ8 near the DM-binding region. Our findings show that T1D-susceptible DQ2 and
DQ8 share significant resistance to DM editing, compared with control DQ molecules. The
relative resistance of the T1D-susceptible DQ molecules to DM editing and preferential
presentation of T1D-associated autoantigenic peptides may contribute to the pathogenesis of T1D.
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by selective destruction of
pancreatic f cells. Multiple genetic and environmental factors have been implicated in the
etiology of T1D. Among these factors, certain MHC haplotypes are associated with a high

To whom correspondence should be addressed: Peter E. Jensen, University of Utah, Department of Pathology, 15 North Medical Drive

East Suite 1100, Salt Lake City, UT 84112-5650, USA, Tel.: 1-801-585-6217; Fax: 1-801-585-7376; peter.jensen@path.utah.edu.

Conflict of interest
The authors declare no financial or commercial conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 2

risk for development of T1D, with a potential role of MHC molecules in the selection or
activation of autoreactive T cells involved in T1D [1]. Genetic studies have implicated DQ2
(DQA1*0501/DQB*0201) and DQ8 (DQA1*0301/DQB1*0302) as important risk factors.
DQ2/8 heterozygotes, expressing two potential DQ trans-dimers as well as DQ2 and DQ8,
have a further elevation in risk. By contrast, DQ6 (DQA1*0102/DQB*0602) has a dominant
protective effect, while DQ1 (DQA1*0101/DQB1*0501) is neutral to T1D [2-8]. Beyond
speculation, the mechanisms responsible for the disease risk associated with expression of
specific MHC class Il (MHCII) alleles remain to be established.

MHCII molecules present endogenous or exogenous peptides on the surface of APC to
select or activate CD4+ T cells in the thymus or periphery [9]. Classical MHCII are initially
assembled with the class 11 invariant chain (1i) chaperone protein. li is partially released
through a series of successive proteolytic events in endosomal compartments, leaving a
fragment, CLIP, occupying the peptide-binding groove. Antigen presentation is critically
dependent on the release of CLIP and exchange with antigenic peptides sampled in
endosomal compartments, which is catalyzed by a non-classical MHC protein HLA-DM.
DM functions optimally at acidic pH to catalyze CLIP dissociation and peptide exchange. It
can catalyze multiple rounds of peptide exchange, and preferentially edit unstable peptide
complexes, favoring the presentation of highly stable peptide complexes under physiological
conditions. Thus, DM plays a critical role in editing the repertoire of peptides available for
selection and recognition by CD4+ T cells [10, 11]. It has been noted that CD4+ T cells with
specificity for self-peptides with low affinity for MHC can escape negative selection in the
thymus [12-16]. The identification of autoreactive CD4+ T cells recognizing low-affinity
peptides in both NOD mouse [17-19] and human [20] autoimmune diabetes suggests the
possibility that incomplete DM editing may contribute to presentation of a unique repertoire
of peptides important to the pathogenesis of T1D.

The recently published co-crystal structures of DM bound to the MHCII molecule DR1
demonstrates a major structural rearrangement in the region of the DR1 peptide-binding
groove that accommaodates the N-terminal segment of bound peptide proximal to the DM
contact surface [21]. This conformation change precludes full occupancy of the peptide-
binding groove. Polymorphisms in DM contact residues have the potential to impact DM
binding affinity and catalytic potency [22]. In addition, polymorphisms in MHCII that might
impact the conformational stability in the region that undergoes a major structural transition
might impact DM editing function [23]. The potential effects of MHCII polymorphism on
susceptibility to DM editing have been explored to a limited extent. Notably, it has been
reported that DQ?2 is a poor substrate for DM, due to a natural deletion of arginine in a chain
of DQ2 [22, 24]. This allele is associated with celiac disease [25] as well as T1D. However,
that natural deleted residue of DQ2 is intact in DQ8, and the susceptibility of DQ8 to DM
editing is unknown. Different mechanism(s) might be responsible for the association of DQ8
with increased risk for T1D. In addition to the obvious impact on peptide binding specificity,
MHCII polymorphisms might contribute to the pathogenesis of CD4+ T cell autoimmunity
by influencing a variety of steps in the peptide loading, editing, and presentation process,
possibly enabling alternative mechanisms for presentation of key autoantigens or selection
of autoreactive T cells [22, 26, 27].
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Given the potential importance of DM in modulating the repertoire of peptides that mediate
thymic selection and/or peripheral activation of autoreactive T cells in T1D [17, 18, 20], we
investigated the sensitivity of the major T1D-susceptible DQ molecules to DM editing. We
co-expressed DQ, li and DM molecules in 293T cells to compare DM mediated release of li
derived CLIP peptides. We found that DQ2, DQ8 or DQ2/8 trans-dimers were more resistant
to DM editing than T1D-protective DQ6 or the T1D-neutral DQ1 molecules, as
demonstrated by retention of CLIP. HPLC-MS/MS analysis confirmed the presence of DM-
resistant CLIP, as well as known T1D-associated autoantigenic peptides specifically binding
to T1D- susceptible DQ molecules. Fluorescence polarization (FP) assays with purified
recombinant soluble DQ proteins demonstrated that DQ8-CLIP is partially sensitive to DM,
but with an apparent reduction in catalytic potency. DM sensitivity was enhanced in mutant
DQ8 molecules with disruption of hydrogen bonds that stabilize the DQ8 in the DM-binding
region. We hypothesize that a relative DM editing resistance of T1D associated DQ2, DQ8
and DQ2/8 trans-dimer molecules may contribute to the pathogenesis of T1D, by affecting
the selection and activation of autoreactive CD4+ T cells.

Relative resistance to DM editing of T1D-susceptible cis- and trans-DQ molecules

To investigate the DM editing sensitivity of the T1D-susceptible DQ2, DQ8 and DQ2/8
molecules, we expressed each of the four DQ molecules or the controls, T1D-protective
DQ6 or T1D-neutral DQ1 molecules, in the 293T cells, which do not express endogenous li
or MHCII. All six DQ molecules were efficiently expressed at the cell surface in the absence
or presence of li, confirming that the two trans-dimers potentially expressed in DQ2/8
heterozygotes, DQ2-8 and DQ8-2, are efficiently assembled and transported to the cell
surface [28, 29] (Fig.1). Cell surface CLIP levels, measured by flow cytometry with
CerCLIP.1, a mAb specifically recognizing CLIP1 peptides with N-terminal extensions
(Supporting Information Fig.1), were high for each of the T1D-susceptible DQ molecules
and the DQ6 control on cells co-expressing li in the absence of DM, demonstrating
functional association with li, proteolytic processing to generate CLIP, and inefficient
release of CLIP in the absence of DM (Fig.1). Co-expression of DM resulted in a complete
loss of cell surface CLIP on cells expressing the control molecule DQ6. By contrast, DQ2-
CLIP complexes were relatively resistant to DM editing, confirming previous reports
demonstrating that DQ?2 is a poor substrate for DM [22, 24]. Strikingly, the three other T1D-
susceptible DQ molecules (DQ8, DQ2-8 and DQ8-2) were also observed to retain high
levels of cell surface CLIP in the presence of DM (Fig.1, Supporting Information Fig.2E).
The cell lines used in these experiments expressed similar levels of DQ, li, and DM (Fig.1,
Supporting Information Fig.2D). Interestingly, there is no detectable CLIP peptide presented
by DQ1 even in the absence of DM (Fig.1A). A hierarchy in DM sensitivity was observed
for these molecules, with DQ8 being the least sensitive, followed by DQ2-8, DQ2, and
DQ8-2. However, all of the four T1D-susceptible DQ molecules were relatively resistant to
DM editing of CLIP as compared with DQ6. Although 293T cells have been used in MHC
class Il antigen presentation studies [30], they are not professional APC. To explore the
generality of the results with 293T cells, we performed additional experiments with T2
lymphoblastoid cells. The T2 cell line, a hybrid human B cell line with endogenous li
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expression but with the deletion of entire MHC class Il region in the genome [31, 32], has
been used extensively as a model professional APC. We expressed the six different DQ
alleles in T2 cells in the absence or presence of HLA-DM and determined the effectiveness
of DM in editing CLIP by flow cytometry. The results were consistent with those obtained
with 293T cells (Supporting Figure 3A and 3B).

Direct Analysis of DQ-bound CLIP and T1D-associated autoantigen-derived peptides

We next sought to confirm DM-resistant retention of CLIP by the four T1D-associated DQ
molecules by direct identification of peptides eluted from DQ molecules. Peptides were
eluted from affinity-purified DQ molecules isolated from 293T cells co-expressing li with or
without DM, and samples were analyzed by HPLC-MS/MS. Consistent with the findings
from flow cytometry, CLIP peptides were prominently presented by all DQ alleles in cells
expressing li but not DM (Fig.2, left). A large number of nested peptides ranging from 9-24
amino acids in length were identified that contained the classical CLIP1 core sequence
(boxed) [33] as well as the alternative CLIP2 register (gray highlight). Consistent with the
flow cytometry results, CLIP was not detected in peptide eluates from cells expressing
DQ6+li+DM, indicating efficient DM editing on DQ6-CLIP complexes (Fig.2, right). By
contrast, CLIP1 was detected in peptide samples from cells co-expressing DM and each of
the T1D- susceptible DQ molecules, supporting the conclusion that CLIP1 bound to these
alleles is resistant to DM editing. Strikingly, li-derived CLIP peptides, including both CLIP1
and CLIP2 registers, were also detected in peptide samples co-expressing DQ1 and li, but
not in samples co-expressing DM, indicating that DQ1 molecules do present CLIP peptides
and DM efficiently mediates the editing of DQ1-CLIP complexes (Fig.2). However, most of
the CLIP1 peptides presented by DQ1 molecules lack the N-terminal extensions, the epitope
recognized by the CerCLIP.1 mAb [34], which is consistent with the flow cytometry
observations and CerCLIP1 mAb specificity (Fig.1A, Supporting Information Fig.1). CLIP2
peptides were highly represented in peptide samples eluted from DQ2 [35-37]. It is not
known if DQ2-CLIP2 is generated by an alternative association of li with DQ2 in the ER, or
from rebinding of li fragments in this register in endosomal compartments [24]. Our results
demonstrate that CLIP2 associates with DQ molecules other than DQ2, including the T1D-
protective DQ6 and T1D-neutral DQ1 molecules. It is also interesting to note that CLIP2
peptides were also present in samples from cells expressing DQ2+1i+DM, consistent with
prior findings indicating the CLIP2 register has a relatively high affinity for DQ2 [35-37].

Previous reports (http://www.ebi.ac.uk/arrayexpress/experiments/E-GEOD-24733/) indicate
that 293T cells express variable levels of some T1D-associated autoantigens, including heat
shock protein 60 (HSP60), zinc transporter 8 (ZnT8), and insulinoma antigen-2 (1A-2) [38].
Interestingly, we identified peptides from these autoantigens in samples eluted from T1D-
susceptible DQ molecules but not from T1D-neutral DQ1 or T1D-protective DQ6
(Supporting Information Table 1). Strikingly, a peptide from ZnT8 was identified in samples
from all four T1D-susceptible DQ molecules. Peptides with overlapping sequence from
HSP60, were detected in DQ8, DQ2-8, and DQ8-2 samples. These peptide sequences, as
well as an additional HSP60 peptide eluted from DQ2-8 and three 1A-2 peptide sequences
eluted from DQ8, DQ2-8, and DQ8-2 samples have been previously reported as positive
stimulators in autoreactive CD4+ T cell activation assays (Table 1) [39-52]. We also
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confirmed that the ZnT8 peptide binds T1D-susceptible DQ molecules with relatively higher
binding affinity than the pan-DQ binding peptide, CLIP1 (Fig.3). These results confirm that
functionally relevant autoantigenic peptides can be identified by HPLC-MS/MS analysis of
peptide isolated from cells expressing autoantigen proteins, although the physiologic
processing mechanisms for presentation of these epitopes in professional APC might be
different, and they raise the possibility that key self-peptide epitopes can be presented by
multiple different T1D-susceptible DQ molecules.

DM catalytic potency in CLIP dissociation from soluble DQ6, DQ2 and DQ8

To further characterize the biochemical properties of these DQ molecules, soluble DQ (sDQ)
proteins, sSDQ6, sDQ2 and sDQ8 were generated. The sDQ-peptide complexes were pre-
loaded with labeled CLIP peptide (*88CLIP), and peptide dissociation rates were measured
as a function of DM concentration (Fig.4). DM efficiently catalyzed the dissociation of CLIP
from the control DQ6 protein. Peptide dissociation rates increased with increasing DM
concentration. Note that rates appeared to saturate with increasing DM concentration. This
might reflect a relatively high affinity in DM binding to DQ6-CLIP complexes. By contrast,
DQ2-CLIP complexes were resistant to DM activity, showing little enhancement in
dissociation with high DM concentrations. An intermediate level of DM potency was
observed with DQ8-CLIP complexes. A clear catalytic effect is evident with DQ8, but the
rate enhancement was less than that observed with DQ6 as judged by the initial slope of rate
versus DM concentration. Furthermore, less rate saturation was observed, consistent with the
idea that DM may have a lower affinity for DQ8-CLIP as compared with DQ6-CLIP. This is
illustrated in normalized plots of fold-enhancement in rates versus DM concentration (Fig.
4B, right). Thus, experiments with purified recombinant proteins demonstrate a striking
resistance of DQ2 to DM-mediated CLIP editing and an intermediate DM-resistance
phenotype for DQ8.

Contribution of unique hydrogen bonds in DQ8 to its DM-editing resistance

It has previously been demonstrated that a natural deletion in the DQ2 a chain contributes to
the resistance of this protein to DM catalytic activity. Introduction of Gly at position 53 in
DQ2 restored DM sensitivity [22]. The natural deletion in DQ2a is positioned in the DM
contact interface [21] and thus it may reduce the affinity of the DM interaction with DQ2 or
alter the structure of the interface such that catalytic potency is reduced. This would also
provide a structural explanation for the DM resistant phenotype of the DQ2-8 trans-dimer,
which shares the a chain with DQ2. However, the DQ8 a chain does not have this natural
deletion and the structural basis of DQ8 and DQ8-2 trans-dimer for a relative resistance to
DM editing remained to be explored.

Comparison of the crystal structures of different DQ molecules, as well as DR1 bound to
different peptides and the DM-DR1 co-crystal structure, demonstrates conformational
differences in the helix--sheet region near the P1 pocket of the peptide binding groove, the
DM interaction site [23]. Compared with the other DQ molecules, there are multiple
positively charged arginine residues in the 310-helix region of DQ8 a chain (Fig. 5A).
Notably, three extra hydrogen bonds (H-bonds) are present between the two helixes near the
P1 pocket of DQ8 peptide binding groove (Fig. 5A, 5B), as well as one H-bond in DQ8-2,
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but none in DQ1, DQ6, DQ2 or DQ2-8 [23]. To test whether these H-bonds contribute to the
relative resistance of DQ8 to DM editing, we replaced the residues in the DQ8 8 chain that
participate in these H-bonds with the amino acids present in DQ6 with the goal of disrupting
the extra H-bond(s) formed with the 310-helix of DQ8a.. The mutant DQ8 proteins were
expressed with li in the absence or presence of DM in 293T cells (Fig.5C). The BT89G
mutation, intended to disrupt one H-bond between aR52 and BT89, resulted in little change
in DM sensitivity, such that CLIP levels remained high in the presence of DM. However,
disruption of two H-bonds through the PE86A substitution resulted in restoration of a
substantial increase in sensitivity to DM editing, as determined by comparing CLIP levels
with and without co-expression of DM (Fig.5C, D). These findings support the idea that the
additional H-bonds between the a and  chain helices in DQ8 may contribute to a phenotype
of relative resistance to DM editing, possibly by stabilizing the region of MHCII that
undergoes a marked conformation transition when bound to DM.

Discussion

Collectively, our findings indicate that the four T1D-susceptible DQ molecules, DQ2, DQ8,
and the trans-dimers expressed in DQ2/8 heterozygotes, share a distinct property of being
relatively resistant to DM-mediated editing of CLIP, compared with the T1D-protective DQ6
or T1D-neutral DQ1 molecules that have the classical DM-sensitive phenotype. The most
direct evidence for this conclusion was obtained by analyzing surface CLIP levels on cells
with or without co-expression of DM. We observed little or no reduction in CLIP levels on
293T cells co-expressing DM with DQ8 or DQ2-8, indicating a significant DM editing
resistance of CLIP peptides. The phenotype was less striking for the DQ2 and DQ8-2 trans-
dimer (Fig.1). Similar results were obtained with T2 lymphoblastoid cells, however DQ2
and DQ2-8 were less sensitive to DM than DQ8 in these cells.

The a chain of DQ2 (DQA1*0501) contains a deletion of residue 53. Insertion of Gly at this
position was shown to restore sensitivity to DM as judged by a marked increase in DM-
mediated rate enhancement in the dissociation of a DQ2 binding peptide [22]. Given the
location of a53 in the DM contact interface [21], it is tempting to consider the possibility
that the natural a53 deletion in DQ2 (and the DQ2-8 trans-dimer) confers a general
resistance to DM-mediated peptide exchange, reducing the impact of DM editing on the
peptide repertoire presented by these molecules. However, additional structural elements
may also contribute to the DM editing sensitivity. The DQA1*0501/DQB1*0301 DQ?7 allele
shares DQA1*0501 with DQ2, yet it is not associated with T1D. Other DQA alleles
represented in human populations have a natural deletion at a53, including DQA1*0201 and
DQA1*04. Further work will be needed to determine the DM sensitivity of the proteins
generated from these alleles and the structural features that affect DM catalytic efficiency.
There is an inverse relationship between the intrinsic stability of peptide complexes and
sensitivity to DM-catalyzed peptide dissociation, such that less stable complexes are
selectively edited, and more stable complexes survive for recognition by CD4* T cells [10,
53, 54]. Reduction in DM editing might broaden the array of self-peptide complexes
available to activate autoreactive T cells, and unstable complexes may be more susceptible to
alternative peptide loading pathways for exogenous autoantigenic peptides [55].
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In experiments with sDQ molecules, high concentrations of DM were observed to have little
effect on the rate of dissociation of CLIP from sDQ2, whereas DM was clearly able to
enhance CLIP dissociation from DQ8 in a dose-dependent manner. DM catalytic potency
was intermediate between DQ2 and the DM-sensitive DQ6 control. The stability of sDQ8-
CLIP complexes was observed to be considerably greater than that of sDQ6-CLIP, with
intrinsic half-lives of 58 h and 7 h, respectively. The increased stability of sDQ8-CLIP might
explain the relative resistance to DM. While DQ8 does not have the a53 deletion found in
DQ2, it does have three H-bonds, not present in DQ2, DQ2-8, DQ1 or DQ6 molecules. The
H-bonds connect the helices of the a and 3 chains near the DM contact site [23]. Disruption
of two H-bonds through a BE86A substitution was observed to partially restore sensitivity to
DM in cells expressing the substituted DQ protein. It is possible that the mutation reduces
the intrinsic stability of DQ8 molecule as well as the complex of DQ8-CLIP, as a potential
mechanism for enhancing DM sensitivity. Alternatively, the additional H-bonds in DQ8
might serve to stabilize the DM-binding region of DQ8, making it more difficult for the
molecule to undergo the conformational rearrangement required for interaction with DM
[21]. It is interesting to note that the DQ8-2 trans-dimer has one additional H-bond [23] that
could potentially stabilize the conformation of the peptide-binding groove and contribute to
the partial DM-resistant phenotype observed in cells expressing this mixed haplotype DQ
molecule.

HPLC-MS/MS analysis confirmed that li-derived peptides lacking the core CLIP1 sequence
and containing the alternative CLIP2 binding register were highly represented in samples
from cells expressing DQ2+li. The CLIP2 loading mechanism is unknown, reflecting either
an alternative mode of assembly of li with DQ2 or an exchange mechanism in which CLIP1
is replaced by CLIP2 [24]. CLIP2 peptides were also prominently represented in samples
from cells expressing DQ1, DQ6, DQ8 or the DQ8/2 trans-dimers in the absence of DM
expression. While the biological significance of CLIP2 is unknown, it is clear that CLIP2 is
not uniquely associated with DQ2 or T1D-associated DQ molecules. The detection of CLIP
peptides in DQ1 peptide samples by HPLC-MS/MS, but not by CerCLIP.1 mAb surface
staining, reflects the specificity of the CerCLIP.1 mAb, for only long CLIP1 peptides with
N-terminal sequence extensions. The peptide elution data confirm that DQ1-CLIP is
sensitive to DM editing. However, the mechanism responsible for selective loading of DQ1
with short CLIP peptides remains to be investigated, possibly reflecting an increased
sensitivity to proteolytic trimming.

A number of peptides from well known T1D-associated autoantigens were identified in the
HPLC-MS/MS experiments with samples from T1D-susceptible DQ molecules. The 293T
human embryonic kidney cell line fortuitously expresses some of the proteins relevant in
T1D pathogenesis. Further work will be needed to determine whether specific peptides are
dependent on DM for presentation, or sensitive to DM editing such that DM-independent
presentation mechanisms would be required for T cell recognition. It was interesting to
observe that several peptides were identified with multiple different T1D-susceptible DQ
molecules, but not with DQ1 or DQ6. Strikingly, a ZnT8 peptide was eluted from cells
expressing each of the T1D-susceptible DQ alleles. This raises the question of whether
presentation of selected peptides by the multiple different DQ molecules expressed on the
cells in DQ8/2 heterozygotes might play a role in inducing cross-reacting autoreactive T cell
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responses in these individuals [56]. It was also interesting that most of the peptide sequences
identified from T1D autoantigens had previously been defined as epitopes for autoreactive
CDA4+ T cell responses in T1D. This provides some level of validation that mass
spectrometric analysis of MHCII-associated peptides may be useful in identifying candidate
autoantigenic epitopes.

Overall, we conclude that the four T1D-susceptible DQ alleles have in common a shared
resistance to DM-mediated editing of CLIP. Different structural elements appear to be
responsible for this phenotype in DQ2, DQ8, and the DQ2/8 trans-dimers. Cell surface CLIP
levels have been reported to be elevated in the peripheral blood of people with T1D [57]. It
is possible that high levels of CLIP in the thymus might result in less efficient negative
selection of a population of self-reactive T cells with the potential to participate in initiating
or propagating immune responses to islet antigens. Alternatively, reduced susceptibility to
DM editing function could potentially facilitate peripheral presentation of self-peptides
loaded under inflammatory conditions through DM-independent mechanisms. Unanue and
colleagues have demonstrated that DM-independent loading of free peptides can result in the
formation of peptide-MHCII complexes with alterative binding registers [58]. These
alternatively-generated peptide complexes can activate a population of unconventional “type
B” T cells that are not eliminated through conventional mechanisms that maintain self
tolerance [55]. While there is little doubt that the impact of MHCII polymorphism on CD4+
T cell repertoire selection and epitope specificity must play a major role in determining
genetic susceptibility to specific autoimmune diseases, allelic differences that impact the
peptide loading pathway may also be important.

Materials and methods

Expression of DQ, li and DM molecules and purification of full length and soluble DQ in

293T cells

Constructs encoding the full length o and f chains of DQ1, DQ2, DQ6 or DQ8 were fused
with the T2A sequence [59] and cloned into pWPI vector (Addgene). Human li cDNA was
cloned into another pWPI vector. The DM construct was cloned from MigR1-DM [60] and
inserted behind the IRES site within lentiviral HIVACS\Ub-ChIT (ChIT) vector provided by
Dr. Vicente Planelles (University of Utah), which contains an mCherry gene driven by a
human ubiquitin promoter (Supporting Information Fig.2A, 2B). High-titer lentiviral
supernatants were generated by transfection of 293T cells (ATCC), a human embryonic
kidney cell line having no endogenous expression of li, DM or DQ, with pWPI-DQ, pWPI-li
or ChIT-DM construct, as previously described [61]. The 293T transductants stably
expressing DQ (DQ only) or DQ and li (DQ+1i) were sorted for GFP and DQ expression
with a FACSAria™ cell sorter (BD Biosciences). DQ+li cells were further transduced with
ChIT-DM lentivirus and sorted for GFP, DQ and mCherry expression to obtain DQ+li+DM
cells (Supporting Information Fig.2C). Full length DQ (fDQ) was purified from DQ+li 293T
cells by SPVL3 affinity column [53]. Full length DM (fDM) was purified as previously
described [53]. Soluble DQ proteins were generated from pWPI-sDQ lentiviral transduced
293T cells using the construct as previously described [62]. The culture media were pre-
cleared and incubated with His-Tag Purification Resin (Roche), and the eluates were further
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purified by SPVL3 affinity column. Purified sDQ were overnight cleaved with immobilized
thrombin (EMD Millipore) in PBS at room temperature to facilitate the release of
endogenous CLIP peptide. Soluble DM was purified as previously described [60].

Abs and flow cytometry

The following mAbs, DM-PE (clone Map.DM1; BD Pharmingen), CLIP- PerCP-Cy5.5
(clone Cer.CLIP1; Santa Cruz Biotechnology) and isotype-matched negative controls, were
used in cell staining. To staining DQ, purified mAb to DQ (clone SPVL3, ATCC) was
labeled with Biotinamidohexanoic acid N-hydroxysuccinimide ester (Sigma) then
accordingly stained by streptavidin-APC or -PE-Cy7 (Invitrogen). Purified mAb to li (clone
PIN-1), provided by Dr. Peter Cresswell (Yale), was conjugated with Alexa Fluor® 647
(Invitrogen). Intracellular staining was performed with the Cytofix/Cytoperm kit (BD
Biosciences). Stained cells were analyzed by LSRFortessa™ flow cytometer (BD
Biosciences). The data were analyzed using FlowJo software (Tree Star). Based on GFP,
mCherry and surface DQ expression, cells were sorted with FACSAria cell sorter (BD
Biosciences) at the core facility of University of Utah. The sDQ 293T transductants were
sorted for high GFP expression, and sDQ secretion in culture media was measured by
immunoassay [63], using SPVL3 and biotin-IVA12 mAbs.

Peptide elution and HPLC-MS/MS sequence analysis

To elute peptides bound to each DQ molecules, ~1x10° of each DQ+1i or DQ+li+DM
transductant 293T cells were lysed and the DQ molecules were captured by anti-DQ mAb
(SPVL3) immobilized with protein A beads. Bound peptides were eluted and further
separated by HPLC for HPLC-MS/MS analysis as previously described [64].

Peptide competition and fluorescence polarization assay

N-acetylated CLIP (80-103, KLPKPPKPVSKMRMATPLLMQALC), in which the last
residue was substituted by cysteine for labeling, was commercially synthesized (CelTek
Pepitdes) and labeled with BMCC-biotin (Pierce), designated as bCLIP. The N-acetylated
peptide CLIP (VSKMRMATPLLMQ) was labeled on lysine (underlined) with Alexa Fluor
488 (Molecular Probes) as previously described, designated as 488CLIP [60]. The peptides,
CLIP1 (LPKPPKPVSKMRMATPLLMQA), CLIPc (PSSGLGVTKQDLGPVPM) and
ZnT8(126) (KPPSKRLTFGWHRAEILGAL), were used as competitor peptides in
competition assays. Briefly, 100 nM fDQ, 1 uM bCLIP, 200 nM fDM and the competitor
peptide (0, 2, 20 or 200 uM) were incubated at 37°C for 3 h in 100 mM citrate-phosphate
buffer (pH 5.0) with 0.2% NP-40. Sample was loaded into 96-well plate coated with SPVL3
mADb, and detected by immunoassay [63]. The relative loading of bCLIP to specific DQ
molecules was normalized to the reaction without competitor peptides. Thrombin-cleaved
sDQ was pre-loaded with extra 488CLIP (1:5 molar ratio) in FP buffer (10 mM citrate-
phosphate buffer, pH 5.0, 150 mM NaCl, 0.05% Tween 20), at 37°C for 3 h (for sDQ6) or
overnight (for sDQ2) with 100 nM sDM, or at 37°C overnight without sDM (for sDQ8), due
to the different DM sensitivity. Unbound 488CLIP peptide was removed by buffer exchange
with 30-kD cut-off spin column (Millipore). In FP assay, 50 nM sDQ-488CLIP complex,
sDM (0 to 2000 nM) and 100 uM competitor peptide were incubated in FP buffer and
measured at 37°C with a Tecan Infinite F200 plate reader. FP value was normalized by the
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background FP signal of free #88CLIP peptides, and the data were processed with Prism 5.0
(GraphPad Software), as previously described [60].
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FIGURE 1.

DM editing sensitivity of li-derived CLIP peptides in T1D neutral DQ1, protective DQ6 or
susceptible DQ2, DQ8 and DQ2/8 trans-dimers. (A) CLIP and DQ molecules on 293T cells
transduced with DQ only (top), DQ+li (middle) or DQ+li+DM (bottom) were cell surface
stained with fluorescence conjugated Cer.CLIP1 and SPVL3 antibodies as described in
Materials and Methods. The mean fluorescence intensity (MFI) is stated in the panels, and
indicates cell surface expression level of CLIP bound to DQ. (B) Relative DM editing effects
indicated by comparison of the MFI ratio of cell surface CLIP and DQ levels in the absence
or presence of DM expression. Cells were surface stained for CLIP and DQ and gated on the
same level of GFP and/or mCherry expression. Data are representative of 3 independent
experiments and shown as mean + SD in panel B.
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FIGURE 2.
Pattern of eluted unique CLIP peptides. 293T cells expressing different DQ molecules in the

absence (left, DQ+Ii) or presence (right, DQ+li+DM) of DM were used to elute peptides
bound to each DQ molecules captured by anti-DQ mAb (SPVL3) immobilized with protein
A beads. Bound peptides were eluted and further separated by HPLC and analyzed by
HPLC-MS/MS. The two well-defined registers of li-derived peptides are highlighted as
CLIP1 (boxed) and CLIP2 (gray). Data shown are representative of 2 independent
experiments.
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FIGURE 3.
Binding analysis of the ZnT8-derived ZnT8(126) peptide to purified fDQ molecules. Peptide

competition assays were performed with purified fDQ proteins and bCLIP, using unlabeled
peptides CLIP1, CLIPc or ZnT8(126) peptides as competitor. CLIPc is a control peptide
derived from the C-terminus of li that was detected by HPLC-MS/MS from all of the
samples (DQ2, DQ2-8 and DQ8-2), except DQ8. Data shown are representative of 3
independent experiments.
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CLIP dissociation rate and DM catalytic potency measured with purified DQ molecules. (A)
The FP measurement of CLIP dissociation and DM editing effects. Thrombin cleaved sDQ
proteins were pre-loaded with 488CLIP peptides. Peptide dissociation rates were measured in
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the presence of different concentration of SDM and 100 uM of unlabeled CLIP1 as
competitor peptides. The control represents the sample without adding extra sDM or

competitor peptides. (B) Peptide dissociation rates of sDQ6, sDQ2 and sDQ8 measured by
FP assay in the presence of different concentration of DM (left) and the DM-catalyzed rate
enhancements normalized relative to dissociation rates measured in the absence of DM
(right). Data are representative of 3 independent experiments and shown as mean + SD in

panel B.
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FIGURE 5.

Impact of hydrogen bonds between the two helical regions of a and  chains near the P1
pocket of DQ8 molecule. (A) Top view of the two helical regions of DQ8 a and § chains
near the P1 pocket of the peptide binding groove with bound peptide (PDB: 1JK8). The R52
residue in the 319-helix (purple) of the a chain, which is in rich of arginine in DQ8, forms
three H-bonds with E86 and T89 in the helix (cyan) near the P1 pocket of the 3 chain. DQ8
specific residues are labeled orange. (B) A close-up view of the three H-bonds formed
between the two helixes in DQ8. (C) Comparison of CLIP level on 293T cells transduced
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with li and DQ6, DQ8, or DQ8 mutants, in the absence or presence of DM expression. The
DQ8 mutants were designed to disrupt one (3T89G) or two (BE86A) H-bonds, respectively.
The MFI of cell surface CLIP is shown. (D) The relative DM editing effects indicated by
comparison of the ratio of CLIP/DQ in the absence or presence of DM expression. Cells
were surface stained for CLIP and DQ and gated on the same level of GFP and/or mCherry
expression. Data are representative of 3 independent experiments and shown as mean + SD
in panel D. ***, P<0.001; two tail t-test.
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Eluted T1D-associated autoantigen-derived peptides with previously reported positive function in autoreactive

CDA4+ T cell activation assays.

AutoAg Methods (ref.) Start AA Sequence
ZnTs DQ2,8,82LC-MS 1264 KPPSKRLTFGWHRAEILGAL
(Q8IWU4) DQ82-8,82LC-MS 126 KPPSKRLTFGWHRAEILGALLS
ELISPOTC [41] 120-146 SLWLSSKPPSKRLTFGWHRAEILGALL
ELISPOT [41] 134-174? FGWHRAEILGALLSILCIWVVTGVLVYLACERLLYPDYQIQ
Cytokine [41] 124-138 SSKPPSKRLTFGWHR
ELISPOT [40] 106-132 HLLIDLTSFLLSLFSLWLSSKPPSKRL
I1A-2 DQ8LC-MS 876 PAEGTPASTRPLLDFRRKVNKCYR
(Q16849)  3H thymidine [43] 889-904 DFRRKVNKCYRGRSCP
DQ2-8LC-MS 622 GDTTFEYQDLCRQ
3H thymidine [46] 616-633 GPEGAHGDTTFEYQDLCR
DQ8-2LC-MS 956 KDQFEFALTAVAEEVNAILKALP
3H thymidine [46] 961-979 FALTAVAEEVNAILKALPQ
3H thymidine [49] 957-969 DQFEFALTAVAEE
3H thymidine [43] 959-974 FEFALTAVAEEVNAIL
3H thymidine [47] 955-975 SKDQFEFALTAVAEEVNAILK
ELISPOT [48] 955-976 SKDQFEFALTAVAEEVNAILKA
HSP60 DQ8,DQ2-8LC-MS 448 IPALDSLTPANEDQK
(P10809) igahzn;giine[w, 437-460 VLGGGVALLRVIPALDSLTPANED
ELISPOT [51] 437-460 VLGGGVALLRVIPALDSLTPANED
Cytokine [45] 437-460 VLGGGVALLRVIPALDSLTPANED
DQ2-8LC-MS 523 KVVRTALLD
3H thymidine [39] 511-530 VNMVEKGIIDPTKVVRTALL

aThe sequence identified in different samples of this study by LC-MS is bold.

bThe bold and italic sequence shows the overlapped portion of peptide compared with the peptide identified in this study.

cThe listed method that was used to identify the function of each peptide in each of the references. The Immune Epitope Database (www.iedb.org)
was applied for the search of T cell response to specific epitope as described [52].
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