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Proteolysis of autoantigens can alter normal MHC class 11 antigen processing and has been
implicated in the induction of autoimmune diseases. Many autoantigens are substrates for the
protease granzyme B (GrB), but the mechanistic significance of this association is unknown.
Peptidylarginine deiminase 4 (PAD4) is a frequent target of autoantibodies in patients with
rheumatoid arthritis (RA) and a substrate for GrB. RA is strongly associated with specific MHC
class 1l alleles, and elevated levels of GrB and PAD4 are found in the joints of RA patients,
suggesting that GrB may alter the presentation of PAD4 by RA-associated class Il alleles. In this
study, complementary proteomic and immunologic approaches were utilized to define the effects
of GrB cleavage on the structure, processing, and immunogenicity of PAD4. Hydrogen—deuterium
exchange and a cell-free MHC class 11 antigen processing system revealed that proteolysis of
PAD4 by GrB induced discrete structural changes in PAD4 that promoted enhanced presentation
of several immunogenic peptides capable of stimulating PAD4-specific CD4+ T cells from
patients with RA. This work demonstrates the existence of PAD4-specific T cells in patients with
RA and supports a mechanistic role for GrB in enhancing the presentation of autoantigenic CD4+
T cell epitopes.
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INTRODUCTION

Modified self-proteins have the capacity to elicit autoimmune responses. The list of
modifications linked to the development of autoimmune diseases is growing and includes
nonsynonymous mutations in the setting of cancer,1-2 post-translational modifications,3# and
proteolysis.® Proteolysis of self-proteins has been linked to the development of autoimmune
diseases, and fragments of autoantigens have been shown to be more immunogenic than
their full-length counterparts.2:6:” Many autoantigens across the spectrum of autoimmune
diseases are susceptible to proteolysis by the serine protease granzyme B (GrB).8:9
Cytotoxic T lymphocytes (CTLs) deploy GrB to kill virally infected and transformed cells,10
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and both infection and malignancy have been implicated as initiators of autoimmune
diseases.23 Although GrB and caspases induce cell death by cleaving intracellular proteins
after aspartic acid residues, GrB often yields novel protein fragments not observed during
caspase-mediated apoptosis.8 A body of evidence suggests that GrB cleavage sites in
autoantigens tend to colocalize with known T or B cell epitopes within unstructured protein
loops, 1! suggesting that this protease may have a role in the induction of autoimmunity,
possibly through altering normal antigen processing and presentation.

The MHC locus is strikingly associated with the development of autoimmune diseases, and
the vast majority of this risk is conferred by disease-specific MHC class Il alleles at the
HLA-DRB1 locus.12 MHC class 11 alleles are expressed by professional antigen presenting
cells (APCs) that engulf extracellular antigens and serve to present processed peptides to
CDA4+ T cells. CD4+ T helper cells are therefore implicated as major drivers of autoimmune
responses that secrete pro-inflammatory cytokines, provide help to CTLs to kill target cells,
and stimulate B cells to make high-titer autoantibodies of the IgG subclass.13

The repertoire of peptides from a protein antigen that are ultimately presented in the groove
of MHC class Il molecules can be significantly affected by changes in antigen structure.
Intact or partially unfolded protein antigens enter the MHC class 11 antigen processing
pathway and can be protected from lysosomal cathepsin cleavage by binding to MHC class

I1 molecules.141% Early proteolytic events, including those that occur prior to exposure to
the antigen processing machinery,16-18 can affect these events and the nature of the peptides
that are ultimately presented by MHC class Il molecules. In addition, there is a hierarchy in
how efficiently peptides from a protein are presented to T cells, such that not all possible
peptides from a given antigen are encountered by CD4+ T cells during development.1? In the
thymus, CD4+ T cells with high affinity for abundantly presented self-peptides (dominant
peptides) are induced to die by apoptosis or rendered tolerant, whereas those recognizing
poorly or never presented peptides (cryptic peptides) may survive and enter the circulation.1?
T cells recognizing cryptic peptides generated under inflammatory conditions that modify
antigen structure and processing have been hypothesized to contribute to the development of
autoimmune diseases.20-22

Rheumatoid arthritis (RA) is a common systemic autoimmune disease in which GrB
modification of antigens is suspected. RA is characterized by immune-mediated damage to
synovial joints and is strongly associated with a specific group of MHC class 1l alleles called
the “shared epitope” alleles (SE).3 The SE includes HLA-DR1 (DR1) and HLA-DR4 (DR4)
and is associated with the development of autoantibodies to citrullinated proteins in patients
with RA. Citrullinated proteins are generated through the post-translational modification of
arginine residues to citrulline by peptidylarginine deiminase (PAD) enzymes.23 One of these
enzymes, PADA4, is targeted by autoantibodies in 35% of patients with RA, and anti-PAD4
antibodies are associated with severe joint disease that progresses despite treatment.24:25
Despite the detection of high-titer anti-PADA4 1gG in these patients, PAD4-specific T cells
have not yet been described. PAD4 is also cleaved by GrB at a single site, aspartic acid 388
(D388),2° and increased levels of GrB are observed in the joints and serum of RA patients
with more erosive and progressive disease.26-29

J Proteome Res. Author manuscript; available in PMC 2018 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Darrah et al.

Page 4

Taken together, (i) the strong association of specific MHC class Il molecules with the
development of RA, (ii) the presence of anti-PAD4 antibodies and increased GrB levels in
RA patients with severe disease, and (iii) susceptibility of PADA4 to proteolysis by GrB
suggest that GrB might contribute to RA pathogenesis by exposing cryptic PAD4 epitopes
capable of stimulating autoreactive T cells. To study this mechanism, a complementary set
of proteomic and immunologic techniques were employed to define GrB-induced changes
on PAD4 structure, processing, and immunogenicity. Hydrogen—deuterium exchange (HDX)
coupled to tandem mass spectrometry (MS/MS) was utilized to assess dynamic changes in
the PADA4 structure induced by GrB cleavage.30 In parallel, a minimalist cell-free MHC class
Il antigen processing system was utilized to define the effect of proteolysis by GrB on the
processing and presentation of PAD4 peptides by the SE allele DR1.31 These approaches
revealed that GrB-mediated cleavage of PAD4 induced discrete structural changes that
enhanced the presentation of immunogenic PAD4 epitopes by DR1 and stimulated
autoreactive T cells in the circulation of DR1/DR4-positive RA patients. This work suggests
mechanism through which GrB contributes to the generation of cryptic epitopes in
autoimmune disease.

MATERIALS AND METHODS

Study Approval and Statistical Analysis

PBMCs and autologous sera were obtained from patients with established RA, scleroderma,
psoriatic arthritis, or healthy controls at the Johns Hopkins University under written
informed consent under the auspices of the Johns Hopkins Institutional Review Board. RA
patients were grouped according to the presence or absence of PAD4 peptide T cell
responses, and clinical characteristics were compared. ¢tests were used for group-wise
comparisons of normally distributed continuous variables; the Kruskal-Wallis test was used
for group-wise comparisons of non-normally distributed variables; and two-sided Fisher’s
Exact tests were used for group-wise comparisons of categorical variables. Analyses were
performed using Graph-Pad Prism 6 and STATA software.

HLA-DR Genotyping

Intermediate resolution MHC class Il genotyping was performed by the Johns Hopkins
Immunogenetics Laboratory, and individuals with at least one copy of DRp1*01 or
DRP1*04 were selected for subsequent studies.

Recombinant Proteins and Peptides

Recombinant N-terminal 6xHis tagged PAD4 (NP_036519) was expressed and purified from
BL21(DE3) pLysS competent cells as previously described.?> The CEFT selected MHC
class Il peptide pool (PT-PA-CEFT-001-1) containing a mixture of CMV, EBV, influenza,
and tetanus toxoid peptides was purchased from Axxora and served as a positive control for
T cell activation. PAD4 peptides and a negative control peptide from RNA polymerase 111
(POLR3A, NP_008986) with known affinity for DR1 (IGTGLFKLLHKADRDPN)?Z were
synthesized by Elim Biopharmaceuticals to >90% purity.
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Granzyme B Cleavage Assay

For T cell stimulation and MHC class Il antigen processing assays, recombinant His-PAD4
was incubated at 37 °C for 1 h in the absence or presence of 80 nM recombinant human GrB
in 1:10 diluted PBS. GrB alone and buffer only controls were also included. GrB cleavage
was confirmed by separating proteins by SDS PAGE and subsequent Coomassie stain. For
HDX assays, 20 UM His-PAD4 was diluted to 7.5 puM with reaction buffer (7.5 mM Tris,
150 mM NaCl, 0.4 mM EDTA, 4% glycerol, 4 mM p-mercaptoethanol) and incubated with
3.25 UM GrB for 2 h at 37 °C.

Hydrogen-Deuterium Exchange Analysis

Bottom-up HDX was performed using methods similar to previous descriptions.32 A
comprehensive PAD4 peptide map (described in more detail in “Supporting Information (SI)
methods”) was generated by combining peptides detected from intact and GrB-cleaved
PAD4 and provided nearly complete coverage of PAD4, allowing HDX data to be obtained
over the entire molecule. For HDX MS experiments, intact or cleaved PAD4 was HDX-
labeled by incubating in DO reaction buffer (7.5 mM Tris, 150 mM NaCl, 0.4 mM EDTA,
4% glycerol, 4 mM B-mercaptoethanol) for 10, 30, 60, 300, 900, or 3600 s at 20 °C in
quadruplicate, quenched with 3 M urea/1% v/v trifluoroacetic acid, and digested at 1 °C
prior to LCMS analysis. Peptides were separated by C8 trap and C18 column with 9.5 min
HPLC (5 to 15% B over 0.1 min, linear increase to 50% B over 5.4 min, then to 98% B
within 0.5 min; Eksigent) and analyzed by ESI high-resolution MS (m/z 300—2000) on an
Exactive orbitrap mass spectrometer (Thermo Scientific) at 50 pL/min. The percent
deuteration (%D) of each peptide was determined for each time point by normalizing
measured deuterium content to the expected deuterium of 100% deuterated peptide and
correcting for an estimated average deuterium recovery of 70% using the software HD
Desktop.33 %D was plotted over HDX incubation time for each peptide of intact and GrB-
cleaved PAD4 and analyzed by two-way ANOVA to identify peptides that underwent
significant changes in deuteration following GrB cleavage. The %D difference was
calculated by subtracting the aggregated %D values of intact PAD4 peptides from those of
GrB-cleaved PAD4 over the on-exchange time from 10 to 3600 s.33

Cell-Free MHC Class Il Antigen Processing System

Intact PAD4 or GrB-cleaved PAD4 were incubated with recombinant HLA-DR1 for 3 h at
37 °C in citrate buffer pH 5.0 as previously described.3! Briefly, Cathepsins B (bovine
spleen, Sigma), H (human liver, Calbiochem), and S (human recombinant produced in E.
coli, Calbiochem) were then added and incubated for an additional 2 h with 6 mM L-cysteine
and 4 mM EDTA. The reaction was quenched by raising the pH to 7.5 and adding 10 mM
iodoacetamide prior to immunoprecipitation of DR1/peptide complexes with anti-HLA-DR
antibody (L243). Bound peptides were eluted with 1% TFA and filtered through a 10 kDa
column to isolate peptides. Peptides were analyzed by liquid chromatography/tandem mass
spectrometry (LC-MS/MS) using an LTQ Orbitrap Velos (Thermo Scientific) interfaced
with a nanoAcquity UPLC system (Waters). Precursor and the fragment ions were analyzed
at resolutions of 60,000 and 15,000, respectively, using the 371 m/z siloxane ion for a lock
mass. Peptides were identified from Mascot (v2.5.1, Matrix Sciences) searches through the
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Proteome Discoverer (v1.4, Thermo Scientific) against the sample’s species proteins in
RefSeq 2012 database with a 1% false discovery rate confidence threshold based on
concatenated reverse database searches (see “Sl Methods” for additional mass spectrometry
methods). For analysis of the nested sets of peptides, the areas (ion counts x second) of each
peptide in the nested set were calculated and summed. This total nested peak area was
normalized to the total nested peak area of a DR1 peptide set to account for the amount of
DR1 added to each sample.

PBMC Stimulation and Flow Cytometry

PBMCs from patients with RA, scleroderma, psoriatic arthritis, and healthy controls were
isolated by Ficoll density centrifugation and plated at 1.5 x 10° cells per well in a flat-
bottom 96 well plate in RPMI supplemented with 5% autologous serum, as previously
described.? In brief, anti-CD40 antibody was added to cultures to maintain cell-surface
expression of CD154. For whole protein experiments, cells were stimulated with 15 pg/mL
of intact PAD4, 15 pg/mL GrB-cleaved PAD4, GrB alone, or reaction buffer for 18 h at

37 °C. For peptide experiments, cells were stimulated with 2.5 uM PAD4 or control peptides
for 18 h at 37 °C. Cells were harvested, washed in PBS, and stained with anti-CD3 BV510,
anti-CD4 Pacific Blue, anti-CD8 APC-H7, anti-CD154 PE, and Invitrogen blue LIVE/
DEAD stain prior to flow cytometric analysis. The % live CD3+, CD4+, CD8-, and
CD154+ lymphocytes were determined using FCS express 5 flow research analysis
software. The % CD4+CD154+ T cells observed over background activation to buffer alone
(PADA4 protein studies) or the negative control POLR3A peptide (PAD4 peptide studies) was
reported.

Protein Structure Images

Structures were made by overlaying the corresponding color codes for %D, %D difference,
or PADA4 peptides identified by the cell-free system onto the calcium-free crystal structure of
PADA4, protein data bank (PDB) ID 1WD83* using the PyMOL Molecular Graphics System,
version 1.2r3pre (Schrodinger, LLC).

RESULTS

GrB Cleavage of PAD4 Enhanced Immunogenicity in a Subset of RA Patients

Circulation of anti-PAD4 IgG in a subset of patients with RA24:25 suggests the existence of
PADA4-specific CD4+ T helper cells, although such cells have not been described to date. For
determining if RA patients have PAD4-specific T cells, peripheral blood mononuclear cells
(PBMCs) from RA patients (n = 11), healthy controls (/7= 2), and scleroderma disease
controls (n7=5) were stimulated with intact PAD4, and upregulation of the early activation
marker CD154 was measured by flow cytometry. Using a cutoff of three standard deviations
above the mean of the non-RA controls, PAD4-reactive T cells were detected in PBMCs
from 6/11 (54%) patients with RA, and RA patients had a significantly higher percentage of
CD4+CD154+ T cells (p= 0.03; Figure 1A) compared to non-RA controls following
stimulation with intact PAD4.
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In parallel, the effect of GrB cleavage of PAD4 on immunogenicity was explored by
stimulating RA patient and non-RA control PBMCs with GrB-cleaved PAD4 or GrB alone.
Following stimulation of PBMCs with GrB-cleaved PAD4, the same 6/11 (54.5%) RA
patients upregulated CD154, and the mean percentage of activated CD154+CD4+ T cells
was significantly increased compared to non-RA controls (p = 0.02; Figure 1B). However,
RA patient T cells responded more robustly to GrB-cleaved PAD4 than to intact PAD4 (p =
0.01; Figure 1C). This trend was not observed with non-RA control cells (o= 0.28; Figure
1C), and there was no significant difference in response to GrB alone (p = 0.21; Figure 1D).
This suggests that GrB-cleaved PAD4 is more immunogenic in a subset of patients with RA
that have circulating PAD4-specific T cells, possibly due to alterations in antigen processing
and exposure of cryptic PAD4 epitopes.

GrB Cleavage Induced Discrete Structural Changes in PAD4

To determine if proteolysis by GrB induces changes in the PAD4 protein structure that may
alter MHC class Il antigen processing, the effect of GrB cleavage on PADA4 protein structure
was explored using HDX. HDX is a method for obtaining structural information on dynamic
processes, including real-time conformational changes that are not amenable to study by X-
ray crystallography.30:32 Structural information is obtained based on the rate at which amide
hydrogens (~NH) in the protein backbone are exchanged for deuterium (a heavy isotope of
hydrogen) atoms in a solution of heavy water (D,0). The rate of HDX is highly dependent
on the local protein structure with flexible unstructured portions of a protein undergoing
rapid rates of exchange and highly organized regions with extensive hydrogen bonding
undergoing slower rates of exchange.3® This powerful method can identify regions of the
PAD4 protein that become unstructured following proteolysis by GrB.

Following HDX, the PAD4 protein was digested and analyzed by MS to measure the
incorporation of deuterium, indicated by a shift in one mass unit per hydrogen exchanged.
The peptide profile generated for intact PAD4 demonstrated complete coverage of the
protein (Figure S1), and consistent with the known dimeric organized protein structure,34
HDX-MS revealed that most regions of PAD4 exhibited low rates of deuterium exchange.
Highly structured areas such as a-helices and p-sheets (Figure S2) were the most protected
from HDX, whereas flexible loops, linker regions, and calcium binding sites had higher rates
of HDX. The GrB cleavage site in PAD4 at D388, located within a surface-exposed
disordered loop too unstructured to obtain crystallographic data,2>34 exhibited >90% HDX.

The HDX profile of GrB-cleaved PAD4 was compared with that of intact PAD4 to identify
regions that became disordered following cleavage (Figure 2A). This confirmed that GrB
cleaved PAD4 exclusively at D388 (Figure 2A). Novel peptides with HDX rates of >90% at
F389-L410 and P372-D388 were detected at this site, corresponding to the newly created
flexible N- and C-termini (Figure 2B). The most significant structural changes in PAD4
occurred within 150 amino acids of the GrB cleavage site, at the interface between the N-
and C-terminal domains as well as in residues important for calcium ion and substrate
binding (Figure 2B). Although specific regions of PAD4 became more disordered following
proteolysis by GrB, the majority of the PAD4 structure remained unchanged. Of 50
representative PAD4 peptides that provide full protein sequence coverage, only 19 (38%)
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demonstrated statistically significant increases in structural dynamics following cleavage
with GrB (p < 0.001; Figure 3 and Figure S3). HDX revealed that cleavage of PAD4 by GrB
at D388 induced discrete structural changes in regions both adjacent to and remote from the
GrB cleavage site. Importantly, GrB-induced changes in the PAD4 protein structure may
alter downstream processing and lead to the presentation of cryptic PAD4 peptides.

GrB Cleavage of PAD4 Enhanced Presentation of GrB-Exposed Peptides

Studies have shown that even minor changes to the three-dimensional structure of a protein
antigen can alter its processing and presentation of epitopes.16-18 As such, flexible strands in
a protein are more accessible to the antigen processing machinery and are susceptible to
proteolysis by antigen processing enzymes or capture by MHC class 11 molecules,14-16:36
For assessing the effects that GrB-induced structural changes have on PAD4 antigen
processing, a reductionist cell-free MHC class Il antigen processing system, which has
proven to be sufficient for processing of full-length antigens and identifying
immunodominant epitopes, was utilized.18:31 This system is composed of only four purified
components: an MHC class Il molecule (in this case, the RA risk allele DR1) and three
cathepsins (B, H, and S). Combined with high-resolution mass spectrometry for analysis of
the peptides eluted from MHC class Il molecules, the results provide clear answers about the
processing and presentation of peptides from protein antigens.

In general, MHC class 1 eluted peptides tend to exist as nested sets in which peptides share
a common core sequence but have variable lengths at the N-and C-termini due to the open
nature of the MHC class 11 peptide binding groove.3” When intact or GrB-cleaved PAD4
was processed by the cell-free antigen processing system, nested sets of peptides comprising
eight core PAD4 epitopes were identified: MAQ(1-17), ASP(44-61), LTM(78-93), ISY (94—
105), IGY(354-368), RGP(394-405), QAL (445-461), and VGH(468-485) (Table 1). For
determining if GrB cleavage of PAD4 affected either the number of unique peptide
sequences or the amount of specific peptide sequences presented by DR1, peptides
belonging to the nested sets were identified and quantified. The relative quantity of each
detected peptide sequence was determined by normalizing the area under the peptide peak to
a nested set of DR1-derived peptides as an internal control for the amount of DR1 added to
each sample (Table S1).

Analysis of the PAD4 peptides revealed that GrB-cleavage of PAD4 led to a 2- to 4-fold
increase in the number of unique peptide sequences belonging to the MAQ, IGY, and QAL
sets (Table 1 and Tables S2, S6, and S8). Proteolysis by GrB also increased the relative
amount of specific peptide sequences in the MAQ, IGY, RGP, and QAL nested sets by 3- to
39-fold (Figure 4A, Table 1, and Tables S2 and S6-8). These are all derived from regions
shown to undergo changes in structure by HDX following cleavage by GrB (Figure 2B). In
contrast, presentation of peptides in the ASP, LTM, and ISY nested sets, which did not
undergo structural changes after cleavage by GrB, was less affected (Figure 4B and Table
S3-5). Presentation of peptides in the VGH nested set was also minimally affected despite
this region becoming exposed following cleavage with GrB (Figure 4A and Table S9).
Importantly, PAD4 epitopes, which demonstrated the most dramatic increases in antigen
presentation following cleavage with GrB, colocalized to regions that were shown by HDX
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to be exposed following cleavage. These epitopes were located at the newly created N- and
C-termini generated by GrB cleavage as well as on the inner surface of the PAD4 dimer
(Figure 4C). The peptides whose presentation was not affected by GrB were derived from
regions on the outside surface of the PAD4 dimer, predominantly in the N-terminal domain.
These data suggest a direct role for GrB-induced structural changes in increasing
presentation of cryptic PAD4 peptides.

RA Patients Have T Cells Recognizing GrB-Exposed PAD4 Peptides

GrB-induced alterations in PAD4 structure and enhanced presentation of PAD4 peptides
may be important for breaking immune tolerance to PAD4 in patients with RA. Although
these initiating events likely take place early in disease prior to the onset of RA symptoms, it
is only possible to study these patients once clinical disease is apparent, often years after
these events have occurred.3 In this regard, CD4+ T cell responses to GrB-exposed PAD4
peptides may represent an immunologic record of these initiating events. For determining if
this mechanism is active in patients with RA, PBMCs from RA patients (7= 19) and non-
RA controls (n7= 2 healthy controls, 7= 2 psoriatic arthritis patients, and /7= 6 scleroderma
patients) were stimulated with a panel of PAD4 peptides presented by DR1 in the cell-free
antigen processing system (Table 1). All patients and controls were positive for DR1 and/or
the related MHC class 1l molecule DR4, both of which are SE alleles associated with the
development of RA.

Robust upregulation of CD154, over 3 standard deviations above the mean of the non-RA
controls, was observed on CD4+ T cells from 5/19 (26%) RA patients in response to PAD4
peptides and from 1/10 (10%) non-RA controls (Figure 5A). Importantly, RA patients and
non-RA controls responded similarly to a pool of peptides from infectious sources (CMV,
EBV, Flu, and Tetanus (CEFT)). Of the five RA patients responding to PAD4 peptides, four
upregulated CD154 in response to at least one peptide whose presentation was enhanced by
GrB. Despite the small sample size, analysis of available genetic, serological, and clinical
characteristics revealed that the median level of C-reactive protein (CRP), an acute phase
reactant that is elevated in the setting of inflammation, was more than 3-fold higher in
patients with PAD4 peptide-specific T cells than that of patients who did not have robust T
cell responses (median 2.1 vs 0.6 mg/L; p=0.042) (Table 2). Interestingly, although these
PADA4 peptides were identified based on binding to DR1 in the cell-free assay, all of the
responding patients had DR4 alleles, and 4/5 (80%) coexpressed DR1 and DR4. The T cell
responses to PAD4 peptides were significantly higher in RA patients who expressed DR4
alone (p=0.004) or who coexpressed DR1 and DR4 (p = 0.0001) (Figure 5B and C). These
data demonstrate that DR4-positive RA patients have circulating T cells that recognize
PADA4 epitopes for which presentation is enhanced following proteolysis of PAD4 by GrB
and represents an immunologic record of this mechanism occurring in vivo.

CONCLUSIONS

GrB has been implicated in the generation of autoantigens in autoimmune diseases by
altering antigen processing, but there is a paucity of direct experimental evidence to support
this hypothesis in human disease. In this study, the parallel and complementary proteomic
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approaches of HDX and a cell-free MHC class 1l antigen processing system converged to
identify regions of the PADA4 protein that undergo structural changes and increased antigen
presentation following cleavage by GrB at D388. These GrB-exposed peptides stimulated
PADA4-specific CD4+ T cells present in the circulation of DR4-positive patients with RA and
is the first demonstration that such cells exist in patients with RA and that GrB can expose
immunogenic epitopes from an autoantigen.

The work presented here supports the emerging concept that proteolysis of autoantigens
prior to normal antigen processing can enhance the presentation of cryptic epitopes.20-22
Proteolytic events mediated by proteases not present in the thymus or APCs may lead to the
presentation of cryptic peptides and stimulation of autoreactive T cells at sights of
inflammation. Recent studies from Mohan et al. have shown that a subset of autoreactive T
cells were stimulated by a cryptic insulin peptide that was only generated at sites of tissue
damage in the pancreas but not by normal processing of intact insulin protein by APCs.38:39
Similarly, the finding that RA patients have T cells that recognize GrB-exposed PAD4
peptides suggests that these T cells may be activated by PAD4 peptides uniquely generated
in the RA target tissue. Importantly, GrB is upregulated by CTLs following antigen-specific
stimulation but is not expressed by APCs or at high levels in the thymus where immune
tolerance to PAD4 is established.4%41 However, tolerance to PAD4 may be broken in the
inflamed RA joint if GrB cleaves PAD4 and exposes cryptic PAD4 epitopes capable of
stimulating autoreactive T cells that have escaped deletion in the thymus. In this regard, high
levels of soluble GrB and GrB-expressing cells are present in the synovial fluid of patients
with RA,26:27 35 are soluble PAD4 and PAD4-expressing cells.#243 Although cleavage of
PAD4 by GrB in the joints of patients with RA has not yet been demonstrated, the detection
of T cells recognizing GrB-exposed PAD4 peptides suggests that this mechanism is
operative in vivo. In addition to GrB cleavage, there are other factors that may influence
PADA4 antigen processing and presentation including autoantibody binding,242°
autocitrullination,** and cleavage by other proteases known to be present in the inflamed RA
joint.#> Understanding the contribution of these factors to the generation of cryptic PAD4
epitopes is a priority.

The detection of PAD4-specific T cells in patients with RA is significant given the
substantial challenges to studying human CD4+ T cell responses in autoimmune diseases
including the marked heterogeneity in the human population, the low precursor frequency of
autoantigen-specific T cells in the circulation relative to the target tissue,*6 and the
immunomodulatory effects of disease-modifying antirheumatic drugs (DMARDs).4” The
immunologic studies shown here were performed using circulating PBMCs from RA
patients with long-standing disease that was well controlled with one or more DMARDs,
including targeted biological therapies (Table 2). These therapies are designed to attenuate
immune responses through inhibiting inflammatory cytokines, decreasing immune cell
proliferation, preventing costimulation of T cells, and decreasing inflammation.4”
Furthermore, it is known that T cell responses evolve over the course of disease, and epitope
spreading occurs in which additional epitopes from a given antigen are recognized.*8 Thus,
the T cells involved in breaking tolerance to a particular autoantigen like PAD4 may not be
required later to propagate established disease. These factors may have contributed to the
heterogeneity in responses observed between individual patients and lack of correlation
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between anti-PAD4 antibodies and PAD4-specific T cells. Despite these limitations, the
detection of T cells recognizing GrB-exposed PAD4 peptides suggests that enhanced
presentation of PAD4 peptides by GrB has occurred in a subset of patients with RA. Future
studies utilizing PBMCs from DR4 positive patients with early RA, prior to the initiation of
immune modulatory therapies, are needed to study events closer to disease initiation and
determine the relationship of PAD4-specific T cells to serological and clinical findings.

The finding that a subset of DR4-positive RA patients have circulating CD4+ T cells specific
for GrB-exposed PADA4 peptides suggests a mechanistic role for GrB in generating cryptic
PAD4 epitopes. This study has implications for numerous other autoimmune diseases in
which commonly targeted autoantigens are substrates for GrB.1! It has been hypothesized
that regulation of pathogenic T cells responsible for breaking tolerance early in disease may
result in collapse of the autoimmune network and amelioration of disease.*8 Indeed, in
murine models of autoimmune diseases, nanoparticles targeting antigen-specific T cells
induced an anti-inflammatory phenotype in disease-associated T, B, and dendritic cells and
attenuated disease.4® Thus, defining mechanisms that result in the early steps of pathogenic
T cell activation may not only have important implications for disease monitoring but could
also assist in the development of antigen-specific immunotherapy.

Supplementary Material
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LC-MS liquid chromatography/mass spectrometry
LC-MS/MS liquid chromatography/tandem mass spectrometry
MHC major histocompatibility
MS mass spectrometry
MS/MS tandem mass spectrometry
PAD4 peptidyl arginine deiminase 1V
PBMCs peripheral blood mononuclear cells
PDB protein data bank
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Figure 1.

GrB-cleaved PAD4 is more immunogenic in a subset of patients with RA. PBMCs from
patients with RA (n=11) and non-RA controls (7= 2 healthy and /7= 3 scleroderma
controls) were stimulated with intact PAD4 (A), GrB-cleaved PAD4 (B), and GrB only (D)
for 18 h. CD154 upregulation on CD4+ T cells was determined, and the % CD154+CD4+ T
cells for each treatment condition minus background stimulation with buffer alone is shown
on the y~axis. The threshold for a positive T cell response was set at three standard
deviations above the mean of the non-RA controls for intact PAD4 (— at 0.31) or cleaved
PAD4 (— at 0.53). (C) The change in % CD154+CD4+ T cells among individual RA
patients (n = 10) and controls (r7=15) in response to intact vs cleaved PAD4 is shown. The
RA patient with a background response to GrB alone was omitted because the independent
response to GrB-cleaved PAD4 products could not be determined. Data were analyzed by an
unpaired two-tailed #test with Welch’s correction (A—C) or a paired Student’s ftest (D): *
represents a significant p-value of <0.05.
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Figure 2.
GrB cleavage of PAD4 induced structural changes adjacent to and remote from the cleavage

site. (A) A differential HDX profile was generated indicating regions of the PAD4 protein
that were exposed following proteolysis by GrB and was superimposed onto the calcium-
free PAD4 dimeric crystal structure (PDB ID: 1WD8).34 The GrB cleavage site (*)
demonstrates increased structural dynamics with the formation of new N- and C-termini
(shown in red). (B) The linear differential HDX profile indicates the secondary structure
elements (a-helices and B-strands), residues important for dimer formation (purple box),
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calcium binding (green box), and substrate binding (blue box), as well as the GrB cleavage
site (red box). The %D difference was calculated by subtracting the %D observed for each
peptide derived from intact PAD4 from that observed from peptides derived from GrB-
cleaved PAD4 and is represented by a color-coded scale. Peptides identified by the cell-free
MHC class Il antigen processing system are underlined. HDX-MS was performed on intact
and GrB-cleaved PAD4 in quadruplicate.
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Figure 3.

GrB induced significant changes in the structural dynamics of distinct peptides located

throughout the PAD4 protein. (A—H) HDX data of GrB-cleaved PAD4 (light gray line) and
intact PAD4 (black line) are plotted as % incorporation of deuterium as a function of
incubation time on a log scale in seconds (s). Data were analyzed by two-way ANOVA
analysis: *** represents p < 0.001; * represents p < 0.05, and ns represents a non-significant
difference. The error bars represent the standard deviations from four independent HDX
experiments. The individual PAD4 peptides shown are indicated by residue number and are
50 representative peptides identified in both the intact and cleaved PAD4 samples (additional
data shown in Figure S3).
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A Nested Sets Exposed by GrB cleavage using HDX-MS
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Figure 4.
GrB cleavage of PAD4 enhanced the presentation of GrB-exposed epitopes. The normalized

amount of PAD4 peptides in each nested set derived from intact PAD4 or GrB-cleaved PAD4
using the cell-free system is shown as “total peak area”. Nested sets were grouped according
to whether they were derived from regions of PADA4 that were exposed by GrB cleavage (A)
or remained structurally unchanged following GrB cleavage (B) using HDX. (C) The
peptides identified by the cell-free system are indicated on a surface rendering of the PAD4
dimer (PBD ID: 1WDA)3* using PyMOL software. Peptides derived from regions that did

J Proteome Res. Author manuscript; available in PMC 2018 January 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Darrah et al.

Page 21

not change following GrB cleavage by HDX are indicated as “unchanged” (blue area).
Peptides that were derived from regions that changed with GrB cleavage are indicated as
“GrB-exposed” (orange and yellow areas). The GrB cleavage site is shown (red area).
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Figure 5.
RA patients have T cells recognizing GrB-exposed PAD4 peptides. (A) PBMCs from DR1

and/or DR4 positive patients with RA (7= 19) or non-RA disease and healthy controls (7=
6 scleroderma patients, n= 2 psoriatic arthritis patients, and 7= 2 healthy controls) were
stimulated with peptides identified by the cell-free antigen processing system or CEFT (a
pool of peptides from infectious antigens). The % CD154+CD4+ T cells for each patient
following incubation with the peptides over background stimulation to the negative control
POLRS3 peptide is shown. Dotted lines indicate 1 standard deviation (0.08), 2 standard
deviations (0.13), and 3 standard deviations (0.18) above the mean of the non-RA controls.
(B) RA patients are grouped according to the presence of DR4 (B) or DR1 and DR4 (C)
alleles, and T cell responses to PAD4 peptides over the negative control are shown. Data
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were analyzed using a Wilcoxon rank-sum (Mann-Whitney) test and the median, IQR, and
p-values are shown; p < 0.05 was considered significant.
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Table 2

Clinical Characteristics of RA Patients Grouped by PAD4 T Cell Status?

Page 25

total group 1 T cell negative  group 2 T cell positive  group 1 vs group 2

(n=19) (n=14) (n=5) p-value
gender, % female 58 57 60 0.99
racel 9% caucasian 94 (n=18) 92 (n=13) 100 0.99
age, mean years + SD 64 +9 64+ 10 65+7 0.82
RA duration, years 18 (13-28) 17 (13-30) 19 (14-20) 0.59
DR1 positive, % 74 71 80 0.99
DR4 positive, % 63 50 100 0.11
DR1 and DR4 positive, % 42 29 80 0.11
anti-CCP, % 100 100 100 0.99
anti-CCPY, units 100 (64-160) (7=18) 100 (64-160) (7=13) 100 (96-122) 0.92
anti-PAD4, % 63 64 60 0.99
CRPY, mg/L 0.8(0.4-1.6) (n=17) 0.6 (0.4-1.0) (7=13) 2.1 (1.2-3.2) (n=4) 0.042
CDAI score? 6.0 (1.0-9.5) (n=15) 5.6 (1.0-11.0) (n=12) 6.0 (1.3-6.0) (7= 3) 0.77
prednisone?, % 24 (n=17) 23 (n=13) 25(n=4) 0.99
nonbiologic DMARDSb, o 16(n=17) 77 (n=13) 75 (n=4) 0.99
biologic DMARDs?, % 76 (n=17) 69 (n=13) 100 (7=4) 0.52

a. .. . . .
Median (interquartile range) depicted unless otherwise noted.

Only patients with available data were included; nis indicated.

Anti-CCP = anticyclic citrullinated peptide antibodies; CDAI = clinical disease activity index; CRP = C-reactive protein; DMARDs = disease-
modifying antirheumatic drugs including nonbiologic (methotrexate, sulfasalazine, leflunomide, and/or hydroxychloroquine) and biologic
(monoclonal antibody inhibitors of TNFa, IL-6, or T cell costimulation); SD = standard deviation.
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