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Abstract

Background

Inflammation is an important risk factor in atherosclerosis, the underlying cause of coronary
artery disease (CAD). Unresolved inflammation may result in maladaptive immune
responses and lead to immune reactivity to self-antigens. We hypothesized that inflamma-
tion in CAD patients would manifest in immune reactivity to self-antigens detectable in solu-
ble HLA-I/peptide complexes in the plasma.

Methods

Soluble HLA-I/peptide complexes were immuno-precipitated from plasma of male acute cor-
onary syndrome (ACS) patients or age-matched controls and eluted peptides were sub-
jected to mass spectrometry to generate the immunopeptidome. Self-peptides were ranked
according to frequency and signal intensity, then mouse homologs of selected peptides
were used to test immunologic recall in spleens of male apoE-/- mice fed either normal chow
or high fat diet. The peptide detected with highest frequency in patient plasma samples and
provoked T cell responses in mouse studies was selected for use as a self-antigen to stimu-
late CAD patient peripheral blood mononuclear cells (PBMCs).

Results

The immunopeptidome profile identified self-peptides unique to the CAD patients. The
mouse homologs tested showed immune responses in apoE-/- mice. Keratin 8 was selected
for further study in patient PBMCs which elicited T Effector cell responses in CAD patients
compared to controls, associated with reduced PD-1 mRNA expression.
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Conclusion

An immunopeptidomic strategy to search for self-antigens potentially involved in CAD identi-
fied Keratin 8. Self-reactive immune response to Keratin 8 may be an important factor in the
inflammatory response in CAD.

Introduction

Inflammation plays an important role in atherosclerosis, the underlying cause of coronary
artery disease (CAD) [1]. It is a significant risk factor for a cardiovascular event underscored
by the outcome of the CANTOS trial [2], where residual inflammatory risk [3,4] was targeted
for therapy. Clinical biomarkers of inflammation in CAD do not completely disclose the fun-
damental characteristics of the process nor do they reveal the pathways involved.

Unresolved inflammation by the innate immune response will have effects on the adaptive
immune system [5], as reported in CAD patients [6]. The underlying simmering inflammation
in CAD patients [2] may result in maladaptation of the adaptive immune responses toward
self-antigens [7]. Investigations of potential self-antigens in CAD have focused primarily on
LDL [8,9], or apoB-100 specifically [10-13]. However, the multi-factorial nature of CAD
makes it unlikely that self-antigens in CAD would be limited to LDL-derived antigens. Self-
antigens become unintended targets of the maladaptive immune response in unresolved
inflammatory conditions. Self-antigens are processed through proteasomal degradation of
intracellular proteins as part of normal cellular homeostasis and presented as self-peptides on
MHC-I molecules on the cell surface [14,15]. MHC-I molecules present self-peptides to CD8
+ T cells, which normally ignore or are tolerant to these self-antigens. This process is consid-
ered to be a key element of immune surveillance [15]. However, under conditions of persistent
inflammation in diseased states, response to self-antigens is altered and is postulated to con-
tribute to the development of autoimmunity [16]. Psoriasis is one such autoimmune condition
that is associated with increased risk of cardiovascular events [17] and a T cell-reactive self-
antigen in psoriasis has been identified [18]. Using the mouse homolog of the self-antigen, we
recently reported its potential as a T cell self-antigen in atherosclerosis [19], linking an autoim-
mune self-antigen and atherosclerosis. We were thus compelled to develop a method to iden-
tify and investigate other potential self-antigens in the context of CAD.

Shedding of the MHC-I/peptide complex has been exploited to identify potential self-reac-
tive antigens in disease [20,21]. We therefore hypothesized that self-antigens involved in CAD
are present as peptides complexed to soluble MHC-I shed during the disease process and that
this can be potentially exploited to generate an immune-peptidomic profile of self-antigens in
CAD.

We used immuno-precipitation (IP) of soluble MHC-I/peptide complexes from plasma
samples [20,21] of acute coronary syndrome (ACS) patients and subjected the peptides to
ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) to
identify potential self-antigens. ACS patient samples are suitable for our study because these
patients categorically have CAD. The antigenic potential of the identified self-peptides to pro-
voke Effector Memory (EM) T cell response was tested using mouse homologs in apoE-/-
mice. EM T cell response in mice was used based on the reports that correlated T Effector
Memory cells with CAD [6], and that the highest presence of the cell type in thin-cap
fibroatheroma and ruptured plaques in patients are T Effector Memory cells [22].

We then explored the translational relevance of our findings by testing the T Effector Mem-
ory response to peptide stimulation of PBMCs from CAD patients with one of the identified
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self-antigens—Keratin 8. Our study provides a strategy to identify and test novel self-antigens
that may be involved in CAD. The results may begin to shed new light on the pathways of
inflammatory signaling that contributes to CAD and have the potential to develop new para-
digms in understanding the disease.

Materials and methods

Patient plasma

Research was conducted according to the principles expressed in the Declaration of Helsinki.
Plasma samples were obtained from frozen aliquots that remained from a previously com-
pleted IRB-approved study called AZACS (AZythromycin in Acute Coronary Syndrome) [23].
Samples from 5 male patients aged 55-70 years old were randomly selected and used under an
IRB approved protocol (Pro00034283), which limited use of patient data for this study to age
and sex. Patient demographic and characteristics have been previously reported [23]. Plasma
samples from 5 age-matched male self-reported control volunteers were purchased (Innovative
Research).

Immuno-precipitation

One ml of plasma was subjected to immuno-precipitation (IP) using the capture antibody
against soluble HLA-A, -B, and -C (clone W6/32) coupled to agarose beads using a commer-
cially available kit (AminoLink Plus Coupling, Thermo Fisher). Bead conjugated antibody was
then added to plasma diluted 10x in TBS buffer with 0.01% PPS Silent Surfactant (Expedion)
and rotated for 18 hours in 4°C. After IP, samples were subjected to elution according to the
manufacturer’s instructions. An aliquot of the eluate was used for Western blot analysis to con-
firm the presence of the immuno-precipitated HLA proteins (clone EP1395Y). The samples
were heat denatured at 95°C for 10 minutes, cooled, and peptides were separated from the rest
of the IP eluate using size exclusion centrifugation columns cut-off at 3kD (Amicon). Western
blotting was performed to confirm separation of the filtrate containing the peptides from the
concentrate.

UPLC-MS/MS

The 3kD fraction, corresponding to the peptide samples were then subjected to UPLC- MS/
MS analysis at the Cedars-Sinai Mass Spectrometry and Biomarker Discovery Core Lab. Pep-
tides were desalted by C,5-StageTips [24], concentrated in a Speed Vac concentrator, and
reconstituted in 25 pL 0.2% formic acid. Subsequently, 10 uL peptide solution was injected and
loaded on a trap column (75 pm x 2 cm, Cy3), separated on an EASY-Spray analytical column
(PepMapTM RSLC C18, 2 um, 1004, 50 um x 15 cm), and analyzed by an LTQ Orbitrap Elite
hybrid mass spectrometer (Thermo Fisher) operated in the positive ion mode essentially as
described [25]. Mass spectra were acquired in a data-dependent manner, with automatic
switching between MS and MS/MS scans. In MS scans, the lock mass at 71/z 445.120025 was
applied to provide internal mass calibration [26]. For MS/MS scans with higher sensitivity, up
to 20 most intense peaks with charge state >2 were automatically selected for fragmentation
by rapid collisional-induced dissociation (rCID). The acquired MS data was searched against
the Uniprot_Human database (released on 02/20/2014, containing 88,647 sequences) using
the Andromeda algorithm [27] in the MaxQuant (v1.3.0.5) environment [28]. The MS/MS
peaks were deisotoped and searched using a 0.5 Da mass tolerance. Only peptide with a false
discovery rate (FDR) of <1% were accepted.
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CAD patient peptides

Identified peptides unique to the patient cohort were ranked according to frequency of occur-
rence among the patients. In addition, patient-unique peptides found in single patients were
ranked according to signal intensity. The 3 peptides highest ranked in frequency were selected
for further studies. The selected peptide sequences were then used to search for corresponding
mouse homologs using the BLAST search engine (NCBI). The selected homologous sequence
in the mouse protein was then flanked on each side (amino and carboxy ends) with the corre-
sponding 10 amino acids for that protein as reported by the BLAST output result, upstream
and downstream respectively. If the peptide was located at one of the terminals, then peptide
extension was done on one side only. It was postulated that flanking the peptides would reduce
the chance of low MHC-binding because of potential differences in the binding properties of
mouse and human epitopes.

Predicted MHC-I binding

To assess the potential binding of the homologous mouse peptides to mouse MHC-I, the pep-
tide sequences were tested in silico for predicted MHC-I binding scores using the IEDB epi-
tope analysis software [29-33] for H2-D® and H2-K" mouse alleles that are found in the
C57BI6 strain. Analysis was performed assuming an optimized epitope length of 9-mers for
H2-D® and 8-mers for H2-K® [34]. A score at or above the 20" percentile rank (i.e. 0.1-20 per-
centile rank) was considered to have potential binding to mouse MHC-I and were selected for
the studies.

Animals

The study was carried out in strict accordance with the protocols approved by the Institutional
Animal Care and Use Committee of Cedars-Sinai Medical Center (IACUC006000 and
IACUCO006703). Male apoE-/- mice were purchased from Jackson Lab. Male apoE-/-
FoxP3-GFP mice were used to assess GFP+ FoxP3 regulatory T cells [19,35]. One group of
mice was fed normal chow or high fat diet ad lib consisting of 0.15% cholesterol, 21% fat
(TD.88137, Envigo) for 6 weeks starting at 7 weeks of age and euthanized at 13 weeks of age.
Another group was maintained on normal chow and subjected to myocardial infarction (MI)
at 13 weeks of age and euthanized at 19 weeks of age, 6 weeks after the MI. Mice subjected to
either sham or MI surgery were injected with NSAID just prior to surgical procedure. For the
MI surgery, a left thoracotomy was performed under injectable anesthesia on mice with tra-
cheal intubation and the heart was visualized between the fourth and fifth ribs. The left ante-
rior descending coronary artery was permanently ligated and the infarct was confirmed by
blanching of the tissue. Sham surgery involved identical thoracotomy but no arterial ligation.
The incision was closed with sutures, analgesic was administered, and the mice observed for
recovery under a heat lamp. Analgesia was again administered 12 hours post-surgery. Echocar-
diography under inhalation anesthesia was performed using a Vevo 770 apparatus one day
prior to surgery and one day prior to euthanasia.

In vitro stimulation of splenocytes with peptides

Selected peptides were synthesized (LifeTein) at >95% purity. Spleens from mice were col-
lected at euthanasia and the splenocytes were isolated after RBC lysis. Cells were placed in cul-
ture medium at a density of 1x10%/ml, stimulated with peptides at 20pg/ml or vehicle as
control and incubated for 24 hours in a 37°C / 5% CO, incubator in RPMI medium (Thermo
Fisher) with 10% Heat Inactivated FBS (Omega Scientific), antibiotic-antimycotic (Gibco),
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and B-mercaptoethanol (Sigma). Harvested cells were washed in PBS and stained for viability
(LIVE/DEAD Fixable Violet stain) for flow cytometric analysis and using the following anti-
bodies for T Effector/Central Memory cells: CD4, CD8b, CD44, CD62L (eBioscience). FoxP3
was detected by GFP fluorescence. For cells aliquoted for intracellular cytokine staining, Mon-
ensin was added for the last 4 hours of culture. Antibodies for IFN-y and IL-10 were used for
intracellular cytokine staining after fixation and permeabilization of cells. Isotypes were used
as controls. Color compensation was performed using non-stained and single-stained cells.

Human PBMC

CAD patients included ACS and stable CAD. ACS patient peripheral blood mononuclear cells
(PBMCs) were isolated from blood collected within 72 hours of admission to the Cedars-Sinai
Coronary Intensive Care Unit for ST-elevation myocardial infarction (STEMI) and non-ST-
elevation myocardial infarction (NSTEMI). Written consent from patients were obtained
under the protocol Pro48880 approved by the Cedars-Sinai Medical Center IRB. Exclusions
were inability to give informed consent, age less than 18 years old, active cancer treated with
chemotherapy or radiation, patients taking immune-suppressive drugs, and pregnant women.
Stable CAD patient PBMCs were isolated from blood collected on the day of angiography,
written consent obtained under the approved IRB protocol Pro50839 with the same exclusions.
Consented data use was limited to age, sex, LDL levels and use/non-use of cholesterol-lowering
medication. PBMCs were isolated by Ficoll gradient centrifugation and cryo-preserved using
standard techniques. Cryo-preserved self-reported Control PBMCs were purchased (Immuno-
spot). PBMC donor subject characteristics are found in Table 1. All cells were stored in liquid
nitrogen until experiments were performed.

Peptide stimulation of human PBMC

Cryo-preserved cells were thawed and rinsed with anti-aggregate solution (Immunospot).
Cells were then plated at a density of 3x10%ml in RPMI 1640 medium supplemented with 10%
heat inactivated pooled human serum. Cells were stimulated with 20ug/ml Keratin 8 peptide
(LifeTein). Cells treated with 0.5x Cell Stimulation Cocktail (Thermo Fisher) containing PMA
and ionomycin served as positive control. Cells without stimulation served as negative control.
Forty-eight hours after plating, medium was replenished with the addition of 1/3 the original
volume. Cells were then collected 72 hours after plating and processed for fluorescent staining
for flow cytometry using the following antibodies: CD3, CD4, CD8, CD45RA, CD45RO,
CD62L, and CCR?7. Cell viability was assessed using LIVE/DEAD Fixable Violet stain.
Unstained cells were used as control for auto-fluorescence, single-stained cells were used for
fluorescent compensation, isotypes served as controls. T Effector cells were gated on CD62L(-)

Table 1. Human subject characteristics.

Control CAD (N=17)

(n=15) (Stable CAD N =7/ACSN = 10)
Mean Age 58.7 67.4(81.4/59.3)
Male (%) 70 82 (90/80)
Mean LDLc (mmol/L)* NA 2.49 (2.11/2.74)
Cholesterol-lowering (%)t NA 65 (100/40)

NA = Not available
*values for ACS obtained at enrollment, values for Stable CAD extracted from chart history

tconfirmed use of cholesterol-lowering medication.

https://doi.org/10.1371/journal.pone.0213025.t001
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CCR7(-) cells and subtyped using CD45RA and CD45RO [36-38]. The results are expressed as
Response Index calculated as:

(%Peptide stimulation — %No stimulation) < 100

%Positive control

The data are presented as such to control for individual differences among the samples in base-
line levels and maximal stimulation response.

ELISA (Abcam) was performed to determine IFN-y and IL-10 release in conditioned
medium collected from the cultured PBMCs. For samples with a sufficient number of cells, the
same cell density was plated with identical treatment as above for RNA studies. At cell collec-
tion after 72 hours of culture, total RNA was isolated using TRIzol (Thermo Fisher). Samples
were then subjected to qRT-PCR with SYBR green and a primer pair for human PD-1. Cyclo-
philin A served as reference gene. Results are expressed as fold-change relative to non-treated
cells of each sample using the ““Ct method.

Statistics

All data were tested for Normality of distribution and are reported as mean + SD. Data for
apoE-/- splenocyte stimulation that were normally distributed were analyzed using ANOVA
followed by Dunnett multiple comparisons test with no peptide as control. Splenocyte data not
normally distributed was analyzed using Kruskal-Wallis followed by Dunn’s multiple compari-
sons test with no peptide as control. Data for human PBMC that were normally distributed
were analyzed using unpaired t-test. Data not normally distributed were analyzed using
Mann-Whitney test. Significance was set at P<0.05.

Results
Immune precipitation and peptide elution from soluble class I HLA

Agarose beads conjugated with the anti-HLA antibody and the captured soluble HLA/peptide
complexes from plasma samples were subjected to elution to release immune-precipitated
complexes. An aliquot of the eluate was then used in Western blots, which confirmed the pres-
ence of the immune-precipitate (Fig 1A). The peptides were then released from the complex
using heat denaturation and subjected to size-exclusion centrifugation in 3kD cut-off columns.
An aliquot of the 3kD cut-off filtrate containing the peptides and the concentrate containing
the immune-precipitated HLA proteins were assessed using Western blots which confirmed
separation of the lower molecular-sized peptides from the HLA proteins (Fig 1B). The peptides
in the filtrate were then subjected to UPLC MS/MS analysis.

UPLC MS/MS identifies potential self-reactive antigens in patient samples

UPLC-MS/MS analysis identified peptides eluted from the immune-precipitate (Fig 2A). The
identified peptides were grouped according to the paradigm depicted in the Venn-diagram
(Fig 2B). Peptides identified as unique to patients were further ranked according to frequency
(Table 2). Of the 40 peptides found unique to the patients, 1 was common to 4/5 patients (Ker-
atin 8), 1 was common to 3/5 (Bleomycin Hydrolase), and 7 were common to 2/5 [ARID1a,
Desmocollin-1, Keratin 10 (2 peptides), Fibrinogen alpha, Keratin 1, and MEPCE]. The other
proteins identified were unique to only single patient samples and ranked according to signal
intensity (Table 2). The method thus identified novel self-antigens that may be potentially
involved in CAD. The top 3 patient-unique proteins common among patients (Keratin 8, Bleo-
mycin Hydrolase, and ARID1a) were selected for further study.
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Fig 1. Immuno-precipitation of soluble HLA-I/peptide complexes. (A) Representative Western blot of immuno-
precipitated (IP) soluble HLA-I/peptide complex eluted from agarose beads conjugated with anti-HLA-I antibody. (B)
Representative Western blot of filtrate (F) and concentrate (C) fractions of the complexes after heat denaturation and
3kD size-exclusion centrifugation.

https://doi.org/10.1371/journal.pone.0213025.g001

Mouse homolog search and peptide synthesis

Using the BLAST search tool, mouse homologs corresponding to the human peptides selected
for further study were identified. The human Keratin, type II cytoskeletal 8 peptide sequence
matched several isoforms of Keratin, type II in the mouse. The mouse isoform (Keratin 75) that
was a 100% match of the identified human peptide was selected for further studies, called Kera-
tin type II in this report given the highly conserved region of the matched peptide in Keratin
type II isoforms. For the other peptides, the region of the homologous mouse protein that
matched the human peptide sequence was selected for further study. Selected mouse peptides
were flanked with amino-acids corresponding to the published sequence on both the carboxy-
and amino- terminals (except Bleomycin Hydrolase because the homologous peptide is located
at the amino-terminal) as described in Methods. The matching, flanked mouse peptides were
synthesized at >95% purity and shown in Table 3. The flanked peptides were tested for MHC-I
binding to mouse H2-DP and H2-K® using the i silico prediction tool by IEDB (Table 4).

Immunologic memory to peptide antigens in mouse atherosclerosis

Given that atherosclerosis is the underlying condition that causes CAD, the potential for the
identified peptides to be self-reactive antigens in atherosclerosis was tested using splenocytes
from 13 week-old male apoE-/- mice fed normal chow. Male mice were used for the experi-
ment since the peptides were identified using plasma from male patients. Gating strategy for
fluorescent stains are depicted in Fig 3. There was no significant change in CD8+ Effector
Memory (EM) T cells by any of the peptides tested (Fig 4A). On the other hand, CD8+ Central
Memory (CM) T cells were significantly reduced by all the peptides tested (Fig 4B). The poten-
tial that some of the tested peptides may be reactive to MHC-II/CD4+ T cell signaling was also
assessed. There was no significant effect on CD4+ EM T cells (Fig 4C) and CD4+ CM T cells
(Fig 4D).

To assess the potential immunologic memory recall in an accelerated disease model, male
apoE-/- mice were fed a high fat diet starting at 7 weeks of age for 6 weeks and the splenocytes
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Fig 2. Peptide identification and selection. (A) Representative MS/MS spectrum of immuno-precipitated peptide, identified as
Keratin, type II cytoskeletal 8. (B) Venn diagram depicting selection method for patient-unique peptides used in the study.
Parenthesis indicates number of peptides detected.

https://doi.org/10.1371/journal.pone.0213025.9002

subjected to peptide stimulation. CD8+ EM T cells were significantly increased by the peptides
except for ARID1a (Fig 4E). CD8+ CM T cells were significantly reduced by the peptides except
for ARID1a (Fig 4F). Similar to normal chow fed mice, the peptides again had no effect on
CD4+ EM T cells (Fig 4G). CD4+ CM T cells were reduced to varying degrees by the peptides
except ARID1a (Fig 4H). Thus, high fat diet fed mice had an enhanced immunologic response
reactive to the self-antigens tested except ARID1a. The CD8+ T cell response to Keratin II from
high fat diet fed mice is notable given that 4 out of 5 plasma samples from ACS patients had Ker-
atin type II, cytoskeletal 8 detected as an immune-precipitated antigen (Table 2).

Keratin II stimulates cytokine expression in T cells

Peptide stimulated splenocytes from apoE-/- mice were also assessed for intracellular cytokine
expression. Keratin II peptide significantly increased T cells expressing IFN-y and IL-10 in
both CD8+ (Fig 5A-5C) and CD4+ (Fig 5D and 5E) T cells compared to non-stimulated cells.
CD8+IL-10+ T cells were also increased by ARID1a peptide (Fig 5C).
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Table 2. Protein identification of peptides unique to patients.

Unique to and Common among Patients Ranked by (Peptide Frequency)

Keratin, type II cytoskeletal 8 (4/5)

Bleomycin hydrolase (3/5)

AT-rich interactive domain-containing protein 1A (2/5)

Desmocollin-1 (2/5)

Keratin, type I cytoskeletal 10 (2/5)

Keratin, type I cytoskeletal 10 (2/5)

Fibrinogen alpha chain (2/5)

Keratin, type II cytoskeletal 1 (2/5)

7SK snRNA methylphosphate capping enzyme (2/5)

Unique to Individual Patients Ranked by Peptide Signal Intensity

Twinkle protein, mitochondrial

Vacuolar protein sorting-associated protein 13C

Sal-like protein 3

Protein FAMS83B

Protein S100-A8

Cystatin-M

Keratin, type I cytoskeletal 10

Keratin, type II cytoskeletal 1

Cardiomyopathy-associated protein 5

Keratin, type I cytoskeletal 10

Corneodesmosin

Keratin, type II cytoskeletal 1

Keratin, type II cytoskeletal 1

Spermatogenic leucine zipper protein 1

WD repeat-containing protein 72

Kinesin-like protein KIF15

Keratin, type I cytoskeletal 10

Corneodesmosin

G-protein coupled receptor 78

Kalirin

AF4/FMR2 family member 1

Vacuolar protein sorting-associated protein 18 homolog

Protein S100-A9

Putative E3 ubiquitin-protein ligase UNKL

Keratin, Type II cytoskeletal 1

DNA repair protein REV1

Keratin-associated protein 17-1

Keratin, type I cytoskeletal 9

Serine/threonine-protein kinase Sgk2

Putative heat shock protein HSP 90-beta 4

POU domain, class 6, transcription factor 1

https://doi.org/10.1371/journal.pone.0213025.1002

FoxP3 in the immune response to atherosclerosis antigens in mice

Given that the self-reactive immune responses are modulated in part by FoxP3+ Tregs, we

assessed CD4+FoxP3+ Tregs in peptide-stimulated splenocytes of mice fed normal or high fat
diet. There was a small but significant increase in CD4+FoxP3+ Treg cells in splenocytes from
mice fed normal chow stimulated with ARID1a (Fig 6A). No other differences were noted in
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Table 3. Sequence of mouse homologs of selected peptides flanked at terminals.

Peptide name Peptide sequence

Keratin Type I MDNNRSLDLDSIIAEVKAQYEDIANRSRAEAE
Bleomycin Hydrolase MNNAGLNSEKVSALIQKLNSDPQFVLAQNV
ARID1a AQPSYQQOQPQOTQQPQLOSSQPPYSQQPS

Non-italicized segments are homologous to the human peptides identified by UPLC-MS/MS. Italicized segments correspond to the flanking sequence.

https://doi.org/10.1371/journal.pone.0213025.t003

splenocytes from both normal chow or high fat diet fed mice (Fig 6B) tested with any of the
peptides, suggesting a limited peptide-specific FoxP3+ Treg response.

Peptides do not provoke immune memory as myocardial infarction
antigens

The peptides identified from the patients were presumed to be involved in the chronic inflam-
matory condition of CAD. However, the plasma samples were collected from patients diag-
nosed with myocardial infarction. Thus, it is possible that some of the self-antigens detected in
the patient plasma were a consequence of the infarcted tissue. We therefore tested the immu-
nologic response to peptide stimulation of splenocyte from male apoE-/- mice fed normal
chow and subjected to surgical myocardial infarction at 13 weeks of age. Myocardial infarction
was confirmed by change in ejection fraction as measured by echocardiography (Fig 7). Six
weeks after MI, splenocytes were stimulated with the peptides. In control mice not subjected
to surgical manipulation, all 3 peptides increased Effector Memory T cells (Fig 8A and 8C left
column). In both sham and MI groups, CD8+ EM T cells were also increased by peptides

Table 4. Prediction scores for peptide binding to mouse MHC-I [29-33].

Allele Start End Peptide Method used Percentile
rank
Keratin Type II
H-2-Db 23 31 TANRSRAEA Consensus (ann/comblib_sidney2008/smm) 35
H-2-Db 5 13 RSLDLDSII Consensus (ann/comblib_sidney2008/smm) 4.7
H-2-Kb 5 12 RSLDLDSI Consensus (ann/smm) 11.1
H-2-Db 13 21 IAEVKAQYE Consensus (ann/comblib_sidney2008/smm) 17
H-2-Db 4 12 NRSLDLDSI Consensus (ann/comblib_sidney2008/smm) 19
H-2-Kb 16 23 VKAQYEDI Consensus (ann/smm) 19.5
Bleomycin Hydrolase
H-2-Db 3 11 NAGLNSEKV Consensus (ann/comblib_sidney2008/smm) 0.9
H-2-Kb 11 18 VSALIQKL Consensus (ann/smm) 2.45
H-2-Db 15 23 IQKLNSDPQ Consensus (ann/comblib_sidney2008/smm) 34
H-2-Kb 23 30 QFVLAQNV Consensus (ann/smm) 7.8
H-2-Db 22 30 PQFVLAQNV Consensus (ann/comblib_sidney2008/smm) 15
H-2-Kb 7 14 NSEKVSAL Consensus (ann/smm) 15.25
H-2-Db 12 20 SALIQKLNS Consensus (ann/comblib_sidney2008/smm) 16
H-2-Db 7 15 NSEKVSALI Consensus (ann/comblib_sidney2008/smm) 17
H-2-Db 17 25 KLNSDPQFV Consensus (ann/comblib_sidney2008/smm) 17
ARID1a
H-2-Kb 19 26 SQPPYSQQ Consensus (ann/smm) 13
H-2-Db 7 15 QQPQTQQPQ Consensus (ann/comblib_sidney2008/smm) 17

https://doi.org/10.1371/journal.pone.0213025.t004
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Fig 3. Gating strategy used for flow cytometry of splenocytes. Splenocytes were collected after 24-hour culture and stained
for flow cytometry. Cell singlets were selected for analysis and non-viable cells were gated out. Size gating (A) was then
performed to select CD8b+ or CD4+ cells (B). Isotype (C) was used as control. CD4+ or CD8b+ T cells (D and E, respectively)
were then plotted on CD62L and CD44 scatter plots. GFP+ FoxP3+ cells (F) were plotted with the CD4+ T cell gate.

https://doi.org/10.1371/journal.pone.0213025.9003

except for Keratin II (Fig 8A, middle and right columns), which was non-responsive in the MI
group. CD4+ T cell subtypes were unchanged in the sham and MI groups (Fig 8C and 8D,
middle and right columns, respectively). The results suggested that MI itself did not increase
self-reactive T cells in apoE-/- mice.

Keratin 8 is a T cell reactive self-antigen in CAD patients

Given that Keratin 8 was found in 4 out of 5 ACS plasma subjected to IP and UPLC-MS/MS,
and the mouse peptide homolog induced a self-reactive Effector Memory T cell response

in apoE-/- mice fed a high fat diet, we tested the translational potential of the findings by
stimulating PBMC from CAD patients with the human Keratin 8 peptide. The peptide
sequence from the IP and UPLC-MS/MS was flanked on the N- and C-terminals each with
the corresponding 10 amino-acids (italicized) according to human Keratin 8 sequence:
MDNSRSLDMDSIIAEVKAQYEDIANRSRAEAE. The 32 amino-acid peptide is 94% homolo-
gous to the mouse sequence in Table 3. Cell gating for analysis is shown in Fig 9. T cells with
Effector phenotype (CD45RO+) gated on CD62L(-)CCR7(-) were subtyped as T Effector
Memory [CD45RA(-); TEM] or T Effector Memory RA+ (CD45RA+; TEMRA) [36-38]. CD8
+ T Effector cell response to Keratin 8 was significantly increased in the CAD patient PBMCs
compared to Controls (Fig 10A), with the difference found mainly in the TEMRA response
(Fig 10B and 10C). CD4+ T Effector cell response was not significantly different between Con-
trols and CAD patient PBMCs (Fig 10D and 10E), although increased TEMRA response in the
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Fig 4. Peptide stimulation of splenocytes from apoE-/- mice fed normal chow or high fat diet. Splenocytes from male
apoE-/- mice fed normal chow (NC, A-D) or high fat diet (HC, E-H) for 6 weeks were stimulated with 20pg/ml of
individual peptides for 24 hours and assessed for CD44+CD62L(-) Effector Memory (EM) or CD44+CD62L+ Central
Memory (CM) T cells. Gating strategy is as indicated in Fig 3. No Tx = no peptide treatment; Ker II = Keratin, type II;
BH = Bleomycin Hydrolase. Bar over control and peptide treated column indicates P<0.05. Spleens from 2-3 mice were
pooled per group in triplicates.

https://doi.org/10.1371/journal.pone.0213025.9004

CAD patients was observed (Fig 10F). To further characterize the response in CAD, patients
were subclassified into Stable CAD or ACS. CD8+ T Effector cell responses were not signifi-
cantly different between Stable CAD compared to ACS in any of the subtypes (Fig 11A-11C).
CD4+ T Effector cell response was higher in ACS PBMCs compared to Stable CAD patients
(Fig 11D) with the increase only in the TEM subtype (Fig 11E) but not in the TEMRA response
(Fig 11F).

Cytokine release in response to Keratin 8

ELISA using the conditioned medium from the PBMC culture did not show significant differ-
ence in IFN-y or IL-10 levels (S1 Fig) after Keratin 8 peptide stimulation.

PD-1 mRNA expression in Effector response to Keratin 8

PD-1 is an immune checkpoint protein expressed by activated T cells which functions to regu-
late immune homeostasis [39]. PBMCs from Controls stimulated with Keratin 8 peptide signif-
icantly increased PD-1 mRNA expression but was unchanged in CAD (Fig 12A). Stable CAD
and ACS had comparable PD-1 mRNA expression (Fig 12B). The results suggest that a lack of
increase in PD-1 expression may be involved in immune self-reactivity to the self-antigen Ker-
atin 8 in CAD.

Discussion

We report on novel self-antigens potentially involved in atherosclerosis using IP of soluble
MHC-I/peptide complexes from CAD patient plasma and MS/MS to identify specific peptides.
Several generalizations can be made based on our results: 1) Soluble MHC-I/peptide com-
plexes from CAD patients can be used to generate immunopeptidomic profiles of the underly-
ing disease, evidenced by the novel self-antigens described; 2) Feeding of mice with high fat
diet increased the propensity for memory T cells to respond to the self-peptides tested; 3) The
peptides identified appear to be of more relevance to a response to atherosclerosis rather than
aresponse to MI; and 4) CAD patients have T cells reactive to Keratin 8 peptide.

The first major observation in our report is that there is some degree of uniqueness to the
soluble MHC-I/peptide complexes that are present in the plasma of CAD patients compared
to controls, consistent with our hypothesis. As a discovery cohort, we selected only 5 ACS
patient plasma samples and 5 controls. ACS plasma samples were used because these patients
categorically have CAD. Males were selected for this cohort to limit potential effects of known
sexual dimorphism in immune responses [40]. We identified several peptides unique to, and
common among, patients. We then tested if the mouse homologs of the peptides provoked
immune responses during the disease process in male apoE-/- mice to assess functional rele-
vance to atherosclerosis, the underlying cause of CAD.

Effector memory (EM) T cells correlate with disease severity in mouse models of atheroscle-
rosis [6], altered by high fat diet [19,35] and are markers for screening of immune responses in
atherosclerosis [41]. There was a lack of responsiveness to the selected peptides in EM T cells
from apoE-/- mice fed normal chow, although there was a degree of suppression in the CM T
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Fig 5. Cytokine expression of splenocytes from apoE-/- mice after peptide stimulation. Splenocytes were stimulated for 24 hours
with 20ug/ml of the selected peptides to assess cytokine response. Gating depicted (A) includes cell singlets and excludes non-viable
cells. Size-gated cells were then selected for CD3+ T cells, sub-grouped into CD8+ or CD4+ cells and assessed for IFN-y or IL-10. No
Tx = no peptide treatment; Ker II = Keratin, type II; BH = Bleomycin Hydrolase. Results are presented as percentage of CD8+ (B and C)
or CD4+ (D and E) T cells. Spleens from 2-3 mice were pooled per group, (Ker II N = 3; No Tx, BH, ARID1a N = 4 each). Bar over
columns indicate P<0.05.

https://doi.org/10.1371/journal.pone.0213025.g005
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Fig 6. CD4+FoxP3+ T regulatory cells in splenocytes of apoE-/- mice fed normal chow or high fat diet. Splenocytes from apoE-/-
FoxP3-GFP mice fed normal chow (NC; A) or high fat diet (HC; B) for 6 weeks were stimulated with 20pug/ml of individual peptides
for 24 hours and assessed for FoxP3+ CD4+ T cells based on GFP fluorescence. No Tx = no peptide treatment; Ker II = Keratin, type
II; BH = Bleomycin Hydrolase. Spleens from 2-3 mice were pooled per group, N = 3 each. Bar over columns indicate P<0.01.

https://doi.org/10.1371/journal.pone.0213025.9006

cell population, suggesting tolerance to the peptides. The involvement of CD4+ Treg cells in
this response appears to be limited to ARID1a. On the other hand, there was significantly
increased CD8+ EM T cells after peptide stimulation except for ARID1a when apoE-/- mice
were fed a high fat diet. The results suggest that the selected peptides may be involved in the
immune response to atherosclerosis, which in the apoE-/- model is accelerated by high fat diet.
Of particular interest was the response to Keratin II stimulation by T cells from the high fat
diet fed mice which was detected as a potential self-antigen in majority of the patient plasma
samples tested.

We also observed increased T cells expressing IFN-y and IL-10 in splenocytes stimulated
with Keratin II. Although suggestive of immune activation in mice, clinical studies suggest that
immune phenotyping using T Effector Memory cells is more sensitive and correlates with dif-
ferent stages of CAD as compared to cytokine expression [6,22]. Complex and ruptured pla-
ques from CAD patients had increased presence of T Effector Memory cells, whereas the cells
decreased in healed plaques [22]. Reports also suggest a heterogenous population of T cells
with a lack of cytokine bias in plaques [22,42]. Thus, the significance of increased mouse T cell
cytokine expression in the context of CAD in humans remains to be determined [43].

Our original hypothesis was that the soluble MHC-I/peptide complexes that would be
immuno-precipitated would be potential CAD antigens. However, there was the possibility
that the antigens would be a response to injured myocardium since the patient cohort used
was from a prior study (AZACS) wherein patients enrolled were diagnosed with ACS [23].
Thus, we assessed whether apoE-/- mice subjected to surgically-induced MI would have
immunologic memory to the peptide antigens. Mice were left to recover for 6 weeks post-MI
in order for the immune system to generate memory cells in response to neo-antigens caused
by infarcted cardiac tissue [44].

Surgical manipulation in male mice induced a generalized non-responsiveness in CD8+ CM
T cells and both CD4+ memory T cell subtypes, suggesting that surgical trauma has a degree of
anergic effect on immune responses to self-antigens in apoE-/- mice. Thus, our results show
that the self-peptides that were identified are potentially involved in response to atherosclerosis
and not in response to neo-antigens from myocardial tissue damage after MI [44].
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Fig 7. Myocardial infarction in apoE-/- mice. A subgroup of mice fed normal chow were subjected to surgical myocardial
infarction (MI) at 13 weeks of age and euthanized 6 weeks later. Control mice were not subjected to surgical manipulation, sham
mice had surgery without coronary artery occlusion. Change in ejection fraction at 6 weeks post-surgery confirmed MI.
Representative echocardiographic recording is shown Pre-MI and Post-MI.

https://doi.org/10.1371/journal.pone.0213025.g007

Our results implicated self-antigens in the atherosclerotic disease process of apoE-/- mice.
However, relevance to clinical disease remained unclear and translational experiments needed
to be performed. The determination of which self-antigen to test was based in part on the
nature of the protein sources of the self-antigens.

Bleomycin Hydrolase is the enzyme that mediates protection from bleomycin toxicity. Neo-
natal survival of knockout mice is 65% and surviving mice have tail dermatitis [45]. Bleomycin
Hydrolase protects against homocysteine toxicity by efficient homocysteine thiolactonase
activity [46], has cysteine protease activity that is involved in peptide trimming for MHC-I pre-
sentation [47], and is expressed by inflammatory cells of human atherosclerotic lesions [48].
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Fig 8. Peptide stimulation of splenocytes from apoE-/- mice subjected to MI. Splenocytes from male apoE-/- mice 6
weeks after MI were stimulated with individual peptides for 24 hours. Cells from mice not subjected to surgery (Cont) or
subjected to sham surgery were compared to mice subjected to MI. Cells were harvested and stained for flow cytometry for
CD8+ (A and B) or CD4+ (C and D) EM and CM T cells. Gating strategy is as indicated in Fig 3. Bar over control and
peptide treated column indicates statistical significance within respective group (Control P<0.01; Sham P<0.05; MI
P<0.01). Spleens from 2-3 mice were pooled per group, N = 3 each. No Tx = no peptide treatment; Ker II = Keratin, type
II; BH = Bleomycin Hydrolase.

https://doi.org/10.1371/journal.pone.0213025.g008

Interestingly, dysregulated expression is observed in psoriasis patients [49], who are at a higher
risk of cardiovascular events [17].

Adenine-thymine (AT)-rich interactive domain-containing protein la (ARID1a) is a
tumor suppressor gene. Also called BAF2504a, it is part of the BAF complex that regulates chro-
matin structure [50]. Its mutation rate is associated with Clear Cell Renal Cell Carcinoma [51]
and loss of expression was observed in a study of early stage colorectal cancer [52].

Keratins are intermediate filament proteins and have been associated with autoimmunity,
specifically rheumatoid arthritis [53]. It has been suggested that keratins are mimotopes of the
MHC-T haplotype HLA-B27 which is implicated in several autoimmune diseases [54,55]. Kera-
tin 8 is found in atherosclerotic plaques [56], neointimal and synthetic smooth muscle cells
[57,58], and saphenous vein grafts [59], and its ectopic expression has been linked to heart fail-
ure [60]. Keratin 8 was reported as an autoantigen in uveitis [54,55] and in rheumatoid arthri-
tis [61] and may be involved in immune escape mechanisms by cancer cells [62]. An
intriguing report is the function attributed to Keratin 8 that limits IL-1p mediated inflamma-
tory signaling [63] indicating its importance in the inflammasome pathway of innate immu-
nity, the relevance of which was highlighted by the CANTOS study [2]. Thus, Keratin 8 is
functionally involved in both innate and adaptive immune responses. Given that Keratin 8 was
found in 4 out of 5 plasma samples from ACS patients in the immune-peptidome analysis,
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Fig 9. Gating strategy used for flow cytometry of human PBMCs. PBMCs were collected after 72 hours in culture with and without
stimulation with Keratin 8 peptide. Positive control was stimulation with 0.5x T cell stimulation cocktail. Cells were collected and stained for
flow cytometry. Cell singlets were selected and non-viable cells were excluded, followed by size-gating of viable cells. Cells were plotted on
CD62L and CCR?7 based on CD3+CD4+ cells or CD3+CD8+ cells. CD62L(-)CCR7(-) Effector cells were selected as T Effector Memory

(TEM) or T Effector Memory RA+ (TEMRA) based on CD45RO/CD45RA stain.
https://doi.org/10.1371/journal.pone.0213025.9009
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https://doi.org/10.1371/journal.pone.0213025.9010
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0-

provoked memory T cell response in high fat diet fed apoE-/- mice, and is functionally
involved in immune responses based on citations discussed above, it was selected for transla-
tional studies using PBMC:s collected from a spectrum of CAD patients. We selected markers
of T Effector Memory cells to characterize the response to Keratin 8 given the reported sensi-
tivity of these T cell subpopulations associated with CAD [6,22]. The results were expressed as
Response Index given the potential variability inherent in primary cells cultured over time in
vitro, especially that from the CAD patients.

Significantly different CD8+ T Effector response in Controls compared to CAD patients
was observed after stimulation with Keratin 8 peptide, mainly attributable to reduced TEMRA
cells in Controls. This suggests that immune regulation in response to Keratin 8 peptide is
altered in CAD patients. CD4+ TEMRA response to Keratin 8 peptide was increased in CAD
patients suggesting that self-reactive T Effector Memory cells are both CD8+ and CD4+ sub-
types. T Effector responses in CAD patients in our study were heterogenous, with notable dif-
ferences especially in the CD4+ T cell population of ACS patients compared to Stable CAD.
The significance of these results remain to be investigated but are in agreement with the report
that showed TEM cells as independent predictor of carotid intima-media thickness in CAD
patients [6]. The same report showed significantly increased TEM cells in chronic stable
angina and acute myocardial infarction patients [6]. Their report used T cell markers that
focused on TEM cells [6], while our study further distinguished TEM from TEMRA cells after
peptide stimulation [36,37]. TEMRA cells are highly differentiated memory cells with rapid
effector responses in humans [38]. Although initially observed in CD8+ T cells, CD4+
TEMRA have also been reported [64]. The precise role of TEM in CAD remains to be clarified
but their presence in plaques has been known for some time [65]. Increased TEM cells in pla-
ques are associated with increased plaque progression, with the highest presence reported in
thin-cap fibroatheromas and ruptured plaques [22]. Our results extend the cited reports on
TEM cells in CAD [6,22] by using a specific self-peptide to stimulate PBMCs to assess TEM
cell responses.

Although soluble MHC-I/peptide complexes were used to identify potential self-antigens, it
is unlikely that the self-reactive response would be restricted to CD8+ T cells. Interaction and
cooperation between CD4+ and CD8+ T cell immune responses are reported in depth [66,67].
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This is further reflected in the subgroup analysis of the CAD response, where significant differ-
ence was observed in the CD4+ T Effector cell response in ACS compared to Stable CAD,
mainly in the TEM cell subtype.

The first inclination would be to disregard Keratin 8 as a contaminant of the IP UPLC-
MS/MS process. However, in the context of other reports cited above combined with our
results, it is likely that Keratin 8 is involved as a self-antigen in cardiovascular disease. Keratin
8 interacts with HLA class-I [62], and a 10-mer Keratin 8 peptide was shown to bind with high
affinity to HLA-A*0201 and several 9 tol1-mer Keratin 8 peptides had moderate affinity for
HLA-A*1101 [68]. In the same report, several other Keratin 8 peptides were predicted to bind
with similar affinity to these HLA-A alleles [68]. The normal response to Keratin 8 peptides
would be tolerance, supported by the report that it is expressed in the thymus and lymph
nodes of mice [69]. Expression of antigens in the thymus and lymph nodes is generally known
to induce tolerance. The immune checkpoint PD-1 regulates immune homeostasis and is
involved in immune tolerance. It is a therapeutic target in immune-oncology to circumvent
tumor-induced overexpression of PD-1L that renders tumor cells tolerant to immune surveil-
lance [39]. The lack of increase in PD-1 mRNA expression by Keratin 8-stimulated PBMCs
from CAD patients suggests an aberration of normal tolerance pathways to the self-antigen.
Aberrant self-reactive immune responses to Keratin 8 in the context of CAD needs further
investigation but its potential involvement is supported by the report that Keratin 8 binds to
small dense, low-density lipoprotein (sdLDL) [70]. Analysis of over 11,000 subjects in the Ath-
erosclerosis Risk in Communitites (ARIC) study showed that sdLDL concentration predicted
risk for coronary heart disease [71].

There are limitations in our study, including the small number of patient plasma used for
the immunopeptidomic discovery cohort. Although the number of subjects used for PBMC
stimulation was also small, it provided corroborating evidence of T cell immune response to
one specific self-antigen—Keratin 8 in CAD patients suggesting that the approach is sound.
Our study suggests feasibility of the concept, providing reasonable evidence to further investi-
gate the Keratin 8 peptide as a self-antigen in a bigger CAD cohort for validation. This is
important given that the Keratin 8 peptide may have provoked immune responses specific to
CAD but not necessarily specific to Keratin 8 peptide itself. This can only be addressed in a val-
idation study with a wider scope that includes methods to test antigen presentation by patient
PBMCs. Although the use of the mouse model to assess the potential role of the peptides as
self-antigens may be viewed as another limitation, we needed to first determine feasibility, and
this could only be reasonably tested in an animal model of atherosclerosis. On the other hand,
the mouse model provides a potential opportunity to investigate in depth mechanistic path-
ways of self-antigen involvement in atherosclerosis, which can be achieved with immunization
studies.

Translational experiments with the Keratin 8 peptide in patient PBMCs were performed
after verification of its potential role in the mouse disease model. More studies need to be per-
formed to generate a library of CAD immune peptidome in order that translational tests of
human immune responses in vitro will be more productive. In particular, a study with a wider
scope to include female CAD immune peptidome profiling is necessary to investigate potential
sex-related immune functions [40,72,73].

In conclusion, we have identified several novel peptides unique to CAD patients that may
be involved in the self-reactive immune response to atherosclerosis using an immunopeptido-
mic approach. We provide proof-of-concept as well as a road map to discover and test poten-
tially relevant and novel immune antigens involved in CAD. Translational potential of the
studies is affirmed by the finding that at least one of the identified self-antigens, Keratin 8, pro-
voked a self-reactive T cell response suggesting its involvement in the immune-inflammatory
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mechanism of CAD [2]. Our report facilitates the methodical discovery of novel pathways of
immune activation and regulation in the context of inflammatory signaling in CAD.
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