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A significant body of work implicates the adaptive immune response in atherosclerosis,

the main underlying cause of coronary artery disease (CAD), yet specific antigens

involved remain to be fully identified. The pathobiology of CAD is influenced by sex

with many factors that may be involved in the underlying mechanisms. Given the

reported sexual dimorphic nature of immune-inflammatory responses, we investigated

the influence of sex on potential CAD self-antigens from acute coronary syndrome

(ACS) patients using immune-precipitation of soluble HLA Class-I/peptide complexes

and mass spectrometry. Relevance of identified self-antigens to atherosclerosis, the

major underlying cause of CAD, was tested in the apoE–/– atherosclerotic mouse

model. Soluble HLA Class-I complexes from ACS patients and self-reported controls

were immune-precipitated and subjected to elution, denaturation and size-exclusion

to obtain HLA-bound peptides. Peptides were then subjected to mass spectrometry

and patient-unique self-peptides were grouped as common to both female and male,

or unique to either sex. Three peptides common to both female and male patients

(COL6A1, CDSN, and SAA2), and 2 peptides each unique to female (COL1A1 and

COL5A2) or male (SAA1 and KRT 9) patients were selected and mouse homologs

of the peptides were screened for self-reactive immune responses in apoE–/– mice.

The screening step revealed potential sex-influenced immune responses which was

associated with differential immune profiles. Based on the frequency in patient plasma,

COL6A1, COL5A2, and KRT 9 peptides were then tested in immunization studies.

Neither COL5A2 nor KRT 9 peptide immunization resulted in significant effects on

atherosclerosis compared to controls. On the other hand, female mice immunized with

COL6A1 peptide had significantly reduced atherosclerosis whereas male mice had

significantly increased atherosclerosis, associated with differential immune profiles. Our

study identified potential self-antigens involved in atherosclerosis using the immune

peptidome of CAD patients. Altering self-reactive immune responses to COL6A1 in

apoE–/– mice resulted in differential effects on atherosclerosis burden with sex as a

determinant of outcome.

Keywords: coronary artery disease, atherosclerosis, immune-peptidome, self-antigen, sexual dimorphism

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00694
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00694&domain=pdf&date_stamp=2020-04-21
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:paul.dimayuga@cshs.org
https://doi.org/10.3389/fimmu.2020.00694
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00694/full
http://loop.frontiersin.org/people/927926/overview
http://loop.frontiersin.org/people/861513/overview
http://loop.frontiersin.org/people/830160/overview


Lio et al. Sex and the CAD Immune-Peptidome

INTRODUCTION

Inflammation (1) and adaptive immune responses (2) are
implicated in coronary artery disease (CAD). Sex-influenced
differential pathobiology in CAD (3) may be associated with
sexual dimorphism of immune responses (4–6). The hallmark
of adaptive immune responses is antigen-specificity and key to
understanding the immune response to atherosclerosis is the
identification of relevant antigens. One potential approach to
identify antigens is to investigate specific HLA types relevant in
CAD and then characterize the peptides bound to the specific
HLA. However, there is at best weak associations between specific
HLA types and CAD (7). A CAD risk allele was identified within
the MHC locus in close proximity to class-I HLA genes yet
no common HLA types accounted for the association (8). An
alternative strategy would be to identify potentially common
disease-relevant antigens independent of HLA type. This would
be inclusive of various HLA types since an antigen is not
necessarily limited to a single HLA (9). Assuming that there
are antigens common among CAD patients, some of these are
potentially self-peptides given the chronic nature of CAD (10–
12). Self-peptides are presented by class-I HLA as part of normal
cellular homeostasis and is involved in immune surveillance (13).
Because normal immune surveillance function is dependent on
self-antigen recognition by the immune system, alterations in
class-I HLA peptide profiles have been used to identify potential
antigens involved in diseases (9). This is may be of significance
given the CAD risk allele in close proximity to class-I HLA genes
(8). It is notable that sex bias occurs in class-I HLA associated
immune responses (14).

Atherosclerosis is the major underlying cause of CAD. We
have reported that immune precipitation of soluble class-I HLA
may be used to identify potential atherosclerosis self-antigens
(15). However, the report was limited to a small number of
male patients. To increase the scope and robustness of the
investigation, the study was expanded to include female patients
and used two different MS/MS methods to increase the rigor
of the approach. The objective of the study was to investigate
commonality and differences between female and male sex in
self-antigens potentially involved in the self-reactive immune
responses in CAD. The role of the immune responses to the self-
peptides were assessed in immunization studies of apoE–/– mice.

MATERIALS AND METHODS

Plasma Samples
Patient plasma samples were obtained from frozen aliquots of a
previously completed IRB-approved study called Azithromycin
in Acute Coronary Syndrome (AZACS) (16). Samples from
9 female and 11 male patients aged 50 years and over were
used under an IRB protocol (Pro00034283) which limited the
approved use of patient data for this study to age and sex only.
Patients were classified as unstable angina (chest pain/discomfort
consistent with myocardial ischemia at rest lasting for at least
5min and electrocardiographic evidence of ischemia, new wall
motion abnormalities, or evidence of coronary artery disease)
or acute myocardial infarction (chest pain/discomfort lasting at

least 5min, with one episode within 24 h of admission, raised
CKMB or troponin I, or new or presumed newQ-waves in at least
two contiguous leads) (16). Plasma samples from self-reported
controls aged 50 years and over, 10 of each sex, were purchased
(Innovative Research).Mean ages were Patient: 63± 8.8; Control:
56.5± 4.6; P < 0.05.

Immuno-Precipitation and UPLC-MS/MS
Immuno-precipitation of soluble HLA/peptide complexes were
performed as described (15). Capture antibody to HLA–A, –B,
and –C (clone W6/32) was conjugated to agarose beads using a
commercially available kit (AminoLink Plus Coupling, Thermo
Fisher) and added to plasma diluted 10x in TBS buffer with
0.01% Silent Surfactant (Expedion), rotated for 18 h in 4◦C. The
samples were then heat denatured at 95◦C for 10min, cooled,
and loaded in size-exclusion centrifugation columns cut-off at
3kD (Amicon). The filtrate containing the peptides were then
used for ultraperformance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS).

The peptides were analyzed by the Cedars-Sinai Mass
Spectrometry and Biomarker Discovery Core. Peptides were
desalted by C18-Stage Tips concentrated in a Speed Vac
concentrator, and reconstituted in 25 µL 0.2% formic acid. Ten
µL peptide solution was injected and loaded on a trap column
(75µm × 2 cm, C18), separated on an EASY-Spray analytical
column (PepMapTM RSLC C18, 2µm, 100Å, 50µm × 15 cm),
and analyzed by an LTQOrbitrap Elite hybrid mass spectrometer
(Thermo Fisher) operated in the positive ion mode essentially as
described (17). 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 m/z 445.120025 was applied
to provide internal mass calibration (18). 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). For MS/MS scans with
higher accuracy, up to 15most intense peaks with charge state≥2
were automatically selected for MS/MS fragmentation by higher-
energy collisional dissociation (HCD). The acquired MS data
was searched against the Uniprot_Human database (released on
02/20/2014, containing 88,647 sequences) using the Andromeda
algorithm (19) in theMaxQuant (v1.3.0.5) environment (20). The
MS/MS peaks were deisotoped and searched using a 0.5 Da mass
tolerance for the rCID dataset or a 20 parts-per-million (ppm)
mass tolerance for the HCD dataset.

Self-Peptide Selection
Peptides found only in patient samples and identified by both
the rCID and HCD methods in at least one patient were
considered patient-unique peptides and ranked according to
frequency then sub-grouped further as common to both sexes
or unique to either sex. Mouse homologs of the peptides
were searched using BLAST (PubMed). The mouse peptide
sequences were flanked on each side with the corresponding
peptides to increase potential binding to mouse MHC-I since
immunologically reactive peptides from homologous proteins
may differ between humans and mice (15). The flanked peptide
sequences were then assessed for potential binding to mouse
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MHC-I using the epitope binding score prediction tool on the
Immune Epitope Database (IEDB) website (15, 21). Epitope
length for analysis was set at 8-mer for H2Kb and 9-mer for
H2Db. For low-scoring peptides, additional amino-acids were
added corresponding to the published sequence until epitope
prediction scores improved (15). Peptides were then synthesized
at >95% purity (LifeTein).

Animals
The studies were approved by the Cedars-Sinai Institutional
Animal Care and Use Committee. Female and male apoE–/–
mice were purchased from Jackson Lab at 6 weeks of age. For
the peptide screening study, mice of both sexes were fed normal
chow or high fat diet consisting of 21% fat, 0.15% cholesterol
(TD.88137, Envigo) for 6 weeks starting at 7 weeks of age and
euthanized at 13 weeks of age. Spleens were collected for in
vitro peptide stimulation. Potential sex-influenced differences
in atherosclerosis and immune responses were characterized in
mice of both sexes fed high fat diet starting at 13 weeks of age
until euthanasia at 25 weeks of age.

Peptide Screening
Peptides selected for screening as potential self-antigens
were resuspended at a concentration of 20µg/ml in
RPMI 1,640 medium supplemented with 10% FBS and
antibiotic/antimycotic (11, 15). Splenocytes from 13 week-old
mice of both sexes fed either normal chow or high fat diet
were collected and subjected to RBC lysis. Cells were then
pooled according to sex and diet, counted and aliquoted
for peptide stimulation in triplicates. One aliquot (1 ×

106/0.15ml) was incubated with a specific peptide for 1 h
and then transport inhibitor Monensin was added for an
additional 5-h incubation in 37◦C/5% CO2 for intracellular
cytokine staining. Intracellular staining was performed using
fixation and permeabilization steps. Another aliquot was
incubated with a specific peptide for 24 h to profile Central
Memory and Effector Memory T cells (11, 15). See Table S1 for
specific antibodies.

Immunization
Mice fed normal chow were grouped into 1 of 3 immunization
studies according to the appropriate sex: immunization of both
sexes with a peptide common to both sexes, immunization
of females with a female-unique peptide, or immunization of
males with a male-unique peptide. Immunization was performed
using subcutaneous injection of 20 µg of peptide formulated
in Adjuvant consisting of Adju-Phos (Brenntag; 12.5 µl of
a 2% solution) and 10 µg MPLA (MPLA-SM VacciGrade,
InvivoGen) in a volume of 200 µl (11). Control was injection
with Adjuvant alone. Immunizations were performed at 7,
10, and 12 weeks of age (11, 22). Mice were fed high fat
diet at 13 weeks of age until euthanasia at 25 weeks of age.
Serum was collected for antibody and cholesterol levels. Aortas
were processed in Histochoice (Amresco) and stained with
Oil Red-O for en face analysis. Hearts were harvested and
embedded in OCT compound (Tissue-Tek). Ten-micron cryo-
sections of the aortic sinus were collected. Lipid was stained

using Oil-Red-O. Staining for macrophage was performed
using MOMA-2 antibody. Three slides of approximately 0.1
millimeter intervals for each animal were used for each stain
and averaged. Image analysis was performed using ImagePro
(Media Cybernetics). Spleens were collected for T cell profiling.
Briefly, spleens were manually disrupted to release splenocytes
and subjected to RBC lysis. An aliquot was then incubated with
1xMonensin in RPMI 1,640 mediumwith antibiotic/antimycotic
for 4 h in 37◦C/5% CO2 for intracellular cytokine staining.
For degranulation assay to measure CD8+ T cell cytolytic
activity, splenocytes were incubated with peptide (20µg/ml) and
2.5µg/ml fluorescent conjugated CD107a for 1 h followed by the
addition of Monensin and incubation for another 4 h (11, 22).
Cells were collected and stained for flow cytometry. Another
aliquot of splenocytes was incubated for 48 h with the specific
peptide (20µg/ml) used for immunization and then subjected
to surface staining for Central Memory and Effector Memory
T cells. A small portion of the spleen was flash-frozen for
mRNA analysis.

Serum IgG and IgM
Mouse serum was diluted 1:50 and 1:100 with 1X PBS for
the detection of IgG and IgM against peptide, respectively,
by ELISA using standard protocol on Maxisorp 96 well-plates
coated with peptide (LifeTein) at 20µg/ml in Na2CO3-NaHCO3

buffer, pH 9.6. Two percent goat serum in 1X PBS was used
for blocking and dilution of biotin-conjugated anti-mouse IgG
(Thermo Scientific) or IgM (SouthernBiotech) antibodies in
1:5000 and 1:10000 weight to volume dilutions, respectively.
Detection was with avidin-HRP (eBiosciences) and ABTS
substrate (SouthernBiotech) analyzed at 405 nm.

Ctla4, Pdcd1, and IL-1β mRNA
Total RNA was extracted from mouse spleens with TRIzol
reagent (Life Technologies) and reverse transcribed using
SuperScript VILO cDNA Synthesis Kit (Invitrogen). Quantitative
real-time PCR was performed using iTaq Universal SYBR Green
Supermix and iQ5 Real-Time PCR Detection System (Bio-Rad).
GAPDHwas used as reference gene. The data was analyzed by the
Ct11 method using one Adjuvant control sample as calibrator
and presented as fold change relative to the calibrator.

IL-1β ELISA
Mouse serum IL-1β levels were measured using an ELISA kit
(eBioscience) according to manufacturer’s instructions. Samples
out of detection limit of the standard curve were excluded
from analysis.

Statistics
UPLC-MS/MS peptides with a false discovery rate (FDR)
of ≤1% were accepted. Posterior Error of Probability (PEP)
was used to assess statistical significance of individual
peptides. Pearson correlation coefficient analyzed rCID and
HCD correlations. Other data are presented as mean ±

standard deviation. Normally distributed data of multiple
group experiments were analyzed by ANOVA. For analysis
of peptide screening data, Dunnett’s test was used with
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no peptide stimulation as control. For other experiments
with multiple group comparisons, ANOVA was followed
by Holm-Sidak test. Non-normally distributed data of
multiple group studies were analyzed by Kruskal–Wallis
test followed by Dunn’s multiple comparisons test. Unpaired
t-test was used for analysis of two groups with normally
distributed data; non-normally distributed data of two
groups were analyzed by Mann–Whitney test. Statistical
significance was considered at P < 0.05 but data trends were
also noted.

RESULTS

Validation of IP and MS/MS Process
To increase the robustness and stringency of the approach
compared to our previous report (15), two different MS/MS
fragmentation methods were used. Peptides identified from rCID
fragmentation were compared to HCD fragmentation and the
signal intensity of peptides common to both methods was used
for validation. There was significant correlation in the signal
intensity of peptides detected by both methods in a control
sample (Figure 1A) and in an ACS sample (Figure 1B). Peptides
common to both the control and the ACS sample detected by
rCID were also significantly correlated (Figure 1C), as were the
peptides detected by both rCID and HCD methods that were
unique to the ACS sample (Figure 1D), validating the use of both
MS/MS methods to increase the stringency and robustness of
the process.

FIGURE 1 | Validation of MS/MS approach. Signal intensity of peptides from

rapid collisional-induced dissociation (rCID) method was plotted against signal

intensity of identical peptides from high energy collisional dissociation (HCD)

method in Control [(A); Pearson R2 = 0.790; P < 0.0001] or Patient [(B);

Pearson R2 = 0.849; P < 0.0001] plasma sample. Correlation between signal

intensity of peptides common to Control and Patient samples from rCID

method [(C); Pearson R2 = 0.706; P < 0.0001]. Signal intensity of peptides

unique to patient detected by both rCID and HCD methods [(D); Pearson

R2 = 0.745; P = 0.034].

Patient-Unique Self-Peptides
Selection of patient-unique peptides identified by MS/MS is
described in the Methods section. Peptide length was not
considered in the selection process given the existence of
antigens with non-canonical peptide lengths (23, 24), and protein
interaction with class-I HLA (24, 25) of which the immunologic
functions remain to be clarified. Selected patient-unique peptides
were then ranked according to frequency as determined by
the MS/MS methods (Tables S2–S4), and further classified as
common to both males and females, or unique to one sex
(Table 1). The top 3 patient peptides common to males and
females (COL6A1, CDSN, SAA2), as well as the 2 female patient-
unique peptides (COL1A1, COL5A2), and the top 3male patient-
unique peptides (SAA1, SAA2, KRT9) with a PEP<0.05 were
selected for further study.

Mouse Homologs and MHC-I Binding
Prediction
Mouse homologs of the selected peptides were searched using
BLAST to test the potential role in the immune response during
atherosclerosis development in apoE–/– mice. The peptide for
SAA2 common to both sexes flanked the SAA2 peptide unique
to males in the homologous mouse sequence. Thus, the mouse
SAA2 peptide was extended to capture both peptides for the rest
of the studies. Furthermore, to account for potential differences
in the MHC-I binding properties between human and mouse,
the homologous mouse peptides were assessed for H2Kb and
H2Db binding as predicted by the online tool IEDB (21). Peptides
with low prediction scores were flanked on each amino and
carboxy terminals with the respective mouse sequence until
predicted binding scores improved to at least 20th percentile.
The final peptide sequences used are shown in Table 2. Note
that the CDSN peptide fragment with good MHC-I binding
prediction score was in close proximity to but did not include
the homologous peptide. The peptides were then synthesized for
use in the mouse experiments.

Differential Self-Reactive Immune
Response in apoE–/– Mice
Splenocytes from female and male apoE–/– mice fed normal
chow or high fat diet for 6 weeks were used to screen the 7
peptides selected to test for self-reactive immune responses (15).
There was no significant difference in intracellular cytokine stain
of T cells among the groups tested after 6 h of peptide stimulation
(Figure S1 and Figures 2, 3) with the exception of female mice
fed normal chow, which had decreased CD4+IFN-γ+ T cells
after stimulation with CDSN, SAA1, or KRT 9 (Figure 2E).

Memory T cell response was assessed in splenocytes
stimulated with the individual peptides for 24 h. In female
mice fed normal chow, there was significantly increased
CD8+ and CD4+ Effector Memory (EM) T cell response to
COL6A1 and CDSN (Figure S2 for gating scheme; Figures 4A,E,
respectively), a trend for increased CD8+ EM response for
COL5A2 (Figure 4A), and increased CD4+ EM response to
KRT 9 (Figure 4E). Central Memory (CM) response remained
unchanged after peptide stimulation except for COL6A1 which
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TABLE 1 | Patient-unique peptides grouped as common to both sexes, or specific to sex, and ranked by frequency (peptide sequences are found in

Supplemental Material).

Protein name # Male # Female Combined Frequency (% of patients) Posterior error of probability

Common to both sexes of patients

COL6A1 8 5 13 65 1.3 × 10−69

CDSN 4 1 5 25 5.13 × 10−20

SAA2 4 1 5 25 1.03 × 10−11

SAA1 4 1 5 25 0.0004

SAA1 2 1 3 15 0.0639

Unique to female patients

COL1A1 0 2 2 22 2.2 × 10−8

COL5A2 0 2 2 22 0.0083

Unique to male patients

SAA1-4 3 0 3 27 1.87 × 10−5

SAA1;SAA2 3 0 3 27 0.04133

KRT9 2 0 2 18 2.51 × 10−38

DMKN 2 0 2 18 0.00477

ANK1 1 0 1 9 0.00211

KLC3 1 0 1 9 0.02990

MRVI1 1 0 1 9 0.03181

TABLE 2 | Homologous mouse peptide sequence used for screening self-reactive

responses.

Name Sequence

COL6A1* GLNGTKGYPGLKGDEGEVGDPGEDNNDISPRGVKGAKGYRGPEGP

QGPPG

CDSN SSSGSLIYKPGTGYSQSSYSYGSGGSRPGG

SAA2 QEFFGRGHEDTMADQEANRHGRSGKDPNYYRPPGLPDKY

COL1A1 DGEAGAQGAPGPAGPAGERGEQGPAGSPGFQGLPGP

COL5A2 RGAPGKDGEVGPSGPVGPPGLAGERGEAGP

SAA1 AGDMWRAYTDMKEANWKNSDKYFHARGNYD

KRT9 EKNALTKNHKEEMSQLTGQNDGDVNVEINVAPST

Text underlined are corresponding regions of mouse sequence homologous to the human

peptides, text without underline are flanking peptides according to the reported mouse

sequence. *Region of homology did not show high binding prediction score for mouse

MHC-I binding, so peptide was flanked until binding prediction score was increased.

increased CD8+ CM response (Figure 4C). In male mice fed
normal chow, CD8+EM T cells were trending higher in response
to CDSN (Figure 4B)

In female mice fed high fat diet, CD8+ EM T cells were
increased in response to COL6A1 (Figure 5A). Male mice fed
high fat diet had significantly increased CD8+ EM response
to COL6A1 and CDSN (Figure 5B), and CD4+ EM response
to COL6A1 (Figure 5F). There was also a trend for increased
CD8+ CM response to COL6A1 and KRT 9 (Figure 5D) in
male mice fed high fat diet. Based on the collective results of
the screening test and with the aim to test one peptide common
to patients of both sexes and one peptide each unique to male
or female patients, COL6A1 (common), COL5A2 (female), and
KRT 9 (male) were selected for immunization studies. The
differential response to individual peptide stimulation between

female and male mice also suggested that there were inherent
differences in the immune profile between female and male
apoE–/– mice that may influence atherosclerosis. To assess
if there was an association between the differential immune
response to the self-peptides observed and atherosclerosis, we
examined atherosclerosis in female compared to male apoE–/–
mice fed high fat diet for 12 weeks.

Atherosclerosis and Sex-Influenced
Immune Regulation
After 12 weeks of high fat diet, there was no significant
difference in percent aortic plaque area in female compared
to male mice (Figures 6A,B) even as there was significantly
lower serum cholesterol in female compared to male mice
(1397 ± 237.6 mg/dL N = 20 vs. 1939±281.8 mg/dL N =

17, respectively; P < 0.01). Body weight was also significantly
lower in female compared to male mice (30.3 ± 3.9 vs. 43.5
± 5.1 gm, respectively; P < 0.01). Aortic sinus plaque size was
bigger in female mice compared to male mice (Figures 6C,F),
but no differences in lipid area or macrophage presence
were noted (Figures 6D–G). Given the observed differential
immune response to the self-peptides between female and
male mice observed (Figures 4, 5), we evaluated potential
pathways involved in regulating immune responses to self-
antigens which include CD4+FoxP3+Treg cells, Type-2 cytokine
T cells, and immune checkpoints. There was no significant
difference in CD4+FoxP3+ Treg cells between female and
male mice (Figure 6H). CD4+IL-10+ T cells (Figure 6I) were
significantly increased in male mice compared to female mice
and CD8+IL-10+ T cells were trending higher (Figure 6J; P
= 0.09). On the other hand, there was significantly higher
Pdcd1 (Figure 6K) and Ctla4 (Figure 6L) mRNA expression in
female compared to male mice. Despite potential differences

Frontiers in Immunology | www.frontiersin.org 5 April 2020 | Volume 11 | Article 694

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lio et al. Sex and the CAD Immune-Peptidome

FIGURE 2 | Intracellular cytokine staining of splenocytes from mice fed with normal chow. Splenocytes from female (A,C,E,G) or male (B,D,F,H) apoE–/– mice fed

normal chow (NC) stimulated for 6 h with mouse homologs of self-peptides selected from patient immune peptidome and stained for intracellular IFN-γ and IL-10. N =

3 each; *P < 0.05 compared to No Tx. Gating scheme in Figure S1.
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FIGURE 3 | Intracellular cytokine staining of splenocytes from mice fed with high fat diet. Splenocytes from female (A,C,E,G) or male (B,D,F,H) apoE–/– mice fed high

fat diet (HC) stimulated for 6 h with mouse homologs of self-peptides selected from patient immune peptidome and stained for intracellular IFN-γ and IL-10. N = 3

each. Gating scheme in Figure S1.
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FIGURE 4 | Memory T cell response to peptide stimulation of splenocytes from normal chow-fed mice. Splenocytes from female (A,C,E,G) or male (B,D,F,H) apoE–/–

mice fed normal chow (NC) for 6 weeks stimulated with mouse homologs of self-peptides or no stimulation (No Tx) for 24 h and then stained for Effector Memory (EM)

or Central Memory (CM) T cells. N = 3 each; *P < 0.05,
†
P = 0.06 compared to No Tx. Gating scheme depicted in Figure S2.
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FIGURE 5 | Memory T cell response to peptide stimulation of splenocytes from high fat diet-fed mice. Splenocytes from female (A,C,E,G) or male (B,D,F,H) apoE–/–

mice fed high fat diet (HC) for 6 weeks stimulated with mouse homologs of self-peptides or no stimulation (No Tx) for 24 h and then stained for Effector Memory (EM)

or Central Memory (CM) T cells. N = 3 each; *P < 0.05,
†
P = 0.06 compared to No Tx. Gating scheme depicted in Figure S2.
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FIGURE 6 | Influence of sex on atherosclerosis and immune regulation. Atherosclerotic burden assessed by en face Oil Red-O staining in aortas of female (N = 20)

and male (N = 17) apoE–/– mice (A) fed high fat diet for 12 weeks starting at 13 weeks of age [representative photographs in (B); bar=0.5 cm]. Aortic sinus plaque

size (C), lipid area (D), and macrophage stain area (E) measurements with representative photographs of Oil red-O stain (F) and MOMA-2 stain (G). Bar = 0.1mm.

Immune response regulators CD4+FoxP3+ regulatory T cells [(H), female N = 19, male N = 17], Type-2 CD8+ (I) and CD4+ (J) T cells expressing IL-10 (female N =

19, male N = 17) in splenocytes, and splenic mRNA expression of Pdcd1 [(K), N = 5 each], Ctla4 [(L), N = 5 each], and IL-1β [(M), N = 5 each). *P < 0.05, T-test for

(C,K,L); Mann–Whitney test for (I). Gating for flow cytometric analysis of intra-cellular stain as depicted in Figure S1.
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in immune regulatory pathways, no differences were detected
in IL-1β mRNA expression (Figure 6M). Thus, the results
suggested inherently differential profiles of immune regulation
between female and male apoE–/– mice even as aortic
atherosclerosis was comparable. The self-antigens were then used
in immunization studies as immune challenge to assess effects
on atherosclerosis.

Sex as Determinant of Outcome After
Immunization
COL6A1, COL5A2, and KRT 9 peptides were selected for
immunization studies in apoE–/– mice to test if self-reactive
immune responses and atherosclerotic burden may be altered
when challenged with self-antigens. Based on the result of the IP-
MS/MS assay, COL5A2 which was unique to female patients was
used to immunize female mice; KRT 9 which was unique to male
patients was used to immunize male mice; and COL6A1 which
was common to majority of both male and female patients was
used to immunize bothmale and female mice. Adjuvant injection
itself (Figures 7A–E) had no effect on aortic atherosclerosis
when compared to age- and sex-matched naïve mice shown
in Figure 6A.

There was differential effect on atherosclerosis in mice
immunized with COL6A1, wherein female mice had significantly
reduced while male mice had significantly increased aortic
atherosclerosis (Figures 7A–E). Serum cholesterol was higher
in COL6A1 immunized male mice (Figure 7F). Aortic
sinus plaques were not significantly changed by COL6A1
immunization but the differential aortic sinus plaque size
between females and males was again observed in the Adjuvant
groups (Figure 7G). No differences were observed in aortic
sinus plaque lipid and macrophage stain among the groups
(Figures 7H,I, respectively). Serum anti-COL6A1 IgM and IgG
were not different among the groups (Figures 7J,K, respectively).

The immune response to COL6A1 immunization in female
mice was characterized by increased CD8+IFN-γ+ T cells
(Figure 8A) but no changes in CD8+IL-10+ T cells (Figure 8B),
nor were there any changes in EM or CM T cell response
(Figures 8C,D). Pdcd1 and Ctla4 mRNA expression were
unchanged (Figures 8E,F). Cytolytic activity of CD8+ T
cells measured by CD107a degranulation assay (Figure 8G
and Figure S3) was decreased in COL6A1 immunized mice.
Splenic IL-1β mRNA expression (Figure 8H) and serum IL-
1β (Figure 8I) of immunized female mice were also reduced.
CD4+T cell responses (Figures 8J–N) and CD4+FoxP3+T cells
(Figure 8O) were not different.

Male mice on the other hand had no differences observed
in CD8+ T cell response (Figures 9A–D). Pdcd1 mRNA
was unchanged, but Ctla4 mRNA was significantly increased
(Figures 9E,F, respectively) in COL6A1 immunized male mice.
Splenic IL-1β mRNA expression (Figure 9G) in immunized
male mice was significantly increased but serum IL-1β was not
different (Figure 9H). There was increased CD4+IFN-γ+ T cells
(Figure 9I) with no differences in CD4+IL-10+ or CD4+IL-
17+ T cells (Figures 9J,K, respectively; Figure S4). CD4+ EM T
cells (Figure 9L) increased, but no change in CD4+ CM T cells

(Figure 9M) and CD4+FoxP3+ T cells (Figure 9N) were noted.
There were no significant effects on atherosclerosis or immune
profile when mice were immunized with COL5A2 (Figure S5) or
KRT 9 (Figure S6).

Discussion
The cornerstone of adaptive immune responses is antigen-
specificity. Extending our previous report (15), we investigated
the potential influence of sex on the CAD patient immune
peptidome by capturing soluble HLA Class-I/peptide complexes
in female and male patients over the age of 50 years. Our results
show that the patient immune peptidome have commonality
between sexes, but also suggest that there may be a degree
of uniqueness influenced by sex. It is important to note
that although the self-peptides were identified using immune-
precipitation of HLA Class-I, it does not restrict the immune
response to the self-peptides to CD8+ T cells only. CD4+
T helper cells interact with CD8+ T cells in response to
specific antigens to generate effector and memory responses
(26), mediated by clustering interactions with a population of
dendritic cells (27, 28) which optimizes the recall response by
memory CD8+ T cells (29).

Differential manifestation of CAD between the sexes is
recognized (3) yet specific mechanistic insights remain to be
clarified. Inflammation is implicated in CAD (1) with relatively
limited understanding of the processes involved. The chronic
nature of CAD would lead to the reasonable speculation
that the inflammatory response would evolve to implicate the
adaptive immune response. Indeed, clinical studies not only
identify T cells potentially involved in the disease (2) but also
localize these T cells in various stages of the disease (30, 31).
Interestingly, sexual dimorphism is also reported in immune
responses (4, 5, 14).

The results of the peptide screening in apoE–/– mice (15)
were intriguing in that there appeared to be differential immune
responses to the peptide stimulation between the sexes. This
differential outcome influenced by sex did not extend to aortic
atherosclerosis in the context of our experimental paradigm of
feeding the mice with high fat diet for 12 weeks since aortic
plaque burden was similar between the sexes. Aortic sinus plaque
size in females, however, were larger consistent with previous
reports that suggest this is site-specific and may not reflect total
disease burden (32, 33).

In agreement with our observation, high fat diet has been
reported to induce a Type-2 cytokine response in male apoE–
/– mice (34) but the response has not been investigated in
the context of host sex. Our results also showed that although
Pdcd1 and Ctla4 mRNA expression differed between the sexes,
the extent of aortic atherosclerotic burden was similar. Given
the differential immune profile between the sexes in response
to self-peptides observed in the screening experiment, we
challenged the self-reactive immune response to the self-peptides
using immunization.

We identified self-peptides from patients that were common
to both females and males and peptides that were unique
to each sex, yet neither of the sex-unique peptides had
significant effects on atherosclerosis in immunized mice of the
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FIGURE 7 | Sex as determinant of outcome in COL6A1 immunized apoE–/– mice. Female and male apoE–/– mice were immunized with the mouse homolog of

collagen 6A1 (COL6A1) and effect on atherosclerosis was measured on en face Oil Red-O staining of the aorta (A). *P < 0.05 by ANOVA and Holm–Sidak’s post–test.

Representative photographs of en face Oil Red-O preparation of aortas from female mice injected with Adjuvant alone (B) or COL6A1 peptide (C) and male mice

injected with Adjuvant alone (D) or COL6A1 (E). Bar = 0.5 cm. Female mice N = 11 each; Male Adjuvant N = 10, Male COL6A1 N = 11. Serum cholesterol (F), aortic

sinus plaque size (G), aortic sinus lipid as stained with Oil Red-O (H), and sinus plaque macrophage presence as stained with MOMA-2 (I) in mice immunized with

COL6A1. Anti-COL6A1 IgM levels (J) and anti-COL6A1 IgG levels (K). *P < 0.05;
†
P = 0.065; N = 7–11 per group.
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FIGURE 8 | Immune profile of female apoE–/– mice immunized with COL6A1. Intracellular staining of splenocytes from female mice immunized with COL6A1 [(A,B);

N = 11 each]. Splenocytes were also stimulated with COL6A1 peptide for 48 h and stained for Effector Memory (EM) and Central Memory (CM) CD8+ T cells [(C,D),

respectively; N = 6–7 each]. Pdcd1 and Ctla4 mRNA expression in spleens [(E,F); N = 5 each]. Cytolytic activity of CD8+ T cells assessed by CD107a stain in

splenocytes of female mice after 5 h stimulation with COL6A1 peptide [(G); N = 4–5 each]. IL-1β mRNA expression in spleens [(H); N = 5 each] and serum IL-1β [(I);

N = 5 each]. *P < 0.05,
†
P =0.055. Intracellular staining of CD4+T cell (J–L), EM and CM CD4+ T cells [(M,N), respectively], and CD4+FoxP3+ T cells (O). Gating

schemes for flow cytometric analysis as depicted in Figure S1 for cytokine stain, Figure S2 for Memory cells, Figure S3 for CD107a, and Figure S4 for

CD4+IL-17+ T cells.
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FIGURE 9 | Immune profile of male apoE–/– mice immunized with COL6A1. Intracellular staining of CD8+ T cells in splenocytes from male mice immunized with

COL6A1 [(A,B); N = 7–11 each]. Splenocytes were also stimulated with COL6A1 peptide for 48 h and stained for Effector Memory (EM) and Central Memory (CM)

CD8+ T cells [(C,D), respectively; N = 7–8 each]. Pdcd1 and Ctla4 mRNA expression in spleens of male mice [(E,F); N = 5 each]. IL-1β mRNA expression in spleens

[(G); N = 5 each] and IL-1β in serum [(H); Adjuvant N = 4, COL6A1 N = 7]. Intracellular staining of CD4+T cells (I–K), EM and CM CD4+ T cells [(L,M), respectively],

and CD4+FoxP3+ T cells (N). *P < 0.05; T-test. Gating scheme for flow cytometric analysis as depicted in Figure S1 for cytokine stain, Figure S2 for Memory T

cells and Figure S4 for CD4+IL-17+ T cells.
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corresponding sex. The implications of patient-unique peptides
that were detected in only one sex remains unclear. However,
sex-differential expression and function of proteins have been
previously reported. Estrogen and androgens differentially affect
transcription of collagen types I, III and V in mice (35).
SAA3 deletion in mice revealed sexually dimorphic effects
on inflammatory responses (36). Female rheumatoid arthritis
patients with cardiovascular disease had significantly lower SAA
levels compared to male patients (37). Expression levels of
self-antigens as well as expression patterns of self-peptides are
determinants of whether tolerance is established or self-reactivity
is provoked (38, 39). Thus, protein amount, function, and tissue
localization, any of which can be influenced by the sex of the host
(35–37), may affect immune reactivity to self-antigens (38, 39). In
addition, sex-bias occurs in class-I HLAmediated responses (14).

On the other hand, immunization with the peptide common
to majority of female and male patients, COL6A1, had
divergent effects on atherosclerosis. The differential outcome
unmasked by COL6A1 immunization is further demonstrated
by different immune profiles between the sexes. The reduction
in atherosclerosis in immunized female mice is associated with
increased CD8+IFN-γ+ T cells and reduced cytolytic activity.
This profile of CD8+ T cells in immunized female mice remains
to be investigated further. However, there are CD8+ T cell sub-
types that are detrimental and there are others that promote
favorable effects against atherosclerosis (40). Pro-atherogenic
effects of CD8+ T cells are attributed in part to cytolytic activity
which leads to increased expression of IL-1β (41, 42), resulting
in an amplification loop promoting increased T cell activation
by IL-1β (43). IL-1β is a proinflammatory cytokine mediator
of atherosclerosis (44). COL6A1 immunization in female mice
interrupted this pathway with a tolerance-like response of
decreased CD8+ T cell cytolytic activity and reduced IL-1β
expression with decreased aortic atherosclerosis (43).

Increased CD4+ T cell function is associated with worsening
of experimental atherosclerosis (2), which we observed in the
male COL6A1-immunized mice. Effector T cell function that
exacerbates atherosclerosis is attributed in part to IFN-γ (45),
which concur with our observation that COL6A1 immunized
male mice had increased CD4+ EM T cells and CD4+IFN-γ+
T cells. Effector function by cognate T cell receptor-reactivated
memory CD4+ T cells requires IL-1β signaling, potentiating the
detrimental role of activated effector memory CD4+ T cells (46),
in agreement with our results. IL-1β signaling was reported to
promote a Th17 response in CD4+ T cells in atherosclerosis (47).
This did not occur in our study likely due to increased Ctla4
mRNA expression that suppresses Th17 differentiation (48) and
may be a compensatory response to the unfavorable effect of
immunization in male mice. The lack of difference in serum IL-
1β in immunized male mice despite increased mRNA expression
could be due to several factors including increased consumption
by activated CD4+EM T cells (46, 47) in COL6A1 immunized
male mice.

It is notable that the immunologic challenge was necessary
to promote differences in aortic plaque atherosclerosis between
the sexes. The divergent response to COL6A1 immunization
between the sexes may be linked to the preponderance of
increased regulatory immune checkpoint mRNA expression

observed in naive female mice fed high fat diet for 12 weeks.
Challenge with a self-antigen unmasked the potential role of
these differences. These remain speculative and need to be tested
but underscore context-dependent antigen-specificity of immune
responses in atherosclerosis.

The lack of seroconversion in COL6A1 immunizedmice is not
unexpected given that the immune challenge is directed to a self-
antigen. Three components necessary to induce seroconversion
to self-peptide immunization are: (1) A TLR agonist; (2) The
use of an adjuvant as antigen depot; and (3) A short foreign
peptide sequence (49). The immunization formulation used in
our study, selected based on the report that it enhances CD8+ T
cell responses (50), contained only the first 2 components which
induced T cell responses to COL6A1 but no seroconversion.

COL6A1 is a member of the collagen superfamily that forms
a triple-helix monomer with COL6A2 and COL6A3 and then
assembles as tetramers secreted into the extracellular space
(51). It is present in advanced lesions (52) and identified
as a specific autoantigen in atherosclerosis associated with
experimental autoimmunity (53), supporting the notion that
chronic inflammatory conditions lead to the generation of self-
reactive immune responses to COL6A1. Importantly, the report
suggests that exaggerated immune challenges in female mice
can result in pathologic responses to COL6A1 associated with
the severity of atherosclerosis (53). Our results complement
their report. It remains unclear how COL6A1 becomes a target
of self-reactive immune responses in atherosclerosis. A report
on proteomic analysis of atherosclerosis progression in apoE–
/– mice may provide some insight. Although COL6A1 protein
levels did not change as aortic plaques developed over time, it
was the most abundant protein in the aorta (54). In addition,
increased COL6A1 was found in the proteome of atherosclerotic
coronary arteries compared to pre-atherosclerotic radial arteries
(55). These reports suggest that COL6A1 is a source of
potential atherosclerosis antigens during a chronic inflammatory
state. It is noteworthy that decellularized equine arteries,
under investigation as potential biocompatible scaffolding for
engineered vascular tissue, retain immunogenicity attributable to
COL6 (56).

It is known that clinical atherosclerosis is different in
its prevalence, clinical presentation, and outcome between
male and female patients (57) traditionally explained by the
difference in plaque morphology, prevalence of risk factors,
hormonal response, or lipids in epidemiology and clinical
studies or preclinical animal models. Studies of potential sexual
dimorphism in self-antigens, or immune responses to self-
antigens in atherosclerosis are scant. Our results provide some
evidence to fill in the gap.

Limitations of the Study
The small size of plasma samplesmay be perceived as a limitation.
However, the immune-peptidomic profiling is not intended to
define biomarkers, nor is it intended to develop best-fit models
for population-based stratification or prognostication, typical of
large-scale proteomic studies of patient populations. Instead,
it is intended to be used as a tool to identify potential self-
reactive peptides that may help define specific pathways of
inflammatory signaling mediated through the adaptive immune
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response (15) which can be tested for functionality in a mouse
model. A limitation is the propensity of the control group to be
younger, unavoidably inherent in the samples from self-reported
control blood donors, some of whom cannot be ruled out as
potentially undiagnosed CAD. It is important to note that the
plasma samples were selected from patients over the age of 50
years, which presumably would place the females of the group
in menopausal or post-menopausal status. In comparison, the
female mice used in the study are in their reproductive age.
The potential role of hormone status remains to be investigated
further. The method to immune-precipitate MHC-I/peptide
complexes is unlikely to pull down and identify peptides of small
quantities that may nevertheless be important. Sex-influenced
differences in immunologic profiles of mice in our report may
be limited to the strain of mice used and inferences should be
drawn carefully. The lack of observable difference in sex-unique
peptide immunization may reflect a limitation of the mouse
model. The pathogenesis of the disease may not be translatable
for all potential pathways between mouse models and humans.
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