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Abstract

Background: CD4*T cell responses to apolipoprotein B are well characterized in atherosclerotic
mice and detectable in humans. CD4*T cells recognize antigenic peptides displayed on highly
polymorphic Human Leukocyte Antigen-11. Immunogenicity of individual APOB peptides is
largely unknown in humans. Only one HLA-II-restricted epitope was validated using the
DRB1*07:01-APOB3036_3050 tetramer. We hypothesized that human APOB may contain discrete
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immunodominant CD4*T cell epitopes that trigger atherosclerosis-related autoimmune responses
in donors with diverse HLA alleles.

Methods: We selected twenty APOB-derived peptides (APOByq) from an /in silico screen and
experimentally validated binding to the most commonly occurring human HLA-11 alleles. We
optimized a restimulation-based workflow to evaluate antigenicity of multiple candidate peptides
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in HLA-typed donors. This included activation-induced marker (AlM) assay, intracellular cytokine

staining (ICS), IFNY-enzyme-linked immunospot (ELISpot) and Cytometric Bead Array (CBA).
High-throughput sequencing delineated TCR clonalities of APOB-reactive CD4*T cells.

Results: Using stringent positive, negative and crossover-stimulation controls, we confirmed
specificity of expansion-based protocols to detect CD4*T cytokine responses to APOB,q pool.
Ex vivo assessment of AIM*CD4™T cells revealed statistically significant autoimmune response
to APOB5, but not to a ubiquitously-expressed negative control protein, actin. Resolution of
CD4™T responses to the level of individual peptides using IFNY-ELISpot, led to the discovery of
six immunodominant epitopes (APOBg) that triggered robust CD4*T activation in most donors.
APOBg-specific responding CD4*T cells were enriched in unique expanded TCR clonotypes
and preferentially expressed memory markers. CBA analysis detected APOBg-induced secretion
of both pro-inflammatory and regulatory cytokines. In clinical samples from patients with
angiographically verified coronary artery disease (CAD), APOBg stimulation induced higher
activation and memaory phenotypes, and augmented secretion of proinflammatory cytokines TNF
and IFNY, compared to patients with low CAD.

Conclusions: Using three cohorts, each with ~20 donors, we discovered and validated six
immunodominant, HLA-II-restricted APOB epitopes. Immune response to these APOB epitopes
correlated with CAD severity.

Graphical Abstract
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Introduction

Atherosclerosis, a pathophysiology that underlies many cardiovascular diseases, is an
inflammatory disease of the artery wall with an obligatory secondary autoimmune
component!=3. Negative selection of T cells in the thymus is incomplete and autoreactive
CD4 and CD8 T cells are detectable in human blood*®. Studies in transgenic mice that
modelled tissue-specific expression patterns of endogenous antigens, demonstrated that
autoreactive T cell responses against certain tissue-restricted self-antigens, unlike those
targeting ubiquitously expressed proteins, are comparable to T cell responses to foreign
antigen’: 8.

Recent studies have highlighted the involvement of an autoantigen-specific adaptive immune
network in atherosclerosis3. Antigen-specific and MHC-II-restricted productive recall
interactions between antigen-experienced CD4*T cells and antigen presenting cells (APCs)
occur in the aortic walls of atherosclerotic mice®. Oligoclonal proliferation and expression of
activation markers were observed in plaque-associated T cells, indicating that human T cells
respond to unknown antigens in the vessel wall10: 11,
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The best evidence for a relevant atherosclerosis antigen supports a major role for low-density
lipoprotein (LDL) and its core protein Apolipoprotein B (APOB)12-16, Both humans and
mice have circulating antibodies to native or modified LDL and APOB. While the antibodies
against modified lipid moieties of LDL are predominantly of the immunoglobulin M (IgM)
isotype, most antibodies to the protein component APOB are of the 1gG isotypel”19. To
produce IgG, B cells must undergo isotype switching, which requires help from activated
CD4* follicular helper T cells20. Thus, the existence of IgG antibodies to human APOB
indicates that APOB-specific human CD4*T cells exist /in vivo.

Peptide presentation on heterodimeric Human Leukocyte Antigen (HLA) Class Il molecules
(encoded by DP, DQ and DR alpha and beta chain genes)?! engages epitope-specific

ap T Cell Receptors (TCRs). Human HLA-II genes are highly polymorphic, with most
numbers of allelic variants being reported for DP, DQ, DR beta chain (B) genes?..

The apTCR clonotypic repertoire is variable?2 and predominantly consists of individual-
specific private TCRs23. Based on immunogenicity studies in other autoimmune-related
inflammatory diseases* 24 25, only specific TCR-HLA-II-epitope trimolecular combinations
trigger CD4*T cell activation28. For this reason, it is important to resolve antigen-specific
responses to single epitopes in HLA-typed donors and identify antigenic candidates that
elicit strong CD4™T activation in a large fraction of individuals?’.

Early attempts to elucidate the identities of human APOB-specific CD4*T cells involved
characterization of /n vitro stimulated splenocytes and T cell hybridomas generated from
oxidized-LDL immunized human ApoB100 (huB100tg) transgenic mice28: 29, This study
revealed preferential VDJ usage of antigen-specific mouse CD4*T cell clones. However,
APOB-responsive human CD4*T cells remained unidentified. Using a DRB1*07:01 Class-
Il tetramer molecule, loaded with human APOB3g36-3050, We previously provided the

first evidence that APOB epitope-specific CD4*T cells exist in human peripheral blood
mononuclear cells (PBMCs)?. Since an individual tetramer can screen only one HLA-II-
peptide combination at a time, this study could not assess antigenicity of ABOB3g36_3050 in
the context of other HLA-II alleles or in comparison to other peptides.

Here, we systematically shortlisted 20 APOB epitopes from an /n silico screen and HLA-11
binding assays. We examined APOB-specific CD4*T responses using an optimized and
integrated re-stimulation-based workflow that includes — (1) activation-induced marker
(AIM) assay that facilitates detection and isolation of antigen-specific CD4*T cells

based on the surface expression of antigen-induced markers, (2) enzyme-linked immune
absorbent spot (ELISpot) assay for screening and deconvolution of responses at single
epitope resolution, (3) flow-cytometry-based intracellular cytokine staining (ICS) assays
for multiparametric assessment of cytokine producing epitope-specific T cells, and (4)
cytometric bead array (CBA) to profile peptide-induced T helper cytokine secretion.

METHODS

Data Availability

All data, methods and essential research materials used for research and analysis have
been provided. A detailed Material and Methods section is available in the Online Data

Circ Res. Author manuscript; available in PMC 2023 July 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roy et al.

RESULTS

Page 5

Supplement. Additional data related to peptides and TCR sequences are detailed in
Additional Files 1-3.

Broadly binding MHC Class-Il restricted APOB peptides elicit antigen-specific responses
in human CD4*T cells

The core HLA-II binding region of an epitope is a nonameric sequence. Because HLA-II
molecules have an open binding pocket, a 15-mer sequence is typically analyzed (3 aa
overhang on each side). The entire 4,563 aa long human APOB protein contains 4,549
possible 15-mer sequences. Those overlapping by >10 residues were removed because
these sequences redundantly span the same nonameric core. Prediction tools available from
the Immune Epitope Database (IEDB) were used to score the remaining 911 peptides for
their ability to bind a reference set of the 27 most frequent and representative HLA DP,

DQ and DR alleles (Table S1) which provide an estimated global coverage of >98% of
individuals belonging to all the major races and ethnic groups3C. Peptides predicted to bind
most (=75%) of the alleles, were experimentally verified in HLA-II binding assays3L. For
each peptide, the number of alleles that bound at <1000nM, was tabulated. The top 20
promiscuous binders (bind >50% of reference alleles) were selected for further study (Figure
S1A, Table S2). This approach is supported by previous observations that the promiscuous
HLA-11 binders tend to be the most immunogenic?”- 32. Homology analysis with BLAST
and PEPMatch (Additional File 1) showed that these peptides did not share any significant
sequence identity with other known epitopes in the IEDB database33. Using this APOBg
peptide pool, we optimized a set of re-stimulation-based assays (Table S3).

First, we established an /n vitro expansion-based protocol (Figure S1B) that maximizes

the sensitivity and reliability of the quantitation of autoantigen-specific CD4*T responses.
Similar protocols have been used to resolve epitope-specific responses to self-antigens

in other autoimmune-related diseases®. Expansion and restimulation of PBMCs with the
APOB( pool and multiparametric flow cytometry-based intracellular cytokine staining
(ICS; antibodies in Table S4) detected significantly higher T helper cytokine responses

in CD40L*CDA4*T activated cells, as compared to unstimulated controls (Figure S1C).
Most APOB-specific CD4™T cells produced Th1 cytokines, some produced IL-4 and others
IL-17A. APOByg-induced IL-10 was detectable (Figure S1C) but rare (median frequency
only 0.002% of CD4*T cells) (Figure S1D).

The efficacy and specificity of our expansion-based method was assessed in a crossover
re-stimulation assay in which PBMCs were expanded with a peptide pool and then re-
stimulated with either the cognate or a different pool. We utilized two sets of peptide

pools — the experimental APOB,g pool and a positive control CEFX-II pool containing 68
epitopes from infectious agents, which are known to bind a broad range of HLA class-11
alleles. PBMCs were expanded with either the APOB,q or the CEFX-II pool. Subsequent
re-stimulation on day 14 with the cognate pool elicited positive responses in an IFNy
ELISpot assay (Figure 1A). Cross-over re-stimulation with the opposite pool yielded no
responses. Unstimulated and PHA-L treated cells served as negative and positive controls,
respectively. Average response magnitudes, expressed as spot forming cells (SFCs) per 10°
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PBMCs, were significantly higher for the cognate pool than to the opposite pool (Figure
1B). Specificity was further confirmed in an ICS assay for multiple CD4™T helper cytokines:
TNF (Figure 1C), IFNvy (Figure 1D), IL-4 (Figure 1E) and IL-17A (Figure 1F). Significant
induction of cytokine response over unstimulated background controls was detected with the
cognate, but not with the non-cognate pool (Figure 1G-J). This shows that the expansion
process boosts sensitive detection of an APOB-specific T cell response and is strictly antigen
specific.

Significant autoreactive response to human APOB is detectable in the general population

Next, we optimized a 24h assay (Figure S2A-C) which is based on the surface expression of
T cell activation-induced markers (AlM) and has been used in a range of studies to identify
CDA4*T cell responses against vaccine candidates and pathogen-derived epitopes34-37. It

has been previously established that addition of anti-CD40 antibody during the stimulation
phase inhibits CD40-CD40L interaction-induced internalization of CD40L and improves
CDA40L detection on the cell surface38. We found that the 24h activation regime, as opposed
to 6h stimulation, improved the intensities of CD40L and CD69 surface expression and
lowered the background in unstimulated controls (Figure S2C). This enhanced the signal

to noise ratio of the antigen-specific CD4*T response (Figure S2C), allowing sensitive
detection and accurate enumeration of low-frequency autoantigen-specific CD4™T cells in
ex vivo assays. HLA-II restriction was verified using a pan HLA-II blocking antibody,
which strongly inhibited APOByg-induced AIM marker upregulation (Figure S2D). £x vivo
stimulation of PBMCs from 21 donors (demographics in Table S5) with the APOB5q pool
for 24h in the presence of anti-CD40 antibody significantly enhanced the frequencies of
AIM* (%CD40L*CD69%) CD4™ T cells in 100% of the donors tested (p<0.0001 versus
unstimulated control, Figure 2A).

Next, we compared APOB-specific CD4*T responses with those triggered by the positive
control CEFX-1I pool and a negative control pool containing 92 peptides spanning human
a-actin (Figure 2B-D). Actin is ubiquitously expressed and actin-specific T cells are
known to undergo strong negative selection8. As compared to unstimulated controls (Mean
%AIM*CD4*T = 0.005), stimulation with APOBg (Mean = 0.012) and CEFX-Il (Mean =
0.03) pools, but not with the actin pool (Mean = 0.006), resulted in significant increase

in activated CD4*T cells (Figure 2B,C). Stimulation-induced fold increase, commonly
expressed as stimulation index (SI = AIM*CD4*T cells in stimulated/unstimulated sets),
was significantly higher for both APOB,g (Mean SI=2.73, p=0.0349 versus actin, p=0.0002
versus unstimulated) and CEFX-Il (Mean SI=6.65, p<0.0001 versus actin or unstimulated)
stimulations (Figure 2D). There was no statistically significant autoimmune response to
actin (Mean S1=1.28, n.s.).

Discovery of immunodominant APOB-derived CD4 T cell epitopes

Not all peptides that bind HLA-II alleles exhibit comparable immunogenic potential. To
resolve APOB-specific responses to single epitopes, we used the optimized IFNy ELISpot
assay (Figure 1A), because Th1l cytokine response to APOB peptides is more robust than
other cytokines (Figure S1D) and is easily detectable in high-throughput screens. PBMCs
from HLA-typed donors (demographics and HLA-II alleles in Tables S5, S6) were incubated
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with the APOB,q pool for 14 days with intermittent 1L-2 feeding (schematic in Figure
S3A). Subsequent re-stimulation with individual peptides resulted in a mosaic pattern of

T cell responses of varying magnitudes that were associated with specific epitopes (Figure
3A). Restimulation with the APOByq pool and with PHA-L served as positive controls,

and unstimulated cells were negative controls. For each donor, APOB peptide-specific
restimulation conditions were run in triplicate wells and the average number of spot-forming
cells (SFCs) per 106 PBMCs was calculated. To determine responder frequencies, we
defined a positive response based on established criteria set for detection of responses to
other autoantigenic epitopes?: (1) = 100 spot-forming cells per 106 PBMCs; (2) stimulation
index =2 (3) p< 0.01 by Student’s t-test, mean response in stimulated vs unstimulated
replicate wells. Using these criteria, six peptides (#2, 4, 5, 11, 12 and 17) were found

to induce positive responses in =10 out of 19 donors tested (Figure 3B). The average
magnitude of response elicited by each of these six epitopes (Figure 3C) was significantly
higher than the average response to all the other epitope candidates (Figure 3D). Scrambled
versions of these six epitopes (Figure S3B) elicited negligible responses (Figure S3C),
confirming that only the original APOB peptides are recognized by human autoreactive T
cells.

IFN-y responses to a combined pool of these HLA-II restricted dominant epitopes (APOBg)
were inhibited by pan-HLA-II blocking antibodies, but remained unaffected by pan-HLA-I
blocking (Figure 3E). Using HPLC-purified (>95% purity) peptides and flow cytometry-
based ICS assays (schematic in Figure S4A), we validated that Thl cytokine (TNF and
IFNy) responses to all six epitopes were mediated by CD4*T cells, with negligible CD8*T
responses (Figure 3F, Figure S4B). None of the peptides induced any significant cell death
in the expanded and restimulated T cells (Figure S4C). Furthermore, only cognate epitopes,
and not an irrelevant peptide, triggered Th1 responses in activated CD4*T cells (Figure
S4D).

Evaluation of ex vivo responses using the 24h AIM assay (Figure 2) revealed significant
increase in %CD40L*CD69*CDA4*T cells, as compared to unstimulated controls, in APOBg
and CEFX-II stimulated PBMCs, but not in response to the actin pool (Figure S4E).

Next, we used the RATE (Restrictor Analysis Tool for Epitopes) tool (IEDB.org) to
computationally infer putative HLA-II associations of the dominant peptides (Additional
File 2), based on observed positive responses (Figure 3B) and HLA-II allele expression in
the screening cohort (Table S6)3% 40, As expected, these APOB peptides, which were shown
to bind multiple HLA-II alleles in our binding assay (Figure S1A), did not exhibit significant
positive association with any particular donor HLA-11 allele.

To further examine dependency of APOB peptide immunogenicity on their measured
binding affinities and expression of binder alleles in the responding donors, we constructed
case-control scenarios of binder and non-binder peptide-HLA-II combinations. First, we
studied the effect of pan-HLA-DR blockade on the immunogenicity of P2 in two donors
(Figure S5A) whose alleles at DRB1 and DRB3/4/5 loci exhibited contrasting binding
preferences for P2. A pan-HLA-DR blocking antibody inhibited responses to P2 in donor
1, who expressed HLA-DR alleles with strong binding affinities for P2. Immunogenicity
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of the same peptide in donor 2, expressing DQ and DP binder alleles and DR non-binder

alleles, remained unaffected by HLA-DR blockade. Both donors expressed similar levels

of HLA-DR molecules on B cells, the major antigen-presenting cells in peptide-expanded
PBMC:s.

In another strategy, we used single HLA-II transfected cell lines*! expressing either
DPB1*05:01 or DRB3*02:02 (Figure S5B, left) and examined the immunogenicity of two
contrasting sets of binder and non-binder APOB peptides (Figure S5B, right). We found
that exogenous addition of either binder or non-binder peptide elicited responses in PBMCs,
because they express a combination of all HLA-I1 alleles present in that donor. However,
under conditions where peptide presentation was limited to only one HLA-II molecule
(DPB1*05:01 or DRB3*02:02 cell lines), we found that the responses to each peptide were
dependent on their binding preferences (Figure S5C).

In our deconvolution experiments (Figure 3B), 16 out of 19 donors identified at least 4 of
the 6 dominant epitopes, with only one donor not responding to any of them (Figure S6A).
Every donor expressed at least one binder allele for each of the six peptides (Figure S6B).
Together these data (Figures S5, S6) suggested that although immunogenicity of dominant
APOB epitopes relies on specific peptide-HLA-II binder combinations, a combined peptide
pool of these six promiscuous dominant epitopes (APOBg) will bind most of the frequently
occurring HLA-1I alleles (Table S1) and allows evaluation of APOB-specific CD4*T
responses in a range of donors, irrespective of their HLA-II allelic heterogeneity.

Dominant APOB epitopes activate oligoclonal populations of APOB-reactive CD4* T cells

The TCR repertoire, diversity and clonality are important indicators of a T cell-mediated
immunological reaction and reflect the immune status of an individual?2 42, To examine the
clonotypic identities of autoreactive CD4* T cells, we sequenced the hypervariable TCRp
CDR3 region using a DNA-based sequencing technique*? (Adaptive Biotechnologies),
which have been used to profile clonal populations of other self-antigen specific T cells*3.
PBMCs from six HLA-typed donors (demographics and HLA-II alleles in Tables S5, S6)
were expanded (14-days) and restimulated (24h) with the APOBg pool. To isolate viable
responder and non-responder CD4*T cells from the same pool of stimulated PBMCs
(schematic in Figure S7A, gating strategy in Figure S7B), we used the AIM assay protocol
(Figure 2). We assessed surface expression of the five most commonly used AIM markers
— CDA40L, CD69, CD25, OX-40 and 4-1BB, which maximized detection of APOB-induced
activated (AIM*) CD4* T cell repertoire, irrespective of their cytokine secretion potential.
AIM~ CD4" T cells that did not express any of the activation markers tested were

used as “non-responder” negative controls (gating strategy in Figure S7B). As a second
control, unexpanded PBMCs (day 0 samples), sorted into naive, central memory (TCM)
and effector memory (TEM) CD4*T cells, were used (gating strategy in Figure S7C).

This allowed tracing the APOBg-specific AIM* T cell clones in naive and memory T cell
lineages. Genomic DNA, isolated from sorted AIM™ and AIM* Day 14 samples and naive,
TCM and TEM Day 0 samples from six donors, was used as the starting material for
TCRV} sequencing (schematic in Figure S7A) using an optimized two-step, amplification
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bias-controlled multiplex-PCR-based approach#?: 44 (immunoSEQ Human TCRB Assay,
Adaptive Biotechnologies).

As most T cells encode only one somatically rearranged TCR*?, frequencies of CDR3
templates identified from genomic DNA strongly correlate with the relative abundances

of the clonotypic T cells bearing that CDR3 sequence?. For our analysis, we focused

on productive templates in which the nucleotide sequence of the CDR3 region is in-

frame for protein translation and does not contain any stop codons. A comparison of

total vs unique template counts (details in Table S7) detected in AIM* and AIM™ cells
revealed an enrichment of a restricted set of unique rearrangements in the responding
CD4*T cells (Figure 4A), indicating APOB-dependent selection of specific TCR clones.
We determined 14,400 unique TCR rearrangements (Additional File 3) from a total of
149,065 productive TCRB chain CDR3 templates identified in APOB-specific CD4*T
cells that recognized these six immunodominant epitopes. Comparison of the repertoire
characteristics of AIM™ and AIM™ cells using diversity and clonality metrics*” (Figure
4B), confirmed that AIM* populations are represented by fewer but more abundant unique
clonotypes (higher average Simpson’s clonality). The APOB-AIM*CDA4*T cells, and not
the AIM~CD4™T cells, were significantly more oligoclonal than Day 0 subsets (Figure
S7D), thereby validating the efficacy of the expansion and restimulation regime in detecting
epitope specific oligoclonal CD4*T cells in a polyclonal pool of PBMCs. While expansion
improves sensitivity, restimulation enforces specificity. Comparing the extent of similarity
between APOB-specific AIM* TCR repertoire and the different ex vivo subsets using
Jaccard’s index?’ (Figure 4C), revealed that the APOB-specific TCR repertoire exhibited
some overlap with central and effector memory CD4*T cell TCRs, but not with naive
populations, suggesting that exposure to these epitopes and memory formation had occurred
in vivo.

To assess whether shared TCR clones appear across AIM* T cells from different donors,
we examined repertoire overlap (Figure 4D) and performed Venn diagram analysis of the
TCR rearrangements (Figure S7E). We found that most clones that were shared between
two donors showed preferential expansion in one donor and were singletons (one copy)

or rare (<10 copies) in the other donor. Only 6 clones, shared between donors 2 and 5,
were present in >10 copies in both donors (Figure S7F). These data show that CD4*T
responses to APOBg consists predominantly private TCR clones restricted to individual
donors. Analysis of the extent of APOBg driven expansion of clonotypes within each donor
showed that almost half of the AIM™ rearrangements were present at >1 copy number, with
enrichments ranging from low (2-10) to moderate (11-100) to high (101-1000) (Figure
4E). In two donors, APOB-specific clones with >1000 copies were detected (Figure 4E).
As the frequencies of the top 10 most abundant clones in each donor accounted for a
significant fraction (frequencies 18-39%; average 27%) of all TCR templates (Figure 4F),
we examined the sequence identities (Table S8) of these clones in greater detail. We verified
their expansion over AIM™ controls by examining clone-specific relative frequencies using
Fisher’s exact test and odds ratio analysis (Table S8).

For some donors, we determined TCR sequences from CEFX-I1 stimulated PBMCs and
compared the frequencies of top 10 APOB and top 10 CEFX-1I TCRs (Table S9, Additional
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File 3) in APOB and CEFX-Il-specific AIM* subsets. Most TCRs were either highly
enriched (having ~10-fold higher productive frequencies) or found exclusively in any one of
the AIM* groups. Only 3 of the top clones (found in donors 2 and 5) occurred at comparable
frequencies in the two AIM*CD4*T subsets (Table S9). These findings suggest that some
degree of TCR cross reactivity between APOB-specific CD4*T cells and some CEFX-II
viral or bacterial antigen-specific CD4*T cells may exist in some donors. However, this
finding is preliminary and requires a larger number of donors to become conclusive.

Statistical analysis of the most expanded APOB-AIM™* clone (Rank 1 in donor 6) using
Fisher’s exact test confirmed significant APOBg-driven selection of this clone (frequencies
in AIM~ and AIM™* templates) and suggested the existence of an already expanded APOBg-
specific memory T cell pool /n vivo (frequencies in naive vs TCM or naive vs TEM
templates) (Figure 4G). The nucleotide sequence of this TCR rearrangement and its bio-
identity (translated CDR3 amino acid sequence and annotated V and J genes) are shown
(Figure 4H).

APOBg-reactive CD4*T cells are enriched in antigen-experienced memory
markers—Lineage-tracing of APOB-specific AIM* TCR sequences in Figure 4
highlighted the existence of APOBg-responsive memory CD4*T cells in normal donors
with no known conditions of heart disease. We examined this further in an ex vivo (without
expansion) AIM assay of APOBg-stimulated PBMCs from 20 new donors enrolled in a
validation cohort of HLA-typed healthy participants (demographic details in Table S10,
donor HLA-I1 alleles in Table S11). The short stimulation regime (24h) avoids any potential
non-specific skewing of phenotypes and therefore is most likely to reflect /n vivo states.

As before, responding and non-responding populations in peptide-stimulated PBMCs were
defined using a sequential gating scheme (gating strategy in Figure S8A) to evaluate
expressions of the T cell activation markers CD40L, CD69, CD25, OX-40 and 4-1BB.
Analysis of multiple activation marker combinations helped us to capture all responding
AIM* CD4™T cells, irrespective of donor-to-donor heterogeneity in APOBg-induced AIM
marker expressions (representative plots in Figure 5A). Comparison of naive and memory
(TCM+TEM) fractions within AIM~, AIM* and all CD4*T cells (representative plots in
Figure 5B) in APOBg stimulated (Figure 5C) and CEFX-I11 stimulated (Figure S8B) PBMCs,
revealed significantly higher fractions of memory cells and lower fractions of naive cells

in AIM*CD4™T cells, as compared to AIM™~ or all CD4*T cells. This confirmed that
antigen-specific CD4*T cells that respond to dominant APOB epitopes are enriched in
antigen-experienced memory T cell features, corroborating our previous conclusions from
the lineage-tracing experiment in Figure 4.

APOBg triggers secretion of both proinflammatory and regulatory T helper
cytokines—We used a commercially available (BD Biosciences) human Cytometric Bead
Array (CBA) kit to examine the full spectrum of T helper cytokines (IL-2, TNF, IFNy,
IL-17A, IL-4, IL-10) secreted in response to APOBg stimulation of PBMCs from donors

in the validation cohort (Table S10). We used a short (24h) stimulation regime to avoid

any phenotypic skewing that may occur in expansion-based methods. £x vivo analysis also
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improved detection of IL-10 production, whose levels were very low in expansion-based ICS
assays (Figure S1C,D).

As a negative control, we selected a contrasting set of APOB peptides (“neg peps”) that

had exhibited low reactivity in our deconvolution experiment (Figure 3). These peptides
contributed <5% to the cumulative response (Figure 6A) and had responder frequencies
<10% (Figure 3B). As compared to the dominant APOB peptides (“pos peps™), responses to
them were ~8-fold lower in a cellular proliferation assay (quantification and representative
plots in Figure S9A) and ~3.5-fold lower in the 24h ex vivo AIM assay (Figure 6B,
representative plots in Figure S9B).

We found that both the APOBg and the CEFX-II pools induced significantly higher secretion
of IL-2, TNF, IFN-y and IL-17A, as compared to the contrasting set of APOB peptides
(Figure 6C). Unlike these cytokines, significantly higher induction of the regulatory cytokine
IL-10 was triggered only by the dominant self-antigen-derived APOB peptides, but not by
CEFX-I11 pool of bacterial and viral epitopes (Figure 6C). IL-4 was not detectable in our ex
Vivo assay.

APOBg induces stronger proinflammatory responses in donors with abnormal
or borderline risk levels of CVD-related lipids and lipoproteins in the blood—
For all donors in our validation cohort, we ordered lab tests (at UCSD Center for Advanced
Laboratory Medicine CALM) for multiple clinical parameters (Lipoprotein(a), lipid panel,
comprehensive metabolic panel, hsCRP, HbAlc) on the day of sample collection (Table
S12). We segregated the donors into two groups based on their lipid profile and Lp(a) levels.
While none of the donors had any known conditions of heart disease, donors in group 2
exhibited abnormal or borderline risk levels of either Lp(a) [>30 mg/dL] or total cholesterol
[>200 mg/dL] or HDL cholesterol [<40 mg/dL] or triglycerides [>200 mg/dL] (Figure 6D).
These Group 2 donors, who had significantly higher levels of total and APOB-containing
non-HDL cholesterol (Figure 6E), also secreted increased amounts of the proinflammatory
cytokine TNF (Median 37.35 vs 5.63 pg/ml, Group 2 vs 1) upon ex vivo stimulation with
APOBg pool (Figure 6F). Levels of other APOBg-induced T helper cytokines did not differ
significantly between the two groups (Figure S9C).

These data collectively suggest that the dominant epitopes in APOB represent suitable
candidates to monitor autoreactive proinflammatory and regulatory responses in the general
population.

CD4*T cell activation, memory marker expression and proinflammatory
cytokine responses to APOBg are heightened in CAD patients with higher
disease burden—To examine APOBg-specific responses in patients with coronary artery
disease (CAD), we analyzed clinical samples from the Coronary Assessment in Virginia
(CAVA) cohort. We compared CD4*T responses to APOBg in matched clinical samples
(Table S13) from patients with high and low CAD, as assessed by angiographic disease
burden, expressed as Gensini scores*8. In the ex vivo (24h) AIM assay, stimulation of
PBMCs with APOBg pool triggered stronger CD4*T cell activation and higher expression
of multiple AIM marker combinations (Figure 7A) in a patient with more severe CAD

Circ Res. Author manuscript; available in PMC 2023 July 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roy et al.

Page 12

(Gensini 75), as compared to a patient with less severe disease (Gensini 0). Evaluation of
APOBg-induced expression of all AIM combinations in 18 matched CAD patients (Table
S13), detected ~3.5-fold higher frequencies of AIM*CD4*T cells in patients with higher
Gensini scores (median %AIM*CD4*T 0.06 vs 0.21; Figure 7B).

APOB-specific AIM*CD4*T cells in this high CAD group exhibited greater skewing
towards antigen-experienced phenotypes and contained significantly higher fractions of
memory T cells (CD45RA~CCR7* central memory and CD45RA-CCR7~ effector memory)
(Figure 7C), than the AIM*CDA4*T cells in the low CAD group.

Next, we monitored cytokine responses to APOBg in these patient samples. We detected
significantly higher levels of secreted proinflammatory cytokines TNF (~5.5-fold; median
61.2 vs 335.3 pg/ml) and IFN+y (~40-fold; median 4.1 vs 164.6 pg/ml) in patients with
more severe CAD than in the less severe group (Figure 7D). In contrast, APOBg-induced
IL-10 levels were similar in both groups (median 59 vs 52 pg/ml, Figure 7D). Taken
together, our data demonstrates that autoimmune CD4*T activation in response to dominant
APOB epitopes and the resulting proinflammatory cytokines TNF and IFN-vy are highly
informative, antigen-specific immune readouts and correlate positively with CAD.

In summary, we have systematically examined the antigenicity of an atherosclerosis-related
autoantigen, the human APOB protein, and delineated the identities of all components of an
immunodominant anti-APOB CD4*T trimolecular complex — the epitopes, epitope binding
human HLA-I1I alleles and human autoreactive TCR clones that are activated by the APOB
epitopes (Figure 8A). Stimulation with a combined pool of these six immunodominant
peptides detected APOB-responsive memory CD4*T cells and triggered secretion of both
proinflammatory and regulatory cytokines (Figure 8B) in normal donors with diverse
HLA-I1 allelic background. In clinical samples, APOBg stimulation detected heightened
frequencies of activated CD4*T cells, increased skewing towards memory phenotype and
augmented secretion of the proinflammatory cytokines TNF and IFN-y in patients with more
severe disease (Figure 8C).

DISCUSSION

Recent research has established a critical role of the immune system in shaping
atherosclerosis3. Adaptive immune responses, defined by strict antigen-receptor specificity,
represent precise targets for monitoring and understanding disease-specific immune
responses. Recent single cell sequencing studies revealed the presence of T cells expressing
activation and memory markers and oligoclonal populations of proliferated T cells in
human plaques’® 11, However, the identities of the antigenic proteins and putative

epitopes that trigger such atherosclerosis-related human T cell activation and proliferation
remain unknown. Preclinical studies and clinical correlations of autoantibodies against
apolipoprotein B, the LDL core protein, suggest APOB is a relevant atherosclerosis-related
antigen2: 13, Two recent studies from our lab demonstrated the presence of APOB-specific
CDA4*T cells in human blood? 2, suggesting that human autoreactive T cells respond to
APOB. However, immunodominant HLA-II-restricted CD4*T cell epitopes in APOB have
not been reported.
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We developed a restimulation-based workflow that allowed sensitive detection of
statistically significant APOB-specific CD4*T cell responses in the general population. The
presence of epitope-specific autoreactive T cells in blood of healthy people, sometimes

at frequencies similar to those in diseased individuals, have also been reported in other
autoimmune-related conditions® & 2449, We mapped six immunodominant APOB epitopes
in HLA-typed donors and delineated TCRs of the autoreactive CD4*T clones using
high-throughput sequencing strategies. In our screening cohort, we observed stronger
responses in PBMCs from some subjects compared to others, across all six peptides. The
validation cohort showed that these stronger responses to APOBg were preferentially seen
in hyperlipidemic subjects. The clinical cohort demonstrated that the response was elevated
even further in subjects with severe CAD.

APOB-specific responding T cells were enriched in memory phenotypes. In comparison to a
contrasting set of poorly immunogenic APOB peptides, the dominant epitopes (APOBg)
triggered strong CD4*T activation and robust secretion of both pro-inflammatory and
regulatory T helper cytokines. APOBg-dependent CD4*T activation and memory marker
expression in the responding cells were higher in PBMCs from CAD patients with high
Gensini scores as compared to those with low-Gensini controls. TNF and IFN-y were more
abundantly secreted in CAD cases compared to controls. The integrated workflow described
here represents an optimized strategy to interrogate the dynamic behavior (fluctuations in
frequencies and phenotypes, expansion and proliferation of specific public or private TCRs)
of autoreactive T cells under homeostatic and diseased conditions.

Immuno-profiling of CDR3 sequences have been employed to track disease-specific
autoreactive T cell clones in longitudinal samples, case-control studies and across different
immune compartments in various autoimmune conditions®%-52, Unique disease-related
clones that can discriminate between autoimmune disorders have been identified through
TCRp repertoire analysis of peripheral blood samples from patients of systemic lupus
erythematosus or rheumatoid arthritis and from healthy controls®3. Preexisting T cells
undergo recall responses upon sensitization with relevant autoantigens and exhibit disease-
associated fluctuations in frequencies, memory phenotypes, cytokine secretion and tissue
distribution®2: 54, Identification of their TCR sequences has improved our understanding
of epitope-specific autoreactive responses® and has opened up new avenues for improved
disease prognosis®® 56 and targeted interventions®’. Here, we expand this paradigm to
human atherosclerosis, the pathophysiology driving CAD.

In conclusion, this study lays the foundation for understanding the constitutive CD4*T cell
response to APOB in humans. For the first time, the molecular triad is resolved at the
sequence level: human MHC-I11I, human TCRB CDR3 sequences and six immunodominant
human APOB peptides that engage these MHC and TCR molecules. Proinflammatory
antigen-experienced autoimmune responses to these dominant APOB epitopes escalate in
clinical atherosclerosis. Knowledge of these epitopes can form the basis for future strategies
for antigen-specific immune risk assessment or tolerogenic immunotherapies like those
currently being explored in type 1 diabetes®® and celiac disease®®.
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BLAST
CBA
CAD
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IFNG
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MHC
PBMC
TCR

TNF

activation-induced marker
antigen-presenting cell

apolipoprotein B

basic local alignment search tool
cytometric bead array

coronary artery disease

cluster of differentiation
complementarity-determining region 3 of the beta chain
enzyme-linked immune absorbent spot
fluorescence-activated cell sorting
human leukocyte antigen

intracellular cytokine staining

immune epitope database

interferon gamma

immunoglobulin

interleukin

low-density lipoprotein

major histocompatibility complex
peripheral blood mononuclear cell
T-cell receptor

tumor necrosis factor
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Novelty and Significance
What is known?

. CD4™T cells are critical modulators of human atherosclerosis, yet the epitopes
they recognize are largely unknown.

. Apolipoprotein B is a clinically relevant atherosclerosis-related autoantigen.
. APOB-specific CD4*T cells are detectable in human blood.
What new information does this article contribute?

. Six immunodominant epitopes in human APOB: TLTAFGFASADLIEI,
VEFVTNMGIIIPDFA, VGSKLIVAMSSWLQK, LIINWLQEALSSASL,
LEVLNFDFQANAQLS and ILFSYFQDLVITLPF, that bind multiple HLA-II
alleles, trigger robust CD4*T cell activation and oligoclonal proliferation in a
majority of donors.

. By sequencing the TCRp CDR3, we define the full triad: HLA-II, peptide and
autoreactive TCRs for these 6 immunodominant epitopes.

. Collectively these six peptides detect APOB-specific CD4*T activation,
enrichment of memory markers in responding cells and induction of
proinflammatory and regulatory cytokine responses in healthy donors
expressing diverse HLA alleles.

. Severe coronary artery disease in humans is associated with heightened
activation of CD4™T cells, skewed expression of antigen-experienced
phenotypes, and increased secretion of proinflammatory cytokines in response
to these dominant APOB epitopes.

We find that a highly significant autoreactive CD4*T response to human APOB

peptides is already detectable in the general population and is increased in people

with known lipid risk factors. An integrated restimulation-based workflow resolved
individual epitope-specific CD4*T responses in a range of donors with heterogeneous
HLA-II allelic background, and allowed mapping and validation of dominant CD4*T cell
activating epitopes and determination of unique TCRp sequences of autoreactive APOB-
specific CD4*T cells. The six immunodominant epitopes discovered in this study likely
represent the major drivers of an APOB-specific autoimmune response. A combined pool
of these peptides enabled comprehensive assessment of the frequencies and phenotypes
of APOB-reactive CD4*T cells and peptide-induced T helper cytokine responses in more
than sixty donors distributed into three cohorts — a screening and a validation cohort of
healthy participants and a clinical (CAVA) cohort of matched CAD patients with low and
high disease severity.
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Figure 1: In vitro expanded antigen-specific T cells respond specifically to cognate peptides upon
subsequent re-stimulation.

Human PBMCs were expanded for 14 days with the APOB,g or CEFX-II pool and then re-
stimulated with the cognate or the opposite peptide pools. Antigen-induced T cell responses
were monitored using IFN-y ELISpot assay (A and B) or FACS-based intracellular cytokine
staining for TNF (C,G), IFNvy (D,H), IL-4 (E,1) and IL-17A (F,J) producing CD4*T

cells. A) Representative images from an IFN-y ELISpot assay after 24h of re-stimulation.
PHA-L: positive control. B) Numbers of IFN-y—secreting cells in stimulated sets minus the
background signal in unstimulated controls, expressed as spot forming cells (SFCs) per 106
PBMC:s. Five independent donors. C-F) Representative FACS plots gated on singlets, live,
dump~, CD3*, CD8~, CD4*T cells, showing %CD40L *cytokine™ populations after 6h of
re-stimulation. (F). G-J) Background subtracted frequencies of %CD40L *cytokine* CD4*T
cells in cognate or non-cognate pool-stimulated PBMCs. Six independent donors. Colored
symbols represent data from individual donors. Bars show mean with standard error of
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mean (SEM). Statistical comparisons between cognate and non-cognate pools (B, G-J) were
performed using Mann-Whitney test.
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Figure 2: Activation-induced surface expression of CD40L and CD69 (AIM assay) allows
sensitive detection of APOB-specific CD4*T cells in ex vivo stimulated PBMCs.

A) %CD40L*CD69* (AIM*) CD4*T cells in paired sets of APOB, stimulated and
unstimulated PBMCs. 21 independent donors. B) Representative FACS plots and C)
Violin plots showing median frequencies of %CD40L*CD69* (AIM*) CD4* T cells in
unstimulated and 24h Actin pool or APOByq pool or CEFX-II pool-stimulated PBMCs.
D) Average stimulation indices (%CD40L*CD69* CD4 T cells in stimulated sets over

those in unstimulated control) for Actin, APOB,g and CEFX-I1I peptide pools. 15

independent donors. Colored symbols represent data from individual donors. Pairwise

statistical comparisons (A) were performed with the Wilcoxon test. Statistical tests for mean
response across different stimulation conditions and unstimulated (C) or actin (D) sets were
performed using Kruskal-Wallis test with Dunn’s multiple comparison testing..
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Figure 3: Deconvolution of T cell responses to APOByq peptide pool identifies dominant
antigenic sites in APOB.

Human PBMCs were expanded with the APOB,q peptide pool and then re-stimulated

with each peptide individually. Peptide-specific responses in PBMCs from 19 HLA-typed
donors were evaluated using IFNy ELISpot assay. A) Representative images from IFN-y
ELISpot assay. PHA-L: positive control. B) Numbers of donors (X-axis) that respond to
each peptide (Y-axis). C) Sequences and start sites of the dominant APOB epitopes. D)
Average responses (spot forming cells, SFC) to individual peptides P2, 4, 5, 11, 12 or

17 and to the other 14 peptides (left, purple). E) Representative images of ELISpot wells
and quantification showing IFN-y responses in PBMCs expanded and re-stimulated with

a pool of dominant epitopes (APOBg), either alone or in the presence of pan-HLA-I or
pan-HLA-1I (DP+DQ+DR) blocking antibodies. Six independent donors. F) %TNF*IFNy*,
%TNF*IFNy~ and %TNF IFNy™* populations among CD4* (pink) and CD8* (yellow) T
cell subsets are shown for each peptide. Ten independent donors. Colored symbols represent
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data from individual donors. Bars represent mean with SEM. Statistical tests for peptide-
specific responder frequencies (B) were performed using Fisher’s exact test with FDR (false
discovery rate) correction. Comparison of response magnitudes across peptides (D) or effect
of blocking antibodies (E) were examined using Kruskal-Wallis test with Dunn’s multiple
comparison testing. Statistical comparisons between cytokine responses in CD4* vs CD8*
T cells (F) were performed using Mann-Whitney test. Red: dominant epitopes, purple:
remaining peptides (B,D).
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Figure 4: APOB-derived dominant epitopes trigger expansion and activation of an oligoclonal
population of CD4*T cells in human PBMCs.

A) Counts of total and unique productive (in-frame for protein translation) TCR templates
identified in control AIM~ and APOBg-specific AIM* CD4*T cells. Y-axis: counts x 104,

B) Box plots showing Simpson’s clonality index measured for AIM™ and AIM™* productive
TCRp sequences. C) Comparison of repertoire overlap between AIM* productive TCRs and
those from naive or TCM or TEM subsets. Values denote the Jaccard index, a statistical
measurement of similarity between sample sets. Rows represent data from individual donors.
D) Matrix showing TCR repertoire overlap across donor-specific AIM* productive TCRs

E) Total numbers of unique productive TCR clones identified in AIM* CD4" T cells
from individual donors (rows) and are present within a specific range of copy humbers
(columns). F) Red bars and values showing the cumulative %frequencies of the top 10

most abundant rearrangements of all productive TCRs detected in AIM* cells in each donor.
Grey shaded areas represent the combined frequencies of all other clones. Six independent
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donors (A-F). G) Template copy numbers of the top-expanded clone (detected in Donor

6) in different sorted CD4* T populations. Total numbers of productive TCR templates

in AIM~ and AIM* subsets (Day 14) and in naive, TCM and TEM lineages (Day 0) are
also indicated. H) Nucleotide sequence and bio-identity of the top-ranked APOBG6-specific
TCR rearrangement. Details of the rearrangement are color coded by component. Colored
symbols represent data from individual donors. Statistical comparisons between total and
unique TCR counts (A) and Simpson’s clonality in AIM- and AIM* populations (B)

were performed using Mann-Whitney test. Statistical comparisons of specific TCR clonal
frequencies in AIM™~ vs AIM* cells and in naive vs TCM or naive vs TEM populations (G)
were performed using Fisher’s exact test.
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Figure 5: Ex vivo activated APOBg-specific CD4*T cells are enriched in memory T cell markers.
PBMCs were stimulated for 24h with the APOBg peptide pool and surface expression of

activation markers on CD4*T cells was assessed by flow cytometry. A) Representative
FACS plots in two donors showing APOBg-induced expressions of three different
combinations of T cell activation markers, as assessed in a sequential gating scheme.

Top row: AIM1 %CD40L*CD69*; middle row: AIM2 %CD25*4-1BB™; bottom row:
AIM3 %CD2570X-40*. %AIM*CD4*T represent the sum of AIM1, AIM2 and AIM3
frequencies. B) Representative FACS plots in two donors showing CD45RA*CCR7* naive,
CD45RA~CCRT7* central memory (TCM) and CD45RA~CCR7~ effector memory (TEM)
populations in AIM1*, AIM2*, AIM3*, AIM~, and all CD4* T cells. C) Median frequencies
of naive and memory (TCM+TEM) fractions within AIM*, AIM~ and all CD4*T subsets in
APOBg stimulated PBMCs. To calculate these fractions for the AIM™* subset, the numbers
of cells expressing either naive or memory markers were first counted within AIM1*,
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AIM2* and AIM3* CD4*T cells individually and then their sum was divided by the total
number of AIM* (AIM1+AIM2+AIM3) CD4*T cells in that donor. Twenty independent
donors. Colored symbols represent data from individual donors. Statistical comparisons
across different subsets (C) were performed using Kruskal-Wallis test with Dunn’s multiple
comparison testing.
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Figure 6: Dominant APOB epitopes elicit diverse set of T helper cytokine responses in ex vivo

stimulated PBMCs.

A) The 20 APOB peptides were ranked by their respective strength of elicited responses
(from Figure 3). Ranked epitopes (X-axis) were plotted against their relative contributions to
the cumulative aggregate response detected in all donors (Y-axis). Dominant “pos peps”

APOB peptides P2,4,5,11,12,17 contributed >60% (dotted red line) to the cumulative
response and had responder frequency >50%. APOB peptides P3,7,16,18 (neg peps)

contributed <5% (dotted blue line) to the cumulative response and had responder frequencies

<10%. B) Median frequencies of %AIM*CD4*T cells and C) Median secreted levels

(pg/ml) of IL-2, TNF, IFNvy, IL-17A and IL-10, upon 24h stimulation with “neg” or “pos”
APOB peptide pools or with CEFX-1I pool. Twenty independent donors for APOB pools,
nineteen for CEFX-I11. D) Lipoprotein(a), lipid profile, hsCRP and HbAlc levels in the blood
of group 1 and 2 donors on the day of sample collection. E) Median levels (mg/dL) of total
(left) and non-HDL (right) cholesterol in blood. F) Median levels (pg/ml) of TNF secreted
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in response to 24h stimulation with APOBg (pos peps) pool. Groups 1 and 2 each had ten
independent donors. Y-axis (C, F) log;g transformed; data points with 0 or negative values
were collapsed onto the minimum value on the scale. Colored symbols represent data from
individual donors. Statistical comparisons across peptide pools (B, C) were performed using
Kruskal-Wallis test with Dunn’s multiple comparison testing. Statistical tests between the
two donors groups (E,F) were done using Mann-Whitney test.
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Figure 7: Dominant APOB epitopes trigger increased CD4*T activation and augmented
secretion of proinflammatory cytokines in patients with more severe CAD.

PBMCs from matched clinical samples from patients with low and high CAD severity
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were stimulated with APOBg for 24h. CD4*T cell activation and naive vs memory marker
expression was examined using the AIM assay. Secreted T helper cytokines were profiled

using CBA. A) Representative FACS plots showing frequencies of AIM*CD4*T cells

(AIM1, 2 and 3 in the serial gating scheme) in unstimulated and APOBg stimulated PBMCs.

B) Median Gensini scores and frequencies of AIM*CD4*T cells (sum of %AIM1,2,3).

C) Median frequencies of memory (TCM+TEM) cells in AIM*CD4™T cells, calculated

as detailed in the legend of Figure 5C. D) Median secreted levels (pg/ml) of induced

IFNy, TNF and IL-10. Y-axis (D) logyo transformed; data points with 0 or negative values
were collapsed onto the minimum value on the scale. Low and high severity groups each

had nine independent donors. Colored symbols represent data from individual donors.

Circ Res. Author manuscript; available in PMC 2023 July 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Roy et al.

Page 32

Statistical comparisons between the two groups of patients (B-D) were performed using
Mann-Whitney test.
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Figure 8: Broadly binding MHC Class-11-restricted immunodominant epitopes in human
APOB allow phenotypic evaluation of atherosclerosis-related CD4*T responses and enable
identification of APOB-specific autoreactive TCR clones.

A) Human HLA-11 binder alleles expressed in donor samples are shown in the antigen

presenting cell (left). Each allele is color coded by the corresponding color of the APOB
epitopes (middle, with sequence and position in APOB) that it binds. Bio-identities of
clones whose AIM* vs AIM™ log odds ratios are > 1 and FDR corrected Fisher’s exact
test p values < 107200 are shown in the CD4™ T cell. Sequences are color coded by
component. Resolved V gene green, translated CDR3 region (which includes the start of
CDR3 encoded by the V gene green, N1 junction purple, D-gene blue, N2 junction pink,
end of CDR3 in J gene orange) and resolved J-gene orange are shown. B) Stimulation

of human PBMCs with a pool of dominant epitopes (APOBg) elicits memory CD4*T
responses and triggers secretion of multiple T helper cytokines. C) Higher frequencies of
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antigen-experienced APOBg-reactive CD4*T cells and increased proinflammatory cytokine
responses are observed in patients with more severe CAD.
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