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ABSTRACT: The infiltration and accumulation of pro- and anti-inflammatory leukocytes within the intimal layer of the arterial wall is
a hallmark of developing and progressing atherosclerosis. While traditionally perceived as macrophage- and foam cell-dominated
disease, itis now established that atherosclerosis is a partial autoimmune disease that involves the recognition of peptides from ApoB
(apolipoprotein B), the core protein of LDL (low-density lipoprotein) cholesterol particles, by CD4* T-helper cells and autoantibodies
against LDL and ApoB. Autoimmunity in the atherosclerotic plaque has long been understood as a pathogenic T-helper type-1
driven response with proinflammatory cytokine secretion. Recent developments in high-parametric cell immunophenotyping by
mass cytometry, single-cell RNA-sequencing, and in tools exploring antigen-specificity have established the existence of several
unforeseen layers of T-cell diversity with mixed T,,1 and T regulatory cells transcriptional programs and unpredicted fates. These
findings suggest that pathogenic ApoB-reactive T cells evolve from atheroprotective and immunosuppressive CD4* T regulatory
cells that lose their protective properties over time. Here, we discuss T-cell heterogeneity in atherosclerosis with a focus on
plasticity, antigen-specificity, exhaustion, maturation, tissue residency, and its potential use in clinical prediction.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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efined by surface expression of CD3 and the T-cell
receptor (TCR) chains-a/f3* or TCR-y/&*. Classical
functions of a/f* T cells include protection from intracel-
lular pathogens, larger parasites, elimination of tumor cells,
and protection from autoimmune diseases. The role of y/8*
T cells, which are outnumbered by a/p* T cells in tissues
and circulation, will not be covered in this review. T cells
develop in the thymus, where bone-marrow derived pro-
genitors gradually develop into CD4-CD8~ (double-nega-
tive [DN]) cells. At this stage, T cells divide into either a/B*
or v/d* T cells. a/p* T cells transit into double-positive
(DP) CD4*CD8* cells and eventually into naive CD4*CD8~
T-helper cells or cytotoxic CD8*CD4~ T cells.! CD4* T cells

Tells are regulators of adaptive immunity that are
d

Please see www.ahajournals.org/atvb/atvb-focus for all
articles published in this series.

recognize antigen-derived peptides presented on MHC
(major histocompatibility complex)-ll, whereas CD8* T
cells recognize peptides presented on MHC-I. The matura-
tion of T cells is accompanied by recombinase activating
genes-1 and -2 dependent rearrangement of TCR genes
and the generation of a random, unique TCR on each T
cell. This arrangement also results in autoreactive T cells
that express a high-affinity TCR recognizing endogenously
expressed self-peptides. Most of these self-reactive T cells
are eliminated through a process termed negative selection,
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Highlights

Nonstandard Abbreviations and Acronyms
ApoB apolipoprotein B

CXCRS C-X-C chemokine receptor type 5
CXCR6 C-X-C chemokine receptor type 6
CyTOF cytometry by time of flight

DBC deleted in breast cancer

DN double-negative

DP double-positive

EOMES eomesodermin

FoxP Forkhead box protein P

IL interleukin

IRF interferon regulatory factor

Lag-3 lymphocyte-activation gene 3
LDL low-density lipoprotein

MHC major histocompatibility complex
NFxB nuclear factor k-light-chain-enhancer
Pak protein kinase

PD-1 programmed cell death protein 1
Runx Runt-related transcription factor
scRNA-seq single-cell RNA sequencing

TCR T-cell receptor

TF transcription factor

T. follicular T helper cell

TGF-8 transforming growth factor-3

TH T-helper type

Teo T regulatory cell

but this process does not eliminate all autoreactive CD4* T
cells.? Increasing evidence argues for the presence of CD4+
T cells recognizing peptides from ApoB (apolipoprotein
B)-100, an established self-antigen in atherosclerosis.®>®
The presentation of cognate peptides by antigen-present-
ing cells (APCs) on surface-expressed MHC-II induces
the activation and differentiation of naive CD4* T cells into
functionally and phenotypically distinct T-helper (T ) types
that express exclusive sets of transcription factors (TFs)
and cytokines®” T, type 1 (T,,1) CD4* T cells are proath-
erogenic and express the TF T-bet and the lead-cytokine
IFN-y (interferon-gamma).® In experimental mouse models,
CD4* T cells from atherosclerosis-prone apolipoprotein-
deficient (Apoe™~) mice home to the atherosclerotic aorta
and secrete IFN-v.91° The genetic deletion of T-bet or IFN-
vy reduces atherosclerosis markedly.'"'? T 2 cells express
GATA3 (GATA-binding protein 3) and IL (interleukin)-4,
-5, -10, and -13"8 and may support atheroprogression or
-protection.'*'® T _17 cells express the lineage-defining TF
RORyt (RAR-related orphan receptor) and the cytokines
IL-17A, -17F, and -21. Their role in atherosclerosis is con-
troversial.'*"'* T 9 cells are characterized by IL-9 secretion;
treatment of Apoe™~ mice with IL-9 increases atheroscle-
rosis,”® but the overall role of T 9 cells in atherosclerosis
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* T cells represent the largest population of leuko-
cytes in the atherosclerotic plaque.

* High-parametric immunophenotyping of plaque T
cells by single-cell RNA sequencing and cytometry
by time of flight shows an unexpected phenotypic
diversity with previously unknown immature T cells
and unconventional, mixed T helper types.

¢ Lesional CD4" T cells with mixed phenotypes seem
to originate from initially protective T-regulatory cells
that lost their immunosuppressive properties and
switched into pathogenic counterparts over time.

+ The phenotypic heterogeneity of plaque CD4* T
cells is driven by states of activation, exhaustion,
development, and inflammation rather than by tradi-
tional types of T-helper cells.

* Appearance, transcriptomes, and proteomes of
specific CD4* T-cell populations in the atheroscle-
rotic lesion correlate with clinical disease severity in
humans.

remains unknown. Follicular T helper cells (T) express
the transcription factor Bcl-6, the costimulatory molecule
inducible T-cell costimulator and CXCRbB (C-X-C chemo-
kine receptor type 5)2' T, are mostly found in germinal
centers in secondary lymphoid organs where they provide
help to B cells for immunoglobulin class switching. Emerg-
ing data suggest that T, contribute to the proinflamma-
tory response in atherosclerosis. 2 T regulatory cells (T_),
defined by expression of FoxP3 and IL-2 receptor (CDQ%),
are immunosuppressive?#?® and prevent from atheroscle-
rosis by multiple mechanisms, including secretion of IL-10
and TGF-f (transforming growth factor-3).2627

The regulation of T__in mouse and human athero-
sclerosis and the relationship to pathogenic T -types has
been controversial: fractions of FoxP3* T _ decrease in
murine atherosclerotic aortas and blood but increase in
the spleen of the same animals.?® A proportion of Tege IN
the aorta and in lymph nodes of mice seems to obtain a
T, 1-like phenotype and expresses IFN-y.?° While num-
bers of T_ _ decrease during acute coronary syndromes
in humans,**"** frequencies of blood T__ are higher in
patients with angiographically documented atherosclero-
sis compared with healthy individuals.? Other studies have
failed to establish that frequencies of blood T_ _ predict
future myocardial infarction®® Traditional TF staining in
mouse atherosclerotic aortas by intracellular flow cytom-
etry (fluorescence-activated cell sorting) and a canoni-
cal gating strategy has suggested a mix of FoxP3* (T ),
RORyT* (T 17), and T-bet* (T 1) CD4* T cells,5'99'34‘%6
while the quantification of T -associated surface-
expressed chemokine-receptor patterns in humans sug-
gests a predominant T,1 and T,2 phenotype.®?” These
partially conflicting findings have sparked several funda-
mental questions: are patterns of cytokines, chemokine
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receptors, and transcription factors sufficient to define
functionally relevant phenotypes of lesional and circulat-
ing T-helper cells? Do transcriptional programs in T,, more
precisely define T, cell diversity than single key TFs or
cytokines? How are T ,-cells regulated in different stages
of disease and may these predict clinical complications?

RECENT DEVELOPMENTS IN HIGH-
PARAMETER IMMUNOPHENOTYPING

Fluorescence-activated cell sorting is considered the gold
standard forimmunophenotyping of aortic leukocytes since
2006 Clinical routine fluorescence-activated cell sort-
ing-workflows allow the simultaneous quantification of up
to 18 parameters (marker expression, size, and granularity)
on single cells by fluorescently tagged antibodies, albeit
up to 40 markers are technically possible. Several reports
have used either pan-leukocyte antibody panels to cover
major principal hematopoietic lineages, that is, myeloid,
T-, and B cells, or lineage-specific sets of antibodies to
obtain phenotypic insight in particular lesional leukocyte
lineages.®*° These approaches, however, cover cellular
heterogeneity only incompletely. Two newer technologies
have demonstrated the ability to overcome this limitation.
Cytometry by Time of Flight (CyTOF) uses rare metals con-
jugated to antibodies, which expands the number of simul-
taneously detectable extra- and intracellular protein targets
up to 40 to 50. To date, CyTOF has been used to study leu-
kocytes in atherosclerotic plaques in 3 studies.®*%*" Sin-
gle-cell RNA sequencing (scRNA-seq), on the other hand,
provides transcriptomes of single cells with an average of
1300 to 8000 genes per cell, which enables the detec-
tion of transcriptionally defined cell populations. The first
application of scRNA-seq in atherosclerosis used a micro-
fluidics-based platform for 96-well sorting that allowed to
study only limited numbers of cells.?® Today, technologies
encapsulating up to 10000 individual cells into oil drop-
lets are commercially available (drop-sequencing). These
have successfully been applied to atherosclerotic plaques
from mice and humans.394042752 A newer strategy enables
the combination of single cell transcriptomes and cell sur-
face expression of proteins detected by RNA-barcoded
antibodies (cellular indexing of transcriptomes and epit-
opes by sequencing).¥*® In scRNA-seq based approaches,
genes encoding for Cd3d or Cd3e can be used to identify
T cells. In contrast to Cd§, Cd4-transcripts are only weakly
expressed. The segregation of T-cell lineages by scRNA-
seq is challenging as the sensitivity to detect genes with low
expression differs across technical pipelines: for example,
the sensitivity of Smart-Seq2 is 2.5x higher compared with
droplet-based sequencing by 10x Genomics 3'v.2.54 Other
technical challenges include gene dropouts caused by low
RNA-expression, inefficient mRNA capture, and the sto-
chastic, pulsatile nature of gene expression on a single-cell
level.%® Accordingly, cells positive for TF-coding and other
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genes at low expression are often sparse in scRNA-seq
datasets. Even in the meta-analysis of several mouse data-
sets, expression of transcripts coding for T-bet and FoxP3
was rare and did not allow the identification of distinct T , 1
or T_ ~clusters based on TFs alone.*”

Of note, all high-parametric tools require the mechani-
cal disruption of tissue-resident cells by enzymatic diges-
tion, which may lead to an underestimation of fragile
cellular subsets, such as macrophages that populate
up to 50% of the atherosclerotic plaque area based on
imaging- or histology-based detection.5'%6 Other techni-
cal requirements and limitations of CyTOF and scRNA-
seq have been reviewed recently.®” An ongoing challenge
remains to combine and integrate different datasets into
one cellular atlas of atherosclerotic lesions with a uni-
fied nomenclature—an attempt recently undertaken in
the first meta-analysis of mouse plaque-resident leuko-
cytes.*” Ultimately, novel immunophenotyping workflows
may be combined with reagents to detect antigen-spe-
cific T, cells recognizing particular antigenic peptide
laden MHC multimers labeled with fluorochromes.®®
Recently, we have demonstrated the existence of human
and mouse ApoB-specific T, cells on a single-cell level
by MHC-II tetramers®® and linked these to single-cell
transcriptomes.® These technical developments helped
to describe several novel layers of T-cell diversity in ath-
erosclerosis with respect to spatial, temporal, phenotypic,
antigen-specific, and transcriptional resolution that fun-
damentally differs from traditional discrimination and
nomenclature of CD4* T cells.

QUANTITIES AND LOCATIONS OF
LESIONAL T CELLS

The presence of T cells in atherosclerotic plaques
and the surrounding adventitial tissue has been first
observed >30 vyears ago. In immunohistochemistry,
CD4* and CD8* T cells accumulate in the shoulder
region, the fibrous cap, and the intima of human ath-
erosclerotic plaques as well as in adventitial tissue and
account for up to *b4% of all leukocytes in the shoul-
der region and =14% in the necrotic core.®*%® Contrast-
ingly, (dying) macrophages dominate the necrotic core
of plaques while B cells can only be found in relevant
numbers in adventitial tissue.2°¢" Recent immunopheno-
typing has validated the frequency of T cells in human
atherosclerotic tissue, where T cells accounted for up to
65% of all leukocytes in CyTOF®” and ~52% in scRNA-
seq of human atherosclerotic plaques.*® In mice, relative
frequencies of T cells seem to be lower: in 2 studies,
myeloid cells, T cells, B cells, and other smaller leuko-
cyte subsets accounted each for *25% of all leukocytes
in atherosclerotic aortas of Apoe™~ and Ldlr”’~ mice,3%4¢
while another study found ~6% of all leukocytes to be
CD3*TCR-B* T cells by CyTOF of atherosclerotic mouse
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aortas.*’ Notably, the approximate frequencies of paren-
tal leukocyte lineages seem to be consistent between
conventional flow cytometry, CyTOF, and scRNA-seq
in direct comparison3"*° Besides potential differences
related to the species, experimental protocols, and tested
tissues (whole aorta versus plaque), the loss of particu-
lar cell types during tissue digestion may explain these
inconsistent findings.3%4%49 T cells are already detectable
in adventitial tissue before the initiation of atheroscle-
rosis: scRNA-seq of adventitial tissue demonstrated the
existence of several T-cell subsets already in wild-type
animals,%? including 2 CD4* subsets (clusters 12, 13 in
the original dataset) and one CD8* population (cluster
2 in the original dataset).5? CD8*, but not CD4*, T cells
were also found in the healthy arterial vessel of Apoe™~
mice,* whereas the highest numbers of CD4* and CD8*
T cells were detected in atherosclerotic aortas. Notably,
frequencies of T cells do not substantially differ between
Apoe™= and Ldlr”’= mice2%#¢ In aggravated hypercho-
lesterolemia, T-cell fractions in Apoe™~ and Ldlr’~ mice
decrease, while total numbers increase,3** suggesting
that the relative contribution of myeloid cells is increas-
ing in advanced atherosclerosis. It is noteworthy that
adventitial CD4* T cells increase up to 10-fold in the
proximity of atherosclerotic plaques.5?%® These may be
partially located in artery tertiary lymphoid organs, struc-
tures that harbor significant numbers of CD4* T cells, B
cells, and other lymphocytes in aged mice.®" It is there-
fore tempting to speculate how the spatial organization
of T cells impacts on lesion development: while CD4* T
cells in atherosclerotic lesions could instruct and interact
with other tissue-resident cells, specialized T, cells in
the adventitia could interact with highly concentrated B
cells in artery tertiary lymphoid organs to induce immu-
noglobulin switching. Such side-specific cellular func-
tions will have to be determined in future work, which
could take advantage of the recent development of spa-
tial single-cell transcriptomics that provide simultaneous
gene expression and spatial information.5*

How circulating T cells correspond to T cells in the
plague has not been investigated in-depth, but a recent
report applying cellular indexing of transcriptomes and
epitopes by sequencing indicated that CD4* and CD8*
effector-memory T cells®” and T cells with a clonal
restriction of the TCR3®® are overrepresented in athero-
sclerotic plaques in comparison with circulating T cells.
These findings raise the question whether activated
T cells primarily home to the plaque as recently sug-
gested®®¢" or are generated in situ by local proliferation
as a result of their interaction with local APCs.® Inter-
estingly, 2 scRNA-seq reports have detected clusters of
proliferating leukocytes that include T cells,***" arguing
for in situ proliferation. Consistently, earlier evidence has
suggested that DNA-synthesis, which typically occurs in
proliferating cells, colocalizes with T cells.?8 It is therefore
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likely that both mechanisms—migration and in situ prolif-
eration—contribute to the pool of lesional T cells.

DISTINCTION OF T-HELPER CELL
PHENOTYPES IN THE PLAQUE

Traditional immunophenotyping by fluorescence-acti-
vated cell sorting is per se limited by the usage of pre-
defined sets of antibodies: in most studies, staining for
CD62L and CD44, which discriminates between naive,
effector-memory T cells, and central-memory T cells in
the mouse, has been combined with intracellular expres-
sion of T -defining TFs or cytokines for canonical gat-
ing and identification strategies.?32?88° Contrastingly, in
most available scRNA-seq studies, T ,-cell phenotypes
were inferred from dimensionality reduction algorithms
to detect clusters of cells with similar transcriptome
without the bias of preselecting markers. Several T-cell
populations that partially overlap have been identified
by these screening approaches: 4 in Apoe™=%° and in
Ldlr”’= mice,*® 3 populations in adventitial cell prepara-
tions from Apoe™~ and wild-type mice,* and 5 clusters in
an integrative analysis of published datasets.*” The latter
meta-analysis expands over the original studies by iden-
tifying one discrete population of T__, which did not form
a separate cluster in the original datasets. Some data-
sets contained a cluster with a proliferation and T-cell
gene signature, albeit it is not clear whether this cluster
contains other cell types as well.*® The most consistent
unique T-cell phenotypes across these studies include:
a multilineage-committed (T _ —T 1-T17-T,2) Cxcr6-
expressing T cell (1), a naive T cell (2) a thymocyte like T
cell (3), and a Cd8* cytotoxic T cell (4). Phenotypes, fre-
quencies, and proposed functions of these populations
will be discussed in detail (Figure 1) in the following.

CYTOTOXIC CD8* T CELLS

One cluster of CD8* (Cd8b*) cytotoxic T cells has been
detected by scRNA-seq in atherosclerotic and healthy
aortas but not in the adventitia,**#%%? suggesting CD8* T
cells are already present in the healthy intima or media
of arteries. Genes differentially expressed by CD8* T
cells include Cd8a, Cd8b, Nkg7 (coding for natural killer
cell granule protein 7), Ms4a4b, the CD20 homologue
in T cells, Ccl5 (coding for C-C motif chemokine-ligand
5), Eomes (coding for the TF eomesodermin), and Gzmk
(coding for Granzyme K). In scRNA-seq, 31% to 41%
of lesional T cells were identified as cytotoxic T cells
depending on tested genotypes and diets34¢ The
overall frequency of CD8* T cells was confirmed by 2
CyTOF-studies of mouse aortas (=30% of T cells).3%4!
In humans, ~30% of all leukocytes (and ~50% of T
cells) in plagues are CD8* T cells®” In histology, the
accumulation of CD8* T cells seems to be particularly
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Location

% T cells (Apoe™

Proposed Cytotoxic Antigen- Thymocyte- Naive
role CD8* specific CD4* like T cell T cell
Key marker Cd4t/8
genes Cd4/

Cd8a/b Cxcr6b Cd8b Cd28

Nkg7 Rora Cd4 Ccer7

Ms4ab4 Tmem176 Tcf7 Lef1
Gene signature Ccld Ramp3 Ccr9 Dapl1

Gzmk II7a Rag1 Tcf7

Eomes Gata3 Dntt Cad2

Cd3d Hri1 Sell

on CD)* ~31% ~27 % ~ 26 % ~16 %
0 A
ATgill\fvSfoe ~41 % ~28 % ~13% ~18 %
0 J-
A:::gfalmg_nc)’i: ~37 % ~21 % ~21% ~219%
ﬁ:fhujva;;g IFN-y1  Autophagy t CTLA4sign.1 IL-7 sign. 1
between Apoe’-  Chemokines 1 Hypoxia 1 CTL- Cell cycling 1
WD and CD*** Tyl/Tu2 | Apoptosis | apoptosis 1 Tu1/Tu2 |

Figure 1. Distinct vascular T-cell phenotypes in the healthy and atherosclerotic mouse aortas.

Overview of the 4 major T-cell phenotypes identified by single-cell RNA-sequencing with key gene expression, frequencies, and regulated
pathways during atherosclerosis progression. Gene signatures were retrieved by differentially expressed genes among all leukocytes across
several studies. Frequencies of clusters were retrieved by an analysis of the original data set (*),% or estimations based on the original
publication (**).#¢ CD indicates chow diet-consuming mice; CTL, cytotoxic T-cell-mediated apoptosis; HFD, high-fat diet—consuming mice;
IFN-v, interferon-gamma; and WD, Western diet-consuming mice. ***Regulated pathways between CD and WD-fed mice were retrieved from
study by Winkels et al.*®* Schematics adapted from “Smart Servier Medical Art”

dense in the fibrous cap region™ where they outnum-
ber CD4* T cells™™ The frequency of some CD8*
T-cell subsets found only in CyTOF correlates to TCR-
clonality in plaques,®” suggesting their antigen-specific
expansion. However, cognate antigens for CD8* T cells
remain to be determined, although HSP60 (heat shock
protein 60)™ and ApoB"™ are among the prime candi-
dates. Generally, functions of CD8* T cells include the

Arterioscler Thromb Vasc Biol. 2021;41:549-563. DOI: 10.1161/ATVBAHA.120.312137

removal of virus-infected and cancer cells.”® The func-
tion of CD8" T cells in atherosclerosis is ambivalent
and stage dependent: antibody-mediated depletion of
CD8* T cells prevented atherosclerosis™ "8 by attenuat-
ing proinflammatory cytokine levels and myelopoiesis.”™
In established atherosclerosis, the depletion of CD8" T
cells was proatherogenic and reduced plaque stability,
which was accompanied by elevated macrophage and T
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cell reponses.”™ Vaccination studies with HSP60 and
ApoB peptides evidenced antiatherogenic effects by
CD8* T cells/>™ although no effect on atherosclerosis
was observed in a humanized HLA mouse model.® Vac-
cination-induced atheroprotection was discussed to be a
consequence of lower dendritic cell numbers in aortas,
enhanced macrophage death, and a blockade of T,17
cell formation.8! Atheroprotective properties of CD8* T
cells have been linked to CD8* T__#* a known subpopu-
lation with immunosuppressive propensities.® It remains
unclear how this functional dichotomy of CD8" T cells
corresponds to distinct subsets found in recent CyTOF
studies.®**! It is well possible, that some CD8* T cells
with distinct features occur uniquely in atherosclerotic
lesions similar to recently discovered subsets of noncy-
totoxic CD8* T cells in the tumor microenvironment.8*

NAIVE T CELLS

A Cd28*Ccr7* cluster is detectable in the atherosclerotic
aorta and the adventitia across several scRNA-seq data
sets. 39464752 The consensus genes for this cluster include
Lef1, Dapl1, Tcf7, Sell and Cd2 (Figure 1). The chemo-
kine receptor CCR7 (gene Ccr7) is expressed by naive
and central memory cells and instrumental for lymph
node homing.?® The costimulatory molecule CD28 (gene
Cd28) is required for effective T-cell co-stimulation by
APCs and predominantly expressed by naive CD4* T
cells.® Although CD28 costimulation is not necessary
for a memory recall-response, its therapeutic blockade
reduces proatherogenic T,,1 responses.®” Cd28*Ccr7t T
cells account for #21% to 27% of all T cells.3*¢ They
become rarer and engage cell cycling genes and increase
IL-7 signaling,®® which supports survival, differentiation,
and proliferation of T cells® in more advanced athero-
sclerosis. This indicates that naive T cells either leave
the plaque or transform into activated cell types repre-
sented by one of the other clusters. Because the core
genes of this cluster are expressed by CD4+ and CD8*
cells, this cluster likely contains naive CD4+, CD8*, and
immature-like T cells. Notably, the naive (versus acti-
vated) gene signature seems to excel transcriptional
differences between principal lineages (CD4* versus
CD8%). In CyTOF of human plaques, naive T cells did
surprisingly not form a distinct cluster but were located
within principal lineage clusters.®” Numerically, naive T
cells were relatively sparse in carotid plaques compared
with blood,®" corroborating the predominant activation of
lesional T cells.

THE CXCR6* MULTILINEAGE COMMITTED
T-HELPER CELL—AN EXT__.?

The most discrete cluster among non-Cd8" T cells39464752
expresses the transcripts Cxcr6 coding for chemokine
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receptor CXCR6 (C-X-C chemokine receptor type 6)
and Rora coding for the TF ROR-a, which is expressed
by T,17 cells and by a subsets of T_ . Other core
genes include Tmem176, Ramp3, II7a, and 11 (Fig-
ure 1). This cluster was termed //17tCxcr6* in a recent
meta-analysis.”” It accounts for #21% of T cells in Ldlr”’~
mice (cluster 8 in the original dataset*®) and ~28 % in
Apoe™~ mice (cluster 6 in the original dataset®®). CXCR6
is expressed by CD4* T cells and natural killer T cells
and guides T-cell homing. Global deficiency of CXCR6
reduces atherosclerosis and T-cell accumulation,®” par-
ticularly of IL-17A-producing CD4* T cells®" which is
consistent with the concomitant expression of Rora in
this subset. Accordingly, Tmem176a and Tmem176b are
known to be overexpressed in T, 17 cells.?? Yet, the gene
signature of this cluster does not seem to be entirely
consistent over different studies and comprises a strong
T, 17 and/or an additional T 2 gene signature.°*® A
selective analysis of scRNA-seq of filtered Cd4*Cd&-
transcriptomes in the aorta showed the highest expres-
sion of Cxcr6 in clusters with a mixed T, 1/T 2/T_and
an T,1/T,17 transcriptome.® These fmdmgs argue “or a
more complex phenotype and T -type of this cluster.
Traditionally, differentiation into T, -types is thought to
occur unidirectional with only minimal overlap between
distinct lineages. This concept was challenged by the dis-
covery of CD4+ T cells co-expressing Foxp3, T-bet, and/
or RORYT in various (auto-) immune pathologies.302995-9
Expression of >1 TF may argue for an enhanced plastic-
ity of cells that are in transition into another T -type. On
the other hand, in the intestine, RORyt* T a5’ and T,1-
like T 9597 represent unique lineages that control muco-
sal |mmun|ty Depending on the condition, these mixed
phenotypes result in pro- and/or anti-inflammatory prop-
erties.23102993-95 Based on flow cytometry with canoni-
cal gating strategies and immunohistochemistry 22% to
30% of all CD4* T cells are pathogenic T, 1 cells.?%
T_.. are less abundant in the aorta (=B% to 309%0).98%°
It should be noted that aortic T__ numbers decline in
atherosclerotic mice over time.?® Despite the contrasting
role of T,1 and T_ in atherosclerosis, 2 newer studies
reported TH1 -like T, co-expressing FoxP3, T-bet, IFN-y,
and CCRb in lymph nodes and atherosclerotic aortas of
Apoe™~ mice.5'°% Fate mapping experiments with adop-
tive transfers established that these T, 1/T_ _evolve from
T_..>% Consistently, in early scRNA seq experlments
about 40% of all CD4* T cells expressed T_and T,1
lineage genes? In bulk RNA-seq, T 1/T__ were tran—
scriptionally closer to effector T cells than to T, .10 Func-
tionally, these cells failed to fully suppress T_,_ and did not
protect from atherosclerosis—despite the expression of
FoxP3.7%%° Recent evidence has validated that 50% of alll
IeS|ona| CD4* T cells express Cxcr6and T 1/T 17/T_/
T., genes simultaneously.” The coexpressmn of T 1- and
T, 17-associated genes has also been shown in CD4+ T
cells isolated from human carotid plaques.®”
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The loss of the T_ -defining TF FoxP3, particularly in
antigen-specific T, cells, in the context of hypercholester-
olemia and intracellular cholesterol accumulation seems
to contribute to the switch of a T_ into an exT _ 5?2 In fact,
in FoxP3-lineage-tracer mice, about 15% to 26% of all
lesional CD4+ T cells stem from initial Tregs'5’22 The exact
molecular or cellular stimuli that cause a loss or an inactiv-
ity of FoxP3 in the setting of atherosclerosis are largely
unknown. A solid line of evidence has identified inflamma-
tory cues as crucial drivers of such T_ plasticity: Certain
thymus-derived T___ undergo a reprogramming to effec-
tor-like T cells that depends on the downregulation of the
transcription factor EOS encoded by [zkf4, an important
co-repressor of Foxp3,'® at sites of inflammation. This
process seems to require |L-6, a proinflammatory cytokine
thatis elevated in atherosclerotic plaques.’' IFN-y, another
proatherogenic key cytokine secreted by proinflammatory
T,,1 cells'® has the ability to promote T__ destabilization.'®
Under chronic cellular hypoxia as detected in atheroscle-
rotic plaques,’™ Foxp3 becomes polyubiquinated and
degraded in lysosomes. A key transcription factor induced
by hypoxia is HIF-1a (hypoxia-inducible factor 1-alpha),
which can bind to Foxp3 and directly cause its degradation
while simultaneously stabilizing T, 17 gene expression.'®
In addition, it has been established that other proinflam-
matory cytokines or lipopolysaccharide promote Foxp3
degradation.’?® Likewise, several signaling pathways such
as these involving the TF NFkB (nuclear factor x-light-
chain-enhancer), IRF (interferon regulatory factor)-4, Runx
(Runt-related transcription factor), FoxP (Forkhead box
protein P)-1, the nuclear protein DBC (deleted in breast
cancer)-1, and serine/threonine-Pak (protein kinase)-2
(reviewed in study by Korn and Muschaweckh!®’) as
well as self-peptide induced TCR-signaling’® have been
linked to the plasticity of Tregs. Altogether, these findings
demonstrate a strong association of inflammation and
T -instability, which sparks the yet unproven hypothesis
that the multitude of factors that initiate and maintain
atherosclerosis, such as local and systemic inflammation,
LDL (low-density lipoprotein), vascular integrity and injury,
immune cell accumulation, and antigen-recognition by
T favor a stage- and context-specific conversion of an
initial protective into a pathogenic immune response (Fig-
ure 2). This process is likely gradual. Yet, it remains to be
determined, which of the known signaling pathways and
upstream mediators have a dominant role specifically in
the context of atherosclerosis.

The definitive function of exT__is controversial: while
the mixed T_/T, 17 phenotype may represent an inter-
mediate stage toward a T,1-dominated composite phe-
notype with a residual atheroprotective function,® a mixed
T,1-T, aggravated atherosclerosis in a direct T-cell trans-
fer in mice.'®” On the other hand, T_ _have the ability to
acquire a T, -like phenotype with enhanced IFN-y secre-
tion: a deletion of the T, _-transcription factor BCL (B-cell
lymphoma protein)-6 seems to be atheroprotective,
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suggesting that the conversion of Tregs into T, may be
proinflammatory.?> However, in a transgenic mouse model,
LDL and LDL-reactive CD4* T cells converted into T_,
cells, which protected from atherosclerosis though secre-
tion of LDL-depleting IgG antibodies.'” Thus, T_, cells
could be pro- and anti-inflammatory, and this effect may
likely dependent on antigen-specificity and tissue localiza-
tion. Depending on the development of cluster algorithms
in dimensionality reduction, it is foreseeable that even
more distinct clusters with mixed phenotypes will be dis-
covered. Conclusively, it should be assumed that the plas-
ticity of T__ represent a gradual shift in phenotypes and
effector functions triggered by a multitude of spatial and
temporal events rather than a singular event that switches
a cell from one to another definitive phenotype (Figure 2).

THE APOB-SPECIFIC T, CELL

The existence of ApoB-specific T, cells has been indi-
rectly inferred from a restricted (oligoclonal) TCR rep-
ertoire in the plaque®” and of ApoB-specific T cells in
lymph nodes,® cloning of oxLDL (oxidized low-density
lipoprotein)-reactive CD4* T cells from human and
mouse atherosclerotic plaques*'™® as well as from
inflammatory cytokine secretion by CD4+* T cells restimu-
lated with ApoB or LDL.5%® Several fundamental charac-
teristics of the autoreactive T-helper cell response have
remained unanswered because tools to detect single
ApoB-specific T cells (ApoB*) were not available. To
overcome these limitations, we have recently developed
recombinant MHC-II multimers loaded with ApoB-pep-
tides for the direct fluorochrome-based detection of sin-
gle ApoB-reactive CD4* T cells in mice and humans.®®
These studies helped to define fractions, phenotypes,
and dynamics of ApoB-specific cells in the atheroscle-
rotic plaque and systemically: even in the absence of
relevant atherosclerosis, we detected small fractions of
ApoB* cells in mice and humans that transcriptionally
and phenotypically resembled T_ _*° In disease, ApoB*
cells gradually acquired a proin%lammatory phenotype
close to that of T 1/T ,17/T_, cells (Figure 2). In single
cell gene set enrichment analysis, about 50% of aortic
CD4* T cells (Cd4*Cd8) had a gene signature similar to
that of ApoB* T cells. ApoB* but not ApoB™¢ T cells in
lymph nodes expressed moderate to high levels of Cxcr6
in bulk RNA-seq,® suggesting that CXCR6 may serve as
the homing receptor of antigen-specific CD4* T cells.
Although integrative analysis of this cellular subset and
aortic T cells is not available, the gene signature strongly
suggests that Cxcr6* T cells in the plaque may represent
T cells specific for an atherosclerosis-relevant antigen.
While the function of the heterogeneous population
of ApoB* CD4* T cells in atherogenesis has not been
clarified completely, the distinctive function of individual
T -lineages has been validated extensively in the last
decades.®” Notably, scRNA-seq of ApoB* T cells has
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Figure 2. Proposed fate of T regulatory cells in atherosclerosis.
In the course of atherosclerosis, regulatory T cells (Treg) with an immunosuppressive and atheroprotective function lose their protective properties.
In atherosclerotic plaques or lymph nodes, former Tregs are characterized by an entire loss (exTreg) or an inactivity of FoxP3 (T -like, CCR5* T ). We
propose that several classes of signals may induce such inactivity or loss of FoxP3. These include extrinsic signals (hypercholesterolemia, chronic
low-grade inflammation, endothelial dysfunction, and plaque hypoxia) and overwhelming immune-signaling caused by repetitive (auto-) antigen
presentation and costimulation. Intrinsic proinflammatory signaling events and epigenetic modifications may partially be promoted by such extrinsic
stimuli and/or intracellular cholesterol accumulation. In addition, several modulators of FoxP3 have been identified. Destabilized Tregs can develop
into distinct phenotypes, which can express several opposing TFs and canonical T-cell cytokines simultaneously: (1) T 1/T 17T _,(2) T,17 T

3T, Tregs, and (4) follicular T helper cells (T, ). Because of the composite T,1/T,17/T 2/T_, phenotype and the expression of r85)(CR6 (C-X—?.%S
chemokine receptor type 6), it has been speculated that ApoB (apolipoprotein B)-specific T cells (ApoB*) correspond to the Cxcr6* T-cell subset
in single-cell RNA sequencing studies. However, it is not clear if an ApoB* cell evolves from pure a FoxP3* 'I'reg (shown in green) or only exists in
the reported composite phenotype. Likewise, the relationship of the 4 switched Treg phenotypes and the existence of more intermediate phenotypes
remains unclear. Schematics adapted from “Smart Servier Medical Art” Transcription factors displayed in brackets indicates only a low level of
residual gene or protein expression. Bcl-6 indicates B-cell ymphoma protein-6; DBC1, deleted in breast cancer-1; FoxP, Forkhead box protein

P; IFN-y, interferon-gammay; IL, interleukin; IRF4, interferon regulatory factor-4; LDL, low-density lipoprotein; NFkB, nuclear factor k-light-chain-
enhancer; Pak, protein kinase; Runx, Runt-related transcription factor; TCR, T-cell receptor; and TGF-f3, transforming growth factor-f3.
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revealed several distinct clusters with mixed Treg, TH1'7,
and T 1 phenotypes in mice. In some of these clusters,
a supposedly protective while in others a pathogenic
gene expression profile dominated.® Flow cytometry of
human ApoB* T cells has revealed similar phenotypic
patterns.®® In another study, LDL-reactive T cells from
a mouse expressing a transgenic TCR directed against
LDL/ApoB developed into T_, These were atheropro-
tective by inducing antibodies that cleared LDL.'° It is
therefore to assume that ApoB* T cells likely exist in
several flavors and functions that range from immuno-
suppressive to pathogenic phenotypes. It should also
be noted that in several pathologies, antigen-specific
T4 are prone to mechanisms of plasticity as outlined
above.’®® In general, effector functions of T-helper cells
in atherosclerosis are manifold: they have the ability to
interact with other immune and stromal cells and thereby
instruct other leukocytes to promote or inhibit plaque
regression,®® and to secrete pro- or anti-inflammatory
cytokines, myeloid cell growth factors, or matrix-desta-
bilizing proteases that can induce an instable plaque
phenotype. In addition, they may act immunosuppres-
sive by direct cellular contact inhibition or cytotoxic by
granzyme-induced cell death.""" The exact mechanisms
by which ApoB* T cells potentially modulate atheroscle-
rosis, however, are currently unknown.

EVIDENCE FOR IMMATURE THYMOCYTE-
LIKE T CELLS IN THE PLAQUE?

Several studies employing CyTOF, scRNA-seq, or CITE-
seq have demonstrated the existence of aortic and
plaque-resident T cells that do not express protein or
gene transcripts coding for CD4 and CD8 (DNs) or that
express both (DPs).8%%° It has been speculated that aor-
tic/plaque DP and DN may represent immature T cells
(thymocyte-like),*” but this hypothesis is controversial:
In early scRNA-seq studies and a recent meta-analysis,
one cluster had a high cluster-wide expression for Cd4,
Cd8, and Cd3g/Cd3d which was termed mixed, possibly
because of a mix of single-positive Cd4* and Cd8* T
cells in the same cluster. This cluster accounts for =13%
to 26% of aortic T cells in mice3%#¢ and expresses high
levels of the thymocyte genes coding for TCF1 (Tcf7),
Rag-1 (Rag7), and C-C motif chemokine receptor 9
(Ccr9) (Figure 1). The existence of DPs (Cd4*Cd8")
on a single cell level, however, was not directly proven
in these data sets because of the technical limitations
of scRNA-seq described above. In addition, immature
DP-thymocytes express only extremely low levels of
extracellular TCR-B/CD3-complexes. CyTOF of human
lesional T cells, however, detected a cell cluster with
surface expression of CD3, CD4, and CD8*" which is
arguing against a real thymocyte-like phenotype. Inter-
estingly, mature CD3*CD4*CD8" T cells that do not
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express thymic-stage markers have been identified in
cancer tissues''?''3 and blood of patients with rheuma-
toid arthritis."'* CD4*CD8* DP aortic T cells may in fact
be closer to these peripheral DP cells than to immature
(thymic) DP cells.

Other clusters in one CyTOF dataset expressed TCR®®
(in mice) or CD3°%% (in humans) at a low level, but not
CD4 or, which is suggestive of thymocyte DN-like cells
or a chronically activated T cell that has downregulated
CD4 or CD8, respectively.'’™'® In one study, some of
these CD4-CD8 CD3* cells additionally expressed the
NK cell marker CD56, and CD45RA, which may argue
for natural killer T cells"'” rather than for DN T cells.
CD4*CD8* and CD4-CD8™ cells could therefore contain
several subsets (DP-like, DN-like) with distinct function-
ality and origin. While some expression patterns argue for
immature cells, their exact phenotypes, transcriptomes,
and functions are not resolved yet. The most intriguing
and controversial question will have to be addressed in
future work: Can extrathymic T-cell maturation occur in
atherosclerotic plaques?

EVIDENCE FOR TISSUE-RESIDENCY AND
EXHAUSTION IN ATHEROSCLEROSIS?

In contrast to scRNA-seq, which allows screening of the
entire transcriptome at the cost of low-expressed genes,
high-parametric protein immunophenotyping by CyTOF
helps to interrogate phenotypic heterogeneity based on
known surface markers. CyTOF was particularly power-
ful to subdivide human lesional T cells into distinct states
of activation, tissue residency, and exhaustion. The pre-
dominant differentiation of lesional T cells into activated
(antigen—experienced) effector-memory T cells and
central-memory cells (CCR7""CD45RA""CD69*) was
observed and suggested the existence of tissue-resident
memory T cells (T, ) in the atherosclerotic plaque.®’ L
are a unique lineage of T cells that reside in tissues but
do not recirculate and thereby provide local tissue pro-
tection in infection. CD69 and CD103 are key markers
for T, although not all T, express these markers.3"%
In atherosclerotic plaques, a subcluster of CD8* T cells
coexpressed CD69* and CD103+0.37 While the exact
role of this T-cell subpopulation remains to be defined
experimentally, it is intriguing to speculate whether T,
in atherosclerotic lesions are antigen specific or not: a
large body of work has suggested that chronic and acute
infection caused by cytomegalovirus, HIV, influenza virus,
Chlamydia pneumoniae,''® and severe acute respiratory
syndrome coronavirus 2''° may directly interfere with the
development and progression of atherosclerosis. The in-
depth evaluation of T, may help to better understand
potential interactions between pathogens, the healthy
vessel wall, and atherosclerotic disease.
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Several populations of plaque-resident T cells were
detected by CyTOF®" that express the coinhibitory mol-
ecule PD-1 (programmed cell death protein 1), which
marks T-cell exhaustion,' a state of terminal differen-
tiation, dysfunctionality, and hyporesponsiveness induced
by chronic antigen-specific stimulation.'® PD-1* cells
coexpressed other known markers of T-cell exhaustion:
CDb7, which indicates terminal differentiation and senes-
cence in T cells,”?' EOMES (eomesodermin), and Lag-3
(lymphocyte-activation gene 3). In mice, the ectonucleo-
tidase CD39 inhibits expression of the effector cytokines
TNF-a and IFN-y in a subset of CD8* T cells in ath-
erosclerotic aortas.'?? Physiologically, T-cell exhaustion
seems to arise from a chronic exposure to autoantigens.
Whether this state of dysfunctionality is driving or pro-
tecting from atherosclerosis is not entirely clear yet. A
genetic deficiency of PD-1 or antibody-mediated block-
ade of PD-1 increased atherosclerotic lesion size,'?3'24
which is consistent with the clinical observation that
cancer patients receiving checkpoint inhibition therapies
that block PD-1 and, thus, reverse exhaustion are at an
increased risk of atherosclerotic disease.'®

AUTOIMMUNITY—A TRANSLATABLE
TARGET FOR HUMAN DISEASE?

Preventive concepts for patients with clinical athero-
sclerosis are currently limited to a modulation of clas-
sical risk factors and lipid-lowering strategies, although
an increasing body of evidence argues for a role of
the immune system and inflammation.® High parameter
immunophenotyping has proven its ability to identify
novel and unexpected candidate markers and mediators
of atherosclerosis. For instance, scRNA-seq from human
carotid atherosclerosis has surprisingly suggested a
predominance of proinflammatory IFN-y-, IL-12-, and
TNF-signaling across different cell types in asymptom-
atic patients—a finding that contradicts the traditional
view that proinflammatory pathways trigger plaque
instability and cardiovascular complications.'® Likewise,
pathways associated with IL-1f, a validated therapeu-
tic target in coronary atherosclerosis in the CANTOS
trial (Canakinumab Antiinflammatory Thrombosis Out-
come Study),'*” were less engaged in T cells from rup-
ture-prone symptomatic carotid plaques. Although these
findings may be explained by fundamental differences in
carotid versus coronary atherosclerosis or an only par-
tially proatherosclerotic role of IL-1(,'* more extensive
research is required to understand the clinical impact of
T-cell diversity in humans.

The translation of murine T-cell immunology remains
an ongoing challenge. Basic concepts of T-cell hetero-
geneity have largely been defined in the mouse with an
increasing number of single cell studies in mouse athero-
sclerosis defined to either describe leukocytes394046-52
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or stromal cells.*™** In contrast, only a limited number
of studies exploring single cell phenotypes of T cells in
human atherosclerosis is available yet3%® The latter have
established that—in contrast to mice—phenotypic differ-
ences in humans are driven mostly by transcriptional
programs of activation, exhaustion, and inflammation
and not by traditional T, -types. How phenotypes in both
species overlap is currently unknown. In addition, human
plagues seem to be dominated by T cells, although ath-
erosclerotic plaques from mice contain relatively more
macrophages. Beyond differences in fundamental T-cell
phenotypes, mechanisms and dynamics of immune cells
in mice and humans differ considerably and render the
direct comparison difficult. First, T cells in the mouse are
generated throughout life, while the production of new T
cells in humans ceases over time. This, together with the
lack of repetitive infections and a mature microbiome in
sterile-housed mice, partially explains the higher degree
of exhaustion and activation in human T cells.'?1%° Sec-
ond, inbred mouse strains favor certain types of immune
responses, which is exemplified by C57BL/6J mice that
have a bias toward T ,1 and BALB/C mice that are more
likely to elicit T,,2 responses. The genetic background
itself has a direct impact on atherosclerosis as recently
demonstrated by the hybrid mouse diversity panel.’®!
Third, mice represent an ideal model organism to explore
peptide specific T-cell responses: common laboratory
mouse strains express only one MHC-II variant (eg, I-A®
in C57BL/6J mice), which allows direct and feasible in
silico screening strategies for potential self-peptides.
On the contrary, humans exhibit a considerable variabil-
ity with over 200 MHC-II alleles that form over 10000
different functional MHC-II complexes. Because the
susceptibility of an autoimmune response against self-
peptides is determined by the capacity of peptides to
bind to the MHC-II complex, antigen-specific responses
in humans are far more difficult to predict. Only a few
studies have validated the existence of ApoB-specific T
cells in humans,2%'"° and it remains elusive whether the
sequences and MHC-II affinities of different self-pep-
tides predispose for distinct phenotypes and outcomes
in humans. It is now acknowledged that a more fine-
grained analysis of dynamics, phenotypes, and specifici-
ties of atherosclerosis-relevant or ApoB-specific T cells
is instrumental to establish novel immunomodulatory
strategies for human atherosclerosis in the future.

CONCLUDING REMARKS

High-parametric leukocyte analysis of atherosclerotic
aortas and plaques has led us to a deeper understand-
ing of leukocyte diversity and activation. Several studies
have applied transcriptional, proteomic, and immunologic
approaches, often in a combination of these techniques,
to describe yet unknown layers of T-cell heterogeneity
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Figure 3. Novel high-parametric and functional immunophenotyping to develop future risk prediction tools.

In humans, T cells can be routinely sampled from surgically excised carotid, peripheral arterial atherosclerotic plaques, and peripheral blood.
Mass cytometry (cytometry by time of flight [CyTOF]), single cell RNA-sequencing (scRNA-seq), or a combination of antibody-staining and
scRNA-seq in cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) have the potential to uncover unique, even rare,
cell populations with distinct identities and potentially specialized roles in atherosclerosis (atherosclerosis-specific T cell). The addition of
functional layers by staining with tetramers of MHC-II (major histocompatibility complex Il) loaded with peptides from autoantigens and with
T-cell receptor (TCR) sequencing in a combination with CyTOF or scRNA-seq integrates the cell surface proteome and transcriptome with
antigen-specificity. Such integration generates cell type-specific gene signature, which—vice versa—are detectable in silico in bulk RNA-
sequencing data sets, an approach referred to as RNA-deconvolution, liquid biopsy, or virtual flow cytometry. The correlation with clinical
outcome data will be helpful to discover clinically relevant cell types. Their transcriptomes or frequencies in blood or tissue may predict the
clinical outcomes or identify novel targets for future immunomodulatory cell therapy. TF indicates transcription factor. Schematics adapted

from “Smart Servier Medical Art”

in mouse and human atherosclerosis. Together, these
studies pinpoint T cells as powerful modulators of plaque
associated inflammation: they represent the largest pop-
ulation of viable leukocytes in the plaque, in particular in
humans, with a great and largely unexpected phenotypic
diversity. Several novel concepts have arisen from these
first studies: first, traditional immunologic concepts that
are based on T, -lineages fail to describe the actual het-
erogeneity of T cells in the atherosclerotic plaque that is
rather driven by states of activation, exhaustion, develop-
ment, and inflammation. Second, a substantial proportion
of pathogenic T cells stems from regulatory T cells that
are highly plastic and have the ability to pass through
different T _-lineages. Third, a relevant fraction of CD4*
T cells in the plaque can be considered antigen-specific
and recognizes autoantigens such as LDL/ApoB. Ongo-
ing antigen-recognition and TCR-signaling events, and
the proinflammatory microenvironment in the plaque, are

Arterioscler Thromb Vasc Biol. 2021;41:549-563. DOI: 10.1161/ATVBAHA.120.312137

the likely causes for a unique T-cell phenotype that com-
bines highly flexible pro- and anti-inflammatory attributes
at the same time. Fourth, appearance and gene expres-
sion of leukocyte populations in the plaque and in the
circulation seem to correlate with disease progression.
At the same time, the field of high parameter immuno-
phenotyping has just been evolved and many important
questions have to be addressed in future work. It is criti-
cal to understand which exact stimuli drive the desta-
bilization of T_ and the appearance of pathogenic cell
clusters and whether these can be targeted by medical
therapies. Therefore, it is required to more precisely link
phenotypes to clinical outcomes. The in silico enumera-
tion of functional T-cell clusters in peripheral blood or tis-
sues (liquid biopsies, virtual flow cytometry)'3? holds great
promise to establish high-throughput prediction tools.3
Future immunophenotyping will also have to account
for disease-specific tissue gene signatures and the

February 2021 559

k)
S
[~~)
=
-,
(—]
()
[—
(7]
1
==
=




—
=
1
%)
=
=)
=)
(T
=
S
=<

Winkels and Wolf

identification of antigen-specific T cells by MHC-II mul-
timers or TCR-sequencing (Figure 3). Only the detailed
understanding of underlying mediators of the inflamma-
tory and immune response will allow us to develop tai-
lored immunomodulatory strategies as atheroprotective
vaccination in the future.
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