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BACKGROUND: Throughout the inflammatory response that 
accompanies atherosclerosis, autoreactive CD4+ T-helper cells accumulate 
in the atherosclerotic plaque. Apolipoprotein B100 (apoB), the core protein 
of low-density lipoprotein, is an autoantigen that drives the generation 
of pathogenic T-helper type 1 (TH1) cells with proinflammatory cytokine 
secretion. Clinical data suggest the existence of apoB-specific CD4+ T 
cells with an atheroprotective, regulatory T cell (Treg) phenotype in healthy 
individuals. Yet, the function of apoB-reactive Tregs and their relationship 
with pathogenic TH1 cells remain unknown.

METHODS: To interrogate the function of autoreactive CD4+ T cells in 
atherosclerosis, we used a novel tetramer of major histocompatibility 
complex II to track T cells reactive to the mouse self-peptide apo B978-993 
(apoB+) at the single-cell level.

RESULTS: We found that apoB+ T cells build an oligoclonal population 
in lymph nodes of healthy mice that exhibit a Treg-like transcriptome, 
although only 21% of all apoB+ T cells expressed the Treg transcription 
factor FoxP3 (Forkhead Box P3) protein as detected by flow cytometry. 
In single-cell RNA sequencing, apoB+ T cells formed several clusters with 
mixed TH signatures that suggested overlapping multilineage phenotypes 
with pro- and anti-inflammatory transcripts of TH1, T helper cell type 2 
(TH2), and T helper cell type 17 (TH17), and of follicular-helper T cells. 
ApoB+ T cells were increased in mice and humans with atherosclerosis 
and progressively converted into pathogenic TH1/TH17-like cells with 
proinflammatory properties and only a residual Treg transcriptome. Plaque 
T cells that expanded during progression of atherosclerosis consistently 
showed a mixed TH1/TH17 phenotype in single-cell RNA sequencing. In 
addition, we observed a loss of FoxP3 in a fraction of apoB+ Tregs in lineage 
tracing of hyperlipidemic Apoe–/– mice. In adoptive transfer experiments, 
converting apoB+ Tregs failed to protect from atherosclerosis.

CONCLUSIONS: Our results demonstrate an unexpected mixed 
phenotype of apoB-reactive autoimmune T cells in atherosclerosis and 
suggest an initially protective autoimmune response against apoB with a 
progressive derangement in clinical disease. These findings identify apoB 
autoreactive Tregs as a novel cellular target in atherosclerosis.

© 2020 The Authors. Circulation is 
published on behalf of the American 
Heart Association, Inc., by Wolters 
Kluwer Health, Inc. This is an open 
access article under the terms of 
the Creative Commons Attribution 
Non-Commercial-NoDerivs License, 
which permits use, distribution, and 
reproduction in any medium, provided 
that the original work is properly cited, 
the use is noncommercial, and no 
modifications or adaptations are made.

Dennis Wolf, MD*
Teresa Gerhardt, MD*
⁝
Klaus Ley , MD

ORIGINAL RESEARCH ARTICLE

Pathogenic Autoimmunity in Atherosclerosis 
Evolves From Initially Protective Apolipoprotein 
B100–Reactive CD4+ T-Regulatory Cells

https://www.ahajournals.org/journal/circ

Circulation

https://orcid.org/0000-0001-9339-3672


Wolf et al� Antigen-Specific T Cells in Atherosclerosis

September 29, 2020� Circulation. 2020;142:1279–1293. DOI: 10.1161/CIRCULATIONAHA.119.0428631280

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

Atherosclerosis is a chronic inflammatory disease 
with an autoimmune component.1,2 Rupture of 
atherosclerotic plaques in arteries precipitates 

myocardial infarction and stroke.3 In the atherosclerotic 
plaque from mice and humans, autoreactive CD4+ T cells 
accumulate4,5 and specifically respond to peptides from 
apolipoprotein B (apoB), the core protein of low-density 
lipoprotein (LDL), in a major histocompatibility complex 
II (MHC-II)–dependent manner.4,6–8 Whether this immune 
response is pathogenic or protective is controversial: 
Some CD4+ T cells in the plaque are pathogenic T-helper 
type 1 (TH1) cells that secrete the proatherogenic cytokine 
interferon-γ (IFN-γ).1,9 However, vaccination with self-
peptides from apoB induces atheroprotective regulatory T 
cells (Tregs) that secrete the immunosuppressive cytokine in-
terleukin (IL)-10.10 Genetic absence of MHC-II aggravates 
de novo atherosclerosis, suggesting that autoimmunity is 

partially atheroprotective.11,12 However, antigen specific-
ity and the relationship of atheroprotective apoB-specific 
Tregs

13–15 with proatherogenic apoB-specific TH1 cells are 
unknown.6,8,16 Tregs represent a subset of CD4+ T cells that 
express the transcription factor FoxP3 (Forkhead Box P3) 
and the high-affinity IL-2 receptor (CD25). Tregs are im-
munosuppressive and control pathogenic effector T cells 
(Teffs) in autoimmune disease17.Tregs in young mice consis-
tently protect against atherosclerosis.13,14 However, TH1 
and other Teffs in late atherosclerosis show a substantial 
phenotypic and transcriptional overlap with Tregs.

16,18 We 
recently reported the existence of a Treg population rec-
ognizing 1 human apoB epitope, p18, in women with-
out atherosclerosis that was replaced by proatherogenic 
TH17/TH1 cells in women with subclinical atherosclerosis.15 
These observations suggest that Tregs confer atheroprotec-
tion initially, but give rise to a proatherogenic immune 
response in later stages of disease.1,12

METHODS
An expanded methods section is available in the Data 
Supplement.

Data Availability 
Raw and processed sequencing data are available at the 
National Center for Biotechnology Information Gene 
Expression Omnibus repository (GSE149070). All other 
data, methods, and materials that support the findings 
of this study are available from the corresponding au-
thor on reasonable request.

Mouse Experiments 
All mouse studies were approved by an institutional 
review board. All experiments were performed accord-
ing to institutional guidelines. All mice were female. 
Apoe–/– mice were fed a standard chow diet (CD) or, to 
induce atherosclerosis, with a Western diet (WD; 42% 
kcal from fat, 0.2% cholesterol, Envigo, No. TD.88137). 
Atherosclerotic lesions were visualized by Sudan-IV.

Adoptive Transfer Studies 
ApoB-specific CD4+ T-cell subsets were flow sorted from 
lymph nodes from CD45.1 Apoe–/– mice. T cells pooled 
from 3 donor mice were used per recipient. Cells were 
injected retro-orbitally (2×105) into 8-week-old CD45.2 
Apoe–/– mice. WD feeding started simultaneously and 
was continued for 12 weeks.

Fate Mapping of Tregs 
Foxp3-YFP-Cre crossed to Rosa26-fl-STOP-fl-RFP Apoe–

/– mice were used to display historic/current FoxP3 

Clinical Perspective

What Is New?
•	 This is the first report to characterize CD4+ T cells 

recognizing apolipoprotein (apo) B in the mouse 
with a combination of a novel major histocom-
patibility complex II tetramer and single-cell tran-
scriptomics, immunoreceptor sequencing, and 
functional evaluation.

•	 In healthy mice, we detect a natural population of 
apoB-specific T cells with a mixed T-helper cell type 
(TH) 17/regulatory T cell phenotype and a regula-
tory, anti-inflammatory transcriptome.

•	 Under hypercholesterolemic conditions, we 
observe a transformation of apoB-reactive T cells 
into pathogenic effector-like TH1/TH17 cells with 
inflammatory cytokine secretion.

•	 We identify human apoB-reactive CD4+ T cells in 
the blood of patients with coronary artery disease 
that secrete TH1 and TH17 cytokines.

What Are the Clinical Implications?
•	 We demonstrate a novel single-cell tool to char-

acterize the role of apoB-reactive T cells in cellular 
autoimmunity and atherosclerosis.

•	 Circulating apoB-reactive CD4+ T cells are more 
frequent in humans with clinically relevant 
atherosclerosis.

•	 The instability of apoB-specific regulatory T cells 
has great implications for the future design of 
immunomodulatory strategies, such as preventa-
tive vaccination and the therapeutic transfer of 
genetically engineered chimeric antigen receptor 
regulatory T cells.

•	 We present a cellular biomarker assay for the detec-
tion of circulating apoB-reactive cells. This type of 
assay may, in the future, allow us to estimate the 
individual immune risk in cardiovascular patients.
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expression (RFP+) in conjunction with current expression 
of FoxP3-YFP.

Flow Cytometry 
Cell suspensions were incubated with fluorochrome-
coupled antibodies against the indicated antigens. 
If not otherwise indicated, the term T cell refers to 
CD45+L/D–dump-TCR-β+CD8-CD4+ cells not further gat-
ed for CD44.

ApoB:MHC-II Multimers 
ApoB:MHC monomers were expressed as previously 
described19 and coupled to streptavidin-phycoerythrin 
or streptavidin-allophycocyanin  to generate tetramers. 
Alternatively, biotinylated monomers were coupled to 
streptavidin-phycoerythrin or streptavidin-allophycocy-
anin labeled dextran backbones by Immudex (Copen-
hagen, Denmark) for the isolation of apoB-reactive 
CD4+ T cells used in adoptive transfer studies.

Peptide:MHC Multimer Staining 
CD4+ T cells were enriched by a negative magnetic bead 
separation eliminating CD11b+/CD11c+/F4/80+/Nk1.1+/
CD19+/B220+/Ter-119+/CD8+ cells followed by an incu-
bation with apoB:MHC-streptavidin-phycoerythrin and 
apoB:MHC-streptavidin-allophycocyanin tetramers or 
dextramers for 1 hour at room temperature.

RNA Sequencing 
RNA sequencing of CD4+ T-cell subsets was performed af-
ter flow sorting. After isolation of RNA, libraries were pre-
pared with a SMART-Seq v4 Ultra Low Input RNA Kit by 
Clontech and the Nextera XT Kit (Illumina). Samples were 
sequenced in pools of 7 to 8 samples on a HiSeq 4000.

Single-Cell RNA Sequencing 
Suspensions of sorted T cells were isolated and single-
cell gene expression was quantified by drop sequencing 
(10×Genomics).20 Single-cell RNA sequencing data sets 
were processed using the Cell Ranger software suite 
and analyzed by the analysis package SEURAT.

Identification of Human MHC-II 
Restricted ApoB Peptides 
The human apoB sequence was screened for MHC-II-
peptide binding motifs in silico. Candidate sequences 
were tested in affinity measurements of purified MHC-
II molecules with apoB peptides using a classical com-
petitive inhibition assay with high-affinity radio-labeled 
MHC-II ligands.

Clinical Study 
This study was approved by the local Institutional Re-
view Board at the University of Freiburg, Germany. All 
participants gave informed consent. Patients under-
going coronary angiography at an age of 43 to 90 
years at the University Heart Center in Freiburg, Ger-
many, were included in the ANIMATE trial (Adaptive 
Immunity in Human Atherosclerosis). Patients were 
divided in groups with stenotic coronary artery disease 
(CAD) and without coronary atherosclerosis (no CAD). 
Whole-blood samples were stimulated with a pool of 
30 human apoB peptides, irrelevant control peptides, 
phorbol myristate acetate/ionomycin, staphylococcal 
enterotoxin B, or a blocking anti–MHC-II antibody in 
the presence of a stimulating anti-CD28 antibody for 
6 hours before intracellular cytokines (CD40 ligand 
[CD40L], tumor necrosis factor-α, interferon-γ [IFN-
γ]) and the surface markers CD69, CD25, CD38, and 
HLA-DR were quantified by flow cytometry. For the 
measurements of IL-17 and IL-10, peripheral blood 
mononuclear cells were isolated and restimulated with 
apoB peptides in vitro. After 5 days, IL-2 was added 
to the cell culture media, and cells were cultured for 
an additional 5 days, followed by intracellular cytokine 
staining and flow cytometry.

Statistical Analyses 
The number of mice in the experimental groups 
was based on power analysis. Data are expressed as 
mean±SEM throughout the article. Statistical tests are 
indicated in each figure.

RESULTS
ApoB-Reactive CD4+ T Cells (apoB+) 
Reside in Lymph Nodes of Healthy Mice
ApoB is an immunogen capable of inducing an anti-
gen-specific CD4+ T-cell response.4,6–8 Binding of apoB 
peptides to MHC-II on antigen-presenting cells is a re-
quirement for antigen recognition by CD4+ T cells.21 
To generate a map of the autoreactive peptidome 
(Figure  1A), we screened mouse apoB for sequences 
with a high binding affinity to mouse MHC-II (I-Ab) 
by computational prediction and competitive bind-
ing assays.22 Among all potential apoB self-peptides 
identified, 6 peptides have previously been shown to 
be functionally relevant in peptide-based immuniza-
tion of atherosclerosis-prone mice15,22,23 (Table I in the 
Data Supplement). The apoB peptide p6 (apo B978-993, 
sequence TGAYSNASSTESASY) is located in the surface 
region of apo B48 and apo B100 at the interface of the 
amphipathic core region and induces an antigen-specif-
ic T-cell response with cellular proliferation and cytokine 
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secretion.22 ApoB:p6-reactive T cells generated by im-
munization have been shown to promote24 or prevent22 
atherosclerosis in mice and are therefore ideal to study 
the function of apoB-reactive T cells.

To characterize apoB-reactive T cells (apoB+) at the 
single-cell level, we designed a fluorochrome-coupled 
tetramer of recombinant MHC-II from C57Bl/6 mice (I-
Ab) fused to the apoB-peptide p6 (p6:MHC) (Figure 1B). 

Figure 1. A population of oligoclonal apoB-reactive CD4+ T cells (apoB+) resides in lymph nodes of healthy C57Bl/6 mice.
A, MHC-II peptide binding map of mouse apoB. The binding affinity of apoB peptides spanning the whole apoB sequence was predicted in silico and expressed 
as percentile relative to all other predicted values (gray, left y axis). Measured binding affinity of peptides (right y axis) in a competitive binding assay is shown in 
white. Peptides with proven relevance in the Apoe–/– mouse model of atherosclerosis are shown in green. B, Design of the apo B978-993:MHC tetramer. APC and 
PE were used in separate batches of tetramers. C, Confocal microscopy of mouse lymph node CD4+ T cells after incubation with PE- and APC-labeled apoB:MHC 
tetramers and anti-TCR-β-FITC. D, Gating strategy in flow cytometry to identify apoB+ CD4+ T cells with a positive signal for apoB:MHC tetramers in both colors (PE 
and APC). Percentage of apoB+ cells among all CD4+ T cells indicated in the graph (red). CD4+ T cells negative for the apoB:MHC tetramer were termed apoBneg. 
E, Eight-week-old wild-type C57BL6/J or MHC-II–mismatched BALBc mice immunized with mouse apo B978-993 in adjuvant CFA subcutaneously. The adjuvant 
CFA alone (adjuvant) or saline (none) served as controls (n=4–8 mice per group). F, Expression of the TCR-signaling intermediate Nur77 in all or CD44+ apoBneg 
and apoB+ cells from Nur77-GFP reporter mice in response to vaccination with apo B978-993 (n=3 mice per group). G, Parallel DNA sequencing of the TCR β-chain. 
Percentage of the 10 most abundant unique TCR-clonotypes (coded in colors) within all apoBneg and apoB+ cells from 3 pooled mice per group. H, Fractional TCRβ 
V-chain usage among all apoBneg and apoB+ cells.; All bars indicate mean values per group. **P<0.01, ****P<0.001 by ANOVA with Dunnett multiple compari-
son test (E) and an unpaired, 2-sided t test (F). Representative pictures shown in C and D. apoB indicates apolipoprotein B; APC, allophycocyanin; CFA, complete 
Freund's adjuvant; FITC, fluorescein isothiocyanate; FSC, forward scatter; GFP, green fluorescent protein; IDL, intermediate-density lipoprotein; L/D, live/dead 
viability stain; LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; Lin., lineage-defining antibodies against CD19/B220/CD11b/CD11c/Nk1.1/TER-
119/CD8; MFI, mean fluorescent intensity; MHC-II, major histocompatibility complex II; PE, phycoerythrin; SSC, side scatter; TCR, T-cell receptor; and VLDL, very 
low density lipoprotein. 
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Fluorochrome-labeled p6:MHC bound to CD4+ T cells, 
colocalized with the T-cell receptor (TCR; Figure  1C), 
and defined an apoB-reactive T-cell population (apoB+) 
in flow cytometry that mostly represented activated 
CD44+ T cells (Figure  1D). We found apoB-reactive T 
cells in the lymph nodes (cervical, axillary, mesenteric, 
para-aortic, and inguinal), but not in the spleen, of 
8-week-old female wild-type (WT) mice on a C57BL/6J 
background (Figure 1E, Figure I in the Data Supplement). 
These results indicate the existence of a naturally occur-
ring population of apoB-reactive T cells in healthy mice 
that is predominantly located in lymph nodes draining 
the aorta and other large arteries. We validated the 
specificity of cells detected by p6:MHC. First, the num-
ber of apoB+ cells was elevated after a single immu-
nization with p6 and the adjuvant complete Freund's 
adjuvant, but not with the complete Freund's adjuvant 
alone (Figure 1E). Second, we detected no apoB+ T cells 
in BALBc mice, which express an MHC-II-allele (I-Ae) 
different from I-Ab in C57BL/6J mice. Third, binding of 
apoB p6:MHC correlated with a higher signal of green 
fluorescent protein in Nur77-GFP transgenic reporter 
mice in activated CD44+ apoB+ cells after vaccination 
with apo B978-993, which indicates enhanced TCR signal-
ing after binding of the cognate antigen (Figure  1F). 
Fourth, apoB+ cells secreted the cytokine IL-17 in an 
ELISPOT assay after restimulation with p6 (Figure II in 
the Data Supplement). Fifth, TCR-β sequencing showed 
that apoB+ cells were oligoclonal with the top 10 clones 
accounting for >70% of all unique TCR-β sequences 
(Figure 1G, Data Files I and II in the Data Supplement) 
with an overrepresentation of the TCR-β V-chain seg-
ments Vβ02-01 and Vβ13-02 (Figure 1H). The clonal-
ity index was 0.32 in 5168 sequenced apoB+ cells in 
comparison with 0.05 in 411 397 apoBneg cells (Figure III 
in the Data Supplement). Therefore, our findings sug-
gest the existence of a natural population of clonally 
expanded apoB+ CD4+ T cells in lymph nodes of mice.

Pool of ApoB-Reactive (apoB+) Antigen-
Experienced Memory CD4+ T Cells Exists 
in Atherosclerosis-Prone Apoe–/– Mice
Atherosclerosis-prone Apoe–/– mice have increased 
numbers of antigen-experienced memory CD4+ T cells 
in late disease,25 but it is unknown whether this T-cell 
memory is antigen specific. Therefore, we asked how 
apoB+ T cells were affected in Apoe–/– mice that ex-
hibit increased levels of circulating LDL and, thus, of 
the autoantigen apoB. Using flow cytometry of CD4+ 
T cells from peripheral lymph nodes of 8-week-old 
WT mice, we found that the apoBneg cell population, 
which represents the bulk of non–apoB-specific cells, 
mainly consisted of naive, antigen-unexperienced T 
cells (CD62L+CD44–) and only small fractions of effector 
memory T cells (TEM, CD62L–CD44+) and central-memory 

T cells (TCM, CD62L+CD44+). The proportion of TEM and 
TCM in apoB+ T cells from WT mice was larger than in 
bulk CD4+ T cells (Figure 2A) but similar to CD4+ T cells 
recognizing the M25-peptide from murine cytomegalo-
virus (MCMV), suggesting an enhanced baseline mem-
ory status of MHC-II tetramer–selected T cells rather 
than an antigen-specific activation of apoB+ cells in WT 
mice. In contrast, the fraction of apoB+ memory T cells 
was higher in Apoe–/– (82%) than in WT mice (42%; 
Figure 2A). This increase was antigen specific. First, ath-
erosclerosis-irrelevant MHC-II tetramer–selected CD4+ T 
cells recognizing the autoantigens 2W1S (Eα protein), 
MOG (myelin oligodendrocyte glycoprotein), and the 
foreign MCMV-peptide M9 contained smaller propor-
tions of memory T cells than apoB+ cells in Apoe–/– mice 
(Figure IV in the Data Supplement). Second, the lack 
of apoE alone did not cause activation of M25-specific 
cells, which showed a similar degree of activation in WT 
and Apoe–/– mice (Figure 2A). Third, M25-specific cells 
reached a comparably strong TEM/CM commitment only 
after infection with MCMV, their cognate antigen (Fig-
ure 2A). Collectively, these findings suggest that apoB+ 
cells are increasingly activated under conditions of hy-
perlipidemia in Apoe–/– mice. Accordingly, numbers of 
apoB+ cells, but not of MCMV-reactive T cells (Figure 
V in the Data Supplement), increased to 1232±299 in 
young Apoe–/– mice in comparison with 368±72 apoB+ 
cells in WT mice (Figure 2B). This increase in hyperlipid-
emic Apoe–/– mice may be caused by an antigen-induced 
proliferation as previously shown for plaque CD4+ T 
cells that proliferate after restimulation with LDL.8 In-
deed, we found enhanced proliferation of apoB+ cells 
in mice consuming a proatherogenic WD as assessed 
by bromodeoxyuridine incorporation (Figure  2C): 7% 
of the apoBneg cells in lymph nodes but >21% of apoB+ 
cells proliferated (bromodeoxyuridine+) and expressed 
higher amounts of the proliferation marker Ki-67 (Fig-
ure 2D through 2F). These results were consistent even 
when proliferation was quantified in the CD44+ fraction 
of cells (Figure 2E and 2F). Collectively, our data dem-
onstrate that the generation of apoB-reactive memory 
T cells precedes relevant atherosclerotic disease.

ApoB-Reactive T Cells Coexpress Marker 
Proteins and Transcripts of Treg, TH1, TH17, 
and TFH cells
CD4+ T cells may differentiate into distinct T-helper 
cell types with specific transcription factors, cytokines, 
and functional outcomes: IL-10+ FoxP3+ Tregs are ath-
eroprotective, whereas IFN-γ+T-bet+ TH1 cells are pro-
atherogenic. The role of TH2 (IL-4+GATA3+), TH17 (IL-
17+RORγT+), and TFH (CXCR5+Bcl-6+) cells is less clear.1 
We systematically determined the phenotype of apoB+ 
cells in flow cytometry (Figure VI in the Data Supple-
ment): About 70% of all apoB+ cells isolated from 
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lymph nodes of 8-week-old Apoe–/– mice expressed the 
TH17 transcription factor RORγT (Figure 3A). The frac-
tion of RORγT+ was similar in activated CD44+ and in 
naive CD44neg cells (Figure  3B, Figure VII in the Data 
Supplement). In the CD44+ fraction ≈5% of apoB+ cells 
were Tregs and expressed FoxP3 alone, whereas ≈16% 
coexpressed FoxP3 and RORγT (Figure 3B and 3C), in-
dicative of TH17/Treg cells that may be in transition from 
1 TH lineage to another. In the corresponding apoBneg 
population, the only substantially expressed transcrip-
tion factor was FoxP3 in ≈25% of CD44+ apoBneg cells 
(Figure 3C). Additional transcription factors in apoBneg 
cells became detectable after prolonged feeding with a 
WD in Apoe–/– mice (Figure VIII in the Data Supplement). 
M25+ and M09+ MCMV-reactive cells mainly expressed 
Bcl-6 and RORγT+ after MCMV infection (Figure IX in 
the Data Supplement). These results demonstrate that 
MHC-II tetramers do not selectively select a particular 
TH type. Second, we interrogated the transcriptome of 
apoB+ cells by performing RNA sequencing and gene 
set enrichment analysis against transcriptomes of the 
mouse T-cell atlas.26 This strategy revealed the strongest 
transcriptional overlap of apoB+ cells with Tregs despite 
the predominant expression of RORγT (RAR-related or-
phan receptor) in flow cytometry (Figure 3D). In accord, 
apoB+ cells expressed intermediate levels of Treg genes, 
such as Foxp3, Il2ra, Ctla4, and Il10 in comparison with 
apoBneg cells. ApoB+ cells also expressed high levels of 
TH17 (Rora, Il21, Il17a), TH1 (Ifng, Tbx21, Cxcr3), and TFH 

(Cxcr5, Bcl6) marker genes (Figure 3E, Data File III in the 
Data Supplement). In direct comparison with distinct 
Treg and Teff transcriptomes, apoB+ cells were closer to 
the previously reported atherosclerosis-specific CCR5+ 
Teffs, which express FoxP3 and T-box expressed in T cells 
(T-bet) simultaneously,16 than to Tregs in principal compo-
nent analysis and gene set enrichment analysis (Figures 
X and XI in the Data Supplement). Third, apoB+ cells 
expressed the cytokines IL-17, IFN-γ, and IL-10 after in 
vitro stimulation with phorbol myristate acetate/iono-
mycin (Figure  3F). Collectively, these data indicate an 
unexpected mixed Treg-Teff phenotype of apoB+ cells.

We next performed single-cell RNA sequencing to 
directly test the existence of mixed Treg/TH17/TH1/TFH 
phenotypes at the single-cell level (Figure  3G). We 
therefore prefiltered the transcriptomes of apoB+ and 
apoBneg T cells positive for at least 1 lineage-defining 
gene (transcription factors and cytokines) and allowed 
these to cluster in an unsupervised multidimensional-
ity reduction by t-distributed stochastic neighbor em-
bedding. Most of the apoB+ T cells clustered separately 
from apoBneg T cells. Of the overall 13 clusters, we de-
tected several classical Treg clusters (1/4/5/8) with high 
or intermediate expression of Foxp3 and Il2ra (CD25), 
which were dominated by apoBneg T cells with a rela-
tive enrichment of apoBneg T cells 5- to 10-fold higher 
than apoB+ cells. In contrast, apoB+ cells selectively ac-
cumulated in clusters with gene expression indicative 
of Treg/TH17 cells, such as Rorc and Foxp3 (cluster 12, 

Figure 2. Lymph node apoB-reactive T cells acquire a proliferating and memory phenotype in atherosclerosis-prone Apoe–/– mice.
A, The fraction of antigen-unexperienced Tnaive (CD44– CD62L+, white), antigen-experienced T-effector memory (TEM, CD44+CD62L–, black), and T central memory 
(TCM, CD44+CD62L+, gray) cells among all antigen-specific T cells of the specificity shown (apoB+ or MCMV-specific M25+) was quantified in flow cytometry and 
expressed as percent of all cells. T cells were isolated from 8-week-old wild-type (WT) or Apoe–/– mice (n=5 mice per group). M25+ indicates T cells binding a 
MCMV:MHC-II tetramer. If indicated, Apoe–/– mice were infected with MCMV to induce antigen-specific T cells (n=5 mice). B, Number of apoB+ T cells in pooled 
lymph nodes of 4- to 8-week-old WT and atherosclerosis-prone Apoe–/– mice on a chow diet (CD). Numbers expressed as total numbers per mouse (n=10 mice 
per group). C, Four-week-old, female Apoe–/– mice consumed a Western diet (WD) for 4 weeks. BrDU was incorporated in the drinking water for an additional 9 
days (n=3–8 mice per group). D, Proliferating CD4+ T cells (% all CD4+ T cells or CD44+ CD62L– T cells) were identified by binding of an anti-BrDU FITC antibody 
in flow cytometry. Representative gating for all cells is shown in D. E, Quantification of proliferating T cells (BrdU+) within indicated populations. F, Quantification 
of the mean fluorescence intensity of a Ki-67-BV786 antibody. All bars indicate mean values per group. **P<0.01, ***P<0.001 by an unpaired, 2-sided t test (B, 
E, and F). BrdU indicates bromodeoxyuridine; FITC, fluorescein isothiocyanate; MCMV, murine cytomegalovirus; MFI, mean fluorescent intensity; MHC-II, major 
histocompatibility complex II; and WT, wild-type.
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3-fold enrichment) or TH17/TH1 cells (IL17f, Tbx21, clus-
ter 6, 8.9-fold enrichment), or Treg/TH1/TFH cells (Il10, 
Ifng, cluster 3, 2.7-fold enrichment; Figure 3H, Table II 
in the Data Supplement). These data demonstrate the 

existence of single apoB+ cells with simultaneous ex-
pression of Treg/TH17/TH1 genes, a phenotype that was 
only incompletely reflected by a predominant RORγT 
protein expression in flow cytometry.

Figure 3. ApoB-reactive CD4+ T cells simultaneously express cellular markers and transcripts of regulatory and TH1, TH17, and TFH cells.
A and B, Expression of the TH-lineage–defining transcription factors FoxP3, RORγT, GATA3, T-bet, and Bcl-6 (TFH) by flow cytometry. Lymph node CD4+ T cells from 
8-week-old Apoe–/– mice (n=5 per group) were stained with apoB:MHC. C, Expression of TFs shown as frequency distribution with RORγT in the inner and FoxP3 
in the outer circle. D, Gene-set enrichment of a Treg gene signature in apoB+ versus apoBneg non-Treg genes. Gene expression was quantified in RNA sequencing 
of sorted CD4+ T cells from pooled lymph nodes of 3 replicates of 8-week-old female Apoe–/– mice on a chow diet (each pooled from lymph nodes of 10 mice): 
apoBnegCD25+FR4+ (apoBneg Treg), apoBneg non-Treg (apoBnegCD25-FR4-), and apoB+ (10 mice pooled per replicate). Gene expression is displayed as log10(RPKM). E, 
Gene expression of TH-defining genes displayed in a heat map as log10(RPKM) and column min.-max. expression. F, Cytokine expression (% cytokine+ among all T 
cells) in intracellular flow cytometry from 3 to 5 mice per group. G, scRNAseq of sorted apoBneg and apoB+ cells from 3 individual mice. Single-cell transcriptomes 
were analyzed with a dimensionality reduction algorithm to identify groups of cells with similar gene expression. H, Average cluster gene expression (tran-
scripts/cell) is displayed as heat map with column min.-max. expression (transcripts per cluster). All bars indicate mean values per group. *P<0.05, ***P<0.001, 
****P<0.001 by an unpaired, 2-sided t test. Representative pictures are shown in B and D. 10x Gen. indicates 10x Genomics; apoB, apolipoprotein B; ES, enrich-
ment score; FACS, fluorescence-activated cell sorting; FoxP3, Forkhead Box P3; IL-10, interleukin-10; IL-17, interleukin-17; IFN-γ, interferon γ; MHC, major histo-
compatibility complex; min.-max., minimum-maximum; Mix., clusters that are equally populated by apoBneg and apoB+ T cells;  RORγT, RAR-related orphan receptor 
γ; RPKM, reads per kilobase per million; scRNAseq, single-cell RNA sequencing; Seq., sequencing; T-bet, T-box expressed in T cells; TFs, transcription factors; TH, 
T-helper cell type; Treg, regulatory T cell; and tSNE, t-distributed stochastic neighbor embedding.
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ApoB-Reactive CD4+ Tregs Acquire a 
Proinflammatory Phenotype Over Time
We next aimed to clarify the temporal relationship of 
the Treg-like transcriptome of apoB+ T cells in healthy 
mice and the reported proinflammatory phenotype 
in established disease and old Apoe–/– mice7,16. The 
proportion of TEM/TCM within the pool of apoB+ cells 
did not change with an age beyond 8 weeks or the 
feeding with an atherosclerosis promoting WD (Fig-
ure XII in the Data Supplement). However, we found 
that cells exclusively expressing FoxP3 (Tregs) in flow 
cytometry disappeared among apoB+ T cells in CD-
consuming 20-week-old Apoe–/– mice. While the pro-
portion of FoxP3+RORγT+ cells (TH17/Treg) remained 
constant, a novel apoB+ subpopulation expressing T-
bet and RORγT, indicative of proinflammatory TH1/TH17 

cells, was formed in 20-week-old mice (Figure 4A). At 
20 weeks, most of the apoB+ cells expressed RORγT+ 
(70.5±1.8 versus 95±3.1% in 8- versus 20-week-old 
mice, respectively).We consistently observed an up-
regulation of several pathways associated with the 
proinflammatory cytokines IL-6, IL-1β, tumor necrosis 
factor-α, and with TH17 and TH1 genes in apoB+ cells 
from 20- versus 8-week-old mice in RNA sequenc-
ing (Figure 4B, Data File III in the Data Supplement). 
Gene set enrichment analysis of TH-gene signatures 
indicated a selective rise of TH1 and TH17 (false discov-
ery rate<0.2) transcriptomes in apoB+ cells from older 
mice (Figure 4C). We consistently observed a gradual 
increase of several genes indicating TH17-, TH1-, and 
cholesterol-associated pathways in apoB+ cells from 
20-week-old mice (Figure 4D). Collectively, these find-
ings corroborate that the Treg-dominated transcriptome 

Figure 4. ApoB-reactive CD4+ T-regulatory cells acquire a proinflammatory TH1-TH17 phenotype in the course of atherosclerosis.
A, Expression of the TH-lineage–defining transcription factors (TFs) T-bet, FoxP3, RORγT among apoB+ cells by intracellular flow cytometry (%) in five 8- and 
20-week-old female Apoe–/– mice consuming chow diet (CD). All CD4+ T cells were gated as parent population. B, Changes in the expression of pathways assigned 
to transcriptional master regulators in 4- and 20-week-old female Apoe–/– mice on CD determined in bulk RNA sequencing of apoB+ cells and ingenuity pathways 
analysis (IPA) from 2 to 3 replicates with cells from 10 pooled mice each. A positive activation z-score indicated an upregulation of the pathway in 20-week-old 
animals. C, Gene set enrichment analysis (GSEA) of TH-gene signatures on apoB+ T cells from 20- versus 4-week-old mice. An false discovery rate of <0.2 is con-
sidered significant. D, Differentially expressed genes in apoB+ cells displayed in a heat map with minimum and maximum values in a heat map. Values were log10 
normalized. E, T cells from Foxp3-YFP-Cre/ROSA26-RFP/Apoe–/– lineage tracker mice express a FoxP3-YFP-fusion protein exclusively in current Tregs, whereas the RFP 
transgene is permanently expressed in cells in which FoxP3 was ever expressed. RFP+YFP– T cells were termed exTregs. F, Percentage of exTregs and current Tregs in aor-
tic CD4+ T cells. G and H, Percentage of exTregs among apoB+ and apoBneg cells (%) in lymph nodes of female Apoe–/– Treg lineage tracer mice after a CD or Western 
diet for 20 weeks (n=3–8 mice per group). All bars indicate mean values per group. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001 by an unpaired, 2-sided t 
test. Representative pictures are shown in H. apoB indicates apolipoprotein B; RFP, red fluorescent protein; RORγT, RAR-related orphan receptor γ; RPKM, reads per 
kilobase million; TH, T-helper type; Treg, regulatory T cell; and YFP, yellow fluorescent protein. 



Wolf et al� Antigen-Specific T Cells in Atherosclerosis

Circulation. 2020;142:1279–1293. DOI: 10.1161/CIRCULATIONAHA.119.042863� September 29, 2020 1287

ORIGINAL RESEARCH 
ARTICLE

of young apoB+ cells undergoes a gradual proinflam-
matory transformation over time.

A loss of protective gene expression could be caused 
by the outgrowth of proinflammatory cell clones1 
or a transformation of single cells driven by the loss 
of FoxP3.18,27 To monitor the expression of FoxP3 in 
apoB+ cells, we used a Foxp3-YFP-Cre/ROSA26-RFP 
mouse on an Apoe–/– background, in which current 
Tregs (YFP+RFP+) are distinguishable from exTregs that lost 
FoxP3 (YFP–RFP+; Figure  4E). Consistent with previous 
reports,27 more than one-fourth of T cells from ath-
erosclerotic aortas were exTregs (Figure 4F), supporting 
that the switch of Tregs into alternative phenotypes fre-
quently occurs in the setting of atherosclerosis. In flow 
cytometry, bulk exTregs produced significantly more IFN-
γ (Figure XIII in the Data Supplement), which argues 
for a TH1-like proinflammatory phenotype of exTregs. 
We found an increased fraction of exTregs in apoB+ cells 
from lymph nodes of WD-consuming Apoe–/– mice, but 
not in control cells or under CD (Figure 4G and 4H). 
These data indicate that FoxP3 is preferentially lost in 
apoB+ cells in hypercholesterolemia. Bulk FoxP3+ Tregs 
from 8-week-old Apoe–/– transferred into 24-week-old 
Apoe–/– mice mostly lost FoxP3 and consistently started 
expressing RORγT and T-bet after 6 weeks, depending 
on organ homing (Figure XIV in the Data Supplement). 
These findings propose that the proinflammatory en-
vironment of atherosclerosis favors the conversion of 
apoB+ Tregs into Teffs.

Disease Progression Induces a Selective 
Expansion of TH17/TH1 Cells in the 
Atherosclerotic Plaque
Because of the coexisting TH17/TH1 transcriptome of 
apoB+ cells in lymph nodes, we asked how this pheno-
type was related to T cells in the atherosclerotic plaque. 
Therefore, we performed single-cell RNA sequencing of 
aortic T cells from Apoe–/– mice fed a CD or a WD for 
12 weeks20 (Figure 5A). Among Cd3e+Cd4+Cd8a– cells 
from CD- and WD-fed animals, we identified 4 distinct 
CD4+ T-cell clusters that each contained cells from CD- 
and WD-fed animals (Figure 5B) and expressed cluster-
specific genes that were regulated between clusters 
independent of the diet (Figure  5C, Figure XV in the 
Data Supplement, Data File IV in the Data Supplement). 
Two aortic clusters were regulated between moder-
ate (CD-fed) and aggravated (WD-fed) atherosclerosis 
(Figure 5D): Cluster 1 coexpressed TH1, TH17, and re-
sidual Treg genes and increased >2-fold in mice on WD, 
whereas cluster 4 coexpressed Treg/TH2/TFH genes and 
decreased on WD (Table III in the Data Supplement). 
Cluster 2 expressed TH1 and Treg genes and did not vary 
between CD and WD (Figure  5E). These data estab-
lish TH1 and TH17 as the predominant transcriptional 

programs in lesional T cells. Because apoB+ cells de-
tected by the apoB tetramer are rare and only detect 
cells specific for 1 single apoB peptide, we performed a 
transcriptional estimation of the proportion of all apoB+ 
T cells in aortic plaques. Therefore, we overlaid the en-
richment of the apoB+ gene signature from bulk RNA 
sequencing (Table IV in the Data Supplement) on cells in 
the t-distributed stochastic neighbor embedding reduc-
tion (Figure 5F). This approach demonstrated a strong 
enrichment of apoB+ transcriptomes within the TH17/
TH1 and the TH1/Treg clusters, suggesting that these, 
which account for 50% of all lesional T cells, share fea-
tures with antigen-specific cells. Finally, we validated 
the presence of apoB-reactive IL-17–expressing T cells 
in atherosclerotic plaques after a restimulation with apo 
B978-993 (Figure 5G).

ApoB+ Tregs Fail to Protect From 
Atherosclerosis
Tregs are known to protect from de novo atherosclero-
sis.13,14 This raised the question as to whether apoB-
specific FoxP3+ Treg-like cells in healthy animals were 
atheroprotective. Therefore, we tested the therapeutic 
efficacy of an adoptive transfer of either apoB+ or apoB-
neg Tregs into Apoe–/– mice (Figure 6A). In this assay, more 
than half of all initially transferred cells lost expression 
of the Treg markers CD25 and FR4, which was consis-
tent with the proposed loss of FoxP3 (Figure 6B). Both 
transferred cell types showed a successful engraftment 
but failed to limit en face atherosclerotic lesion size in 
the aorta after 12 weeks feeding with a WD (Figure 6C 
and 6D). Only the number of small, developing lesions 
in the aorta was reduced by a transfer of apoB+ but not 
of apoBneg Tregs (Figure 6E). Collectively, these findings 
suggest that unstable apoB+ Tregs may only protect from 
very early atherosclerosis after an adoptive transfer.

Numbers of ApoB-Reactive T Cells With 
a Predominant TH17 and TH1 Phenotype 
Increase in Humans With CAD
To establish a relationship of apoB-reactive T cells with 
angiographically documented atherosclerosis in hu-
mans, we quantified apoB-reactive T cells in the blood 
of 23 patients with coronary artery atherosclerosis 
(CAD) and 11 controls (no CAD; Table). Circulating T 
cells were restimulated with a set of 30 human apoB 
self-peptides (Table V in the Data Supplement), which 
were identified in an in silico prediction screen of the 
apoB sequence and direct MHC-II affinity measure-
ments, for 6 hours. This pool of apoB self-peptides suf-
ficiently binds about 80% of MHC-II variants found in 
the White population (Figure 7A, Tables VI and VII in the 
Data Supplement). Unlike the detection of apoB-reactive 
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T cells with MHC-II tetramers, this screening approach 
was designed to track T cells recognizing several epit-
opes of apoB simultaneously. ApoB-reactive T cells were 
identified by de novo intracellular expression of the im-
mediate activation marker CD40L in CD3+CD4+ T cells 
in flow cytometry (Figure 7B). It is notable that CD40L 
was superior to other markers of T-cell activation, such 
as CD25 or CD69 (Figure XVI in the Data Supplement). 
Before stimulation, we observed on average ≈0.29% 
preactivated CD40L+ T cells. After apoB restimulation, 

0.32% and 1.25% of T cells from patients without 
and with CAD, respectively, expressed CD40L, which 
indicates that 0.03% of all circulating CD4+ T cells 
in patients without CAD and 0.96% in patients with 
CAD (apoB stimulation minus background) respond 
to apoB (Figure  7D). A partial TCR cross-linking with 
staphylococcal enterotoxin B served as positive control 
in this assay (Figure XVII in the Data Supplement). The 
increase in patients with CAD was consistent across 
age- and sex-matched groups (Figure XVIII in the Data 

Figure 5. Aortic CD4+ T cells have mixed TH17/TH1/Treg transcriptomes in scRNAseq.
A, Single-cell RNA-sequencing (scRNAseq) of aortic CD4+ T cells after cell isolation of aortic leukocytes from Apoe–/– mice (n=10) after a control chow diet (CD) 
or a Western diet (WD) for 12 weeks, flow sorting, drop sequencing, and filtering of Cd3e+Cd4+Cd8a- cellular events. B, Single-cell transcriptomes were analyzed 
with an unsupervised dimensionality reduction algorithm (tSNE) to identify groups of cells with similar gene expression. The 4 resulting clusters are shown in the 
Left, the origin (WD/CD) is overlaid on the tSNE plot (Right). C, Differentially expressed genes in the 4 clusters in a single-cell heat map. D, Fraction of the 4 found 
clusters among all aortic CD4+ T cells. E, Expression of TH-lineage–defining genes in the 4 clusters (average transcripts/cell) displayed as heat map with column 
min.-max. expression. F, Color-coded enrichment scores indicating the similarity of each single-cell transcriptome with genes overexpressed in apoB+ T cells was 
overlaid on the tSNE projection of aortic T cells. G, Cytokine secretion in explanted atherosclerotic aortas after stimulation with the apo B978-993 (p6) peptide or a 
control with the carrier dimethyl sulfoxide alone (n=6–9 per group). Cytokines were quantified in the supernatant with a cytometric bead array. Cytokine secretion 
shown as % of the unstimulated control. All bars indicate mean values per group. *P<0.05. apoB indicates apolipoprotein B; DE, differentially expressed; FACS, 
fluorescence-activated cell sorting; IL-5, interleukin-5; IL-10, interleukin-10; IL-17, interleukin-17; max., maximum; min., minimum; TH, T-helper type; TNF-α, tumor 
necrosis factor α; Treg, regulatory T cell; and tSNE, t-distributed stochastic neighbor embedding.

Figure 6. Transferred apoB+ Tregs fail to protect from atherosclerosis.
A, Transfer of 2×105 CD45.1+ apoB+ or apoBneg Tregs, or no cells into 8-week-old, female CD45.2+ Apoe–/– mice (n=5–6 per group). B, After 12 weeks, lymph nodes 
were harvested and fractions of Tregs (CD25+FR4+) and Tconv (conventional T cells; remaining cells) were quantified among all CD45.1+ T cells in lymph nodes of 
CD45.2+ donor mice. C, Atherosclerotic lesions in the thoracic/abdominal aorta were visualized by a Sudan-IV stain (D) and quantified as area (% aortic area) or 
the number of distinct atherosclerotic lesions in the thoracic/suprarenal aorta per mouse (E). All bars indicate mean values per group. Statistical significance was 
tested by a 1-way ANOVA with the Holm-Sidak multiple comparison test (D and E). *P<0.05. Representative pictures shown in C. apoB indicates apolipoprotein B; 
and Treg, regulatory T cell. 
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Supplement). We did not detect changes in the expres-
sion of the T-cell activation markers CD25, HLA-DR, and 
CD38 (Figure XIX in the Data Supplement). These data 
indicate that a relevant fraction of circulating CD4+ T 
cells recognizes apoB in patients with CAD. We ob-
served an increased fraction of effector-memory T cells, 
CD25+ FoxP3+ Tregs, TH17, and TH17/Treg cells in patients 
with CAD (Table VIII in the Data Supplement), which 
is consistent with our hypothesis that functionally de-
ranged Tregs increase in the setting of atherosclerosis. 
Accordingly, we documented several key cytokines ex-
pressed by CD4+ T cells after a restimulation with apoB 
in patients with CAD, but not in controls, including the 
proinflammatory cytokines tumor necrosis factor-α, IL-
17, and IFN-γ. In contrast, the immune-suppressive cy-
tokine IL-10 was already reduced at baseline in patients 
with CAD and not further regulated in apoB-reactive 
T cells (Figure 7E to 7F, Figure XVII in the Data Supple-
ment). These observations support a predominant TH1 
and TH17 phenotype of an expanded pool of apoB-re-
active T cells in patients with CAD.

DISCUSSION
T cells recognizing apoB/LDL in humans and mice were 
first proposed in 1995.8 The dynamics and consequenc-
es of this response have remained enigmatic, because 
tools to detect apoB-reactive T cells at a single-cell  
level were not available. Using a tetramer of MHC-II to 

detect mouse CD4+ T cells that recognize the peptide 
apo B978-993 (p6), we demonstrate that apoB+ cells with a 
Treg transcriptome exist in healthy WT and Apoe–/– mice. 
Already in 8-week-old CD-consuming Apoe–/– mice, in 
the absence of relevant atherosclerosis, apoB+ T cells 
have formed a stable pool of TEM/CM cells (82% of all 
apoB+ cells) with no further changes in older or ath-
erosclerotic mice. Although apoE deficiency is known 
to be proinflammatory,7,25 numbers and TEM/CM fractions 
were similar in MCMV-specific M25+ T cells in Apoe–/– 
and WT mice. The observed baseline of TEM/CM commit-
ment of up to 42% in T cells recognizing apoB and 
other antigens at baseline in WT mice may be attrib-
utable to homeostatic proliferation in early develop-
ment or to cross-reactivity to environmental antigens.28 
Thus, at least 40% of all memory apoB+ cells observed 
in Apoe–/– mice seem to be atherosclerosis specific 
and likely maintained by the continuous presentation 
of self-peptides from apoB/LDL by antigen-presenting 
cells in the setting of increased LDL-cholesterol levels 
in Apoe–/– mice. Our observation that apoB+ cells are 
predominately found in aorta-draining lymph nodes 
additionally argues for an increased homing to sites 
where vascular- or plaque-derived lipoproteins are pre-
sented by antigen-presenting cells. Collectively, these 
data suggest that the formation of a T-cell memory 
precedes disease development in mice. A limitation of 
our functional evaluation is the enrichment of CD44+ 
TEM/CM cells within the pool of apoB+ T cells, which may 
introduce a bias for more activated T cells where no 
direct adjustment for the CD44+ fraction of apoBneg 
T cells was done. However, the functional capacity of 
apoB+ T cells may be understated because of a pos-
sible downregulation of TCR abundance and signaling 
after ligation of the tetramer.

We suggest that hypercholesterolemia drives a tran-
scriptional and phenotypic conversion of apoB+ cells 
into pathogenic TH17/TH1 cells over time. Despite less 
frequent (protein) expression of FoxP3 in only 21% of 
all apoB+ cells and more abundant expression of RORγT 
in 70%, the transcriptome of apoB-reactive CD4+ T cells 
in 8-week-old Apoe–/– mice remains close to that of Tregs. 
In 20-week-old Apoe–/– mice, however, no FoxP3 sin-
gle-positive cells indicative of classical Tregs were found 
any more. In addition, apoB+ transcriptomes and pro-
tein marker expression (RORγT and T-bet) mostly over-
lap with TH17 and TH1 cells, which suggests a loss of 
the initial Treg phenotype. In fate-mapping experiments 
we show that antigen specificity drives Treg instability. 
About 40% of transferred Tregs lost FoxP3 after an adop-
tive transfer consistent with earlier reports.18,27 Wheth-
er these switching Tregs or the uncommitted ≈25% of 
apoB+ cells negative for transcription factors at 8 weeks 
give rise to cells of the larger population of RORγT+ 
solo expressors or TH17/TH1 cells is unknown. Yet, it is 
possible that TH17 cells may represent an intermediate 

Table.  Clinical Study Participants Baseline Characteristics

Parameter No CAD (n=11) CAD (n=23)

Age, y 63.9±4.7 68.1±2.6

Sex, % male 54.6 65.2

Diabetes mellitus (%), n 0/11 7/23

Smoking (%), n 4/11 12/23

Weight, kg 74.4±5.6 79.2±2.9

Body mass index, kg/m2 25.6±1.5 27.3±1.1

Systolic blood pressure, mm Hg 133.5±5.9 129.5±4.1

Blood leukocytes (×103/L) 7.37±0.6 8.3±0.4

Blood cholesterol, mg/dL 194.2±31.8 193.7±18.9

Serum creatinine, mg/dL 1.32±0.26 1.1±0.1

Hemoglobin A1c, % 6.1±0.25 6.3±0.4

Statin use, n 3/11 14/23

Angiotensin-converting enzyme 
inhibitor/angiotensin II receptor use, n

7/11 15/23

Diuretics use, n 5/11 12/23

β-Blocker use, n 9/11 15/23

Acetylsalicylic acid use, n 4/11 16/23

High-sensitivity C-reactive protein, mg/L 3.1±1.2 7.2±3.3

Values are stated as mean±SEM, unless stated otherwise. No significant 
differences were observed between both groups. CAD indicates stenotic 
coronary artery disease. 
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phenotype between FoxP3+ T cells and TH17/TH1 cells 
in older animals. The low fraction of exTregs among all 
apoB+ T cells (≈7%) suggests that not all TH17 origi-
nate from TH17/Treg. It is notable that the converted cells 
seem to be highly proinflammatory with expression lev-
els of IFN-γ and IL-17 in the range of Teff cells. This pro-
inflammatory phenotype in apoB+ Tregs may explain their 
inability to protect from atherosclerosis. The concept 
that Tregs transform into pathogenic T cells is supported 
by other recent studies: We have recently shown that 
about half of all CD4+ T cells in atherosclerotic aortas 
of Apoe–/–  mice express FoxP3 and T-bet (CCR5+ Teffs).

16 
These were unable to dampen the proliferation of Teff 
and exhibited a large transcriptional overlap with apoB+ 
cells. Although we did not directly test the suppres-
sive capacity of apoB+ T cells, an experiment limited by 
the overall low numbers of Foxp3+ apoB+ T cells, our 
results allow the speculation that apoB+ cells may be 
proatherogenic. Here, we confirmed the existence of 
the unique CCR5+ Teff population at the single-cell level 
in atherosclerotic aortas: About 40% of CD4+ T cells in 
one of the cell clusters (cluster 2) expressed the gene 
transcripts Foxp3 and Tbx21 (T-bet). The coexpression 
of both transcription factors suggests that CCR5+ Teffs 
develop from Tregs. This is also supported by another 
study from Butcher et al,18 who demonstrated a direct 
conversion of Tregs into TH1-like Tregs. In addition, a recent 

study from Gistera et al29 showed that a monoclonal 
population of CD4+ T cells recognizing human apoB 
from a TCR-transgenic mouse switched into TFH cells 
after an adoptive transfer and protected from athero-
sclerosis in a humanized model. Gistera et al29 used in 
vitro selected cell clones that originated from oxidized 
LDL–specific T cells from human apoB-transgenic mice 
after vaccination that expressed the TCR-β V segment 
TCRBV31. These methodological differences are the 
most likely cause for the overall low frequency of TCR-β 
V31-usage in apoB+ T cells (<1%) in our study.

Our results will be helpful to define preventative 
strategies to boost protective autoimmunity and apoB-
reactive T cells by immunization.10 The development 
of apoB-specific tetramers will allow monitoring and 
validating these responses. Our most striking clinical 
observation is that apoB-reactive T cells are detectable 
in the circulation of patients with angiographically doc-
umented CAD. More T cells from patients with CAD 
than from patients without CAD expressed the proath-
erogenic cytokines tumor necrosis factor-α, IFN-γ, and 
IL-173 in response to a restimulation with apoB, render-
ing it likely that circulating apoB+ cells represent already 
transformed pathogenic clones. Our clinical pilot study, 
however, does not clarify the role of exTregs in humans: 
cell surface markers specific for (ex-)Tregs compatible 
with restimulation assays will have to be developed to 

Figure 7. Coronary atherosclerosis in humans is accompanied by a population of circulating apoB-reactive T cells that secrete TH1 and TH17 
cytokines.
A, Human apoB was screened in silico for peptide sequences with a high binding affinity to human MHC-II variants. The affinity of the 30 top-binding self-
peptides was confirmed in a competitive MHC-II binding assay against radiolabeled cognate ligands. Heat map of the IC50 of peptides to MHC-II alleles. B and C, 
ApoB-reactive CD4+ T cells (CD3+CD4+CD8-L/D–) were identified by the intracellular expression of CD40L in flow cytometry. Human whole-blood samples (D and E) 
or density gradient–isolated, IL-2–activated peripheral blood mononuclear cells  (F) from individuals without (n=11) or with (n=23) stenotic coronary artery disease 
(CAD) were coincubated with the pool of human apoB-peptides (apoB), the carrier dimethyl sulfoxide alone (control), or the positive control staphylococcal entero-
toxin B (SEB) for 6 hours (D and E) or 10 days (F). Cytokine expression in human T cells was expressed as % cytokine+ CD4+ T cells. All bars indicate mean values 
per group. Statistical significance was calculated by a Mann-Whitney U test (D through F). *P<0.05. apoB indicates apolipoprotein B; FSC, forward scatter; IFN-γ, 
interferon γ; IL-2, interleukin-2; IL-10, interleukin-10; IL-17, interleukin-17; L/D, live/dead viability stain; SSC, side scatter; and TNF-α, tumor necrosis factor α.
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clarify these questions in the future. We have previ-
ously demonstrated the existence of FoxP3-expressing 
and T-bet/RORγT–expressing T cells that recognized 1 
specific peptide epitope in women without and with 
subclinical atherosclerosis.15 Here, we present an in-
creased fraction of bulk Tregs and TH17/Treg cells in hu-
mans with CAD, which allows the speculation that Tregs 
may be more inflammatory and committed to several 
TH lineages in the setting of CAD. Our findings will have 
to be validated by larger, prospective clinical trials that 
substantiate their predictive value and that also test for 
subclinical atherosclerotic disease other than CAD in 
patients who are apparently without CAD, which was 
not done in the current study. The ability to quantify 
cellular autoimmunity in atherosclerosis will allow us to 
test cellular links between cardiovascular disease and 
other autoimmune disorders, such as systemic lupus 
erythematosus, in future. Our novel tetramer tool holds 
great promise to develop novel cellular biomarkers to 
precisely identify high-risk patients for autoimmune-
mediated complications of atherosclerosis. In addition, 
our findings help to define a novel conceptual frame-
work for atheroprotective vaccination strategies to sta-
bilize the protective phenotype of apoB-specific Tregs 
and the therapeutic transfer with genetically modified, 
protective T cells that express chimeric antigen recep-
tors specific for apoB.
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