Circulation

ORIGINAL RESEARCH ARTICLE ©

Ezh2 Shapes T Cell Plasticity to
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BACKGROUND: The activation and polarization of T cells play a crucial role in atherosclerosis and dictate athero-inflammation.
The epigenetic enzyme EZH2 (enhancer of zeste homolog 2) mediates the H3K27me3 (trimethylation of histone H3 lysine
27) and is pivotal in controlling T cell responses.

METHODS: To detail the role of T cell EZH2 in atherosclerosis, we used human carotid endarterectomy specimens to reveal
plaque expression and geography of EZH2. Atherosclerosis-prone Apoe (apolipoprotein E)—deficient mice with CD (cluster
of differentiation) 4+ or CD8* T cell-specific Ezh2 deletion (Ezh2%*-knockout [KO], Ezh2°%-KO) were analyzed to unravel the
role of T cell Ezh2 in atherosclerosis and T cell-associated immune status.

RESULTS: EZHZ expression is elevated in advanced human atherosclerotic plaques and primarily expressed in the T cell nucleus,
suggesting the importance of canonical EZH2 function in atherosclerosis. Ezh2°#-KO, but not Ezh2°-KO, mice showed reduced
atherosclerosis with fewer advanced plaques, which contained less collagen and macrophages, indicating that Ezh2 in CD4* T
cells drives atherosclerosis. In-depth analysis of CD4* T cells of Ezh2°*-KO mice revealed that absence of Ezh2 results in a type
2 immune response with increased II-4 (interleukin 4) gene and protein expression in the aorta and lymphoid organs. In vitro,
Ezh2-deficient T cells polarized macrophages toward an anti-inflammatory phenotype. Single-cell RNA-sequencing of splenic T
cells revealed that Ezh2 deficiency reduced naive, Ccl5* (C-C motif chemokine ligand 5) and regulatory T cell populations and
increased the frequencies of memory T cells and invariant natural killer T iINKT) cells. Flow cytometric analysis identified a shift
toward Th2 (type 2 T helper) effector CD4* T cells in Ezh2°%4-KO mice and confirmed a profound increase in splenic iNKT cells
with increased expression of Plzf (promyelocytic leukemia zinc finger), which is the characteristic marker of the INKT2 subset.
Likewise, Zbtb16 ([zinc finger and BTB domain containing 16], the Plzf-encoding gene) transcripts were elevated in the aorta of
Ezh2¢4-KO mice, suggesting an accumulation of iNKT2 cells in the plaque. H3K27me3—chromatin immunoprecipitation followed
by quantitative polymerase chain reaction showed that T cell-Ezh2 regulates the transcription of the /-4 and Zbtb16 genes.

CONCLUSIONS: Our study uncovers the importance of T cell EZH2 in human and mouse atherosclerosis. Inhibition of Ezh2
in CD4* T cells drives type 2 immune responses, resulting in an accumulation of INKT2 and Th2 cells, memory T cells and
anti-inflammatory macrophages that limit the progression of atherosclerosis.
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Clinical Perspective

What Is New?

* The expression of the epigenetic writer EZH2
(enhancer of zeste homolog 2) is increased in
advanced atherosclerotic plaques and is associ-
ated with an unstable phenotype.

* The main source of EZH2 in advanced human ath-
erosclerotic plaques are T cells.

» Deficiency of Ezh2 in T cells reduces atherosclero-
sis by inducing a type 2 immune response, charac-
terized by induction of II-4 (interleukin 4).

* Deficiency of Ezh2 in T cells favors polarization of
iNKT2 (invariant natural killer T) and type 2 T helper
cells, resulting in polarization of anti-inflammatory
macrophages, as well as protective innate CD
(cluster of differentiation) 8* memory cells.

What Are the Clinical Implications?

* Therapies targeting T cell EZH2 have the potential
to induce a type 2 immune response, which may
reduce plaque inflammation and increase plaque
stability.

Nonstandard Abbreviations and Acronyms

Ccl C-C chemokine ligand

Ccer C-C chemokine receptor

CD cluster of differentiation

Cxcr3 C-X-C motif chemokine receptor 3

EZH2 enhancer of zeste homolog 2

Foxp3 forkhead box protein 3

H3K27me3 histone 3 lysine 27 trimethylation

IFN-y interferon-y

iNKT invariant natural killer T cell

KO knockout

NK natural killer

PLZF promyelocytic leukemia zinc finger

qPCR quantitative polymerase chain
reaction

scRNA-seq single-cell RNA sequencing

Th T helper cell (types 1 and 2)

Treg T regulatory cell

Zbtb16 zinc finger and BTB domain

containing 16

therosclerosis is a chronic, lipid-driven inflamma-
Atory disorder of the middle- and large-sized arter-
ies that drives cardiovascular disease, including
myocardial infarction and stroke.'? A myriad of experi-
mental evidence, including single-cell RNA sequencing

(scRNA-seq) and mass cytometry studies, has identified
many immune cell subsets as key components in human
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and mouse atherosclerotic lesions with T cells represent-
ing an abundance of the lesional leukocytes.®* Among
those, many T cell subsets including CD (cluster of dif-
ferentiation) 4* T helper (Th) subsets, CD4* T regulatory
cells (Treg), and CD8* cytotoxic T cell subsets, as well
as double-negative CD4°CD8" cells and invariant natural
killer T (INKT) cells, have been identified in plaques.® In
humans, CD4+ and CD47/CD8" T cells are expanded in
plaques from symptomatic patients and display distinct
activation and differentiation patterns compared with
asymptomatic patients.®® Unraveling specific pathways
that regulate T cell activation and differentiation in the
context of atherosclerosis will enhance our understand-
ing of atherogenesis; targeting these cells and pathways
has a great potential to identify novel immunotherapeutic
targets.

T cell differentiation, polarization, and activation are
tightly controlled by epigenetic enzymes, which can
restrict the expression of lineage-specific transcription
factors and cytokines in effector T cells and help main-
tain long-term immunologic responses that may influ-
ence the outcome of chronic inflammatory diseases.'®'
In particular, the expression of fate-determining tran-
scription factors can depend on epigenetic mechanisms
controlling their histone methylation status.' Notably,
repressive histone marks, such as H3K27me3 (trimeth-
ylation of lysine 27 on histone 3), are pivotal in silencing
ectopic T helper—associated gene expression in oppos-
ing subsets.'® Enzymes responsible for methylation and
demethylation intricately maintain the appropriate meth-
ylation level of the repressive mark H3K27me3. The
di- and trimethylation of the histone residues are medi-
ated by the PRC2 (polycomb repressive complex 2),
composed by the core protein EZH2 (enhancer of zeste
homolog 2) or its paralog EZH1, SUZ12 (suppressor of
zeste 12), and accessory protein JARID2 (Jumoniji and
[A+T]-rich interaction domain-containing protein 2).'%'"
The repressive activity of the PCR2 is counterbalanced
by 2 demethylases, UTX ([ubiquitously transcribed tet-
ratricopeptide repeat, X chromosome], KDM6a [lysine
demethylase 6A], JmjC [Jumonji C] domain—contain-
ing proteins) and JMJD3 ([Jumonji domain-containing
protein-3] KDM6b [lysine demethylase 6B]).'8'® EZH2
plays a pivotal role in regulating multiple subtypes of
immune cells by mediating their activation, proliferation,
and differentiation.?® EZH2 activates macrophages and
their inflammatory responses?'?? In T cells, EZH2 is
involved in the development and differentiation of various
T cell subsets including CD4* Th, CD8* memory T cells,
Tregs, INKT, and T follicular helper cells.?*>72¢ Beyond its
epigenetic functions, EZH2 may act in a noncanonical,
chromatin-independent manner.2"#

Here, we found that EZHZ2 expression is elevated in
human atherosclerosis and is primarily located in the
nucleus of T cells. T cell-specific Ezh2 deficiency in
mice resulted in a significant decrease in atherosclerotic
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plaque burden. This was mediated via the propagation
of a type 2 immune response, particularly by iNKT2 and
Th2 cells.

METHODS

The authors declare that all data that support the findings
of this study are available within the article or Supplemental
Material. Sequencing data are publicly available at the
Gene Expression Omnibus (accession codes GSE283002
and GSE283191). Expanded descriptions of methods and
materials can be found in the online supplement, accord-
ing to ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines.

Human Samples

Human carotid artery plaques were collected from patients who
underwent carotid endarterectomy. Written informed consent
was given by each patient. The study protocol was approved by
the regional ethical committee. After surgery, the biopsies were
frozen or transferred to RNAlater and processed in the Munich
Vascular Biobank.2°2° Paraffin-embedded sections were sub-
jected to immunohistochemical staining, as well as RNA extrac-
tion and gene expression analysis (Supplemental Material).

Analysis of Human scRNA-seq Data

We retrieved single-cell gene expression data from the data
sets generated as part of Alsaigh et al®' and Bashore et al,*?
available through the Gene Expression Omnibus (acces-
sion codes GSE1569677 and GSE253904, respectively). The
pipeline for data analysis and visualization is described in the
Supplemental Material.

Murine Studies

Ezh2"" mice containing LoxP (locus of crossover P1)—flanked
exons 14 and 15 of the Ezh2 gene were provided by Stuart
H. Orkin, Boston Children’s Hospital®® To establish CD4*
and CD8* cell-specific KO mice, Ezh2"" mice were bred with
Cd4ee (No. 017336; Jackson Laboratory)®* or Cd8™ mice
(provided by Andreas Thiel, Charité Berlin).3> These mice
were backcrossed >10 times with Apoe”~ mice (No. 002052;
Jackson Laboratory) and genetic background was confirmed
by genome-wide single nucleotide polymorphism analysis
(Charles River). To induce atherosclerosis, mice were fed a
Western-type diet (21% fat, 0.2% cholesterol; Ssniff) for 6 to 8
weeks. Mice were bred and housed in environmentally enriched
cages with a 12-hour light/12-hour dark cycle at the animal
facility at Ludwig Maximilians Universitat Minchen, according
to institutional guidelines. To minimize confounders, animals
were kept in standard conditions at all times. The experiments
were performed and analyzed in a blinded fashion at all stages.
The mice included in the experiments were monitored once per
week according to a scoring system for animal disease and
pain, which was approved by the local authorities. All animal
experiments were approved by the local ethical committee
for animal experimentation (animal protocol number 55.2Vet-
2532.Vet_02-17-180 and 02-22-150). The total number of
mice used is indicated in Table S7.
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Statistical Analysis

Data are presented as mean£SD, unless noted differently. For
data sets with n>6, Gaussian distribution was examined using
the Shapiro-Wilk test. Comparisons between 2 groups were
analyzed by Student t test or Mann-Whitney U test, when the
assumption of normal distribution was violated. To reduce the
risk of inflation of the a error, multiple (>3) comparisons were
corrected with the false discovery rate approach described by
Benjamini, Krieger, and Yekutieli, with a cutoff of 5%. Categoric
variables were compared using y2 test or Fisher exact test,
using GraphPad Prism v.10 software (GraphPad Software Inc,
USA) and IBM SPSS Statistics v.29.0.2 (IBM Corporation,
USA). Individual data points were excluded if identified as outli-
ers by the ROUT (robust regression and outlier removal) test
(O=1%) or excluded for genotyping and technical issues (eg,
damaged sections). A 2-sided P value <0.05 was considered
statistically significant.

RESULTS

EZH2 Transcripts Are Elevated in Human
Atherosclerosis and Primarily Expressed in T
Cells

Analysis of RNA-sequencing data from human carotid
atherosclerotic plaques of the Munich Vascular Biobank?®
revealed a 1.7-fold increase (F=2.0x107) in EZHZ2expres-
sion in advanced atherosclerotic plaques compared with
early lesions (proximal adjacent tissue; Figure 1A). Ad-
ditionally, quantitative polymerase chain reaction (qPCR)
analysis revealed significantly higher EZHZ2 expression in
unstable versus stable atherosclerotic plaques, classified
according to established clinical and histomorphological
criteria®® (Figure STA and S1B). To determine the cellular
source of EZH2 within the human atherosclerotic plaque,
we analyzed publicly available single-cell gene expression
data (GSE253904) of 73833 cells from 18 patients who
underwent carotid endarterectomy? Using established
markers, we could identify all major immune cell types,
as well as endothelial and smooth muscle cell clusters
(Figure S1C). As visualized in the uniform manifold ap-
proximation and projection (UMAP), EZH2 was primarily
expressed in a distinct T cell subcluster, characterized by
co-expression of proliferative genes (TOP2A [topoisomer-
ase lla, TYMS [thymidylate synthetase], MKIE7 [marker of
proliferation Ki-67], and PCLAF [PCNA clamp associated
factor]), which we termed EZH2* T cells, whereas lower
expression was observed in other clusters, including Tregs,
natural killer (NK) cells, dendritic cells, and macrophages
(Figure 1B through 1E; Figure S1C). The prominent ex-
pression of EZH2in T cells compared with other cell types
was confirmed in an independent scRNA-seq data set of
human atherosclerotic plaques (GSE159677),%' validating
our findings (Figure S1D and S1E). These results suggest
that T cell-derived EZHZ contributes to atherosclerosis
development and progression, warranting further investi-
gations into its mechanistic relevance.
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Figure 1. EZH2 expression is increased in human atherosclerotic carotid plaques and is predominantly present in plaque T

cells.

A, Representative images and hematoxylin and eosin staining (scale bar=2 mm) and EZH2 (enhancer of zeste homolog 2) expression in
advanced atherosclerotic plaques vs early lesions from bulk RNA-sequencing data of human carotid endarterectomy (CEA) samples of the
Munich Vascular Biobank (n=56 vs 147). Data are presented as mean£SD and analyzed using a 2-tailed Mann-Whitney U test. B through D,
Single-cell gene expression data were retrieved from a published data set of carotid atherosclerotic plaques from 18 patients who underwent
CEA (GSE253904). B, Clusters of individual plaque T cells (CD4, CD8, Treg, and EZH2* cell subclusters), NK cells, B cells, plasma cells,
dendritic cells (myeloid [mDCs] and plasmacytoid [pDCs]), neutrophils, mast cells, macrophages, endothelial cells (EC), and vascular smooth
muscle cells (VSMC) visualized using the Uniform Manifold Approximation and Projection (UMAP). The cluster-defining genes are (Continued)
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Figure 1 Continued. depicted in Figure S1C. C, Expression pattern of EZHZ2in individual cell clusters visualized in the UMAP. D, Dot plot
depicting the relative expression of EZH2 in each identified cell cluster from C. E, Zoom-in on the natural killer (NK) and T cell clusters in B with
a dot plot showing the marker genes characterizing the 5 major subclusters. Color from white to purple in € through E represents average gene
expression, whereas the dot size in D and E reflects the percentage of cells expressing the gene in each cluster. CD3D indicates CD3 delta
subunit of T cell receptor complex; CD4, CD4 molecule; CD8A, CD8 subunit alpha; CD8B, CD8 subunit beta; CTLA4, cytotoxic T-lymphocyte
associated protein 4; EZH2, enhancer of zeste homolog 2; FOXPS3, forkhead box P3; GZMB, granzyme B; GZMK, granzyme K; IL2RA, interleukin
2 receptor subunit alpha; IL7R, interleukin 7 receptor; KLRD1, killer cell lectin like receptor D1; KLRF1, killer cell lectin like receptor F1; MKI67,
marker of proliferation Ki-67; PRF1, perforin 1; TNFRSF 18, TNF receptor superfamily member 18; TOP2A, topoisomerase Il alpha; TRAC, T cell

receptor alpha constant; and TYMS, thymidylate synthetase.

Baseline Characteristics of T Cell-Specific
Ezh2-Deficient Mice (Ezh2¢¢*-KO)

Because T cells are the major source of EZH2 in hu-
man plaques, we studied T cell-specific Ezh2 deficiency
in atherosclerosis-prone Apoe”" mice (Ezh2°4-KO) and
respective littermate controls (Ezh2°¢-WT [wild type]).
Splenic T cells of atherosclerotic Ezh2°*-KO mice
showed a reduction of Ezh2 at both the transcript (—72%)
and protein (—90%) levels, as assessed by qPCR and
immunofluorescence, confirming the specificity of the
model (Figure S2A through S2C). Western blot and mass
spectrometry—based analysis of histones isolated from
CD4* T cells revealed a significant decrease in H3K27
di- and trimethylation in Ezh2°%-KO mice (Figure S2C
and S2D) compared with Ezh2%-WT littermates. Other
components of the PRC2, such as Ezh1, Suz12, and Ja-
rid2, as well as the demethylases Utx (Kdm6a) and Jmjd3
(Kdm6b) remained unaffected in CD4* T cells (Figure
S2A), suggesting no counter-regulation related to Ezh2
deficiency. Body weight, basic hematological parameters,
and plasma lipid profiles were comparable between
Ezh2¢44-KO mice and littermates (Table S1).

Ezh2 Deficiency in T Cells Decreases
Atherosclerosis

In the absence of T cell Ezh2, atherosclerotic plaque
area was significantly decreased in aortic roots and
arches of both female and male mice (Figure 2A; Fig-
ure S3A and S3B), compared with their Ezh2°4-WT lit-
termates. Ezh2°*-KO mice had less advanced plaques
(defined as fibrous cap atheroma) and a larger percent-
age of initial plagues (defined as intimal xanthoma and
pathological intimal thickening),®® suggesting that T cell
Ezh2 deficiency slowed plaque progression (Figure 2B).
These findings were also reflected by changes in plaque
composition: plaques of Ezh2°-KO mice had decreased
collagen and macrophage content (Figure 2C and 2D)
and no difference in a-SMA* (a-smooth muscle actin)
cell content but a trend toward fewer CD4* T cells was
observed (Figure 2E and 2F). The amount of lesional
Foxp3* (forkhead box protein 3) Tregs was strongly re-
duced in Ezh2°#-KO mice (Figure 2G). Collectively, these
data indicate that Ezh2 abrogation in T cells reduces ath-
erosclerotic plaque size in both sexes, accompanied by
altered plaque composition despite reduced Tregs.

Circulation. 2025;151:1391-1408. DOI: 10.1161/CIRCULATIONAHA.124.072384

Ezh2 Deficiency Profoundly Affects T Cell
Populations

To further elucidate the effects of T cell Ezh2 deficien-
cy on the immune system, we analyzed the amount and
composition of major immune cell (sub)populations in
blood and lymphoid organs. Ezh2 deficiency solely af-
fected the number of CD3* T cells, whereas B cell,
monocyte, and neutrophil counts remained unchanged
in blood (Figure 3A). In-depth analysis of the T cell
compartments in blood, lymph nodes, and spleen dem-
onstrated that CD4* T cells were predominantly af-
fected: Ezh2°#-KO mice exhibited a decrease in CD4*
T cells, whereas CD8* T cells were mainly unaltered
(Figure 3B; Figure S3C). To further detail subpopula-
tion differences in T cells, we employed scRNA-seq of
splenic CD3* cells and identified 11 clusters of T cells
(Figure 3C), characterized by using common expres-
sion markers (Figure S4A). Ezh2°4-KO mice showed
reduced percentages of naive CD4* and CD8* T cells,
Cclb* cells and Tregs, but increased percentages of
CD4* and CD8" memory T cells, and especially iNKT
cells (Figure 3D). These results were validated by
flow cytometry: analysis of splenic CD4* T cells from
Ezh2¢44-KO mice showed a shift from naive to effector
memory T cells and a reduction in Tregs (Figure 3E;
Figure S3D). Likewise, splenic CD8* T cells displayed
a reduced naive fraction and a prominent central
memory population (Figure 3D and 3F; Figure S3E).
To better detail the profound increase in CD4* effector
T cells, we analyzed subpopulations of effector memo-
ry cells using inflammatory chemokine markers, Cxcr3
(C-X-C motif chemokine receptor 3) and Ccr6 (C-C
motif chemokine receptor 6), which are preferentially
expressed on Th1 (type 1 T helper) and Th17 (type 17
T helper) cells, respectively.®-*> Accordingly, we ob-
served a shift from Th1 (Cxcr3*Ccr6’) to Th2 (Cxcr3-
Ccr6) cells in Ezh2°4-KO mice (Figure 4A; Figures
S3F and S7A). In line, we observed a trend toward ele-
vated concentrations of the Th2-associated cytokines
lI-4 and 1I-13 in the plasma of Ezh2°4-KO mice (Fig-
ure 4B). To confirm CD4* T cells as a cellular source
of these cytokines, we stimulated CD4* T cells in vi-
tro and subsequently measured cytokine release. The
supernatant analysis demonstrated CD4* T cells from
Ezh2¢44-KO mice secreted 39x more lI-4 and 8x more
[I-13 compared with their Ezh2-WT counterparts,
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Figure 2. T cell-specific Ezh2 deficiency reduces plaque burden and determines fewer advanced plaques.

A, Atherosclerotic plaque area at indicated positions across the aortic root in female Ezh2°%-WT and Ezh2°%-KO mice (n=8 vs 10) (left) with
representative Oil Red O—stained images (right), scale bar: 100 pm. B, Atherosclerotic plaques classified by phenotype (initial and advanced
plaques; n=24 lesions from 8 vs 8 animals) and representative hematoxylin and eosin—stained images (scale bar=100 pm). C through E,
Histological and immunofluorescent quantification of collagen content through Sirius red analysis (C; n=8 vs 8), macrophage (Mac3*) area (D;
n=8 vs 7), and aSMA (a-smooth muscle cell actin) content (E; n=8 vs 7) in cross-sections of the aortic root with representative images (scale
bar=100 pum). F and G, Immunofluorescent staining assessing CD4* and Foxp3* cells in cross-sections of aortic roots with representative images
(n=9 vs 10; scale bar=100 pm). Data are represented as mean+SD; comparisons were assessed by 2-tailed Student ¢ test (A, C, and F), Fisher
exact test (B), or 2-tailed Mann-Whitney U test (D, E, and G). For quantitative immunohistochemistry experiments, cohorts included 8 WT and 11
KO mice. Because of occasional section damage and folding, some samples had to be eliminated for some comparisons. Ezh2 indicates enhancer
of zeste homolog 2; Foxp3, forkhead box protein 3; KO, knockout; Mac3, macrophage surface protein, and WT, wild type.

with no change observed in the Th1-associated cyto-
kine Ifn-y ([interferon y] Figure 4C). Remarkably, we
further observed a 17-fold increase of //-4 transcripts
in the descending aorta of Ezh2¢44-KO mice, where-
as Ifn-y and /I-13 remained unchanged (Figure 4D).
These data suggest that deficiency of Ezh2in T cells
favors the activation of systemic and local type 2 im-
mune responses, possibly underlying the reduction in
atherosclerosis.
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Ezh2 Deficiency in CD4* But Not CD8* T Cells
Contributes to Type 2 Immune Responses in
Atherosclerotic Mice

To unveil the relevance of the changes in CD4* T and
CD8* T cells for atherosclerosis upon T cell Ezh2 defi-
ciency, a second animal model with a CD8-specific Ezh2
deficiency (Ezh2°%-WT and Ezh2°%-KO) was employed.
CD8* T cells displayed a 60% reduction in Ezh2 but

Circulation. 2025;1561:1391-1408. DOI: 10.1161/CIRCULATIONAHA.124.072384
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KO mice (n=9 vs 10). B, FC analysis of
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of splenic CD3* cells isolated from
atherosclerotic Ezh2¢¢*-WT and Ezh2°*-
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o CD8* CM marker genes, as depicted in Figure
® Tfh S4A. D, Doughnut chart visualizing the
o Treg proportion of each T cell cluster identified
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15 from Ezh2¢4-WT and Ezh2¢¢4-KO mice
(n=9 vs 10). E, CD4"* naive (CD62L",
CD44), effector memory (CD62L", CD44%),
central memory (CD62L*, CD44+), and
Tregs, as well as CD8*-naive, effector
memory, and central memory T cells (F).
Data are represented as meantSD. A,

E, and F, Comparisons were assessed
using Mann-Whitney U tests with multiple
0.2% comparisons and Benjamini-Krieger-
0.3% Yekutieli correction for FDR, whereas
6.9% in B, the analysis was performed per

4.8% organ: multiple unpaired ttests for blood
0.4% and multiple Mann-Whitney U tests for

lymph nodes and spleen with multiple
comparisons and Benjamini-Krieger-
Yekutieli correction for FDR, for all the 3
organs. D, Comparisons were assessed
with 2 test and post hoc Ztests corrected
for Bonferroni. CD indicates cluster of
differentiation; CD4em, CD4 effector
memory; CD62L, CD62 antigen-like family
member; CD8cm, CD8 central memory;
Ezh2, enhancer of zeste homolog 2; Foxp3,
forkhead box protein 3; INKT, invariant
natural killer T cells; KO, knockout; Tfh, T
follicular helper cells; Treg, regulatory T
cells; and WT, wild type.

not Ezh1 transcripts (Figure SBA). Using Western blot
analysis, we confirmed Ezh2 deficiency in CD8* T cells
(Figure SBB). No significant differences were observed
in basic hematological parameters or cholesterol lev-
els of Ezh2°-KO mice and their WT littermates (Table
S2). Plaque burden and development were unaltered in
Ezh2¢8-KO mice fed a Western-type diet for 8 weeks
compared to littermate controls (Figure S5C and S5D).
Major immune cell populations in blood and lymphoid or-
gans were unaffected by Ezh2 deficiency in CD8* T cells
(Figure BE). Moreover, proportions of CD4* and CD8* T

Circulation. 2025;151:1391-1408. DOI: 10.1161/CIRCULATIONAHA.124.072384

cells in blood, lymph nodes, and spleen were similar in
Ezh2°-KO mice and littermate controls (Figure S5F).
Considering the profound effects on T cell populations
observed in Ezh2°*-KO mice, we recapitulated the in-
depth analysis of the T cell compartments. Splenic
CD4* T cells from Ezh2°8-KO mice were mainly unaf-
fected (Figure SBG), whereas splenic CD8* T cells from
Ezh2¢¥-KO mice showed slight reductions in naive and
effector memory subsets along with an increase in cen-
tral memory T cells (Figure S5H). No differences were
observed in Tregs (Figure S5G). Notably, plasma levels
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Figure 4. T cell-specific Ezh2 deficient mice exhibit an increase in type 2 cytokine-producing T helper cells, capable of
polarizing macrophages into an anti-inflammatory state.

A, Flow cytometric (FC) analysis of splenic CD4* T cells from atherosclerotic Ezh2°%-WT and Ezh2°-KO mice to identify T helper (Th) 1
(Cxcr3*/Ccr6°), Th2 (CxcrCR3/Ccr6) and Th17 (Cxcr3/Cer6*) cells (n=9 vs 10). B, Cytokine measurements from the (B) plasma (n=5-8 vs
5-7) or (C) supernatant of in vitro cultured splenic CD4+ T cells isolated from atherosclerotic Ezh2°-WT and Ezh2°-KO mice (n=7 vs 8). D,
Gene expression of Ifn-y, lI-4, and /l-13in the descending aorta of Ezh2:*-WT and Ezh2:#-KO mice (n=4-7 vs 5-6) using gPCR. E through H,
Macrophage phenotyping after culturing with supernatant of CD4* T cells isolated from atherosclerotic Ezh2°%-WT and (Continued)
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Figure 4 Continued. Ezh2:-KO mice. E, Gene expression analysis of Arg1 ([arginase 1] n=3 vs 3). F, Inmunofluorescence Arg1 (n=4 vs 4) with
representative images (scale bar=25 pm). G, Gene expression analysis of inducible nitric oxide synthase ([iNos] n=3 vs 3). H, immunofluorescence
staining of iNos (n=4 vs 4) with representative images (scale bar=25 pm). I, Inmunofluorescent staining assessing macrophage (Mac3+) content
and iNos-expressing macrophages in cross-sections of aortic roots with representative images (n=9 vs 9; scale bar=25 pm). Data are represented
as meantSD; comparisons were assessed with 2-tailed Student ¢ test (A) and Mann-Whitney U tests (B through D) with multiple comparisons and
Benjamini-Krieger-Yekutieli correction for false discovery rate, and with 2-tailed Student ¢ test (E through I). CD indicates cluster of differentiation;
Ezh2, enhancer of zeste homolog 2; KO, knockout; Mac3*, macrophage surface protein; and WT, wild type.

of type 2 cytokines (ie, II-4 and II-13) were unchanged
in Ezh2°8-KO mice (Figure S5I). Together, these data
suggest that the CD8* T cell phenotype observed in our
Ezh2#4-KO model is not intrinsically related to Ezh2 defi-
ciency in CD8* T cells, but likely results from the effects
of Ezh2 deficiency in CD4* T cells. The type 2 immune
response, and specifically the 1l-4 environment induced
by Ezh2 deficiency in CD4* T cells, likely affects the phe-
notype and functionality of CD8* cells by skewing them
toward (innate) memory traits.

Ezh2 Deficiency in CD4* T Cells Polarize
Macrophages Toward an Anti-Inflammatory
State

Because T cells secrete cytokines with a profound effect
on neighboring cells, we investigated whether T cells from
Ezh2°44-KO mice would regulate the polarization of sur-
rounding macrophages. Indeed, when cultured with the
supernatant from stimulated CD4* T cells from Ezh2°4*-
KO mice, bone marrow—derived macrophages were
polarized toward an anti-inflammatory phenotype, made
evident via increased macrophage Argl (arginase 1)
mRNA and protein expression (Figure 4E and 4F). Addi-
tionally, inducible nitric oxide synthase (iNos), a key marker
of inflammatory macrophages, was reduced after stimula-
tion with Ezh2°4-KO T cell supernatant (Figure 4G and
4H). In vivo, we found fewer iNos* macrophages in plaques
of Ezh2°#-KO mice (Figure 4l). These data together with
the elevated aortic /-4 cytokine transcripts suggest that
Ezh2 deficient CD4* T cells may induce an advantageous,
anti-inflammatory plaque macrophage phenotype, likely
contributing to a reduction of atherosclerosis.

Ezh2 Epigenetically Dampens the
Differentiation of T cells Into iNKT Cells

To unravel mechanisms driving the identified effects
on immune responses, we performed RNA sequencing
on splenic CD4* T cells isolated from Ezh2°4-KO mice
and Ezh2°*-WT controls using an efficient sequencing
method (ie, Prime-seq).*' Of 23 160 detected genes, we
observed differential expression for 435 transcripts for a
false discovery rate <6% (Figure BA). Notably, the 187
upregulated genes in our transcriptomic analysis over-
lapped with those found to be regulated by H3K27me3
marks detected by chromatin-immunoprecipitation (ChIP)
and sequencing in multiple cell types, including lymphoid
subtypes (ENCODE [Encyclopedia of DNA Elements]

Circulation. 2025;151:1391-1408. DOI: 10.1161/CIRCULATIONAHA.124.072384

Histone Modification 2015; Figure 5B), thus corroborat-
ing that transcriptional changes are likely to reflect lower
H3K27me3 repressive marks upon EzhZ2 deletion. Be-
yond confirming the increase in //-4 and other genes in-
volved in type 2 immune response (Gene Ontology [GO]:
0042092; P=3.3x10°), we identified an enrichment
(factor >1.5) in pathways and processes relevant to lym-
phocyte differentiation and lymphocyte-mediated immu-
nity. Surprisingly, pathways related to NK cell-mediated
toxicity were also enriched in our analyses (Figure 5C).
These findings show that T cells, in which Ezh2is deleted,
may possess unique features and share traits resembling
NK cells. We refined our analysis by delineating a net-
work of regulated genes encoding for proteins biophysi-
cally interacting with >2 other members. Two densely
interconnected clusters were identified by MCODE (Mo-
lecular Complex Detection) algorithm and GO analysis on
the network confirmed the significantly higher represen-
tation of terms related to NK cell-mediated toxicity and
lymphocyte-mediated immunity (Figure 5D).

The prevalent enrichment of lymphocyte differentiation
and NK cell pathways prompted an unbiased analysis of
our results in the context of cell-specific transcriptional
signatures. The most significant overlap of upregulated
genes with cell identity in most murine atlases was NK
cells rather than conventional T cell subtypes (Fig-
ure BE). Notably, the differentially expressed genes over-
lapped with the variable genes in a scRNA-seq data set
(IGSE152786] odds ratio, 14.3; P=2.4x107'%) of thymic
iINKT cells.*? This distinct T cell subset shows phenotypic
and functional properties similar to NK cells and differenti-
ates in the thymus under specific transcriptional programs
driven by sequential transcription factors.”**® Hence, we
analyzed the overlap between the transcription factors dic-
tating iINKT development and the 29 transcription factors
differentially regulated in our transcriptomic analysis, and
found Zbtb 16 (zinc finger and BTB domain containing 16),
the gene coding for Plzf (promyelocytic leukemia zinc fin-
gern), to be strongly upregulated in Ezh2-deficient CD4* T
cells (Figure BF). To assess the direct role of Ezh2 and the
H3K27me3 mark in gene repression in T cells, we per-
formed H3K27me3 ChlIP on splenic CD3* T cells isolated
from both Ezh2°#4-KO and Ezh2°-WT mice, followed by
gPCR. This analysis revealed a significant enrichment of
H3K27me3 at the transcription starting site of the Zbtb 16
gene in Ezh2°*-WT mice, which was significantly dimin-
ished in Ezh2°%-KO mice (Figure 5G). A similar pattern
was observed for the /-4 gene (Figure 5G), reinforcing
evidence for a lack of transcriptional repression of /-4 and
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Figure 5. Ezh2 deficiency in CD4* T cells epigenetically fosters the differentiation of iNKT cells.

A, Differentially expressed genes (adjusted P value <0.05) in CD4* T cells isolated from the spleen of atherosclerotic Ezh2°¢-WT and Ezh2°¢-
KO mice (n=4 vs 3). Gene expression is depicted in the heatmap, the top 15 upregulated genes are highlighted in the enlarged heatmap in

the inset. Volcano plot reports £, values and fold changes as computed with edgeR. B, Enrichment analysis of upregulated genes in data sets

of chromatin— |mmunopreC|p|tat|on (ChIP) sequencing of cells and tissues available from the epigenomics roadmap for histone modification

in ENCODE. C, Pathway and process enrichment analysis for the upregulated genes in KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathways and Gene Ontology (GO) biological processes and molecular functions. The network of enriched terms is visualized with Cytoscape and
color codes reflect the cluster IDs presented in the dot plot. D, Protein-to-protein interaction network of upregulated genes and GO enrichment
analysis for the top three represented terms. The color defines the 2 densely interconnected clusters detected by Molecular Complex Detection
and module components are enlisted. E, Overlap of the upregulated genes in CD4* T cells of Ezh2°**-KO mice and available cell-specific
transcriptomic data. For each atlas, the cell type with the most significant overlap (lowest P value, assessed by x?) is reported. F, Venn diagram
showing the overlap between transcription factors (TF) significantly regulated in CD4* T cells of Ezh2°#-KO mice and a list of TFs specific

for iNKT cell development and differentiation described in the literature. G, ChIP—quantitative polymerase chain reaction analysis (qPCR) to
analyze the enrichment of H3K27me3 and IgG control in splenic CD3* T cells at the promoter of Zbtb 16 (F) and /I-4 (G) in Ezh2°*-KO mice

and respective controls (n=4 vs 4). Data are represented as mean+SD. Comparisons were assessed using 2-way ANOVA test with multiple
comparisons and Benjamini-Krieger-Yekutieli correction for false discovery rate (FDR) for F and G. H, Enrichment of H3K27me3 mark in the
promoter of the ZBTB16 gene in human thymus and spleen. Statistically significant peaks are noted above the read histograms. Data were
retrieved from ENCODE ([Encyclopedia of DNA Elements] GSE18927 and GSE187334). Akna indicates AT-hook transcription factor; Arhgap24,
rho GTPase activating protein 24; Asb2, ankyrin repeat and SOCS box-containing 2; Atp6v0d2, ATPase, H+ transporting, lysosomal VO subunit
D2; Bhlhe40, basic helix-loop-helix family, member e40; BM, bone marrow; Bts, zinc finger protein BRUTUS; CD, cluster of differentiation; Cd 160,
CD160 antigen; Cdk6, cyclin dependent kinase 6; Cxxch, CXXC finger 5; DEG, differential expressed genes; E2f2, E2F transcription factor

2; Epha3, Eph receptor A3; Erg1, early growth response protein 1; Erg2, early growth response 2; Ezh2, enhancer of zeste homolog 2; Foxp3,
forkhead box P3; Gh, growth hormone; Gnas, GNAS complex locus; H3K27me3, trimethylation of histone 3 lysine 27; Hif1a, hypoxia inducible
factor 1, alpha subunit; Hix, H2.0-like homeobox; IgG, Immunoglobulin G; lkzf4, IKAROS family zinc finger 4; I/17rb, interleukin 17 receptor

B; /4, interleukin 4; iINKT, invariant natural killer T cells; Irf1, interferon regulatory factor 1; Irf7, interferon regulatory factor 7; /rf9, interferon
regulatory factor 9; Jun, jun proto-oncogene; Junb, jun B proto-oncogene; KIf6, kriippel-like transcription factor 6; Kira1, killer cell lectin-like
receptor, subfamily A, member 1; Kira3, killer cell lectin-like receptor, subfamily A, member 3; Kira4, killer cell lectin-like receptor, subfamily A,
member 4; Kirag, killer cell lectin-like receptor subfamily A, member 9; Kirb1c, killer cell lectin-like receptor subfamily B member 1C; Kirc1, killer
cell lectin-like receptor subfamily C, member 1; Kirc2, killer cell lectin-like receptor subfamily C, member 2; KO, knockout; Lef1, (Continued)
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Figure 5 Continued. lymphoid enhancer binding factor 1; Mxd1, MAX dimerization protein 1; Nfil3, nuclear factor interleukin 3 regulated; Nr4al,
nuclear receptor subfamily 4, group A, member 1; Nrgn, neurogranin; Pa2g4, proliferation-associated 2G4; Phlpp2, PH domain and leucine-rich
repeat protein phosphatase 2; Pou2f2, POU domain, class 2, transcription factor 2; Rgs12, regulator of G-protein signaling 12; Rgs3, regulator

of G-protein signaling 3; Rhog, ras homolog family member Q; Sap, SLAM-associated protein; Slamf6, SLAM family member 6; Sp2, Sp2
transcription factor; Stat1, signal transducer and activator of transcription 1; Stat3, signal transducer and activator of transcription 3; Stat6, signal
transducer and activator of transcription 6; Syde1, synapse defective 1, Rho GTPase, homolog 1; Tcrg-C2, T Cell Receptor Gamma Constant

2; Thap3, THAP domain containing, apoptosis-associated protein 3; Tspan9, tetraspanin 9; Vdr, vitamin D (1,25-dihydroxyvitamin D3) receptor;
WT, wild type; Zbtb16, zinc finger and BTB domain containing 16; Zbtb32, zinc finger and BTB domain containing 32; Zbtb7b, zinc finger and BTB
domain containing 7B; and Z7p536, zinc finger protein 536.

Zbtb16 genes in the absence of H3K27me3 in Ezh2°%*-  ing a 3.8-fold increase in the iNKT cell proportion in
KO mice. Finally, we detected significant H3K27me3  the spleen of Ezh2:*-KO mice (Figure 6A). INKT cells
enrichment at the regulatory promoter region of the  are CD1d-restricted innate-like adaptive lymphocytes
ZBTB16 gene in publicly available human ChlP-seq data ~ capable of responding quickly (ie, minutes to hours) on
(GSE18927 and GSE187334; Figure 5H), thus translat-  antigenic lipid stimulation.*® Analogous to conventional
ing our findings on this EZH2-dependent regulatory path- T cells, iNKT cells differentiate into distinct subsets,
way to humans. Together, our data suggest that EZH2  namely INKT1,iINKT2, and INKT17 cells.*” More detailed
represses the transcriptional program, leading to iNKT dif-  analysis revealed that splenic iINKT cells of Ezh2°*-KO
ferentiation by epigenetically repressing PLZF. mice strongly express Plzf, the hallmark of iINKT2 cells

Our scRNA-seq data showed a strong increase in the  (Figure 6B). Further phenotyping confirmed a striking
fraction of iNKT cells in Ezh2°%-KO mice (Figure 3D), shift from INKT1 cells in Ezh2°-WT mice toward Plzf-
which was validated by flow cytometry demonstrat-  expressing INKT2 cells in Ezh2:4-KO mice (Figure 6C;
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Figure 6. Accumulation of iNKT2 cells in Ezh2°4-KO mice.

A, Flow cytometric (FC) analysis of splenic iNKT cells (CD1d*TCRb*) from atherosclerotic Ezh2°-WT and Ezh2°4-KO mice (n=12 vs 8). B,
Representative FC histogram displaying the comparison of Plzf (promyelocytic leukemia zinc finger) protein expression in iNKT cells from both
mouse strains and fluorescence minus one (FMO) control. €, Splenic INKT comparison between Ezh2<*-WT and Ezh2°-KO mice and classification
into iINKT1 (Plzfov), iNKT2 (Plzf""), and INKT17 (Plzf'e™; RORyt*) subsets (n=5 vs 6). D, Gene expression of Zbtb16in the descending aorta of
atherosclerotic Ezh2°-WT and Ezh2°-KO mice measured by quantitative polymerase chain reaction (n=7 vs 7). E, ZBTB16 expression in advanced
atherosclerotic plaques vs early lesions from bulk RNA-sequencing data of human carotid endarterectomy (CEA) samples of the Munich Vascular
Biobank. F, Bivariate correlation between ZBTB16 (y-axis) and EZH2 (x-axis) in human atherosclerotic plaques from the Munich Vascular Biobank
visualized as a linear regression line with 95% Cl. Data are represented as mean®SD; comparisons were assessed by 2-tailed Student ¢ test with
Welch's correction (A), %2 distribution analysis (C), 2-tailed Mann-Whitney U test (D and E), and Spearman correlation test (F). APC indicates
allophycocyanin; CD, cluster of differentiation; Ezh2, enhancer of zeste homolog 2; iNKT, invariant natural killer T cells; KO, knockout; RORYt, retinoic
acid—related orphan receptor yt; TCRb, T cell receptor B; WT, wild type; and ZBTB16, zinc finger and BTB domain containing 16.
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Figure SBA). This suggests that in the absence of T cell-
specific Ezh2, iINKT cells are not only vastly expanded, but
also preferentially differentiate toward an iINKT2 pheno-
type. Likewise, the expression of Zbtb 16 was significantly
upregulated in atherosclerotic aortas of Ezh2¢*-KO mice
(Figure 6D), indicating that Plzf-expressing iINKT2 cells
accumulate in atherosclerotic plaques on Ezh2 deletion
in T cells. This finding aligns with the 2.0-fold decrease
of ZBTB16 expression in human advanced versus early
lesions (P=2.1x10°) in the Munich Vascular Biobank
with a high-grade negative bivariate correlation with
EZHZ2 expression (Spearman p=—0.750; P=7.2x107,
Figure 6E and 6F), suggesting that the atheroprotec-
tive role of ZBTB16 and iNKT2 cells is translatable to
humans. Notably, INKT populations and Plzf expression
in the spleen of Ezh2°8-KO mice were similar to their WT
littermates (Figure SbJ), supporting our finding that the
effects observed are attributable to Ezh2 deficiency in
CD4*—and not CD8*—T cells.

T Cell Ezh2 Regulates Atherosclerosis

Thymic iNKT2 Cells in Ezh2°#-KO Mice Initiate
Type 2 Immune Responses

Similar to conventional T cell populations, iINKT cells
originate from CD4+/CD8* double-positive precursors
in the thymus. In contrast to conventional T cells that
differentiate in the periphery, INKT cells differentiate in
the thymus into functionally distinct INKT1, iINKT2, or
iNKT17 subsets.*® Contrary to the significant decreases
in T cell numbers in the circulation and secondary lym-
phoid organs of Ezh2°#-KO mice (Figure 3A and 3B), we
observed a massive accumulation of CD3* T cells in the
thymus of Ezh2¢44-KO mice (Figure 7A), which could be
ascribed to differences in the thymic development of T
cells. We observed a reduction in the proportion of double-
positive cells (Figure 7B), along with an accumulation of
double-negative 1 and 4 populations (Figure 7C), lead-
ing to a profound decrease in thymic CD4* T cells in
Ezh2¢4-KO mice, whereas thymic CD8* T cells were
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Figure 7. Thymic iNKT2 cells in Ezh2°**-KO mice initiate the type 2 immune response.
A, Flow cytometric (FC) analysis of thymic CD3* T cells from atherosclerotic Ezh2°%-WT and Ezh2°*-KO mice (n=5 vs 6). B, FC analysis of

thymocytes from atherosclerotic Ezh2°-WT and Ezh2°%-KO mice to identify double negative (DN) and double positive (DP) subsets (n=6 vs 6-8).
C, Proportion of DN subsets was determined based on CD44 and CD25 expression. DN1 (CD44+/CD25), DN2 (CD44+/CD25%), DN3 (CD44/
CD25%), and DN4 (CD44/CD25). D, FC analysis of thymic CD4* T and CD8* T cells from atherosclerotic Ezh2°“-WT and Ezh2°*-KO mice (n=5-
6 vs 6-7). E, Gene expression of I-4, II-5, -9, and /- 13 (interleukins 4, 5, 9, and 13, respectively) in the thymus of atherosclerotic Ezh2°-WT and
Ezh24-KO mice (n=5 vs 6). F, FC analysis of thymic iNKT cells (CD1d*TCRb*) from atherosclerotic Ezh2°*-WT and Ezh2°44-KO mice (n= 5 vs 6).
G, Comparison of thymic INKT cells (CD1d*TCRb™) from Ezh2°-WT and Ezh2°-KO mice and subclassification into INKT1 (Plzf*"), INKT2 (Plzf"is")
and iINKT17 (Plzfrem RORyt*) subsets (n=5 vs 6). Data are represented as mean+SD; comparisons were assessed by 2-tailed Mann-Whitney
Utest (A and F), 2-way ANOVA with multiple comparisons and Benjamini-Krieger-Yekutieli correction for false discovery rate (B through E), and

y? distribution analysis (G). CD indicates cluster of differentiation; Ezh2, enhancer of zeste homolog 2; iINKT, invariant natural killer T cells; KO,
knockout; Plzf, promyelocytic leukemia zinc finger; RORYt, retinoic acid—related orphan receptor yt; TCRb, T cell receptor B, and WT, wild type.
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only slightly increased (Figure 7D). Foxp3 expression
was barely detectable in the thymus of Ezh2°#*-KO mice
(Figure SBD), indicating that the profound reduction of
systemic and lesional Tregs can be attributed to the dis-
turbed T cell development in the thymus. To unravel the
source of the type 2 immune response in Ezh2°-KO
mice, we examined the cytokine milieu in the thymus.
In parallel to the periphery, we observed a profound in-
crease in /-4 transcripts and INKT cells in the thymus of
Ezh244-KO mice (Figure 7E and 7F). Corroborating our
findings in the spleen, Ezh2 deficiency in CD4* T cells
skewed the INKT cells toward an iNKT2 phenotype (Fig-
ure 7G; Figure S6B), which likely explains the increase in
II-4 in the thymus.

Overall, our data suggest that the increased abun-
dance of INKT2 cells in the thymus of Ezh2°-KO mice
is the source of Il-4 and a driving force for the type 2
immune response and subsequent CD4* and CD8* T cell
polarization in the periphery and atherosclerotic aorta.

Noncanonical Function of Ezh2 in T Cells in
Atherosclerosis

To discriminate between the canonical and potential non-
canonical, chromatin-independent role of EZH2 in the
context of atherosclerosis, we investigated the cellular
localization of EZH2 in T cells in atherosclerotic lesions
using immunofluorescence staining. In both murine and
human plaque specimens, we mainly observed the pres-
ence of EZH2 in the nucleus. However, we could confirm
weak expression of EZH2 in the cytoplasm of lesional T
cells (Figure 8A and 8B). These findings suggest mainly
canonical (chromatin-dependent), but also noncanonical
activity of EZH2 in T cells in human and mouse athero-
sclerotic plaques.

Previous studies found that Ezh2 controls actin
polymerization,*® cell adhesion, and migration through
direct methylation of extranuclear substrates.?® In sup-
port of these reports, we could demonstrate a profound
reduction in actin filaments in CD4* T cells isolated from
Ezh2°#4-KO mice (Figure 8C). Moreover, we observed
a strong impairment in the migratory capacity of these
Ezh2-deficient CD4* T cells toward the chemokines
Ccl19 and Ccl22, compared with CD4* T cells from
Ezh2°#-WT mice (Figure 8D). Altogether, our data sug-
gest an additional noncanonical, chromatin-independent
function of Ezh2 in T cells, likely contributing to attenu-
ated atherosclerosis in Ezh2°*-KO mice.

DISCUSSION

Our study demonstrates that T cell Ezh2 deficiency in
atherosclerosis leads to systemic and local increases of
the type 2 cytokines, which drive iINKT2, Th2, and anti-
inflammatory macrophage polarization, and limits athero-
sclerosis progression.
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Unlike the unambiguous, pro-atherogenic role of
IFN-y—producing Th1 cells,?°*2 the role of T cells pro-
ducing type 2 cytokines in atherosclerosis remains
controversial. Early studies suggested that II-4 was
either pro-atherogenic or not involved in the induction
of atherosclerosis.’*% Conversely, II-13 was reported to
reduce atherogenesis, promoting polarization of alterna-
tively activated macrophages.®® However, dissecting indi-
vidual contributions of Il-4 and II-13 is complicated by
sharing a common receptor (ie, II-4 receptor), leading to
tyrosine phosphorylation of STAT6 (signal transducer and
activator of transcription 6), a transcriptional regulator of
Th2 cells and macrophages crucial for atherosclerosis
regression.®®%” Mice deficient in both II-4 and II-13 were
found to be resistant to plaque regression after ApoB
silencing, suggesting both cytokines are key players in
resolving macrophage-induced inflammation through
elevated expression of pro-resolving genes, such as Arg1
and Socs1 (suppressor of cytokine signaling 1).58

Production of IL-4 and IL-13 is predominantly associ-
ated with Th2 cells, but innate and innate-like immune
cells such as iNKTs, mast cells, and eosinophils can also
produce type 2 cytokines. Likewise, our analyses indi-
cate that T cell Ezh2 deficiency in mice promotes the
differentiation toward INKT cells. Intriguingly, we demon-
strate that this switch was triggered by the transcriptional
regulation of the specific transcription factor Zbtb16.
Although we identified a significant overlap between the
upregulated genes and published data set of iINKT cells
(GSE152786), our analysis did not prominently feature
iINKT pathways and an enrichment (39-fold) could only
be observed for GO term positive regulation of NK T cell
differentiation (GO:0051138), without retaining statisti-
cal significance upon false discovery rate. This most likely
reflects the distinctly overlapping signature between T,
NK, and iNKT cell transcriptomes, as evidenced by a
recent scRNA-seq data set*® and the lack of GO terms
specifically featuring iNKT cells.

iNKT cells are innate-like CD4* or double-negative
CD4/CD8 T cells, which respond quickly on stimula-
tion by glycolipids, instead of peptides, presented by
the major histocompatibility class | molecule CD1d.*®
iNKT cells develop in the thymus, where they immedi-
ately diverge into functionally distinct iINKT1, iINKTZ,
and iINKT17 subsets, defined by the transcription fac-
tors PLZF, Tbx21 ([Tbet] T-box 21), GATA-3 (GATA-
binding protein 3), and RORyt (retinoic acid-related
orphan receptor yt), respectively, and by the release of
T helper—associated cytokines including IFN-y, IL-4, and
[L-17A59%0 To date, the contribution of INKT cells to the
development of atherosclerosis remains ambiguous. Ini-
tial studies indicate mice deficient in INKT cells displayed
lower atherosclerotic plaque burden and inhibition of
iNKT activation using CD1d antagonists could attenuate
established atherosclerosis.?'®? However, both studies
neglected the individual contributions of iINKT subsets,
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Figure 8. Noncanonical functions of EZH2 in human and murine atherosclerotic disease.

A and B, Representative immunofluorescent staining assessing EZH2 localization in T cells in cross-sections of human (A) and murine (B)
atherosclerotic plaque. Scale bars=100 pm (overview) or 5 um (zoom-in). C, Quantitative analysis of cellular F-actin content (n=51 vs 19 cells)
together with representative F-actin, Ezh2, and DAPI (to counterstain nuclei) immunofluorescence staining of activated CD4* T cells isolated from
Ezh2°*-KO and Ezh2°-WT mice. Scale bar=5 pm. Data are represented as mean+SD. Comparisons were assessed using Mann-Whitney U test.
D, T cell migration of CD4* T cells from Ezh2¢#-KO and Ezh2°*-WT mice (n=4 vs 4). Migration assays were performed in transwell chambers

in the presence and absence of the chemokines Ccl (C-C motif chemokine ligand) 19 and Ccl22 at indicated concentrations. The number of
migrated cells was determined by flow cytometry, and the chemotactic index was normalized to the corresponding cell count at baseline condition
(without chemokine). CD indicates cluster of differentiation; Ezh2, enhancer of zeste homolog 2; iINKT, invariant natural killer T cells; KO, knockout;
MFI, mean fluorescence intensity; and WT, wild type.
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which may exert pro- and anti-atherogenic effects. In
Ezh2<4-KO mice, we observed a high expression of
Pizf in the expanded iNKT population, which is associ-
ated with iINKT2 cells that predominantly secrete 1-4.%°
The expansion of Plzf"e" iNKT2 cells already occurred
in the thymus of Ezh2¢-KO mice, indeed accompanied
by an enrichment in lI-4. Previous studies have shown
that local II-4 within the thymic environment can polarize
CD8* T cells toward an innate-memory phenotype, which
then drive dendritic cells to secrete Ccl17 and Ccl22 and
thereby to inhibit thymic export of T cells into peripheral
tissues.*” These chemokines interact with Ccr4, which is
expressed on INKT2 cells, fueling a positive feedback
loop.%® Ezh2¢4-KO mice indeed showed a CD8* T cell
shift toward an innate-memory phenotype, accompanied
by elevated Ccl17 transcript levels in the thymus (Figure
S6C), and subsequently a reduction in CD4* T cells, both
in the circulation and in the periphery. The fact that this
phenotype could not be reproduced in a CD8*-specific
Ezh2-knockout (KO) model underscores the role of -4
(and 11-13) as the driving force behind this effect.

A study with mice lacking both Ezh2 and iNKT cell
populations demonstrated that II-4 and Il-13 production
did not originate from peripheral T cells but from iINKT2
cells,?® which ultimately polarize CD4* T cells toward a
Th2 phenotype and induce additional type 2 cytokine
secretion. We confirmed these findings, given the pro-
found increase in iINKT2 cells along with enhanced Il-4
in the thymus, whereas the CD4* T cell shift toward a
Th2 phenotype was only observed in the periphery.

iNKT cells are also present in the periphery and dis-
play committed tissue-residency, notably after lineage
commitment in the thymus.*®84 Although long-term res-
idency in the liver, spleen, and lymph nodes has been
established for INKT1 cells,?® insights into INKT2 tissue
localization and residency remain elusive. Interestingly, in
our Ezh2¢4-KO mice, Zbtb16, the gene coding for Plzf,
and [I-4 transcripts were increased in the aorta, sug-
gesting—on top of the expansion of iINKT2 cells in the
thymus and spleen—local enrichment of II-4-producing
Plzfrio" iNKT2 cells. Although the notorious difficulties in
resolving T cell subsets by scRNA-seq limited our ability
to identify an INKTZ2 cell cluster in human atherosclerotic
plaques, the lower ZBTB16 expression in advanced vs
early lesions detected by bulk RNAseq serves as a proxy
for lower prevalence of this INKT2 cell subset and con-
fers translational perspective of our findings.

Mechanistically, 2 different ways for EZH2-mediated
PLZF regulation have been proposed. In a more tradi-
tional role, EZH2 represses the expression of multiple
transcription factors and downstream genes by lowering
chromatin accessibility.?* We confirmed this hypothesis
in splenic T cells from our mice using H3K27me3 ChlP-
gPCR, indicating that Ezh2 represses the transcriptional
program leading to iNKT2 differentiation by epigeneti-
cally repressing Plzf. In a noncanonical way, however,
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EZH2 can directly methylate PLZF leading to its ubiqui-
tination and degradation.?” Moreover, it has been shown
that extra-nuclear action of Ezh2 compromises migratory
capacity of dendritic cells by impairing the interaction of
talin and F-actin?® In Ezh24-KO mice, actin filaments
and the migratory capacity of CD4* T cells were pro-
foundly reduced, likely delaying atherosclerosis progres-
sion. Altogether, altered gene expression and disturbed
actin polymerization may account for the observed iINKT2
phenotype and the subsequent athero-protection.

Interestingly, T cell-specific Ezh2 deficiency also
affected Tregs. Foxp3 acts as a transcriptional repressive
mark allowing a physical interaction with EZH2 to target
genes for H3K27me3 repression.®® Furthermore, defec-
tive induction of Foxp3 expression can be a result of
overstimulation from T helper cytokines, including L-4.5
Likewise, thymic Foxp3 was profoundly suppressed in
Ezh2¢4-KO mice. Although Tregs are generally viewed
as powerful anti-inflammatory mediators,%® previous
murine atherosclerosis studies revealed that Tregs are
protective at the early disease stages but only play a
minor role in advanced atherosclerosis.®® Notably, the
primary anti-inflammatory cytokines produced by Tregs,
namely Tgf-p and II-10 were not diminished in Ezh2¢#-
KO mice (Figure SG6E). Overall, the type 2 immune
response observed in Ezh2°**-KO mice seems sufficient
to resolve inflammation independently of Tregs.

Recent studies indicated that pharmacological inhi-
bition of Ezh2 can reduce atherosclerosis potentially
without an involvement of T cells. Administration of an
Ezh2 inhibitor, GSK126, in atherosclerotic Apoe”~ mice
delayed plaque progression by reducing monocyte
recruitment.” However, effects of GSK126 on T cell phe-
notype and function were not studied, a gap that should
be addressed. Another mouse study has demonstrated a
significant role of myeloid-Ezh2 in atherogenesis,” likely
suggesting a synergistic role of T cell- and myeloid Ezh2.
Nonetheless, our human data point to higher expres-
sion of EZH2 in T cell clusters, suggesting expression
within lymphocytes may be a more appropriate transla-
tional target. Notably, the US Food and Drug Adminis-
tration granted first-in-class accelerated approval of the
EZH2 inhibitor tazemetostat for neoplastic diseases,™™
confirming the feasibility of EZH2 inhibition in clini-
cal practice. This paves the way for future clinical trials
repurposing EZH2 inhibitors for treating atherosclerotic
cardiovascular disease.

Taken together, our data identify EZH2 as a main
player in T cell differentiation and activation by suppress-
ing anti-atherogenic type 2 cytokine production initiated
by INKT2 cells, thereby establishing a promising immu-
notherapeutic target in atherosclerosis.
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