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ARTICLE INFO ABSTRACT
Keywords: Background: Interleukin-21 (IL-21) is a pro-inflammatory cytokine involved in the regulation of both innate and
Atherosclerosis adaptive immune responses and has been associated with atherosclerotic cardiovascular disease (ASCVD).
Inflammation However, the exact role of IL-21/IL-21R signaling in atherosclerosis and the therapeutic potential of targeting
Immunosenescence this axis remain unclear
Cytokines . . Lo X
Y Methods and results: scRNAseq of human carotid plaques revealed that IL-21R is highly expressed on Tregs, with
IL-21 y

increased levels in women versus men and in fibrous plaques versus other phenotypes. In line with these findings,
we showed that IL-21R blockade using an anti-IL-21R monoclonal antibody in young (20 weeks) Ldlr /™~ mice
increased Treg frequencies in secondary lymphoid organs (SLOs), accompanied by increased serum IL-10.
Moreover, we observed reduced pro-inflammatory monocytes in the aorta and spleen of anti-IL-21R-treated
mice. This contributed to a reduction of 38% in atherosclerotic plaque area (p < 0.05) and 61% less macro-
phage content (p = 0.053) upon IL-21R blockade. Furthermore, scRNAseq analysis of the spleen and aorta of
female Ldlr/~ mice demonstrated an age-associated increase in 1121/I121r expression within Tregs and Tth cells.
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Subsequent IL-21R blockade in aged (88 weeks) Ldlr/~ mice with well-established plaques reduced inflam-
mation, as shown by an increase in aortic Tregs, elevated Foxp3 expression in Tregs from SLOs and reduced pro-
inflammatory monocytes. Additionally, anti-IL-21R-treated aged mice showed reduced Tfh cells, as well as
reduced plasmablasts and plasma cells.

Conclusions: Collectively, we show that IL-21R blockade attenuates plaque initiation, promotes atheroprotective
Tregs, inhibits pro-inflammatory monocytes and impairs Tfh-B cell dynamics upon aging, representing a
promising novel therapeutic strategy to combat ASCVD.

1. Introduction

Cardiovascular diseases (CVD) are the leading cause of death
worldwide. The main underlying pathology of CVD is atherosclerosis,
which is characterized by sub-endothelial retention of apolipoprotein B-
containing lipoproteins, primarily low-density lipoprotein (LDL), within
the arterial wall. The aggravation and oxidation of retained lipoproteins
can result in the formation of oxidized LDL (oxLDL) and other pro-
inflammatory lipid species [1]. Subsequent endothelial activation
induced by these modified lipoproteins promotes leukocyte recruitment
and sustained cytokine-driven immune responses leading to plaque
formation and progression. Rupture of these atherosclerotic plaques can
result in acute cardiovascular events such as a myocardial infarction or
stroke [2]. While the current focus on lipid-lowering strategies reduce
CVD risk, accumulating evidence shows that the immune system is a
central determinant of disease progression [3]. As such, many
pro-inflammatory cytokines, including interleukin (IL)-1p, IL-6 and
TNFa, are increased in the atherosclerotic milieu and inhibition of such
cytokines has beneficial effects on disease outcome [4-6]. This is
exemplified by the CANTOS trial, in which IL-1f inhibition in CVD pa-
tients, mediated through treatment with the monoclonal antibody
Canakinumab, resulted in reduced recurrent cardiovascular events [7].
These observations underscore the therapeutic potential of targeting
specific pro-inflammatory cytokine pathways involved in atheroscle-
rotic immunity.

Among such pathways, the IL-21/IL-21 receptor (IL-21R) axis has
emerged as a potent modulator of adaptive immunity. IL-21 is a pleio-
tropic cytokine of the IL-2 family produced primarily by follicular helper
T (Tfh) cells, Th17 cells, and NKT cells, which signals exclusively
through IL-21R - yc heterodimers expressed broadly across lymphoid
and myeloid populations [8-11]. IL-21/IL-21R signaling promotes the
differentiation, proliferation and survival of multiple T cell subsets,
including Tth, Th17 and CD8™ T cells, while it additionally enhances the
cytokine production and cytotoxic function of NKT cells [9,12-14].

IL-21/IL-21R signaling has furthermore been shown to be essential
for the upregulation of B cell lymphoma 6 (Bcl-6), the lineage defining
transcription factor for both Tth cells and germinal center (GC) B cells
[15]. IL-21-dependent Bcl-6 expression promotes Tfh and B cell activa-
tion, the formation of germinal centers in secondary lymphoid organs
(SLOs) such as the spleen, and the generation of antibody secretion cells
(ASCs) [16]. Moreover, the IL-21/IL-21R axis stimulates both antibody
class switching and affinity maturation resulting in improved antibody
responses [17]. In contrast, IL-21 has been shown to reduce expression
of the IL-2 receptor alpha in various T cell subsets [18,19] and can
inhibit IL-2 production by effector cells, thereby impairing the genera-
tion and survival of regulatory T cells (Tregs) [20]. Due to its pleiotropic
nature, IL-21 has been implicated in multiple autoimmune diseases,
with elevated levels in the serum, synovial fluid and gut of patients
suffering from systemic lupus erythematosus and rheumatoid arthritis
compared to healthy controls [21,22]. Moreover, IL-21R blockade in
preclinical models of both diseases ameliorated inflammation and
pathogenic autoantibody production [23,24].

Previously, it was shown that IL-21 levels are increased in serum of
patients suffering from coronary artery disease compared to healthy
controls [25]. However, the exact role of IL-21/IL-21R signaling in
atherosclerosis remains unclear. In this study, we therefore profiled

IL-21/IL-21R expression in atherosclerotic plaques using single-cell
transcriptomics and investigated the impact of IL-21/IL-21R blockade
on inflammation and atherosclerosis in young and aged Ldlr~/~ mice.
We showed that IL-21R is prominently expressed by Tregs within human
and mouse atherosclerotic plaques. Subsequent blockade of the
IL-21/IL-21R pathway with a monoclonal antibody reduced athero-
sclerosis development in Ldlr '~ mice, with a concomitant decrease in
macrophage content. Mechanistically, we showed that IL-21R blockade
reduced inflammatory monocytes, induced atheroprotective Treg im-
munity, and impaired Tfh-B cell dynamics. Together, our findings
identify IL-21R signaling as a key regulator of immune balance in
atherosclerosis.

2. Materials and methods
2.1. Patient population and single cell RNA sequencing

Primary atherosclerotic plaques were obtained from 46 patients (26
male, 20 female) undergoing a carotid endarterectomy (CEA) procedure
at the University Medical Center Utrecht (UMCU) as part of the ongoing
Athero-Express Biobank Study (AE, www.atheroexpress.nl) [26]. Culprit
lesions (~5 mm) were classified histologically as fibrous (n = 14),
fibro-atheromatous (n = 11), atheromatous (n = 12), or non-assigned
(n = 9). Ethical approval and informed consent were obtained in
accordance with the Declaration of Helsinki. Single cells were obtained
and processed for single-cell RNA sequencing (scRNAseq) as previously
described [27].

2.2. Animals

Female low-density lipoprotein receptor-deficient mice (Ldlr ") on
a C57Bl/6J genetic background were bred in-house and kept under
standard laboratory conditions with diet and water being provided ad
libitum. All animal work was approved by the Animal Ethics Committee
and the Animal Welfare Body of Leiden University. Experiments were
performed in accordance with directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific purposes.

2.3. Single-cell RNA sequencing of murine aortic and splenic CD45™" cells

Single-cell transcriptomic data from murine aortas were derived
from the previously published dataset by Smit et al. [28] who integrated
live CD45™ cells sorted from chow diet (CD)-fed young (2 months old,
n = 9) female Ldlr /~ mice processed by Cochain et al. [29] with sorted
live CD45" cells from atherosclerotic Western-type diet (WTD)-fed
young (4-5 months old; n = 29), and CD-fed aged (22 months old;
n = 12) female Ldlr~/~ mice before subsequently characterizing immune
populations.

Splenic CD45" single-cell suspensions were isolated from CD-fed
young (5 months, n = 7) and aged (21 months, n = 8) female Ldlr/~
mice. Single-cell suspensions were stained with Fixable Viability Dye-
eFluor 780 and CD45-PE. Following doublet removal, live CD45" cells
were sorted using a FACS Aria I SORP (BD Biosciences) and loaded onto
a Chromium Single Cell Controller (10x Genomics) to generate single-
cell gel bead-in-emulsions. SCRNA-seq libraries were prepared using
the Next GEM Single Cell 5’ Kit V2 (10x Genomics). Samples were
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subsequently sequenced on an Illumina HiSeq2500 after which digital
expression matrices were generated by de-multiplexing cellular barc-
odes and counting transcript unique molecular indices (UMIs) using a
Cell Ranger v6.0 pipeline (10x Genomics). Digital expression matrices
were analyzed using the R package Seurat (v4). Cluster annotation was
performed based on differential gene expression using the Seurat func-
tion FindAllMarker() as well as canonical cell markers. T cell clusters
were selected and filtered by thresholding for Cd3e™>0.3, Cd3d">0.3,
C€d197<0.3, Cd79a*<0.3 and Cd79b"<0.3 to exclude non-T cells. For
comparisons within single positive Cd4" T cells, the T cell subclustering
was thresholded on Cd4" > 0.3 and Cd8a™ < 0.3.

2.4. In vivo IL-21R blockade

To investigate the effects of IL-21/IL-21R signaling on the initial
stages of atherosclerotic plaque development, young female Ldlr—/~
mice (8-12 weeks of age) were fed a WTD containing 0.25% cholesterol
and 15% cocoa butter (Special Diet Services, Witham, Essex, UK) for a
period of 5 weeks while simultaneously receiving treatment with either
200 pg IL-21R blocking antibody (n = 15, InVivoMAD anti-mouse IL-21R,
Clone 4A9, #BE0258, BioXcell) or 200 pg isotype control (n = 15,
InVivoMADb rat IgG2a, anti-trinitrophenol, Clone 2A3, #BE0089, Bio-
Xcell) three times a week intraperitoneally.

The effects of IL-21R blockade on well-established advanced plaques
were investigated using aged female Ldlr/~ mice (77-82 weeks of age)
kept on a standard CD both before and during treatment. Mice were
again treated with either the 200 pg IL-21R blocking antibody (n = 14)
or 200 pg isotype control (n = 15) for three times a week intraperito-
neally for a period of 5 weeks.

In both studies, mice were randomized according to basal weight and
cholesterol levels before treatment initiation. During the experiments,
mice were weighed weekly and blood samples were obtained by tail vein
bleeding at T = 0 and T = 2.5 weeks. At the end of both experiments,
mice were terminally anaesthetized by subcutaneous injection of a
cocktail containing ketamine (40 mg/mL), atropine (0.1 mg/mL) and
sedazine (8 mg/mL). Mice were bled by retro-orbital bleeding followed
by in situ perfusion with phosphate-buffered saline (PBS) through the left
cardiac ventricle, after which tissues were collected.

2.5. Serum cholesterol measurements

Serum was acquired by centrifugation of blood samples at 8000 rpm
at 4°C for 10 min and stored at —80°C until further use. Total cholesterol
levels in serum were determined using enzymatic colorimetric proced-
ures (Roche/Hitachi, Mannheim, Germany). Precipath (Roche/Hitachi,
Mannheim, Germany) was used as an internal standard.

2.6. Flow cytometry

Blood, spleen, aortas, and heart-draining mediastinal lymph nodes
(HLN) were collected and prepared into single-cell suspensions. Eryth-
rocytes were lysed from blood samples with ACK lysis buffer (0.15 M
NH,4CL, 1 mM KHCOsg, 0.1 mM NayEDTA; pH 7.3). Spleens and HLN were
mashed through 70 pm cell strainers (Greiner Bio-One), after which
erythrocytes were removed from splenocyte suspensions with ACK lysis
buffer. Aortas were digested for 30 min at 37°C with a digestion mix
containing 450 U/mL Collagenase I, 250 U/mL Collagenase XI, 120 U/
mL Hyaluronidase and 120 U/mL DNAse, after which single-cell sus-
pensions were obtained with 70 pm cell strainers (Greiner Bio-One).
Single-cell suspensions were blocked with TruStain FcX™ aCD16/32
Fc block (Biolegend) and extracellularly labelled using fluorochrome-
conjugated antibodies for surface markers (Supplemental Table S1)
and Fixable Viability Stain in FACS buffer (5% FBS in PBS). For intra-
cellular staining, cells were fixed in fixation buffer and permeabilized in
permeabilization buffer according to manufacturer's protocol (Invi-
trogen eBioscience Foxp3/Transcription Factor Staining Buffer Set) and
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subsequently labelled with fluorochrome-conjugated antibodies for
intracellular markers (Supplemental Table S1). Labelled cells were
detected by flow cytometry on a CytoFLEX S (Beckman Coulter) and
analyzed with FlowJo Software v10 (Tree Star, inc.)

2.7. Histology

Hearts were embedded in O.C.T. (Sakura) and snap-frozen. To
determine plaque size, cryosections (10 pm) of the aortic root were
stained with Oil-Red-O (ORO) and hematoxylin (Sigma-Aldrich). The
section with the largest lesion plus four flanking sections were analyzed
for lesion size. For lesion composition the section with the largest lesion
and two flanking sections were analyzed. Collagen content in the lesion
was assessed with Masson's trichrome staining according to manufac-
turer's protocol (Sigma-Aldrich). Corresponding sections on separate
slides were also stained for monocyte/macrophage content with a
MOMA-2 antibody (1:1000, AbD Serotec) followed by a biotinylated
goat anti-rat IgG antibody (1:200, Vector). Secondary antibodies were
detected using the Vectastain ABC kit (Vector) and visualized with
ImmPACT NovaRED HRP substrate (Vector). The relative amount of
collagen and percentage of macrophage content in the lesions is
expressed as the ratio between the collagen- or MOMA-2- positive and
the total lesion surface area. ORO-stained slides were captured with a
Mikrocam II (Besser) linked to a Leica DM6000 microscope and other
slides were captured with a panoramic 250 Flash III slide scanner
(3DHistech). Images were manually analyzed using Fiji (ImageJ
software).

2.8. Cell culture

200,000 splenocytes isolated from young and aged female Ldlr—~
mice treated with the IL-21R blocking antibody (n = 15) or isotype
control (n = 15) were cultured in triplicates for 3 days at 37°C, 5% CO
in complete RPMI 1640 medium containing 10% heat-inactivated FBS,
1% 1-glutamine, 100 IU/mL penicillin and 100 pg/mL streptomycin) in
96-well U bottom plates, in the presence of 0.5 pg/mL soluble anti-CD3e
(eBioscience, #14-0031-86) and 5 pg/mL soluble anti-CD28 (eBio-
science, #14-0281-82). After 3 days, supernatant for cytokine analysis
was collected and stored at —80°C.

2.9. Cytokine analysis

Cytokines in serum and supernatant of stimulated splenocytes were
analyzed using the LEGENDplex Murine Th Cytokine Panel (12-plex)
V03 (Biolegend, #741044) according to manufacturer's protocol.
Cytokine production was detected with a CytoFLEX S (Beckman Coulter)
and further analyzed using LEGENDplex software.

2.10. Statistics

All data are expressed as mean + SEM. Data were tested for normal
distributions using a Shapiro-Wilk test. Outliers were determined within
normally distributed data using a Grubbs test (a = 0.05). Normally
distributed data were tested for significance using an unpaired two-
tailed student's t-test while non-parametric data were tested for signif-
icance using a Mann-Whitney test. P-values of <0.05 were considered
significant. Correlation was determined using Pearson correlation co-
efficients and significance was determined using linear regression
analysis. All statistical analyses were performed using GraphPad Prism
10.
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3. Results

3.1. IL21R expression is enriched within FOXP3" Tregs of human carotid
atherosclerotic plaques

We first aimed to investigate the expression of the IL21/IL21R axis in
human atherosclerotic plaques. For this purpose, we employed a pre-
viously obtained scRNAseq dataset of atherosclerotic plaques from 46
patients who had undergone a CEA (Fig. 1A) [27]. In this study, unsu-
pervised clustering identified 20 transcriptionally distinct populations,
representing major immune, stromal and vascular cell types (Fig. 1B).
We analyzed IL21 and IL21R expression amongst the cell clusters within
this dataset. Although IL21R transcripts were detected across all clus-
ters, expression was markedly increased in T cell clusters, whereas IL21
showed low expression across clusters, as expected from cytokine tran-
scription levels in unstimulated samples (Fig. 1C and D). IL21R expres-
sion was most prominently enriched within FOXP3™ Tregs compared to
other CD4" T cells (Fig. 1E). Additionally, stratification by sex suggests
heightened IL21R expression in plaque-derived Tregs from females as
compared to males (Fig. 1E). Moreover, variable levels of IL21R were
observed dependent on plaque phenotype, with FOXP3" Tregs display-
ing elevated IL21R expression in fibrous plaques as compared to ather-
omatous or fibro-atheromatous lesions (Fig. 1F). Together, these data
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identify Tregs as a dominant IL21R-expressing population in the human
atherosclerotic environment, with expression influenced by sex and
plaque phenotype.

3.2. IL-21R blockade reduces atherosclerotic plaque formation and
promotes atheroprotective Tregs in young Ldlr~'~ mice

As IL-21R is expressed in atherosclerotic plaques and IL-21/IL-21R
signaling has a key role in driving adaptive immunity, we next investi-
gated whether interference in this signaling pathway can affect
atherosclerosis development. Young (8-12 weeks) female Ldlr~/~ mice
were fed a WTD and received triweekly intraperitoneal injections of
either a monoclonal aIL-21R antibody (n = 15) or a rat IgG2a isotype
control (n = 15) for a period of five weeks (Fig. 2A). Along the experi-
mental timeline, treatment with the IL-21R blocking antibody did not
affect total serum cholesterol levels or body weight and the effective
targeting of IL-21R was confirmed upon sacrifice by flow cytometry
(spleen, aIL-21R: 0.99 + 0.18% of live CD45™ vs Ctrl: 12.9 + 3.68% of
live CD45", p < 0.0001) (Fig. 2B-D). We observed that IL-21R blockade
led to a 38% reduction in atherosclerotic plaque size in the three-valve
area of the aortic root (aIL-21R: 0.72 + 0.09 x 10° pmz vs ctrl:
1.15 + 0.19 x 10° pmz, p < 0.05), with a concomitant 61% decrease in
plaque macrophage content (aIL-21R: 0.26 + 0.07 x 10° pm? vs ctrl:
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Fig. 1. scRNAseq of human carotid endarterectomy samples reveals IL21R expression in Tregs. (A) Experimental setup: carotid endarterectomy samples
(N = 46) were digested and sorted for single viable cells using fluorescence-activated cell sorting (FACS) after which CEL-seq2 was performed as previously described
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Fig. 2. IL-21R blockade reduces atherosclerotic plaque formation by promoting atheroprotective Tregs in young Ldlr /~ mice. (A) Experimental set-up:
young (8-12 weeks) female Ldlr~~ mice fed a Western-type diet (WTD) to induce atherosclerosis were administered a triweekly intraperitoneal injection of an
oIL-21R monoclonal antibody («IL-21R) or isotype control (Ctrl) for a period of 5 weeks. During the experiment, both (B) body weight and (C) serum cholesterol
levels were monitored. (D) After 5 weeks, the percentage of IL-21R-expressing cells in the spleen were measured by flow cytometry. (E) Lesion size, macrophage
content and collagen content in the aortic three-valve area was histologically assessed by Oil-Red-O and hematoxylin staining, MOMA-2" staining and Masson's
trichome staining, respectively. Flow cytometry analysis showing (F) percentages of CD11b" myeloid cells and Ly6C" monocytes within the spleen and aorta as well
as (G) percentages of CD4" T cells and Foxp3™ Tregs in the spleen, aorta, mediastinal lymph nodes (HLN) and blood following IL-21R blockade. Cytokine levels were
analyzed using a LEGENDplex assay in both (H) serum samples and (I) supernatants of splenocytes restimulated ex vivo for 72h using «CD3/aCD28. Statistical
significance was tested by two-tailed unpaired t-test for parametric data and Mann-Whitney test for non-parametric data. Data was obtained from n = 12-15 mice per
group and plotted as mean + SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

0.67 £ 0.16 x 10° pmz, p = 0.053) (Fig. 2E). In line with these findings,
we observed a local and systemic reduction of myeloid cells, in partic-
ular Ly6Chi monocytes (Fig. 2F). Collagen deposition within lesions
remained comparable between groups (Fig. 2E).

Furthermore, IL-21R blockade attenuated inflammation by promot-
ing Foxp3™ Tregs in the spleen (aIL-21R: 10.21 + 0.38% of T cells vs ctrl:
8.67 + 0.23% of T cells, p < 0.01) and HLN (aIL-21R: 13.26 + 0.84% of
T cells vs ctrl: 11.42 + 0.70% of T cells, p < 0.05), while overall CD4" T
cells were increased in the spleen (aIL-21R: 64.61 + 0.79% of T cells vs
ctrl: 62.40 + 0.45% of T cells, p < 0.05) (Fig. 2G). Other T cell subsets
such as Th1, Th2, Th17, follicular regulatory T (Tfr) and Tfh cells, as
well as B cell subsets, plasma cells and plasmablasts were not altered
upon IL-21R blockade (Figs. S1-2). Upon oIL-21R blockade, various
cytokines, such as IFNy, IL-4, IL-9, IL-10, IL-13, IL-17 and IL-22 became
significantly elevated in the serum, with anti-inflammatory IL-10
showing both the largest increase (17.8-fold) and the highest concen-
tration (aIL-21R: 640.2 + 147.8 pg/mL vs ctrl: 36.01 + 29.93 pg/mL,
p < 0.01) following treatment, which is consistent with the observed
increase in Tregs (Fig. 2H). Similarly, splenocytes restimulated using
aCD3/aCD28 ex vivo displayed increased production of IL-10 (aIL-21R:
64.86 = 10.24 pg/mL vs ctrl: 38.58 + 5.41 pg/mL, p < 0.05), which
correlated to the amount of Tregs found within the spleens of the mice
(Fig. 2I). Collectively, these data demonstrate that IL-21R blockade
attenuated early plaque formation in young mice through the promotion
of atheroprotective Tregs and the reduction in plaque monocyte/
macrophage content.

3.3. Aging enhances 1121 and I121r expression within murine aortic and
splenic T cell compartments

Given that ASCVD is largely a disease of aging [30], we next inves-
tigated the IL-21/IL-21R pathway in aged Ldlr/~ mice. This model re-
flects gradual plaque development under only mild
hypercholesterolemia, a setting which resembles human disease pro-
gression [31]. Additionally, these mice possess an aged immune system,
which is of particular interest in light of the age-associated increase in
IL-21 production by PBMCs and CD4" T cells reported in humans
[32-34]. Aortic I121 and II21r expression was investigated using our
previously published scRNAseq datasets [28], containing sorted single
live CD45™ cells from digested aortas of young versus aged Ldlr/~ mice
(Fig. 3A). Cd3e ™ T cell subclustering identified 12 transcriptionally
distinct populations (Fig. 3B). II21r expression was detectable across
multiple T cell subsets (Fig. 3C and D) and, in line with our human data
(Fig. 1), was markedly elevated within aortic Foxp3™ Tregs of aged mice
as compared to other Cd4" T cells (Fig. 3E). Similarly, II21 transcripts
showed age-associated increases within Foxp3™ Tregs of aged mice as
compared to their younger counterparts (Fig. 3E). In the spleen,
scRNAseq analysis of sorted single live CD45" cells from CD fed young
(5 months) and aged (21 months) female Ldlir /- mice, identified 12
clusters within the Cd3e * Cd3d ™ T cell subclustering (Fig. 3F and G).
Here, splenic Foxp3™ Tregs and Cxcr5" Bcl6™ Tth cells represented the
main J121-and I121r expressing subsets (Fig. 3H and I). Additionally, both
Foxp3" Tregs and Cxcr5" Bcl6" Tfh cells displayed an age-associated
upregulation of N121r compared to other Cd4" T cells. Moreover, the
Tfh cluster exhibited an age-associated increase in II21 expression

(Fig. 3J). These findings indicate that aging amplifies the [121/I121r axis
within aortic and splenic T cell subsets, specifically in those involved in
Tfh-B cell interactions as well as in Tregs.

3.4. Tregs are increased by IL-21R blockade in aged Ldlr~'~ mice

To determine whether blocking of the IL-21/IL-21R axis can modu-
late immune responses in aged mice with well-established atheroscle-
rotic plaques, we treated aged female Ldlr~/~ mice with the aIL-21R
monoclonal antibody (n = 15) or isotype control (n = 15) intraperito-
neally three times a week for a period of five weeks (Fig. 4A). Similar to
the treatment in young mice, body weight and cholesterol levels
remained unaffected during the experimental timeline (Fig. 4B and C).
Additionally, antibody efficacy was confirmed by reduced IL-21R levels
at the time of sacrifice (aIL-21R: 0.28 + 0.03% of live CD45" vs ctrl:
34.23 + 4.47% of live CD45", p < 0.0001) (Fig. 4D). In contrast to
young mice, plaque size and composition was not altered in aged mice
following 5 weeks of IL-21R blockade (Fig. 4E). We did observe a trend
towards reduced myeloid cells in the spleen (aIL-21R: 8.43 + 1.36% of
live cells vs ctrl: 9.02 £ 0.33% of live cells, p = 0.06), with a significant
decrease of Ly6Chi monocytes (alL-21R: 1.32 + 0.13% of live cells vs
ctrl: 1.81 + 0.14% of live cells, p < 0.05) (Fig. 4F). Moreover, IL-21R
blockade significantly increased the frequency of aortic Foxp3™ Tregs
within the CD4™ T cell compartment (aIL-21R: 12.95 + 1.42% vs ctrl:
8.84 + 1.31%, p < 0.05) and increased the mean fluorescence intensity
(MFI) of the proliferation marker Ki67 within aortic Tregs as well
(Fig. 4G). Similarly, IL-21R blockade elevated Foxp3 MFI within Tregs
from SLOs, such as the spleen (aIL-21R: 16552 + 362.1 vs
ctrl:15795 + 149.5, p < 0.01) and HLN (aIL-21R: 23284 + 389.9 vs ctrl:
21411 + 290.3, p < 0.001) (Fig. 4G).No differences were observed in
serum IL-10 levels or in the supernatant of splenocytes which were
restimulated ex vivo using aCD3/aCD28 (Fig. S3A-B).

3.5. IL-21R blockade attenuates the pro-atherogenic Tfh-B cell axis in
aged Ldlr '~ mice

Given the importance of the IL-21/IL-21R signaling axis in Tth-B cell
communication in SLOs [17], we next examined whether IL-21R
blockade affects the Tfh-B cell axis in aged Ldlr /~ mice. Flow cytom-
etry revealed reduced frequencies of Foxp3” CXCR5" Bcl-6" Tfh cells in
the spleen (aIL-21R: 0.61 + 0.06% of live cells vs ctrl: 0.89 + 0.08% of
live cells, p < 0.01) and HLN (oIL-21R: 1.10 + 0.10% of live cells vs ctrl:
1.53 + 0.18% of live cells, p < 0.05) whilst Foxp3™ CXCR5" Bcl-6" Tfr
cell levels remained unaffected, driving a shift towards a more athero-
protective Tth/Tfr ratio (Fig. 5A). In parallel, following IL-21R inhibi-
tion, trends were observed towards increased follicular (FO) B cell
proportions, without impacting marginal zone (MZ) B cells (Fig. 5B).
Moreover, aIL-21R treatment in aged mice resulted in a trend towards
reduced frequencies of age-associated B cells (ABCs) in HLNs (aIL-21R:
18.46 + 2.00% of B cells vs ctrl: 21.22 + 1.34% of B cells, p = 0.07). The
percentage of pro-inflammatory T-bet” within ABCs was significantly
diminished in both the spleen (aIL-21R: 51.66 + 5.71% vs ctrl:
68.66 + 3.00% p < 0.05) and HLN (aIL-21R: 24.17 + 2.41% vs ctrl:
32.83 + 2.67%, p < 0.05) (Fig. 5B). Additionally, CD138" B220"
plasmablasts and CD138" B220" plasma cells were reduced in both the
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Fig. 3. scRNAseq demonstrates an age-associated increase of I121 and Il121r expression in the aorta and spleen. (A) Experimental set-up: single-cell RNA-
sequencing of CD45" immune cells sorted from digested aortas obtained from young (16-20 weeks) female Ldlr/~ mice fed either a chow diet (CD) (n = 9) or
Western type diet (WTD) (n = 29) and aged (88 weeks) female Ldlr’~ mice fed a CD (n = 12). (B) UMAP dim plot of Cd3e ™ T cell subclustering identified 12 distinct
populations. (C) Genetic expression of I121r projected onto the aortic T cell subclustering UMAP. (D) Dot plot showing the relative gene expression of I121 and II21r in
all clusters. (E) Average expression of 1121 and I121r in the Foxp3™ Treg cluster relative to all other Cd4™ cells, split by age and diet. (F) Experimental set-up: single-
cell RNA-sequencing of CD45" immune cells sorted from spleens obtained from young (20 weeks, n = 7) or aged (84 weeks, n = 8) female Ldlr /~ mice fed a CD. (G)
UMAP dim plot of Cd3e © Cd3d * T cell subclustering identified 12 distinct populations. (H) Genetic expression of II21r projected unto the splenic T cell subclustering
UMAP. (I) Relative gene expression of 1121 and I121r in all clusters. (J) Average expression of I121 and I121r in the Foxp3™ Treg cluster and Cxcr5" Bcl6™ follicular T
helper cell cluster relative to all other Cd4™ cells, split by age.
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Fig. 4. Tregs are increased by IL-21R blockade in aged Ldlr/~ mice. (A) Experimental set-up: aged (77-82 weeks) female Ldlr '~ mice maintained on a chow
diet (CD) were administered a triweekly intraperitoneal injection of an oIL-21R monoclonal antibody («IL-21R) or isotype control (Ctrl) for a period of 5 weeks.
During the experiment, both (B) weight and (C) serum cholesterol levels were monitored. (D) After 5 weeks, IL-21R™ levels in the spleen were measured via flow
cytometry. (E) Lesion size, monocyte/macrophage content and collagen content in the aortic three-valve area was histologically assessed by Oil-Red-O and he-
matoxylin staining, MOMA-2" staining and Masson's trichome staining, respectively. Flow cytometry analysis quantification following IL-21R blockade of (F)
percentage of CD11b" myeloid cells and Ly6C™ monocytes within the spleen and aorta as well as (G) percentages of Foxp3™ Tregs and Foxp3 MFI within Tregs of the
aorta, mediastinal lymph nodes (HLN), blood and spleen as well as Ki67 MFI within aortic Tregs. Statistical significance was tested by two-tailed unpaired t-test for
parametric data and Mann-Whitney test for non-parametric data. Data was obtained from n = 13-14 mice per group and plotted as mean + SEM. (For interpretation

of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. IL-21R blockade attenuates the Tfh-B cell axis in SLOs of aged Ldlr/~ mice. Flow cytometry analysis of spleen and mediastinal lymph nodes (HLN) from
aged (77-82 weeks) female Ldlr’~ mice showing (A) the percentage of Foxp3™ CXCR5" Bcl-6" follicular T helper cells and Foxp3™ CXCR5" Bcl-6" follicular T
regulatory cells, as well as (B) B cell subsets, given the importance of IL-21/IL-21R signaling in Tfh-B cell communication, showing percentages of CD11b*/CD11¢"
age-associated B cells (ABCs), levels of T-bet™ within ABCs, CD21™™ CD23" follicular (FO) B cells, CD21" CD23~ marginal zone (MZ) B cells, CD138" B220*
plasmablasts and CD138" B220 plasma cells. Statistical significance was tested by two-tailed unpaired t-test for parametric data and Mann-Whitney test for non-
parametric data. Data was obtained from n = 13-14 mice per group and plotted as mean + SEM.

spleen and HLN (Fig. 5B). However, IL-21R blockade did not signifi-
cantly alter circulating immunoglobulin levels or IgG/IgM deposition
within atherosclerotic lesions (Fig. S4A-B). Taken together, these results
indicate that IL-21R blockade disrupts the aged Tth-B cell axis, leading
to a reduction in plasmablasts and plasma cells.

4. Discussion

Over the past years, several studies have pointed out that targeting
the over-active immune response can be beneficial in reducing cardio-
vascular disease [35-37]. The recent CANTOS trial demonstrated that
neutralization of the pro-inflammatory cytokine IL-1f significantly
reduced the risk of cardiovascular events [7] and IL-6 blocking using
Ziltivekimab attenuated systemic inflammation in patients at high
atherosclerotic risk [38]. In our study, we evaluated the IL-21/IL-21R
axis as a potential immunomodulatory target in atherosclerosis using
single-cell transcriptomics and in vivo IL-21R blockade in young and
aged Ldlr~/~ mice.

We show high IL21R expression on Tregs in carotid plaque samples
obtained from ASCVD patients, demonstrating the clinical relevance of
IL-21/IL-21R signaling. Additionally, transcriptome analyses at the

single cell level suggests increased IL21R expression in Tregs from
fibrous plaques compared to other phenotypes as well as in Tregs from
women compared to men. In relation to sex dependent expression of
IL21R on Tregs, both estrogen and progesterone have been reported to
promote Treg generation and stability [39,40] as well as Tth differen-
tiation, whereas estrogen has also been shown to increase IL-21 pro-
duction by Tth cells in vitro [41]. Moreover, elevated 121 expression has
already been observed in aortic T cells from female Ldlr/~ mice as
compared to males [31]. As such, it stands to reason that sexual
dimorphism could similarly contribute to the differential expression of
IL21R in atherosclerosis. In line with high IL21R expression on Tregs in
human plaques, murine scRNAseq revealed high 1121 and II21r expres-
sion in Tregs and Tth cells from atherosclerotic mice, which are further
increased upon aging. These findings indicate that aging reinforces
IL-21/IL-21R signaling, which could potentially stimulate both
Tth-driven humoral responses and IL-21-mediated modulation of Tregs
in advanced disease.

Upon blockade of IL-21R, we observed an increased percentage of
Tregs in both young and aged atherosclerotic mice, which is in line with
previous studies demonstrating an increased percentage of Tregs upon
genetic deficiency or therapeutic blockade of IL21/IL21R in mouse
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inflammatory and transplant models [19,42-44] as well as in humans
with IL21R loss of function mutations [19]. We hypothesize that IL-21R
blockade directly promotes Treg expansion by preventing
STAT3-mediated inhibition of Foxp3 stability, independently of IL-2
availability [45-51]. Multiple preclinical studies have highlighted the
atheroprotective role of Tregs [52-55]. Depletion of CD4 " Foxp3™ T cells
increased atherosclerosis development [52], while transfer experiments
with CD4 " Foxp3™ Tregs [53] or CD4"CD25" Treg-like cells [54], as well
as IL-2 complex-mediated expansion of Tregs [55], reduced athero-
sclerosis. Recently, low-dose IL-2 mediated Treg expansion decreased
arterial inflammation in the IVORY trial and the IVORY-FINALE fol-
low-up trial showed promising early evidence of reducing major adverse
cardiovascular events in patients with acute coronary syndromes [56].
Elevated Treg immunity may additionally contribute to the observed
reduction in pro-inflammatory myeloid cells upon IL-21R blockade as
Tregs have been reported to inhibit myeloid cell activation and adhesion
either through cell-cell mediated interactions or through the secretion of
cytokines, including IL-10 [57-59]. Consistent with this notion,
anti-IL-21R treatment increased systemic IL-10 levels in young mice,
which correlated with splenic Treg abundance. Although IL-21R
blockade did not increase systemic IL-10 levels in aged mice, it mark-
edly increased aortic Tregs, suggesting local immunosuppression within
the plaque. Additionally, given the age-associated upregulation of Tgfb1
and Ebi3 (IL-35) in aortic Tregs [28], these cytokines could contribute
more strongly to the immunosuppressive capacity of aged Tregs as
opposed to IL-10. Taken together, these findings suggest that Treg
expansion may contribute to the observed attenuation of atherosclerosis
development.

In addition to promoting Treg responses, IL-21R blockade markedly
reduced pro-inflammatory myeloid cells in the aorta and spleen of
atherosclerotic Ldlr’~ mice. Given the established role of pro-
inflammatory monocytes and macrophages in plaque development,
progression and inflammation [60,61], this reduction may represent an
important mechanism underlying the attenuated atherosclerosis
observed following treatment. Indeed, IL-21 has been reported to
directly regulate myeloid cell function by enhancing monocyte adhesion
to endothelial cells and carotid arteries through Syk activation [62],
promoting macrophage phagocytic activity and increasing
metalloproteinase-9 secretion [62,63]. Furthermore, local delivery of
IL-21 has been reported to induce a shift in tumor-associated macro-
phages from an M2-like to a pro-inflammatory M1-like phenotype [64].
Therefore, inhibition of IL-21 signaling may have directly led to the
reduction of pro-inflammatory myeloid cells observed in our study.

Moreover, we observed decreased Tth cells, plasmablast and plasma
cells in anti-IL-21R treated mice compared to control mice, which is
consistent with the well-established role of IL-21 as a key driver of
germinal center responses [15,17]. However, both circulating immu-
noglobulin levels and IgG/IgM deposition within atherosclerotic lesions
remained unaltered in aged mice upon IL-21R blockade. Notably, mice
were treated for a short period of time (5 weeks) and it can be argued
that more time is needed for the observed reduction of the Tfh-B cell axis
to translate into altered immunoglobulin levels. IL-21R blockade addi-
tionally reduced pro-inflammatory T-bet in ABCs from SLOs while a
trend was observed towards an overall reduction in ABCs [28]. These
reductions are most likely mediated through both the direct blocking of
IL-21R on ABCs as well as the reduction in Tth cells upon anti-IL-21R
treatment, as IL-21 is essential for ABC differentiation and T-bet
expression [65,66]. Previously, ABCs have been shown to accumulate in
an aging- and CVD-dependent manner and exhibit enhanced
antigen-presenting capacity and pro-inflammatory cytokine expression
[28]. The reduction of T-bet within ABCs likely reflects impaired
pro-inflammatory signaling, thereby limiting their support of
pro-atherogenic adaptive immune responses.

While plaque size was significantly reduced in young mice, IL-21R
blockade did not alter lesion size or composition in aged mice with
established atherosclerosis. This likely reflects fundamental differences
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in anti-inflammatory treatment at the start of plaque development
versus interference at an advanced disease stage where the treatment
period relative to the time-of-development of atherosclerosis is signifi-
cantly smaller. In addition to intervening in atherosclerotic plaque
development at an earlier timepoint, it may be that a longer IL-21R-
blockade treatment would be required for the observed immunomodu-
latory effects to translate to a reduction in lesion size or plaque
vulnerability. This is especially true given evidence suggesting that
Tregs may contribute to plaque stabilization and resolution of vascular
inflammation. Previous studies revealed that human carotid endarter-
ectomy specimens show an inverse correlation between stability and
Treg numbers both through immunohistochemical staining and PCR
analysis [48] and the amount of collagen content and plaque stability
was likewise increased upon Treg expansion by IL-2 complex [55].
Similarly, IL-10 has been linked to plaque stability by driving a reduc-
tion in necrotic core size [67], while IL-10 deficient mice exhibit
decreased plaque collagen content [68] as well as increased proteolytic
and procoagulant activity [69]. Several aspects have to be considered
with a prolonged IL-21R blockade and its potential consequences for
protective immunity. Life time deficiencies in II21r knock-out mice have
demonstrated impaired germinal center responses, plasma cell differ-
entiation and immunoglobulin class switching [17,70,71], while pa-
tients with loss-of-function mutations in IL21R exhibit defective
antibody responses and increased susceptibility to recurrent infections
[72]. Regardless, clinical studies using the anti-IL-21 monoclonal anti-
bodies NNC0114-0005 [73] in rheumatoid arthritis patients and
BOS161721 [74] in healthy volunteers demonstrated acceptable anti-
body safety and tolerability, with only mild adverse events reported,
supporting the translational potential of this therapeutic approach while
highlighting the need to monitor long-term effects on humoral
immunity.

Collectively, we show that IL-21R blockade attenuates atheroscle-
rosis development while promoting atheroprotective Treg immunity,
reducing inflammatory myeloid cells and, in aged mice, suppressing the
Tfh-B cell axis. Together, these findings identify IL-21/IL-21R signaling
as an important regulator of both innate and adaptive immunity in
atherosclerosis and highlight its potential as a therapeutic target.
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