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Abstract

AIM Signaling through the coinhibitory programmed death (pD)-1/PD-L1
pathway regulates T cell responses and can inhibit ongoing immune respons-
es. Inflammationis akey process in the development of atherosclerosis, the
underlying cause for the majority of cardiovascular diseases.Dampening the
excessive immune response that occurs during atherosclerosis progression
by promoting PD-1/PD-L1 signaling may have a high therapeutic potential to
limit disease burden. In this study we therefore aimed to assess whether an
agonistic PD-1 antibody can diminish atherosclerosis development.

METHODS AND RESULTS LDLR” mice were fed a western-type
diet (wTD) while receiving 100pg of an agonistic PD-1 antibody or control
vehicle twice a week. Stimulation of the pD-1 pathway delayed the wTD-
induced monocyte increase in the circulation up to 3 weeks and reduced T
cell activation and proliferation. cp4* T cell numbers in the atherosclerotic
plaque were reduced upon PD-1 treatment. More specifically, we observed
a23% decrease in atherogenic IFNy-producing splenic cpD4* T cells and a 20%
decrease in cytotoxic cD8' T cells, whereas atheroprotective IL-10 producing
cp4' T cells were increased with 47%. Furthermore, we found an increase
in regulatory B cells, B1 cells and associated atheroprotective circulating
oxLDL-specific IgM levels in agonistic PD-1-treated mice. This dampened
immune activation following agonistic PD-1 treatment resulted in reduced
atherosclerosis development (p<0.05).

CONCLUSIONS Our data show that stimulation of the coinhibitory
PD-1 pathway inhibits atherosclerosis development by modulation of T- and
B cell responses. These data support stimulation of coinhibitory pathways
as a potential therapeutic strategy to combat atherosclerosis.
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Introduction

Atherosclerosis is a chronic autoimmune disease characterized by the ac-
cumulation of lipids and immune cells, such as macrophages and pro-ath-
erogenic IFNy-producing TH1 cells, in the atherosclerotic plaque.** During
disease progression, immune cells respond to atherosclerosis-specific anti-
gens, such as APOB100, the primary protein in low-density lipoprotein (LDL),
which are presented via MHC molecules on the surface of antigen-present-
ing cells (APCs). Subsequent activation of immune cells is regulated by a
network of costimulatory and coinhibitory molecules present on both T
cells and APCs. The most familiar costimulatory network is the B7/cD28
family, which has proven to be detrimental for TH1-driven atherosclerosis.3
In the past two decades, interference in other costimulatory networks, in-
cluding the cD40-CD40L and 0X40-0X40L pathways, confirmed its poten-
tial to inhibit experimental atherosclerosis and to target a broad range of
immune responses involved in this disease process.+s Whereas costimula-
tory molecules need to be suppressed to dampen the overactive immune
system in atherosclerosis, signaling through coinhibitory pathways must
be promoted. The interaction of programmed death (pD)-1 with PD-L1/2
forms such a coinhibitory pathway, and can inhibit proliferation, cytokine
production, cytolytic function, and survival of T cells.® PD-1 expression is
not restricted to activated T cells,”® but can also be upregulated on B cells
and certain dendritic cells upon antigen stimulation.®® pD-L1 is expressed
by a large variety of cell types, including T cells, macrophages, dendritic
cells and endothelial cells.>* Previously it has been shown that the pD-1/
PD-L1 pathway is a key regulator of many autoimmune diseases, including
rheumatoid arthritis,> multiple sclerosis,* and cardiac inflammation.’s

In cardiovascular disease patients, altered levels of circulating PD-1
and PD-L1 expressing cells have been reported.®” For example, PD-1 ex-
pression on circulating T cells was decreased compared to healthy con-
trol individuals and concomitantly, decreased PD-L1 expression on APCs
was reported, which corresponded to increased T cell responses.’* Recent
proteomics analysis of human atherosclerotic plaques revealed the pres-
ence of pD-1 expressing T cell populations inside the advanced atheroscle-
rotic plaque as well.” Moreover, PD-1/PD-L1 deficiency aggravates experi-
mental atherosclerosis in LDL receptor deficient (LDLR”’) mice,?°2 with in-
creased numbers of pro-atherogenic cp4' and cp8* T cells in the plaque.
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It is however unknown whether stimulation of PD-1 signaling can inhibit
atherosclerosis. Previous studies have shown that stimulation of coinhib-
itory molecules, such as CTLA-4 and BTLA, suppressed pro-atherogenic T-
and B cell immunity and decreased atherosclerosis development in APOE™
and LDLR” mice, respectively.?2+ In addition, Seko et al showed that treat-
ment of C3H/HE mice with an agonistic PD-1antibody protected against vi-
rus-induced myocarditis.s

Together, these findings fuel the hypothesis that stimulation of the
pPD-1 pathway can limit the overactive immune system during atheroscle-
rosis development and thus inhibit plaque progression. Therefore, LDLR”
mice fed a western-type diet (WTD) were treated with a stimulatory PD-1
antibody for either 2 or 6 weeks to determine the effects on atherosclero-
sis development and the atherosclerosis-related immune response.

Methods
ANIMALS

LDLR”" mice on a C57BL/6) background were purchased from Jackson Labo-
ratory (Sacramento, CA, UsA) and bred in-house. Animals were kept under
standard laboratory conditions; food and water were provided ad libitum.
In order to develop atherosclerotic lesions, female mice (8-12 weeks old)
were fed awestern-type diet (WTD, 0.25% cholesterol, 15% cocoa butter (SDs,
Essex, UK)) for 2 or 6 weeks. The agonistic PD-1 antibody?*s (clone: PIM-2, 100
Hg/mouse), isotype control (Tebu-Bio, Heerhugowaard, The Netherlands)
or PBS were injected intravenously twice a week in 100pl volumes. Mice
were randomized over the groups using baseline age, weight and cholester-
ollevels. During the experiments, blood samples were obtained by tail vein
bleeding. At the end of experiments, mice were anaesthetized by a subcuta-
neous injection of a cocktail containing ketamine (40 mg/ml), atropine (0.1
mg/ml), and xylazine (8 mg/ml). Mice were bled followed by perfusion with
phosphate-buffered saline (pBS) through the left cardiac ventricle. Total
white blood cell count and monocyte content in blood were analyzed using
an automated XT-2000iV veterinary hematology analyzer (Sysmex Europe
GMBH, Norderstedt, Germany). All animal work was performed in compli-
ance with the Dutch government guidelines and the Directive 2010/63/
EU of the European Parliament. Experiments were approved by the Ethics
Committee for Animal Experiments of Leiden University.
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CELL PREPARATION

Upon sacrifice, K EDTA anti-coagulated blood, serum, spleens and hearts
were harvested. Single-cell suspensions of spleens were obtained using a
70-pum cell strainer (Greiner Bio-one, Kremsmunster, Austria). WBCS were
obtained by lysing the blood and splenocytes with Ack lysis buffer (o0.15
M NH,CL, 1 mM KHCO,, 0.1 mM NA EDTA, pH 7.3). Hearts were embedded
in ocT compound (Sakura, Tokyo, Japan) and stored at -80°C until further
processing.

FLOW CYTOMETRY

Cell suspensions were stained using fluorochrome-labeled antibodies.
A complete antibody list is provided in Table Si. Intracellular cytokine
staining was performed after stimulation with 50 ng/mL phorbol 12-my-
ristate 13-acetate (PMA) and 200 ng/mL ionomycin (both Sigma-Aldrich,
Deisenhofen, Germany) for 4 hours in the presence of brefeldin A (Thermo
Fisher Scientific, Waltham, Ma, Usa). Samples were fixed and permeabilized
using the fixation and permeabilization kit (BD Biosciences) prior to intra-
cellular staining. Flow cytometry analyses were performed on a Cytoflex
S (Beckman Coulter, Brea, ca, usa) or MACSQuant 16 analyzer (Miltenyi
Biotec, Bergisch Gladbach, Germany) and FlowJo software (Treestar, San
Carlos, ca, usa) or Flowlogics software (Inivai, Mentone, Australia).

IMMUNOHISTOCHEMISTRY

To determine plaque size, 10 pm sections of the aortic root were prepared
and collected. Mean plaque size was calculated using 5 sequential sec-
tions stained with Oil-Red-O (OrRO) and hematoxylin (both Sigma Aldrich).
Intraplaque collagen and necrotic core content were quantified after stain-
ing with Masson’s Trichrome staining kit (Sigma Aldrich) according to
the manufacturer’s protocol. Corresponding sections on separate slides
were stained for monocyte/macrophage content with a MOMA-2 antibody
(1:1000, rat IgG2B, Serotec Ltd.) followed by a goat anti-rat IgG-alkaline
phosphatase antibody (1:100, Sigma-Aldrich). cp4* and cp8* T cells were
stained using CD4 (RM4-5, 1:90, ThermoFisher) and cD8A (LY-2, 1:100, eBio-
science) antibodies, and a secondary rabbit anti-rat IgG antibody (BA-4001,
Vector), followed by the Vectastain ABc kit (PK-4000, Vector). Color devel-
opment was achieved using NOVARED peroxidase (Vector laboratories) as
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enzyme substrate. T cells were scored manually. The relative amount of col-
lagen and that of macrophages in the lesions is expressed as the percentage
collagen- or MOMA-2-positive area of the total lesion surface area. Spleens
were sectioned at a 10 pm thickness and were stained with hematoxylin &
eosin (Sigma Aldrich) for white pulp quantification and with oro and he-
matoxylin to analyze lipid content. All morphometric analyses were per-
formed in a blinded fashion on a Leica CTR6000B microscope with mikro-
Cam II 2omp (Bresser) using Leica QWin software (Leica Imaging Systems,
UK) or Image]J (FuI).

SERUM MEASUREMENTS

Total cholesterol levels were assessed in serum using an enzymatic colo-
rimetric assay (Roche/Hitachi, Mannheim, Germany). Precipath (Roche/
Hitachi) was used as internal standard. Total serum levels of IgM and OXLDL-
specific IgM were determined by ELISA as described previously.>

PROLIFERATION ASSAY

Splenocytes were cultured in triplicate in a 96-wells round-bottom plate
(2 x 10° cells/well) in RPMI1640 + 10% FCS + 100 U/ml streptomycin/peni-
cillin. Cells were stimulated with anti-cD3 and anti-cD28 (2pg/ml) for 48
hours. Proliferation was measured by addition of 3H-thymidine (0.5 pCi/
well, Amersham Biosciences, the Netherlands) for the last 16 hours. The
amount of 3H-thymidine incorporation was measured using a liquid scin-
tillation analyzer (Tri-Carb 2900R, Perkin Elmer). Responses are expressed
as stimulation index (sI): ratio of mean counts per minute of triplicate cul-
tures with stimulation to triplicate cultures without stimulation.

STATISTICAL ANALYSIS

Data are reported as mean + standard error of mean (SEM). Differences be-
tween groups were calculated using a Student’s t-test, or one way ANOVA
with Dunnet’s post hoc analysis when 3 groups were compared. When 3
groups were compared, the control chow group and PD-1 agonist group
receiving wTD were both compared to the control wTD group. Statistical
analyses were performed using Graphpad Prism version 8 (Graphpad, San
Diego, ca, UsA). One mouse in the control group did not develop any ath-
erosclerosis and was therefore excluded as an outlier (ROUT method) from
the data.

CHAPTER 9 PD-1 AGONISM DECREASES ATHEROSCLEROSIS IN LDLR / MICE

197



198

Results

PD-1 STIMULATION PROMOTES ANTI-ATHEROGENIC
IMMUNITY

To assess the short-term effects of PD-1 stimulation on the immune system,
LDLR”" mice were treated for 2 weeks with a PD-1 agonist or control vehicle
while receiving a wrD diet. Additionally, a control group was kept on chow
diet to be able the assess the direct effects of the high cholesterol diet on
the immune system (Figure 1a). As shown in Figure 1B, cholesterol levels in-
creased upon wTD administration and no differences in body weight were
observed between the experimental groups. Administration of a wTD sig-
nificantly increased the relative amount of monocytes in peripheral blood
(chow: 9.6 * 1.1% VS. WTD: 15.4 + 1%, P=0.004, Figure 1c), which was less pro-
nounced in the pD-1 stimulated wTD-fed mice (12.4 * 1.3%). Similar pat-
terns were seen for both the patrolling (Ly6c™) and inflammatory mono-
cyte (LY6CH) subsets, suggesting that agonistic PD-1 treatment did not af-
fect a specific monocyte subset. Absolute total monocyte numbers as mea-
sured by automated hematology analysis revealed a similar trend, albeit
these data did not reach significance (p=0.15, Figure S1). An additional ex-
periment shows that the relative monocyte effect is PD-1 specific, since
monocyte levels upon isotype control treatment (Figure S2A) correspond
to those of the PBs treated mice (Figure 1c). In contrast, the percentage of
splenic monocytes was increased in PD-1 stimulated mice (3.5 + 0.3%) com-
pared to control WTD (2.2 + 0.2%, P=0.004) and control chow (0.6 + 0.1%,
Figure 1D). Despite enlarged spleens in mice treated with the PD-1 agonist
(Figure S3a), we did not observe significant differences in T- or B cell per-
centages compared to the control vehicle treated mice (Figure S3B). As the
PD-1/PD-L1 pathway inhibits proliferation of activated T cells,° the prolifer-
ative capacity of splenocytes isolated from either control or pD-1 stimulat-
ed mice was measured after stimulation with anti-cp3/cD28 antibodies. As
shown in Figure 1E, PD-1 stimulation resulted in a 75% decrease in T cell pro-
liferation compared to the controls (PD-1: 12.0 * 6.8 S.I. vs. control: 47.8 £ 4.9
S.I., P=0.0003). PD-1 stimulation did not alter the percentages of cD4", CD8*
or total cDp19" in the periphery (Figure S3c). Interestingly, we did observe
increased circulating regulatory B cells (BREGS), defined as cp19*cD5'cD1d™
cells, upon 2 weeks of PD-1 stimulation (PD-1: 1.0% * 0.1% vs control wWTD:
0.6% + 0.1%, P=0.02) (Figure 1F).
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REDUCED T CELL ACTIVATION AND PRO-ATHEROGENIC IFNY-
PRODUCING T CELLS UPON AGONISTIC PD-1 TREATMENT

Since pPD-1 stimulation promoted anti-atherogenic responses in our short-
term experiment, we next investigated the immunomodulatory effect of
pD-1stimulation during atherosclerosis development. LDLR” mice were fed
awrTD for 6 weeks while receiving an agonistic pD-1 antibody or control ve-
hicle (Figure 24). During the experiment we observed an increase in serum
cholesterol in PD-1 stimulated mice, while no difference in weight was ob-
served between the groups (Figure 2B). In line with our previous findings
(Figure 1c), pD-1 stimulated mice show a decrease in circulating monocytes
(2.4 + 0.4%) compared to control mice (5.4 + 0.5%, P=0.001, Figure 2C) after
3 weeks. At sacrifice, circulating monocyte percentages did not differ any-
more between the groups. No differences in relative monocyte content
was observed in the spleen after 6 weeks of treatment, except for a signifi-
cant decrease in patrolling monocytes (PD-1: 1.6 + 0.1% Vs. control: 2.2 + 0.2%,
pP=0.03) (Figure 2D). Again, spleen weight was increased in pD-1 stimulated
mice, however no differences were found in the relative white pulp con-
tent of the spleen (PD-1: 21.6 + 1.0% vs. control: 23.4 + 1.0%) and no excess fat
depositions were found in spleens of PD-1agonistic treated mice compared
to spleens of control mice (Figure S44A). Percentages and absolute values of
total cp4" and cp8' T cells were not affected in the spleen (Figure 34 and
Figure S4B). Similarly, circulating cD4* and cD8* T cells and their activation
status was unchanged (Figure S5). However, the activation status of splenic
T cells, as measured by the expression of activation marker cD69, was de-
creased in PD-1agonist treated mice (PD-1: 23.3 + 4.6% Vs. control: 29.2 + 5.4%,
pP=0.005) (Figure 3A). Moreover, a significant decrease in pro-atherogenic
IFNY-producing cells was seen in both cD4* and cD8* populations upon PD-1
stimulation (CD4* T cells: PD-1: 5.1 + 0.9% Vs. control: 6.6 + 1.6% P=0.005; CD8*
T cells: PD-1: 4.9 + 0.8% vs. control: 6.2 + 1.2% for control, P=0.006) (Figure
3B, C, Figure S6), whereas a significant increase in atheroprotective CD4" IL-
10-producing cells was found after PD-1 stimulation (PD-1: 2.8 + 0.8% vs. con-
trol: 1.9 + 0.8%, P=0.003). In the lymph nodes draining from the heart, we
did not observe differences in T cell numbers or activation status (data not
shown). Locally in the atherosclerotic plaque, a decrease in the number of
cD4' T cells after PD-1 stimulation was observed (PD-1: 4.5 + 0.6 vs. control:
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7.0 £ 0.8, p=0.008) (Figure 3D), while the number of cD8* T cells was relative-
ly low and did not significantly differ between the groups (PD-1: 1.2 + 0.4 Vs.
control: 0.8 = 0.2, P=0.61) (Figure S5c).

INCREASED CIRCULATING Bl CELLS AND OXLDL-SPECIFIC
IGM IN AGONISTIC PD-1 TREATED MICE

As T cells play an important role in B cell activation, and PD-1 is also ex-
pressed on activated B cells, we anticipated pPD-1 stimulation may also af-
fect humoral immunity during atherosclerosis development. Although
total circulating B cells were unaltered after 6 weeks of PD-1 stimulation,
we did observe a significant increase in B1 cells (PD-1: 6.9 * 1.4% vs. control:
5.4 + 1.7%, P=0.01, Figure 44). In line with this finding, total serum IgM lev-
els as well as oXLDL-specific IgM levels were increased by pD-1 stimulation
(Figure 4B). Notably, the levels of OXLDL IgM were inceased to a greater ex-
tent than total IgM, indicating also a relative increase of atheroprotective
IgM. Total oxLDL-specific IgG were also increased after PD-1 stimulation.
Similarly to the short-term experiment, an increase of circulating BREGS
was observed, although not statistically significant (PD-1: 0.34 * 0.07% Vs.
control: 0.23 + 0.05%, Figure 44).

PD-1 STIMULATION REDUCES PLAQUE DEVELOPMENT IN
THE AORTIC ROOT

Given the immunosuppressive effect of pp-1 stimulation, we investigat-
ed the effect of pD-1 stimulation on atherosclerotic plaque development.
LDLR”" mice treated with an agonistic PD-1 antibody showed a 26.4% small-
er plaque size compared to the control group (PD-1: 2.40 + 0.25 X 10° pm? vs.
control: 3.22 + 0.25 X 10° pm?, P=0.04) (Figure 5a). Similarly, when plaque
size was calculated as a percentage of the total lumen area a significant de-
crease was seen in PD-1 stimulated mice (PD-1: 23.0 = 1.8% vs. control: 30.0 =
2.1%, P=0.02). The percentage of collagen in the plaque was similar in both
groups (PD-1: 27.3 + 2.2% vS. control: 28.0 * 1.5%, Figure 5B). Likewise, the ne-
crotic core content of the plaque (PD-1: 14.1 + 1.9% Vvs. control: 19.0 + 2.2%)
and the macrophage content in the plaque as assessed by MOMA-2 staining
(PD-1: 30.5 + 2.8% Vvs. control: 32.6 = 2.3%) did not differ between the groups
(Figure 5c).
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Discussion

Immune checkpoint proteins are extremely potent targets to modulate im-
munity in autoimmune diseases such as cardiovascular disease.?3>+?” In this
study, we show that stimulation of signaling through the immune check-
point protein PD-1 inhibits atherosclerotic lesion development in wrD-fed
LDLR” mice despite elevated serum cholesterol levels. This is accompanied
by a decrease in inflammatory monocytes in peripheral blood in the early
stages and a decrease in IFNy-producing T cells, while atheroprotectivelL-10
producing T cells, BREGS, B1 cells and oXLDL IgM levels were increased .

Previously, it was shown that absence of PD-1/PD-L1/2 signaling can ag-
gravate atherosclerosis by enhancing T cell proliferation, activation of
both cp4" as cp8* T cells, and more specifically by increasing pro-athero-
genic IFNY production by T cells.?? In line with these findings, we show
that agonistic PD-1treatment resulted in a strongly impaired proliferative
capacity of T cells, with a concomitant shift from THi-associated IFNy-
producing cD4" cells towards anti-inflammatory IL-10 producing cp4* T
cells. This was accompanied by a significant decrease in cD4' T cell num-
bers in the plaque. This is not surprising, as pD-1 signaling is known to
suppress T cell activation and proliferation.®2° Reduced IFNy-producing
T cells in our agonistic PD-1 treated mice likely contributed to diminished
atherosclerosis, as administration of exogenous IFNY to APOE” mice re-
sulted in an increase plaque formation,’® while LDLR”IFNY” mice devel-
oped smaller plaques compared to control.3' In contrast, IL-10 has well-de-
scribed anti-atherogenic properties3 and is often associated with regula-
tory T cells, which can suppress activation and proliferation of immune
cells during atherosclerosis, including IFNy-producing cp4* T cells.33
Despite our observed reduction in T cell proliferation and IFNy-producing
T cells in agonistic PD-1 treated mice, we did not observe a difference in
the percentage of FOXP3* CD4" T cells in the circulation (Figure S5a). That
pD-1directly acts on pro-atherogenic T cells without affecting Treg levels,
was also described by Bu et al. who showed that pD-1 deficiency in LDLR”
mice did not alter cp4'Foxpr3* T cells.?®

Furthermore, we also observed a decrease in IFNy-producing cpD8* T
cells, which are considered pro-atherogenic due to their cytotoxic capac-
ity and inflammatory cytokine production.3+ This is in line with previ-
ous studies in which PD-1”"LDLR”" mice showed an increase in pro-inflam-
matory cytokine expression, including IFNy by cp8* T cells, and in which

CHAPTER 9 PD-1 AGONISM DECREASES ATHEROSCLEROSIS IN LDLR / MICE

201



202

pPD-1 blockade induced 1FNYy production by both cp4* and cD8* T cells.”
Moreover, PD-1 expressing cD8* T cells from patients with atherosclerosis
produced more anti-atherogenic IL-10 and less pro-atherogenic cytokines
(IFNY, TNFa) compared to PD-1CD8" T cells, further supporting a protec-
tive role for pD-1in T cell-mediated immunity. Interestingly, cD8" T cells
can also control monopoiesis and circulating monocyte levels in athero-
sclerosis,’s which may have contributed to our observed reduction in cir-
culating monocytes. The latter can also result from reduced T cell activa-
tionin PD-1agonist treated mice as it has been shown that activated T cells
can induce pro-inflammatory cytokine secretion by monocytes.:° Lack of
this monocyte activation upon pD-1 stimulation possibly prevents influx
of new monocytes into the circulation. We show this reduction in mono-
cytes is directly associated with PD-1 stimulation, as treatment with an
isotype control resulted in comparable monocyte levels to PBS treatment.
Due to limited statistical power in that particular experiment, no con-
crete conclusion can be drawn on atherosclerosis development. Agonistic
PD-1 treatment was only able to delay wTD-induced monocytosis, as rela-
tive monocyte levels did not differ between control and PD-1agonist treat-
ed mice after 6 weeks of treatment. Although we have no supportive ev-
idence, the comparable levels of monocytes at sacrifice could be attrib-
uted to enhanced monocyte release from the bone marrow in PD-1 ago-
nist treated mice to compensate for the reduced monocytes in the first
few weeks of the treatment. As we also observe decreased monocyte lev-
els in the spleen after 3 weeks of treatment, it is also a possibility that
monocytes from the splenic reservoir3 are suppressed during the initial
weeks of PD-1 agonist treatment, resulting in reduced circulating mono-
cytes. Notably, we did not observe a difference in macrophage content in
the plaque, rendering it unlikely that the observed reduction in mono-
cytelevels during the first weeks of the treatment is solely responsible for
the observed plaque size reduction upon PD-1 agonism. However, a more
detailed analysis regarding macrophage subsets in the plaque may shed
more light on the underlying mechanisms involved.

The PD-1/PD-L1/L2 pathway is not only an important negative regulator
of T cell responses but can also impact B cell immunity.>3® Although PD-L1
expressing B cells have been more extensively investigated, pD-1 is also
upregulated on activated B cells and these pD-1' B cells have been linked to
cD4 and cD8 T cell suppression previously.®>3%3° Within 2 weeks upon pD-1
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stimulation, we already observed elevated circulating cp5'cpid® regula-
tory B cells, which could possibly exert an atheroprotective role by sup-
pressing T cells. Previously, decreased amount of circulating BREGS were
shownin patients with coronary atherosclerosis compared to healthy con-
trols+° and we showed that adoptive transfer of IL-10* BREGS in LDLR” mice
reduced total leukocyte counts, lymphocytes, monocytes and activated T
cellsin circulation.+ Notably, this adoptive transfer of IL-10* BREGS as well
aslack of iL-10 producing B cells in LDLR” mice#* did not affect plaque size,
suggesting our observed increase in BREGS upon PD-1agonism mainly con-
tributes to reduced inflammation. Finally, we also found elevated levels
of B1 cells in the circulation after pD-1 stimulation. B1 cells are considered
atheroprotective via their production of primarily IgM natural antibod-
ies directed at amongst others to 0XLDL, which can prevent foam cell for-
mation, and facilitate the clearance of apoptotic cells.* Corresponding to
the increase in B1 cells, we observed elevated serum IgM levels and more
specifically an absolute and relative increase in OXLDL-specific IgM, which
has been shown to inversely relate to the incidence of CvD.44

Finally, we would like to address a few findings that warrant further
research. First of all, our study was performed in female mice. Previous
studies investigating the PD-1/PD-L1 pathway were performed in either
male?? or female mice, > and in both sexes PD-1 or PD-L1 deficiency aggra-
vated atherosclerosis development. Therefore we do not anticipate sex
differences upon pD-1 stimulation in our atherosclerosis model, although
further research would be necessary to confirm this. Moreover, we also
observed an enlargement of the spleen after pD-1 stimulation, while
the amount of splenocytes, white pulp content and fat deposits is simi-
lar to those in control mice after 6 weeks of treatment. Previous studies
using radioactively labeled monoclonal antibodies show that the spleen
is a preferential site of accumulation for therapeutic antibodies,*> which
could possibly explain this observation. Finally, despite decreased ath-
erosclerosis, we did observe elevated cholesterol levels in our PD-1 ago-
nist treated mice. This is in contrast to Cochain et al. who found increased
cholesterol levels upon PD-1 deficiency in LDLR”- mice??, while cholesterol
levels remained unchanged in other studies investigating pD-1/pPD-L1 defi-
ciency in atherosclerosis.>>* It thus remains to be elucidated whether the
observed effect on serum cholesterol levels in our study is directly related
to pD-1agonism or whether this is a secondary effect. Despite the increase
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in cholesterol levels, we did observe a decrease in atherosclerosis devel-
opment, suggesting that the atheroprotective effects that we observe on
the immune system upon PD-1 treatment are effective in counteracting
the increase in serum cholesterol levels. Further research investigating
the direct effects on PD-1agonism on cholesterol metabolism may provide
mechanistic insights in this regard.

Given the recent advances in immune modulation as treatment for ath-
erosclerosis,+ our data show that PD-1 stimulation is a possible treatment
to reduce atherosclerosis development. Although our study provides
novel insights in the role of the PD-1 pathway in atherosclerosis, caution
is warranted when using this target for treatment. While dampening the
immune system and thus stimulation of the PD-1/PD-L1 axis is a potential
pathway to reduce progression of atherosclerosis, activation of the im-
mune system by blockade of the PD-1/PD-L1 pathway has shown promis-
ing results in the treatment of several cancers.+ Indeed, a number of pa-
tients treated with anti-PD-1 or PD-L1 show cardiotoxicity, mostly myocar-
ditis, especially in combination with anti-CTLA4 treatment.+* Although
more research is needed to enhance our knowledge regarding this am-
bivalence, recently it was reported that melanoma patients receiving an-
ti-PD-1 and anti-CTLA4 treatment did not show a direct effect on athero-
sclerosis after 10 weeks of treatment.+®

In conclusion, our data show that stimulation of the co-inhibitory PD-1
pathway inhibits atherosclerosis development via modulation of the im-
mune response and supports that stimulation of co-inhibitory molecules
canbe a potential therapeutic strategy to limit atherosclerosis.
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Figure 1 Short term pp-1 stimulation alters monocyte levels and inhibits T cell
proliferation. (a) Experimental setup. LDLR”" mice were fed a wrb or chow diet for

2 weeks while receiving an agonistic ppD-1 antibody or control vehicle. (8) The weight
and serum cholesterol levels were assessed before and after treatment. (c) Peripheral
blood and (p) splenic monocyte percentages were measured by flow cytometry. (E)
Proliferation of splenocytes after 3 days of stimulation with anti-cp3 and anti-cp28
measured by [3H]thymidine labeling (n=5/group). (F). Regulatory B cells in peripheral
bloodwere measured by flow cytometry. Data are displayed as mean : SEM. Statistics was
performed using one-way ANovA, with post-hoc comparison using Dunnett’s multiple
comparisons test, comparing control chow and pp-1 WTD groups to the control wrp
group. pvalues <0.05 are considered significant. * p<0.05, ** P<0.01, *** P<0.001.
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Figure 2 Agonistic pp-1 treatment inhibits wrp-induced increase in circulating
monocytes. (A) Experimental setup. LDLR” mice were fed a wrp for 6 weeks while
receiving an agonistic pp-1 antibody (n=15) or control vehicle (n=14). (8) Weight and serum
cholesterol levels were assessed before, during and after treatment. Total monocytes
(cpub'Ly6GLY6C’), inflammatory monocytes (CD11b’LY6 G LY6CMé") and patrolling
monocytes (CD11b*LY6G'LY6 C'™) were measured by flow cytometry in peripheral blood (c)
and spleen (D). Mean + SEM are shown. Statistics was performed using unpaired T-test. P

Figure 3 pp-1 stimulation promotes an anti-atherogenic T cell phenotype. (a)

The amount of cp4* and cp8'* T cells and their expression of cD69 was measured in
splenocytes by flow cytometry. To measure intracellular cytokines, splenocytes were
stimulated for 4 hours with pMa/ionomycin and BREFA. (B) Representative dotplots and
(c) data graphs of intracellular IFNYy and 1L-10 within cp4* and cp8* T cells are shown.

(D) cp4* T cell numbers in the atherosclerotic plaque were manually scored. Scale bars
indicate sopm. Mean = SEM are shown. Statistics was performed using unpaired T-test. p

values <0.05 are considered significant. * P<0.05, *** P<0.001, **** P<0.0001.
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values <0.05 are considered significant. ** p<o.01.
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Figure 4 Elevated 81 cells and oxLpL-IgM levels in agonistic pp-1 treated mice.

Total cp19* B cells, and B1 cells (cp19°B220") and regulatory B cells (cp19*cp5'cp1d")
were measured by flow cytometry in blood (a). Total serum IgM (pg/ml), cu-oxLpL IgM
(relative light units (RLu)/100ms) and the cu-oxLpL IgM/total IgM ratio measured by
ELISA (B). Mean + SEM are shown. Statistics was performed using unpaired T-test. pvalues
<0.05 are considered significant. * P<0.05, ** P<0.01, *** P<0.001, **** P< 0.0001
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Figure 5 pp-1stimulation inhibits atherosclerosis development. Aortic root plaque size and
composition was determined using an Oil-Red-O staining and representative images of the stainings
are shown. Data is shown as total plaque size, and as percentage of total valve area (a). Collagen
content and necrotic core size were determined using trichrome staining, and are showed as
percentage of the total plaque (B). Macrophage content was determined using MoMa-2 antibody
staining, and is shown as total MOMA-2 positive area, as well as the percentage of total plaque (c).
Scale bars indicate 250um. Mean + SEM are shown. Statistics was performed using unpaired T-test.

P values <0.05 are considered significant. * p<0.05.
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All mentioned supplementary figures and tables in this chapter can be found on
the corresponding website by scanning this QR code.
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