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HIGHLIGHTS

e Immunotherapeutic strategies to combat cardiovascular disease are on the rise.
e Immune checkpoints are potent therapeutic targets in oncology and autoimmune diseases.
e Immune checkpoint-based therapeutics have great potential in cardiovascular disease.

SUMMARY

The benefits of current state-of-the-art treatments to combat atherosclerotic cardiovascular disease (ASCVD) have
stagnated. Treatments are mostly based on controlling cardiovascular risk factors, especially hyperlipidemia. Although
the most recent advances with PCSK-9 inhibitors support the hyperlipidemia aspect of ASCVD, several lines of experi-
mental evidence have outlined that atherosclerosis is also driven by inflammation. In the past years, phase 1, 2, and 3
clinical trials targeting inflammation to combat ASCVD have revealed that patients do tolerate such immune therapies,
show decreases in inflammatory markers, and/or have reductions in cardiovascular endpoints. However, the search for
the optimal anti-inflammatory or immune-modulating strategy and the stratification of patients who would benefit from
such treatments and appropriate treatment regimens to combat ASCVD is only just beginning. In this review, we focus on
immune checkpoint-based therapeutics (costimulation and coinhibition), many of which are already approved by the U.S.
Food and Drug Administration for the treatment of cancer or autoimmune diseases, and discuss their use as a novel
immunotherapeutic strategy to treat ASCVD. (J Am Coll Cardiol Basic Trans Science 2024;9:827-843) © 2024 The
Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Ithough significant reductions in cardiovas-
cular mortality and morbidity have been
achieved using low-density lipoprotein (LDL)
cholesterol-lowering therapies, antihypertensive
agents, and the treatment of atherosclerotic cardiovas-
cular disease (ASCVD)-aggravating diseases, including

diabetes mellitus and obesity, ASCVD still poses a huge

global health burden.'* Consequently, over the past 5
years, the gold standard of treating patients with
ASCVD has been shifting, and novel therapeutic strate-
gies, including anti-inflammatory and immunothera-
peutic approaches, are being introduced.*

Besides hyperlipidemia, inflammation is an
important aspect in the pathogenesis of
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ABBREVIATIONS
AND ACRONYMS

APC = antigen-presenting cell

ASCVD = atherosclerotic
cardiovascular disease

CAD = coronary artery disease

ICI = immune checkpoint
inhibitor

LDL = low-density lipoprotein

SLE = systemic lupus
erythematosus

SMI = small-molecule inhibitor

Th1 = T-helper cell type 1

Treq = regulatory T

atherosclerosis. In the past 35 years, we have
learned that immune cells are common in-
habitants of both the nondiseased arterial
wall and atherosclerotic plaque and that a
large variability of types
and subsets populate nondiseased and
atherosclerotic arteries. Furthermore,
and preclinical

immune cell

numerous experimental
studies have proved a key role for both the
innate and adaptive immune systems in

atherosclerosis.>®

CURRENT IMMUNOTHERAPIES
FOR ASCVD

The first proof that targeting the innate immune
system improves ASCVD outcomes in humans came
several years ago from CANTOS (Canakinumab Anti-
Inflammatory Thrombosis Outcomes Study) in which
patients with histories of myocardial infarction and
high-sensitivity C-reactive protein levels >2 mg/dL
were randomized to the interleukin (IL)-1f antago-
nistic antibody canakinumab or placebo.” The
LoDoCo (Low-Dose Colchicine),® LoDoCo02,° and
COLCOT (Colchicine Cardiovascular Outcomes
Trial)'° trials showed that the anti-inflammatory
agent colchicine reduced ASCVD risk in patients
with coronary artery disease (CAD) or recent
myocardial infarction. Phase 1 and 2 trials studying
the effects of IL-6 blockade on ASCVD parameters
using tocilizumab'"'” and ziltivekimab'® showed
promising results, and results of IL-6 blockade in
larger patient cohorts (ZEUS [Ziltivekimab Cardio-
vascular Outcomes Study]; NCT05021835) are awai-
ted.'* Also, inhibition of the antiphagocytic molecule
CD47 by magrolimab in patients with cancer has been
noted to reduce vascular inflammation in the carotid
artery, as measured by ®F fluorodeoxyglucose up-
take."” However, not all anti-inflammatory treatments
improved ASCVD outcomes. In the CIRT (Cardiovas-
cular Inflammation Reduction Trial), patients with
previous myocardial infarction or 3-vessel disease
and diabetes or the metabolic syndrome were treated
with weekly low-dose methotrexate, which failed to
improve ASCVD endpoints and was associated with
elevations in liver enzymes, lower leukocyte counts,
and an increased level of basal cell carcinoma.'® Thus,
it might be speculated that a more targeted mecha-
nistic and anti-inflammatory therapy might be
necessary for the treatment of patients with
atherosclerosis.

Targeting the adaptive immune system in patients
with ASCVD also has great potential. In a safety study,
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mature B cells were depleted in patients with acute
ST-segment elevation myocardial infarction using the
anti-CD20 antibody rituximab (RITA-MI [Rituximab
in Patients With Acute ST-Elevation Myocardial
Infarction]), which was deemed safe and effective.'”
Another therapeutic strategy that targets the adap-
tive immune system is currently being tested in the
IVORY (Low-Dose Interleukin 2 for the Reduction of
Vascular Inflammation in Acute Coronary Syndromes;
NCT04241601) trial.'’® In this strategy, low-dose IL-2
treatment is given to patients with acute coronary
syndromes to reduce vascular inflammation. It fol-
lows the LILACS (Low Dose IL-2 in Patients With
Stable Ischemic Heart Disease and Acute Coronary
Syndromes) trial as the first proof-of-concept safety
and biological efficacy study of low-dose IL-2 treat-
ment. LILACS demonstrated significant expansion of
regulatory T (T,eg) cells without major adverse events
in patients with ischemic heart disease;'® preclinical
studies confirm an antiatherosclerotic effect of IL-2-
based approaches.

Although the first trials showed that immuno-
therapeutic agents are a promising and novel
strategy to lower ASCVD burden, this field is still
under development, and novel and better immu-
notherapeutic approaches designed to combat
ASCVD are eagerly awaited.”® A very potent class of
immunotherapeutic agents that have proved their
efficacy in cancer and autoimmune diseases are
Costimulatory and Coinhibitory immune checkpoint
modulators.”’ In this review, we discuss the poten-
tial of immune checkpoint modulators to combat
ASCVD.

IMMUNE CHECKPOINTS

Immune checkpoint proteins are Costimulatory or
Coinhibitory molecules that are master regulators of a
wide range of immune reactions. Classically, Co-
stimulatory molecules are known as “signal 2”:
following the recognition of an antigen by the T cell
receptor, costimulation is required to boost (and in
some cases dampen) T cell proliferation, activation,
and polarization, whereas Coinhibitory molecules
counteract these responses®”>* (Figure 1). Nowadays,
it is known that immune checkpoints not only
mediate interactions between antigen-presenting
cells (APCs) and T cells but can provide (Cos-
timulatory and Coinhibitory) signals that facilitate
cell-cell communication and drive or dampen
inflammation to a plethora of innate and adaptive
immune cells and nonimmune cells, including endo-
thelial cells, fibroblasts, vascular smooth muscle


https://clinicaltrials.gov/study/NCT05021835
https://clinicaltrials.gov/study/NCT04241601
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FIGURE 1 The Changing View of the Functions of Costimulatory and Coinhibitory Immune Checkpoints
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(A) Classic view: Costimulation and coinhibition are “signal 2" after interactions between T cells and antigen-presenting cells (signal 1). (B)
Current view: Costimulation and coinhibition involve interactions among multiple cell types. APC = antigen-presenting cell; EC = endothelial
cells; TCR = T cell receptor; VSMC = vascular smooth muscle cell.
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CENTRAL ILLUSTRATION Immune Checkpoints and Current and Immune Checkpoint-Based
Therapies in Cancer and Autoimmune Diseases and Potential Applications for ASCVD

Current IC-based
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in oncology and
autoimmune diseases
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C Potential of IC-based

therapies to treat ASCVD

Abatacept
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(A) Immune checkpoints (ICs) are master regulators of immune responses and cell-cell communication of non-immune cells. ICs exert
costimulatory and/ or coinhibitory signals. (B) IC-based therapies are a current treatment for variety of cancer patients to enhance the
tumor-killing capacity of immune cells, as well as for autoimmune diseases to reduce inflammatory response in diseases such systemic lupus
erythematosus (SLE), multiple sclerosis, psoriasis, Crohn's disease or rheumatoid arthritis (RA). (C) Abatacept treatment (CTLA-4 ligand
fusion protein that blocks the costimulatory CD28-CD80/CD86 axis) in RA patients led to decrease of ASCVD events in these patients.

(D) Preclinical studies in atherosclerotic mouse models (ApoE-/ LDLr-deficient mice) have proven ICs as critical drivers in atherosclerosis.
IC-based therapy in ASCVD to inhibit costimulation and/ or activate coinhibition are a promising tool. Celltype-specific and disease stage-
specific treatment is pivotal for successful ASCVD therapy. Critical monitoring and assessment of side-effects in clinical trials is required
before potential applications in ASCVD patients. ApoE = Apolipoprotein E; ASCVD = atherosclerotic cardiovascular disease; IC = immune
checkpoint; LDLr = low-density lipoprotein receptor; RA = rheumatoid arthritis; SLE = systemic lupus erythematosus.

cells, epithelial cells, and cancer cells®* (Figure 1,
Central Illustration A).

Immune checkpoints belong to 2 major families:
the immunoglobulin superfamily, which houses both
Costimulatory and Coinhibitory immune checkpoint

dyads, and the tumor necrosis factor (TNF) receptor
superfamily, which houses Costimulatory immune
checkpoint proteins, although some of them have
Coinhibitory functions (Figure 2).>> The immuno-
globulin superfamily contains members such as
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FIGURE 2 Overview of the Most Important Members of the Inmunoglobulin and TNF(R) Superfamilies of Costimulatory and Coinhibitory
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The Immunoglobulin superfamily consists of both costimulatory and coinhibitory proteins, of which some have a dual costimulatory and
coinhibitory function. The tumor necrosis-factor (receptor) (TNF(R)) family only consists of costimulatory immune checkpoints, although may
also exhibit immunomodulatory, coinhibitory-like functions. Note that many of the receptor-ligand pairs depicted in this figure are not limited
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to expression by T-cells and APCs but can be expressed by many cell-types. APC = antigen-presenting cell.

CD28-CD80/CD86, CTLA4-CD80/86, PD-L1/2-PD-1,
LAG3 (lymphocyte activation gene 3), ICOS-ICOSL,
BTLA, CD200, CD155, TIM3, and VISTA. The most
well-known members of the TNF receptor superfam-
ily are CD40L-CD40, 0X40-0X40L, CD27-CD70, GITR-
GITRL, CDi137-CD137L, CD30-CD30L, LTBR-LTa/B,
RANK-RANKL, Fn14-TWEAK, and LIGHT-HVEM/LTBR
(Figure 2). Although each immune checkpoint
receptor-ligand pair has a unique function within the
immune system that is often cell type specific, as a
rule of thumb, Costimulatory immune checkpoints
mostly aggravate inflammation, whereas Coinhibitory
checkpoints dampen inflammation.

IMMUNE CHECKPOINT-BASED THERAPIES
IN ONCOLOGY

Immune checkpoint-based therapies have revolu-
tionized the treatment of patients with a large variety

of cancers. Inhibition of Coinhibitory immune

checkpoints,
points, or a combination of both efficiently activates

activation of Costimulatory check-

cytotoxic T cell responses to effectively kill tumor
cells (Figure 3). The concept of immune checkpoint-
based therapies for the treatment of cancer was pio-
neered by Dr James Allison, who received the Nobel
Prize for this work in 2018, showing that blocking the
Coinhibitory immune checkpoint CTLA4 can regress
tumors in mice.?® Later, it was shown that blocking
the Coinhibitory immune checkpoint PD-1 or PD-L1
had similar effects.”” CTLA4 antibodies (ipilimumab)
were shown to extend survival among patients with
metastatic melanoma,?®?° and ipilimumab was
approved for this disease in 2011, followed by
approval for anti-PD-1 therapy (pembrolizumab and
nivolumab) in 2014.3° Since then, the use of immune
checkpoint-based
approved for >50 indications and is now being used

immunotherapies has been

in different types of primary and metastasized can-

cers, including melanoma, non-small cell lung
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FIGURE 3 Different Pathologies Require Divergent Immune Checkpoint-Based Inmunotherapeutic Strategies
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EC = endothelial cell; SMI = small-molecule inhibitor; TCR = T cell receptor; VSMC = vascular smooth muscle cell.

cancer, advanced renal cell carcinoma, gastric and
esophageal cancers, urothelial carcinoma, pleural
mesothelioma, hepatocellular carcinoma, therapy-
resistant colorectal carcinomas, and head and neck
squamous cell carcinoma. However, inhibition of the
inhibitory immune checkpoint also has its limita-
tions. About 50% of patients are resistant to current
treatments, because of “tumor escape” pathways,
mostly linked to tumor-associated immune-suppres-
sive mechanisms.?’ Immune checkpoint inhibitor
(ICI) therapies are increasingly combined with other
treatment modalities, such as chemotherapy, radio-
therapy, and targeted therapies by small-molecule
inhibitors (SMIs), with the addition of Costimulatory
immune checkpoint agonists, thereby enhancing
treatment efficacy.

Costimulatory immune checkpoint activation en-
hances the level of immunologic responses to malig-
nant cells. Agonists against the Costimulatory
immune checkpoints 0X40, CD137, CD27, ICOS, and
GITR, in combination with coinhibitory immune
checkpoint antagonists (ie, as bispecific anti-
bodies),**** chemotherapy, or irradiation, have
reduced tumor load in experimental models**>°
and/or have entered the clinical trial arena.’®3”
Recently, it was reported that in patients with
advanced pancreatic duct adenocarcinoma, combi-
nation treatment with an allogeneic tumor lysate
vaccine plus a CD40 agonist enhanced tumor-specific
immune responses and was safe.’® When agonistic
CD40 antibodies were combined with chemotherapy,
this treatment regimen did not improve survival in
patients with pancreatic duct adenocarcinoma.>®

However, a plethora of clinical trials testing the po-
tential of Costimulatory immune checkpoint agonist
as part of an immunotherapeutic regimen to treat a
diversity of cancers are still ongoing, and the results
are eagerly awaited.

IMMUNE CHECKPOINT-BASED THERAPIES IN
AUTOIMMUNE DISEASES

Costimulatory and Coinhibitory immune checkpoints
are key mediators of chronic inflammatory diseases,
including systemic lupus erythematosus (SLE),
lupus nephritis, multiple sclerosis, Crohn’s disease,
Sjogren syndrome, and rheumatoid arthritis, and are
considered potent immunotherapeutic targets for
this subclass of diseases®*° (Figure 3, Central
Illustration B). Abatacept, the first and most admin-
istered U.S. Food and Drug Administration-approved
drug blocking costimulation, blocks CD80/CD86-
mediated costimulation and is an IgG1-CTLA4 fusion
protein with a high affinity for CD80/CD86 that pre-
vents CD28-CD80/86 interactions. Abatacept is indi-
cated for the treatment of adult moderate to severe
rheumatoid arthritis and acute psoriatic arthritis and
for the prevention of graft vs host disease, and it is
particularly effective as therapy for patients with
rheumatoid arthritis with inadequate response to
methotrexate or anti-TNFo treatment.*’ Another
Costimulatory dyad that plays a major role in the
pathogenesis of autoimmune diseases is CD40-
CD40L. CD40-CD40L interactions are crucial for T
cell activation, antibody production, and immune
globulin (Ig) isotype switching.*” Treatment with the
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anti-CD40L antibody ruplizumab has shown prom-
ising results in ameliorating lupus glomerulone-
phritis,** but the trial was halted prematurely
because of thromboembolic complications. A
different anti-CD40L antibody, dapirolizumab pegol,
improved clinical features of SLE, was well tolerated,
did not cause thromboembolic complications,** and
is currently being tested in patients with SLE in a
phase 3 trial (NCT04294667). Other anti-CD40L anti-
bodies, including VIB4920, a CD40L-binding protein,
and SAR441344, a CD40L monoclonal antibody, have
passed their respective phase 1 trials and are
currently being tested in phase 2 trials in subjects
with rheumatoid arthritis (NCT04163991) and Sjogren
syndrome (NCT04572841). Also, antibodies targeting
CD40 have entered the clinical trial arena and have
shown promising preliminary results in the treatment
of patients with psoriasis,*> rheumatoid arthritis,*®
Graves’s disease,*’” and Crohn’s disease.*® Other
therapeutics antagonizing Costimulatory immune
checkpoints (such as CD28, CD137, ICOS, APRIL,
CD40, and CD40L) or antagonizing Coinhibitory im-
mune checkpoints (such as PD-1 and BTLA) have been
developed and are currently being tested in phase 1,
2, and 3 trials to evaluate their efficacy in the treat-
ment of autoimmune diseases.*?>°
IMMUNE CHECKPOINTS IN
ATHEROSCLEROSIS

Although immune checkpoint-based therapies have
been rapidly integrated in oncology and are increas-
ingly being used in autoimmune diseases, especially
rheumatoid diseases, their exploitation in ASCVD is
still in a preclinical stage (Figure 3). However,
numerous preclinical studies have proved that
modulation of immune checkpoint pathways has the
potential to become a beneficial therapeutic strategy
for the treatment of patients with atherosclerosis.”
An overview of the most important preclinical re-
sults of Costimulatory and Coinhibitory immune
checkpoint inhibition or activation can be found in
Tables 1 to 3 and Central Illustration D. Here, we re-
view the results of the Costimulatory and Coinhibi-
tory immune checkpoints that have shown relevance
in human disease and/or have potential to become
immunotherapeutic targets to combat ASCVD in
humans.

CD28/CTLA4-CD80/86. The CD28/CTLA4-CD80/CD86
Costimulatory and Coinhibitory immune checkpoint
pathway, part of the immunoglobulin superfamily, has
been studied extensively for many years. Both CD80
and CD86 are expressed on APCs, particularly B cells,
dendritic cells, and macrophages, and the expression

Nitz et al
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of CD28 and CTLA4 is confined to T cells. Upon inter-
action with CD80/CD86, CD28 propagates T cell re-
sponses and promotes survival and memory cell
formation of CD4* and CD8* T cells, whereas CTLA4
limits T cell activation and promotes T,eg cell expan-
sion and suppression.”’ In atherosclerotic mouse
models, deficiency of CD80/86 reduces atherosclerosis
because of diminished T effector cell responses.>”
Interestingly, chimeric Cd80/Cd86~/"LDLr~/~ mice
show aggravated atherosclerosis because of a reduc-
tion in Tyeg cell numbers.>® These contradictory data
emphasize the power of the CD28/CTLA4-CD80/CD86
pathway to modulate immune responses and deter-
mine disease outcomes. Overexpression of Coinhibi-
tory CTLA4 reduced atherosclerotic burden and
plaque inflammation as well as aneurysm formation in
Apoe~'~ mice because of a decrease in effector T
cells.>**>> Antibody-mediated inhibition of CTLA4
accelerated atherosclerosis progression and resulted
in T cell-rich plaques with increased necrotic cores.®
In human atherosclerotic plaques, expression of
CD80/CDS86 is correlated with plaque vulnerability,>”
and a recent bioinformatics study identified CD86 as
1 of 6 genes driving immune cell activation in human
atherosclerosis.>® Patients with CAD and those at risk
for stroke displayed an increased expression of CD80
and CD86 on monocyte-derived dendritic cells and B
cells.>® Moreover, ex vivo inhibition of CD80 with the
preclinical anti-CD86 compound RhuDex reduced
cytokine production in human atherosclerotic pla-
ques.®® Experimental studies have shown that abata-
cept successfully decreases atherosclerosis burden in
Ldlr~'~ mice and neointima formation in C57Bl/6J
mice. The plaques in these mice contained fewer
MHCII" cells, fewer smooth muscle cells, and less
collagen, suggesting that CD80/86 inhibition halts the
progression of atherosclerosis.®® Abatacept has also
been shown to block age-related heart failure in mice
and to ameliorate systolic and diastolic heart func-
tion.®? Although only limited data are available on the
effects of abatacept on cardiovascular disease in
humans, data obtained from rheumatoid arthritis tri-
als mostly show a beneficial impact of abatacept on
ASCVD outcomes (Central Illustration €).°3®> Abata-
cept treatment resulted in a significant reduction of
ASCVD (HR: 0.50; 95% CI: 0.30-0.83) in a study
comparing biologic agents with synthetic disease-
modifying antirheumatic drugs,®®> and abatacept
reduced ASCVDriskin TNFa nonresponders in a 2-year
follow-up for myocardial infarction, major adverse
cardiovascular events, stroke, and heart failure
compared with rituximab.®* Similar results were
found in a study in which patients with rheumatoid
arthritis using TNFa inhibitors were compared with
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TABLE 1 Experimental Atherosclerosis Studies on Costimulatory and Coinhibitory Inmune Checkpoint M

Immune
Checkpoint Dyad

Atherosclerosis Model
(Genetic Model/ICI/SMI)

Atherosclerotic
Plaque Phenotype

bers of the lob

9

Intraplaque Immune
Cell Phenotype

Superfamily

First Author (Year)

Costimulation
ICOS-ICOSL

CD28-CD80/CD86

Coinhibition
CTLA4-CD80/CD86

PD-1-PD-L1/2

TIGIT-CD155/CD112/CD113
BTLA-HVEM
CD200R-CD200

LAG3

TIM-3-galectin 9

Costimulation/coinhibition
TIM-1-TIM-4

Icos ™/~ Ldlr~~ BM chimera
(8-wk atherogenic diet)

B7-1/B7-2~/~ (CD80/CD86)
Ldlr~/= (8- and 20-wk
atherogenic diet)

Cd80/Cd86~/~ Ldlr/~ BM and
Cd28~/~ Ldlr~/~ BM chimera
(20-wk atherogenic diet)

Abatacept (CTLA4 ligand fusion
protein) in ApoE3*Leiden;
cuffed FA

Anti-CTLA4, ApoE3*Leiden;
cuffed FA

Ctla4Tg ApoE '~ (16-wk NCD)

Anti-CTLA4 (9D9) in Ldlr—/—
(6-wk atherogenic diet)

Pd-11/12/~ Ldlr /- (6-wk and
16-wk atherogenic diet)

Pd-1"/"Ldlr /= (5-wk and 10-wk
atherogenic diet)

Anti-PD-1in Ldlr /= (5-wk
atherogenic diet)

Pd-1/~Ldlr /= (9-wk atherogenic
diet)

Anti-PD-1 (BEO146) and anti-
CTLA4 (BEO164) in Ldlr /-
(6-wk atherogenic diet)

PD-1 agonist (PIM-2) in Ldlr—/~
(6-wk atherogenic diet)

Anti-TIGIT agonist in Ldlr /-

(4- and 8-wk atherogenic diet)

Anti-BTLA agonist (3C10) in Ldlr /-
(6- and 10-wk atherogenic diet)

Cd200~/~ ApoE~/~ (27-wk NCD)

PCSK9 (rAAV2/8 mediated) in
Lag3~/~; anti-LAG3 (C9B7W) in
Ldlr~~; anti-LAG3 (C9B7W)/
anti-PD-1(29F.1A12)in Ldlr/~;
Lag3~/~ Ldlr~/~ BM chimera (all
6- to 10-wk atherogenic diet)

Anti-TIM-3 (RMT3-23) in Ldlr/~
(8-wk atherogenic diet)”

Anti-TIM-1 (3D10) and anti-TIM-4
(21H12) in Ldlr /= (4-wk
atherogenic diet)

Tim-1Amucin with PCSK9 (rAAV2/
8-D377Y-mPCSK9) (13-wk
atherogenic diet)

AR: 1 lesion size, 1 collagen,
1 aSMA

AR: 1 lesion size, | aSMA,
| collagen

AR: 1 lesion size

FA: | intimal thickening,
| lumen stenosis, 1 aSMA

FA: 1 intimal thickening,
1 lumen stenosis

AR: | lesion size

AR: no effect on lesion size,
1 PIT and FCA, 1 necrotic
core

AR: 1 lesion size, 1 collagen,
1 aSMA

AR: 1 lesion size (10 wk)
No effect on lesion size

AR: 1 lesion size

AA/AR: no effect on lesion
size, | IX, 1 PIT, 1 necrotic
core

AR: | lesion size
AR: no effect on lesion size
AR: | lesion size (6 wk),

1 collagen (10 wk)

AR: 1 lesion size, 1 necrotic
core, | aSMA

AR: no effect on lesion size

AA/AR: 1 lesion size

AR: 1 lesion size

AR: 1 lesion size

1 macrophages, 1t CD4"
T cells

| macrophages (8 wk)

ND

| macrophages and CD3™
T cells

1 CD3* T cells
| macrophages, | CD4"

T cells
1 CD4" T cells

1 macrophages, 1 CD4"/CD8"
T cells

1 macrophages, 1 CD4"/CD8"
T cells

1 CD41/CD8" T cells

1 macrophages, 1 CD4*/CD8"
T cells, 1 Treq cells

| macrophages, 1 CD3*"
T cells

| CD4™ T cells

No effect

| CD4* T cells

1 macrophages

1 CD4" T cells

1 macrophages

1 CD4™ T cells (only anti-TIM-1)

1 macrophages, | CD8"
T cells

Gotsman et al (2006)""

Buono et al (2004)°?

Ait-Oufella et al (2006)*

Ewing et al (2013)°'

Ewing et al (2013)°'
Matsumoto et al (2016)>*

Poels et al (2020)°°

Gotsman et al (2007)'°?
Bu et al (2011)'%?

Bu et al (2011)'%?
Cochain et al (2014)"*

Poels et al (2020)'°*

Grievink et al (2021)'°°
Foks et al (2013)'*
Douna et al (2020)"**
Kassiteridi et al (2021)'**

Mulholland et al (2022)'"®

Foks et al (2013)"?

Foks et al (2016)"*°

Douna et al (2022)"*¢

Up arrows indicate increases, and down arrows indicate decreases. *No isotype control included.

AA = aortic arch; SMA = alpha smooth muscle actin; ApoE = apolipoprotein E; AR = aortic root; BM = bone marrow; BTLA = B- and T-lymphocyte attenuator; CTLA4 = cytotoxic T-lymphocyte-associated
protein 4 (also known as CD152); FA = femoral artery; FCA = fibrous cap atheroma; HVEM = herpes virus entry mediator; ICl = immune checkpoint inhibitor; ICOS(L) = inducible T cell costimulator (ligand);
IX = intimal xanthoma; LAG3 = lymphocyte-activating gene 3; Ldlr = low-density lipoprotein receptor; NCD = normal chow diet; ND = not determined; PD-1 = programmed cell death protein 1; PD-
L1 = programmed death ligand 1; PD-L2 = programmed cell death 1 ligand 2; PIT = pathological intimal thickening; rAAV2/8-D377Y-mPCSK9 = recombinant adeno-associated virus vector serotype 2/
8-D377Y overexpression of murine proprotein convertase subtilisin/kexin type 9; SMI = small-molecule inhibitor; Tg = transgenic—knock-in to induce overexpression; TIGIT = T cell immune receptor with
immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domains; Tim-1Amucin =Tim-1 mucin-domain deficiency; TIM-1/3/4 = transmembrane immunoglobulin and mucin domain-1/3/4;

Tregs = regulatory T.
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TABLE 2 Experimental Atherosclerosis Studies on Costimulatory Immune Checkpoint Members of the TNF(R) Superfamily

atherogenic diet)
Cd40 "/~ ApoE /= (26-wk NCD)

Adoptive transfer of thrombin-
activated Cd40~/~ platelets in
ApoE '~ (29-wk NCD)

TRAF-6/SMI 6877002 and
6860766 in ApoE '~ (18-wk
[early] and 28-wk [advanced]
NCD)

TRAF-6i-HDL with SMI6877002 in
ApoE~/~ (12-wk atherogenic
diet)

Bmx-CreERT2/CD40fl/fl ApoE~/~
(25-wk NCD)

Cd11c-CreTg/Cd40fl/fl ApoE '~
(28-wk NCD)

LysM-CreTgCd40fl/fl-ApoE
(14-wk atherogenic diet)

AdipoQ-CreTgCd40fl/fl-ApoE '/~
(11-wk atherogenic diet)

content

AA: | lesion size, 1 collagen,
1 aSMA

AA: | lesion size, | collagen,
1 FCA and PIT, | lipid content

AA: | lesion size, | FCA,
1 IX (early); | lesion size,
1 collagen, | necrotic core
(advanced)

ND

AR: no effect on lesion size, | lipid
content, 1 collagen, 1 aSMA

AR: | lesion size, 1 aSMA

AA: | lesion size, | necrotic core
AR: | lipid content

AR: | lesion size, 1 necrotic core

| macrophages, | T cells

| macrophages

| macrophages, | CD3" cells

(early); | macrophages
(advanced)

| macrophages and monocyte

in aorta

| macrophages

1 CD4™ T cells

| macrophages

| CD3* T cells

Immune Atherosclerosis
Checkpoint Model (Genetic Atherosclerotic Atherosclerotic Intraplaque Immune
Dyad Model/ICI/SMI) Plaques Phenotype Plaques Phenotype Cell Phenotype First Author (Year)
CD40- CD40L Anti-CD40L in Ldlr/ AA: | wall area, | wall thickness, | macrophages and CD3" Mach et al (1998)%?
CD40L (12-wk atherogenic diet) | lipid content T cells, | V-CAM
Cd40L~/~ApoE '~ (23-wk NCD) AA: | lesion size, 1 collagen | macrophages and CD3" Lutgens et al (1999)"°
T cells
Anti-CD40L in ApoE~/~: 5 wk old AA: no effect on lesion size, | CD3" T cells (early); | Lutgens et al (2000)%°
(early stage), and 17 wk old 1 collagen, 1t aSMA (early and macrophages, | CD3*
(late stage) (12-wk NCD) late); 1 fibrous cap, | lipid T cells (late)
content (late)
Anti-CD40L in Ldlr/~ AA: | wall area and thickness, | macrophages Schonbeck et al (2000)®'
(13-wk atherogenic diet) | collagen, 1 aSMA, | lipid
content
Cd4ol/~Ldlr /= (16-wk AA/AR: | lesion size, 1 collagen, | macrophages Bavendiek et al (2005)"*’
atherogenic diet) 1 aSMA, | lipid content
Cd40l~/~Ldlr/~ BM chimera AA/AR: no effect on lesion size No effect Bavendiek et al (2005)"%”
(16-wk atherogenic diet)
Cd40l/~Ldlr /= BM chimera AR: no effect on lesion size No effect Smook et al (2005)'%®
(20-wk atherogenic diet)
Adoptive transfer of thrombin- AA/AR: | lesion size, | collagen Collar induced: | Lievens et al (2010)”?
activated Cd40l~/~ platelets in (collar induced) CA: | lesion macrophages
ApoE~/~ (29-wk NCD) and in size, | oSMA
collar-induced model (6-wk
atherogenic diet)
cM?7 peptide in Ldlr 7/~ AR: | lesion size, 1 collagen, | macrophages Wolf et al (2011)°8
(20-wk atherogenic diet) | lipid content
Cd4-CreTgCd40lfl/fl ApoE '~ AR: | lesion size, |PIT, | FCA, 1 macrophages, | CD4" Lacy et al (2021)%*
(28-wk NCD) 1 IX, 1 fibrous cap, 1 aSMA, T cells
| necrotic core
Pf4-CreTg Cd4OLlfl/fl ApoE-/; Only with WI: | lesion size ND Lacy et al (2021)%*
WI model (28-wk NCD) (| atherothrombosis)
CD40 Cd40~/~Ldlr /= (16-wk AA: no effect on lesion size, 1 lipid 1 macrophages Zirlik et al (2007)'3°

Lutgens et al (2010)"3

Gerdes et al (2016)'*°

Seijkens et al (2018)°°

Lameijer et al (2018)°”

Gissler et al (2021)%*
Lacy et al (2021)%*
Bosmans et al (2023)"*

Reiche et al (2023)%°

Up arrows indicate increases, and down arrows indicate decreases.

AdipoQ = adiponectin; Bmx-CreERT2 = tamoxifen-inducible bone marrow x Cre recombinase; CA = carotid artery; Cre = Cre recombinase expression under tissue-specific promoter; fl/fl = “floxed" gene:
flanked by loxP sites to be recognized by Cre recombinase; HDL = high-density lipoprotein; LysM = lysozyme M; Pf4 = platelet factor 4; TRAF = tumor necrosis factor receptor-associated factor;
V-CAM = vascular cell adhesion molecule; WI = wire injury; other abbreviations as in Table 1.

abatacept users using the Medicare and MarketScan
databases. Abatacept was associated with a 20%
reduced risk for major adverse cardiovascular events,
and this reduction was particularly true for patients
with diabetes.®® However, when abatacept was

compared with tocilizumab in patients with anti-TNFa.
treatment-resistant rheumatoid arthritis, no benefi-

cial effects on ASCVD outcomes were found.®® Well-

designed clinical trials testing the effects of abata-
cept in an ASCVD setting are still awaited.
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TABLE 3 Experimental Atherosclerosis Studies on Costimulatory Immune Checkpoint Members of the TNF(R) Family

Immune Atherosclerosis Model Atherosclerotic Intraplaque Immune
Checkpoint Dyad (Genetic Model/ICI/SMI) Plaques Phenotype Cell Phenotype First Author (Year)
0X40/0X40L Anti-OX40L (RM134) in Ldlr~/~ 2-wk CA/AR: | lesion size No effect on macrophages Wanrooij et al (2007)'*!
atherogenic diet; CA collar
placement
0x40Ll~/~ApoE /'~ (8-wk atherogenic AR: | lesion size No effect on macrophages Nakano et al (2010)'*?
diet)
0x40L~/~ApoE~/~ BM chimera No effect on lesion size ND Nakano et al (2010)'#?
(8-wk atherogenic diet)
Anti-OX40L (MGP34) in ApoE~/~ AR: | lesion size No effect on macrophages Nakano et al (2010)'*?
(16-wk atherogenic diet)
Anti-OX40L (RM134) in Ldlr/~ (10-wk AA/AR: | lesion size | macrophages, | mast cells Foks et al (2013)'**
atherogenic diet)
CD137/CD137L CD137 agonist (2A) in ApoE "/ Lesion size: ND 1 MHC-Il+ cells, 1 CD8" T cells Olofson et al (2008)'#*
(16-wk NCD)
Cd137/~ApoE~/~ (66-wk NCD) and AR: | lesion size | TNFa. and | MCP-1 Jeon et al (2010)'*°
Cd1377/~Ldlr /= (18-wk
atherogenic diet)
GITR/GITRL GitrlTg~/~Ldlr~/~ BM chimera AR: | lesion size 1 CD3*/FoxP3* T cells (Treq cells) Meiler et al (2016)'?
(11-wk atherogenic diet)
Gitr /~ApoE /~ (28-wk NCD) AR: | lesion size, | necrotic core, | macrophages Shami et al (2020)'%*
| vulnerability index
CD27/CD70 Cd27 /- ApoE /= BM chimera AR: 1 lesion size, 1 necrotic core, 1 macrophages, | FoxP3+ Winkels et al (2017)'#®
(18- and 28-wk NCD) 1 FCA T cells (Tyeq cells)
Cd70~/~ApoE~/~ BM chimera AR: 1 lesion size, 1 necrotic core, 1 macrophages Winkels et al (2017)'*
(7-wk atherogenic diet) T FCA
CD30/CD30L Anti-CD30L in Ldlr /- AR: | lesion size No effect on macrophages Foks et al (2012)'®

(8-wk atherogenic diet)

Up arrows indicate increases, and down arrows indicate decreases.

FoxP3 = forkhead box protein P3; GITR(L) = glucocorticoid-induced tumor necrosis factor receptor-related protein (also known as CD357, TNFRSF18 [tumor necrosis factor receptor superfamily, member
18]) (ligand); MCP-1 = monocyte chemoattractant protein-1, CC chemokine ligand CCL2; MHC-II = major histocompatibility complex II; 0X40(L) = tumor necrosis factor receptor superfamily, member 4,

CD134 (ligand); TNF-a/R = tumor necrosis factor-alpha/-receptor; other abbreviations as in Tables 1 and 2.

Although these studies demonstrate that the CD28/
CTLA4-CD80/86 axis is involved in atherogenesis and
that targeting the CD28/CTLA4-CD80/86 axis can
reduce atherosclerosis and ASCVD, insights into po-
tential side effects are lacking. The CD28/CTLA4-
CD80/86 pathway is tightly regulated and involves
more cell types and functions than just T cell-APC
interactions. CD80/CD86 is present on many cell
types, including B cells, dendritic cells, and macro-
phages,?> but also endothelial cells®”-°® and even T
cells.®® Whereas dendritic cell CD80/86 affects T cell
activation and proliferation, macrophage CD80/86
mediates macrophage activation and cytokine pro-
duction.”® B cell CD80/86 facilitates antibody pro-
duction, and endothelial cell CD80/86 mediates T cell
adhesion, activation, and migration.?>-*7-°® Moreover,
CD86 is involved in the maintenance and homeostasis
of T,eg cells, and absence of CD80/CD86 strongly de-
creases the presence of T,g cells and causes inflam-
mation.>>’° The same is true for CTLA4. Although
CTLA4’s main function seems to be the coinhibition
of T cells,” CTLA4 expression was also found on
many myeloid and lymphoid lineages, and its exact
functions remain to be determined.”’ CD28 seems to
be expressed only on T cells, but its effects on

atherosclerosis have not been described in detail.”® As
the CD28/CTLA4-CD80/86 pathway is tightly regu-
lated, inhibiting one of its components will cause
adaptations of its other components or the involve-
ment of other Costimulatory or Coinhibitory systems
to maintain tissue homeostasis.

The tight regulation of the CD28/CTLA4-CD80/
CD86 pathway, the wide variety of cell types that can
express these molecules, and the diversity of its
functions warrant a more detailed investigation of the
role of this pathway in atherosclerotic disease. Until
now, most studies have been performed in global
knockout mouse models or bone marrow chimeras.
Using cell type-specific gain- and loss-of-function
models, more detailed insights into the cell type-
specific functions and regulation of the CD28/
CTLA4-CD80/CD86 pathway in atherosclerosis will be
obtained. Better systemwide analyses of the effects of
targeting CD28, CTLA4, CD80, or CD86, especially
effects on systemic immune cell composition and
activation, as well as composition of the atheroscle-
rotic plaque in these models, will further pinpoint the
cell type-specific roles of CD28/CTLA4-CD80/CD86
interactions, as well as its regulation in atheroscle-
rosis. This knowledge will enable us to use cell-
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targeted immunotherapeutic strategies to reduce
atherosclerosis, while preventing immune dysregu-
lation after targeting CD28/CTLA4-CD80/CD86
pathway components.
CD40L-CD40. CD40L-CD40 is a potent Costimulatory
immune checkpoint dyad of the TNF-TNFR family.
CD40L is expressed predominantly on T cells and
platelets but can also be found on other cell types,
including endothelial cells, vascular smooth muscle
cells, mast cells, and natural killer cells. CD40, its re-
ceptor, is expressed by the typical APCs (B cells, den-
dritic cells, and macrophages) but also by neutrophils,
platelets, endothelial cells, vascular smooth muscle
cells, fibroblasts, adipocytes, and epithelial cells.
During T cell-APC interactions, binding of CD40L to
CD4o0 results in an effector T cell response, maturation
of dendritic cells, and antibody production and Ig iso-
type switching in B cells.** CD40L-CD40 interactions
between other cell types can result in platelet-
leukocyte aggregation,’”” leukocyte adhesion to the
endothelium,”® and macrophage activation.”*
CD40L-CD40 interactions play a key role in
atherosclerosis. In humans, soluble (s)CD40L and/or
sCD40 levels are correlated to ASCVD, including
recurrent myocardial infarction and/or stroke,”7°
and several single-nucleotide polymorphisms in
CD40 have been associated with (features of)
ASCVD.”” Oxidized LDL induces up-regulation of the
CD40/CD40L signaling pathway in human coronary
endothelial cells, through its receptor LOX-1, an in-
duces endothelial cell activation.”® Genetic and/or
antibody-mediated inhibition of CD40L or CD4o0,
even when inhibited in established atherosclerosis, is
highly effective in reducing atherosclerosis and gen-
erates plaques that are rich in collagen and contain a
limited number of immune cells, the murine equiva-
lent of a stable, clinically safe, atherosclerotic pla-
que.”>79°82 Both CD40L and CD40 exert cell type-
specific actions during atherogenesis. T cell CD40L
drives atherosclerosis, and its deficiency results in a
reduced T-helper cell type 1 (Th1) response, accom-
panied by reduced IFNy levels.®® In contrast, defi-
ciency of platelet CD40L does not affect
atherogenesis but does ameliorate atherothrombosis-
induced plaque growth.®? Absence of platelet CD40 or
CD40L prevents the acceleration of atherosclerosis
induced by thrombin induced platelet activation.””
Deficiency of CD40 on dendritic cells mimics the re-
sults of T cell CD40L deficiency, with a reduction in
atherosclerosis due to a deficient Thi response.®?
Deficiency of macrophage CD40 also reduces athero-
sclerosis and reduces necrotic core formation.
Absence of macrophage CD40 does not affect Thi re-
sponses but reduces macrophage activation and
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enhances efferocytosis’ and has no effects on the
plaque’s extracellular matrix content.”* Deficiency of
endothelial cell CD40 increases atherosclerotic pla-
que stability,®*
decreased atherosclerotic plaques size but increased
the number of lymphoid and myeloid progenitors in
the bone marrow and resulted in an increase in T cell

and deficiency of adipocyte CD40

numbers in the plaques and increased necrotic core
sizes.®> These data highlight the cell-divergent func-
tion of CD40L-CD40 interactions in atherosclerosis.

Although these global and conditional experi-
mental mouse models provided great insights into the
(cell-divergent) role of CD40 and CD40L in athero-
sclerosis, and the potential for blocking this pathway
as a therapy for atherosclerosis, these data should
still be interpreted with care. Global CD40(L)-
knockout mice have no CD40(L) during development
or life, and compensatory pathways overcoming the
effects of CD40(L) deficiency may have developed.
Moreover, the Cre drivers that were used to determine
cell type-specific effects of Cd40™ApoE~~ and
Cd401™ ApoE~/~ mice are not 100% depleting or 100%
cell type-specific, and the majority of the Cre drivers
that were used depleted CD40(L) early in develop-
ment. For example, CD4"® depletes all T cell lineages
of CD40L, including T-helper cells, cytotoxic T cells,
and T, cells, which makes detailing the role of CD40L
in the different T cell subsets impossible.®® The
LysM®€ driver, used to deplete CD40 in macrophages,
will also deplete CD40 in neutrophils, and its deple-
tion efficacy is only about 70%,°%” which will mask the
potential immunosuppressive effects that lack of
macrophage CD40 could cause. The CD11c“"“ driver has
>90% depletion but in addition to dendritic cells will
also deplete CD40 on CDiic* macrophages.®® The
PF4°™ driver, used to deplete platelets of CD40L, has
also been reported to induce gene depletion in mac-
rophages,®° although this will be of limited impact in
our study, as macrophage CD40L expression is very
low to absent. Better, more cell type-specific and
inducible Cre drivers should be used to study the role
of CD40(L) in future studies, as well as cell-targeted
therapeutics with higher cell type specificity (cell-
targeted nanoparticles, bispecific antibodies) than the
current cell-lineage cre drivers.

The cell-divergent function of the CD40-CD40L
dyad is also reflected in its signaling pathways. B cells
rely mostly on CD40-TNF receptor-associated factor 2
(TRAF2)°° and CD40-TRAF3°! interactions, which can
have counteracting effects. In endothelial cells, CD40
signaling via TRAF1, TRAF3, and TRAF6 reduce
inflammation, whereas CD40-TRAF2 and CD40-
TRAF5  signaling aggravates inflammation.®”
Monocytes and macrophages predominantly exhibit

837
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CD40-TRAF6 signaling for their activation.®® In
atherosclerosis, blocking CD40-TRAF6 but not CD40-
TRAF2/3/5 signaling in MHCII" cells results in a sig-
nificant reduction in plaque size, which was due
mostly to reductions in monocyte recruitment and
macrophage activation.”> The administration of an
SMI that was designed to block CD40-TRAF6
signaling®*°° to ApoE~~ mice was able to reduce the
initiation and progression of atherosclerosis, even
when given to mice with established atheroscle-
rosis.?® This immunotherapy was safe and selective to
macrophage function, as treated ApoE~/~ mice did
not show any immune-suppressive side effects:
antibody production and Ig isotype switching were
still intact, and antigen-dependent T cell proliferation
was not affected.°® This SMI’s specific delivery to
macrophages using lipoprotein-based nanobiologic
agents stabilized atherosclerotic plaques and is safe
in nonhuman primates.®’

Besides classical CD40L-CD40 interactions, the
nonclassical interaction between CD40L and Mac-1 on
monocytes plays a significant role in leukocyte
recruitment in atherosclerosis. Therefore, a peptide
that specifically blocks CD40L at its Mac-1 interaction
site was designed (cM7) and was shown to reduce
leukocyte recruitment in peritonitis and atheroscle-
rosis.?® In a follow-up study, Wolf et al°® designed a
monoclonal antibody against the CD40L interaction
site at Mac-1 (anti-M7), which was highly effective in
reducing myeloid cell recruitment in a murine model
of sterile sepsis.

Although outcomes of preclinical studies have
shown high potential of the CD40-CD40L dyad as
therapeutic target in atherosclerosis, clinical studies
blocking CD40(L) in ASCVD are still being awaited,
despite the many ongoing phase 1 and 2 studies that
target CD40(L) in classical autoimmune diseases. One
of the major reasons is the chronicity and complexity
of atherosclerosis. Atherosclerosis develops over de-
cades, and is a continuous inflammatory process, but
remains asymptomatic until a plaque erosion or
rupture results in occlusion of the artery, so defining
a treatment window is difficult.'°® We also have not
yet fully grasped the actions of the CD40L-CD40 dyad
in atherogenesis, and on the basis of preclinical data,
cell-targeted anti-CD40(L) therapies, therapies tar-
geting CD40-signaling intermediates, or therapies
targeting nonclassical CD40L interactions may be
preferred to complete blockade of CD40(L) to
circumvent immune-suppressive side effects. As
many trials are currently testing the clinical effects of
blocking CD40L or CD40 in human autoimmune dis-
eases, cardiovascular readouts of these trials will
become available. Meanwhile, the (pre)clinical
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development of targeted CD40(L)-based immuno-
therapeutic agents for ASCVD, including anti-M7 an-
tibodies®® and CD40-TRAF6 SMIs,*%97 specifically
designed for treatment of human ASCVD, are being
awaited.
PD-1-PD-L1. As described earlier, PD-1 is a Coinhibi-
tory immune checkpoint of the immunoglobulin su-
perfamily that is expressed predominantly on T cells,
whereas its ligands, PD-L1 and PD-L2, can be found on
a plethora of cell types, including APCs, endothelial
cells, and tumor cells.’" Although PD-1-PD-L1/2
interactions have been described predominantly in
the context of cancer, this receptor-ligand dyad also
plays a significant role in atherosclerosis. In preclin-
ical mouse models, genetic deficiency of PD-L1/2 and
antibody treatment with PD-1 antagonists increase
atherosclerosis and results in an increased amount of
CD4" and CD8" T cells into the arterial wall.'**'°3
Short-term antibody-mediated blockade of PD-1 and
CTLA4 in LDLr /- mice, mimicking a combination
therapy often used for the treatment of patients with
melanoma, resulted in a vulnerable, proinflammatory
atherosclerotic plaque phenotype. This phenotype
was caused by an excess of effector T cells that
resulted in endothelial activation and increased
recruitment of CD8" T cells within the atherosclerotic
lesion.'°* Treatment of LDLr~’/~ mice with an
agonistic PD-1 antibody resulted in a reduction of
atherosclerosis due to a decrease in the number of
IFNy-producing CD4* effector cells and cytotoxic
CD8" T cells, an increase in immunomodulatory IL-
10" CD4 T cells, as well as an increase in regulatory B
cells, supporting the potential of stimulating PD-1as a
strategy to reduce atherosclerosis.'®”
In humans with cardiovascular disease, the
expression of PD-1 and PD-L1 was reduced on T cells
and dendritic cells compared with healthy control
subjects and was associated with increased T cell ac-
tivity.'°® In recent reports that unraveled the
composition of advanced human carotid plaques us-
ing single-cell RNA sequencing, high levels of PD-1
were observed on plaque T cells, which was associ-
ated with T cell exhaustion pathways, occurring after
T cell activation.'®” soluble PD-L1 levels are increased
in patients with CAD and reflect its severity.'?%%°
The relevance of PD-1-PD-L1 interactions in human
atherosclerosis became clear from the impact of PD-1/
PD-L1/2 inhibition in patients treated for malig-
nancies. Coinhibitory immune checkpoint inhibition
was associated with an increased risk for cardiovas-
cular events in oncology patients. In a systematic
review analyzing results from 10,106 patients treated
with anti-CTLA4 or anti-PD-1 antibodies or both, the
incidence of arterial thrombotic events (myocardial
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infarction or stroke) was found to be 1.1%."° In
another study involving 2,842 patients with cancer,
the incidence of atherosclerotic cardiovascular
events, defined as a composite of myocardial infarc-
tion, coronary revascularization, or ischemic stroke,
increased 4.7-fold in patients who were treated with
coinhibitory ICIs.'"" Moreover, anti-PD-1 treatment
increased the risk for venous and arterial thrombo-
embolism, suggesting that PD-1 blockade results in a
prothrombotic state, although mechanisms are still
unknown.''”"® These studies not only increase
awareness to the fact that inhibiting Coinhibitory
immune checkpoints can increase the risk for car-
diovascular events in patients with cancer'* but also
suggest the importance of coinhibition, and PD-1-PD-
L1 interactions in particular, in keeping atheroscle-
rotic plaque inflammation under control."'> However,
additional preclinical studies detailing the regulation
of PD-1-PD-L1/2 interactions in atherosclerosis, the
PD(L1/2)-expressing cell types, and their signaling
pathways involved are needed before being able to
apply and design PD(L1/2)-based immunotherapeutic
agents in ASCVD.

LAG3. LAG3 (CD223) is a Coinhibitory molecule that
is expressed on several immune cell subsets but is
predominantly known for its effects on T cells.
LAG3 interacts with MHCII and galectin 3 and
negatively modulates T cell activation and prolifer-
ation.”” Absence or inhibition of LAG3 does not
affect atherosclerosis burden in mice but does result
in an enhanced Thi response and an increase in T
cell infiltration in the atherosclerotic lesions, sug-
gesting a potent role of LAG3 in reducing T cell
activation in atherosclerosis.'’® In oncology, the
most recent Food and Drug Administration
approved ICI is relatlimab, which blocks the acti-
vation of LAG3. Anti-LAG3 antibody (relatlimab)
treatment in combination with anti-PD-1 antibody
(nivolumab) treatment was superior to nivolumab
treatment alone in patients with advanced mela-
noma,"”>'*® and relatlimab/nivolumab combination
therapy has been approved for this indication. Hu-
man data on the effects of LAG3 treatment on
ASCVD are not yet available, but as LAG3 and PD-1
blockade results in increased atherosclerotic plaque
inflammation, cardiovascular health in these pa-
tients should be monitored carefully.

SUMMARY AND OUTLOOK

The realization that inflammation is a pathogenic
driver of human ASCVD, together with the availability
of more detailed single-cell data on the types and
cells in arteries and

function of immune
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atherosclerotic plaques,''® has spiked the search for
novel immunotherapeutic targets and the develop-
ment of novel drugs that are suitable for targeted
therapeutic approaches for ASCVD beyond the classic
risk factors.” In this review, we discussed the poten-
tial and pitfalls of applying immune checkpoint-
based therapeutics, especially those targeting CD28/
CTLA4-CD80/CD86, CD40L-CD40, and PD-1-PD-L1/2,
for the treatment of ASCVD.

Besides the receptor-ligand dyads mentioned
herein, additional immune checkpoints may have
great potential as therapeutic targets for patients
with ASCVD. However, until now, only limited
experience has been obtained with human treatment
with their (ant)agonists specifically for this purpose.
For example, GITR, a Costimulatory immune
checkpoint of the TNFR family, is well known for its
costimulatory  functions to enhance anti-
inflammatory functions in Ty cells.”*>"" Over-
expression of GITR on T cells, induced by GITRL
overexpression on B cells, resulted in an increase in
Treg cells and a reduction of early stages of athero-
sclerosis.'”” In atherosclerotic plaques, GITR was also
expressed on macrophages, and deficiency of GITR in
advanced atherosclerosis reduced monocyte recruit-
ment to the arterial wall and prevented macrophage
activation and necrotic core formation, thereby
reducing atherosclerosis."”® Expression of GITR in
human carotid atherosclerotic plaques was associ-
ated with cerebrovascular events, and levels of
sGITR, which we found to be predominantly shed by
macrophages, were significantly elevated in patients
with ASCVD, showing relevance for GITR signaling in
human ASCVD.'”* The CD200-CD200R pathway pro-
tects against atherosclerosis and can limit monopoi-
esis, monocyte recruitment, and macrophage
activation in experimental atherosclerosis. CD200R
on classical monocytes of patients with ASCVD is
associated with a lower burden of CAD and a more
stable plaque phenotype.'**

Although members of both the Costimulatory and
Coinhibitory immune checkpoints, such as CTLA4,
PD1, PD-L1, CD80/86, CD40, and CD40L, have proved
to be efficient therapies for a plethora and autoim-
mune diseases, their translation into the cardiovas-
cular disease arena lags behind that of other
indications. The diversity and complexity of the im-
mune response in atherosclerosis, together with the
intricate network, cellular diversity, and alternative
signaling pathways of Costimulatory and Coinhibi-
tory immune checkpoints, make their implementa-
ASCVD
Moreover, an important phenomenon is the changing
immune checkpoint landscape during ASCVD. One

tion as therapeutics for challenging.
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example is that patients with CAD had defective viral
clearance by their macrophages because of up-
regulation of the Coinhibitory immune checkpoint
CD155,"*> which was induced by LDL. To unlock the
full translational potential of targeting immune
checkpoints, additional knowledge is needed. As
highlighted herein, many studies were performed in
global knockout mice or conditional knockout mice
with Cre drivers that target multiple cell types.
Moreover, the cell type-specific expression patterns,
their signal transduction pathways used, and their
receptor-ligand interactions throughout the different
stages of atherosclerosis are still unknown. The
mouse models that were used in these studies
represent human atherosclerotic disease but do not
reach 100% similarity with human atherosclerosis.®
Major differences include the time span over which
the disease develops, the absence of atherosclerosis-
related cardiovascular disease events such as
myocardial infarction and stroke, as well as differ-
ences in immunology (as reviewed by Shay et al).'?®
Furthermore, an integrated understanding of cell
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checkpoint proteins in human atherosclerosis is still
lacking.””” Filling these knowledge gaps, together
with the implementation of current cell-targeted
therapeutic modalities such as nanomedicinal stra-
tegies,'?® bispecific antibodies,'?° and chimeric anti-
gen receptor T cells*° will hopefully contribute to the
development of feasible, successful strategies
enabling immune checkpoint-based immunother-
apies to treat patients with ASCVD.
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