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Abstract

Immune checkpoints are critical regulatory molecules in the immune system that maintain self-tolerance by preventing excessive immune
activation against healthy tissues while being exploited by malignant cells to promote tumorigenesis and metastasis through immune
evasion mechanisms. Immune checkpoint inhibitors (ICIs), represented by programmed cell death protein-1 (PD-1) inhibitors, are a
revolutionary class of antitumor therapeutics that have achieved remarkable clinical success over the last decade, with the application
of ICIs expanding to a broader spectrum of malignancies. Nonetheless, the administration of ICIs may induce immune dysregulation,
potentially leading to the development of multiple immune-related adverse events (irAEs) across various organ systems. Cardiovascular
toxicities are a series of relatively rare but severe irAEs that are drawing increasing attention. This review summarizes the latest findings
in immune checkpoint signaling pathways and the potential mechanisms underlying the development of various cardiovascular toxicities
associatedwith immunotherapies. Additionally, we also evaluate advances and novel therapeutic targets in the treatment of cardiovascular
toxicities.
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1. Introduction

Immunotherapy refers to a revolutionary anti-cancer
strategy that aims to enhance and utilize the immune re-
sponse to treat cancer, which has developed rapidly in
the last few decades [1,2]. Immunotherapy includes on-
colytic virus infection, anti-cancer vaccination, cytokine
treatment, adoptive cell therapies, and immune check-
point inhibitors (ICIs) [3]. Immune checkpoints stand for
molecules acting as brakes in the immune system that can
preserve immune tolerance in organisms, which primar-
ily include cytotoxic T lymphocyte-associated molecule-4
(CTLA-4), programmed cell death receptor-1 (PD-1), pro-
grammed cell death ligand-1 (PD-L1), Lymphocyte activa-
tion gene-3 protein(LAG-3), T-cell immunoglobulin- and
mucin-domain-containing molecule (TIM-3), and T cell
immunoglobulin and ITIM domain (TIGIT).

Since the cDNA of PD-1 and its ligands, PD-L1 and
PD-L2, were isolated at the end of the last century, numer-
ous studies have been conducted to explore the pathophys-
iological functions of immune checkpoints and their path-
ways. When PD-1/PD-L1 binding was found to inhibit T-
cell activity and enable tumor immune escape [4–7], scien-

tists began developing immune checkpoint-targeting thera-
pies, bringing new possibilities for cancer treatment. Since
the first two PD-1 mAbs, Pembrolizumab and Nivolumab,
received approval from the Food and Drug Administration
(FDA), ICIs have been applied for non-small-cell lung can-
cer, Hodgkin lymphoma, urothelial carcinoma, renal cell
carcinoma, hepatocellular carcinoma, gastric cancer, etc.
[8–11]. However, despite the broad use of ICIs, the clinical
outcome remains unsatisfactory due to the primary or sec-
ondary resistance, tumor recurrence, and immune-related
adverse events (irAEs) [12]. IrAEs consist of a wide spec-
trum of complications involving multiple organs, includ-
ing pneumonia, diarrhea, hepatitis, dermatological and en-
docrine toxicities, as well as rare adverse events like neu-
rological, ocular, and cardiac toxicities [13–15]. Though
cardiovascular toxicities occupy only a small proportion of
the incidence of irAEs, the high lethality and rapid progres-
sion have made it a serious concern in immunotherapy [16].
In the following sections, we will thoroughly examine the
molecular basis and signaling pathways of various immune
checkpoints, explore the mechanisms underlying different
immune-related cardiovascular toxicities, and summarize
the latest advances in treating these events.
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2. Pathways and Mechanisms of Immune
Checkpoints
2.1 PD-1/PD-L1

PD-1 is a transmembrane glycoprotein comprising an
extracellular region, a transmembrane region, and a cyto-
plasmic tail [1,17], which is expressed on various kinds
of immune cells, especially on T cells [13,18,19]. PD-L1,
also known as CD274 and B7-H1, contains immunoglobu-
lin variable region (IgV) and immunoglobulin constant re-
gion (IgC)-like extracellular domains, a transmembrane re-
gion, and a cytoplasmic tail without typical motifs [20], and
is widely expressed on cancer cells, epithelial cells, den-
dritic cells (DCs), etc. In the presence of constant antigenic
stimulation, such as autoantigen exposure, chronic virus
infection, and tumor infiltration, PD-L1 exhibits a signif-
icant inhibitory effect on immune reaction. PD-L1 expres-
sion can be induced by exogenous or endogenous factors.
Exogenous factors include inflammatory cytokines such as
interferon (IFN)-γ, tumor necrosis factor (TNF)-α, inter-
leukin (IL)-2, IL-4, IL-10, IL-17, and IL-27, while endoge-
nous factors involve Pten gene loss, Ras mutation, Egfr
mutation, Eml4-Alk translocation, andMyc gene activation
[20,21].

We have summarized the general mechanisms of the
PD-1/PD-L1 pathway and its downstream signaling (see
Fig. 1). When a T cell recognizes the major histocom-
patibility complexes (MHCs) on an antigen-presenting cell
(APC) and forms a conjunction, PD-1 binds to PD-L1
and translocates to the T cell receptor (TCR) microcluster,
which includes TCR and a series of signaling molecules
[22]. The binding of PD-1 and its ligand results in the
gathering of Src homology region 2 domain-containing
phosphatase-2 (SHP-2), a key regulator in the PD-1 path-
way. This process is mediated by the immunoreceptor
tyrosine-based switch motif (ITSM), one of the tyrosine-
based structural motifs on the cytoplasmic tail of PD-1
[23,24]. The phosphorylation on ITSMs is enhanced by
SHP-2 after the ligation of PD-1 and PD-L1, and the colo-
calization of PD-1 and TCR microcluster can suppress
the TCR signaling by dephosphorylating TCR-associated
CD-3ζ and ZAP70, as well as the downstream molecules
such as Erk, Vav1, and phospholipase Cγ (PLCγ), for in-
stance [1,22]. The phosphorylated SHP-2 mainly downreg-
ulates PI3K-Akt-mTOR and RAS-MEK-ERK pathways,
inhibiting the proliferation and activation of T cells. Be-
sides TCR/CD3+ signaling, SHP-2 can also dephospho-
rylate CD28 to attenuate T-cell activation [19,25]. This
mechanism leads to the exhaustion of particularly CD8+
T cells, and consequently, the immunosuppression in the
tumor microenvironment [1,25]. Moreover, the PD-1/PD-
L1 signaling has also been reported to suppress the secre-
tion of immune factors such as IL-2 and IFN-γ, and al-
ter the energy metabolism in T cells by affecting glycol-
ysis and lipolysis [17]. The PD-1 pathway also affects B
cells. Okazaki et al. [26] confirmed that the recruitment

and phosphorylation of SHP-2 induced by PD-1 signaling
can inhibit BCR signaling by dephosphorylating the crucial
downstream molecules, including Igβ, Syk, PLCγ2, and
PI3K.

As cancer cells present high expression levels of PD-
L1, the exhaustion and apoptosis of T cells induced by
PD-1 signaling are increased in the tumor microenviron-
ment (TME), leading to impaired immune surveillance.
Thus, blocking PD-1/PD-L1 ligation can potentiate T-cell
immunity and play an anti-tumor role in cancer therapy
[27]. The monoclonal antibodies that target PD-1 can ei-
ther block PD-1 in TME or the tumor-draining lymph nodes
(TDLNs), enhancing the TCR/CD3 and activating T-cell
reaction. On one hand, the exhausted CD8+ T cells can
be directly reinvigorated by PD-1 inhibitors in situ, but in
a less efficient way. Since the TME is generally consid-
ered hypoxic, mitochondrial dysfunction and reactive oxy-
gen species (ROS) overload caused by hypoxia can facil-
itate the exhaustion of T cells, making them more resis-
tant to PD-1 inhibitors [28]. On the other hand, the PD-1
inhibitors generate stem-like precursor exhausted CD8+ T
cells in lymph nodes, which can be transported to the tumor
site via the CXCR3-CXCL9 axis and converted to effector-
like CD8+ T cells to fight tumor cells [10,29]. Ma et al.
[30] compared the single-cell transcriptome of cardiac tis-
sues fromCtla4+/+Pdcd−/− andCtla4+/−Pdcd−/− mice,
and found that CXCL9+/CXCL10+ macrophages are sig-
nificantly upregulated in the latter model, induced by the
secretion of IFN-γ from CD8+ T cells. This conclusion in-
dicates a feedback loop that CD8+ T cells promote the pro-
liferation of CXCL9+/CXCL10+ macrophages, which then
recruit additional CD8+ T cells from TDLNs. Addition-
ally, it’s been reported by Chamoto et al. [10] that the PD-1
inhibitor-induced CD8+ T cells in the TDLNs present ele-
vatedmitochondrial activity, featuring higher levels of ROS
and increased mitochondrial mass. The PD-1 inhibitors
have also been reported to decrease the myeloid-derived
suppressor cells (MDSCs) at tumor sites [31]. However,
some studies have proposed a different perspective, sug-
gesting that PD-1 inhibitors exert distinct effects on differ-
ent T cell populations. Kumagai et al. [32], by analyzing
the exome of cancer cohorts treated with PD-1 inhibitors,
proposed that while blocking PD-1 increases the prolifera-
tion and pro-inflammatory cytokine production by CD8+ T
cells, it works oppositely on regulatory T cells (Treg cells) as
PI3K-Akt signaling leads to reduction instead of expansion
of Treg cells [24]. This study suggests that a higher propor-
tion of CD8+ T cells to effector Treg cells in the TME is
related to a better outcome in anti-PD-1 therapy.

In conclusion, PD-1 inhibitors improve anti-tumor im-
munity in the following ways: (a) PD-1 inhibitors can rein-
vigorate the exhausted CD8+ T cells in situ. (b) PD-1 in-
hibitors can function ex-situ to promote the recruitment of
CD8+ T cells to the tumor site from TDLNs. (c) PD-1 in-
hibitors can drive the production of pro-inflammatory cy-
tokines such as IFN-γ from CD8+ T cells. (d) PD-1 in-
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Fig. 1. Immune checkpoint signaling pathways. When the TCR-CD3 complex recognizes MHC on APC, PD-1 binds to PD-L1 to
aggregate SHP-2, which phosphorylates the ITSM on PD-1 while dephosphorylating CD28 and downstream molecules like PLCγ and
PI3K. SHP-2 can also inhibit the activity of Lck. CTLA-4 interacts with SHP-2 and competes with CD28 to bind CD80 and CD86.
LAG-3 binds to the ligand MHC II and competes with CD4, and the KIEELE motifs can directly inhibit TCR signaling and reduce the
inflow of calcium ions. TIM-3 binds to CEACAM-1 or GAL-9 and regulates the activity of Lck. The attachment of TIGIT to PVR on
APC initiates the phosphorylation of PVR and ERK in DCs. Under the influence of multiple immune checkpoints, the PI3K-Akt-mTOR
and the RAS-MEK-ERK pathway are inhibited, leading to enhanced apoptosis, suppressed cell proliferation, and energy metabolism.
PVR, poliovirus receptor; CEACAM-1, carcinoembryonic antigen-related cell adhesion molecule 1; GAL-3, galectin 3; GAL-9, galectin
9; Lck, lymphocyte-specific protein tyrosine kinase; ZAP70, Zeta Chain Associated Protein Kinase 70kDa; SHP-2, src homology region
2 domain-containing phosphatase-2; solid arrow, direct interaction; dash arrow, indirect interaction (intermediate molecules omitted);
Vav1, Vav Guanine Nucleotide Exchange Factor 1; PLCγ, phospholipase Cγ; RAS, ras protein; MEK, MAPK/ERK kinase; ERK,
extracellular regulated protein kinases; PI3K, phosphatidylinositol-3-Kinase; Akt, protein kinase B; mTOR, mammalian target of ra-
pamycin; MHC, major histocompatibility complex; MAPK/ERK, mitogen-activated protein kinase/extracellular signal-regulated kinase;
TCR, T cell receptor; APC, antigen-presenting cell; PD-1, programmed cell death receptor-1; PD-L1, programmed cell death ligand-
1; ITSM, immunoreceptor tyrosinebased switch motif; DCs, dendritic cells; CTLA-4, cytotoxic T lymphocyte-associated molecule-4;
LAG-3,Lymphocyte activation gene-3 protein; TIM-3, T-cell immunoglobulin- and mucin-domaincontaining molecule; TIGIT, T cell
immunoglobulin and ITIM domain.

hibitors can indirectly activate CD8+ T cells by altering the
energy metabolism. Nevertheless, PD-1 inhibitors induce
diverse reactions in different immune cells, which implies
their unpredictable effect on the organism.

2.2 CTLA-4

CTLA-4, or CD152, is a surface protein found on acti-
vated CD4+ and CD8+ T cells [33]. The activation of naive
T cells requires two critical signals: the TCR provides an
antigen-specific signal, while a second set of signals from
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T-cell costimulatory pathways amplifies the response [34–
36]. CTLA-4 and the co-stimulatory receptor CD28 both
target B7-1 and B7-2 (CD80, CD86) (see Fig. 1), a pair
of co-stimulatory molecules on APCs [37]. CTLA-4 is lo-
cated in the cytosol in resting T cells, and is translocated to
the membrane following TCR engagement and CD28 co-
stimulation. Upon reaching the surface, CTLA-4 vies with
CD28 for binding to B7-1 and B7-2, which subsequently
inhibits CD28-mediated co-stimulatory signals and sup-
presses T cell proliferation and activation [38,39]. CTLA-
4-deficient mice usually die early due to a severe lympho-
proliferative disorder, featuring unchecked polyclonal pro-
liferation of T cells. In the study by Waterhouse et al.
[40],Ctla4+/− mice born normal butCtla4−/− mice exhib-
ited significantly enlarged spleens and lymph nodes, with
large amount of activated CD4+ and CD8+ T cells. Large
spleens and lymph nodes were also observed in the study of
Tivol et al. [41], and meanwhile they also reported abun-
dant CD4+ andCD8+ T-cell infiltration in themyocardium.
These genetic models highlight the importance of CTLA-4
in restraining T cell immunity for the growth and develop-
ment of the organism.

Themechanistic basis of CTLA-4-mediated inhibitory
signaling remains complex due to conflicting evidence and
context-dependent signaling outcomes [42]. Several pro-
posed mechanisms include: (a) the extracellular domain
of CTLA-4 competes with CD28 for binding to CD80 and
CD86, thereby disrupting co-stimulatory signals [43]. (b)
CTLA-4 alters the localization of CD28 in the immune
synapse [44]. (c) CTLA-4 regulates TCR signaling via
SHP-2 and the serine-threonine phosphatase PP2A [45],
while also influencing the assembly or integrity of lipid rafts
on the T cell surface [36,46–49]. These mechanisms col-
lectively contribute to the inhibitory signaling mediated by
CTLA-4, reducing T-cell proliferation and activation.

2.3 LAG-3

LAG-3, also known as CD223, was first identified in
1990 by Triebel et al. [50] as a membrane protein highly
related to CD4, which was detected in activated T and nat-
ural killer (NK) cells [51]. As relevant studies are carried
out, LAG-3 was also reported to be expressed on B cells
and plasmacytoid DCs. LAG-3 is composed of an extra-
cellular region comprising four Ig superfamily domains, a
transmembrane region, and a cytoplasmic region that con-
sists of three parts: (1) a serine phosphorylation site, (2) a
‘KIEELE’ motif, and (3) a glutamate-proline dipeptide re-
peat sequence (EP sequence) [50,52,53]. Because of the
homology between LAG-3 and CD4, LAG-3 can compet-
itively inhibit CD4 signaling by binding to its classic lig-
and, major histocompatibility complex (MHC) II. Besides
MHC II, several ligands for LAG-3 in different cells and
organs have been reported, including α-synuclein fibrils,
fibrinogen-like protein 1, TCR-CD3 complex, galectin-3
(GAL-3), and liver and lymph node sinusoidal endothelial
cell C-type lectin [54,55]. When MHC II on APCs binds

to LAG-3 on T cells, the KIEELE motif transmits an in-
hibitory signal to the T cell nucleus, reducing T cell prolif-
eration and Ca2+ influx [53] (see Fig. 1). This was proven
by Workman et al. [56] that depletion of the KIEELE
motif leads to the dysfunction of LAG3 in CD4+ T cells.
The interaction between LAG-3 and the TCR-CD3 com-
plex can occur independently of MHC II and disrupt the co-
localization of Lck with CD4 or CD8, thereby inhibiting the
activation of both CD4+ and CD8+ T cells [57,58]. Con-
sistent with PD-1 and CTLA-4, LAG-3 downregulates T-
cell response and causes the immune escape of tumor cells.
Clinical research revealed that a higher level of LAG-3 ex-
pression is connected to poorer outcomes in malignancies
like head and neck squamous cell carcinoma, pancreatic
cancer, renal cell carcinoma, etc. [52]. Therefore, LAG-
3 is another promising target in immunotherapy.

2.4 TIM-3
Monney et al. in 2002 [59] reported a cell surface

protein specifically expressed on Th1 cells named TIM-3,
which is closely linked to T-cell and macrophage activa-
tion and the progression of autoimmune diseases [60]. Fur-
ther studies validated that TIM-3 is also expressed on non-T
cells, such as NK cells, myeloid cells, and mast cells. TIM-
3 is structured with an extracellular region consisting of
an IgV domain, a mucin domain, a transmembrane region,
and a cytoplasmic tail that comprises six tyrosines without
inhibitory signaling motifs [61,62]. To date, four ligands
of TIM-3 have been reported, including phosphatidylser-
ine (PtdSer), carcinoembryonic antigen-related cell adhe-
sion molecule (CEACAM-1), GAL-9, and high mobility
group box 1 (HMGB1) [63–65]. Clayton et al. [66] demon-
strated that MHC-TCR binding induces the translocation of
TIM-3 from lipid rafts to the immune synapse, where it is
ligated to GAL-9 and interacts with CD45 or CD148, sub-
sequently regulating Lck activity (see Fig. 1) [64]. TIM-3
is essential in preventing autoimmune attacks since TIM-
3 signaling inhibits Th1 activity and the production of a
series of pro-inflammatory cytokines, such as IL-1β and
IL-18 [67,68]. Similar to other immune checkpoints like
PD-1 and LAG-3, TIM-3 is abundantly expressed on ex-
hausted T cells. Studies have proved that PD-1+/TIM-3+ T
cells occupy a considerable proportion of tumor-infiltrating
lymphocytes (TILs) and anti-TIM-3 treatment can reinstate
T-cell proliferation [69]. In some clinical trials, anti-TIM-
3 treatment is applied in cancer either alone or combined
with other ICIs, and the latter strategy exhibits better anti-
tumor efficacy than classic monotherapy [61,63,67,69,70].
However, the precise role of TIM-3 in immune regulation
remains incompletely understood, as some studies indicate
that TIM-3 can also function as a costimulatory receptor to
enhance immune responses [71,72]. Moreover, questions
still remain about which ligand of TIM-3 mostly affects the
anti-tumor capacity of T cells and what pathway the TIM-3
inhibitor mainly blocks.
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2.5 TIGIT

In 2009, Yu and his colleagues [73] performed ge-
nomic screening for costimulatory and inhibitorymolecules
and discovered a surface protein specifically expressed on
T and NK cells, which was soon named TIGIT. Boles et
al. [74] in the same year also described this protein ex-
pressed on follicular CD4+ T cells as a ligand for po-
liovirus receptor (PVR), naming it Washington University
Cell Adhesion Molecule (WUCAM). TIGIT has an extra-
cellular IgV domain, a transmembrane region, and an in-
tracellular domain containing an ITIM. TIGIT is induced
on T cells for a period after TCR activation and is also ob-
served on regulatory T cells, memory T cells, NK cells,
CD8+ T cells, B cells, etc. TIGIT is a canonical recep-
tor for PVR, which has the highest affinity among all the
receptors of PVR, including CD226 and CD96. TIGIT can
competitively inhibit the binding of PVR and CD226, abat-
ing the production of proinflammatory cytokines like IL-
2 and IFN-γ [73,75]. The ligation of TIGIT to PVR on
the APCs initiates the phosphorylation of PVR and Erk in
APCs and promotes the production of immune suppressive
cytokines like IL-10 [73]. Also, TIGIT can directly inhibit
T cell response by decreasing TCR signaling. Addition-
ally, TIGIT-PVR interaction is reported to inhibit NK cell
response, which is dominant over the activating function of
CD96/DNAM1-PVR interaction [76]. The upregulation of
TIGIT is observed in TILs in a series of malignancies, in-
cluding non-small cell lung cancer (NSCLC), acute myel-
ogenous leukemia (AML), melanoma, gastric cancer, etc.
Several studies showed that anti-TIGIT treatment alone or
in combination with anti-PD-1/PD-L1 mAbs can enhance
anti-tumor immunity by restoring CD4+ T, CD8+ T, NK,
and Treg cell activity in murine models [52,77–80]. Anti-
TIGIT agents are currently being assessed in clinical trials
and have already presented promising efficacy.

3. ICI-Associated Cardiovascular Toxicities

ICIs can cause cardiovascular toxicities by affecting
multiple organs and tissues, including myocardium, peri-
cardium, coronary arteries, peripheral vessels, conduction
system, coagulation and fibrinolytic system, and endocrine
system. In this chapter, we will provide a detailed discus-
sion of each.

3.1 ICI Therapy-Related Myocarditis

Myocarditis is a life-threatening irAE, which is gen-
erally considered to result from an autoimmune attack on
the myocardium by T cells. Normally, a delicate mech-
anism exists in the cardiac tissue to avoid immune at-
tack. In the presence of ICIs or checkpoint gene defi-
ciencies, myocarditis can develop in mice and cause early
death, suggesting that immune-checkpoint signaling builds
immune tolerance in the myocardium [30]. In a healthy
status, T cells are less present in the myocardium com-

pared to macrophages and accumulate only in pathologi-
cal conditions. Single-cell transcriptomics detected a sig-
nificantly increased proportion of activated T cells in the
heart tissues from the myocarditis mouse model, which
constitute 34% of immune cells in the myocardium, com-
pared to 2% in the control group. Activation markers
like Gzmb, Ccl4, and Ccl5 were elevated in myocardi-
tis T cells, while naive markers such as Lef1 and Ccr7
were higher in T cell controls [81]. Notably, an anti-CD8-
depleting antibody, rather than an anti-CD4 antibody, en-
hances survival in Pdcd1−/−Ctla4+/− mice, highlighting
the essential role of CD8+ T cells in ICI-associated my-
ocarditis, contrary to the CD4-dependent myocarditis ob-
served in Pdcd1−/−Lag3−/− mice [81]. This suggests
that different ICIs may induce myocarditis through distinct
mechanisms [81]. Ctla4+/− Pdcd1−/− mice model re-
vealed that ICI myocarditis involves an increase in CCR2+
macrophages with heightened IFN-γ activity and immune
function [30]. This macrophage subset, also found in hu-
man ICI myocarditis cases, might take a key role in the
disease’s pathology. Their bioinformatic analyses indi-
cate that CD8+ T cells may initiate a signaling cascade
to CXCL9+/CXCL10+ macrophages by secreting IFN-γ.
A potential feedback loop involving CXCL16/CXCR6 and
CXCL9/CXCL10-CXCR3 pathways can facilitate commu-
nication between these macrophages and both CD4+ and
CD8+ T cells [30]. This interplay is hypothesized to boost
the recruitment and activation of CD8+ T cells, possibly
leading to cardiomyocyte damage, meriting further explo-
ration.

The impact of the immune checkpoint signaling on
the myocardium has been explored in numerous stud-
ies. Nishimura et al. [4] developed a C57BL/6-PD-1−/−

murine model, which exhibited spontaneous glomeru-
lonephritis and arthritis, but myocarditis or cardiomyopa-
thy was not observed in this model. This study also pointed
out that PD-1 deficiency, instead of affecting the self-
driven proliferation mediated by TCR or IL-2, enhances
the proliferative response induced by certain APCs. Lu-
cas et al. [82] and Wang et al. [83] both established
PD-L1−/− MRL mice that can develop myocarditis and
pneumonia, and the life span is even shorter among PD-
L1−/− MRL-Faslpr mice. In another study by Liu and
his colleagues [84], they used Freund’s complete adju-
vant (CFA) and a skeletal muscle homogenate from pigs
as an immunogen in BALB/c mice, and in the presence
of tislelizumab, a PD-1 inhibitor, myocarditis was success-
fully induced. The preclinical model of ICI-associated my-
ocarditis in Ctla4+/− Pdcd1−/− mice validated the exis-
tence of a gene dosage-dependent genetic and functional
interaction betweenCtla4 and Pdcd1. Some patients can be
predisposed to cardiovascular irAEs due to slight alterations
in Pdcd1’ and Ctla4’s gene dosages [85]. Evidently, PD-1
deficiency presents diverse phenotypes in different animal
strains [85]. These results validate that the PD-1 signaling
protects the heart tissue from autoimmune attacks, but the
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specific cardiac antigens targeted by the immune system re-
main unknown.

Myocarditis can be induced by infectious or non-
infectious factors. When viruses kill cardiomyocytes,
damage-associated molecular patterns (DAMPs) are re-
leased to the interstitial tissue, which recruits DCs and
macrophages. Macrophages and DCs present the antigens
to T cells in the draining lymph nodes, activating the T cell
response in the myocardium [86]. The activated T cells can
attack the myocardium when the virus shares a similar anti-
gen with cardiomyocytes or when autoantigens are exposed
due to the primary damage [87–89]. Thus, similar to infec-
tion, it’s reasonable to hypothesize that T cells might tar-
get myocardium because of themolecular mimicry of tumor
antigens and components on cardiomyocytes.

Axelrod and his colleagues performed scTCR-seq on
the heart tissues of Ctla4+/−Pdcd−/− mice, and eluci-
dated that α-myosin encoded by Myh6 can be recognized
by TCRs as an MHC-Ⅰ restricted autoantigen to initiate
T cell response in myocarditis, and detected α-myosin
specific TCRs in ICI-related myocarditis patients [81].
Their study also demonstrated that a large proportion of
melanoma tumors with or without ICI treatment expressed
Myh6 [81]. This result is in accordance with prior find-
ings that melanoma patients have a higher risk of devel-
oping myocarditis [89]. Interestingly, Wei et al. [85] ob-
served no evidence for elevation of serum cytokines or
antibodies in Ctla4+/−Pdcd−/− mice, but a higher level
of serum troponin, which suggested cardiac tissue dam-
age. Myers et al. [90] analyzed endomyocardial biopsy
from myocarditis and dilated cardiomyopathy patients, and
proved that human cardiac myosin (HCM) peptides S2-16
and S2-28 can be recognized as endogenous toll-like re-
ceptor 2 (TLR2) ligands by CD14+ monocytes. After the
stimulation, CD14+ monocytes produce IL-6 and TGF-β,
facilitating Th17-cytokine secretion such as IL-17A, which
participates in the progression of myocarditis [90].

A number of research findings point to an intrigu-
ing perspective that mitochondria might be targeted in
the development of myocarditis. In Liu et al.’s study
[84], upregulated levels of Fas, FasL, LC3, p62, and anti-
mitochondrial antibody-M2 (AMA-M2) are detected inmy-
ocarditis mice. Fas/FasL, LC3, and p62 are related to
apoptosis and autophagy, respectively, and AMA-M2 is
found in various autoimmune diseases. Likewise, pro-
teomic analysis revealed that in ICI-induced myocarditis,
the expressions of mitochondria-related molecules mito-
fusin (MFN)2, glycogen synthase kinase (GSK)3β, mech-
anistic target of rapamycin kinase (mTOR), and protein
tyrosine phosphatase non-receptor type 11 (PTPN11) are
elevated [91]. Schulze et al. [92] induced myocarditis
in murine models with Coxsackie B3 virus and detected
anti-adenine nucleotide translocator (ANT) antibodies in
the sera, which caused impaired ATP translocation and car-
diac dysfunction. Cardiomyocytes are cells with extremely
high metabolic activity and possess a large amount of mito-

chondria. Once the mitochondria are targeted and impaired,
ROS is generated and exacerbates inflammatory responses.
It’s been confirmed thatmyocardial infarction ismore likely
to occur in males, with a ratio of 3.5:1 male to female re-
ported in a recent study [93]. It is thought that the protec-
tive effect of estrogen in reducing cardiovascular disease
before the menopause is mediated by ERα expression in
mitochondria [94]. Taken together, mitochondria may con-
tribute to the development of myocarditis through several
mechanisms, including providing antigens as targets; caus-
ing metabolic dysfunction following damage, which leads
to cardiac dysfunction; and releasing ROS that exacerbate
inflammatory responses in myocardial tissue. However,
further research is still needed to determine whether my-
ocardial mitochondria are the initial cause of ICI-induced
myocarditis.

Currently, no reliable theory exists to explain which
type of ICIs is more likely to induce myocarditis. However,
a large-scale clinical study has demonstrated that combina-
tion therapy of anti-PD-(L)1 and anti-CTLA4 is more likely
to induce myocarditis than monotherapy, with an incidence
rate of 1.33% [11]. And the incidence rates in anti-PD-1 or
anti-PD-L1, and anti-CTLA4 monotherapy are 0.41% and
0.07%, respectively. The dual therapy of anti-LAG3 and
anti-PD-1 also increased the incidence to 1.7%, versus 0.4%
in anti-PD-1 alone [95]. These findings suggest that the
combination of ICIs not only enhances antitumor immune
responses but also exacerbates autoimmune reactions in the
body.

In summary, while the exact mechanism of ICI-related
myocarditis and cardiomyopathy remains unclear, existing
studies support a plausible assumption. Potential antigens
exist in the myocardium, such as α-myosin, cardiac tro-
ponin I (cTnI), ANT, among others. Regardless of the pres-
ence of tumors, this TCR signaling can initiate an immune
response against the myocardium. But in normal status, due
to the immune tolerance maintained by inhibitory check-
point signaling, cardiomyocytes are free of attack by spe-
cific immunity, and few T cells are resident in the my-
ocardium. Deficiency in checkpoint-related genes or the
presence of ICIs disrupts immune tolerance, unlocking au-
toimmunity against myocardial antigens, which leads to
the accumulation of particularly CD8+ T cells in the my-
ocardium (see Fig. 2). In the presence of tumors, especially
when tumor cells express similar molecules to cardiomy-
ocytes, the autoimmune response in heart tissue might be
more vigorous [89].

3.2 ICI Therapy-Related Pericardial Diseases
Pericardial diseases, pericarditis, for instance, exhibit

a lower incidence compared to myocardial diseases. In a
large prospective study conducted by Gong et al. [96],
the patients treated with ICI presented an incidence of 1.57
events per 100 person-years and a seven times increase
in the risk of developing pericardial diseases compared
to the untreated group. In an observational study, Salem
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Fig. 2. Mechanism of ICI-induced myocarditis. Cardiac auto-antigens can be recognized and presented to naive T cells in the draining
lymph nodes by APCs such as macrophages and DCs. Meanwhile, APCs secrete pro-inflammatory cytokines, such as IL-2, IL-6, and IL-
12. In normal status, this interaction will not start an immune reaction due to the immune tolerance maintained by immune checkpoints.
When ICIs are applied, activated CD4+ (Th1, Th17) and CD8+ T cells are generated. Activated CD8+ T cells target cardiac antigens
and directly lead to T-cell infiltration in the myocardium. Th1 and activated CD8+ T cells both secrete IFN-γ and TNF-α, which, on
the one hand, promote T cell infiltration, and on the other hand, initiate a signaling cascade to CXCL9+/CXCL10+ macrophages. The
CXCL9+/CXCL10+ macrophages recruit CD8+ T cells as a positive feedback loop. Th1 cells also initiate B-cell activity and plasma
cell differentiation, causing Ig deposition around cardiomyocytes. Th17 cells promote the recruitment of neutrophils by producing IL-
17. Mø, macrophage; Th, helper T cell; CM, cardiomyocyte; EC, endothelial cell; IFN-γ, interferon-γ; TNF, tumor necrosis factor; IL,
interleukin. This figure was created by figdraw (https://www.figdraw.com/#/).

et al. [11] reported a rate of 0.36% of anti-PD-1/PD-L1
monotherapy-related pericardial diseases in all individual
case safety reports (ICRS) reported with ICIs. However,
anti-CTLA-4 agents were reported to be unrelated to the
risk of pericardial toxicities [97]. Unlike myocarditis, the
lack of generally accepted animal models and clinical re-
search hinders the exploration of the mechanism in the de-
velopment of PD-1 inhibitor-related pericardial diseases.

Altan et al. [98] reported three cases of pericardi-
tis in which they observed a large accumulation of CD4+
and CD8+ T cells around the same share, as well as a cer-
tain amount of CD68+ macrophages beneath the fibrinous
layer on the biopsy. Occasional reactive mesothelial cells
and CD20+ B cells are also observed [16]. Another case
report showed predominant infiltration of CD4+ T cells,
expressing CD4+ and FOXP3+ [99]. These findings are
different from the pathology results observed on myocardi-
tis biopsies, suggesting that the pericardial tissue possesses
a relatively specific immune microenvironment. Besides,

in some cases, malignant cells are detected in the pericar-
dial effusion, which makes it difficult to validate the cause
of pericarditis [100]. Moreover, radiation therapy com-
bined with ICIs is thought to be more likely to cause peri-
cardial diseases [16]. Pericardial diseases are more com-
monly diagnosed in cases of lung cancer, which also sup-
ports the argument mentioned above, since radiotherapy is
more frequently applied to lung cancer. A hypothesis for
this increased risk of pericarditis is that radiotherapy in-
duces localized tissue necrosis, which causes the release of
DAMPs. DAMPs can activate the innate immunity, such
as macrophages, creating a pro-inflammatory environment,
where T cells are randomly activated. These antigens ac-
tivate T cells, leading to an attack on the pericardium. A
possibility exists that tumor invasion into the pericardium
leads to inflammation [16]. Additionally, pericarditis that
happened after ICI treatment might be related to primary
or recurrent infection. Chu et al. [101] reported a case in
which, after anti-PD-1 therapy, the NSCLC patient devel-
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oped a pericardial tamponade due to a hypersensitive re-
sponse to tuberculosis (TB) reactivation. Interestingly, they
found that PD-1 signaling in the two diseases does not co-
promote each other to evade the host immunity. When TB
was controlled, the pericardial effusion was PD-L1 nega-
tive but the expression was upregulated in cancer cells due
to tumor progression.

In brief, although initiating antigens and underlying
mechanisms for pericardial diseases are far from clear,
it’s agreed that pericardial diseases are developed under
the influence of multiple factors. With the presence of
ICIs, T-cell response can be induced when identical anti-
gens on the pericardium and tumor cells are targeted by
TCRs. Combined therapy with radiation can be a risk fac-
tor. PD-1 inhibitors might also enhance the immune reac-
tion initiated by infection or induced by autoimmune dis-
orders. Future research requires the development of an-
imal models capable of reliably simulating the patholog-
ical features of human ICI-related pericarditis, which is
fundamental to advancing mechanistic studies. Moreover,
multi-omics studies analyzing patients’ sera, pericardial ef-
fusions, and pericardial tissues will establish immune cell
atlases and describe the molecular characteristics during
pericarditis, which help uncover crucial subclusters, path-
ways and biomarkers.

3.3 ICI Therapy-Related Arrhythmias
Arrhythmia and conduction diseases are common car-

diovascular toxicities of ICI therapies. The incidence
of ICI-induced arrhythmia is reported to be around 1.5%
[102]. Male and aged patients (≥65 years old) are
more likely to develop ICI-associated arrhythmias. These
cases are more commonly reported in lung, thymus, and
pleura cancer patients, especially in metastatic NSCLC
or melanoma patients, and the type of arrhythmias can
range from tachycardia, atrial or ventricular fibrillation, to
bradycardia, sick sinus syndrome, atrioventricular block,
and cardiac arrest [103,104]. Importantly, studies indicate
that anti-PD-1/PD-L1 therapies exhibited substantially in-
creased reporting odds ratios concerning arrhythmia, while
anti-CTLA-4 therapy is considered to be unassociated with
the incidence [103,105]. Meanwhile, dual therapy poses a
higher risk of arrhythmias compared to monotherapy [105].
ICI-associated arrhythmias can be newly emerged or pre-
existing, and primary or secondary to concurrent cardio-
vascular toxicities, such as myocarditis, cardiomyopathies,
cardiac failure, and coronary diseases [5]. Due to the rel-
atively low mortality rate, the pathophysiological mecha-
nisms underlying ICI-induced arrhythmias have not been
fully investigated.

Arrhythmia is a disorder of cardiac rhythm triggered
by abnormal impulse formation, conduction, or both [106].
Therefore, studying the etiology and pathology of arrhyth-
mias during immunotherapy can be quite different from
other adverse events, as arrhythmias can be induced by var-
ious factors like drug toxicities, primary cardiac diseases,

nervous or endocrine disorders, electrolyte disturbances,
and even tumor invasion. From the perspective of ICI, the
occurrence of immune-related arrhythmias can be consid-
ered a direct or indirect effect of immunotherapy.

ICIs induce the activation and monoclonal prolifera-
tion of effector T cells. Similar to immune myocarditis and
pericarditis, in the presence of cross-reactive antigens, ICIs
may trigger T-cell attacks on the sinoatrial node, atrioven-
tricular node, and conduction bundle cells, which is consid-
ered the direct effect of ICIs. It’s been repeatedly reported
that arrhythmias can occur in patients with ICI-induced my-
ocarditis [13,107,108]. The development of arrhythmias
may result from T-cell infiltration in the myocardium, espe-
cially in the nodal area and conduction system [13]. In two
case reports in whichmyocarditis with complete heart block
occurred after nivolumab therapy in metastatic melanoma
patients, the cardiac autopsies presented similar infiltration
of CD3+ T cells and CD68+ macrophages in the cardiac si-
nus and conduction system, and plentiful CD4+ and CD8+
cells were observed [108]. Surprisingly, two studies con-
firmed that in AF patients, the expression of PD-1 on CD4+
T cells is decreased compared to controls, while remaining
in CD8+ T cells, which suggests that CD4+ T cells might
be more critical for the occurrence of atrial fibrillation (AF)
[109,110].

The indirect effects of ICI on cardiac conduction in-
clude increased ROS formation, pro-inflammatory factor
release, and exacerbated myocardial remodeling. In a study
by Fu et al. [111], PD-1-deficient mice exhibited signifi-
cantly shortened effective refractory periods (ERPs) at each
atrial site and enhanced dispersion. Increased ROS gener-
ation and immune factors such as IL-17, TNF, and IFN-γ
are detected, and accumulated collagen fibers are observed
in atrial tissue. These results suggested that checkpoint de-
ficiencies can induce atrial remodeling by ROS generation,
inflammation, and cardiac fibrosis, which promotes the for-
mation of reentrant circuits, thus raising the risk of AF Be-
sides, pro-inflammatory factors, such as IFN-γ, IL-2, IL-
6, and IL-10, are significantly increased in the peripheral
blood of AF patients, while IL-17A and TNF remain nor-
mal. Meanwhile, CD69 and HLA-DR are upregulated on
CD3+ T cells in the AF group, suggesting enhanced acti-
vation of T cells, while PD-L1 is downregulated onmyeloid
DCs (mDCs) [109]. ICIs enhanced themDCs’ ability to ini-
tiate T cell response and secretion of pro-inflammatory cy-
tokines, aggravating the inflammation in the myocardium,
which affects the conduction system.

It’s well-known that the endocrine system is essential
in the regulation of cardiac rhythm. As some cases have
reported that ICI therapy can disturb the endocrine system,
arrhythmia may be developed due to endocrine disorders.
Various endocrine organs, including the thyroid, pituitary,
and adrenal gland, are affected by ICIs [13,112]. Hyperthy-
roidism and hypocortisolism induced by ICIs can interrupt
cardiac rhythm. For instance, Guo et al. [113] reported a
case in which coronary artery spasm and ventricular tachy-
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Fig. 3. Development of ICI-related arrhythmias. The use of ICIs can trigger an immune response in the myocardium, increasing ROS
production and (non)inflammatory cytokine secretion, which will cause cardiac remodeling with or without myocarditis and cardiomy-
opathy. Immune cell infiltration will bring damage to the conduction system. Consequently, a series of structural alterations might occur
in the conduction system. ICI treatment can disturb the electrolyte balance, perturbing the automaticity of rhythmic cells. Meanwhile,
ICIs can cause injuries to endocrine organs, which directly or indirectly contribute to the progression of arrhythmias. ROS, reactive
oxidative species. This figure was created by figdraw (https://www.figdraw.com/#/).

cardia developed due to hyperthyroidism induced by a PD-1
inhibitor.

We summarized the potential mechanisms of ICI-
induced arrhythmias in Fig. 3. Overall, ICIs induce arrhyth-
mias through multiple ways. First, arrhythmia can be sec-
ondary to myocarditis and cardiomyopathies. Second, ICIs
can not only trigger T cell attack on conductive cells, but
also promote ROS generation and non-inflammatory cy-
tokine release, both contributing to the cardiac remodelling
and conduction system damage. Subsequently, bypasses,
reentry circuits, and branch blocks may form in the con-
duction system. In addition, systemic impacts, particularly
endocrine disruption resulting from ICIs, are also influen-
tial during the progression of arrhythmias.

3.4 ICI Therapy-Related Heart Failures
Heart failures can occur following myocarditis and

cardiomyopathies, but in some cases, ICIs can cause ven-
tricular dysfunction and heart failures in the absence of my-
ocarditis (see Fig. 4). In a descriptive analysis by Escud-

ier and his colleagues [114], left ventricular systolic dys-
function was observed in 79% of the enrolled cases of ICI-
related cardiovascular toxicity, which is higher than the
proportion presented with elevated troponin, myocardial
edema or late MRI enhancement, suggesting a subset of
heart failure. This subset, unaccompanied by myocardi-
tis, is considered functional and non-inflammatory, which
features an absence of elevated troponin, imaging evidence
of myocardial inflammation, and immune cell infiltration
on biopsies [5,115,116]. Non-inflammatory left ventricu-
lar dysfunction (NILVD) exhibits a longer median time to
presentation than myocarditis and can be accompanied by
right ventricular dysfunction as well [116]. The recognition
of NILVD suggests the existence of a non-inflammatory
mechanism leading to cardiac dysfunction.

In the study by Nishimura et al. [117], PD-1−/−

BALB/c mice presented fatal dilated cardiomyopathy, and
histological examination showed no evident infiltration
of mononuclear cells, while electron microscopy exhib-
ited degeneration of cardiomyocytes, disarrayed myofila-
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Fig. 4. Classifications of ICI-related HF. ICI-related HFs include myocarditis-associated HF, NILVD, and TTS. ICI-related myocarditis
exhibits an elevated cTn level and enhancement on CMR and features T-cell infiltration in biopsies. In NILVD, the cTn level is typically
normal, and no enhancement is observed on CMR. NILVD is characterized by degenerative and disorganized cardiomyocytes, with
deformed mitochondria and IgG and C3 deposition. TTS is usually accompanied by a significantly elevated catecholamine and mildly
elevated cTn level, with no enhancement on CMR. Macrophage infiltration, contraction-ban necrosis, and focal fibrosis can be observed
in the biopsies of TTS. HF, heart failure; NILVD, non-inflammatory left ventricular dysfunction; TTS, Takotsubo syndrome; cTn, cardiac
troponin; CMR, cardiac magnetic resonance; IgG, immunoglobulin G; C3, complement 3. This figure was created by figdraw (https:
//www.figdraw.com/#/).

ments, and malformed mitochondria. Immunofluorescence
showed immunoglobulin G (IgG) and complement 3 (C3)
deposition around cardiomyocytes in affected hearts, and
high-titer IgG reactivity to a 33-KDa protein selectively
expressed on the surface of cardiomyocytes was detected
in the sera from affected animals [117]. This result indi-
cates a humoral immune approach to PD-1 inhibitor-related
dilated cardiomyopathy (DCM). Besides, Okazaki et al.
[118] also employed BALB/c-PD-1−/− DCM mice and
found high-titer autoantibodies targeting a cardiac-specific
30-KDa protein, which is proven to be cTnI. They pro-
posed that a certain amount of cTnI can be expressed on
the membrane of cardiomyocytes and be recognized by
cTnI-specific antibodies, which increase Ca2+ flux on the
L-type Ca2+ channel and lead to cardiac dysfunction and
DCM [118]. Consistent with PD-1 deficiency, PD-1 in-

hibitors was also reported to decrease cardiac function and
induce senescence in C57/B16mice. Xia and his colleagues
[119] demonstrated that a cellular senescence-related mi-
croRNA, miR-34a-5p, transferred by exosomes, is upregu-
lated in macrophages pretreated by PD-1 inhibitor, which
propels cardiac aging by aiming serine/threonine-protein
phosphatase 1 regulatory subunit 10 (PNUTS). Xia and his
team [120] also proposed that PD-1 inhibitors can promote
the differentiation of M1 macrophages by regulating the
miR-34a/KLF4 pathway to cause cardiac injury. There-
fore, it can be concluded that humoral immune reactions
against molecules on cardiomyocytes can be initiated in the
presence of ICIs. Moreover, ICIs can affect macrophage
differentiation and consequently lead to cardiac aging and
ventricular dysfunction.
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Takotsubo syndrome (TTS) is another cardiovascular
adverse event of ICI therapy, which features acute, tran-
sient regional left ventricular dysfunction with coronary
atherosclerosis [121]. Stress, increased catecholamine pro-
duction, microvascular dysfunction, and multivessel coro-
nary spasm are possible mechanisms that lead to Takotsubo
cardiomyopathy [122,123]. Aborted myocardial infarction
with spontaneous recanalization, acute obstruction of the
left ventricular outflow tract, and stunning of myocardium
mediated by catecholamine are also hypotheses on the ini-
tiation of TTS [124]. Commonly, contraction band necro-
sis is the histological characteristic [124,125]. It’s been re-
ported that emotional stress-induced left ventricular dys-
function exhibits remarkably elevated catecholamine lev-
els. Infiltration of macrophages and mononuclear lympho-
cytes and necrosis of contraction bands are observed in the
biopsies [125]. These features are similar to those found
in ICI-induced TTS [126–128]. As shown in the endomy-
ocardial biopsy, malignant cells and lymphocyte infiltration
are absent, and focal fibrosis and few CD68+ macrophages
are observed [121]. Hence, it can be inferred that ICI-
induced TTS possibly results from excessive catecholamine
released by the impaired adrenal gland or coronary va-
sospasm due to the interaction between vascular walls and
ICIs.

3.5 ICI Therapy-Related Vasculitis

Vasculitis contains a series of diverse autoimmune dis-
eases that can attack different-sized vessels thereby caus-
ing damage, including inflammation-induced centripetal in-
timal hyperplasia of blood vessels, aortic wall thinning,
and aneurysm formation. The vascular wall possesses
a distinct barrier structure that protects it from autoim-
mune attacks. ICIs can cause different types of vasculi-
tides, such as giant cell arteritis (GCA), aortic arteritis,
anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitides (AAVs), neurologic primary vasculitis [129],
leukocyte-crushing vasculitis (LCV) [130], cryoglobuline-
mic vasculitis, and drug-induced vasculitis [131].

GCA, the most common type of vasculitis associated
with ICI therapies, is an autoimmune vasculitis focused on
the aorta and its medium and large branch vessels being
affected, marked by a substantial infiltration of effector T
cells [132,133], which may lead to blindness and stroke as
the disease progresses [134]. In the vessel wall, DCs, mult-
inucleated giant cells (MGCs), macrophages, and CD4+ T
cells form a non-necrotizing granuloma that penetrates from
the peritoneum to the middle layer and destroys the elas-
tic lamina, damaging the vascular wall and causing injuries
such as elastic lamina fragmentation, luminal stenosis and
occlusion, vessel wall entrapment, and aneurysm formation
[132,135]. IL-9, IL-21, IL-17, and IFN-γ are produced by
CD4+ T cells, promoting neoangiogenesis and hyperplasia
in the intima [136]. During active disease, macrophages
release IL-6, IL-1β, and TGF-β. Myofibroblast prolifer-
ation and neoangiogenesis are supported by macrophage

growth factor (MGF) [137,138]. MGCs were reported to
be present in nearly half of the patients, and were found
to be concentrated in the medial layer [139], distinguishing
them from Takayasu arteritis. Watanabe et al. [132] found
that PD-1+ T-cell accumulation in lesions was directly pro-
portional to the severity of vasculitis. Increased production
of pro-inflammatory cytokines is related to a higher den-
sity of PD-1+ T cells in the intima, while thicker intimal
layers are linked to a higher microvascular density [132].
In one study, myofibroblasts expressing α-smooth muscle
actin (α-SMC) in the proliferative intima were two-three
times thicker in the PD-1 inhibitor-treated group than in the
control group [140].

The progression of GCA is itself influenced by a vari-
ety of pathways, including the JAK/STAT signaling path-
way, the PD-1/PD-L1 pathway, the CD28 pathway, the
NOTCH1-Jagged1 pathway, etc. [135,141]. Vascular DCs
and CD4+ T cells are crucial factors in the progression of
GCA. In GCA, vascular DCs reside in medium- and large-
sized vessels, and express a high level of the costimula-
tory ligand CD80/CD86 [11] and a low level of the co-
inhibitory ligand PD-L1 [132]. Vascular DCs present vas-
cular pathogenic antigens from the vessel wall, exposing
the vessels to auto-immune attacks [142,143]. The imbal-
ance between powerful co-stimulation and ineffective co-
inhibition leads to the clonal expansion of T cells [135].
Defects in co-inhibitory pathways are hallmarks of GCA
[140]. Abnormal expressed NOTCH1 receptors and depen-
dence on unantagonized co-stimulatory signaling are char-
acteristics of GCA-related CD4+ T cells. A variety of com-
plex pathogenic cascades culminate in vessel wall disrup-
tion and intimal hyperplasia [141].

Under normal physiological conditions, the PD-1/PD-
L1 signaling serves to provide negative signaling to block
T-cell activation and expansion and prevent inflammation-
related tissue destruction. As opposed to a high PD-L1 ex-
pression in arteries of healthy populations that contributes
to immune privilege, the absence of PD-L1 in DCs in
GCA results in unopposed T-cell activation signaling in pa-
tients. This protective mechanism is disrupted in GCA. In-
terestingly, pathways and proteins related to CTLA-4 are
upregulated in the blood and aortic tissues of GCA pa-
tients. Despite the decreased amount and diminished ac-
tivation/suppression of Tregs in GCA patients, CTLA-4 is
still particularly upregulated [133]. This probably explains
why CTLA-4 inhibitors were linked to a higher incidence
of GCA compared to PD-(L)1 inhibitors, despite the lat-
ter’s more prevalent usage and irAEs documentation. As
PD-1 signaling is inhibited in vascular DCs [140], naive
CD4 T cells fail to convert to Tregs [144], leading to uncon-
trolled and hyperactivated lesion T cells that react to stimu-
lation normally inadequate to initiate T-cell reaction. More-
over, Th1 and Th17 cells are enriched [145] and positively
correlate with arterial tissue injury [146], and the memory
T cells make the lesion self-sustaining [135]. In a per-
missive tissue environment created by defective PD1/PD-
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L1 immune checkpoints, PD-1+/CD4+ T cells enter the
immune-privileged vessel wall and differentiate into mul-
tiple classes of differentiated effector T cells that secret cy-
tokines (IL-17, IL-21 and IFN-γ) that orchestrate the de-
struction of the vascular wall and drive an inflammatory
response of endothelial activation, intimal hyperplasia, in-
tramural neoangiogenesis, and luminal stenosis [132,141].
PD-L1 expressionwas decreased onGCAmacrophages and
DCs, whereas PD-L2 expression was unaffected, but PD-
L2 could not replace the lack of PD-L1-dependent signaling
[147,148].

In one study, normal human arteries were grafted
into immunocompromised mice, and mononuclear cells in
the peripheral blood from GCA patients were then trans-
planted to reconstitute chimeric mice, and vasculitis devel-
oped within 1-2 weeks. PD-1 inhibitor led to a strong up-
regulation in IL-1β, IL-6, TNF-α, IL-7, IL-15, and DCs
involved in granulomatous lesions in chimeras, and a sub-
stantial amount of different T-cell lineages were recruited
to the affected vessel intima. LPS and IFN-γ can induce
PD-L1 expression on DCs, and it was found that GCA was
attenuated in response to both stimuli [149].

Macrophage aggregation in the vessel wall is not
unique to GCA, and overexpression of MMP-9-producing
macrophages is also present in other granulomatous
diseases, including granulomatous polyangiitis arteriosa
(GPA) [150]. GPA is an autoimmune small-vessel vas-
culitis usually connected to granuloma-caused tissue dam-
age. Neutrophilic extracellular traps (NETs), composed of
neutrophils, are thought to act as inflammatory foci. Cor-
respondingly, small and medium-sized vessels can be af-
fected by anti-neutrophil cytoplasmic antibody-associated
vasculitis (AAV). Mixed monocytes and neutrophils com-
prise vascular lesions at the early stage of AAV, which
are gradually replaced by monocyte- and macrophage-
dominated inflammation during progression [151]. A lower
amount of PD-L1+ monocytes was observed in AAV pa-
tients with PR3 orMPO-ANCA+ than normal group, which
may be associated with a low expression of the crucial do-
main in CKLF-like Marvel transmembrane structural do-
main 6 (CMTM6) [152].

AAVs are another group of vasculitides that can be
induced by ICIs, which involve severe, systemic small-
vessel vasculitis. They are characterized by the devel-
opment of autoantibodies to neutrophil proteins, such as
PR3-ANCA (anti-proteinase 3) or myeloperoxidase (MPO-
ANCA) [153]. The onset of ANCA-associated vasculi-
tis is associated with multiple factors, including infections,
drugs, and genetic susceptibility. Many pathogens, such
as Streptococcus, can produce pyrogenic toxins, simulta-
neously activating both autoreactive B and T cells [154].
Drugs like pyrimethamine, minocycline, and isoniazid etc.
are related to the development of AAVs [155]. A clini-
cal study demonstrated that HLA-DRB1*09:01, commonly
found in East Asian populations, is strongly associated with
microscopic polyangiitis (MPA) [156]. From these results,

we can infer that whether ICIs induce vasculitis is highly
correlated with the characteristics of the users. Unlike
other cardiovascular toxicities, B cells play a crucial role
in the development of AAVs. B cells not only participate
in AAV pathogenesis as precursors to ANCA-producing
plasma cells, but also present antigens to T cells to stimulate
T cell activation. They secrete pro-inflammatory factors
such as IL-6 and TNF, suppressing the anti-inflammatory
activity of regulatory T cells while promoting the differ-
entiation of effector T cells. Disruption of T cell immune
homeostasis is important in both the initiation and subse-
quent progression of AAVs. TGF-β and IL-6 produced by
dendritic cells can induce naive T cells to differentiate into
Th17. Dendritic cell-derived IL-27 stimulates Th17 cells
to produce IL-17, which in turn induces macrophages to
release proinflammatory mediators that pre-activate neu-
trophils [157]. Thus, we can infer that ICIs exacerbate the
activation of T and B cells. Activated helper T cells, partic-
ularly Th17 cells, will secrete increased amounts of IL-17,
ultimately inducing neutrophil activation and the formation
of AAVs.

LCV is a group of diseases that features neutrophilic
infiltration primarily affecting the skin in a vasculitis pat-
tern. The specific pathogenesis of LCV remains unclear,
but it is generally believed to be associated with the depo-
sition of circulating antigen-antibody complexes in blood
vessels, which activates the complement system and sub-
sequently recruits neutrophils [158]. Therefore, the patho-
genesis of ICI-induced LCV likely resembles that of AAVs,
wherein activated B cells and plasma cells promote in-
creased complex deposition, while helper T cells enhance
neutrophil activity.

Together, the mechanisms by which ICI induces dif-
ferent types of vasculitis share commonalities as well as
differences. In terms of differences, in ICI-induced GCA,
macrophages play a crucial role both in secreting inflam-
matory mediators that damage blood vessels and in form-
ing giant cells that penetrate the vascular wall. In AAVs
or LCVs, more active neutrophils are clearly a key factor
in disease progression. However, T cell activation plays a
crucial role in all these processes. The occurrence of ICI-
induced vasculitis is associated with multiple factors, in-
cluding the antitumor strategies employed, drugs, living en-
vironments, chronic infections, genetic susceptibility.

3.6 ICI Therapy-Related Atherosclerosis
Atherosclerosis (AS) is a chronic inflammatory dis-

ease primarily affecting the medium to large arteries, which
serves as the pathological basis of a range of cardiovascular
diseases. The process is initiated by lipid metabolic disor-
ders and characterized by lipid deposition and inflammatory
cell accumulation in vascular walls. The subsequent fibro-
sis, calcification, and even ruptures can ultimately lead to
stenosis, thrombosis, and hemorrhage, potentially limiting
survival in post-ICI therapy patients.
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Recent studies using scRNA-seq have shown that in
human atherosclerotic plaques, CD8+ T cells are signifi-
cantly enriched, comprising about 65% of plaque immune
cells. This enrichment contrasts with the distribution of
CD4+ T cells, which are more prevalent in circulation, em-
phasizing the role of cytotoxic T cells in AS [159,160].
Cytokines secreted by Th1 cells, including TNF-α, IL-18,
IL-12, and IFN-γ, are able to interact with macrophages,
regulate macrophage conversion to M1 subtype, and pro-
mote inflammatory responses [161]. On the contrary, the
concomitant decrease in the M2 subset results in an anti-
inflammatory effect, consistent with reduction in cytokines
such as TGF-β and IL-10. The PD-1 pathway is im-
portant in the progression of AS. As mentioned previ-
ously, PD-1 inhibitors may facilitate the polarization of
M1 macrophages [120]. In addition, TNF-α and IFN-γ
upregulate the PD-L1 expression on myocardial endothe-
lial cells, leading to exacerbation of myocarditis and a pro-
inflammatory environment [162]. In vasculitis involving
major vessels, low expression of PD-L1 disrupts check-
points and allows unrestricted T-cell reaction. In contrast,
atherosclerotic plaques exhibit a high level of PD-L1 [159],
suggesting that PD-1/PD-L1 inhibition may exacerbate in-
flammation within plaques.

In PD-1/PD-L1-knockoutmurinemodels of AS, it was
observed that PD-1/PD-L1 defects increased the number of
CD4+ and CD8+ T cells and pro-inflammatory cytokines
such as TNF-α and INF-γ, resulting in a higher atheroscle-
rotic burden in the aorta [163,164]. Thus, it may be possible
to alleviate inflammation and ameliorate the progression of
AS through upregulating PD-1/PD-L1 expression.

The balance between the expression of positive and
negative ligands and receptors on APCs and T cells jointly
regulates the activation of naïve T cells [165]. DCs, as the
most important APCs, are the most potent inducers of T-cell
response and are significantly elevated in AS [166]. On one
hand, high expression of MHCs in DCs induces the con-
version of macrophages to the M1 phenotype upon bind-
ing with DCs and T cells, increasing pro-inflammatory cy-
tokines, oxidative stress, and inflammation, thereby desta-
bilizing atherosclerotic plaques [167]. On the other hand,
DCs stimulate immune responses by binding to T cells
and presenting oxLDL-derived antigens in atherosclerotic
plaques [168]. Lee et al. [165] found that in CAD pa-
tients, PD-1 and PD-L1 were downregulated in T cells and
mDCs, respectively. The PD-1 and TIM-3 co-expression is
mainly upregulated in circulating atherosclerotic CD8+ T
cells, and Qiu et al. [169] found that anti-PD-1 or anti-TIM-
3 treatments exacerbated the predominance of Th1-driven
pro-inflammatory responses. However, a recent study by
Fan et al. [170] drew an opposite conclusion: they found
that PD-1 inhibitors significantly reduced plaque size in
AS patients. Using scRNA-seq, they identified a distinct
LMNA+/PDCD1+ T cell cluster in AS plaques, which is
in an activated state instead of an exhausted state like PD-
1+ TILs. FcγR-expressing myeloid cells can capture the

Fc-binding PD-1 inhibitor, which acts as a substitute for
PD-L1, inhibiting the activation of PD-1+ T cells, thus ex-
erting an anti-AS effect [170]. This study not only suggests
a novel therapeutic strategy for treating AS but also raises a
question about the existence of the same PDCD+ activated
T cells in other inflammatory diseases. However, as the
authors acknowledge in the paper, the study still has limi-
tations. Due to ethical constraints, the anti-atherosclerotic
effects of PD-1 antibodies have not been demonstrated in
non-tumor populations. Additionally, single-cell sequenc-
ing studies tend to provide a snapshot of a disease at a spe-
cific point in time, rather than accurately depicting its pro-
gression. Therefore, as most studies indicate, the prevailing
view remains that the use of ICIs is more likely to promote
the progression of atherosclerosis than to mitigate it.

The CTLA-4 pathway also plays an important role
in the formation of plaques. In a study utilizing the
apolipoprotein E-deficient (Apoe−/−) mouse model, Mat-
sumoto et al. [171] demonstrated that overexpression of
CTLA-4 significantly reduced the accumulation of CD4+ T
cells and macrophages at the aortic root and attenuated the
growth of atherosclerotic lesions. This may be attributed to
the less proliferating and secreting CD11c+ DCs on which
the expression of CD80 is downregulated, and the overall
suppressed T cell proliferation by inhibited co-stimulatory
pathway [171]. Given the evidence supporting CTLA-
4’s roles in mitigating AS, it is plausible to assume that
CTLA-4 inhibitors could potentially initiate or exacerbate
AS. A study by Poels et al. [172] explored the impact of
ICIs on macrophage-driven vascular and systemic inflam-
mation in melanoma patients and atherosclerotic Ldlr−/−

mice. While short-term ICI therapy did not significantly al-
ter arterial inflammation in melanoma patients, it enhanced
plaque inflammation in mice, leading to more unstable le-
sions. Using hypercholesterolemic ApoE3*Leiden mice,
Ewing et al. [173] proved that the co-stimulation of CD28-
CD80/86 in T cells is crucial for the progression of acceler-
ated AS following intervention and is modulated by CTLA-
4-mediated co-inhibition. Inhibition of CD28-CD80/86 in-
teractions by abatacept, an Ig fusion protein containing the
extracellular domain of CTLA-4, markedly halted the pro-
gression of AS in hypercholesterolemic mice and reduced
IFN-γ level, likely reflecting the decreased activation of
CD4+ T cells. Furthermore, the application of CTLA-4 in-
hibitors significantly enlarged vascular lesions, confirming
the regulatory role of CTLA-4 in AS progression [173].

In brief, the immune environment of atherosclerotic
plaques is characterized by T cell and macrophage infiltra-
tion. Upregulation of PD-L1 on endothelial cells may rep-
resent a compensatory mechanism to limit inflammation.
While a preclinical study has demonstrated ICIs to be pro-
atherosclerotic [174], their precise impact on AS in cancer
patients remains controversial. PD-1/PD-L1 or CTLA-4 in-
hibitors can enhance T cell response to APCs, leading to
aggravated immune infiltration. Effector T cells can re-
act to certain antigens in the plaques and exacerbate AS,
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while increased production of pro-inflammatory cytokines
such as IFN-γ and TNF-β polarize macrophages toward the
M1 phenotype, contributing to necrotic core formation and
plaque instability.

3.7 ICI Therapy-Related Thromboembolism
Malignancies are associated with a higher risk of ve-

nous thromboembolism (VTE) and arterial thromboem-
bolism (ATE). The application of chemotherapies and im-
mune therapies can further increase the risk. In a cohort
study by Kewan et al. [175], 10.5% of cancer patients
treated with ICIs developed VTE. According to the infor-
mation given by Roopkumar et al. [176], the incidence of
VTE is 24% in patients on immunotherapy, and is related
to a decreased overall survival. Therefore, the study on
the correlation between ICIs and thrombotic events is non-
negligible. Since ATE is closely related to AS, which we
have elaborated on in previous paragraphs, we will focus
on VTE in this unit.

Malignancies are a prothrombotic factor. The main
initiator of coagulation, tissue factor (TF), is upregulated
in tumor cells than normal adjacent cells, and high expres-
sion of TF is associated with poor differentiation and a
higher risk of VTE [177]. Besides TF, cysteine protease,
which can activate factor X and fibrinolysis proteins such
as urokinase-type plasminogen activator A (u-PA), tissue-
type plasminogen activator, and plasminogen activator in-
hibitors 1 and 2 (PAI-1 and PAI-2) can all be produced by
tumor cells [178]. It’s also been reported that membrane-
derived extracellular vesicles released by tumor cells, es-
pecially exosomes, microvesicles, and apoptotic vesicles,
present procoagulant and immunogenic properties [179].
These vesicles can also be released by DCs and mono-
cytes, which may distribute through the circulation system
and cause distant thrombosis. Inflammatory cytokines like
TNF-α and IL-1β secreted by tumor cells and the subse-
quent immune cell activation can both promote coagula-
tion, and endothelial cells can be stimulated by cytokines
to produce PAI-1, establishing a hypercoagulable environ-
ment [178,180]. The adhesion of tumor cells to endothe-
lial cells may also contribute to thrombus formation. It can
be inferred that the combined effect of carcinoma and en-
hanced immune response in the presence of ICIs can further
exacerbate the hypercoagulable status.

Sato et al. [181] validated the association between
bleeding or clotting complications and anti-PD-1/PD-L1
therapies and pointed out that T cell activation can promote
PD-L1+ CD14+ monocytes to express TF, triggering disor-
ders in coagulation-fibrinolysis system. In conclusion, ICIs
activate both T cells and APCs, inducing TF production and
contributing to coagulation.

In summary, ICI-induced cardiovascular toxicity rep-
resents a complex mechanism and process, typically in-
volving the concerted action of multiple cell types and cy-
tokines. Fig. 5 outlines the basic principles and types of
toxicity associated with ICI-induced cardiovascular effects.

Table 1 lists the key cells, cytokines, and primary mecha-
nisms involved in various diseases.

4. Advances in Treatments for
Cardiovascular irAEs

At present, the diagnosis and treatment of cardio-
vascular irAEs are highly dependent on previous experi-
ence. According to the novel cardio-oncology guideline,
early electrocardiogram (ECG), transthoracic echocardio-
gram (TTE), and cardiac biomarker monitoring are rec-
ommended for all patients planning to receive ICI ther-
apy, as a primary prevention strategy [182] (see Fig. 6a).
For patients who have already developed cardiovascular
toxicities, whether or not to continue ICI therapy depends
on the evaluated future benefits for patients. Treatments
for the complications are highly similar to treatments of
non-ICI-related cardiovascular toxicities, with the appli-
cation of high-dose corticosteroids and immunosuppres-
sants [183,184]. Current approaches may be ineffective in
some refractory cases, such as steroid-resistant myocarditis.
Therefore, new advances in therapeutic targets for cardio-
vascular toxicities are urgently needed.

For patients who do not respond to glucocorticoids, al-
ternative therapies may be considered [185], which include
intravenous immunoglobulin [186], mycophenolate [187–
189], anti-thymocyte globulin [190], plasmapheresis, in-
fliximab, and alemtuzumab (an anti-CD52 monoclonal an-
tibody). Despite the potential of these medications, the ev-
idence supporting their effectiveness remains limited. Fur-
thermore, abatacept has been shown to effectively miti-
gate myocarditis, supported by clinical data [189,191,192]
and results from animal experiments [81,85]. Additionally,
abatacept has been reported to arrest the progression of ac-
celerated AS in hypercholesterolemic mice, suggesting a
broader therapeutic potential.

As previously mentioned, α-myosin, cardiac tro-
ponins, and some mitochondrial components are potential
antigens for ICI-induced myocarditis, and hence, detecting
the cross-antigens between cardiovascular and tumor tis-
sues might be beneficial to reduce the risk of developing
complications. A comparative study of various myocardi-
tis samples and normal heart tissue revealed upregulated
immune-associated gene expression of HLA-DRA, PTPN7,
TNFRSF14, TNFAIP2, etc., in myocarditis cases. On the
other hand, genes involved in heart motion and conduc-
tive systems, such as AKAP6 and CAMK2B, are substan-
tially decreased, suggesting possible targets for myocardi-
tis [193]. Zhu et al. [194] compared the transcriptomes
of peripheral blood from ICI-induced myocarditis patients
and other irAEs, and unveiled an expansion in cytotoxic
terminally differentiated CD8+ T cells (Temra CD8+ T
cells) and an elevation in the pro-inflammatory cytokines,
CCL4 andCCL5. These studies suggest that targeting novel
chemokines like CCL4 and CCL5 might be a new approach
to treat ICI-induced myocarditis. Additionally, Lou and
colleagues [195] reported that S100 family proteins are up-
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Fig. 5. ICI-related cardiovascular toxicities. TCR can recognize the sharedMHCs on tumor cells, somatic cells, and APCs. Depending
on the targeted somatic cells and tissues, corresponding toxic reactions may occur. If affecting the myocardium, it may cause myocarditis,
cardiomyopathy, arrhythmia, and NILVD. If the pericardium is involved, it may cause pericarditis and pericardial effusion. When the
conduction system is affected, arrhythmia can be induced. If the vascular system is targeted, it can lead to vasculitis, thrombosis, AS,
and even myocardial infarction. When the endocrine system is attacked, it may cause arrhythmia and TTS. mAb, monoclonal antibody;
MI, myocardial infarction. This figure was created by figdraw (https://www.figdraw.com/#/).

regulated in ICI-induced myocarditis, which is also ele-
vated in tumor tissue. Thus, S100 family proteins are po-
tential biomarkers in the surveillance of the equilibrium be-
tween the progression of tumors and irAEs [195]. Fur-
thermore, subsets of macrophages or monocytes express-
ing CXCL9 and CXCL10 were observed in both Pdcd1−/−

Ctla4+/− mice and patients with ICI-induced myocarditis.
Hence, targeting CXCL9+/CXCL10+ macrophages may
also be an approach to treat myocarditis [30] (see Fig. 6b).

A study on the HIPPO-pathway core components in
myocarditis CD4+ T cells reported that autoimmune reac-
tion might be attenuated by low-intensity pulsed ultrasound
(LIPUS) [183]. This may be attributed to LIPUS’s abil-
ity to inhibit Mst1, a crucial enzyme in the HIPPO signal-
ing, the inhibition of which reduces the generation of Th17
and facilitates the differentiation of Tregs (see Fig. 6c). This
study provides new insights into the application of LIPUS
in cardio-oncology.
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Fig. 6. Common strategies for ICI-induced cardiovascular toxicities and latest advances. (a) Management of ICI-induced my-
ocarditis. All patients should receive pre-treatment evaluation and take prevention methods before ICI therapy. Surveillance in on-going
therapy is conducted via lab tests and imaging. Once myocarditis is suspected, a thorough evaluation is required including PET and car-
diac biopsy. High-dose corticosteroids are recommended as first-line treatments. For refractory myocarditis, immunosuppressants and
other treatments can be applied. (b) Advances in targets for ICI-induced myocarditis. Tissue in myocarditis presents higher HLA-DRA
and PTPN7, and lower AKAP6 and CAMK2B expression. CXCL9+/CXCL10+ macrophages are abundant in myocarditis tissue. Temra
T cells secret immune cytokines CCL4 and CCL5, which are potential therapeutic targets. (c) The potential of LIPUS in modulating
autoimmune inflammation. LIPUS treatment can affect CD4+ T cell differentiation by inhibiting Mst1. CVD, cardiovascular disease;
ECG, electrocardiogram; TTE, transthoracic echocardiography; CMR, cardiac magnetic resonance; PET, positron emission tomogra-
phy; LIPUS, low-intensity pulsed ultrasound; IVIG, intravenous immunoglobulin; ATG, anti-thymocyte globulin; PCSK9 inhibitors,
proprotein convertase subtilisin/Kexin type 9 inhibitors. This figure was created by figdraw (https://www.figdraw.com/#/).

The progression of AS is significantly accelerated dur-
ing ICI therapy; however, there is currently no specific
treatment strategy to address this complication [185,196].
Even though corticosteroids tend to attenuate the progres-
sion of atherosclerotic plaque, the adverse effects of long-
term use can not be overlooked [174]. Similar to general
AS, stains and proprotein convertase subtilisin/kexin type
9 (PCSK9) inhibitors are also effective for ICI-related AS
[174,196,197]. Besides, PCSK9 inhibitors potentiate tumor
response to ICI-therapy by elevating MHC I expression on
tumor cells, enhancing cytotoxic T-cell infiltration, without
additional side effects [197].

5. Conclusions

ICIs have had a broader range of applications and
achieved encouraging progress in cancer treatments over
the past decade. However, irAEs are becoming matters of
concern in the use of ICIs, especially rare but fatal car-
diovascular toxicities increasingly threatening the lives of
patients on ICI therapies. Hence, to improve ICI strate-
gies and reduce the incidence and mortality of cardiovascu-
lar adverse events, abundant studies have been conducted
to uncover the mechanisms behind the occurrence and de-
velopment of ICI-induced cardiovascular toxicities. In
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Table 1. Summary of ICI-induced cardiovascular toxicities: primary cellular drivers, responsible cytokines/mediators, and
primary mechanism.

ICI-associated car-
diotoxicity

Primary cellular
drivers

Cytokines/Mediators Primary mechanisms

Myocarditis
CD8+ T cells, CD4+

T cells (Th1, Th17),
B cells, neutrophils

IFN-γ, TNF-α, IL-17
- Autoimmune targeting of cardiac antigens leading to
CD8+ T cell infiltration of the myocardium
- IgG deposition around cardiomyocytes
- Neutrophil infiltration of the myocardium

Pericardial diseases CD4+ and CD8+ T
cells, macrophages,

B cells

DAMPs - T cell-mediated pericardial inflammation

Arrhythmias
CD4+ T cells, CD8+

T cells, macrophages
IFN-γ, TNF, IL-2, IL-6,

IL-10, IL-17
- T cell and macrophage infiltration of the cardiac conduc-
tion system
- ICI-induced electrolyte imbalance

Heart failure Macrophages Catecholamines (in TTS)

- NILVD:
■  IgG and C3 deposition around cardiomyocytes
- TTS:
■  Macrophage infiltration of the myocardium
■  Catecholamine-mediated toxicity of the myocardium

Vasculitis
CD4+ T cells (Th1,
Th17), macrophages,

MGCs, α-SMC
myofibroblasts, DCs

IL-6, IL-7, IL-9, IL-15,
IL-17, IL-21, IFN-γ,
IL-1β, TGF-β, MGF,

TNF-α

- GCA: Formation of granulomatous infiltrates and dam-
ages the vascular wall
- AAVs: Activated Th17 cells secrete IL-17 inducing neu-
trophil activation
- LCV: deposition of circulating antigen-antibody com-
plexes in blood vessels activates the complement system
and subsequently recruits neutrophils

AS CD8+ T cells,
CD4+ T cells,

macrophages, DCs

IL-18, IL-12, IFN-γ,
TNF-α

- T cell and macrophage infiltration of atherosclerotic
plaques leading to plaque destabilization and necrotic core
expansion

Thromboembolism Tumor cells, DCs,
monocytes

TF, TNF-α, IL-1β - Release of procoagulant microvesicles from tumor cells.
DCs, and monocytes

DAMPs, damage-associated molecular patterns; LCV, leukocyte-crushing vasculitis; AAVs, anti-neutrophil cytoplasmic antibody
(ANCA)-associated vasculitides; GCA, giant cell arteritis; TF, tissue factor.

this review, we collected novel findings on five main im-
mune checkpoint pathways and integrated advances in the
mechanisms of ICI-related myocarditis, cardiomyopathies,
pericarditis, arrhythmias, heart failures, AS, vasculitis,
and thromboembolism. Current studies generally support
the notion that ICI-induced cardiovascular toxicities result
from the ICIs triggering autoimmune attack on the cardio-
vascular system. However, the mechanisms underlying dif-
ferent manifestations of toxicity remain distinct, which we
have thoroughly analyzed above. Additionally, we con-
cluded the up-to-date progress made on the treatments for
ICI-induced cardiovascular toxicities.

Nevertheless, questions remain to be answered in this
field: (a) other unknown immune checkpoints involved in
tumor progression; (b) the effect of the interactions of im-
mune checkpoints on ICI therapies; (c) unknown antigens
involved in ICI-related myocarditis and other inflammatory
diseases; (d) mechanisms behind subtypes of ICI-related
cardiovascular toxicities such as heart failures and arrhyth-
mias; (e) interactions behind combined therapies of differ-

ent ICIs, ICIs and radiotherapies, ICIs and chemotherapies,
etc.; (f) potential biomarkers to monitor the occurrence and
progression of ICI-related cardiovascular toxicities; (g) pre-
cisemedical targets against ICI-induced cardiovascular tox-
icities.

It can be predicted that in the foreseeable future, the
application of ICIs will continue to grow due to the rel-
atively low incidence of severe adverse events. The es-
tablishment and development of cardio-oncology mark the
importance scientists have attached to ICI-related cardio-
vascular toxicities. This multidisciplinary cooperation will
bring better outcomes for ICI-treated patients.

Abbreviations
AAV, anti-neutrophil cytoplasmic antibody-associated

vasculitis; AF, atrial fibrillation; Akt, protein kinase
B; AMA-M2, anti-mitochondrial antibody-M2; ANT,
anti-adenine nucleotide translocator; AS, atherosclero-
sis; ATE, arterial thromboembolism; C3, complement
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associated molecular patterns; DC, dendritic cell; DCM,
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immune-related adverse events; ITSM, immunoreceptor
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tein; ROS, reactive oxygen species; SHP-2, src homol-
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T cell; TIGIT, T cell immunoglobulin and ITIM do-
main; TIL, tumor-infiltrating lymphocytes; TIM-3, T-cell
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TME, tumor microenvironment; Treg cell, regulatory T cell;
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gen activator A; Vav1, vav guanine nucleotide exchange
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