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Abstract

Purpose of review Contemporary anticancer immunotherapy, particularly immune check-
point inhibitors (ICI) and chimeric antigen receptor (CAR) T cell therapy, has changed the
landscape of treatment for patients with a variety of malignancies who historically had a
poor prognosis. However, both immune checkpoint inhibitors and CAR T cell therapy are
associated with serious cardiovascular adverse effects. As immunotherapy evolves to
include high-risk patients with preexisting cardiovascular risk factors and disease, the

risk and relevance of its associated cardiotoxicity will be even higher.
Recent findings ICI can cause myocarditis, which usually occurs early after initiation, can

be fulminant, and prompt treatment with high-dose corticosteroids is crucial. CAR T cell
therapy frequently leads to cytokine release syndrome, which is associated with
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cardiomyopathy or arrhythmia development and may also result in circulatory collapse.
Supportive treatment, as well as tocilizumab, an anti-interleukin-6 receptor antibody, is
the cornerstone of treatment. Recent findings suggest that preexisting cardiovascular risk
factors and disease may increase the risk of such cardiotoxicity, and prompt recognition,

as well as treatment, may favorably alter the outcomes.

Summary ICI and CAR T cell therapy have improved cancer-related outcomes; however,
they both are associated with potentially therapy-limiting cardiotoxicity. Cardio-
oncologists are required to play an important role in patient selection, pretherapy
cardiovascular optimization, and prompt recognition and treatment of cardiotoxicity.

Introduction

Contemporary immunotherapy, such as immune check-
point inhibitors (ICI) and chimeric antigen receptor
(CAR) T cell therapy, has dramatically improved out-
comes for a wide variety of cancers with an otherwise
poor prognosis [1-5]. However, both of these therapies
can potentially lead to serious cardiovascular adverse
effects [6, 7, 80¢]. As the use of immunotherapy expands
for the treatment of patients with a wide variety of
malignancies and preexisting cardiovascular disease or
risk factors, such cardiotoxicity will be observed more
frequently. Hence, the strategies for pretherapy risk strat-
ification as well as surveillance to enable prompt recog-
nition and treatment of cardiotoxicity are increasingly
important. A multidisciplinary approach is crucial for
the management of patients on novel immunother-
apies, and cardio-oncologists will play a fundamental
role in the comprehensive care of these patients.
Immune checkpoint inhibitors (ICI) work by releas-
ing restrained antitumor immune responses. To date,
seven ICIs have been approved by the Food and Drug
Administration (FDA) for 12 different cancers [6, 9].
While these agents have revolutionized the outcomes
for a wide variety of cancers, high-grade immune-related
adverse events (irAEs) can occur, particularly with com-
bination immunotherapy [10ee]. While many irAEs are

Immune checkpoint inhibitors

treated with temporary cessation of ICI therapy and
immunosuppression, cardiotoxicity in the form of myo-
carditis is potentially therapy-limiting adverse events
with a high rate of associated significant morbidity and
mortality [10ee].

Chimeric antigen receptor (CAR) T cell therapy has
shifted a paradigm for the treatment of patients with
relapsed and refractory hematologic malignancies [3-
5]. It is also being investigated as a therapeutic option
of other malignancies. Moreover, there is growing en-
thusiasm to explore the utility of genetically engineered
T cells in the treatment of autoimmune disease and
infections [11]. However, CAR T cell therapy is associat-
ed with potentially life-threatening cytokine release syn-
drome (CRS), which in turn may lead to arrhythmia,
myocardial injury, cardiomyopathy, and cardiovascular
collapse [8ee, 12]. Although insults related to CRS tox-
icity might be transient and reversible in most instances
in patients with adequate cardiovascular reserve, they
can be particularly challenging in higher risk, often el-
derly, patients with preexisting cardiovascular disease.

Here, we review the cardiotoxicity associated with ICI
and CAR T cell therapy and discuss the management
strategies.

ICIs enhance antitumor immunity by blocking intrinsic downregulators of
immunity, such as cytotoxic T lymphocyte antigen 4 (CTLA-4) and pro-
grammed cell death 1 (PD-1) or its ligand, programmed cell death ligand 1
(PD-L1). To date, the US Food and Drug Administration (FDA) has approved
seven agents (one CTLA-4-blocking antibody (ipilimumab), three PD-1-
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blocking antibodies (nivolumab, pembrolizumab, and cemiplimab), and three
PD-L1-blocking antibodies (atezolizumab, avelumab, and durvalumab)) for 12
different cancers [6, 9]. Many more agents are under investigation for the
treatment of a wide variety of cancers.

Cardiotoxicity

As ICIs unrestraint the innate immune system nonselectively, they are associat-
ed with several irAEs involving various organ systems such as the gastrointesti-
nal tract, endocrine glands, skin, and liver [9]. Myocarditis is less frequent than
other irAEs. While the fulminant form of myocarditis is reported more fre-
quently due to associated major morbidity and high mortality, smoldering
myocarditis, as well as other forms of cardiotoxicity such as cardiomyopathy,
arrhythmia, and vasculitis, has also been reported [6, 7].

The mechanism of ICl-associated cardiotoxicity is not well understood.
However, common high-frequency T cell receptor sequences have been noted
in the tumor and cardiac muscle, which raises the possibility of a shared antigen
target [13]. All three targets of ICIs—CTLA-4, PD-1, and PD-L1—have shown
cardioprotective effects in animal studies, and their inhibition may potentially
be implicated for the occurrence of myocarditis [14-17]. However, ICI-
associated myocarditis occurs only in selective patients, and hence, other po-
tential mechanisms or risk factors ought to play an important role.

Presentation

IClI-associated myocarditis may present in varied ways, including mild, non-
specific symptoms, such as fatigue and myalgia, to more specific and severe
symptoms such as chest pain, and shortness of breath to syncope and sudden
cardiac death. In an international multicenter registry, nearly half of the patients
with myocarditis developed major adverse cardiovascular effects, including
atrial and ventricular arrhythmias, complete heart block, heart failure, cardio-
genic shock, or death. Although fulminant myocarditis with heart failure and
arrhythmias has been more commonly reported, subclinical or smoldering
myocarditis with minimal signs and symptoms may also occur.

Timing of Cardiotoxicity

Typically, ICI-associated myocarditis occurs early after the initiation of therapy
within the median time of 2 months, with most of the cases occurring within
3 months [10ee]. However, it is important to acknowledge that cardiotoxicity
may occur at any time during or even after the cessation of therapy due to
persistent immune effects [18].

The true incidence of ICl-associated myocarditis is unclear and likely
underestimated due to a combination of factors including the lack of specificity
in the clinical presentation, the potential of overlap with other cardiovascular
and general medical illnesses, the challenges in the diagnosis, and a general lack
of awareness of this condition. The overall prevalence of ICI-associated myo-
carditis was reported 1.14%, which increased to as high as 2.4% for combina-
tion therapy with anti-PD-1/anti-CTLA-4 agents in an international multicenter
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registry [10ee]. For patients undergoing nivolumab therapy, troponin level was
found to be elevated in 10% of patients without a clear cause, which suggests
that the true incidence of subclinical or smoldering myocarditis might be even
higher [19].

Risk factors

While the risk factors for ICI-associated myocarditis are not well characterized, a
combination therapy with two or more ICIs, anti-CTLA-4 therapy, diabetes, and
obesity have been independently associated with higher occurrence [10ee]. The
prevalence of myocarditis is reportedly lowest with the anti-PD-1 agent (0.5%),
whereas it is higher with other agents: 2.4% with anti-PD-L1 and 3.3% with
anti-CTLA-4 monotherapy [10ee].

In general, noncardiac irAEs are more frequently reported in patients
with preexisting autoimmune disease. However, as far as myocarditis is
concerned, no such association with preexisting autoimmune disease has
been established [6]. Similarly, while in a small study, influenza vaccina-
tion was associated with a higher rate of irAEs [20], in an international
multicenter registry, the rate of influenza vaccination among ICl-related
myocarditis cases was lower than the controls on ICIs who did not
develop myocarditis, rejecting any such association of influenza vaccina-
tion with development of immune-mediated myocarditis. On the con-
trary, among those who developed ICI-associated myocarditis, the degree
of myocardial injury and the risk of MACE were lower in patients who
had received an influenza vaccine [21].

Unpublished data from the multicenter international registry also
demonstrates that those who developed myocarditis were more likely to
be male (65% vs. 55%, p=0.02) and had a higher rate of hypertension
(60% vs. 48%, p<0.009) as well as rates of smoking (48% vs. 17%,
p<0.001). Patients who developed myocarditis were also more likely to
be on a statin (395 vs. 29%, p=0.04) and angiotensin-converting enzyme
inhibitor or aldosterone receptor blocker (32% vs. 23%, p=0.04). This
may suggest that preexisting cardiovascular risk factors are associated with
the development of ICIl-associated myocarditis. However, it is important
to note that this interpretation is based upon proportional analysis rather
than multivariate regression analysis, and hence, the true impact of each
of these factors is still under investigation. Additionally, the risk of
myocarditis was not found to be higher in patients with preexisting
coronary artery disease, atrial fibrillation, or chronic kidney disease [22].

Diagnosis

There are no specific guidelines for the diagnosis of ICI-associated myocarditis.
However, given that the presentation of ICI-induced myocarditis can be non-
specific, a high degree of suspicion is required given that rapid, fulminant
progression is possible. While it is reasonable to suspect myocarditis in any
patient on ICI presenting with cardiovascular or other suggestive symptoms, the
appropriate workup for other potential etiologies such as pneumonitis, other
irAEs, viral myocarditis, or other common cardiovascular diseases such as acute
coronary syndrome should be considered especially if workup for myocarditis
is unrevealing.
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Electrocardiogram (ECG)

Cardiac troponin

While there are several different cardiovascular tests which could be useful,

there is no single best test for the definitive diagnosis of ICI-associated myocar-
ditis. Our understanding regarding the application of these cardiovascular tests
to diagnose ICl-associated myocarditis is rapidly evolving.

It is readily available and usually the first test performed on patients with
cardiovascular symptoms. While ECG abnormality is reported in the ma-
jority of patients presenting with ICI-associated myocarditis, a normal ECG
does not rule out myocarditis [10ee]. Most often, the findings are nonspe-
cific and may demonstrate sinus tachycardia, QRS/QT prolongation, con-
duction abnormalities, diffuse T wave inversion, abnormal Q wave, atrial or
ventricular arrthythmia, and local or diffuse ST elevation. In a retrospective
study, QRS prolongation was noted more frequently in patients with
myocarditis as compared to controls, and it was also associated with a
higher occurrence of MACE [6]. This finding signifies that any subtle new
conduction abnormality should not be overlooked even in relatively
asymptomatic or minimally symptomatic patients.

While troponin is shown to be one of the most sensitive tests, with in-
creased troponin level noted in 94% of patients with ICI-associated myo-
carditis [10ee], it is not specific for myocarditis, and a normal troponin
level, especially those who present late after initiation of ICIs, does not
exclude ICI-associated myocarditis. Troponin level, on the other hand, if
elevated, may help with prognostication in such patients, with a higher
troponin level associated with worse cardiovascular outcomes [10ee].

Brain natriuretic peptide (BNP)/N-terminal pro-BNP

Echocardiogram

These peptides are markers of myocardial stretch, and levels can be elevated
in patients with volume overload/heart failure. However, they are neither
sensitive nor specific enough to help with the diagnosis making in isolation
[7, 10ee].

This is usually the first-line imaging test for the assessment of patients with
suspected IClI-associated myocarditis. While some patients with myocardi-
tis may develop cardiomyopathy, the left ventricular ejection fraction
(LVEF) may be normal even in fulminant myocarditis [10ee]. Importantly,
a normal LVEF does not exclude the occurrence of a major adverse cardiac
event (MACE). In an international retrospective registry, 51% of patients
with myocarditis had normal LVEF, and of those who experienced MACE,
38% occurred in patients with a normal LVEF [10ee, 23]. On the other side,
emerging data show that global longitudinal strain (GLS) obtained during
2-D echocardiography may help with both the diagnosis and prognosis. A
retrospective study of 101 patients with ICl-associated myocarditis shows
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Cardiac MRI (CMR)

Endomyocardial biopsy (EMB)

Management

that GLS was noted to be lower in patients with myocarditis compared with
controls, for patients with both a preserved and a reduced ejection fraction.
A lower GLS in this retrospective registry was strongly associated with
subsequent MACE among patients with myocarditis regardless of whether
they had preserved or reduced ejection fraction [23].

CMR is considered the gold standard noninvasive test for the diagnosis of
myocarditis because of its excellent spatial resolution and additive ability to
provide tissue characterization [24]. However, it may not be readily avail-
able, and severely ill patients may not be able to undergo a lengthy test,
which limits its widespread utility for patients with suspected myocarditis.
Additionally, recent data from an international registry show that the
majority of patients with ICI-associated myocarditis had normal LVEF on
CMR and only 46% had late gadolinium enhancement (LGE), which
makes the current CMR diagnostic criteria a subpar tool for diagnosis of ICI-
associated myocarditis. Although LGE on CMR has been shown to be an
effective tool for risk stratification and prognostication for myocarditis of
other causes, for ICI-associated myocarditis, LGE was not associated with
MACE [25]. These data suggest that the LGE-only approach to diagnosing
IClI-associated myocarditis is likely not adequate and additional parameters
of tissue characterization may need to be routinely utilized in the evalua-
tion of these patients.

While EMB is highly specific for the diagnosis of myocarditis, the myocar-
dial involvement with ICI-associated myocarditis is usually patchy, which
makes EMB less sensitive [26]. Additionally, given its invasive nature and
the risk of cardiac perforation, with limited sensitivity, it is not usually
performed as a first-line test. However, it certainly has a role in patients with
otherwise unrevealing workup but with a high index of suspicion for ICI-
associated myocarditis. A biopsy from the affected area typically shows
inflammatory infiltrates (usually T cell-predominant lymphocytic infil-
trate) in the myocardium. Immune-mediated myocarditis may also dem-
onstrate the presence of cell-specific markers such as T lymphocytes (CD3),
macrophages (CD68), or human leukocyte antigens [7, 27].

Our know-how regarding the treatment of ICI-associated myocarditis is primar-
ily based on clinical experience and retrospective registry data rather than large-
scale prospective trials. For any patients receiving ICI presenting with new or
worsening cardiovascular symptoms, ICl-associated myocarditis should be
suspected, any further ICI therapy should be withheld, and appropriate workup
needs to be promptly performed. Depending on the degree of suspicion and
clinical presentation, the patient may need to be hospitalized, particularly if the
patient is unstable or have any significant abnormality on cardiovascular test-
ing, including any subtle new conduction abnormalities on ECG given the
potential fulminant and rapidly progressive nature of this condition. Prompt
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Corticosteroids

Other immunosuppressive agents

Supportive therapy

initiation of immunosuppressive therapy is crucial for the management of ICI-
associated myocarditis.

A high dosage of corticosteroids, typically methylprednisolone 1000 mg/
day for 3 days, followed by prednisone 1 mg/kg is considered the first-line
therapy [7]. An international registry data of 126 patients showed that
higher initial dose and prompt initiation (within 24 h of presentation) of
corticosteroids were associated with improved outcomes [28ee]. While
both dosing and timing were important, the initiation time of corticoste-
roids appeared to play a stronger role, such that using high-dose cortico-
steroids could not overcome the effect of corticosteroids given later. Con-
trary to that, lower dose corticosteroids administered early still was associ-
ated with a better outcome as compared to patients who receive high-dose
corticosteroids later [28ee]. This emphasizes the need for prompt initiation
of corticosteroids, even prior to confirmation of the diagnosis. The optimal
duration of treatment with corticosteroids is not well studied and needs to
be individualized. However, most experts believe that it should be tapered
slowly only after the resolution of symptoms and normalization of LVEF or
stabilization of arrhythmia [7].

Beyond corticosteroids, the utility of other immunosuppressive agents is
not well established. For stable patients with immune-mediated myocar-
ditis, infliximab, tacrolimus, or mycophenolate mofetil might be consid-
ered if there is evidence of high-grade myocarditis on biopsy, for those who
fail to respond to corticosteroid therapy, or as a steroid-sparing agent [6, 7].
However, the evidence regarding their use is limited and mostly is based on
their use in patients with cardiac allograft rejection. Additionally, the use of
infliximab has been associated with the development of heart failure [29],
and hence, it may not be a suitable agent for patients with cardiomyopathy
or heart failure. If the patient is unstable, antithymocyte globulin, intrave-
nous immunoglobulin, and plasma exchange should be considered.
Abatacept, a CTLA-4 agonist, and alemtuzumab, a CD52 monoclonal
antibody, have shown to be effective in the treatment of corticosteroid-
refractory ICl-associated myocarditis [30, 31]. The evidence regarding their
utility is limited and based primarily on case reports. These agents could be
considered in the management of patients with corticosteroid-refractory
ICl-associated myocarditis.

For hemodynamically unstable patients with acute ICI-associated myocar-
ditis, mechanical circulatory support may need to be considered. The data
regarding its efficacy and safety in this population is not well studied, and
hence, multidisciplinary discussion is crucial in such decision making after
considering overall prognosis from cancer standpoint. For patients with
cardiomyopathy, guideline-directed medical therapy should be initiated
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after stabilization. Similarly, for patients who develop atrial or ventricular
arrhythmia, appropriate antiarthythmic and anticoagulation therapy
should be considered.

Prognosis

ICl-associated myocarditis is reportedly associated with very high mortality (38
to 46%) and nonfatal MACE in nearly half of all myocarditis cases, including
heart failure, cardiogenic shock, cardiac arrest, ventricular arrhythmia, and
complete heart block [10ee, 32]. It is possible that the rate of such complica-
tions is overestimated due to the lack of systemic screening and surveillance,
which may lead to reporting and detection bias leading to underreporting of
subdlinical or smoldering myocarditis with minimal signs and symptoms.

Rechallenge of ICI

ICl-associated myocarditis is considered high-grade toxicity, and the current
guidelines recommend to permanently discontinue ICI therapy [33]. However,
for patients with suspected myocarditis, with the milder course and complete
recovery as well as with cancer progression, such a decision may need to be
reconsidered. The decision to rechallenge a patient who has suffered ICI-
associated myocarditis must be individualized and discussed among a multi-
disciplinary team. Variables to consider include cancer status, the severity of
cardiotoxicity, regression of toxicity with immunosuppressive therapy, and
patient preference. If the decision is made to rechallenge, monotherapy with
an alternative agent and very close cardiovascular monitoring with cardiac
imaging as well as troponin surveillance should be considered [6]. While there
is no data regarding the rechallenge after myocarditis, retrospective analysis has
shown that the anti-PD-1 agent was safely resumed after initially experiencing
irAE with an anti-CTLA-4 agent [34].

Chimeric antigen receptor T cell therapy

Chimeric antigen receptor (CAR) T cells are genetically engineered T cells that
express an artificial receptor capable of binding to tumor-associated antigens
and thus augmenting T cell function [35]. In 2017, the FDA approved two
agents that express CD19 on their surface, tisagenlecleucel, and axicabtagene
ciloleucel. These agents are approved for limited indications currently: for
children and young adults up to 25 years of age with relapsed or refractory B
cell precursor acute lymphocytic leukemia (ALL) and large B cell lymphoma
relapsed/refractory after two or more lines of systemic therapy including diffuse
large B cell lymphoma (DLBCL) [3-5, 36]. Preliminary results from multiple
phase I clinical trials of CAR T cells targeting B cell maturation antigen have
shown encouraging results in relapsed or refractory multiple myeloma [37].

Cardiovascular effects

Cytokine release syndrome (CRS) is a frequent adverse effect of CAR T cell
therapy, which consists of a constellation of signs and symptoms caused by
supraphysiologic levels of inflammatory cytokines released by the activated
CART cells and other immune cells such as macrophages [8ee]. Cardiotoxicity
in the form of myocardial injury, as evident by troponin elevation,
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cardiomyopathy or heart failure development, arrhythmia, capillary leak syn-
drome, and circulatory collapse, are mostly reported in the context of high-
grade CRS [38]. The pathophysiology of cardiac dysfunction during CRS is
unclear but resembles cardiomyopathy associated with sepsis and stress, likely
associated with interleukin-6 (IL-6), which has been implicated as a mediator of
myocardial depression in infectious and inflammatory states [39]. Direct
cardiotoxicity possibly attributed to autoimmunity with off-target cross-reactiv-
ity of T cells against Titin, a striated muscle protein in the heart, has been
reported in two patients after the infusion of T cells targeting melanoma antigen
family A3 (MAGE-A3) [40].

Timing of cardiotoxicity

CRS usually develops early on after CAR T cell infusion (median time 2.2 days).
While the highest risk is in the first 2 weeks after infusion but at least in theory, it
could occur aslong as CART cells persist in the circulation, which could be years
[41]. Our study finds that cardiomyopathy developed after a median duration
of 12.5 (range 2-24) days from CAR T cell infusion [42]. A similar timeline
(11 days) for the occurrence of cardiotoxicity is also reported in another single-
center study [43].

The exact incidence of CRS-associated CV adverse outcomes is unknown. Al-
though CRS is reported to occur fairly frequently (70-90%), the toxic effects
mediated by cytokine release are typically mild in severity. However, 10-20% of
patients can develop life-threatening complications such as vascular leak syn-
drome with circulatory collapse and multiorgan failure [8ee, 12, 42]. In pivotal
studies involving 287 patients, cardiac arrest was reported in 4 patients and
cardiac failure in 2 patients, likely underestimating the true incidence and
impact of cardiotoxicity associated with CAR T cell therapy [3-5].

A retrospective study examining CAR T cell cardiotoxicity in 137 patients
found that 5.8% of patients developed cardiomyopathy in the context of
grade>2 CRS [12]. However, the incidence of cardiomyopathy is likely
underestimated in this study since only 29 of 137 patients underwent serial
echocardiography. Another single-center study of 145 patients reported that
around 15% of patients developed clinical heart failure. However, the incidence
of systolic dysfunction is not clear given only a small proportion of patients (17
of 145) had sequential echocardiogram available [43]. In our study of 187
patients undergoing CAR T cell therapy for refractory or relapsed, aggressive
non-Hodgkin lymphoma, baseline echocardiogram was performed in all, and
116 patients with grade > 2 CRS had follow-up echocardiogram. We found that
10.3% of patients developed new or worsening cardiomyopathy, with a decline
in median LVEF from 58 to 37% [42].

Risk factors

Several risk factors for the high-grade CRS development have been identified
and include high disease burden, higher infused CAR T cell dose, high-intensity
lymphodepletion regimen, preexisting endothelial activation, and severe
thrombocytopenia [6]. However, the risk factors for the development of CAR
T cell therapy-associated cardiotoxicity have not been well known.
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In our study of 187 patients, older age, high-grade CRS, hyperlipidemia,
coronary artery disease, and the use of renin-angiotensin inhibitors and beta-
blockers at baseline were associated with the development of new or worsening
cardiomyopathy [42]. This study did not find any such association with prior
anthracycline or radiation exposure or history of stem cell transplantation [42].
Similarly, another single-center study did not find any influence of cancer
subtype (CLL, ALL, and DLBCL) on the development of MACE. However, the
study interestingly found that the higher baseline creatinine was associated with
MACE following CAR T cell therapy [43].

Pre-CAR T cell therapy cardiovascular workup

Serious cardiovascular events were reported in early clinical trials and practice
despite highly selective patient enrollment without any significant active car-
diovascular issues [8ee]. Our study suggests that preexisting cardiovascular risk
factors and disease, as well as older age, can further increase the risk of such
adverse cardiovascular events [42]. This signifies that when CART cell therapy is
used more broadly under real-world conditions in higher risk patients, the
incidence and impact of such cardiotoxicity might be higher than estimated
from early reports.

While there is no standardized protocol for pretherapy cardiovascular eval-
uation, we recommend detailed cardiovascular history taking and performance
of ECG as well as echocardiogram for all patients. For patients with any
significant cardiovascular symptoms, prior history of cardiovascular disease,
impaired exercise capacity, or any abnormality noted on initial workup, further
testing with imaging stress test may need to considered to rule out underlying
occult coronary ischemia or other structural heart diseases to determine that the
patient will be able to withstand the hemodynamic changes associated with
CRS or not [8ee]. Additionally, optimization and possibly downtitration or
discontinuation of antihypertensive, antiplatelets, and anticoagulation agents
should be considered given the elevated risk of hypotension and thrombocy-
topenia on a case-by-case basis after weighing the risks and benefits [8ee].

Diagnosis

Given that the vast majority of cardiotoxicity occurs in the context of CRS [12,
42], and additionally, the hemodynamic collapse related to CRS may lead to
MACE in patients with preexisting cardiovascular disease [42], prompt recog-
nition of CRS is crucial. A high degree of suspicion, clinical surveillance, and
ongoing cardiac monitoring with close monitoring of heart rate and blood
pressure (BP) are required during the index hospitalization. While the markers
of inflammation such as C-reactive protein, ferritin, and IL-6 are routinely
checked and typically elevated with CRS, it is not specific and could be elevated
in many other conditions.

While troponin elevation has been associated with CRS and adverse cardio-
vascular events [12], routine surveillance with troponin may not be required or
helpful. A repeat echocardiogram for surveillance may be considered for pa-
tients with grade > 2 CRS or those who experience hemodynamic instability or
cardiovascular symptoms [42].

While CRS and associated cardiotoxicity is most often the cause of hemo-
dynamic instability in patients undergoing CAR T cell therapy, other possible
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etiologies, such as sepsis, tumor lysis syndrome, pulmonary embolism, or
primary cardiac events, need to be considered and ruled out.

Supportive care

Anti-IL-6 therapy

Corticosteroids

While there is no formal guideline for the management of CAR T cell therapy-
associated adverse cardiovascular events, our knowledge is evolving based on
clinical practice. Supportive hemodynamic care and targeted anti-IL-6 therapy,
as well as possibly broader immunosuppression with corticosteroids, are the
cornerstones of the management.

If post-CAR T cell therapy, the patient develops clinically significant hypo-
tension and tachycardia likely secondary to early CRS, intravenous fluid
resuscitation should be considered weighing the risk of vascular leak and
pulmonary congestion [6]. Vasopressors should be considered for persis-
tent hypotension despite volume resuscitation.

Given that IL-6 is thought to play a central role in CAR T cell therapy-
associated CRS as well as myocardial depression [39], anti-IL-6 therapy is
considered a first-line therapy for high-grade CRS [44]. Tocilizumab is a
monoclonal anti-IL-6 receptor antibody and is approved by the FDA as a
first-line agent to be used for the management of CRS-related toxicity.
Typically, 8 mg/kg intravenously is given, and this dose could be repeated
up to 3 times 8 h apart [44]. A recent study demonstrates that a shorter time
from CRS onset to tocilizumab was associated with a lower rate of adverse
cardiovascular events. However, there is also an unproven concern that the
efficacy of the CAR T cell therapy may be reduced with tocilizumab ad-
ministration. Hence, there is a wide variation in practice, and some experts
believe that it should be reserved for patients with hypoxia or hypotension
requiring BP support for longer than 24 h, or those with unstable arrhyth-
mia, evidence of myocardial damage (increased troponin level), or new
cardiomyopathy with LVEF less than 40% [8ee].

Siltuximab is another monoclonal antibody that blocks IL-6 signaling by
binding to IL-6 itself and preventing it from activating immune effector cells
[45]. While it is not examined extensively for use in the context of CRS
management, and hence not FDA approved, it has a higher affinity for IL-6
than tocilizumab and can be considered in patients not responding to
tocilizumab and corticosteroids. As siltuximab binds directly to IL-6 and
not its receptors, it is potentially better as it may decrease levels of IL-6 in the
central nervous system, whereas tocilizumab may potentially increase the
systemic and possibly the central nervous system IL-6 level, which could
precipitate or worsen neurotoxicity [46].

Corticosteroids are also effective in the treatment of CRS. However, given
the similar concern of reduced CART cell efficacy with its use, they are
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considered a second-line therapy for the management of CRS refractory to
tocilizumab. Although exposure to corticosteroids is thought to potentially
decrease CAR T cell efficacy, results from initial clinical trials did not show
an association between the use of either and response rates [46].

Prognosis

The prognosis of patients who develop CAR T cell therapy-associated adverse
cardiovascular events is not well understood. Our recent study shows that in
patients who developed CAR T cell therapy-associated cardiomyopathy, LVEF
recovered in 75% of patients with supportive care [42]. However, our knowl-
edge is limited regarding the potential late or long-term cardiovascular effects of
altering the immune system. Long-term follow-up studies would be required to
understand if patients are at a higher risk of developing metabolic syndrome,
hypertension, vascular disease, and cardiomyopathy after a latent period, fol-
lowing CART cell therapy due to the immune system modulation and contin-
ued circulation of CAR T cells.

COVID-19 and immunotherapy for cancer

Patients with cancer are typically at higher risk of infection for a variety of
reasons, including the compromised immune system, as well as secondary to
antineoplastic therapy, which may lead to leukopenia, disruption in barriers to
infection, and shifts in microbial flora [47]. Additionally, patients with cancer
are found to experience worse outcomes with COVID-19, especially in patients
who had both preexisting cancer and cardiovascular disease [48].

COVID-19 may cause myocardial injury either due to direct viral myocardial
invasion (myocarditis) or secondary to CRS resulting from hyperinflammatory
response to COVID-19, angiotensin-converting enzyme-2 receptor
modulation-mediated cardiac and endothelial injury or due to microvascular
dysfunction and thrombosis [49]. While any antineoplastic therapy may com-
promise the patient’s immune system and potentially worsen COVID-19 sever-
ity, immunotherapy—both ICI and CAR T cell therapy—present a complex
problem as they just not can potentially exacerbate the severity of COVID-19
illness, but cardiovascular complications secondary to COVID-19 may mimic
those of cardiotoxicity associated with ICI (myocarditis) and CART cell therapy
(CRS-associated myocardial injury), and in turn can delay the diagnosis and
appropriate management.

We recommend that all patients should be screened for active COVID-19
infection prior to initiating both ICI and CART cell therapy. Additionally, as the
usual treatment of ICl-associated myocarditis consists of immunosuppression
with high-dose corticosteroids which can potentially worsen the viral infection,
in areas of high transmission, if patients undergoing ICI presents with any
cardiovascular symptoms, differential diagnosis needs to include not just ICI-
associated myocarditis, but also COVID-19-associated myocardial injury to
guide the therapy. An anti-IL-6 agent such as tocilizumab has shown efficacy
in the treatment of COVID-19-associated CRS as well, and hence, it is reason-
able to have a low threshold for its use in the context of CRS for patients
undergoing CAR T cell therapy given the potential of unrecognized coinfection
with COVID-19 [50].
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