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ABSTRACT

In recent years, cancer treatment has evolved, and new therapies have been introduced with significant improvement in prognosis.
The immunotherapies stand out owing to their efficacy and remission rate. Chimeric antigen receptor (CAR) T-cell therapy is a part
of this new era of therapies. Chimeric antigen receptor T-cell therapy is a form of adoptive cellular therapy that uses a genetically
encoded CAR in modified human T cells to target specific tumor antigens in a nonconventional, non-major histocompatibility
complex (MHC) protein presentation. Chimeric antigen receptor T-cell therapy successfully identifies tumor antigens and through
activation of T cells destroys tumoral cells. It has been found to efficiently induce remission in patients who have been previously
treated for B-cell malignancies and have persistent disease. As the use of this novel therapy increases, its potential side effects also
have become more evident, including major complications like cytokine release syndrome (CRS) and immune effector cell-
associated neurotoxicity syndrome (ICANS). Cytokine release syndrome is a major systemic inflammatory process as a result of
massive cytokine production by the proliferating and activated CAR T cells in which multiple interleukins and immune cells
contribute to the inflammatory response. Cytokine release syndrome has been associated with cardiovascular life-threatening
complications including hypotension, shock, tachycardia, arrhythmias, left ventricular dysfunction, heart failure, and
cardiovascular death. Arrhythmias, among its major complications, vary from asymptomatic prolonged corrected QT interval
(QTc) to supraventricular tachycardia, atrial fibrillation, flutter, and ventricular arrhythmias like Torsade de pointes. This article
focuses on the cardiovascular complications and arrhythmias associated with CRS and CAR T-cell therapy.

Keywords: CAR T-cell therapy, cardiovascular complications, cardiotoxicity, cytokine release syndrome, chimeric antigen receptor,
arrhythmias

INTRODUCTION

In the last decade, the mean 5-year survival has
increased significantly in many malignancies with
improvements in screening and development of novel
therapies.[1] Recent advances in therapy have focused on
the development of therapies that modulate the immune
system, such as immune checkpoint inhibitors, mono-
clonal antibodies, tyrosine kinase inhibitors, bispecific
antibodies, and chimeric antigen receptor (CAR) T-cell

therapies.[2] As the use of these novel therapies increases,
the undesired secondary effects have also become
evident, especially those related to cardiac toxicity. The
first CAR T-cell therapy, tisagenlecleucel (Kymriah), was
approved by the U.S. Food and Drug Administration
(FDA) in August 2017 for patients with relapsed/
refractory B-cell precursor acute lymphoblastic leukemia
(ALL) and relapsed/refractory large B-cell lymphomas
after two or more lines of systemic therapy, including
diffuse large B-cell lymphoma (DLBCL) not otherwise
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specified, high grade B-cell lymphoma, and DLBCL from
follicular lymphoma, followed in October 2017 by
axicabtagene ciloleucel (Yescarta) for the treatment of
adult patients with relapsed or refractory large B-cell
lymphoma.[3]

Nonetheless, CAR T-cell therapy has also been found
to have potential severe secondary side effects like
cytokine release syndrome (CRS), which is associated
with systemic effects and potential multi�organ compro-
mise, notably neurotoxicity. This review will focus on
CAR T-cell therapy and its cardiovascular toxicity, with
emphasis on CRS and associated arrhythmias.

CHIMERIC ANTIGEN RECEPTOR T-CELL
THERAPY

Chimeric antigen receptor T-cell therapy is a form of
adoptive cellular therapy to treat cancer. It is based on
genetically modified human T cells that target specific
tumor antigens, not only attacking current malignant
cells but also providing ongoing surveillance for new
malignant cells.[4]

Normally, tumor antigens are presented to the T cells
by the major histocompatibility complex (MHC) pro-
teins, leading to the T-cell activation and destruction of
abnormal cells by induction of cytolysis or apoptosis of
the malignant cells.[4] The T-cell activation is dependent
upon costimulation requiring both major histocompat-
ibility complex-T cell receptor (MHC-TCR) and B7
molecules on the antigen-presenting cells (APCs) bind-
ing to CD28 receptors on T cells. The cancer cells activate
the immune checkpoint receptors that then inactivate
the costimulation and do not allow for T-cell activation.

Therefore, in cancer patients, this T-cell lymphocyte
target-recognition function is impaired. This malfunc-
tion can lead to an immune evasion by tumor cells
resulting in an unrestricted proliferation of tumor cells.
Thus, cancer immunotherapy is based on the need to
increase recognition of malignant cells by T cells.[4] In
CAR T-cell therapy, autologous T cells are collected from
the patient usually through leukapheresis, engineered
with CAR, expanded ex vivo, and subsequently reinfused
after conditioning.[5,6]

Chimeric antigen receptor T-cell therapy uses a
genetically encoded CAR that is composed of three parts:
an extracellular domain, which is the tumor antigen-
binding domain and is a single-chain variable fragment
(extracellular ScFv), which comes from the variable
heavy and light chains of an antibody that targets
specific tumor antigens, a transmembrane, and an
intracellular activation domain.[4,6] The antigen-binding
domain engages surface-tumor cell antigens in a non-
HLA (non-human leukocyte antigen system)-dependent
manner, and the intracellular domain fuses with T-cell
activation signaling domains like CD3, leading to
additional T-cell activation.[4] The CAR is implanted in
the patient’s T cells using a lentiviral or retroviral
vector[7] (Figure 1).

First-generation CARs were used without conditioning
therapy, which decreased their toxicity but also their
half-life and efficacy.[6] The second-generation CARs
have two signaling domains, the CD3f, which provides
the first signal, and the costimulatory domain, which
provides the second signal and supports the prolifera-
tion, cytotoxic activity, and persistence of the CAR T
cells.[6] The use of conditioning therapy with fludarabine
and cyclophosphamide prior to the administration of
CAR T-cell therapy has been found to decrease the risk of
rejection and to prolong its half-life and therefore
efficacy; however, there was an increase in the frequency
of serious medical complications like CRS and neurotox-
icity[8]; similar studies using a less intense conditioning
therapy have shown persistent positive results with
fewer side effects.[9]

Chimeric antigen receptor T-cell therapy has been
found to efficiently induce remission in patients who
have been previously treated for B-cell malignancies and
have persistent disease.[10] This effect has been associated
with an improvement in survival. Of note, it has been
found that remissions are more likely to be achieved
with higher peak blood levels of the CAR T cells.[10]

CURRENT APPLICATIONS OF CAR T-CELL
THERAPY

Currently CAR T-cell therapy is approved by the FDA
for use in patients with ALL, chronic lymphocytic
leukemia, non-Hodgkin’s lymphoma, and relapse/re-
fractory large B-cell lymphomas. However, there is great
interest in this therapy, and several studies and trials
have addressed its use in other types of tumors
including multiple myeloma,[11] mantle cell lympho-
ma,[12] ovarian cancer, hepatocellular cancer, and other
solid tumors,[13–16] with promising results.

CYTOKINE RELEASE SYNDROME (CRS)

One of the most common complications of CAR T-cell
therapy is CRS, a systemic inflammatory process that is
the result of massive cytokine production by the
proliferating activated CAR T cells. Interleukin (IL)-6 is
the principal mediator for the development of CRS, but
other cytokines including IL-2, IL-8, IL-10, interferon c,
and tumor necrosis factor a are also contributors to the
development of the inflammatory response, and their
levels correlate with the severity of the syndrome.[17] It is
probable that CAR T-cell therapy also activates macro-
phages and other immune cells that can release more
cytokines and further contribute to CRS[7]; these cyto-
kines include IL-5, granulocyte-macrophage colony-
stimulating factor (GM-CSF) from activated B-cell lym-
phocytes, natural killer cells, dendritic cells, monocytes,
and endothelial cells.[5]

Cytokine release syndrome is seen more frequently in
patients undergoing CAR T-cell therapy than with other
immunotherapies. It has been found to have a high
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incidence, with reports of CRS in up to 100% of the
patients in a study of pediatric patients with ALL.[17]

Often its presentation is mild to moderate (grade 1–2);
however, sometimes patients may develop life-threaten-
ing complications (grade 3–4), with severe manifesta-
tions found in between 14% and 27% of the
patients.[18,19] Fortunately, these complications are po-
tentially reversible when managed appropriately.[7]

Immune Effector Cell-Associated
Neurotoxicity Syndrome

The second most common adverse reaction to CAR T-
cell therapy is ICANS, which is an encephalopathy
presenting with expressive aphasia, mental status chang-
es with the potential to progress to seizure, coma, and
cerebral edema.[20] Supportive care measures are provid-
ed for mild presentations; however, corticosteroids may
be used for severe cases.[20]

CRS Symptoms
Clinical symptoms of CRS may develop within

minutes to days, with the highest risk seen within the
first 2 weeks.[17] The symptoms associated with CRS are
related to the release of cytokines, similar to those
symptoms seen during infectious processes. The most
common symptoms and signs are fatigue, fever, hypo-
tension, and tachycardia, but almost any organ can be
affected. Symptoms and signs related to specific organ
toxicities include headaches, tremors, seizures, trans-
aminitis, hyperbilirubinemia, nausea, emesis, diarrhea,
anemia, elevated D-dimer, disseminated intravascular
coagulation, tachypnea, hypoxemia, acute kidney injury,
electrolyte imbalance, myalgias, arrhythmias, decreased

left ventricular ejection fraction, and corrected QT
interval (QTc) prolongation.[21]

CRS Grading
Given the variable presentation of CRS and in order to

create a consensus regarding diagnosis and management,
the American Society for Blood and Marrow Transplan-
tation (ASBMT) published a consensus grading system
for CRS,[22] with four grades of severity as seen in the
Table. However, several grading systems exist, including
those from Common Terminology Criteria for Adverse
Events (CTCAE), National Comprehensive Cancer Net-
work (NCCN), Chimeric antigen receptor T-cell therapy
assessment and management of toxicities (CARTOX),
Memorial Sloan Kettering Cancer Center (MSKCC), and
Penn criteria, with subtle differences.

CRS Risk Factors
Proposed risk factors for CRS are T-cell therapy

targeting CD19 or CD22,[23] high disease burden, severe
thrombocytopenia, higher infused CAR T-cell doses,
higher-intensity lymphodepletion doses, addition of
fludarabine to cyclophosphamide during lymphodeple-
tion, use of unselected bulk CD8þ T cells, high levels of
CTL019þ CD8 and CD3 cells, higher peak of C reactive
protein (CRP), inflammatory markers, and patient
factors, like older age.[5,24]

Burstein et al[25] found, in a study of pediatric patients
with ALL, that personal history of systolic or diastolic
dysfunction, abnormal electrocardiogram findings, and
having more than 25% blasts in the bone marrow were
associated with a higher incidence of hypotension
needing vasopressors. Although there is no available
clinical data with regard to how cardiovascular risk

Figure 1.—Chimeric antigen receptor (CAR) T-cell therapy mechanism.
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factors and presence of cardiomyopathy could influence
adverse cardiovascular outcomes during CAR T-cell
treatment, it is reasonable to obtain a thorough cardio-
vascular risk assessment and baseline echocardiogram in
those with significant cardiovascular risk burden prior to
treatment with CAR, particularly in those patients who
have previously received anthracycline chemothera-
py.[26] It is recommended that all patients receive routine
vital signs and cardiac monitoring during initiation of
treatment. Recent data per Alvi et al[27] suggest that 95%
of cardiovascular events during CAR T-cell treatment
occur with a preceding serum troponin elevation. The
study included 137 adult patients who received CAR T-
cell therapy for DLBCL (61% of the patients), trans-
formed follicular lymphoma (27% of the patients), and
multiple myeloma (8% of the patients); these patients
had a mean age of 62 years. Based on this study it
appears that CAR T-cell therapy cardiovascular compli-
cations occur more frequently in elderly patients,
patients with history of prior therapy with anthracy-
clines and radiotherapy, and patients with cardiovascular
risk factors. However, earlier initiation of CRS treatment
with tocilizumab was associated with a lower rate of

cardiovascular events independent of the presence of
cardiovascular risk factors.[27] In terms of the relationship
between age and the development of CRS the data are
limited, but in a study of CAR T-cell therapy in patients
with refractory large B-cell lymphoma there was not a
significant difference in secondary effects between
patients older and younger than 65 years.[28]

CARDIOTOXICITY RELATED TO CAR T-CELL
THERAPY AND CRS

Chimeric antigen receptor T-cell therapy and CRS can
cause several cardiovascular toxicities. Direct and indi-
rect mechanisms have been proposed to explain these
toxicities. First, there is a direct mechanism mediated by
the release of cytokines and its effects on the cardiovas-
cular system, leading to hypotension and tachycardia,
which are the most common side effects, with progres-
sion to instability and shock in the most severe cases.[21]

Hypotension has been reported to be present in up to
one-third of patients with CRS[18,19,29,30] and usually
improves with supportive care. Second, an indirect
mechanism is caused by cross-reactivity against the

Table.—Cytokine release syndrome grading, management, and biomarkers*

Grade Definition Management Biomarkers

I Fever, T greater than 38 8C
No hypotension or hypoxia

Supportive care
IVF, antipyretics
Evaluation and management to exclude potential

infection
If neutropenic, may use growth factors and

antibiotics

Often unremarkable cardiac
biomarkers

II Fever, T greater than 38 8C
Hypotension without need for vasopressors,

and/or
Mild hypoxemia that requires oxygen by

low-flow nasal cannula

Supportive care
IVF, antipyretics
Vasopressor, oxygen
May use tocilizumab dose as follows:

–For patients less than 30 kg: 12 mg/kg IV 3 1
–For patients greater than or equal to 30 kg: 8
mg/kg IV 3 1

May repeat every 8 hours up to three times as
needed. The total tocilizumab dose should not
exceed 800 mg. If no meaningful response, may
add dexamethasone or methylprednisolone.

Higher incidence of troponin
and pro-BNP assay elevations

III Fever, T greater than 38 8C
Hypotension requiring one vasopressor with

or without vasopressin, and/or
Hypoxemia that requires HFNC or higher

oxygen flow system by facemask, NRB, or
venturi mask

Supportive care
IVF, antipyretics
Vasopressor, oxygen
Tocilizumab
Dexamethasone 10–20 mg IV every 6 hours or

equal methylprednisolone dose
ICU monitoring recommended

Higher incidence of troponin
and pro-BNP assay elevations

IV Fever, T greater than 38 8C
Hypotension requiring several vasopressors

(excluding vasopressin)
Hypoxemia requiring positive pressure like

CPAP, BIPAP, or mechanical ventilation

Supportive care
IVF, antipyretics
Vasopressors
Oxygen by positive pressure ventilation, CPAP,

BIPAP, mechanical ventilation
ICU monitoring
Tocilizumab
Methylprednisolone 1 mg/kg/day

Higher incidence of troponin
and pro-BNP assay elevations

BIPAP, bilevel positive airway pressure; BNP, b-type natriuretic peptide; CPAP, continuous positive airway pressure; HFNC, high-flow nasal cannula;
ICU, intensive care unit; IV, intravenous; IVF, intravenous fluids; NRB. non-rebreather mask.
* Grading and management source: ASBMT.[22]
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cardiac protein titin, a protein that is active during the
contraction and relaxation of the heart. In this case,
affinity-enhanced T-cell receptors recognize an off-target
peptide from the protein titin, causing cardiac muscle
toxicity that often is fatal.[31,32]

Other reported cardiac toxicities include an increase in
serum troponins and a decrease in left ventricular
systolic function. The resulting ventricular dysfunction
may be related to a release of tumor necrosis factor a,
which may cause a decrease in myocyte shortening and
mitochondrial dysfunction.[33] In a study by Kochender-
fer et al,[34] in patients who received CAR T-cell therapy
for persistent B-cell malignancies after allogenic hema-
topoietic cell transplantation, a decrease in the mean left
ventricular ejection fraction after an infusion of the CAR
T cells was seen in 12 days, and lasted for 4 months
before recovering to normal levels. While in the recently
reported JULIET trial[35] the authors did not find any
major cardiovascular events, other studies have shown
various degrees of cardiovascular events, like the ZUMA 1
trial,[36] in which one patient died of cardiac arrest, and
the ELIANA trial,[37] in which three patients had cardiac
arrest with no cardiovascular deaths noted, and two
patients were reported to have heart failure. In the latest
study by Alvi et al,[27] decreased left ventricular function
was found in 28% of the patients who had an
echocardiogram before and after CAR T-cell therapy (n
¼8); they also had a CRS grade greater than or equal to 2.
This study reported 17 cardiovascular events including
six cardiovascular deaths (12%), six patients with
decompensated heart failure (12%), and five patients
who had new-onset arrhythmias.

ARRHYTMYAS RELATED TO CAR T-CELL
THERAPY

Arrhythmias, among the most common complications
from CAR T-cell therapy, have been reported mostly in the
context of the CRS. The most common abnormalities
found in these patients are asymptomatic prolonged QTc
and atrial fibrillation.[5,21] In the study by Alvi et al,[27] five
patients had new-onset cardiac arrhythmias; two patients
developed supraventricular tachycardia, and three had
new-onset atrial fibrillation. Three patients in this study
died from complications related to new-onset heart failure
and/or tachyarrhythmias complicated by shock.

Although the mechanisms for the development of
arrhythmias in these patients are not completely
understood, it is possible that the arrhythmias occur
secondary to a direct effect of the cytokines on the
electrical system, similar to what has been found in
patients with inflammatory diseases like rheumatoid
arthritis[38] or myocarditis, or in patients after cardiac
surgery[39] (Figure 2).

The association between severe inflammatory states
and arrhythmias has been suspected, with higher levels of
inflammatory biomarkers like CRP,[40,41] IL-6,[42] leukocyte
count,[43,44] and complement activation[40] associated
with a higher incidence of atrial tachyarrhythmias.

Increases in circulating cytokines may play a role in
the development of acquired long QTc, by a direct effect
on cardiomyocytes in addition to cardiac stimulation
from an activated sympathetic nervous system. The
direct effects on cardiomyocytes are related to changes in
function and expression of calcium and potassium
channels, which lead to a prolongation of the action
potential duration.[45–47] Lazzerini et al[48] found that

Figure 2.—Possible mechanisms of arrhythmias in chimeric antigen receptor (CAR) T-cell therapy. IL, interleukin; TNF, tumor necrosis factor.
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systemic inflammation and IL-6 may be an important
contributing risk factor for QT prolongation and the
development of Torsade de pointes while presenting
concomitantly with other well-known risk factors.

Similarly, inflammation has been associated with the
initiation and maintenance of atrial fibrillation.[49] The
proposed mechanisms for the development of atrial
fibrillation include abnormal calcium homeostasis
caused by ILs and tumor necrosis factor a[39] as well as
downregulation of connexins 43 and 40 by IL-6.[50]

There are multiple studies demonstrating the association
with elevated inflammatory biomarkers, especially CRP
with persistent atrial fibrillation.[51]

Even in hearts without structural abnormalities,
supraventricular ectopic beats can be seen with fever as
well as recurrent ventricular tachycardia or idiopathic
ventricular fibrillation.[52] However, the incidence of
sudden cardiac death and major arrhythmias is low in
patients without major cardiac structural abnormali-
ties.[53,54] On the other hand, in patients with channe-
lopathies, fever has been associated with ion channel
gene expression modifications.[55]

TREATMENT OF CRS

The treatment of CRS depends on the severity of the
clinical presentation. The ASBMT grading system is
helpful to guide management[22] (Table).

Grade 1 (fever without hypotension or hypoxia) is
managed with supportive care with intravenous (IV)
hydration and antipyretics. Evaluation and management
are necessary to exclude a concomitant infection. Growth
factors and antibiotics can be used if neutropenic.[7]

Grade 2 (fever with hypotension but not needing
vasopressors and/or hypoxia needing oxygen by nasal
cannula) is managed with antipyretics, IV fluids, and/or
oxygen.[7] According to Maude et al,[18] providers may
use tocilizumab, a monoclonal IL-6 receptor antibody
that has been found efficacious in reversing CRS.[18] The
tocilizumab dose for patients weighing less than 30 kg is
12 mg/kg IV and for patients weighing greater than or
equal to 30 kg is 8 mg/kg IV; the total tocilizumab dose
should not exceed 800 mg. Doses may be repeated every
8 hours up to three times if needed. If no meaningful
clinical response occurs, steroid may be added.

Grade 3 (fever with hypotension needing one vasopres-
sor with or without vasopressin and/or hypoxia needing a
higher fraction of inspired oxygen [FiO2] by high-flow
nasal cannula, facemask, non-rebreather, or venturi
mask)[7] requires management of the fever, IV hydration,
vasopressor, supplemental oxygen, tocilizumab (dosing as
for grade 2), and dexamethasone 10 to 20 mg IV every 6
hours or equal methylprednisolone dose. Monitoring in
the medical intensive care unit should be considered.[7]

Grade 4 (fever with hypotension needing several
vasopressors but not vasopressin and/or hypoxia need-
ing continuous positive airway pressure [CPAP], bilevel
positive airway pressure [BIPAP], and/or mechanical

ventilation). The management includes antipyretics, IV
hydration, vasopressors, oxygen by positive pressure
ventilation as before and monitoring in the intensive
care unit with administration of tocilizumab and
methylprednisolone 1 mg/kg/day.[7]

MANAGEMENT OF CRS-ASSOCIATED
CARDIAC ARRHYTHMIAS

Cardiac arrhythmias should be treated depending on
the type of arrhythmia, ideally by the cardiology team.
Cardiac monitoring during and following treatment with
CAR is essential for early identification of arrhythmias.
These patients benefit from multidisciplinary care and
close collaboration between cardiologists and oncolo-
gists. An important part of the management of these
arrhythmias related to CRS includes the use of specific
antiarrhythmic medications, assessment of risk versus
benefits of anticoagulation on a case-by-case basis, and
cardioversion or defibrillation if necessary. Well-support-
ed ancillary staff trained in advanced cardiovascular life
support and intensive care triaging should be an
essential part of the care team of these patients.

Supportive care with IV fluids and/or vasopressors to
ensure adequate perfusion of the heart and other vital
organs is important, as well as the correction of
electrolyte abnormalities.

In patients with unstable arrhythmias, tocilizumab
may be used. However, consideration regarding severity
of illness and CRS comes into play given the possibility
that it may decrease the efficacy of the CAR T-cell
therapy.[56]

In severe cases with poor response to the management,
high-dose steroids may be used; however, there is similar
concern about the potential decreased efficacy of the
CAR T-cell therapy, and individual risk versus benefits
should be assessed.

Interleukin-1 is a proinflammatory cytokine that has
been associated with cardiovascular disease. Interleukin-
1 blockage may have a beneficial effect in inflammatory
cardiovascular conditions refractory to standard treat-
ment[57] like CRS and potentially the associated arrhyth-
mias. Medications like anakinra, a recombinant human
receptor antagonist that blocks IL-1a and IL-1b, has been
used in clinical trials for ST segment elevation myocar-
dial infarction, non-ST segment elevation myocardial
infarction, heart failure with reduced ejection fraction,
and heart failure with preserved ejection fraction[57]; it
could be helpful in the treatment of CRS-related cardiac
arrhythmias.

CONCLUSION

Chimeric antigen receptor T-cell immune therapy has
been proven to provide remission and increase survival
in patients with refractory cancer with otherwise very
poor outcomes and prognosis.
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As a novel therapy there is still much to be learned
about this treatment, involving cardiac risk stratification,
prediction and prognosis regarding complications like
CRS and cardiac toxicities, animal models of cytokine-
mediated left ventricular dysfunction, development of
cardiac screening algorithms,[58] preclinical screening for
cross-reactivity with non-tumor antigens,[31] and assess-
ing outcomes with the use of immunosuppressive
therapies.[59]

While in a majority of patients the side effects of
treatment are well tolerated, there are potential severe
complications, some life-threatening, that warrant close
monitoring of these patients. Early recognition of the
main and most common adverse reaction, the CRS and
potential life-threatening arrhythmias, is important, as
most resolve if adequately treated. Future studies are
needed to better understand risk factors, prevention,
pathophysiology, and adequate management of CRS and
its cardiovascular complications.
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