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bHospital BP, S~ao Paulo, Brazil
c Instituto de Cardiologia Campo Grande, Campo Grande, Brazil
d Instituto de Medicina Vascular, Hospital M~ae de Deus, Porto Alegre, Brazil
eHospital Israelita Albert Einstein, S~ao Paulo, Brazil
f Prefeitura de Campo Grande, Campo Grande, Brazil
gHospital S~ao Lucas Rede D’Or S~ao Luiz, Aracaju, Brazil
hHospital Primavera, Aracaju, Brazil
iHospital Universit�ario Evang�elico Mackenzie, Curitiba, Brazil
j Complexo Hospital de Clínicas da Universidade Federal do Paran�a, Curitiba, Brazil
kHospital Erasto Gaertner, Curitiba, Brazil
l Centro de Pesquisas Oncol�ogicas, Florian�opolis, Brazil
mHospital SOS C�ardio, Florian�opolis, Brazil
n Barretos Cancer Hospital, Barretos, Brazil
oHospital Felício Rocho, Belo Horizonte, Brazil
p CardioPrime Cardiovascular Center, Ribeir~ao Preto, Brazil
qDuke University /Duke Clinical Research Institute, Durham, USA
r Faculdade de Ciências M�edicas da Santa Casa de S~ao Paulo, S~ao Paulo, Brazil

A R T I C L E I N F O

Article history:

Received 15 May 2024

A B S T R A C T

Chimeric antigen receptor T-cell therapy represents an innovative approach to immuno-

therapy and currently stands out, particularly for oncohematological patients refractory to

traditional treatments. Ongoing trials are further expanding its clinical use for new
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oncological and non-oncological indications, potentially leading to newer treatment

options soon.

This new approach, however, also presents challenges, including cardiovascular toxicity.

Little is reported in pivotal studies, and some recent retrospective observations suggest a

non-negligible incidence of side effects with presentation ranging from mild adverse car-

diovascular events to fatal complications in which, in most cases, there is a direct or indi-

rect association with cytokine release syndrome.

In this literature review, the hypotheses of an important interface between cytokine release

syndrome and cardiotoxicity by chimeric antigen receptor T-cell therapy will be addressed,

as will current knowledge about risk factors for cardiotoxicity and recommendations for

pre-therapy evaluation, post-infusion monitoring and clinical management of these com-

plications.

� 2024 Associação Brasileira de Hematologia, Hemoterapia e Terapia Celular. Published by

Elsevier España, S.L.U. This is an open access article under the CC BY license
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Introduction

Several mechanisms, essential for the emergence and devel-

opment of different types of cancer, interact in the pathogen-

esis of cancer, altering the functional capabilities of tumor

cells in relation to normal cells. Resistance to cell death,

reprogramming of cellular metabolism, sustained prolifer-

ative signaling, inflammation promoted by the tumor, geno-

mic instability and mutation, capacity for neoangiogenesis,

and ability to escape destruction by the immune system are

examples of these newly acquired functions.1

Acting at strategic points in these mechanisms of cancer

pathogenesis, new forms of treatment have emerged in

recent decades, such as in relation to intracellular signaling

pathways and to counter tumor escape from the immune sys-

tem. Targeted therapies and immunotherapy have revolu-

tionized the treatment landscape for both solid and

hematological malignancies, complementing traditional

approaches like surgery, radiotherapy, and chemotherapy.

The general principle of immunotherapy consists of reacti-

vating a preexisting immune response that was paralyzed by

the tumor’s ability to escape the host’s immune response or a

therapy with the capacity to act through a de novo immune

response against the neoplasia. Immune checkpoint inhibi-

tors are the best known of the immunological therapies, while

vaccines against tumor neoantigens and chimeric antigen

receptor (CAR)-T cell therapy are examples of other routes of

action to combat tumors through the immune system.2

Although CAR-T cell therapy is disruptive in nature, signif-

icantly improving the prognosis of adult and pediatric onco-

hematological patients, many of whom have advanced and

refractory disease, it is not free from adverse effects. Cytokine

release syndrome (CRS), immune effector cell-associated neu-

rotoxicity syndrome (ICANS), infections, myelosuppression

and bleeding disorders are examples of adverse effects, in

some cases with fatal outcomes. In November 2023, the US

Food and Drug Administration (FDA) announced rare cases of

secondary malignancies after CAR-T cell therapy, including

CAR-positive lymphoma.3,4 Despite great uncertainty to date,

in light of current knowledge, this risk is extremely low, and

the benefits of CAR-T therapy may outweigh this risk.

Cardiovascular toxicity has also been reported since the

first pivotal studies of CAR-T cell treatment in oncohemato-

logical patients. In the pediatric population, cardiotoxicity

appears to be self-limited in retrospective cohorts, with recov-

ery of systolic function within 3−6 months.5,6 However, in

adults, the clinical picture can vary from subclinical or mild

manifestations to fatal complications.

This review aims to summarize current knowledge on car-

diovascular toxicity related to CAR-T cell therapy in adults,

encompassing its pathophysiological mechanism, clinical

characteristics, risk stratification measures in pre-therapy

assessments, monitoring, and treatment of this complication

in order to reduce the impact it causes on the morbidity and

mortality of adult patients undergoing this type of immuno-

therapy.

Chimeric antigen receptor T-cell therapy

CAR-T cell therapy is an innovative type of immunotherapy

that stimulates a direct antitumor response via a cell therapy

mechanism through ex vivo genetically modified T-cells.2

T-cells play an essential role in the immune system,

defending against disease-causing pathogens. They also pro-

tect the body against abnormal cells, such as tumor cells.

However, one of the mechanisms supporting tumor develop-

ment is the ability of cells to avoid tumor destruction via the

immune system.1

In CAR-T cell therapy, autologous T-cells isolated from

peripheral blood are genetically modified ex vivo via viral vec-

tors (lentivirus or retrovirus) to express an artificial chimeric

antigen receptor. The chimeric antigen receptor is a synthetic

transmembrane protein expressed on the surface of immune

effector cells, which are reprogrammed to allow simultaneous

detection of surface antigens and activation of T-cells without

the need for antigen presentation by the major histocompati-

bility complex. Before being reinfused, the patient receives

conditioning chemotherapy, generally with fludarabine phos-

phate (Fludarabine Phosphate) and cyclophosphamide.2,7

The main purposes of lymphodepleting chemotherapy are

(1) the reduction of endogenous lymphocytes to prepare a

niche for the engraftment of CAR-T infusions and to support

their long-term activity; (2) reduction of tumor cells to avoid
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rapid exhaustion of CAR-T cells; (3) preparation and reprog-

ramming of the microenvironment and soluble factors to

ensure optimal engraftment, homing, and long-term survival

of CAR-T cells.2

After being reinfused, these redesigned lymphocytes,

expand and act on target antigens of tumor cells, especially

those that show increased levels of specific antigens, such as

the CD19 antigen, which is overexpressed in B-cell neo-

plasms, for example acute lymphoblastic leukemia and non-

Hodgkin’s lymphoma (Figure 1).2,7,8

The first attempt to therapeutically use T-cells with geneti-

cally modified antigen receptors was to treat people infected

with human immunodeficiency virus (HIV). However, the

infusion of CAR-T cells was unsuccessful in reducing viral

load.9,10 In the oncohematological area, since the publication

in 2011 of the first case report of efficacy in a patient with

chronic lymphoid leukemia, the list of indications of CAR-T

cell therapy has expanded and proven to be revolutionary,

especially in patients with advanced disease by radically mod-

ifying previously unfavorable prognoses.11 The main CAR-T

products and their respective indications in adult and pediat-

ric oncohematological patients are described in Table 1.12

Despite the little data currently available, the durability of

the immune response triggered by genetically modified T-

cells appears to be prolonged, as reported in a recent publica-

tion in which two patients with chronic lymphoid leukemia

achieved complete remission in 2010 with CAR-T cell therapy

and, after more than ten years, they remain with detectable,

active CAR-T cells and maintain leukemia remission.13

Cardiovascular adverse events of CAR-T cell therapy: the

interplay between cytokine release syndrome and

cardiotoxicity

CRS is the most common adverse effect of CAR-T cell therapy,

present in the majority of patients. In a retrospective real-

world pharmacovigilance study of the 2657 CAR-T recipient

safety reports, CRS was reported in 1457 patients (54.8 %).14 In

the controlled clinical trial environment, CRS is reported at

even higher rates such as in the recent CARTITUDE-4 trial of

patients with multiple myeloma, where CRS was reported in

76.1 % of the patients.15

Figure 1 –CAR-T Cell Therapy. After leukapheresis, T cells are isolated, and a tumor-specific chimeric antigen receptor is

inserted into the cell surface using a viral vector. An expansion of cell mass is promoted in a culture medium. To receive

genetically modified T-cells, the patient previously receives lymphodepleting chemotherapy. After infusion, CAR-T cells rec-

ognize the tumor antigen and act to promote tumor cell death.

Table 1 – Chimeric antigen receptor (CAR) T-cell products
and indications.

Generic Name Indication (relapsed or
refractory disease)

Tisagenlecleucel Large B-cell lymphoma, follicular

lymphoma, pediatric or young-

adult B-cell acute lymphoblastic

leukemia

Axicabtagene ciloleucel Large B-cell lymphoma

Brexucabtagene autoleucel B-cell acute lymphoblastic leukemia,

mantle-cell lymphoma

Idecabtagene vicleucel Multiple Myeloma

Lisocabtagene maraleucel Large B-cell lymphoma, follicular

lymphoma, primary mediastinal

large B-cell lymphoma

Ciltacabtagene autoleucel Multiple myeloma

hematol transfus cell ther. 2025;47(1):103693 3



Among the cytokines released, the elevation of interleukin

(IL)�1 and IL-6, especially the latter, stands out, as their levels

are directly related to the severity of symptoms.16

CRS develops because of hyperactivation of the immune

system. After reinfusion into the patient, T-cells with chime-

ric antigen receptors recognize the tumor target antigen, pro-

moting the release of pro-inflammatory cytokines into the

tumor microenvironment, including IL-1, IL-2 receptors, IL-6,

interferon-gamma (IFN-g), and tumor necrosis factor-alpha

(TNF-/) as part of the immune activation mechanism origi-

nated from the infused cells themselves and from other local

immune cells like monocytes and macrophages.7,17 In most

hosts, there is a massive and acute release of these circulating

cytokines that promotes a systemic inflammatory response

called CRS.

The main signs and symptoms of CRS are fever, myalgia,

weakness, and arthralgia; in more severe cases, it is associ-

ated with hypotension and hypoxia. The most commonly

used grading system to stratify severity and guide manage-

ment is that proposed by the American Society for Transplan-

tation and Cellular Therapy (ASTCT) as detailed in Table 2.18

CRS is one of the potential mechanisms of cardiotoxicity

through the action of several cytokines. IL-6 is the primary

driver of the inflammation activation cascade by stimulating

increased activity of B-cells and T-cells and the release of

acute phase reactive proteins. This hyperactivation triggers

the coagulation cascade with consequent coagulopathy, in

addition to vascular leakage, microvascular dysfunction, and

cardiomyopathy. TNF-/ and IFN-g are associated with endo-

thelial injury, hypotension, and heart failure.19,20

In a retrospective real-world pharmacovigilance study,

cardiotoxicity and CRS overlapped by over 60 %.14 Although

the pathophysiology of CRS has not yet been completely

elucidated, several causal factors have been postulated.

First, both share some pathophysiological mechanisms.

Second, both share some risk factors. Third, CRS is consid-

ered one of the potential mechanisms for cardiotoxicity.

Finally, some clinical signs, such as sinus tachycardia and

arterial hypotension, are used as diagnostic criteria for

both adverse effects.7

Other possible mechanisms involved in this complex path-

ogenesis are ‘on-target, off-tumor’ and ‘off-target, off-tumor’

toxicities. In ‘on-target, off-tumor’ toxicity, there is an attack

by T-cells on normal tissue cells that express tumor-associ-

ated antigens.20 In ‘off-tumor, off-target’ toxicity, there is a

cross-reactivity of CAR-T cells against the titin protein, which

has an epitope very similar to MAGE-A3, an epitope widely

expressed in myeloma cells.21

The potential cardiotoxicity mechanisms of CAR-T cell

therapy are described in Figure 2.

The most frequent cardiovascular adverse effects (CVAE)

described are: arterial hypotension, sinus tachycardia, eleva-

tion of serum troponin levels, left ventricular dysfunction,

heart failure, arrhythmias and cardiovascular death.22 Cardio-

vascular complications are predominantly reported in

patients with CRS grade ≥ 2. Other conditions associated with

a higher risk of CVAE are related to the recipient and the

tumor as described in Table 3.8,16,23

Although CRS can occur at any time post-infusion, the

average time between infusion and occurrence is from 2 to

5 days with the vast majority within three weeks. Likewise,

cardiotoxicity predominates within the first three weeks.7,16,24

In pivotal studies of CAR-T cell therapy in adults, the prev-

alence of tachycardia and hypotension ranged from 11 to

41 % and 22−26 %, respectively.25−27 The characterization of

hypotension and tachycardia as CVAE is controversial as they

are epiphenomena of capillary leak and CRS. The overlap

between CRS and CVAE was greater than 60 % in a pharmaco-

vigilance study with over 2600 adult patients exposed to

CAR-T cell therapy.14 However, according to this same study,

31.7 % of cardiovascular and pulmonary adverse events

occurred independently of CRS.

Severe CVAE are rarely reported in pivotal studies.25−29

However, real-world data suggest that CVAE is common in

patients after CAR-T cell therapy. An observational cohort

evaluating 137 adult patients for the occurrence of CVAE,24

Table 2 – Cytokine release syndrome grading system and management - the American society for transplantation and cel-
lular therapy consensus.

Presentation Grade 1 Grade 2 Grade 3 Grade 4

Fever (>38 °C) § constitu-

tional symptoms (myalgia,

arthralgia, malaise)

+ + + +

* * * *

Hydration and symptomatic treatment

With

Hypotension − +

No vasopressors

+

Vasopressor needed with/with-

out vasopressin

+

Multiple vasopressor needed

excluding vasopressin

Or

Hypoxia - +

Low-flow nasal cannula

+

High-flow nasal cannula, face-

mask, Venturi mask

+

Positive pressure (CPAP, BiPAP,

intubation +mechanical venti-

lation)

* * *

Tocilizumab and in refractory cases) combine corticosteroids

BiPAP: bilevel positive airway pressure; CPAP: continuous positive airway pressure; CRS: cytokine release syndrome.
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cardiotoxicity characterized by elevated troponin occurred in

29 of 53 tested patients (54 %), and a decreased left ventricular

ejection fraction in 8 of 29 (28 %). In this study, cardiovascular

events were a composite of arrhythmias, decompensated

heart failure and cardiovascular death and occurred in 12 % of

cases, all with grade ≥ 2 CRS. Data from a real-world pharma-

covigilance study reported severe CVAE, tachyarrhythmias,

cardiomyopathies and cardiogenic shock in 6.1 %, 2.79 %,

2.6 % and 1.84 % of patients, respectively.14 A meta-analysis

of 25 studies demonstrated pooled incidence rates of overall

cardiovascular events, arrhythmias, and cardiovascular dys-

function of 25.6 %, 19.2 %, and 8 %, respectively.20 The differ-

ence between the incidence rates of these real-world studies

and pivotal trials is probably related to the fact that the latter

have been underpowered to detect adverse cardiovascular

events for some reasons such as small samples, patients with

known cardiovascular diseases excluded from enrollment,

and a lower cardiovascular surveillance in initial studies.7,14

According to ClinicalTrials.gov, in May 2024 there were 565

active trials starting or ongoing, which could exponentially

increase the indications for CAR-T cell therapy for both hema-

tological and solid tumors, autoimmune diseases and even in

treatments of cardiomyopathies.30 Knowing the real preva-

lence of CVAE, increasing knowledge of which patients are

prone to these adverse effects and the best way to address

them becomes fundamental and urgent.

Pre-therapy evaluation, monitoring and management

If the pivotal studies were unable to shed light on cardiotoxic-

ity related to CAR-T cell therapy, subsequent cohort studies,

and meta-analyses reinforced the need for integration

between cardiology and oncohematology in the pre-therapy

assessment and short- and long-term post-therapy monitor-

ing. Infusion and early management of CRS and CVAE are

needed to achieve full success in the therapy.

Part of a pre-therapy assessment is based on careful pre-

treatment screening of cardiovascular comorbidities using a

baseline electrocardiogram, chemistry panel including

Figure 2 –CAR-T cell associated cardiotoxicity. IL: interleukin.

Table 3 – Conditions associated with increased risk for
adverse cardiovascular outcomes.

Presence of cardiovascular risk factors, such as hyperlipidemia,

hypertension, diabetes, and smoking

Previous exposure to cardiotoxic chemotherapy

Previous exposure to radiation

Baseline cardiac disease such as heart failure, moderate to severe

valvular heart disease, coronary artery disease and arrhythmias

Tumor burden

High intensity lymphodepleting treatment

High CAR-T dose

hematol transfus cell ther. 2025;47(1):103693 5



measurements of cardiac biomarkers (ultrasensitive troponin

and natriuretic peptides), and transthoracic echocardiogram

preferably with global longitudinal strain.16,31−33 Special

attention should be paid to recipients who have conditions

associated with increased risk for CVAE as described in

Table 3, where, at the discretion of the multidisciplinary

team’s clinical judgment, additional complementary exams

may be necessary and therapeutic optimization of cardiovas-

cular morbidities carried out.7,34. In a retrospective study,

echocardiographic data such as higher mitral E/e’ and lower

global longitudinal strain obtained from baseline echocardio-

gram in the pre-therapy evaluation were associated with a

greater propensity for CVAE, thus allowing better surveillance

in post-infusion follow-up. 35

After therapy infusion, cardiac biomarkers, electrocar-

diogram, and echocardiogram are part of cardiac surveil-

lance. According to expert opinion, since to date there are

no established guidelines regarding risk stratification of

CAR T-cell recipients for early detection of CVAE, these

tests should be repeated seven days and three months after

the infusion. Additional assessments should be carried out

early in patients who develop CRS ≥ 2, a sub-group at

higher risk for CVAE, and in patients who develop new or

worsening heart failure or new or worsening arrhythmias

(Figure 3).7,22,33

Laboratory tests are investigated for markers related to

cardiotoxicity and their early detection. On comparing to a

group that did not present SCE, higher peak levels of IL-6, C-

reactive protein, ferritin, and troponin were found to be possi-

ble markers of severe cardiovascular events (SCE) and non-

relapse mortality.36 However, in an observational study, brain

natriuretic peptide (BNP) levels, but not troponin I, were

higher in patients with SCE.37

The approach to patients presenting with CVAE involves a

multidisciplinary team. Depending on the severity, the neces-

sary measures include intravenous fluids, vasopressor sup-

port, inotropic therapy, mechanical support, and arrhythmia

control.

Tocilizumab, an anti-IL-6-receptor antagonist, is indicated

in cases of moderate to severe CRS (CRS ≥ 2) or in patients

with suspected acute cardiovascular complications. In

cases refractory to IL-6 antagonists, steroids are

recommended.7,16,22,31 According to a cohort registry, there

was an important correlation between time from onset of CRS

to administration of tocilizumab for the incidence of cardio-

vascular events, a composite of arrhythmias, decompensated

heart failure, and cardiovascular death (1.7-fold increased

risk with each 12-h period from onset of CRS).24

A more contemporary approach may reduce the incidence

and severity of CRS and CVAE in patients who are candidates

for CAR-T cell therapy. In a recently published prospective

observational study with a total of 44 adult oncohematologi-

cal patients evaluated, the incidence of CRS after CAR-T cell

therapy was 52 % (24 episodes in 23 patients: 13 grade 1, 10

Figure 3 –Pre-therapy evaluation and post infusion monitoring for cardiovascular adverse effects. CV: cardiovascular; ECG:

electrocardiogram; hsc-Tn: high-sensitivity troponin; NT-proBNP: N-terminal pro-brain natriuretic peptide; CVAE: cardiovas-

cular adverse effects; CRS: cytokine release syndrome.
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grade 2, and 1 grade 3, no grade 4). Only two patients with

CVAE were reported, one case of heart failure with preserved

ejection fraction and the other of atrial fibrillation.38 Although

the lower incidence and severity of CRS and CVAE in this

study are not completely understood, some hypotheses may

explain this better presentation. One of these theories is

based on the fact that CAR-T cell therapy was historically the

third, fourth, or fifth line therapy during cancer treatment,

however, with its excellent results, it has been indicated for

less sick candidates. Another hypothesis is related to the ear-

lier identification of CRS and CVAE with the indication of toci-

lizumab in earlier stages of these complications (mean time

from CRS to tocilizumab administration of one day).

Conclusions

It is rare in the history of medicine to have disruptive thera-

pies being developed with such a positive impact on the prog-

nosis of serious diseases similar to immunotherapy for

oncology patients with CAR T-cell therapy for oncohematol-

ogy patients being the best example. This benefit highlights

perspectives for evaluating the therapy for other oncological

diseases, such as solid or non-oncological tumors, for autoim-

mune diseases, and for the prevention of myocardial fibrosis.

The rapid expansion of indications needs to be accompa-

nied by a better understanding of the adverse effects, includ-

ing cardiotoxicity. However, prospective studies are lacking to

define better preventive, monitoring, and treatment

approaches to this complication, with the literature being

based primarily on expert opinions. This gap must be closed

to create better preventive and therapeutic approaches

through prospective studies with large cohorts of patients

and multidisciplinary integration where oncologists, oncohe-

matologists, cardiologists, and other specialists should work

together to expand the appropriate use of this new therapy.

Conflicts of interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

r e f e r enc e s

1. Hanahan D. Hallmarks of cancer: new dimensions. Cancer

Discov. 2022;12(1):31–46.

2. Welty NE, Gill SI. Cancer immunotherapy beyond checkpoint

blockade: JACC: cardiooncology state-of-the-art review. JACC:

CardioOncology. 2022;4:563–78.

3. Levine BL, Pasquini MC, Connolly JE, Porter DL, Gustafson MP,

Boelens JJ, et al. Unanswered questions following reports of

secondary malignancies after CAR-T cell therapy. Nat Med

Nat Res. 2024.

4. Verdun N, Marks P. Secondary cancers after chimeric antigen

receptor T-cell therapy. New Eng J Med. 2024. Available from

http://www.nejm.org/doi/10.1056/NEJMp2400209.

5. Burstein DS, Maude S, Grupp S, Griffis H, Rossano J, Lin K. Car-

diac profile of chimeric antigen receptor T cell therapy in

children: a single-institution experience. Biol Blood Marrow

Transplant. 2018;24(8):1590–5.

6. Shalabi H, Sachdev V, Kulshreshtha A, Cohen JW, Yates B, Ros-

ing DR, et al. Impact of cytokine release syndrome on cardiac

function following CD19 CAR-T cell therapy in children and

young adults with hematological malignancies. J Immunother

Cancer. 2020;8(2).

7. Totzeck M, Michel L, Lin Y, Herrmann J, Rassaf T. Cardiotoxic-

ity from chimeric antigen receptor-T cell therapy for advanced

malignancies. Eur Heart J. 2022;43:1928–40.

8. Nenna A, Carpenito M, Chello C, Nappi P, Annibali O, Vincenzi

B, et al. Cardiotoxicity of chimeric antigen receptor T-cell

(CAR-T) therapy: pathophysiology, clinical implications, and

echocardiographic assessment. Int J Mol Sci. 2022;23.

9. Roberts MR, Qin L, Zhang D, Smith DH, Tran AC, Dull TJ, et al.

Targeting of human immunodeficiency virus-infected cells by

CDS+ T lymphocytes armed with universal T-cell receptors.

Blood. 1994;84(9):2878–89.

10. Mitsuyasu RT, Anton PA, Deeks SG, Scadden DT, Connick E,

Downs MT, et al. Prolonged survival and tissue trafficking fol-

lowing adoptive transfer of CD4z gene-modified autologous

CD4+ and CD8+ T cells in human immunodeficiency virus-

infected subjects. Blood. 2000;96(3):785–93.

11. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric anti-

gen receptor−modified T cells in chronic lymphoid leukemia.

New Eng J Med. 2011;365(8):725–33.

12. FDA Approved. [cited 2024 May 1]. Available from: https://

www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-

products/approved-cellular-and-gene-therapy-products.

13. Melenhorst JJ, Chen GM, Wang M, Porter DL, Chen C, Collins

MKA, et al. Decade-long leukaemia remissions with persis-

tence of CD4+ CAR T cells. Nature. 2022;602(7897):503–9.

14. Goldman A, Maor E, Bomze D, Liu JE, Herrmann J, Fein J, et al.

Adverse cardiovascular and pulmonary events associated

with chimeric antigen receptor T-cell therapy. J Am Coll Car-

diol. 2021;78(18):1800–13.

15. San-Miguel J, Dhakal B, Yong K, et al. Cilta-cel or Standard

Care in Lenalidomide-Refractory Multiple Myeloma. N Engl J

Med. 2023;389(4):335–47.

16. Ganatra S, Dani SS, Yang EH, Zaha VG, Nohria A. Cardiotoxic-

ity of T-cell antineoplastic therapies: JACC: cardiooncology

primer. JACC: CardioOncology. 2022;4:616–23. Elsevier Inc.

17. Cobb DA, Lee DW. Cytokine release syndrome biology and

management. Cancer J. 2021;27(2):119–25.

18. Lee DW, Santomasso BD, Locke FL, Ghobadi A, Turtle CJ,

Brudno JN, et al. ASTCT consensus grading for cytokine

release syndrome and neurologic toxicity associated with

immune effector cells. Biol Blood Marrow Transplant.

2019;25:625–38.

19. Shimabukuro-Vornhagen A, G€odel P, Subklewe M, Stemmler

HJ, Schl€oßer HA, Schlaak M, et al. Cytokine release syndrome.

J Immunother Cancer. 2018;6. BioMed Central Ltd..

20. Chen LR, Li YJ, Zhang Z, Wang P, Zhou T, Qian K, et al. Cardio-

vascular effects associated with chimeric antigen receptor T

cell therapy in cancer patients: a meta-analysis. Front Oncol.

Frontiers Media S.A. 2022;12.

21. Linette GP, Stadtmauer EA, Maus MV, Rapoport AP, Levine BL,

Emery L, et al. Cardiovascular toxicity and titin cross-reactiv-

ity of affinity-enhanced T cells in myeloma and melanoma.

2013; Available from: http://ashpublications.org/blood/article-

pdf/122/6/863/1374971/863.pdf.

22. Ghosh AK, Chen DH, Guha A, Mackenzie S, Walker JM, Roddie

C. CAR T cell therapy−related cardiovascular outcomes and

management: systemic disease or direct cardiotoxicity? JACC:

CardioOncology. 2020;2:97–109.

23. Ganatra S, Dani SS, Yang EH, Zaha VG, Nohria A. Cardiotoxic-

ity of T-cell antineoplastic therapies: JACC: cardiooncology

primer. JACC: CardioOncology. 2022;4:616–23.

hematol transfus cell ther. 2025;47(1):103693 7

http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0001
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0001
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0002
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0002
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0002
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0003
http://www.nejm.org/doi/10.1056/NEJMp2400209
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0005
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0005
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0005
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0005
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0006
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0006
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0006
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0006
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0006
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0007
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0007
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0007
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0008
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0008
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0008
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0008
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0015a
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0015a
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0015a
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0015a
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0010
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0010
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0010
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0010
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0010
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0010
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0011
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0011
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0011
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-products
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-products
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-products
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0013
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0013
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0013
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0014
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0014
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0014
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0014
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0016
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0016
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0016
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0017
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0017
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0020
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0020
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0020
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0020
http://ashpublications.org/blood/article-pdf/122/6/863/1374971/863.pdf
http://ashpublications.org/blood/article-pdf/122/6/863/1374971/863.pdf
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0022
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0022
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0022
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0022
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0023
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0023
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0023


24. Alvi RM, Frigault MJ, Fradley MG, Jain MD, Mahmood SS, Awa-

dalla M, et al. Cardiovascular events among adults treated

with chimeric antigen receptor T-cells (CAR-T). J Am Coll Car-

diol. 2019;74(25):3099–108.

25. Locke FL, Miklos DB, Jacobson CA, Perales MA, Kersten MJ, Olu-

wole OO, et al. Axicabtagene ciloleucel as second-line therapy for

large B-cell lymphoma.NewEngland JMed. 2022;386(7):640–54.

26. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacob-

son CA, et al. Axicabtagene ciloleucel CAR T-cell therapy in

refractory large B-cell lymphoma. New Eng J Med. 2017;377

(26):2531–44.

27. Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann P,

McGuirk JP, et al. Tisagenlecleucel in adult relapsed or refrac-

tory diffuse large B-cell lymphoma. New Eng J Med. 2019;380

(1):45–56.

28. Wang M, Munoz J, Goy A, Locke FL, Jacobson CA, Hill BT, et al.

KTE-X19 CAR T-cell therapy in relapsed or refractory mantle-

cell lymphoma. New Eng J Med. 2020;382(14):1331–42.

29. Abramson JS, Palomba ML, Gordon LI, Lunning MA, Wang M,

Arnason J, et al. Lisocabtagene maraleucel for patients with

relapsed or refractory large B-cell lymphomas (TRANSCEND

NHL 001): a multicentre seamless design study. The Lancet.

2020;396(10254):839–52.

30. https://clinicaltrials.gov/search?cond=CAR-TCellTherapy&view

Type=Table&aggFilters=status:act.rec.not.

31. Camilli M, Maggio L, Tinti L, Lamendola P, Lanza GA, Crea

F, et al. Chimeric antigen receptor-T cell therapy-related

cardiotoxicity in adults and children cancer patients: a

clinical appraisal. Front Cardiovasc Med. Front Media S.A.

2023;10.

32. Dalal PJ, Patel NP, Feinstein MJ, Akhter N. Adverse cardiac

effects of CAR T-cell therapy: characteristics, surveillance,

management, and future research directions. Technol Cancer

Res Treatment. 2022;21.

33. Lyon AR, L�opez-Fern�ande T, Couch LS, Asteggiano R, Aznar

MC, Bergler-Klei J, et al. 2022 ESC Guidelines on cardio-oncol-

ogy developed in collaboration with the European hematology

association (EHA), the European society for therapeutic radiol-

ogy and oncology (ESTRO) and the international cardio-oncol-

ogy society (IC-OS). Eur Heart J. 2022;43(41):4229–361.

34. Patel M, Hudson O, Han J, Kondapalli L, Arora G, Hawi R, et al.

Update on immunotherapy cardiotoxicity: checkpoint inhibi-

tors, CAR T, and beyond. Curr Treat Options Oncol.

2023;24:1489–503.

35. Patel NP, Dalal PJ, Meng Z, Baldridge AS, Cascino GJ, Sunderraj

A, et al. Myocardial strain is associated with adverse cardiac

events in patients treated with chimeric antigen receptor

(CAR) T-cell therapy. Eur J Haematol. 2024;112(1):102–10.

36. Mahmood SS, Riedell PA, Feldman S, George G, Sansoterra SA,

Althaus T, et al. Biomarkers and cardiovascular outcomes in

chimeric antigen receptor T-cell therapy recipients. Eur Heart

J. 2023;44(22):2029–42.

37. Lee DH, Chandrasekhar S, Jain MD, Mhaskar R, Reid K, Lee SB,

et al. Cardiac and inflammatory biomarker differences in

adverse cardiac events after chimeric antigen receptor T-Cell

therapy: an exploratory study. Cardio-Oncology. 2023;9(1).

38. Lefebvre B, Kang Y, Vakilpour A, Onoue T, Frey NV, Brahmb-

hatt P, et al. Incidence of MACE in patients treated with CAR-T

cell therapy: a prospective study. JACC CardioOncol. 2023;5

(6):747–54.

8 hematol transfus cell ther. 2025;47(1):103693

http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0024
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0024
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0024
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0024
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0025
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0025
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0025
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0026
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0026
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0026
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0026
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0027
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0027
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0027
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0027
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0028
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0028
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0028
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0029
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0029
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0029
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0029
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0029
https://clinicaltrials.gov/search?cond=CAR-TCellTherapy&viewType=Table&aggFilters=status:act.rec.not
https://clinicaltrials.gov/search?cond=CAR-TCellTherapy&viewType=Table&aggFilters=status:act.rec.not
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0031
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0031
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0031
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0031
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0031
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0032
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0032
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0032
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0032
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0033
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0033
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0033
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0033
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0033
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0033
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0033
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0033
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0034
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0034
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0034
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0034
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0035
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0035
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0035
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0035
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0036
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0036
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0036
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0036
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0037
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0037
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0037
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0037
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0038
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0038
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0038
http://refhub.elsevier.com/S2531-1379(24)00319-5/sbref0038

	From the mechanism of action to clinical management: A review of cardiovascular toxicity in adult treated with CAR-T therapy
	Introduction
	Chimeric antigen receptor T-cell therapy
	Cardiovascular adverse events of CAR-T cell therapy: the interplay between cytokine release syndrome and cardiotoxicity
	Pre-therapy evaluation, monitoring and management

	Conclusions
	Conflicts of interest
	References


