
Chimeric antigen receptors (CAR) are immune-associated 
receptors comprised of a fragment of the immunoglobulin 

chain directed towards a specific antigen. The engineered CAR 
is transduced ex-vivo by a retroviral or lentiviral vector into the 
patient’s T-lymphocytes [1,2]. Manufacturing of the product takes 
approximately 4 weeks after collection of the patients' lympho-
cytes. These cells are then expanded in the lab and later infused 
back to the patient after a preparative regimen containing fludar-
abine and cyclophosphamide. The CAR-T cells continue in-vivo 
to expand and target the tumor cells. Currently these products are 
given to patients with chemorefractory disease [1,2]. As such, 
they have received multiple lines of chemotherapy and do not 
have another curable option available. Main side effects include 
cytokine release syndrome (CRS) and immune effector cell-asso-
ciated encephalopathy (ICANS) [3]. Response of disease is eval-
uated 1 month after the infusion and, while approximately 70% 
of the patients will respond, durable disease response and cure is 
achieved in 30-40% of the patients [1,2]. 

In 2017, 2 CAR-T products were approved by the FDA: tis-
agenlecleucel and axicabtageneciloleucel. Both were approved 

for the treatment of diffuse large B-cell lymphoma. Tisagenle-
cleucel was also approved for the treatment of younger adults 
with B-acute lymphoblastic leukemia. Recently, brexucabta-
gene autoleucel was approved for the treatment of mantle cell 
lymphoma, lisocaptagene maraleucel for the treatment of dif-
fuse large B-cell lymphoma, and ciltacabtagene autoleucel for 
the treatment of multiple myeloma. 

Data regarding cardiac disorders from the pivotal trials are 
scarce, however as the treatment population receiving CAR-T 
grows, and real-life data are published, understanding potential 
cardiac events that may occur and recommendations how to 
manage these events is essential.

When investigating the cardiotoxic effect of CAR-T several do-
mains should be considered:
•  Patients eligible for this treatment have already been ex-

posed to several lines of chemotherapy with potential cardiac 
toxicity. Specifically, patients with lymphoma who were pre-
viously exposed to cumulative high doses of anthracyclines 

•  Overall, these patients are older with significant co-morbid-
itites, including cardiac diseases, and are at a higher risk for 
cardiac events [4]

•  In a majority of the patients the cancer is progressive and 
the tumor involves extra-lymphatic and medullary structures 
including the heart, and may further compromise and be as-
sociated with cardiac manifestations 

•  Preparative regimen prior to CAR-T infusion contains car-
diotoxic medications (i.e., cyclophosphamide)

•  Cytokine release syndrome with or without fluid overload 
and capillary leak syndrome is very common and may prop-
agate cardiac toxicity 
Cardiac dysfunction manifestations following CAR-T cell 

therapy range from sinus tachycardia, hypotension, ST segment 
changes on electrocardiogram recording, arrhythmia (mainly 
atrial fibrillation) and decreased left ventricular systolic func-
tion and even cardiogenic shock and death. It is our experience 
that while we do observe high rate of cardiac events, cardiogen-



ic shock and death are extremely rare. Cardiac events following 
CAR-T infusion frequently occur in the context of cytokine re-
lease syndrome (CRS). 

CRS is a systemic inflammatory reaction that occurs due to 
widespread immune activation and propagation. CRS is grad-
ed according to the consensus grading system published by the 
American Society for Transplantation and Cellular Therapy and 
is based on 3 key elements: fever, hypotension, and hypoxia 
[5,6]. Grade 3–4 (severe CRS) is considered life threatening. 

-
phocytes and subsequently stimulates macrophages to release 

6 production has a major role in the activation of the comple-
ment and the coagulation cascades [8]. These processes result 
in vascular leakage, coagulopathy, and cardiovascular compro-
mise including direct cardiac effects. High levels of circulating 
IL-6 can also lead to myocardial stunning which may resemble 
sepsis-associated cardiomyopathy. Currently inhibitors and an-
tibodies to the IL-6 pathway are used as the main treatment to 
control CRS [5]. 

In the pivotal trials, patients with pre-existing or recent 
cardiovascular events were excluded from enrollment [1,2]. 
However, many patients 
included in these trials had 
previously received multi-
ple lines of chemotherapy 
and therefore were at an increased risk of cardiac disease. These 
treatments include anthracycline-containing regimens, irradia-
tion, and allogenic stem cell transplantation. In addition to the 
clinical trials, data reporting on cardiotoxic events are starting to 
accumulate. Majority of the cardiovascular phenomenon were 
reported as part of CRS; however, none of the patients had car-
diac arrest or heart failure. Currently, cardiac disease is not an 
absolute contraindication to proceeding with CAR-T [6].

Risk factors for CAR-T-associated cardiac events include 
hyperlipidemia, coronary artery disease and base line require-
ments of beta blockers, renin/angiotensin inhibitors, aspirin, 
statin, and insulin use [9,10] [Table 1]. However, age by itself 
was not associated with higher cardiac morbidity [11]. Several 
publications showed that cardiac events are most common in the 
context of CRS [9,10,12,13]. Median time to cardiac event on-
set was 11–21 days [10,12], suggesting that these patients may 
also have late onset events, not directly associated with CRS. In 
those who develop new or worsening cardiomyopathy (approx-
imately 10% of the patients) there is a decline in the median 
left-ventricular ejection fraction from 58% to 37% (9). It should 
be noted that in half of the patients, cardiac function normalizes 
within several weeks. Troponin may be an early marker for car-
diac events and troponin surveillance measurement as a mean to 
identify patients at higher risk for cardiovascular events may be 
considered to trigger early intervention with anti-IL-6 antibody, 
tocilizumab [12,14]. Indeed, CRS timely directed therapy with 

tocilizumab, has been shown to be associated with a decrease in 
the incidence of cardiac events [12,13].

Risk factors that may predispose patients to cardiotoxicity 
should be identified prior to initiation of CAR-T infusion. All 
patients should be evaluated with a baseline electrocardiogram 
and echocardiographic assessment of cardiac function. Both 
should be considered when defining patients' eligibility and 
suitability for CAR-T infusion. During the preparative regimen 
administration, patients with systolic or diastolic dysfunction 
should be cautiously monitored for volume overload and shifts. 
Patients who develop CRS are at a higher risk of developing 
cardiotoxicity and these patients should be continuously moni-
tored with blood pressure and telemetry and daily troponin mea-
surement (and if available, brain natriuretic peptide) blood lev-
els may facilitate pre-emptive therapy. In case these patients are 
treated with hyperhydration, they should be closely monitored 
for the development of pulmonary congestion and capillary leak 
syndrome [15]. After patients are discharged home, those who 
experienced cardiotoxicity should be further followed up for 
resolution of symptoms and long-term outcomes. 

As the therapeutic 
applications of CAR-T 
continue to expand, under-
standing, recognition, and 

treatment of cardiac toxicities is essential. Tailoring preparative 
regimen and tight control of CRS should be strongly considered 
in patients with risk factors for cardiotoxicity. 

The treatment landscape in the field of acute leukemia has been 
rapidly evolving in the past few years. An ever expanding un-
derstanding of the biology of leukemia based on accumulating 
data from genomic studies of populations of leukemia patients 
in the turn of the 21st century has enabled the development of 
several new drugs and treatment approaches for various subsets 
of acute leukemia patients [16]. In addition to improved out-
comes, these changes introduce new challenges regarding the 
recognition and management of potential adverse events.

While intensive anthracycline-cytarabine based chemotherapy 
remains a staple of curative treatment for acute myeloid leuke-
mia (AML), since 2016, nine new drugs have received FDA ap-
proval for treatment of AML patients [17]. The first of these, mi-
dostaurin, is a small molecule tyrosine kinase inhibitor. A phase 
3 trial showed improved overall survival vs. placebo when giv-
en as an addition to intensive chemotherapy for FLT3-mutated 
AML patients [18]. Another, more potent and specific FLT3 
inhibitor, gilteritinib, was approved in 2019 as monotherapy 
for relapsed/refractory FLT3-mutated AML as it was shown to 



be superior to salvage chemotherapy in this setting [19]. Both 
drugs have been associated with QT prolongation as well as 
other non-hematologic toxicities. Additional FLT3 inhibitors 
are under investigation.

A previously unmet need has been adequate treatment of el-
derly AML patients. This has been a pressing issue, as the medi-
an age of AML patients is well over 60 years of age, and elderly 
AML patients differ from younger patients in terms of disease 
biology and tolerance of intensive treatment [20]. For elderly 
high-risk AML patients eligible for intensive chemotherapy, a 
liposomal formulation of cytarabine and daunorubicin (CPX-
351) has produced superior outcomes compared to the conven-
tional 7+3 regimen of cytarabine and daunorubicin. The inci-
dence of anthracycline associated reductions in cardiac function 
was similar in both treatment arms [21]. 

Many elderly AML patients are deemed unfit for intensive 
chemotherapy, and as treatment options for these patients have 
been until recently suboptimal, real world data reported that as 
many as half of elderly patients diagnosed with AML receive 
supportive care only [22]. Venetoclax, an inhibitor of the an-
ti-apoptotic protein BCL-2, combined with hypomethylating 
agents or low dose cytarabine was approved in November 2018 
for this patient population. 
Of note, venetoclax com-
bined with azacitidine en-
abled the achievement of 
remission in 66.4% of patients compared with 28.3% in patients 
treated with placebo and azacitidine. A shorter time to achieve-
ment of response, and low early mortality rates, were noted in 
the venetoclax arm. The primary endpoint of the study, median 
overall survival, was prolonged in the venetoclax azacitidine 
arm compared to the placebo + azacitidine arm (14.7 months vs. 
9.6 months) [23]. Venetoclax-based regimens have become the 
standard of care for elderly unfit AML patients. This treatment 
would be the treatment of choice to achieve remission in pa-
tients with AML and congestive heart failure, who are at risk for 
cardiac complications if treated with anthracyclines.

Another subgroup of patients for whom targeted therapy has 
been approved recently is patients with AML with mutations 
in isocitrate dehydrogenase 1 or 2 (IDH1/2). These mutations 
cause the accumulation of 2-hydroxyglutamate leading to his-
tone modifications causing an arrest in hematopoietic differenti-
ation. Inhibitors of IDH1 and IDH2, ivosidenib and enasidenib, 
respectively, have been approved for patients with relapsed or 
refractory IDH1 or IDH2 mutated AML on the basis of clini-
cal trials showing response rates of approximately 40% to these 
agents in the relapsed/refractory setting [24,25]. Ivosidenib has 
also been approved for use as frontline monotherapy for AML 
patients with mutated IDH1 who are unfit for intensive chemo-
therapy. In this patient population, remission was achieved in 
42.4% of patients and a median overall survival of 12.6 moths 
was reported [26]. 

As ivosidenib and enasidenib reverse the epigenetic effects 
of IDH mutations, releasing the cells from maturation arrest, 
treatment with both agents may cause a differentiation syn-
drome characterized by fever, edema, and pulmonary compro-
mise, which can be life-threatening and is treated with high dose 
steroids and interruption of treatment. Ivosidenib may induce a 
prolongation of the QT interval.

Several ongoing trials are exploring novel drugs affecting 
different cellular pathways for the treatment of AML patients, 
and this field is expected to continue to evolve in the upcoming 
years leading to improved outcomes [17].

Outcomes of care for patients with acute lymphoblastic leuke-
mia (ALL) have improved gradually over decades of accumu-
lating experience with multi-agent chemotherapeutic protocols, 
primarily in the pediatric population. While this disease was al-
most universally fatal 50 years ago, Hunger and Mullighan [27] 
found that over 90% of pediatric patients could be cured with 
intensive chemotherapy. Adult patients, however, have less fa-
vorable outcomes with chemotherapy alone due to both disease 
biology and patient physiology [28].

Recent advances in the 
field of immunotherapy 
have opened up effective 
treatment options in ALL 

in the relapse setting and are under investigation as part of 
frontline therapy. Blinatumomab is a bispecific T-cell engager 
that directs T-cells to act against CD19 expressing B-cells. This 
treatment modality has been successfully used in both ALL pa-
tients with overt relapse and in those with only measurable re-
sidual disease [29,30]. Another effective treatment for relapsed 
CD19 expressing B-cell ALL is CD19 targeted chimeric antigen 
receptor T-cells (CD19 CART) [31]. CD22 is another antigen 
commonly expressed on B-cell ALL. Inotuzomab ozogamicin is 
an antibody-drug conjugate that delivers calicheamicin to CD22 
expressing cells. This agent was compared favorably to salvage 
chemotherapy as treatment for relapsed/refractory B-cell ALL 
in a phase 3 trial [32].

A subset of B-cell ALL patients harbor the Philadelphia 
(ph) chromosome translocation [9;22]. Before the develop-
ment of effective tyrosine kinase inhibitors (TKI) targeting the 
BCR-ABL fusion gene product, these patients exhibited high 
rates of resistance to treatment, relapse, and death. Outcomes 
have significantly improved with the incorporation of tyrosine 
kinase inhibitors into multi-agent chemotherapy [33]. In fact, 
it is possible to induce remission in most ph-positive B-ALL 
patients with TKIs, steroids alone, or with reduced intensity 
chemotherapy, thus enabling achievement of remission even in 
elderly unfit patients [34,35]. A recent phase 2 trial showed ex-
cellent results when combining steroids, the second generation 
TKI dasatinib, blinatumomab, and intrathecal chemotherapy to 



treat patients with pH-positive B-ALL. In this trial 98% of the 
patients achieved complete remission and a 95% overall surviv-
al rate at 18 months was reported [36]. Many TKIs can increase 
the risk of cardiac adverse events such as cardiovascular events, 
QT prolongation, systemic and pulmonary hypertension and 
heart failure [37]. Careful patient selection and management of 
risk factors is required during the long term care of pH-positive 
B-ALL. 

Finally, encouraging results have recently been reported us-
ing inhibitors of anti-apoptotic proteins in relapsed and refracto-
ry ALL patients. The combination of venetoclax and navitoclax 
with chemotherapy seems to be a promising novel approach.

As the treatment options for acute leukemia patients are rapidly 
evolving and are expected to continue to evolve and expand, so 
must our understanding of how to best use these novel therapies 
in the most effective and safe manner. Both clinical trial and real 
world data are essential for optimization of treatment.



Ingelfinger and colleagues investigated the peripheral 
immune signatures of 61 monozygotic twin pairs 
discordant for MS to dissect the influence of genetic 
predisposition and environmental factors. Using 
complementary multimodal high-throughput and high-
dimensional single-cell technologies in conjunction 
with data-driven computational tools, they identified an 
inflammatory shift in a monocyte cluster of twins with MS, 
coupled with the emergence of a population of IL-2 hyper-
responsive transitional naive helper T cells as MS-related 
immune alterations. By integrating data on the immune 
profiles of healthy monozygotic and dizygotic twin pairs, 
they estimated the variance in CD25 expression by helper 
T cells displaying a naive phenotype to be largely driven 

by genetic and shared early environmental influences. 
Nonetheless, the expanding helper T cells of twins with 

MS, which were also elevated in non-twin patients with 
MS, emerged independent of the individual genetic 
makeup. These cells expressed central nervous system-
homing receptors, exhibited a dysregulated CD25–IL-2 

axis, and their proliferative capacity positively correlated 
with MS severity. Together, this matched-pair analysis of 
the extended twin approach allowed to discern genetically 
and environmentally determined features of an MS-

associated immune signature.


