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Chimeric antigen receptor (CAR) T cells have transformed the care for patients with hematologic malignancies.
Patients treated with CAR T cells may experience cardiovascular and pulmonary complications, which primarily occur
in the setting of cytokine release syndrome. In addition, many patients considered for CAR T-cell therapy have
preexisting cardiac and pulmonary comorbidities. Among patients with good functional status, these conditions
should not prevent patients from being offered these lifesaving therapies. In this article, we use a case-based
approach to discuss how we evaluate and optimize conditions for patients with cardiac and pulmonary risk factors
before CAR T-cell therapy and manage cardiac and pulmonary complications that may arise with treatment.
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Introduction
Chimeric antigen receptor (CAR) T cells have transformed the
treatment of hematologic malignancies, providing promising new
therapies for patients who previously had poor prognoses. There
are now several Food and Drug Administration (FDA)-approved
CAR T-cell products for hematologic malignancies, and an
increasing number of patients, despite their significant comorbid-
ities, are now considered eligible for these treatments. Data sug-
gest that >10% of patients treated with CAR T cells experience
cardiovascular or pulmonary adverse events, which primarily occur
in the setting of cytokine release syndrome (CRS).1-6 Most of the
early data about cardiac and pulmonary complications from CAR
T-cell therapy are derived from patients treated in clinical trials,
which typically exclude patients with more severe cardiac and
pulmonary disease. Therefore, as more real-world patients with
significant cardiac and pulmonary comorbidities are treated with
CAR T-cell therapy, the rates of these complications will increase,
and questions will arise about how to best evaluate and optimize
the conditions of these patients and manage their cardiac and
pulmonary complications. In this article, using a case-based dis-
cussion, we present our approach to assess and optimize cardiac
andpulmonary comorbidities before andduringCART-cell therapy
as well as the management of posttreatment cardiopulmonary
complications. Although we will be focusing mostly on approved
CAR T-cell products, novel CAR T-cell therapies for various indi-
cations are currently being investigated in clinical trials and pre-
clinical settings andmayhaveadifferent toxicity profile fromcurrent
ones. Therefore, as new CAR T-cell therapies becomemore widely
available, it is important for physicians providing treatment to
review available adverse event data to help risk-stratify patients.
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Part 1: preinfusion cardiac and
pulmonary evaluation
A 68-year-old man with a history of coronary artery disease
(CAD), stable chronic obstructive pulmonary disease (COPD),
deep venous thrombosis, and diffuse large B–cell lymphoma
was referred for CD19-targeted CAR T-cell therapy. He was
previously treated with 6 cycles of rituximab, cyclophospha-
mide, doxorubicin, vincristine, and prednisone but relapsed
within 6 months of completing treatment. A positron emission
tomography–computed tomography scan demonstrated high
tumor burden, including bulky mediastinal disease and a
moderate pleural effusion. An echocardiogram showed a 40%
left ventricular ejection fraction (LVEF) as well as mild pulmonary
arterial hypertension (PAH) with preserved right ventricular
function. Upon evaluation, he was found to have an Eastern
Cooperative Oncology Group score of 1, had no signs of
decompensated heart failure or COPD, and had not been
hospitalized for these comorbidities in the last 6 months. Since
the development of this effusion, he was dyspneic and desa-
turated on ambulation. He was also being treated with apixaban
for his deep venous thrombosis diagnosed 2 months prior to
presentation. We questioned what his risks were for cardiac and
pulmonary complications and how his condition could best be
optimized before treatment with CAR T-cell therapy.

After a patient is deemed an appropriate candidate for CAR
T-cell therapy by the oncologist, the main role of the consultant
is to optimize the conditions and support patients who are at
high risk before CAR T-cell infusion and when toxicities arise
(Figure 1). This patient had several cardiac and pulmonary risk
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*See Table 1. It is important to evaluate patient’s functional status prior to treatment. While these co-morbidities should not preclude from treatment, they can increase morbidity and mortality in the
setting of severe toxicities. Such increased risk should be discussed with the patient and family.

CAR, chimeric antigen receptor; CRS, cytokine release syndrome; ECG, electrocardiogram.
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Figure 1. Evaluation and optimization of patients with cardiac and pulmonary comorbidities before CAR T-cell therapy.
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factors, including CAD, heart failure, age >65 years, prior
anthracycline, COPD, bulky mediastinal mass, PAH, and pleural
effusion (Table 1). Although there are limited data assessing
how preexisting cardiac and pulmonary comorbidities can affect
outcomes, one can assume these patients have lesser reserve
volumes and are probably at an increased risk of more life-
threatening complications in the setting of CRS. The clinical
trials that led to the FDA approval of CAR T cells generally had
more stringent exclusion criteria for patients with cardiac and
pulmonary comorbidities. For example, Zuma-1 required a
LVEF ≥50% and pulse oximetry >92% when breathing room
air,7 whereas the Juliet trial required an LVEF of ≥45% and
grade 1 or lower dyspnea as part of its inclusion criteria.8 Recent
studies have revealed that in the real-world setting, many
patients referred for CAR T-cell therapy are older and have
more comorbidities, including lower LVEF, symptomatic pleural
effusions, pulmonary embolisms or deep venous thrombosis,
and oxygen supplementation requirements.9 Although these
patients are more ill than those included in the trials, the effi-
cacy, severity of toxicities, rate of intensive care unit (ICU)
admission, and mortality are similar to those observed during
the trials.6,9-11 However, a baseline good functional status,
described as Eastern Cooperative Oncology Group <2 in these
studies, had an important role in these positive outcomes.9,11

For patients with significant high-risk comorbidities, we
recommend a multidisciplinary discussion addressing possible
higher morbidity and increased risk of ICU admission during
toxicities, taking into account the patient’s overall prognosis
from their malignancy and other available treatment options.
APPROACHING CARDIOPULMONARY RISK IN CAR T THERAPY
When evaluating patients before CAR T-cell therapy, we review
risk factors for cardiac toxicity from prior treatments, including
prior exposure to anthracyclines and history of chest radiation
as well as comorbidities, such as hypertension, hyperlipidemia,
diabetes mellitus, chronic kidney disease, CAD, heart failure,
and arrhythmias (Table 1).12-15 We obtain a baseline electro-
cardiogram and echocardiogram, but we do not use a specific
LVEF cut off for patients and instead focus more on a patient’s
general functional status, New York Heart Association functional
status, and heart failure history. We obtain baseline troponin for
patients who are at high risk. Some groups consider the addi-
tional measurement of natriuretic peptide levels; however, data
on the value of these measurement in this setting are limited.
We do not obtain assessments for cardiac ischemia because the
platelet count may drop dramatically after treatment, and, thus,
coronary revascularization is not a viable option. Given that
most of the cardiac complications related to CAR T-cell therapy
are associated with CRS, we also assess patients for risk factors
for severe CRS, including high tumor burden. In addition,
we consider differences in products, particularly in the co-
stimulatory domain of CD19-directed CAR T cells, with CD28
costimulatory domain (axicabtagene ciloleucel) generally asso-
ciated with more frequent and higher-grade CRS compared with
4-1BB costimulatory domain (tisagenlecleucel [tisa-cel], lisocabta-
gene maraleucel [liso-cel]).16-18 In addition, there may be differ-
ences associated with lymphodepletion or conditioning regimen,
with small studies suggesting lower rates of CRS as well as hema-
tologic toxicities, including profound thrombocytopenia, with
bendamustine than with fludarabine or cyclophosphamide.19
18 MAY 2023 | VOLUME 141, NUMBER 20 2453



Table 1. High-risk cardiopulmonary comorbidities and considerations before CAR T-cell therapy

Cardiac comorbidities/risk factors Pulmonary comorbidities/risk factors Malignancy-related considerations

Heart failure, reduced LVEF (<50%), prior or
current cardiomyopathy

Moderate-to-severe obstructive or restrictive
pulmonary disease

High tumor burden

Prior history of myocardial infarction or
coronary revascularization

Moderate-to-severe pulmonary hypertension Product with higher incidence and grade of
CRS

Cardiovascular risk factors (eg, hypertension,
diabetes mellitus, obesity, smoking, prior
anthracycline, prior chest radiation)

Recurrent pleural effusions requiring frequent
thoracentesis

Rapidly progressive disease (giving less time for
optimization)

Age >65 y Large mediastinal masses with concerns of
airway involvement

Type of disease (eg, lower rate of toxicity in
follicular lymphoma compared with that in
diffuse large B–cell lymphoma)

Significant valve disease, moderate or greater
regurgitation or stenosis

Home oxygen dependency Intensity of lymphodepletion/conditioning
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These considerations can help guide the choice of CAR T-cell
product and monitoring method for these patients when toxicities
appear; however, once complications occur, we generally manage
cardiopulmonary toxicities similarly regardless of the CAR T-cell
product or lymphodepletion regimen received.

We recommend referral of patients having preexisting cardiac
conditions including heart failure, reduced LVEF, prior history of
cardiomyopathy, known CAD, as well as patients at high risk for
cardiac disease because of age and cardiovascular risk factors
to cardio-oncology or general cardiology, if cardio-oncology
services are not available, before treatment. Regarding car-
diac and pulmonary optimization, in most instances, there is
limited time because patients need to be treated quickly, often
within 1 or 2 months of referral, because of the nature of the
disease. However, for some patients with certain disease types,
such as indolent lymphomas and multiple myeloma, pursuing
alternative therapies or delaying CAR T-cell therapy may be an
appropriate option, with careful balancing of the patient’s dis-
ease status and other treatment options. Occasionally, there
may also be limited treatment slots, so patients may have to
wait for months before treatment, and, in these rare cases, there
may be more time to further optimize their comorbid condi-
tions. In most situations, we do not advocate delaying CAR
T-cell therapy specifically for optimization, unless a patient is
clearly not a candidate for treatment because of poor functional
status and decompensated or end-stage cardiac or pulmonary
comorbidities. However, if there is a possibility that some of the
comorbidities can be reversed, such as ischemic cardiomyop-
athy, or improved by increasing diuretics or controlling blood
pressure, and the patient either does not require immediate
treatment or can pursue less aggressive treatment options, CAR
T-cell therapy may be deferred or delayed with future
reevaluation.

A cardiologist evaluated our patient and started administration
of a beta-blocker and a sodium-glucose cotransporter 2 inhib-
itor. These treatments alone are not optimal treatment options
for his heart failure condition, but in view of the upcoming CAR
T-cell therapy and the high potential for hypotension, we did
not proceed with other standard heart failure therapies. He was
already on a statin, which was continued. The plan was to
2454 18 MAY 2023 | VOLUME 141, NUMBER 20
convert his regimen to a short-acting beta-blocker at the time of
treatment. Regarding his anticoagulation condition, at the time
of lymphodepletion, because of the concern about thrombo-
cytopenia, we temporarily transitioned his regimen to low
molecular weight heparin, with a plan to reduce his dose if there
was any evidence of acute kidney injury or if his platelet count
dropped <50 × 103/μL and to hold anticoagulation if platelet
count dropped <25 × 103/μL.

A few other considerations in the peri-CAR T-cell period for
patients with cardiac history include the initiation or transition to
short-acting antihypertensives for uncontrolled or preexisting
hypertension because of the high risk of hypotension during
CRS. The use of statin therapy is balanced against the potential
of post-CAR T-cell elevation of liver function tests, so their use
may be deferred in the acute peri-CAR T-cell setting. Finally, as
with the patient described earlier, among patients with heart
failure, we consider optimization of goal-directed therapy
(including considering a beta-blocker, angiotensin receptor–
neprilysin inhibitor, sodium-glucose cotransporter 2 inhibitor,
and mineralocorticoid receptor antagonist, if tolerable). How-
ever, similar to the case described earlier, many of these ther-
apies are long acting, and the risk of hypotension has to be
weighed. At the time of lymphodepletion, we monitor patients
closely for thrombocytopenia and hold anticoagulation for
patients who are at high risk for thrombocytopenia (plate-
lets <50 × 103/μL) or have evidence of impending cytopenias.
Before restarting these agents, we monitor patients closely for
stability of their platelet counts and coagulopathy (because of
CRS, hemophagocytic lymphohistiocytosis-like syndrome, or
liver dysfunction). For patients with thrombocytopenia who
require anticoagulation for indications such as acute throm-
bosis, we consider resuming anticoagulation first with either
unfractionated heparin drip or split-dose low molecular weight
heparin, especially if there is a high risk of them developing
delayed cytopenias or coagulopathy. When no complications
are observed, and platelets are deemed to be adequate, long-
acting anticoagulants can be considered. Although we usually
use a cutoff for platelet counts >50 × 103/μL, close monitoring
for signs of bleeding and renal and liver dysfunction is impor-
tant, and a discussion with the hematology team might be
useful to guide the therapy and choice of anticoagulant.20,21
GUTIERREZ et al
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Our patient had an established diagnosis of COPD andmild PAH
as observed with an echocardiogram, and given his good func-
tional status, healthy right ventricular function, and controlled
symptoms, we did not pursue further immediate pulmonary work
up. We continued his COPD medications, and given that the
patient had a symptomatic malignant pleural effusion, he
underwent thoracentesis and we monitored him for reac-
cumulation to ensure that he did not need catheter placement.

As part of the pulmonary evaluation before CAR T-cell therapy,
we assess for malignancy-related risk factors, such as high pul-
monary disease burden, airway involvement, and preexisting
effusions that could exacerbate respiratory symptoms during
CRS (Table 1). It is important to note that pulmonary and pleural
involvement could lead to increased CAR T-cell trafficking to
the lungs and, therefore, increase respiratory complications.22

We do not routinely obtain baseline pulmonary function tests
or high-resolution pulmonary computed tomography imaging
in these patients. Currently, not enough data are available to
correlate the outcomes of patients who undergo CAR T-cell
therapy with the severity of pulmonary disease and to specify
whether a subgroup of patients would benefit from pretreat-
ment workup, such as pulmonary function tests. As with patients
with cardiac risk factors, the decision to treat is based more on
the patient’s functional status, especially if their pulmonary
disease is well controlled. Patients who have a history of
obstructive or restrictive pulmonary disease with significant
recurrence of symptoms or exacerbations should be referred to
a pulmonologist to assess compliance, optimization of therapy,
and need to restage disease severity. For patients with inci-
dental findings of mild-to-moderate PAH upon echocardiogram
testing, workup for pulmonary hypertension should not delay
CAR T-cell therapy, especially for those with aggressive disease.
If a patient has severe PAH, this could put them at a higher risk
of having cardiovascular decompensation during severe CRS,
and an evaluation by a pulmonologist can help guide workup or
optimization that could be performed in the peri-CAR T-cell
therapy period. In this setting, a discussion between the patient
and consultants is needed so that they are aware of the
increased morbidity and mortality during CRS in comparison
with other patients. For patients with known history of pulmo-
nary hypertension, we recommend evaluation by a pulmonol-
ogist because some of the medications, such as vasodilators
and anticoagulants will need to be continued during treatment.
If patients have frequently reaccumulating malignant effusions
that lead to dyspnea and hypoxia, we consider intervention
before treatment, including drainage or catheter placement.
We also work to optimize and continue therapy for patients with
underlying comorbidities, such as COPD and asthma in chil-
dren. Although rare, interstitial lung disease secondary to
different causes (postinfectious, connective tissue disease,
exposure-related, or idiopathic) could be present during the
evaluation of patients. Those patients with stable disease and
good functional status, even if they require low-dose cortico-
steroids and oxygen therapy, could be considered for CAR
T-cell therapy on a case-by-case basis. A careful discussion
among specialists, regarding what could be a minimal cortico-
steroid dose the patient might tolerate, is necessary to find an
optimal dosage that can hopefully avoid suppression of CAR T
proliferation. If corticosteroids and other immunosuppressive
therapies are not amenable to weaning because of concerns of
respiratory decompensation, then CAR T-cell therapy might not
APPROACHING CARDIOPULMONARY RISK IN CAR T THERAPY
be a good option for treatment. Patients with pulmonary
comorbidities may require closer monitoring of their respiratory
status with the onset of CRS. We recommend inpatient pul-
monary consultation and, sometimes, early ICU admission for
patients with known rapidly reaccumulating pleural effusions,
patients with moderate-to-severe obstructive or restrictive pul-
monary disease or moderate-to-severe pulmonary hyperten-
sion, and patients requiring home oxygen supplementation,
especially if they have high tumor burden and pleural or pul-
monary involvement.5,23

Although our patient was determined to be at higher risk for
complications with CAR T-cell therapy based on his history and
pretreatment assessments, given his high-risk disease and
overall good functional status, the decision was made to pro-
ceed with treatment using CAR T cells.
Part 2: CRS in the patient with high-risk
cardiac or pulmonary disease
Our previously described patient received CD19-directed CAR T
cells (liso-cel). On day 3 after treatment, he developed a fever
and tachycardia, followed by mild hypotension consistent with
grade 2 CRS. He was treated with tocilizumab 8 mg/kg. The
following day, his symptoms persisted and worsened, necessi-
tating transfer to the ICU for treatment with vasopressor and
oxygen support (high-flow FiO2 > 60%). A chest radiograph
showed diffuse bilateral pulmonary infiltrates with reac-
cumulation of pleural effusion. A repeat echocardiogram showed
a reduced ejection fraction (EF) of 25%, and his troponin level
was elevated. An electrocardiogram revealed sinus tachycardia.

It is important to note that there can be many causes of hypo-
tension and hypoxemia in a patient who underwent CAR T-cell
therapy (Table 2); therefore, a complete and thorough workup
is needed when these clinical signs occur. Although CRS is the
most plausible cause for these signs, septic shock, infectious
pulmonary complications, and primary cardiovascular events
need to be considered and, sometimes, treated concomitantly
with CRS. Moreover, the timing of onset, type of CAR, and the
patient’s comorbidities can help narrow the differential diag-
nosis. A summary of cardiac and pulmonary considerations
during CRS is shown in Figure 2.

Cardiac events associated with CAR T cells are reasonably
common, generally short-lived, reversible, and mainly occur in
the setting of CRS. For patients who are at higher risk for car-
diovascular adverse events and develop CRS, we consider
earlier administration of tocilizumab, with the goal of reducing
the severity of CRS. Data suggest that the risk of a cardiac
events with CRS increased 1.7-fold with each 12-hour delay in
tocilizumab administration.2 We place patients with grade ≥2
CRS on telemetry for the monitoring of arrhythmias. We repeat
an echocardiogram in patients with known history of reduced
EF, cardiomyopathy, or pulmonary hypertension and those with
new symptoms of heart failure or hypotension. If baseline
troponin and natriuretic peptide level from patients are avail-
able, repeat biomarkers at the time of CRS may help guide the
workup and monitoring; a significant change in these should
lead to a repeat echocardiogram. For patients with a sudden
drop in EF, we generally cannot start goal-directed medical
18 MAY 2023 | VOLUME 141, NUMBER 20 2455



Table 2. Differential diagnosis and workup of hypotension and hypoxemia in patients treated with CAR T-cell therapy

Sign of CRS
Differential
diagnosis Workup Considerations

Hypotension Neutropenic sepsis and
septic shock

Cardiogenic shock
(cardiac tamponade
and acute coronary
syndrome)*

Hemorrhagic

• Obtain cultures, urinalysis, and chest
radiograph

• ECG, echocardiogram, and cardiac enzyme/
natriuretic peptide level

• Initiate empiric broad spectrum antibiotics
• Resuscitation with IV fluids (3 mL/kg) and

vasopressor support, if needed

• Workup should not delay treatment of CRS
• Telemetry/ICU admission is recommended
• Timing of symptom onset from CAR product

infusion can help guide treatment and workup
• During resuscitation, evaluation of patients’

intravascular status (bedside ultrasound vs
noninvasive hemodynamic monitoring) is of
importance because of the risk of capillary
leakage when associated with CRS

• Limited role of cardiac catheterization because
of thrombocytopenia and inability to use
anticoagulation or antiplatelet therapy

Hypoxemia Infectious
Pleural effusion†
Cardiogenic and

noncardiogenic
pulmonary edema

Thrombotic events

• Chest radiograph/CT chest
• Sputum cultures, viral swabs, and fungal and

viral titers for those at risk
• Thoracentesis
• Echocardiogram, ECG, and troponin and

natriuretic peptide levels if clinical and
imaging findings are suggestive of
pulmonary edema

• Lower extremity ultrasound/CTPA

• Cytology and flow cytometry for CAR T cells in
pleural fluid (if available) can help differentiate
the cause of effusion

• Bronchoscopy can be considered in patients
with persistent pulmonary infiltrates despite
improvement of CRS symptoms (or low
suspicion of CRS to be the cause of hypoxemia)

• Workup should not delay the treatment of CRS
• Timing of symptom onset from CAR T-cell

infusion can help guide treatment and workup

CT, computed tomography; CTPA, computed tomography pulmonary angiography; ECG, electrocardiogram.

*Can also consider on-target off-tumor toxicities, decompensated pulmonary hypertension with right ventricular failure, and severe cardiomyopathy in the setting of CRS.

†Can be present in CRS due to capillary leakage; however, heart failure, progression of malignant effusions, and empyema (in some cases) can also be causative.
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therapy because most patients are unable to tolerate agents
owing to their low blood pressure. However, this can be reas-
sessed before discharge and when CRS symptoms resolve.

Most of the adult data on cardiac events after treatment with
CAR T cells consist of retrospective analyses of the patient
population having lymphoma and receiving CD19-directed
CAR T cells.4,24 Most cardiac events occurred in the setting of
CRS,14 with a correlation with higher-grade CRS as well as older
age.24 These events include tachycardia (associated with fever)
and hypotension (grade ≥2 CRS), elevated troponin, reduction
in LVEF, arrhythmias, and cardiogenic shock. One study evalu-
ated the incidence of major adverse cardiac events, defined as
arrhythmias requiring intervention, new or worsening cardio-
myopathy or heart failure exacerbation, stroke, myocardial
infarction, or cardiac death, after CD19 CAR T-cell infusion. Out
of 165 patients with large B–cell lymphoma, 27 (16%) had at
least one major adverse cardiac event within 30 days of treat-
ment; two-thirds of these were cardiac arrhythmias.24 Although
there was 1 cardiovascular death, the presence of major
adverse cardiac events was not associated with reduced overall
survival.24 Several studies have found no statistically significant
association between baseline LVEF and cardiovascular out-
comes (major adverse cardiac events or new or worsening car-
diomyopathy).3,24 However, it is important to keep in mind that
the overall number of patients with low LVEF is small in these
studies, so it is difficult to reach conclusions about outcomes in
this population. A baseline elevated troponin was associated
with subsequent cardiovascular events, particularly in patients
with grade 2 or higher CRS2; thus, this may be an aspect to
consider in patients with higher baseline biomarkers. In general,
cardiac adverse events usually seem to be reversible with low
rates of long-term complications.25
2456 18 MAY 2023 | VOLUME 141, NUMBER 20
There are data among pediatric patients treated with CD19-
directed CAR T cells for B–cell acute lymphoblastic leukemia,
including clinical trials as well as retrospective, real-world
data.1,26-28 This has been reassuring in this population with
most instances of left ventricular dysfunction being reversible
and with no cardiac-related deaths. Most patients were usually
back to their baseline cardiac status by 4 weeks after infusion.
This suggests that cardiac toxicity is of minimal concern among
patients the pediatric B–cell acute lymphoblastic leukemia
being treated with CD19-directed CAR T cells.

Pulmonary complications are less common than cardiovascular
events during CRS.6 They aremost frequent among patients with
higher-grade CRS, and the most common toxicities reported are
hypoxia, pulmonary edema, pleural effusions, and pulmonary
embolism.5,6 Most instances of pulmonary edema are cardiac in
nature, but noncardiogenic pulmonary edema due to capillary
leakage can also occur.6 When evaluating patients with pleural
effusions, we assess whether these effusions are preexisting and
secondary to underlying malignancies or new pleural effusions
that develop during CRS and are more likely secondary to an
inflammatory process, capillary leakage, or CAR T-cell traf-
ficking.5,22,23 Pleural effusions that are present at baseline before
CAR T-cell therapy frequently persist, often require therapeutic
intervention, and seem to be associated with higher rates of
toxicity and death. In contrast, newpleural effusions that develop
after CAR T-cell therapy and during CRS usually do not require
drainage and are less likely to persist.23

Although pleural effusions and pulmonary edema are the most
common causes of hypoxemia among patients receiving CAR
T-cell therapy, a thorough infectious workup is crucial. A bron-
choscopy and bronchoalveolar lavage may be useful in some
GUTIERREZ et al



Workup*:

- ECG and echocardiogram if new symptoms, hypotension or
  elevation of cardiac markers

- Monitoring of troponins and natriuretic peptide once grade
   2 CRS starts, especially in high risk patients

- Rule out other causes of hypotension such as septic shock

Arrhythmias:

- Telemetry monitoring and transition to outpatient
  monitoring if do not resolve prior to discharge

- Anti-platelet and anticoagulation therapy assessment
  once platelet counts recover

- Amiodarone most common choice for atrial fibrillation
  and flutter in setting of hypotension, follow ACLS

Hypotension:

- Switch to short-acting anti-hypertensives in
  anticipation for possible CRS and hypotension

- Consider relative hypotension in patients with history
  of hypertension to assure adequate organ perfusion

- Chest x-ray
Workup*:

- CT (consideration of other complications including
  loculated effusions, fungal or atypical pneumonia and
  pulmonary embolism)

- Sputum and blood cultures

- Serum infectious titers

- Bronchoscopy in select patients

Effusions:

- New (likely to resolve, reserve drainage for symptomatic)

- Recurrent (possibly malignant and not likely to resolve)

Pulmonary
considerations

Cardiac
considerations

Telemetry for all
≥grade 2 CRSCRS onset*

*Differentials for hypoxemia, hypotension and arrhythmias in this patient population is broad (see Table 1 for further details). Timing of onset of symptoms with CRS (and product administered) should play an
important role in the assessment and workup of these patients

ACLS, advanced cardiovascular life support; CRS, cytokine release syndrome; CT, computed tomography; ECG, electrocardiogram 

Figure 2. Assessment and considerations of patients with cardiac and pulmonary comorbidities and cardiovascular complications during CRS.
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cases, such as in patients with infiltrates that are highly sugges-
tive of infectious etiology or persistent after other signs of CRS
have resolved. However, we do not routinely perform bron-
choscopies, especially if there is a high suspicion of CRS-driven
hypoxemia. Severe hypoxemia related to CRS is rare. Fortu-
nately, with earlier intervention and improved management of
CRS, the incidence of requirement of bilevel positive airway
pressure or mechanical ventilation is low. However, requiring
positive pressure ventilation is associated with higher rates of
mortality.5,6,10,29 Whether this is directly related to CRS or other
complications, such as sepsis and multiorgan failure due to dis-
ease progression, needs to be evaluated further. We recom-
mend closemonitoring of patients with pulmonary comorbidities
and hypoxemia who require support via high-flow nasal cannula
or bilevel positive airway pressure because deterioration in the
health condition of these patients could be rapid.

The pathophysiology of cardiac adverse events in patients after
CAR T-cell therapy is multifactorial12,13 and may include a direct
effect of interleukin 6 leading to myocardial dysfunction30 as
well as stress-induced cardiomyopathy. In addition, for cardiac
and pulmonary adverse events, there could be direct toxic
effects because of CAR T-cell trafficking to sites of disease. In a
study of pediatric patients with extramedullary B–cell acute
lymphoblastic leukemia treated with CD19-directed CAR
APPROACHING CARDIOPULMONARY RISK IN CAR T THERAPY
T cells, there were reports of patients with pleural based disease
developing worsening and new pleural effusions, ground-glass
opacities, and new hypoxia with evidence of CAR T-cell traf-
ficking and CAR T cells visualized in pleural fluid.22 Although we
have been mostly focusing on commercial CAR T cells, as new
targets become available, it will be important to consider
whether there may be direct cardiac and pulmonary effects due
to on-target toxicities, as was seen with cardiotoxicity in clinical
trials of T cells targeting MAGE-A3.31 The general treatment for
these patients would be supportive care, or, in the future, if a
safety switch is available, it may be activated, if toxicities are
severe enough.

The patient received another dose of tocilizumab 8 mg/kg and,
because of lack of improvement, received corticosteroids and
was subsequently weaned off vasopressors. His FiO2 require-
ments, pulmonary infiltrates, and pleural effusion improved as his
CRS resolved. Two months after treatment, his echocardiogram
was repeated, and it showed an improved EF back to a baseline
of 40%. Although in this case, the patient’s EF returned to
baseline and the pleural effusion resolved, in the rare instance
that EF remains low or pleural effusion does not resolve after
treatment, patients should follow-up with a cardiologist and/or
pulmonologist, and goal-directed medical therapy should be
started, if they are not on it already.
18 MAY 2023 | VOLUME 141, NUMBER 20 2457
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Part 3: arrhythmias
A 56-year-old female with history of hypertension, CAD, chronic
kidney disease, and immunoglobulin Gκ multiple myeloma was
admitted for treatment with B-cell maturation antigen–directed
CAR T cells (idecabtagene vicleucel). On day 3, she developed
fever and tachycardia consistent with grade 1 CRS and was
placed on telemetry. She was noted to have new-onset atrial
fibrillation. She was hemodynamically stable but off her antihyper-
tensive medications. The patient was treated with 8 mg/kg toci-
lizumab and corticosteroids but her atrial fibrillation persisted, so
she was started on amiodarone and placed on telemetry.

We recommend placing all patients who develop CRS on
telemetry for monitoring of arrhythmias, if feasible, especially if
patients develop grade 2 CRS. Arrhythmias are common after
CAR T-cell therapy and consist of approximately two-thirds of the
cardiovascular complications after CAR T-cell therapy.24 On the
basis of data from the FDA adverse event reporting system of
CD19 CAR T cells, 74% of reported arrhythmias were atrial
fibrillation or flutter and 18% were ventricular tachycardias.6 In
the setting of uncontrolled atrial fibrillation with low blood
pressure, we may use amiodarone because CRS-related hypo-
tension may often preclude patients from beta-blockers or cal-
cium channel blockers for rate control. For patients with a
preserved blood pressure, beta-blockers are commonly used as
first-line therapy. These patients usually cannot receive antico-
agulants to prevent atrial fibrillation–related embolism, and, thus,
the aggressive use of amiodarone may lead to conversion to
sinus rhythm. However, if atrial fibrillation persists beyond 48
hours, we typically stop the amiodarone because the risk of
embolism with chemical cardioversion increases. We rarely use
digoxin in this case, and digoxin should be reserved for patients
in whom amiodarone is contraindicated. Patients with hemody-
namic instability should be admitted to the ICU, and cardiover-
sion should be considered. Atrial fibrillation can be paroxysmal
and resolve in <24 hours, and we do not use anticoagulation or
cardiac medications frequently in that setting. These decisions
should be made in consultation with a cardiologist before
discharge. For those in whom the atrial fibrillation lasts longer,
and stroke risk is high, we first start patients on unfractionated
heparin drip when platelet counts are >50 × 103/μL and then
discharge patients using direct-oral anticoagulants. Most patients
who develop atrial fibrillation and atrial flutter during CRS will not
likely need long-term anticoagulant. However, the long-term risk
of atrial fibrillation recurrence is unknown, and patients will need
monitoring. After discharge, we place an ambulatory cardiac
monitor to evaluate for arrhythmias. If we do not detect atrial
fibrillation at that time, we stop the antiarrhythmic monitoring.
For those with persistent atrial fibrillation or flutter, we place an
ambulatory cardiac monitor ~4 or 6 months after treatment, and,
again, if no further arrhythmias, we stop the direct-oral antico-
agulant and do not pursue further treatment.

When patients, who have CRS, are monitored on telemetry, it is
not unusual to identify nonsustained ventricular tachycardia. We
generally do not treat asymptomatic patients in this setting,
unless they have other associated signs or symptoms and just
treat the underlying CRS. We also monitor and replete elec-
trolyte abnormalities, including hypokalemia (goal 4.0 mEq/L)
and hypomagnesemia (goal 2.0 mg/dL), to reduce contributing
factors to arrhythmias.
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Over the next 24 hours, her atrial fibrillation, hypotension, and
fever resolved and corticosteroids were discontinued. Before
discharge, she was taken off of amiodarone. She was not started
on an anticoagulant because of the transient nature of her atrial
fibrillation.

Conclusions
Patients considered for CAR T-cell therapy often have
preexisting cardiac and pulmonary comorbidities as well as risk
factors related to prior treatments and exposures. If patients
have good functional status and are well compensated, these
conditions should not preclude them from being offered these
potentially lifesaving therapies. The key factor is that most
complications occur in the setting of CRS, so being aware of risk
factors for CRS and trying to mitigate them as much as possible
in terms of disease status before treatment, product selection,
and earlier use of treatments, such as tocilizumab, could help
reduce the risk of complications. In general, most cardiopul-
monary adverse events occurring after CAR T-cell therapy are
reversible, and supportive care and optimization of clinical
status with the assistance of cardiac, pulmonary, and ICU col-
leagues, are important. In addition, larger, prospective studies
are needed to further evaluate the effects of CAR T-cell thera-
pies including more subtle, long-term effects, especially among
the patients who are at highest risk for complications.
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