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Abstract

Purpose of Review Chimeric antigen receptor (CAR) T cell therapy is an immunotherapy that has resulted in tremendous
progress in the treatment of patients with B cell malignancies. However, the remarkable efficacy of therapy is not without
significant safety concerns. Herein, we will review the unique and potentially life-threatening toxicities associated with
CAR-T cell therapy and their association with treatment efficacy.

Recent Findings Currently, CAR-T cell therapy is approved for the treatment of B cell relapsed or refractory leukemia and
lymphoma, and most recently, multiple myeloma (MM). In these different diseases, it has led to excellent complete and
overall response rates depending on the patient population and therapy. Despite promising efficacy, CAR-T cell therapy is
associated with significant side effects; the two most notable toxicities are cytokine release syndrome (CRS) and immune
effector cell-associated neurotoxicity syndrome (ICANS). The treatment of CAR-T-induced toxicity is supportive; however,
as higher-grade adverse events occur, toxicity-directed therapy with tocilizumab, an IL-6 receptor antibody, and steroids is
standard practice. Overall, a careful risk—benefit balance exists between the efficacy and toxicities of therapies. The challenge
lies in the underlying pathophysiology of CAR-T-related toxicity which relies upon the activation of CAR-T cells.
Summary Some degree of toxicity is expected to achieve an effective response to therapy, and certain aspects of treatment
are also associated with toxicity. As progress is made in the investigation and approval of new CARs, novel toxicity-directed
therapies and toxicity-limited constructs will be the focus of attention.
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Introduction

In the past two decades, the development of chimeric antigen
receptor (CAR) T cell therapy has resulted in tremendous
progress in the treatment of hematological malignancies
[1, 2]. CAR-T cell therapy uses engineered T cells to tar-
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have led to durable disease remission. However, there are
unique and serious side effects to treatment, most notably,
cytokine release syndrome (CRS), and immune effector cell-
associated neurotoxicity syndrome (ICANS) (Fig. 1) [22,
23ee 24]. In evaluating the potential benefit for patients,
a risk—benefit balance exists between the efficacy and the
associated toxicities of therapy. This risk—benefit is com-
plicated by the fact that many treatment-associated toxici-
ties are related to immune and CAR-T cell activation. This
review focuses on the efficacy and toxicities associated with
current CAR-T cell therapies and their current limitations.
We will additionally review treatment barriers and toxicity-
directed therapies.

Treatment Efficacy and Barriers

CAR-T cell therapy is currently FDA-approved for the treat-
ment of acute lymphoblastic leukemia (ALL), large B cell
lymphoma (LBCL), follicular lymphoma (FL), mantle cell
lymphoma (MCL), marginal zone lymphoma (MZL), and
multiple myeloma (MM) [12ee, 13—15, 16ee, 17-21]. Later
in the text, we will describe specific CARs, as well as their
associated efficacies and toxicities. Currently, there are sev-
eral limitations to the efficacy of CAR-T cell therapy, which
are a focus of recent research. These limitations include on-
target/off-tumor targeting, antigen escape, and CAR-T cell
dysfunction [2, 25, 26]. As CARs are developed to recognize
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a specific antigen, depending on the degree of target antigen
expression on normal cells, this can lead to off-tumor target-
ing of the correct antigen on healthy tissue. There are ongo-
ing investigations into modulating CAR affinity to detect
tumor cells with high antigen density but not normal cells
with lower antigen density [26, 27]. Another limitation that
impairs treatment efficacy is antigen escape, where antigen
expression on cancer cells is either reduced or nullified
through downregulation or mutation [28]. Antigen escape
can lead to disease resistance and relapse after CAR-T cell
therapy. Lastly, inhibitory immune cells and cytokines in
the tumor microenvironment can result in T cell exhaustion
and death, especially in solid tumor malignancies [29-31].
Checkpoint blockade has emerged as a promising comple-
ment strategy that can help potentially reverse CAR-T cell
inhibition and improve persistence [32-34].

Toxicities of Therapy
Cytokine Release Syndrome

CRS is one of the most common adverse events (AEs) asso-
ciated with CAR-T cell therapy and is associated with symp-
toms that can range from mild to life-threatening [35]. CRS
can progress from mild infusion reactions and fever to con-
stitutional symptoms including hypotension, capillary leak,
and end-organ dysfunction. There have been several toxicity
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Fig. 1 Toxicity and efficacy balance in CAR-T cell therapy. Illustra-
tion representing immune and CAR-T cell activation leading to tumor
death, cytokine release syndrome (CRS), and neurotoxicity with over-
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scoring systems utilized in trials, complicating toxicity com-
parisons between studies; however, recent guidelines by the
American Society for Transplantation and Cellular Therapy
(ASTCT) have helped to establish a consensus grading sys-
tem (Grades 1-4) for both CRS and ICANS [23ee, 36-39].

The pathophysiology underlying the development of CRS
stems from the activation of T cells upon antigen engage-
ment with the CAR. This activation results in the prolif-
eration and release of several cytokines and chemokines
produced by CAR-T cells themselves and other immune
cells. The most commonly reported elevated cytokines are
interleukin (IL)-6, IL-8, IL-10, interferon (INF)-y, granu-
locyte—macrophage colony-stimulating factor (GM-CSF),
macrophage inflammatory protein-1f, and monocyte che-
moattractant protein-1 [40-42]. IL-6 is a key mediator of
CRS and forms the basis of CRS-directed management with
tocilizumab, a monoclonal antibody that blocks signaling
through the IL-6 receptor [43—45]. Factors that have been
found to be predictors of CRS include higher tumor burden,
thrombocytopenia prior to lymphodepletion, failure to select
for CD8 + memory cells during CAR-T manufacturing, and
lymphodepletion using cyclophosphamide and fludarabine
[35, 38, 46, 47]. The diagnosis of CRS is clinical and can
be graded based on the presence of fever, hypotension, and
hypoxia. In monitoring CRS, C-reactive protein, ferritin,
D-dimer, fibrinogen levels, and triglycerides are often regu-
larly obtained [35, 48, 49].

ICANS

The spectrum of neurotoxicity following CAR-T cell therapy
can range from encephalopathy to seizures, obtundation, and
possible death [50]. Atypical findings can include transient
aphasia, facial paresis, myoclonus, and hemifacial spasms.
The pathophysiology of ICANS is poorly understood, and
neurological events may occur independently of CRS-related
toxicities, highlighting at least some underlying pathophysi-
ologic differences between the conditions [51]. Generally,
however, neurotoxicity is observed with CRS symptoms.
Endothelial activation is felt to play a considerable role in
neurotoxicity, where increased blood—brain barrier (BBB)
permeability allows entry of pro-inflammatory cytokines,
including IFNYy, as well as CAR-T cells into the central nerv-
ous system (CNS) [52, 53].

Previously, factors including older age, bone marrow dis-
ease burden, lymphodepletion with fludarabine and cyclo-
phosphamide, pre-existing neurological conditions, and,
importantly, the presence and severity of CRS have been
found to be risk factors for the development of ICANS [53,
54]. Physical examination is integral to early ICANS detec-
tion, where careful assessment for inattention and language
deficits is made.

Toxicity-Directed Therapies

For most patients, management of toxicities relies primar-
ily upon supportive care, tocilizumab, and steroids. Toci-
lizumab is an IL-6 receptor antagonist which is used in
rheumatologic disorders and is widely applied for CRS fol-
lowing CAR-T infusion [44]. The level of toxicity required
for tocilizumab use varies by center, but generally grade 3 or
higher symptoms are a common threshold [55]. For patients
with CRS refractory to tocilizumab, systemic corticoster-
oids are generally administered; however, caution is taken
due to the potential of reducing treatment efficacy [56]. For
the treatment of neurotoxicity, tocilizumab is generally not
effective, which is likely secondary to the antibody’s inabil-
ity to cross the BBB [57]. Generally, neurotoxicity is treated
with systemic corticosteroids and anti-epileptics as needed.
Dexamethasone is often the agent of choice given its high
CNS penetration [58, 59]. The use of pre-emptive corticos-
teroids and tocilizumab has also been investigated, but this is
not standard of practice [60e]. Other agents which have been
investigated and are generally reserved for refractory CRS
include siltuximab (anti-IL-6), etanercept (anti-TNF), inf-
liximab (anti-TNF), and anakinra (anti-IL-1) [61-64]. Cur-
rently, there is an investigation underway into targeting gran-
ulocyte—macrophage colony-stimulating factor (GM-CSF)
which is produced by activated CAR-T and myeloid cells and
can lead to myeloid activation, expansion, and cytokine pro-
duction [41, 65, 66]. Lenzilumab is a humanized monoclonal
antibody capable of neutralizing GM-CSF, and preclinical
studies have shown that it can prevent CRS and neurotox-
icity while enhancing CAR-T antitumor efficacy [41]. The
ZUMA-19 study (NCT04314843) is underway to assess the
potential efficacy of lenzilumab in improving the safety of
CAR-T cell therapy [67]. Lastly, one of the most impor-
tant but often overlooked aspects of toxicity prevention is
careful patient selection. In pivotal clinical trials for CAR-T
cell therapy, rigorous safety-related eligibility criteria were
implemented, which should be considered when selecting
patients for therapy in a real-world setting.

Efficacy and Toxicities of Current Approved
Therapies

Herein, we will review the efficacy and toxicities associated
with currently approved CAR-T cell therapies, which are
summarized in Table 1.

CART-19in ALL

CD19 is a cell surface protein that is generally restricted to
B cells and their precursors and is expressed by most B cell
malignancies [68, 69]. Tisagenlecleucel and brexucabtagene
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Table 1 FDA-approved products and the associated efficacy and toxicity outcomes from key clinical trials

Disease Product Trial N ORR (%) CR (%) CRS Any/ NT Any/ Ref
Grade>3 (%) Grade>3 (%)

ALL Tisagenlecleucel ELIANA 75 81 60 77/46 40/13 19
KTE-X19 ZUMA-3 71 71 56 89/24 60/25 20
LBCL Axi-cel ZUMA-1 111 82 54 93/13 64/28 14
ZUMA-7 180 83 65 92/6 60/21 76
Tisagenlecleucel JULIET 93 52 40 58/22 21/12 13
BELINDA 162 46 28 61/5 1072 77
Liso-cel TRANSCEND NHL 001 256 73 53 42/2 30/10 18
TRANSFORM 92 86 66 49/1 12/4 78
MCL KTE-X19 ZUMA-2 60 93 67 91/15 63/31 15
FL/MZL Axi-cel ZUMA-5 104 92 74 82/7 59/19 16
FL Tisagenlecleucel ELARA 97 86 69 49/0 37/3 12
MM Ide-cel KarMMa 128 73 33 84/5 18/3 21
Cilta-cel CARTITUDE-1 113 97 67 95/5 21/10 17

ORR listed for ZUMA 3 trial included patients with CR and CR with incomplete hematological recovery

ALL acute lymphoblastic leukemia, LBCL large B cell lymphoma, FL follicular lymphoma, MCL mantle cell lymphoma, MZL marginal zone
lymphoma, MM multiple myeloma, N number of patients, ORR overall response rate, CR complete remission, NT neurotoxicity, CRS cytokine

release syndrome

autoleucel are anti-CD19 CAR-T (CART-19) cell therapies
approved for the treatment of relapsed/refractory (rel/ref)
ALL [19, 20].

The initial single-center phase 1-2a study utiliz-
ing tisagenlecleucel in patients with rel/ref B cell ALL
demonstrated promising results with a 93% CR rate
and long-term disease control, which prompted a phase
2 multisite trial (ELIANA) [70]. Among 75 patients
who received an infusion of tisagenlecleucel, the ORR
and CR rates were found to be 81% and 60% [19]. The
event-free survival rate at 6 months and 12 months was
73% and 50%, respectively. In terms of toxicity, CRS
occurred in 77%, and neurological events in 40%. Grade
3 or greater CRS and neurotoxicity occurred in 46% and
13% of patients, respectively. Among those with CRS,
tocilizumab was given in 48%, and neurological events
were managed with supportive care [19]. Brexucabta-
gene autoleucel (KTE-X19) is another CART-19 cell
therapy that is produced by a manufacturing process that
removes circulating CD19-expressing malignant cells
which reduces the potential for ex vivo CAR-T activa-
tion and exhaustion [20]. The phase 2 ZUMA-3 trial
evaluated KTE-X19 in rel/ref adult patients with ALL
where 71 patients underwent leukapheresis [20]. The rate
of CR or CR with incomplete hematological recovery
was found to be 71%. With a median follow-up time of
16.4 months, the relapse-free survival was 11.6 months
for all treated patients. In terms of toxicity, a higher pro-
portion of patients developed CRS (89%) compared to the
ELIANA trial, with grade 3 or higher findings in 24%.
Furthermore, neurological events occurred in 60%, with
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25% having grade 3 or greater events. The authors of the
study additionally noted that they found higher CAR-T
levels associated with neurotoxicity grade >3 and CRS
grade > 2. In total, 80% of patients required tocilizumab,
75% required steroids, and vasopressors were admin-
istered to 40% of patients. Overall, despite the cohort
age differences, both agents demonstrated similar rates
of durable efficacy, with similar toxicity profiles, but
a higher proportion of neurological events occurring in
patients receiving KTE-X19.

In a systematic review and meta-analysis assess-
ing CART-19 cell therapy for rel/ref patients with ALL
by Anagnostou et al., 35 studies including 953 patients
were assessed for efficacy and toxicity-related outcomes
[71]. The analysis included 18 studies that used 4-1BB
co-stimulated, 12 that used CD28 co-stimulated, four
that used fourth-generation, and one that used third-gen-
eration CART-19 cells. After the application of inclu-
sion and exclusion criteria, 80% of patients with avail-
able data achieved a CR to CART-19 cell infusion. At
1-year post-infusion, 37% were progression-free, and the
pooled 1-year progression-free survival (PFS) did not dif-
fer between adults and children. Assessing toxicities, 82%
developed CRS of any grade, and 26% developed grade
3 or greater CRS. In relation to ICANS, 29% developed
neurotoxicity of any grade, with 12% developing grade 3
or greater. The authors additionally noted that a higher
proportion of children were found to have neurotoxicity as
compared to adult patients, and autologous CART-19 had
a higher proportion of neurotoxicity (33% vs 3%, p=0.01)
as compared to allogeneic CART-19 cell therapy [71].
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CART-19in DLBCL

Axicabtagene ciloleucel (axi-cel) is an autologous CART-
19 cell therapy that is approved for the treatment of patients
with rel/ref LBCL [14]. After phase 1 studies showed good
clinical efficacy, a multicenter phase 2 study, ZUMA-1, was
conducted in 111 patients with refractory DLBCL, primary
mediastinal B cell lymphoma, and transformed FL [14, 72].
The authors found axi-cel resulted in an 82% ORR with a
54% CR rate among the 101 patients receiving therapy. With
a median follow-up of 15.4 months, 40% continued to have a
CR, and the OS at 18 months was 52%. In terms of toxicity,
93% of patients were found to have CRS, with 13% hav-
ing grade 3 or higher findings. Neurotoxicity occurred in
64% of patients, where 28% were found to have grade 3 or
higher events. Forty-three percent of patients received toci-
lizumab, and 27% received glucocorticoids for management
of toxicities. The authors further highlighted that they did
not observe an association between the use of tocilizumab
and glucocorticoids with the overall response. Locke et al.
presented 2-year follow-up data to the ZUMA-1 study which
exhibited a median duration of response of 11.1 months, and
no additional treatment-related serious AEs [72]. In com-
parison to real-world studies, similar efficacy and toxicity
rates were found. Nastoupil et al. published results from the
US Lymphoma CAR-T Consortium, in a multicenter retro-
spective study of 275 patients who received axi-cel therapy,
including 43% who would not have met ZUMA-1 eligibil-
ity [73]. The study found similar efficacy with an ORR of
82%, CR rate of 64%, and a median PFS of 8.3 months at
12.9 months follow-up. Additionally, a similar safety profile
was observed, where grades 3 and greater CRS and neuro-
toxicity were observed in 7% and 31% of patients, respec-
tively. Tocilizumab was used in 62% of patients, and 55%
required corticosteroids [73]. In another multicenter real-
world study including 122 patients, with 62% ineligible for
ZUMA-1, a similar rate of overall response (70%), and CR
(50%), was observed compared to the trial [74]. The authors
however did report that ZUMA-1-eligible patients had
improved efficacy (CR, duration of response, OS, and PFS),
compared to ZUMA-1-ineligible patients. Safety results
showed a rate of grade 3 or greater CRS and neurotoxic-
ity comparable to ZUMA-1 at 16% and 35%, respectively.
Toxicity-directed therapies involved the use of tocilizumab
in 66% of patients and steroids in 53% [74]. A post-market
study that assessed post-approval safety and efficacy of axi-
cel was conducted by the Center for International Blood and
Marrow Transplant and presented at the American Society
of Hematology 2019 meeting [75]. Among 453 recipients
with a median follow-up of 6 months, ORR was 70%, with
a CR rate of 52%. CRS of any grade was observed in 83%,
with 14% having grade 3 or higher findings. Tocilizumab
was used in 70%, corticosteroids in 26%, and siltuximab in

1%. Sixty-one percent of patients had neurological events,
with one patient dying from cerebral edema. Overall, axi-cel
demonstrated excellent efficacy outcomes for patients with
LBCL, with real-world studies demonstrating similar safety
and efficacy compared to the pivotal ZUMA-1 trial.

The JULIET trial assessed tisagenlecleucel in 93 adult
patients with rel/ref DLBCL, within an international phase 2
study [13]. Efficacy outcomes were favorable, with an ORR
and CR rate of 52% and 40%, respectively. Relapse-free sur-
vival at 12 months was found to be 65% and 79% among
those who achieved a CR. The rate of CRS was found to
be 58%, with grade 3 or higher findings in 22% of patients.
Neurological events of any grade occurred in 21% and 12%
had grade 3 or higher complications. Fourteen percent of
patients required tocilizumab, and 10% received both toci-
lizumab and glucocorticoids. Recently approved, lisocabta-
gene maraleucel (liso-cel) is an autologous CART-19 cell
therapy that was assessed in a multicenter, seamless design
study (TRANSCEND NHL 001) for patients with rel/ref
adult LBCL [18]. Among 256 patients evaluated in the effi-
cacy analysis, ORR was observed in 73%, with CR in 53%.
CRS occurred in 42% of patients, with grade 3 or greater
CRS in 2%. Neurological events occurred in 30% of patients,
with grade 3 or higher symptoms in 10%. Overall, both trials
assessing tisagenlecleucel and liso-cel revealed robust effi-
cacy, with liso-cel revealing a favorable safety profile with
low rates of grade 3 or greater CRS and neurotoxicity.

Recently, there has also been investigation into axi-cel
(ZUMA-T), tisagenlecleucel (BELINDA), and liso-cel
(TRANSFORM) being used in the second-line setting for
LBCL. All three-trial assessed event-free survival as their
primary endpoint. The phase 3 Zuma-7 trial randomized
patients to receive axi-cel (n=180) to standard of care sec-
ond-line therapy (n=179) [76]. Axi-cel resulted in superior
24-month event-free survival (41% vs 16%), with similar
grade 3 or higher adverse events (91% vs 83%) compared
to standard of care. Grade 3 or greater CRS occurred in 6%,
and neurological events occurred in 21% of patients in the
axi-cel group [76]. The phase 3 BELINDA trial assessed tis-
agenlecleucel (n=162) compared to salvage chemotherapy
and autologous hematopoietic stem cell transplant (n = 160)
(standard-care) in patients with aggressive lymphoma refrac-
tory to or progressing within 12 months of frontline therapy
[77]. The authors found tisagenlecleucel was not superior to
standard salvage therapy, with a median event-free survival
in both groups being 3.0 months. Grade 3 or higher adverse
events were similar in the tisagenlecleucel (84%) and stand-
ard therapy groups (90%). In the tisagenlecleucel group,
rates of grade 3 or higher CRS or neurotoxicity were low,
occurring in 5% and 2% of patients, respectively [77]. In
the phase 3 TRANSFORM trial, patients were randomized
to liso-cel (n=92) or standard-of-care therapy (n=92)
which included salvage immunochemotherapy followed by
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high-dose chemotherapy and autologous stem cell transplant
in responders [78]. After a median follow-up of 6.2 months,
the median event-free survival was higher in the liso-cel
group (10.1 vs 2.3 months) compared to standard-of-care.
Adverse events of grade 3 or higher were similar in both
liso-cel (92%) and standard-of-care (87%) groups. Grade
3 or higher CRS and neurological events occurred in 1%
and 4% of patients in the liso-cel group, respectively [78].
Overall, these trials raise the question of introducing CAR-T
therapy earlier into the treatment algorithms; however, fur-
ther long-term data on the safety and cost-effectiveness are
needed. The difference in the efficacy of CART-19 as a sec-
ond line therapy in the ZUMA-7 and TRANSFORM trials
compared to the BELINDA trial is intriguing and can be
related to several factors including patient selection and time
to manufacture [79].

CART-19 in MCL

The single-group, multicenter, open-label, phase 2 ZUMA-2
trial evaluated KTE-X19 in patients with rel/ref MCL,
among a cohort that had previously failed Bruton’s tyrosine
kinase (BTK) inhibitor therapy [15]. Assessing efficacy of
KTE-X19 in 60 patients, the ORR was 93%, with 67% hav-
ing CR. At 12 months, the OS and PFS were found to be
61% and 83%, respectively. All treated patients had at least
one AE, with CRS observed in 91% of patients, and neu-
rological events in 63%. Of patients with CRS, grade 3 or
higher findings were observed in 15%, 59% were managed
with tocilizumab, 22% received glucocorticoids, and 16%
received vasopressors. Neurotoxicity of grade 3 and higher
were reported in 31%, with 26% receiving tocilizumab, 38%
receiving glucocorticoids, and one patient requiring multi-
modal therapy including ventriculostomy. Recently, a real-
world study of 39 patients assessed KTE-X19 in rel/ref MCL
patients [80e]. Among 33 infused patients, an ORR and CR
of 91% and 79% were observed. Furthermore, at 12 months
post-infusion, OS and PFS were 61% and 51%, respectively.
Concerning toxicity, 91% developed CRS, and 3% had grade
3 or greater findings. Neurotoxicity developed in 64%, and
36% developed grade 3 or greater symptoms. Overall, this
real-world investigation showed a similar treatment response
and rate of neurotoxicity compared to the ZUMA-2 trial;
however, CRS of grade 3 or higher was observed at a lower
rate. Further studies are needed to establish efficacy and
safety parameters, especially with longer follow-ups.

CART-19 in Indolent Lymphomas
In the ZUMA-S5 trial, axi-cel was tested in patients with
rel/ref FL and MZL [16ee]. Among 104 patients eligible

for primary analysis (84 FL and 20 MZL), the ORR was
92%, and 74% of patients achieved a CR. At 18 months of
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follow-up, the estimated PFS and OS were 66% and 87%,
respectively. In terms of toxicity, CRS was reported in
82%, and neurological events in 59%. Grade 3 or higher
CRS and neurological events were reported in 7% and
19%, respectively. Tocilizumab was utilized in 50% of
patients with CRS, corticosteroids in 18%, and vasopres-
sors in 5%. Amongst patients with indolent non-Hodgkin
lymphoma, the ZUMA-5 trial demonstrated similar effi-
cacy, with an overall lower rate of high-grade CRS and
neurotoxicity compared to other trials [16ee]. Overall,
there was a highly durable response seen, with a reason-
able safety profile, highlighting the treatment’s potential
for patients with rel/ref FL and MZL. Assessing tisagen-
lecleucel in patients with rel/ref FL, the phase 2 ELARA
trial found an ORR and CR of 86% and 69%, respectively,
in 94 efficacy-evaluable patients [12ee]. The safety profile
was favorable with CRS occurring in 49% of patients, but
no patients having grade 3 or higher findings. Addition-
ally, neurotoxicity was observed in 37%, with only 3%
having grade 3 or higher events. The promising efficacy
and toxicity profile demonstrated in the ELARA trial led
to the approval of tisagenlecleucel for patients with rel/
ref FL [12ee].

BCMA-CART in MM

B cell maturation antigen (BCMA) is a cell surface protein
that plays an important role in B cell proliferation and is
highly expressed on abnormal plasma cells in MM [81, 82].
Idecabtagene vicleucel (ide-cel) is a BCMA-directed CAR-T
(BCMA-CAR-T) cell that has received recent approval for
the treatment of rel/ref MM [21]. Among the 128 patients
who received ide-cel in the KarMMA trial, the ORR was
73%, with a 33% rate of CR. With a median follow-up time
of 13.3 months, the median PFS was 8.8 months. CRS was
reported in 84% of patients, and grade 3 or higher CRS was
noted in 5%. Neurotoxicity was observed in 18%, and 3% had
grade 3 or higher findings. Most recently, the FDA approved
ciltacabtagene autoleucel (cilta-cel) for the treatment of rel/
ref MM [17]. Cilta-cel expresses two BCMA-targeting sin-
gle-domain antibodies. The study was a single-arm, open-
label, phase 1b/2 study, with 113 patients enrolled. In terms
of efficacy, an excellent ORR of 97% was observed, with
67% of patients achieving CR. The 12-month PFS and OS
rates were 77% and 89%, respectively. CRS occurred in
almost all patients (95%), but only 5% had grade 3 or higher
symptoms. Neurotoxicity occurred in 21% of patients, and
10% had grade 3 or greater toxicity. Overall, both BCMA-
CAR-T cell therapies revealed a robust response, with cilta-
cel having a more promising rate of CR. Both therapies had
an excellent safety profile, with very few patients having
severe CRS and neurotoxicity symptoms.
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Balancing Efficacy and Toxicity

A difficult aspect of evaluating the potential of new CAR-T
cell therapies is balancing both the efficacy and toxicity of
treatment. The challenge lies in the underlying pathophysi-
ology of CAR-T-related toxicity, which relies upon the acti-
vation of CAR-T cells. Some degree of toxicity is expected
to achieve an effective response to therapy, and toxicity is
also correlated with high CAR-T expansion [15]. Certain
aspects of treatment are also associated with toxicity, such
as the use of lymphodepletion regimens. Lymphodepletion
is important in creating a favorable immune environment
for CAR-T cell therapy; however, it can result in a greater
degree of CRS. Recent retrospective data found that lym-
phodepletion using bendamustine before tisagenlecleucel
resulted in similar efficacy and reduced rates of CRS, neuro-
toxicity, hematological toxicity, and infection as compared
to fludarabine/cyclophosphamide [83]. These data suggest
that certain lymphodepletion regimens may have preferable
safety profiles compared to others. Another recent aspect
of concern is the addition of checkpoint blockade, which
can make the tumor microenvironment more favorable to
the CAR-T cells and improve efficacy but has the potential
to result in greater therapy-associated toxicities [84, 85].
There often appears to be a trade-off between efficacy
and toxicity in CAR-T cell therapy. In numerous preclinical
studies seeking to enhance CAR-T efficacy, additional com-
ponents have been built into the CAR construct, including
dual antigen-targeting CARs, membrane-bound cytokines,
costimulatory molecules, and immune checkpoint inhibitors.
While these strategies have improved CAR-T proliferation,
persistence, and cytotoxicity, safety issues of hyperactive
CAR-T cells remain concerning [86—89]. Many strategies
have been employed to generate safer CAR-T cells through
remote control of CAR-T cell apoptosis. Suicide genes trig-
ger pharmacologically activated apoptosis in CAR-T cells
expressing the transgene [90, 91]. Selection markers expressed
on CAR-T cells allow specific CAR-T ablation with a neutral-
izing antibody [92, 93]. However, these are largely irreversible
approaches that also terminate CAR-T therapeutic effects [94].
The lack of durable responses to CAR-T cell therapy
and the progression of therapy-associated toxicities have
been linked to activated monocytes, M2-polarized mac-
rophages, and myeloid-derived suppressor cells [41,
95-98]. Therefore, strategies that target myeloid cells and
myeloid-associated cytokines may be particularly useful
to ameliorate both CAR-T cell dysfunction and toxicity
concurrently. GM-CSF is crucial for myeloid cell activa-
tion. Preclinical studies of GM-CSF blockade resulted
in the prevention of CRS and reduction of neuroinflam-
mation and also enhanced CAR-T anti-tumor activity in
patient-derived xenograft models [41]. The BTK inhibitor
ibrutinib has also displayed reduced CRS incidence and

improved clinical outcomes in patients when administered
concomitantly with CAR-T cell therapy, possibly due to
impacts on myeloid cells as well as direct modulation of
T cells [99]. More studies are needed into the mechanisms
of myeloid cells on both CAR-T efficacy and toxicity to
develop novel strategies to overcome these two major hur-
dles to successful CAR-T cell therapy.

Conclusion

Overall, the approval of CAR-T cell therapy for patients with
rel/ref hematological malignancies has led to tremendous ben-
efits for patients with previously incurable diseases. However,
this benefit has not been without a careful balance between the
efficacy and unique toxicities associated with treatment. Novel
toxicity-directed therapies and low-toxicity constructs which
do not compromise treatment efficacy are desperately needed.
As progress is made in the development of new CAR-T cell
therapies, clinical trials should continue to assess both effi-
cacy and toxicity simultaneously when evaluating the potential
clinical applicability for patients.
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