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Chimeric antigen receptor (CAR) T cell therapy has revolutionized cancer immunother-
apy, particularly for hematological malignancies. This personalized approach is based
on genetically engineering T cells derived from the patient to target antigens expressed
—among others—on malignant cells. Nowadays they offer new hope where conven-
tional therapies, such as chemotherapy and radiation, have often failed. Since the first
FDA approval in 2017, CART cell therapy has rapidly expanded, proving highly effective
against previously refractory diseases with otherwise a dismal outcome. Despite its
promise, CART cell therapy continues to face significant challenges, including complex
manufacturing, the management of toxicities, resistance mechanisms that impact
long-term efficacy, and limited access as well as high costs, which continue to shape
ongoing research and clinical applications. This review aims to provide an overview of
CAR T cell therapy, including its fundamental concepts, clinical applications, current

= leukemia

Introduction

Chimeric antigen receptor (CAR) T cell therapy has revolu-
tionized cancer treatment, particularly for hematological
malignancies. By genetically engineering a patient’s T cells
to express receptors that target specific (e.g., tumor) anti-
gens, CAR T cell therapy enables the immune system to
effectively target and destroy cancer cells, often leading to
long-term remissions in refractory or relapsed disease.

The concept of utilizing the immune system to fight
malignancies dates back many decades but gained clinical
traction in the 21st century with advancements in under-
standing the basis of the immune system, genetic engineer-
ing, and immune modulation. Early approaches to stimulate
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challenges, and future directions in hematological malignancies.

the immune system include Coley’s therapy,' allogeneic
stem cell transplantation,? the use of vaccines such as Bacil-
lus Calmette-Guérin (BCG; Food and Drug Administration
[FDA] approved in 1990 for bladder cancer), and cytokines
like interleukin-2 (FDA-approved in 1998 for metastatic
melanoma),3 Tumor-infiltrating lymphocytes (TILs) were
introduced in the 1990s of the last century and finally
FDA-approved in 2024 for metastatic melanoma.*> More
recent developments include immune checkpoint inhibitors
and early CAR T cell developments, offering a unique ap-
proach by directly engineering T cells to attack cancer cells.
Since 2017, different CAR T cells targeting either CD19 or B
cell maturation antigen (BCMA) in B cell malignancies have
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been approved as commercial products by the FDA and the
European Medicines Agency (EMA). This led to significant
improvements in outcomes for patients with acute B cell
lymphoblastic leukemia (B-ALL), diffuse large B cell lympho-
ma (DLBCL), mantle cell lymphoma (MCL), follicular lympho-
ma (FL), and multiple myeloma (MM). The impressive results
of the pivotal phase II trials that led to their approval were
later confirmed in randomized trials and real-world evi-
dence studies.®8

The clinical use of CAR T cell therapies in Europe has
grown rapidly, with a 10-fold increase between the
years 2018 and 2022.° However, despite their successes,
CAR T cell therapy faces challenges such as prevention and
management of toxicity, complex and time-consuming
manufacturing, limited accessibility, and CAR T cell failure
due to limited expansion, persistence, or the emergence of
resistance mechanisms influencing clinical applications and
further driving research in the field.

In this review, we aim to outline the fundamental con-
cepts of CAR T cell therapy and clinical indications, discuss
toxicity management, and raise awareness for the growing
population of patients receiving these treatments.

History, Development, and Manufacturing
of CAR T Cell Therapy

Conventional T cells play a critical role in the immune system
by recognizing and destroying infected or malignant cells.
Their T cell receptor (TCR) binds to antigens presented by the
major histocompatibility complex (MHC) on target cells. T
cell activation is driven by costimulatory receptors such as

ScFv  ~— Linker
VH \J,‘ Jvi
Antibody ——>

— Hinge

TCR Tcell ——>

Costimulator

CD3 (e.g. CD3B) ' Costimulatory domain

CD3

CART cell

U CD3( Stimulatory domain

Fig. 1 CAR Tstructure and manufacturing. The general structure of CART cells (middle) integrates the single-chain variable fragment (scFv) of

O Transmembrane domain

van den Berg et al.

CD28 (=Fig. 1, bottom left). Cancer cells often evade detec-
tion by downregulating MHC molecules or an immunosup-
pressive tumor microenvironment, making them less
accessible to T cells. To overcome this and to enable anti-
gen-specific but HLA-independent targeting, T cells were
engineered with artificial receptors, the so-called CARs,
containing domains of a B cell receptor, i.e., the single-chain
variable fragment (scFv) of an antibody (~Fig. 1, top left) to
recognize target antigens independently of MHC
presentation.’?

The first generation of functional CARs was described as a
proof of concept by Eshhar and colleagues in 1989'" and
combined the extracellular antigen-binding domain of an
antibody with the intracellular CD3( signaling domain of the
TCR (=Fig. 2). These CARs exhibited T cell response to target
specific tumor antigens independently of MHC presentation,
but displayed limited efficacy due to a relatively short
persistence.>'12 Second-generation (2G) CARs addressed
these limitations by incorporating a costimulatory domain,
such as CD28 or 4-1BB, alongside CD3{ (~Fig. 2).>714 After
their landmark clinical application by Carl June’s group,'>'4
and subsequent clinical trials (discussed later), second-gen-
eration CARs have hence become the prototype of all six
commercially available CAR T products to date. Building
on second-generation CARs, third-generation (3G) CARs
incorporate two costimulatory domains (=~Fig. 2; e.g.,
CD28 and 4-1BB) to further enhance CAR T cell expansion
and persistence. In one of the few clinical trials directly
comparing 2G and 3G CAR T cells targeting CD19, Ramos
and colleagues reported promising results in their first 16
patients of the still ongoing trial (NCT01853631).'> However,
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an antibody (top left) via a hinge and transmembrane domain with engineered intracellular domains derived from T cells (bottom left). The
manufacturing of autologous CAR T cells starts with leukapheresis. Following selection and activation, the genetic material encoding the CAR is
delivered into the T cells, by viral vectors, transposon systems, or mRNA transfection. After expansion and quality controls (not shown), the
patient receives lymphodepleting chemotherapy followed by CAR T cell infusion. (Created with BioRender.com.)
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Fig.2 Evolution and types of CARs. First-generation CARs (left) consisted of the antigen-binding single-chain variable fragment (scFv) linked to
the CD3( signaling domain, allowing for basic T cell activation but with limited clinical efficacy. Second-generation CARs incorporate a
costimulatory molecule (such as CD28 or 4-1BB) to enhance the expansion and persistence of CART cells, which has become the backbone for
further and all approved products to date. Under clinical investigation, third-generation CARs include two costimulatory molecules, and the
fourth, designed based on the second generation, is combined with cytokine expressors (e.g., IL-12). Next-generation CARs (many more than
shown (%), reviewed by Labanieh and Mackall?") continue to innovate, introducing features such as bivalent CARs that target two different
antigens simultaneously and LINK CARs that require two antigen signals for activation, increasing both specificity and safety. (Created with

BioRender.com.)

while preclinical studies suggested a better efficacy, im-
proved clinical outcomes of 3G CAR T cells over 2G have
not yet been proved so far'® (reviewed by Tomasik et al'®).
Meanwhile, advances in genetic engineering gave rise to
further exciting generations of CARs. Fourth-generation
CARs, also known as armored CAR Ts or TRUCKs (T cells
redirected for universal cytokine-mediated killing), are engi-
neered to not only target cancer cells but also secrete
cytokines, such as IL-12, to modulate the tumor microenvi-
ronment with activation of further immune cells, especially
seeking to improve outcomes in solid tumors'’ (reviewed by
Tang et al'®). Further (next-)generations of CARs focus on
novel strategies to overcome existing challenges. For exam-
ple, bispecific CARs target two distinct antigens to reduce the
risk of tumor antigen escape (e.g., CD19 and CD20, Boolean,
or Gate'?) or LINK CARs to increase the specificity and reduce
toxicity by requiring two antigens for activation (Boolean
and Gate??). With several other innovative designs, a detailed
review of these advancements is outside the scope of this
article. For a more complete overview, we refer to the
comprehensive review by Labanieh and Mackall.?'

Patients deliver the starting material to manufacture
these, to date personalized, living drugs. This is achieved
through leukapheresis (=Fig. 1), a procedure where mono-
nuclear cells are collected from the patients’ peripheral
blood.?? In a GMP-compliant manufacturing facility, T-lym-
phocytes are selected and activated. Subsequently, in a
crucial step, the genetic material encoding the CAR is deliv-
ered into the T cells (= Fig. 1). All currently approved CAR T
cell products, as well as many under clinical investigation,
utilize viral vectors for this purpose, but several other geno-
mic engineering strategies, including non-viral approaches
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like mRNA transfection and Sleeping Beauty transposon
systems, are currently under investigation to improve the
process.> After quality controls, the final product is released
and sent back to the clinic for infusion. This is done after a
lymphodepleting chemotherapy (LD) aiming to improve
expansion and persistence and thus efficacy through deple-
tion of endogenous lymphocytes and modulation of the
microenvironment. While optimal conditioning is still under
investigation, the chemotherapeutic agents approved and
most commonly used with all approved commercial prod-
ucts to date are fludarabine combined with cyclophospha-
mide.?#?7 Following conditioning and CAR T cell infusion,
patients are closely monitored for adverse events and fol-
lowed up for a minimum of 15 years (=Fig. 1).

Current Indications and Clinical Applications
of CAR T Cells for Hematological
Malignancies

Anti-CD19 CAR T Cells for Patients with
Relapsed|Refractory (r|r) High-Grade and Indolent B
Cell Lymphoma

The clinical breakthrough in the use of CAR T cell therapy was
achieved in targeting CD19 in hematological malignancies.
After early applications in adult patients with chronic lym-
phocytic leukemia'>'# and two children with B cell acute
lymphoblastic leukemia (ALL),28 tisagenlecleucel (tisa-cel)
was the first CAR T cell therapy to receive FDA approval in
2017 and EMA approval in 2018. To date, there are six FDA-
and EMA-approved, commercially available CAR T products
to treat B cell malignancies. Approval for pediatric ALL, DLBCL
and primary mediastinal B cell lymphoma (PMBCL), occurred
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after the impressive results of the single-arm phase 2 pivotal
trials (Eliana, Juliet, Transcend, and ZUMA-1).2>-27:2

The Eliana trial included 75 heavily pretreated pediatric
and young adult patients with ALL, achieving an overall
remission rate (CR or CRi) of 81% within 3 months of tisa-
cel infusion and overall survival (OS) of 76% at 12 months.?’
Within the Juliet trial, 88 patients with r/r DLBCL (and 21
with transformed FL) received tisa-cel with an overall
response rate of 52%. Tisa-cel targets CD19 and utilizes a
4-1BB costimulatory domain and is approved to date for
young (< 26 years) patients with r/r B-ALL, DLBCL, and r/r FL
(=Table 1).25

Lisocabtagene maraleucel (liso-cel), which also incorpo-
rates the 4-1BB costimulatory domain, demonstrated effica-
cy in the large TRANSCEND-NHL-001 multicohort trial,
which included 269 patients primarily DLBCL (with 42%
aged >65 years), but also PMBCL, DLBCL from indolent
lymphoma, and FL grade 3B (=Table 1). Of 256 patients in
the efficacy-evaluable set with a median follow-up of 19.9
months, an objective response rate (ORR) was achieved by
186 (73%) patients and a CR by 136 (53%) patients.’

Axicabtagene ciloleucel (axi-cel) also targets CD19 but
utilizes a CD28 costimulatory domain. It was approved after
demonstrating efficacy in the phase Il ZUMA-1 trial, which
included 111 patients with r/r DLBCL, PMBCL, and trans-
formed FL, showing an ORR of 82% and CR rate of 54%.%%

Brexucabtagene autoleucel (brexu-cel) has the same de-
sign as axi-cel (differing only in the manufacturing process)
and was approved for the treatment of adult patients with r/r
MCL based on the ZUMA-2 trial.>° One year later, approval
was expanded for adult (>25 years) patients with r/r B-ALL
based on the results of the ZUMA-3 trial 3! After initial
approval in the third line, tisa-cel, axi-cel, and liso-cel

van den Berg et al.

were tested in three randomized phase 3 trials against
standard-of-care salvage chemotherapy followed by autolo-
gous stem cell transplantation (ASCT) as second-line therapy
in patients with r/r large B cell lymphoma.®’-3? Two studies
(ZUMA-7 and Transform) met their primary endpoint, while
the Belinda study showed no benefit of tisa-cel. A direct
comparison of these products has not been performed so far
and despite similarities, the three trials had major differ-
ences.> Only retrospective real-world data suggested a
superior outcome but also higher toxicity of axi-cel over
tisa-cel.3* All three products were further tested in patients
with FL35737

Anti-BCMA CAR T Cells for Patients with r|r Multiple
Myeloma
Idecabtagene vicleucel (ide-cel), a second-generation CAR
that targets BCMA and utilizes a 4-1BB costimulatory do-
main, was first approved based on the phase 2 KarMMa
trial,>® which demonstrated an overall response rate of 73%
(with a 33% complete remission rate) in patients with heavily
pretreated (median 6 lines) r/r multiple myeloma. The phase
3 KarMMa-3 trial found CAR Ts to be superior to the standard
of care in patients who had received two to four prior
treatment regimens.>®

Ciltacabtagene autoleucel (cilta-cel) is also targeting
BCMA and utilizing 4-1BB as a costimulatory domain but
differs from the 2G CAR prototypic design by containing two
heavy chains (VH) as a single-chain variable fragment (scFv),
enabling it to bind two epitopes of BCMA.*? In the CARTI-
TUDE-4 trial, patients with lenalidomide-refractory multiple
MM and one to three prior lines of therapy receiving CAR T
cells showed a significantly better outcome compared with
standard of care! Cilta-cel is currently approved in

Table 1 EMA-approved CAR T therapies for B cell malignancies and multiple myeloma (as of September 2024)

Product: Kymriah Yescarta Tecartus Breyanzi Abecma Carvykti
Active Tisagenlecleucel | Axicabtagene- | Brexucabtagene | Lisocabtagene | Idecabtagene- | Ciltacabtagenum
substance ciloleucel autoleucel maraleucel vicleucel autoleucelum
Manufacturer | Novartis Kyte/Gilead Kyte/Gilead BMS BMS Janssen
Approval 2018 2018 2020 2022 2021 2022
(EMA)
Target CD19 cD19 CD19 CD19 BCMA BCMA
Costimulatory | 4-1BB CD28 CD28 4-1BB 4-1BB 4-1BB
signal
Indication r/r B-ALL r/r DLBCL, r/r MCL r/r DLBCL, r/r MM r/r MM

(age <25, HGBCL (3rd line incl. PMBCL, (3rd line®) (2nd line)

3rd line) (2nd line®) BTK-inhibitor) HGBCL

r/r DLBC PMBCL r/r B-ALL (2nd line?)

(3rd line) (3rd line) (age >26, FL3B

r/r FL r/r FL 3rd line) (2nd line?)

(3rd line) (4th line)

Abbreviations: B-ALL, acute B cell lymphoblastic leukemia; DLBCL, diffuse large B cell lymphoma; FL, follicular lymphoma; HGBL, high-grade B cell
lymphoma; MCL, mantle cell lymphoma; MM, multiple myeloma; PMBCL, primary mediastinal B cell lymphoma; r/r, relapsed/refractory.
“Second line if refractory or early relapse (within 12 months after first-line chemoimmunotherapy); third line if later).

bAfter at least two lines including an immunomodulator, proteasome inhibitor, and anti-CD38 antibody.

“After first line including an immunomodulator, proteasome inhibitor, and refractory to lenalidomide.
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the second line after treatment with a proteasome inhibitor
and refractoriness to lenalidomide. It is further tested in
the first line compared with ASCT (CARTITUDE-6;
NCT05257083).

The current indications of EMA-approved CART therapies
are summarized in =Table 1.

Complications and Challenges of Current
CAR T Cell Therapies

CART therapy is associated with a variety of possible short-,
middle-, and long-term side effects (~Fig. 3). Some were
recognized and described in early trials, such as cytokine
release syndrome (CRS), whereas rarer ones were described
only recently.*?> Severe forms of CRS and immune effector
cell-associated neurotoxicity syndrome (ICANS) presented
an initial limitation to the use of CAR T therapy. Awareness,
early recognition, and management, as well as improve-
ments in supportive care have significantly contributed to
the safety and feasibility of these therapies.?®*? With an
outline of the most common and relevant complications
described later, we refer to other reviews for a more
in-depth description of CAR T cell-associated toxicities.**3

Hypogammaglobulinemia

CRS
ICANS
IEC-HS

ICAHT

Secondary Malignancy

T N\

D+7 D+14 D+21 D+30 D+60 D+90 D+120D+180

B Risk factors for CRS & ICANS

CAR T-related factors

CART product

Type of co-stimulatory-domain (4-1BB < CD28)
CART cell dose

CD4/CD8 ratio of the CAR product (CD8 < CD4)
Higher peak/AUC levels of blood CART cells
Patient related factors

High tumor burden

Receipt of or requirement for bridging therapy
Elevated baseline inflammatory markers

Low baseline platelet count

Fig. 3 Toxicities and risk factors. (A) Approximate timing (x-axis) and
frequency (y-axis) of specific CAR T-related toxicities. CRS typically
occurs and resolves within 2 weeks of CAR-T infusion and ICANS may
follow CRS. IEGHS is rare and may be suspected with worsening
inflammation after initial improvement of CRS. ICAHT and hypo-
gammaglobulinemia may persist for weeks or months. (B) The box
gives an overview (selection) of the risk factors for CRS and ICANS,
which overlap significantly. Early and severe CRS was shown to
correlate with the incidence and severity of ICANS.49-68 (Created with
BioRender.com.)
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Cytokine Release Syndrome and Immune Effector Cell-
Associated Hemophagocytic Lymphohistiocytosis-
Like Syndrome

CRS is an acute systemic inflammatory syndrome character-
ized by fever, chills, hypotension, tachycardia, hypoxia, and
dyspnoea.*>** CRS is caused by a supraphysiologic response
to immune therapy and the release of different proinflam-
matory cytokines (e.g., IL-6, IL-1,IL-2, and IFNY) that engage T
cells and other immune effector cells and can involve differ-
ent organs.*> Fever is typically the first sign of CRS and
median time to onset is 2 to 7 days after infusion.*?

CRSis graded based on clinical symptoms and the need for
supportive measures to maintain blood pressure and oxy-
genation, currently following the ASTCT (American Society
for Transplantation and Cellular Therapy) Consensus Grading
System.** Grading is essential to guide clinical management,
with more severe grades requiring interventions such as
tocilizumab (an anti-IL-6 receptor antibody) or corticoste-
roids (=Table 2). Mild CRS (Grade 1) is defined by fever alone,
while more severe grades (2-4) are characterized by hypo-
tonia, hypoxia, or the need for vasopressors and/or respira-
tory support. While low-grade CRS is one of the most
common side effects of CAR T cell therapy (>50% of patients),
high-grade CRS is much less common (0-5% of patients,
reviewed by Brudno and Kochenderfer and Ferreri and
Bhutani*?#?) also because of increased awareness and early
intervention. Risk factors for the development of CRS include,
among others, patient-related factors, such as type of lym-
phoma, a high tumor burden, elevated baseline inflammato-
ry markers, and a low baseline platelet count, but also CAR T-
related factors (~Fig. 3B). The different CAR T products and
the types of costimulatory domains (4-1BB <(CD28) are
associated with different rates of CRS.*® BCMA-directed
products generally have lower rates compared with CD19-
directed CAR T cells, and higher rates are observed in
products utilizing CD28 costimulation (e.g., axi-cel) com-
pared with those with 4-1BB costimulation (e.g., tisa-
cel; ~Table 1, ~Fig. 3B).2>-26:3442

CRS in moderate to severe forms may overlap with the
much rarer [EC-HS, defined by ASTCT as a “hyperinflamma-
tory syndrome independent from CRS and ICANS.” IEC-HS is
characterized by hyperferritinemia, coagulopathy, cytope-
nia, transaminase elevation, and hypofibrinogenemia. Sus-
picion should arise with worsening inflammatory response
after the initial improvement of CRS.%’

Immune Effector Cell-Associated Neurotoxicity
Syndrome

ICANS is a reversible encephalopathy with unclear pathophys-
iology and manifests with diverse neurological symptoms
including dysphasia, encephalopathy, varying decreases in
the level of alertness, to less common manifestations such as
muscle weakness, myelitis, myoclonus, and seizures.*?*8 The
earliest symptoms of ICANS are dysgraphia, mild difficulty
with expressive speech (especially in naming objects), im-
paired attention, apraxia, and mild lethargy. ICANS can prog-
ress into severe encephalopathy with seizures, cerebral edema,
and death. It may typically present concurrently with or soon
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Table 2 Grading and suggested management of CRS

CRS grade

Diagnostic/Therapy

1
- Temperature >38°C
(no hypotension or hypoxia)

Diagnostic

- Evaluate for/exclusion of infection, including imaging as indicated

Therapeutic

- Antibiotics, evaluate antifungal/antiviral therapy

- Symptomatic measures: fluids, antipyretics

- Consider tocilizumab 8 mg/kg IV (max. 800 mg), especially if fever persists
despite antipyretics and antimicrobial treatment > 3 d

2

- Temperature >38°C
and

- Hypotension not requiring vasopressors
and/or

- Hypoxia requiring low-flow

Diagnostic as for grade 1
- Evaluation by intensive care specialist
Therapeutic
- Supportive therapy: fluids, antipyretics, and oxygen
- Tocilizumab 8 mg/kg IV,
* No improvement: repeat after 8-12 h, max. 4 doses in total

nasal cannula at <6 L/min

« Deterioration/no improvement after 12-24 h despite tocilizumab:
dexamethasone 10 mg IV every 6 h for 1-3 d

- Hypotension requiring one vasopressor
and/or
- Hypoxia requiring high-flow
> 6 L/min, mask

3 Diagnostic in addition to grade 1/2
- Temperature >38°C - Echocardiography
and Therapeutic in addition to grade 1/2

- Immediate transfer to ICU and continuous monitoring
- Respiratory/volume/vasopressor support according to local ICU standards
- Tocilizumab 8 mg/kg IV every 8-12 h, max. 2 doses, if not already done
- Dexamethasone 10 mg IV every 6 h for 1-3 d
« Deterioration/no improvement: after 12-24 h despite tocilizumab
and dexamethasone 10 mg: increase dexamethasone dose
to 20mg IV every 6 h for 3 d, tapering within 3-7 d

- Hypotension requiring multiple
vasopressors
and/or
- Hypoxia requiring NIV or intubation
and mechanical ventilation

4 Diagnostic as for grade 3
- Temperature >38°C Therapeutic in addition to grades 1-3
and - Respiratory/volume/vasopressor support according to local ICU standards

- Tocilizumab 8 mg/kg IV every 12 h, max. 2 doses
- Dexamethasone 20 mg IV every 6 h for 3 d, tapering within 3-7 d
* No improvement: after 12-24 h despite tocilizumab and

dexamethasone: rescue with high-dose steroids:
Methylprednisolone 1g IV for 3 d/250 mg every 12 h
for 2 d/125mg every 12 h for 2 d/60 mg
every 12 h for 2 d, consider 3rd dose of tocilizumab

- Anakinra (2-8 mg/kg IV or SC)

Notes: The table provides an overview of grading and management of CRS. We refer to other guidelines and local standards. Note that tocilizumab

should not be used in patients with concomitant ICANS.
Abbreviations: NIV: non-invasive ventilation.

Source: Adapted from Hayden et al and hematool.ch.”®%7 Tocilizumab off-label.

after CRS, but delayed cases starting >3 weeks after CAR T cell
infusion are also described.*2 Grading, according to ASTCT,
includes a cognitive score (ICE, immune effector cell-associat-
ed encephalopathy score, that examines orientation, attention,
the ability to follow commands, naming, and writing) as well as
the level of alertness, evaluation for seizures, motor defects,
elevated intracranial pressure, and cerebral edema.**

Interestingly, risk factors for both CRS and ICANS are
similar (~Fig. 3B) and include patient- and product-related
factors.>* Additionally, early and severe CRS was shown to
correlate with the incidence and severity of ICANS.*

While the rate of ICANS (and CRS) is lower in BCMA-
directed CAR T therapy, these may cause specific movement
disorders including parkinsonism and gait disturbance.*°
ICANS treatment is based on supportive care and cortico-
steroid therapy, depending on severity. Tocilizumab should
be used with caution if ICANS is suspected because it may
worsen neurological toxicity (- Table 3).4°

Hematological Toxicities

Cytopenias, now termed “immune effector cell-associated
hematotoxicity (ICAHT),” are the most common side effects
after CAR T cell therapy and the most commonly reported
grade >3 adverse events as defined by the Common Termi-
nology Criteria for Adverse Events (CTCAE).>%'

Cytopenia is expected after LD and invariably evident
early (<30 days, early ICAHT) after infusion. However, neu-
tropenia recovers quickly in only one-quarter of patients,
while the majority of patients show a biphasic course with
intermittent recovery around week 3 followed by worsening
2 months after infusion. Cytopenias are therefore better
assessed and classified using the EHA/EBMT consensus grad-
ing rather than CTCAE.>? In contrast to the CTCAE, this
grading better reflects the nature of post-CAR T cell hemato-
poietic reconstitution with delayed courses. In particular,
some patients suffer prolonged aplasia, and late ICAHT is
defined as neutropenia lasting beyond day 30.> Several risk
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Table 3 Grading and suggested management of ICANS

van den Berg et al.

ICANS grade

Diagnostic/Therapy

1 Diagnostic
- Awakens spontaneously

- ICE scores 7-9

- No higher-grade features®
Therapeutic

- Evaluation/exclusion of alternative causes: infection, drugs, electrolytes;
imaging as indicated; if not contraindicated, diagnostic lumbar puncture
- Neurological consultation, EEG and neuroimaging

- Supportive therapy, prevention of aspiration

- No tocilizumab unless CRS >2

- Consider a single dose of dexamethasone 10 mg IV (in case of dysgraphia
and/or neuropsychological abnormality and after exclusion of other causes)

- Consider prophylactic levetiracetam

- Correction electrolytes

- Consider high-dose thiamine

- Depressed level of consciousness, Therapeutic
but awakens to voice
- ICE scores 3-6

- No higher-grade features®

2 Diagnostic as for grade 1

- Consider transfer to ICU
In addition to grade 1:
- Target Na™ 135-145 mmol/L
- Suspend oral nutrition, oral drugs to IV
- If seizure (clinically or EEG): antiepileptic drugs
- Dexamethasone 10 mg IV and reassess:
¢ No improvement: repeat every 6 h for 1-3 d. Consider
anakinra 100 mg IV every 6 h
¢ Improvement: continue every 12-24 h until ICANS
grade <1, then quick taper

- Depressed consciousness, awakes
only to tactile stimulus

- ICE scores 0-2

- Seizures: focal or rapidly resolving

- Neuroimaging: focal/local edema

- No motor deficit

3 Diagnostic as for grade 1

- Repeat brain imaging and EEG (every 2-3 d), lumbar puncture if not
contraindicated

Therapeutic in addition to grade 1/2

- Immediate transfer to ICU

- Target Na™ 140-145 mmol/L

- Upfront anakinra (100 mg every 6 h) in addition to dexamethasone

- Unarousable or requires vigorous or
repetitive tactile stimuli

- Unable to perform ICE

- Seizures: life-threatening prolonged
or repetitive

- Neuroimaging/ICP: diffuse edema
or signs of
elevated intracranial pressure
(ICP); e.g., papillary edema or
Cushing’s triad

- Deep focal motor weakness, e.g.,
hemi- or paraparesis

4 Diagnostic as for grade 3

Therapeutic in addition to grades 1-3

- Anakinra 100 mg IV every 6 h (max. 10 mg/kg/d IV)

- High dosage methylprednisolone 1 g/24 h IV for 3 d, 250 mg 2 x/d
for2d, 125mg 2 x/d for 2 d, 60 mg 2 x/d for 2 d

- Consider mechanical ventilation for airway protection

- Treat increased ICP, cerebral edema, and seizures as per ICU standard

Note: The table provides an overview of the grading and management of ICANS. We refer to other guidelines and local standards.
“No higher-grade features: no seizures, motor deficits, or imaging and other abnormalities defining grades 3-4.

Source: Adapted from Hayden et al.*® Tocilizumab and anakinra off-label.

factors have been identified (e.g., higher baseline levels of
inflammatory markers, lower baseline blood counts, higher
baseline tumor burden in the bone marrow, and a higher
number of prior therapies*?>') leading to the development of
a validated scoring system to predict ICAHT (CAR-HEMATO-
TOX).”! The pathophysiology of prolonged myelosuppression
remains unclear with hints toward a baseline inflammatory
milieu and CART cell-induced inflammation.*? Severe ICAHT
significantly increases the risk for infectious complications
and was associated with an increase in non-relapse mortali-
ty.>>3 Therapy is mostly supportive, and in patients with
severe and persistent cytopenias, further diagnostic steps,
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including bone marrow examinations, should be performed
also to exclude secondary malignancies.’#->®

B Cell Aplasia and Infections
B cell aplasia and hypogammaglobulinemia are common in
patients after both CD19- and BCMA-directed CAR T cell
therapy, can persist for years, and often require immuno-
globulin replacement.*?->°

Infections after CAR therapy are common, with higher grades
(>3)being reported in 5 to 32% of patients across several studies
and representing a leading cause of non-relapse mortality.*?
Prevention and management include a thorough screening for
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latent infections before CAR T therapy, close monitoring of
patients, and the use of antimicrobial prophylaxis until immune
reconstitution. While the use of antibacterial agents is not
routinely advised, anti-viral (e.g., (Val-)aciclovir) and anti-pneu-
mocystis prophylaxis is generally recommended.”®>’

Further Complications of CAR T Therapy

As CAR T cell therapy is relatively new, rare and previously
unexpected side effects continue to emerge as its use
expands. Local CRS, like cervical edema, was observed
with and without systemic involvement and resolved after
CRS-directed theralpy.58 Additionally, neurotoxicity beyond
ICANS, including cases of myelopathy and encephalopa-
thy,*>*® underscores the complexity of managing the full
spectrum of CAR T cell-related complications.

Secondary malignancies after CART cell treatment related
to viral vector integration are of concern and, although likely
similar to observations in patients treated with chemo-
and/or radiotherapy, are under critical investigation.*?>* A
large analysis of 12,394 events from the FDA adverse event
reporting system revealed that neoplasms were overrepre-
sented, with 536 reports (43%)>° In a large retrospective
cohort (449 patients), projected over a 5-year period, Ghi-
lardi and colleagues estimated a 15.2% risk of developing
a secondary solid tumor and a 2.3% risk of a secondary
hematologic malignancy.”* Reporting on a cohort of 582
patients, Melody and colleagues reported a total rate of
8.2%.>> Both studies found only one T cell lymphoma. With
the FDA investigating the risk of T cell malignancies occurring
after CART cell therapy, the rate is very low, with CART cell-
derived T cell malignancies (i.e., the CAR transgene detected
in the tumor) being extremely rare.’’ Hence, in most
patients, otherwise facing a dire prognosis, the benefits of
CAR T cell therapy outweigh this risk. The unclear relation-
ship between CART cell therapy and secondary malignancies
warrants further studies and underscores the need for long-
term follow-up, currently mandatory for up to 15 years.

Relapse and Resistance
While CART cell therapies have achieved remarkable success
in treating hematological malignancies, a significant propor-
tion of patients eventually experience disease relapse.
Resistance characteristics differ by disease and product and
several mechanisms have been identified (comprehensively
reviewed by Ruella et al®"). Secondary resistance (i.e., relapse
after an initial response) is more common than primary refrac-
toriness and was estimated to affect roughly 40 to 50% of cases
with B-ALL and DLBCL, and at least 30% of patients with multiple
myeloma.®%6! Mechanisms involved include but are not limit-
ed to tumor-intrinsic mechanisms such as antigen loss (e.g.,
CD19 antigen-negative escape), an immunosuppressive tumor
microenvironment, and CAR T cell dysfunction including ex-
haustion.® Strategies to overcome resistance are under active
investigation and include—among others—patient selection,
improved manufacturing, and improved CAR design like the
use of dual-target CARs to overcome antigen-negative escape, '
equipping the CARs to secrete cytokines (TRUCKS, ~Fig. 2), and
allogenic CARs from healthy donors to prevent T cell dysfunc-

van den Berg et al.

tion.%% Recent approaches to overcome CAR T cell exhaustion
include the addition of factors during the production to induce
more stemness features in transferred cells.®3

Conclusion and Outlook

CAR T cell treatment has revolutionized the treatment of
hematological malignancies, offering substantial clinical ben-
efits including cure, particularly for relapsed or refractory
patients, and is expanding into earlier lines of therapy and
broader indications (e.g., nonmalignant diseases). It is a com-
plex process requiring an interprofessional and interdisciplin-
ary team. Nonetheless, several challenges persist, including
accessibility and cost, relapse, and the management of CAR T
cell-related side effects. Additionally, the role of CAR T cells
within growing therapeutic options (e.g., bispecific antibod-
ies) remains dynamic. Certain toxicities, such as prolonged
cytopenias or immunodeficiency, can persist and may be
encountered by clinicians outside of specialized centers.
Thus, it is crucial to maintain a high level of awareness for
known toxicities and encourage the reporting of potentially
novel side effects. Further innovations in adoptive cell thera-
pies like optimized CAR designs, allogeneic CARs, the genera-
tion of in vivo CARs, and advances in cell engineering like
shielded hematopoietic cells from chemo-immunothera-
py®2%4 will further improve efficacy and reduce toxicity.
Finally, early results showed rapid and sustained responses
in patients with difficult-to-treat autoimmune diseases.®>%°
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