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Abstract: Chimeric Antigen Receptor T (CAR-T) cell therapy has dramatically changed prognosis and
treatment of relapsed and refractory hematologic malignancies. Currently the 6 FDA approved prod-
ucts target various surface antigens. While CAR-T therapy achieves good response, life-threatening
toxicities have been reported. Mechanistically, can be divided into two categories: (1) toxicities
related to T-cell activation and release of high levels of cytokines: or (2) toxicities resulting from
interaction between CAR and CAR targeted antigen expressed on non-malignant cells (i.e., on-target,
off-tumor effects). Variations in conditioning therapies, co-stimulatory domains, CAR T-cell dose and
anti-cytokine administration, pose a challenge in distinguishing cytokine mediated related toxicities
from on-target, off-tumor toxicities. Timing, frequency, severity, as well as optimal management of
CAR T-cell-related toxicities vary significantly between products and are likely to change as newer
therapies become available. Currently the FDA approved CARs are targeted towards the B-cell
malignancies however the future holds promise of expanding the target to solid tumor malignancies.
Further highlighting the importance of early recognition and intervention for early and late onset
CAR-T related toxicity. This contemporary review aims to describe presentation, grading and man-
agement of commonly encountered toxicities, short- and long-term complications, discuss preventive
strategies and resource utilization.

Keywords: chimeric antigen receptor T-cell therapy (CAR-T); adoptive immune cell therapy;
cytokine release syndrome; late complications; cytopenias; hypogammaglobulinemia; immune
effector cell-associated neurotoxicity syndrome (ICANS); intensive care unit (ICU))

1. Introduction

Chimeric Antigen Receptor T (CAR-T) cell therapy has dramatically changed the
prognosis and treatment of relapsed and refractory hematologic malignancies. Currently
there are 6 CAR-T products with U.S food and drug administration (FDA) approval for
the treatment of specific subtypes of B-cell non-Hodgkin lymphoma (NHL), adult and
pediatric B-cell acute lymphoblastic leukemia (ALL) and multiple myeloma (MM), with
many more currently under investigation for various other hematologic and solid tumor
malignancies [1], and even autoimmune and degenerative diseases [2–4].

CAR-T cells are genetically modified T-lymphocytes expressing a chimeric antigen
receptor (CAR) designed to target and kill cancer cells expressing certain surface antigens.
This adaptive “living drug therapy” combines the specificity of a targeted antibody with
the cytotoxic and memory functionality of T-cells to induce a potent and durable anti-tumor
response. While CAR-T therapy can achieve high response rates (ZUMA-1 trial: complete
response (CR) of 58% [5] and dramatically improve survival (ZUMA-1 5 year survival
of 42.6% and 63% in patients with CR) [6] in heavily pre-treated, refectory and relapsed
disease it is also associated with unique, severe and potentially life-threatening toxicity
that requires specialized expertise in management.
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Cytokine Release Syndrome (CRS) and Immune Effector Cell-Associated Neurotoxicity
Syndrome (ICANS) are unique to CAR-T cell therapy and clearly distinct from other autoim-
mune toxicity [5]. As CAR-T therapy is administered more routinely for refractory/relapsed
disease, it is essential for all providers caring for patients with B-cell malignancies to become
familiar with the manifestation and management of its unique toxicities. The following
paper aims to provide a contemporary review of the presentation, grading and manage-
ment of commonly encountered toxicities associated with commercially available CAR-T
therapies, according to the most recent guideline recommendations by the American Soci-
ety of Clinical Oncology (ASCO) [7], National Comprehensive Cancer Network (NCCN),
and the American Society for Transplantation and Cellular Therapy (ASTCT) [8,9]. Where
appropriate, we will describe preventive strategies for short- and long-term complications,
discuss resource utility in the management of toxicities/complications and finally briefly
review emerging effector cell therapies.

2. Chimeric Antigen Receptor (CAR) Products

All CARs are synthetic constructs that combine an extracellular immunoglobulin-
derived singe-chain variable fragment (scFv) designed to bind to the target antigen, a
transmembrane domain, and a T-cell activating domain (usually the Zeta chain of the CD3
complex). Currently commercially available CAR-T constructs also include a costimulatory
domain, such as CD28 or 4-1BB which provides an additional signal for T-cell activation,
leading to robust activation, proliferation, and antitumor activity (Figure 1) [10].
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Figure 1. CAR constructs and mechanism of action. T-cell activation by antigen-presenting cells
requires both T-cell receptor binding of the target antigen as well as a simultaneous co-stimulatory
signal from either the CD28 or 4-1BB receptor to achieve full activation and proliferation. CAR-T
cells utilize an ScFv-Antigen binding domain linked to the intracellular activation domain (CD3ζ).
First, general CAR-T produces laced CD28 or 4-1BB costimulatory domains and fails to fully activate
and promote T-cell proliferation. Currently commercially available 2nd-generation CAR-T constructs
utilize either DC28 or 4-1BB costimulatory domains. #rd generation constructs, combining both CD28
and 4-1BB domains, aim to harness the relative advantage of both to minimize toxicity and maximize
efficacy through robust activation, proliferation, and persistence.

Currently, four CAR-T products targeting CD19 are FDA approved for the treatment
of relapsed/refractory (R/R) B-cell lymphomas and B-cell ALL [5,11–13]. Two products
targeting B-cell maturation antigen (BCMA) are approved for the treatment of multiple
myeloma [14,15]. Clinical outcomes and rates of toxicity in pivotal trials that led to the
FDA approval of the currently commercially available CAR-T products are summarized
in Table 1 [8]. Since their approval, these products have rapidly been considered more
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routinely for the treatment of patients with R/R lymphoma, ALL and MM. Observational
studies and registry data, summarized in Table 2, demonstrate striking similarity in clinical
outcomes in the “real world” utilization of commercially available CAR-T therapies [16–30].

Table 1. Pivotal licensing trials for FDA-approved CAR-T products.

CAR-T Product Antigen
Target

Co-Stimulatory
Domain Indication CR CRS Any

Grade
CRS

Grade ≥ 3
ICANS

AnyGrade
ICANS

Grade ≥ 3

axicabtagene
ciloleucel

(YESCARTA®) [5]
CD19 CD28

DLBCL
Mediastinal B-cell

lymphomaFollicular lymphoma
54% 85% 13% 64% 28%

tisagenlecleucel
(KYMRIAH®) [13]

CD19 4-1BB DLBCL
ALL 40% 58% 22% 21% 12%

lisocabtagene
maraleucel

(BREYANZI®) [12]
CD19 4-1BB

DLBCL
High-grade B-cell lymphoma

Mediastinal B-cell
lymphomaFollicular lymphoma

53% 42% 2% 30% 10%

brexucabtagene
autoleucel

(TECARTUS®) [11]
CD19 CD28 Mantle cell lymphoma

ALL 67% 91% 15% 63% 31%

idecabtagene
vicleucel

(ABECMA®) [14]
BCMA 4-1BB Multiple myeloma 33% 85% 5% 18% 3%

ciltacabtagene
autoleucel

(CARVYKTI®) [15]
BCMA 4-1BB Multiple myeloma 67% 51% 4% 21% 9%

Abbreviations: ALL: Acute lymphoblastic leukemia; BCMA: B-Cell maturation antigen; CAR-T: Chimeric Antigen
Receptor-T; CR: Complete response; CRS: Cytokine release syndrome; DLBCL; Diffuse large B-cell lymphoma;
ICANS: Immune effector cell-Associated Neurotoxicity Syndrome (ICANS).

Table 2. Real World Experience.

Study (First Author, Year) Product Number of
Patients Infused ORR/CR (%) CRS (%)

Any/Gr 3+
ICANS (%)
Any/Gr 3+

Jacobson, 2022 [16] Axi-cel 1297 73/56 83/8 55/24

Kwon, 2023 [17]
Axi-cel 134 60/42 88/8 42/18
Tisa-cel 127 54/34 73/6 16/5

Kuhnl, 2022 [21]
Axi-cel 224 77/52 93/8 37/16
Tisa-cel 76 57/44 56/8 15/4

Bachy, 2022 [22] Axi-cel 213 80/60 86/5 48/14
Tisa-cel 419 66/42 75/9 22/3

Riedell, 2022 [19]
Axi-cel 156 52/44 85/9 56/39
Tisa-cel 84 41/35 39/1 11/1

Bethge, 2022 [23] Axi-cel 173 74/42 81/10 44/16
Tisa-cel 183 53/32 65/13 22/7

Gauthier, 2022 [20]
Axi-cel 68 75/43 87/7 62/29
Tisa-cel 31 58/32 70/0 23/13

Jacobson, 2020 [24] Axi-cel 122 70/50 93/16 70/35

Iacoboni, 2021 [25] Tisa-cel 75 60/32 71/5 15/1

Nastoupil, 2020 [26] Axi-cel 275 82/64 91/7 69/31

Pasquini, 2019 [31] Axi-cel 533 74/54 83/9 53/17

Iacoboni, 2022 [28] Brexu-cel 33 91/79 91/3 64/36

Wang, 2023 [29] Brexu-cel 168 90/82 90/8 61/32

Hansen, 2023 [30] Ide-cel 108 64/34 82/4 15/5

Abbreviations: ORR; overall response rate; CR: complete response; CRS: cytokine release syndrome; ICANS:
Immune-Effector-Cell-Associated Neurotoxicity Syndrome (ICANS), Gr: grade.
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Regardless of the CAR-T product used, underlying cancer diagnosis, or patient-
specific risk factors, toxicities occur almost universally. They can be broadly categorized as
(1) systemic manifestations of a severe inflammatory response following target recognition
and CAR-T cell activation (CRS, hemophagocytic lymphohistiocytosis [HLH]/macrophage
activation syndrome (MAS] and CANS) [32] and (2) on-target/off-Tumor toxicity such as
cytopenias and persistent B-cell aplasia leading to hypogammaglobulinemia and increased
early and long term risk of infections [33]. Both require close monitoring and early targeted
interventions to prevent serious and potentially fatal complications.

3. Chimeric Antigen Receptor-Mediated Toxicities
3.1. Cytokine Release Syndrome (CRS)

Cytokine release syndrome is defined as a supraphysiologic response following any
immune therapy that results in the activation or engagement of endogenous or infused T
cells and/or other immune effector cells (e.g., lymphocytes, myeloid cells) [34]. Symptoms
can be progressive; characteristically include fever at the onset; and may include hypoten-
sion, capillary leak (hypoxia from pulmonary edema) and end-organ dysfunction [35].
Various grading systems have been used in the past to quantify the severity of CRS; how-
ever, to standardize reporting and management of CRS, the ASTCT consensus criteria were
developed in 2019. The ASTCT criteria defined CRS according to the presence of fever
(temperature ≥ 38 ◦C, not attributable to another cause) within the expected timeframe of
initiation of treatment and graded the severity according to the degree of hypotension and
hypoxia (Table 3).

Table 3. CRS Grading and Management.

Management

G1:Fever: ≥38 ◦C without hypotension or hypoxia Supportive care
Empiric antibiotics

G2:Fever: ≥38 ◦C
AND
Hypotension: not requiring vasopressors
And/or
Hypoxia: Oxygen ≤6 L/min

Supplemental oxygen
IV fluid bolus

Tocilizumab 8 mg/kg IV, repeat q8h if no improvement, max 3 doses
Dexamethasone 10 mg IV (or equivalent) every 12 h if hypotension persists after

2 fluid boluses and 1–2 doses of tocilizumab
Manage per G3 if there is no improvement after 24 h

G3:Fever: ≥38 ◦C
AND
Hypotension: requiring vasopressors
And/or
Hypoxia: requiring high-flow oxygen, face mask,
nonrebreather mask

Admit patient to ICU
Tocilizumab as per G2 if maximum dose is not reached within 24 h period

dexamethasone 10 mg IV every 6 h (or equivalent); taper once improved to G1

G4:Fever: ≥38 ◦C
AND
Hypotension: requiring multiple vasopressors
And/or
Hypoxia: requiring positive pressure ventilation
(CPAP, BiPAP, mechanical ventilation)

Tocilizumab as per G2 if maximum is not reached within 24 h
Consider anakinra, siltuximab, ruxolitinib

High-dose methylprednisolone
If not improving, consider methylprednisolone 1000 mg IV 2 times a day or

alternate/rescue therapy

Abbreviations; BiPAP = bilevel positive airway pressure; CPAP = continuous positive airway pressure; G1: grade 1;
G2: grade 2; G3: grade 3; G4: grade 4; ICU: intensive care unit; IV: intravenous. Adopted from NCCN Guidelines.

The pathophysiology of CRS is thought to be the sudden release of inflammatory
cytokines in response to CAR-T cell and immune effector cell activation, leading to en-
dothelial activation and injury, capillary leak, coagulopathy, cardiopulmonary instability
and multi-system organ dysfunction [32,36]. Multiple cytokines and signaling pathways
have been implicated in the pathogenesis and progression of CRS including Interleukin
(IL)6; IL1; Interferon gamma (IFN-g); and Tumor Necrosis Factor-alpha (TNF-α), with
IL6, IL1, and nitric oxide (NO) derived from activated macrophages being considered the
central mediators of severe presentations [36–39]. Elevation of certain cytokines within 36 h
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of CAR-T cell administration has been shown to be associated with a high risk of severe
(≥grade 4) CRS.

The typical time to onset for CRS is 2 to 3 days, with a duration of 7 to 8 days, although
CRS may occur within hours and as late as 10 to 15 days after CAR T-cell infusion. Risk
factors for CRS vary between studies and include high tumor burden (or elevated lactate
dehydrogenase [LDH] as a surrogate marker thereof) [23], conditioning regiment, dose
and type of CAR-T cell product infused, as well as elevated biomarkers of inflammation
(C-reactive protein [CRP], IL6 levels, Ferritin) and endothelial activation prior to and in
response to therapy [40,41].

Anti-inflammatory therapy, specifically targeting IL6, has become the cornerstone of CRS
management. Tocilizumab, a humanized IgG1k anti-IL-6R antibody binds to both soluble and
membrane-bound IL-6R, blocking the downstream signal transduction pathways implicated
in CRS. It is currently the only anti-IL6 therapy approved by the FDA for the treatment of
severe or life-threatening CAR T cell–induced CRS [42]. While it is approved for severe or
life-threatening CRS, current guidelines and product information recommend the initiation
of tocilizumab for the treatment of grade ≥ 2 or grade 1 CRS in patients at high risk of early
and severe CRS or those whose symptoms persist greater than 24 h. For severe (grade ≥ 3) or
refractory CRS the addition of steroids is recommended [7,43,44]. A recent subgroup analysis
of the ZUMA-1 study of axicabtagene-ciloleucel (axi-cel), showed 95% and 80% objective
and complete response rates, respectively, for patients who received prophylactic steroids
(dexamethasone 10 mg on day 0 (pre-infusion), day 1 and 2) or early addition of steroids
to tocilizumab for CRS [45], challenging the theoretical concerns that steroids could reduce
efficacy and affect the durable response and CR.

Persistent or refractory CRS, not responding to two to three doses of tocilizumab may
necessitate alternative strategies. Alternative agents targeting the IL6 or IL1 pathways im-
plicated in CRS include siltuximab (monoclonal antibody against IL6), ruxolitinib (a Janus
kinase inhibitor that inhibits downstream IL6 signaling), and the IL1 receptor antagonist,
anakinra. These agents are increasingly incorporated into the routine treatment of severe
or refractory CRS/ICANS [46,47], but are considered rescue treatment in current guide-
lines, citing limited anecdotal evidence and the need for validation in ongoing prospective
studies [7,43,44].

3.2. Hemophagocytic Lymphohistiocytosis (HLH)

CRS shares many clinical features with secondary HLH (sHLH) or Macrophage Acti-
vation Syndrome (MAS), a life-threatening hyperinflammatory syndrome, characterized
by unchecked activation of lymphocytes and macrophages, excessive cytokine production,
extreme inflammation, and tissue injury. HLH can be precipitated by infections, malig-
nancy, autoimmune diseases or hematopoietic stem cell transplantation (HSCT) [48,49].
Malignancy-related HLH occurs in approximately 1% of patients with hematologic malig-
nancies [50–52]. HLH has been reported following CAR-T cell therapy (CAR-HLH) but
may go unrecognized and underreported due to its overlapping symptoms with severe
CRS [53,54]. Both the 2004 HLH diagnostic criteria and the H-score have been shown to
be of low diagnostic utility in diagnosing CAR-HLH or distinguishing CAR-HLH from
CRS [55]. Proposed diagnostic criteria for CAR T-cell–related HLH include rapidly rising
and severely elevated ferritin of ≥5000–10,000 ng/mL, along with at least two organ tox-
icities, including the presence of hemophagocytosis in bone marrow or other organs, or
at least grade 3 transaminitis, renal insufficiency, or pulmonary edema which typically
develop after the peak of CRS (Table 4) [56].
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Table 4. Diagnostic criteria HLH and CAR-HLH.

Criteria HLH 2004 Criteria H-Score CAR-T HLH/MAS

Fever Fever > 38.4 Fever > 38.4 N/A

Organ assessment Splenomegaly

Organomegaly

- Splenomegaly
- Hepatomegaly
- Or both

≥2 organ systems with grade ≥ 3
organ failure * after CRS

- liver
- renal
- pulmonary

Cytopenias (≥2 of 3 lines)
Hemoglobin < 90 g/L
Platelets < 100 × 109/L
Neutrophils < 1.0 × 109/L

Hemoglobin < 9.2 g/dL
Platelets < 110,000/mm3

Leukocytes < 50,000/mm3
N/A

Triglycerides ≥3.0 mmol/L >1.5 mmol/L N/A

Fibrinogen ≤1.5 g/L ≤2.5 g/L

Ferritin Ferritin ≥ 500 ng/mL Ferritin > 2000 ng/mL Ferritin > 10,000 ng/mL (during
CRS)

Additional laboratory
considerations

Low or absent NK-cell activity
(according to local laboratory
reference)

Serum GOT ≥ 30 IU/L
Soluble CD25 (i.e., soluble IL-2
receptor) ≥ 2400 U/mL

Histopathology Hemophagocytosis Hemophagocytosis
Hemophagocytosis on
histopathology
or CD68 immunohistochemistry

Abbreviations: CAR-T: Chimeric Antigen Receptor-T; CRS: Cytokine release syndrome; HLH: hemophagocytic
lymphohistiocytosis; IL: Interleukin; MAS: Macrophage Activation Syndrome; NK: Natural killer. * Grading as
per Common Terminology Criteria for Adverse Events, U.S. Department of Health & Human Services. Common
Terminology Criteria for Adverse Events (CTCAE) Version 4.0 https://evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03_2
010-06-14_QuickReference_5x7.pdf (2010) (accessed on 1 May 2023).

The reported incidence of CAR-HLH in commercially available CAR-T products is
between 1 and 3.5% [57–59]. A distinct HLH/MAS-like syndrome was described more
frequently in patients treated with a CAR-T product targeting CD22 for R/R B-ALL [60,61].
In this study, CAR-HLH was associated with NK-cell lymphopenia (both pre-and persistent
post-infusion), robust CART-cell and CD-8 expansion and persistently elevated HLH-
associated cytokines (IFNγ and IL-1β amongst others). IL6 was elevated in those with
CAR-HLH, but confounded by the administration of tocilizumab, which interestingly did
not mitigate the development of CAR-HLH. In light of the profound elevations in IL1β and
IFNγ, the authors credit the use of anakinra for the positive outcomes observed, where all
cases of HLH resolved (with one mortality due to bacterial sepsis) and suggest considering
the use of emapalumab, a monoclonal antibody targeting IFNγ. Emapalumab, is now the
first FDA-approved recommendation for the treatment of refractory/progressive HLH [62].
Preclinical data suggest early emapalumab administration may impede CART- cell efficacy;
thus prospective evaluations of safety and efficacy are necessary [63].

In the absence of randomized control trials (RCTs), the management of CAR-HLH
is extrapolated from the immunosuppressive regimen utilized in familial and other sec-
ondary HLH. Current consensus guidelines recommend high-dose corticosteroids and IL6
antagonists and suggest consideration of anakinra in patients who show no improvement.
Drawing from evidence in the treatment of bona fide HLH, ASCO and NCCN guidelines
recommend the addition of etoposide for refractory cases, while the SITC recommend
against it, due to etoposide’s documented toxicity to T-lymphocytes [7,43,44]. Better guid-
ance on early recognition and optimal treatment is urgently needed, as mortality associated
with CAR-HLH remains excessively high (66.9%) [59].

4. Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS)

Clinical manifestations of ICANS often follow a characteristic progression of symp-
toms evolving from mild tremor and dysgraphia to expressive aphasia (a highly specific

https://evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03_2010-06-14_QuickReference_5x7.pdf
https://evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03_2010-06-14_QuickReference_5x7.pdf
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manifestation of ICANS, documented in 88% of patients with ICANS [64]), apraxia, im-
paired attention followed by lethargy and depressed consciousness and in severe cases
progression to stupor and coma. Seizures often occur after the development of severe
(global) aphasia. In rare cases, diffuse cerebral edema may develop. The onset of neurologic
symptoms occurs around 5 days (range: 2–11 days) from CAR-T cell infusion and persists
for a median of 10 days (range: 1–14 days). There is a significant correlation with the
presence and severity of CRS, which usually precedes any neurologic symptoms, although
ICANS without CRS may occur or when CRS has resolved [65].

Although the exact pathophysiology of ICANS remains poorly understood, two mech-
anisms have been proposed. The first is cytokine-mediated toxicity whereby increased
permeability of the blood-brain-barrier allows the diffusion of inflammatory elevated serum
cytokines (IL6, IL10, IL15, granulocyte-macrophage colony-stimulating factor (GM-CSF), IFNγ,
and TNFα) across the injured endothelium. The second is the recruitment of CAR-T and
inflammatory cells into the central nervous system (CNS), both leading to microglial activation;
neuroexcitatory toxicity and further inflammation, injury, and dysfunction [32,66,67]. Elevated
protein levels and cerebrospinal fluid (CSF)/serum albumin ratios on CSF analysis have been
associated with ICANS and may correlate with severity [65]. However, CSF analysis may
be entirely normal in a majority of patients [68], and the detection of CAR-T cells within the
CSF is not per se pathologic [69,70]. In contrast to other cytokines, IL8, IP10, and monocyte
chemoattractant protein-1 (MCP-1) have been shown to be disproportionately elevated in
the CSF of patients with severe ICANS, suggesting local production by activated myeloid,
astrocyte and/or endothelial cells. Elevated CSF levels of the excitatory neurotransmitters
glutamate and quinolinic acid in patients with severe ICANS may explain myoclonus and
seizures observed [65].

A brain magnetic resonance imaging (MRI) pattern that includes reversible T2 hyper-
intensities in the bilateral thalami, pons, and medulla, often accompanied by symmetric
white matter T2 hyperintensities that are subcortical or affect the external and extreme
capsule has recently been described as characteristic for CD19 CAR-T associated ICANS.
Characteristic thalamic enhancement and swelling are also present in rare cases of diffuse
cerebral edema [71–73]. Similarly, the literature on electroencephalography (EEG) findings
associated with ICANS is evolving. While most EEGs are reported as showing diffuse slow-
ing in patients with low-grade ICANs, there is growing evidence that the degree of EEG
abnormalities parallels the severity of ICANS. A pattern of generalized periodic discharges
is commonly seen with higher-grade ICANS. Up to one-third of patients with severe ICANS
may have evidence of seizure activity or persistent discharges at 2.5 Hz or faster (indicat-
ing non-convulsive status epilepticus [NCSE]) [64,65,74,75]. Importantly, most patients
with seizures or NCSE on EEG did not demonstrate clinically obvious seizure-like activity,
highlighting the importance of standardized proactive neurologic monitoring [75].

The ASTCT ICANS consensus grading scale consists of an immune effector cell-associated
neurotoxicity (ICE) score, a standardized 10-point screening tool, as well as 4 neurologic
domains: level of consciousness, seizure, motor findings, and elevated intracranial pres-
sure/cerebral edema (Table 5). The overall ICANS grade is assessed using the most severe
symptom in any of the five domains. Current guidelines recommend serial assessment utiliz-
ing the ASTCT ICANS scale to detect and grade ICANS. Repeat imaging and CSF evaluation
are indicated if symptoms do not improve after 24 h of the initiation of treatment and EEG
monitoring is recommended for all patients with grade ≥ 2 toxicity [34,44,65]. Patients with
ICANS grade ≥ 2, rapidly evolving neurotoxicity and those with concurrent CRS should
be considered for ICU admission to allow for close monitoring and intubation for airway
protection. In addition to ICANS, patients treated with CAR-T therapy are at risk for infection
and CNS hemorrhage, which may present with similar symptoms and should be ruled out at
the onset of neurologic symptoms.
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Table 5. ICANS grade and management.

Grading No Concurrent CRS Additional Therapy if Concurrent CRS

G1:
ICE score: 7–9
Normal consciousness

Supportive care a
Tocilizumab 8 mg/kg IV

Dexamethasone 10 mg IV if more than 1 dose
of tocilizumab is required for ongoing CRS

G2:
ICE score: 3–6
And/or
Mild somnolence awaking to voice

Dexamethasone 10 mg IV and reassess
Repeat every 6–12 h if no improvement. Taper

once symptoms improve to G1

Consider ICU if CRS and ICANS ≥ 2
Tocilizumab per grade 1

G3:
ICE score: 0–2
And/or
Awakening only to tactile stimulus
And/or
Any clinical seizure or non-convulsive
seizures on EEG that resolve with
intervention
And/or
Focal edema on neuroimaging

Consider transfer to ICU
Dexamethasone 10 mg IV every 6–12 h or

methylprednisolone equivalent (1 mg/kg IV
every 12 h).

Consider repeat imaging if persistent ≥ G3

Tocilizumab as per grade 1

G4:
ICE score: 0
And/or
Stupor or coma
And/or
Prolonged seizure (>5 min) or
repetitive clinical or electrical seizures
without return to baseline
And/or
Diffuse cerebral edema on neuroimaging,
clinical signs of elevated intracranial
pressure (decelerate posturing,
papilledema, Cushing’s triad)

Admit patient to ICU
Consider mechanical ventilation for airway

protection

High-dose methylprednisolone IV 1000 mg once
a day, up to 3 times per day if refractory

Consider anakinra and/or additional rescue
therapy for persistent or worsening symptoms b

Repeat CNS imaging

Treat status epilepticus per institutional
guidelines

Tocilizumab as per grade 1

ICE score: Orientation: orientation to year, month, city, hospital: 4 points
Naming: ability to name 3 objects (e.g., point to clock, pen, button): 3 points
Following commands: ability to follow simple commands (e.g., “Show me 2 fingers” or “Close your eyes and stick out your tongue”): 1 point
Writing: ability to write a standard sentence (e.g., “Our national bird is the bald eagle”): 1 point
Attention: ability to count backward from 100 by 10: 1 point
0 points if patient is unresponsive or unable to perform

a For products associated with more neurotoxicity (axicabtagene–ciloleucel or brexucabtagene autoleucel), adminis-
tration of steroids starting at G1 ICANS and use of high-dose steroids at G3 may be considered. b Rescue therapies:
anakinra, siltuximab, ruxolitinib, cyclophosphamide, antithymocyte globulin, or intrathecal hydrocortisone
(50 mg) plus methotrexate (12 mg). Abbreviations: CRS: cytokine release syndrome; EEG = electroencephalogram;
G1: grade 1; G2: grade 2; G3: grade 3; G4: grade 4; ICE = Immune-Effector-Cell-Associated Encephalopathy;
ICP = Intracranial Pressure; ICU: intensive care unit; IV: intravenous.

Steroids, the current cornerstone of treatment, are initiated and dosed based on this
severity grading. Current guidelines recommend 1 dose of dexamethasone 10 mg intra-
venous for grade 2 ICANS, followed by repeat neurological assessment reassessment, and
repeated doses every 6 to 12 h if symptoms do not improve (Table 5). ICANS commonly
develops after the onset of CRS. It is important to note that tocilizumab does not cross the
blood-brain-barrier and is therefore not effective in preventing or treating ICANS. Moreover,
tocilizumab can lead to a transient elevation in serum IL6 levels as well as elevated levels
of IL6 in the CSF, which has been linked to potentially more severe neurotoxicity. Current
guidelines, therefore, recommend the addition of steroids to tocilizumab in low-grade CRS
with any concurrent ICANS.

Data supporting alternative therapies for persistent or refractory ICANS are limited.
Given the strong physiologic rational, the IL1 antagonist anakinra is increasingly being
integrated into routine practice with promising early results [46,74,76]. Case reports also
describe the use of intrathecal chemotherapy for highly refractory cases [77,78]. Although
mortalities have occurred due to refractory cerebral edema, symptoms of neurotoxicity,
fortunately, tend to resolve. The presence of ICANS alone does not appear to negatively
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affect treatment effects, such as time to progression, progression-free survival (PFS) or
overall survival (OS) [64], but has been linked to infections, including late infections and
infection-related mortality [23].

5. Toxicities and Overall Outcomes—Real World Data Explored

As compared to the patients in the pivotal trials, patients in the real-world stud-
ies were significantly older, with worse functional status and higher rates of bridge
therapy [79]. Forty to sixty percent of patients treated with standard-of-care axi-cel, ti-
sagenlecleucel (tisa-cel), or lisocabtagene-maraleucel (liso-cel) would not have met in-
clusion criteria for pivotal ZUMA-1, JULIET and TRANSCEND trials [24,26,80] and as
high as 75–79% of patients would have been ineligible for participation in pivotal MM
trials [29,30]. Remarkably, despite this older, more frail patient population, standard-of-care
treatment with commercially available CAR-T is achieving essentially identical response
rates [5,11,13,14,22,24,29,30] while maintaining similar or even improved rates of high-
grade toxicity [5,16] (grade ≥ 3 CRS: axi-cel: 13% vs. 8% [5,16], tisa-cel: 22% vs. 9% [13,22];
brexucabtagene autoleucel (brexu-cel): 15% vs. 8% [11,29], idecabtagene vicleucel (Ide-
cel) 5% vs. 4% [14,30]; grade ≥ 3 ICANS: axi-cel: 28% vs. 24% [5,16,24], tisa-cel 12%
vs. 3% [13,22], ide-cel: 3% vs. 5% [14,30]). A possible explanation is the higher rate of
tocilizumab and/or steroid use in the real world, which suggests that early recognition and
proactive treatment may be associated with improved outcomes.

Clinical trials also suggest earlier onset, greater severity and higher frequency of
CRS (85–91% vs. 40–58%) and ICANS (63–64% vs. 21–30%) for CARs with CD28 do-
mains (axi-cel and liso-cel) compared to those expressing 4-1BB (tisa-cel and liso-cel),
respectively [5,11–13,16,24]. Severe toxicity was significantly less in recent trials utilizing
4-1BB costimulatory CARs ide-cel and ciltacabtagene autoleucel (cilta-cel) targeting BCMA
for the treatment of multiple myeloma with rates of grade ≥ 3 CRS or ICANS observed in
only 4–5% and 3–9% of patients, respectively [14,15].

In the absence of head-to-head RCTs, several recent studies aimed to compare CAR-T
products in terms of efficacy and safety using various statistical methods to account for
heterogeneity and confounders. Schuster at al. used a matching-adjusted indirect com-
parison (MAIC), assessed outcomes for tisa-cel and liso-cel by comparing 106 patients
from the JULIET study to 256 patients from the TRANSCEND study and found a higher
overall response rate (ORR) (72.7% vs. 62.9%), but comparable OS, PFS, and complete
response rate (CRR) [81]. In a similar analysis, using summary level data from the JULIET
study, Cartron et al. reported statistically significant greater response rates for liso-cel
compared to tisa-celTisa-cel (ORR:OR = 2.78, 95% confidence interval (CI): 1.63–4.74;
CR:OR = 2.01, 95% (CI): 1.22–3.30; PFS: hazard ratio (HR) = 0.65, 95% CI: 0.47–0.91;
OS:HR = 0.67, 95% CI: 0.47–0.95) [82].

In analogous comparisons between axi-cel and liso-cel for R/R large B-cell lymphoma
objective response rates were comparable, with improved OS for axi-cel (OS: HR: 0.53,
95% CI: 0.34–0.82; PFS: HR: 0.61, 95% CI: 0.40–0.92), but significantly lower odds of se-
vere toxicity with liso-cel (CRS: OR = 0.08, 95% (CI): 0.01–0.67), neurotoxicity OR = 0.05,
95% (CI): 0.02–0.15) [83,84].

Using a directed dicyclic graph to account for confounding in a nonrandomized
observational setting, Gauthier et al. compared patients treated with axi-cel, tisa-cel, or
JCAR014 (a CAR design identical to liso-cel, but with differences in dosing, cell formulation,
and manufacturing process). The authors found a lower risk of severe toxicity with the use
of tisa-cel or JCAR014 compared to axi-cel (adjusted odds ratio (aOR) for grade ≥ 3 CRS:
0.47; 95% CI, 0.21–1.06; p = 0.07 and OR 0.19; 95% CI, 0.08–0.46; p < 0.001; and for severe
ICANS ORs, 0.17; 95% CI, 0.06–0.48 and 0.06–0.47; p < 0.001 and p < 0.001). In contrast,
the analysis suggests lower antitumor efficacy with tisa-cel (aOR, 0.23; 95% CI, 0.06–0.78;
p = 0.02) and JCAR014 (aOR, 0.21; 95% CI, 0.06–0.73; p = 0.01) compared with axi-cel [20].

Several recent large observational and registry studies compare outcomes between
the most widely used commercially available anti-CD19 CAR-T products, axi-cel and
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tisa-cel, in the “real world” setting [85]. The results revealed significantly higher rates of
short-term toxicity after treatment with axi-cel compared to tisa-cel for advanced-stage
R/R diffuse large B cell lymphomas. However, clinical outcomes were significantly better
with axic-cel compared to tisa-cel, with the best ORR [22,85]. One multi-center study with
356 patients suggested a superior CR (41% vs. 31%) and 12-month PFS (35% vs. 24%) for
axi-cel compared with tisa-cel, but no difference in OS was observed [23]. In contrast, in a
cohort of 260 patients Riedell et al.l. reported statistically significant higher rates of toxicity
with axi-cel compared to tisa-cel(grade ≥ 3 CRS: 9% vs. 1%; grade ≥ 3 ICANS: 38% vs.
1%), but no difference in ORR, CR (44 vs. 35%, p = 0.319), 12-month PFS (42% vs. 32%,
p = 0.206) or OS (62% vs. 59%, p = 0.909) [19]. In these studies, patients receiving tisa-cel
tended to be older, with more co-morbid conditions and poorer functional status than those
receiving axi-cel, reflecting a common practice of avoiding the use of axi-cel in older and
frail patients due to concerns about a higher risk of severe toxicity [86].

While differences in trial design, patient characteristics, toxicity grading systems and
management protocols for CAR-T toxicity preclude conclusive assessment of differences
between products across trials, there appear to be key differences in expansion kinetics,
persistence, and toxicity between products, particularly between products utilizing CD28
or 4-1BB co-stimulatory domains [10].

6. On Target off Tumor Effects

Most tumor antigens targeted by CAR-T cells are not perfectly cancer-specific and
therefore lead to CAR-T toxicity in other organ systems expressing the same target antigen,
called on-target/off-tumor toxicity. This occurs through the engagement of target antigens
in nonpathogenic tissues predictably seen in the following organ systems; gastrointestinal,
pulmonary and hematologic. In the setting of CD19-specific CAR T-cells, the classic example
of such on-target off-tumor toxicity is the destruction of non-malignant B-cells leading
to profound and persistent B-cell aplasia and hypogammaglobulinemia. B-cell aplasia
parallels the expansion of CAR-T cells, usually developing within 2 weeks of infusion, and
routinely persists for over 6 months, potentially years. Indeed, the persistence of B-cell
aplasia can serve as an indicator of the persistence of pharmacologically active anti-CD19
CAR-T cells [33].

The recent findings that CD19 is on brain pericytes raised the possibility of direct
CD19 targeted neurotoxicity that may also contribute to CD19-associated neurotoxicity and
remains to be further evaluated [87]. Movement and neurocognitive treatment-emergent ad-
verse events (MNTs) are now considered on-target/off-tumor toxicity. MNTs are Parkinson-
like symptoms characterized by and early finding of micrographia, followed by progressive
bradykinesia, rigidity, gait disturbances, flat affect, personality changes, and gait and
cognitive impairment following treatment with CAR-T products targeting BCMA. A pos-
sible mechanism appears to be an on-target/off-tumor effect of BCMA-targeted CAR-T
cells crossing the blood–brain barrier and targeting of BCMA-expressing cells of the basal
ganglia [70,88].

The severity of reported on-target/off-tumor toxicity has ranged from manageable
B-cell aplasia to death resulting from severe toxicity and therefore requires early recognition
and management.

7. Late Complications
7.1. Hypogammaglobulinemia and Cytopenia

While CAR mediated-toxicities (CRS and ICANs) occur concurrently with CAR-T
cell expansion and within the first 28 days of cell infusion. The most commonly reported
toxicities during long-term follow-up post-CAR-T therapy are decreased B-cell counts
and hypogammaglobulinemia (defined as immunoglobulin G (IgG) level of 400 mg/dL)
and less common are late-onset infections, secondary malignancies, and graft vs. host
disease [89–91]. The development of new malignancies after CAR T-cell infusion are
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laryngeal cancer, prostate cancer, GI stromal tumor, melanoma, hepatocellular carcinoma,
and myelodysplastic syndrome (MDS) [92].

Anti-CD19 CAR T-cell therapy causes B-cell depletion and hypogammaglobulinemia.
Absolute B-cell numbers recover to normal levels in 63% of patients receiving CAR T-cell,
in a median time of 12 months (range 2–59 months) [92]. In the pediatric population with
ALL who received tisa-cel, all patients developed B-cell aplasia and had an 83% proba-
bility of ongoing aplasia at 6 months [93], and 90% of responders required intravenous
immunoglobulin (IVIG). Approximately 35% of patients have baseline hypogammaglobu-
linemia secondary to underlying disease or previous therapy and it has been reported that
as high as 67% of adult patients with R/R B-cell NHL or CLL had hypogammaglobulinemia
beyond 90 days [91]. Approximately one-third of patients receive IVIG after CAR-T cell
therapy [11,13,90]. Levels of serum IgG, IgA, and IgM recover to normal level within
120 months in about 25% of patients treated with CAR-T and in the other 75% of patients,
there is a persistently low level of at least 1 IG [92]. Data in primary immunodeficiency
disorders suggest that hypogammaglobulinemia is associated with higher risk of infection.
Therefore, as CD19 or BCMA-directed CAR-T therapy administration increases, manage-
ment of hypogammaglobulinemia with an infusion of IVIG monthly to maintain a goal
IgG ≥ 400mg/dL, particularly if recurrent/severe infections occur, can be considered to
mitigate the risk of infections [94]. However, routine replacement has not been shown
to be correlated with the incidence of infection and therefore is not supported by recent
allergy and immunology guidelines, and instead, screening quantitative immunoglobulins
and specific antibody titers in response to vaccines before and monthly for 6 months after
initiation of CAR-T-cell therapy is suggested [95–99].

Prolonged cytopenia, demonstrated by hypocellularity in bone marrow biopsy, has
been seen in both observational studies and clinical trials. Grade ≥ 3 cytopenias at or
beyond 3 months have been reported at a rate of 17% [90] and most cytopenias resolved on
long-term follow-up. In other trials, at day 28, grade ≥ 3 neutropenia and thrombocytopenia
have been reported in 24% and 41% of patients, respectively [13]; the cases of neutropenia
resolved on long-term follow-up (3 months), but thrombocytopenia persisted. As with
hypogammaglobulinemia, the burden of grade ≥ 3 cytopenias is higher in the patients with
R/R B-cell ALL compared to patients with non-Hodgkin’s lymphoma [93,100]. Numerous
(>3) previous lines of therapy, baseline cytopenia, CAR construct, grade ≥ CRS/ICANS,
higher peak CRP, and higher ferritin level have been associated with late cytopenias and
a lower likelihood of count recovery at 1 month [100,101]. Caution should be exercised
in generalizing the outcomes of the studies given the difference in CAR constructs, prior
therapies administered and patient age, comorbidities, and disease burden. Management
involves supportive care measures (blood product transfusion, GCSF, and prophylactic
antibiotics in neutropenic patients).

7.2. Late Infections-Prevention and Prophylaxis

Patients treated with CAR-T cell therapy are at significantly increased risk for infec-
tions due to various patient-, disease-, and treatment-related factors. The reported incidence
of any infection in patients treated with anti-CD19 CAR-T products range from 35% to 65%
within the first weeks of infusion and as high as 63% at 1 year. Grade ≥ 3 infections were
reported beyond 8 weeks at a rate of 18% and from 7 to 19 months at a rate of 8% in the
JULIET and ZUMA-1 trial, respectively. In this vulnerable population, infection remains
the leading cause of non-relapse mortality [91,95–97,102].

In addition to direct cytotoxic effects, severe CRS and ICANS have been linked with
persistent cytopenia and therefore risk of infection [100,103]. While there is no evidence that
the use of tocilizumab is associated with increased risk of infections [104], steroid exposure
has been established as a major risk factor [95,96,102,105]. The impact of the growing
use of anakinra infection-risk is currently unknown [95]. Large retrospective registry
studies have identified high-grade ICANS as an independent risk factor for infection and
infection-related mortality [23].
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The respiratory tract has been identified as the most common site of infection in CAR-T
recipients [5,13,91]. Causative organisms have been identified as bacterial (60%), viral (31%),
and fungal (9%), and approximately 80% of patients were treated in the outpatient setting and
only 5% required ICU management [91]. The risk of bacterial infection most strongly correlates
with the degree and duration of neutropenia. As such, most recommendations follow the
guidance developed for stem cell transplant recipients and recommend antibiotic prophylaxis
(using fluroquinolone or extended-spectrum beta-lactam based on local antibiogram and
standard of care) for the duration of severe neutropenia. Infections occurring ≥ 6 months
are rare [92]; late re-activation of herpetic and zoster infections have been reported, par-
ticularly after treatment with axi-cel, and extended duration acyclovir prophylaxis is now
recommended [17,95,99]. Atypical infections such as human herpes virus-6 encephalitis and
systemic mycosis have been reported in patients with ALL [93]. Similarly, pneumocystis
jirovecii pneumonia prophylaxis per institutional standards is recommended for 6–12 months
or until the CD4 count is >400 cells/µL. Antifungal prophylaxis should be provided for
high-risk patients and those treated with tocilizumab and/or corticosteroids.

7.3. Early and Late Organ Support

Cardiac- and renal-organ-specific toxicity related to CAR-T therapy has been described
in the literature. Acute kidney injury (AKI) and chronic kidney disease (CKD) have been
well studied in patients undergoing hematopoietic stem cell transplant (HSCT) [106,107].
AKI has been reported in 5–30% of patients post-CAR-T therapy [108–110]. The risk
of developing AKI, the incidence of chronic kidney function decline in patients (12.5%
vs. 12.2%), and the average decline in eGFR from baseline (14.6% vs. 15%, p = 0.28)
were not significantly different between CAR-T recipients and HSCT recipients [111].
Additionally, the strongest risk factor for developing chronic kidney function decline was
the development of AKI within the first 30days post-CAR-T infusion and there is a trend
towards higher rates of AKI and chronic kidney function decline amongst patients with
severe CRS [111]. Available literature points to the recovery of AKI approximately 30 days
after onset [109].

Cardiac toxicities have been described in the context of lymphoid malignancies [112].
Troponin elevation has been observed in up to 54% of patients, most notably in patients
with grade ≥ 2 CRS. Moreover, one-third of patients receiving CAR-T therapy had a reduc-
tion in left ventricular ejection fraction and in long-term follow-up, 12% of patients had
cardiovascular (CV) events, including decompensated heart failure, new-onset arrhythmia,
and CV-related deaths. Studies have suggested that troponin, brain natriuretic peptide and
cardiac strain might service as indicators for CV toxicity, and it has been proposed that
tocilizumab might serve a cardioprotective role [112,113].

Long-term neurocognitive effects in patients experiencing neurotoxicity have yet to
be established and are currently being studied. Few studies have reported long-term
neurological outcomes after CAR-T therapy and ICANS. One study reported that at a
median follow-up of 28 months, amongst a cohort of 86 patients, 10% had new neurologic
findings (including cerebrovascular accidents and transient ischemic attacks), peripheral
neuropathy and Alzheimer’s were found in 2 patients with CR, and 9% had depression and
anxiety requiring therapy [91]. Ongoing memory impairment and unresolved neurological
impairment 18 days post-infusion have been reported in 4–5% of patients [5,93]. Young age,
preexisting anxiety and depression, and acute neurotoxicity were associated with worse
outcomes, suggesting long term survivors of CAR-T therapy and especially those with
acute neurotoxicity may benefit from mental health service follow up after completing
CAR-T therapy [114].

While data exists for in-hospital mortality, ICU mortality (8.6%) [74], and 90-day
mortality (22.4%) [115], there is a paucity of data on long-term outcomes of patients
admitted to the ICU for CAR-T-related toxicity management.
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8. Resource Utility in CAR-T Therapy Management

In addition to efficacy and toxicity, resource utilization may also be an important
consideration. Early studies on cost-effectiveness assessed CAR-T therapy as cost-effective
based on improved survival and quality life years gained [116,117]. Beyond the initial cost
of acquisition, the main contributor to overall cost is the resource-utilization related length
of inpatient hospital and ICU care [118]. Both are directly related to the rate and severity of
CRS and neurotoxicity [119–122]. Certain CAR products (axi-cel compared to tisa-cel) have
significantly higher resource utilization, with treatment initiated in the inpatient setting,
longer hospital length of stay (19 days vs. 16 days), and higher rates of ICU admission
(38% vs. 5%) [19]. Despite the higher incidence of severe toxicities, the outcomes in this
population are favorable and whether observation in the ICU is required for all patients is
an area that requires further investigation [74,118].

The feasibility of outpatient infusion and follow-up has been shown in several clinical
trials and the real-world “standard of care” [123]. The promise of lower utilization of health
care resources makes outpatient treatment desirable. In addition to the intrinsic risk of early
and severe CRS/ICANs related to the CAR-T product, the feasibility of outpatient treatment
depends on several patient and institutional factors: (1) patient-specific factors associated
with risk of early and severe adverse events such as high tumor burden (elevated LDH),
elevated inflammatory markers or low Eastern Cooperative Oncology Group performance
status. Improved predictive models to assess individual patient risk for severe CRS or
ICANS are needed to help with this decision making. (2) The necessary amount of social
and family support for around-the-clock monitoring, and the willingness and capability to
seek immediate medical attention at the first sign of adverse effects. (3) A health system
ready to coordinate CAR-T-specific care 24/7 including trained on-call and emergency
physicians and well-coordinated, frequent follow-up visits.

9. Future Directions

Since it’s commercialization in 2017, CAR products have shown promising early post-
CAR responses and longitudinal data are slowly becoming available. To date, we have not
identified robust predictors of response durability and relapse, and predictors to identify
patients who are likely to achieve lasting responses versus those with early remission.
Among patients with an initial response to therapy, antigen-escape—the partial or complete
loss of the CAR-T target antigen—is emerging as a key mechanism of disease relapse.
Antigen escape has been described in up to 28% of patients with B-cell lymphoma, up to
68% of ALL patients, and has recently also been described in multiple myeloma [124–127].
CAR-T products targeting multiple cancer antigens may overcome antigen-escape and are
currently being investigated [128]. Beyond CAR-T design, nuances in the manufacturing
process such as faster turnaround time and variable T-cell composition have been shown to
impact CAR-T cell expansion, persistence, and efficacy [129].

An outstanding question that remains in the field is the role of consolidative HSCT
post-CAR-T therapy. Pediatric data demonstrated decreased relapse in patients consol-
idation with HSCT after CD19 CAR treatment [130,131]. In contrast, adult patients re-
ceiving post-CAR consolidative HSCT did not show a benefit in event-free-survival or
OS [87,132]. The optimal strategy to predict and manage post-CAR relapse, including the
role of consolidative HSCT remains to be defined.

As the early use of steroids and other interventions such as anakinra, previously
considered “rescue therapies”, are administered more routinely, well-designed studies are
needed to evaluate not only the short term-effect on CAR-T toxicity, but also the long-term
impact of these immune suppressive strategies. Moreover, current literature focuses on
relapse/complete remission/durable response, and CAR-T persistence. Robust studies
are evaluating patient-centered outcomes, such as functional status, disposition (home,
nursing home hospice, etc.) and continued need for organ support (e.g., chronic ventilatory
support and renal replacement therapy), in patients with grade ≥ 2 toxicity requiring ICU
who are currently lacking. care.
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Finally, CAR-T therapy has been studied in early phase trials of solid tumors, such as
neurobloastoma, sarcoma, non-small cell lung cancer and renal cell carcinoma [133–135].
Some of the hurdles for CAR-T therapy in solid tumors have been noted to be a lack of
tumor-specific antigens, inefficient CAR-T cell trafficking into tumor sites, toxicity and
antigen escape. On-target/off-tumor toxicity is a major obstacle to CAR-T therapy in
solid tumors. In contrast to CD19 and BCMA, which are highly specific B-cell antigens,
solid tumor-associated antigens are overexpressed in solid tumors and on healthy tissue
leading to reports of fatal pulmonary toxicity and encephalitis in early stage trials [136,137].
Although the clinical success of CAR-T cell therapy in solid tumors has not paralleled
that of hematologic malignancies yet, some clinical responses provide encouragement for
further trials.

The future holds the promise that novel CAR-T constructs, and novel cell products,
such as CAR- natural killer cells (NK) or CAR-macrophages can target a wide range of
hematologic and solid-tumor malignancies. CAR-NK cells have demonstrated a response
rate of 73% and a complete response of 63% in patients with R/R non-hodgkins lymphoma
or CLL. CAR-NK has several advantages over CAR-T cells [138]; is not associated with an
inflammatory surge of cytokines; and thus presents a lower risk of CRS and ICANS [139],
reduced risk of allo-reactivity, and can be manufactured “off-the-shelf” from existing
NK-cell lines, cord blood, and induced-pluripotent stem cells. In contrast to T and NK
cells, macrophages account for the majority of infiltrating immune cells in solid tumors.
CAR-macrophages are, therefore, a promising mechanism currently under investigation to
overcome the anti-inflammatory tumor environment of solid-tumors [139,140].

In summary, CAR-T cell therapies have revolutionized cancer treatment and have
demonstrated excellent response rates in relapsed and refractory malignancies. Although
the potential for severe toxicities exists, standardized monitoring has enabled early recogni-
tion and intervention, leading to the successful translation of CAR therapy from clinical
trials to standard-of-care practice. Ongoing improvements in toxicity mitigation strategies,
CAR product design, manufacturing, and patient selection, as well as the identification
of novel cancer-specific targets, will further expand the application of CAR-cell therapies
for a growing number of hematologic and solid-tumor malignancies. However, with more
patients being successfully treated, long-term follow-up and management of the potential
long-term effects of CAR-cell therapy remain to be investigated.

Author Contributions: Conceptualization, P.R.; methodology, P.R. and S.R.M.; resources, P.R. and
S.R.M.; writing—original draft preparation, S.R.M.; writing—review and editing, P.R.; visualization,
P.R. and S.R.M.; supervision, P.R.; funding acquisition, P.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported, in part, by the Core Grant (P30 CA008748) and the Depart-
ment of Anesthesiology and Critical Care Medicine, Memorial Sloan Kettering Cancer Center, New
York, NY, USA.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wagner, J.; Wickman, E.; De Renzo, C.; Gottschalk, S. CAR T Cell Therapy for Solid Tumors: Bright Future or Dark Reality? Mol.

Ther. 2020, 28, 2320–2339. [CrossRef] [PubMed]
2. Aghajanian, H.; Rurik, J.G.; Epstein, J.A. CAR-based therapies: Opportunities for immuno-medicine beyond cancer. Nat. Metab.

2022, 4, 163–169. [CrossRef] [PubMed]
3. June, C.H.; O’Connor, R.S.; Kawalekar, O.U.; Ghassemi, S.; Milone, M.C. CAR T cell immunotherapy for human cancer. Science

2018, 359, 1361–1365. [CrossRef]
4. Feins, S.; Kong, W.; Williams, E.F.; Milone, M.C.; Fraietta, J.A. An introduction to chimeric antigen receptor (CAR) T-cell

immunotherapy for human cancer. Am. J. Hematol. 2019, 94, S3–S9. [CrossRef]
5. Neelapu, S.S.; Locke, F.L.; Bartlett, N.L.; Lekakis, L.J.; Miklos, D.B.; Jacobson, C.A.; Braunschweig, I.; Oluwole, O.O.; Siddiqi, T.;

Lin, Y.; et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N. Engl. J. Med. 2017, 377,
2531–2544. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ymthe.2020.09.015
https://www.ncbi.nlm.nih.gov/pubmed/32979309
https://doi.org/10.1038/s42255-022-00537-5
https://www.ncbi.nlm.nih.gov/pubmed/35228742
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1002/ajh.25418
https://doi.org/10.1056/NEJMoa1707447
https://www.ncbi.nlm.nih.gov/pubmed/29226797


Curr. Oncol. 2023, 30 5017

6. Neelapu, S.S.; Jacobson, C.A.; Ghobadi, A.; Miklos, D.B.; Lekakis, L.J.; Oluwole, O.O.; Lin, Y.; Braunschweig, I.; Hill, B.T.;
Timmerman, J.M.; et al. 5-Year Follow-Up Supports Curative Potential of Axicabtagene Ciloleucel in Refractory Large B-Cell
Lymphoma (ZUMA-1). Blood 2023, 141, 2307–2315. [CrossRef] [PubMed]

7. Santomasso, B.D.; Nastoupil, L.J.; Adkins, S.; Lacchetti, C.; Schneider, B.J.; Anadkat, M.; Atkins, M.B.; Brassil, K.J.; Caterino,
J.M.; Chau, I.; et al. Management of Immune-Related Adverse Events in Patients Treated with Chimeric Antigen Receptor T-Cell
Therapy: ASCO Guideline. J. Clin. Oncol. 2021, 39, 3978–3992. [CrossRef]

8. Hoppe, R.T.; Advani, R.H.; Ai, W.Z.; Ambinder, R.F.; Armand, P.; Bello, C.M.; Benitez, C.M.; Chen, W.; Dabaja, B.; Daly, M.E.; et al.
NCCN Guidelines® Insights: Hodgkin Lymphoma, Version 2.2022. J. Natl. Compr. Cancer Netw. 2022, 20, 322–334. [CrossRef]

9. Chen, L.; Flies, D.B. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat. Rev. Immunol. 2013, 13, 227–242,
Erratum in Nat. Rev. Immunol. 2013, 13, 542. [CrossRef]

10. Cappell, K.M.; Kochenderfer, J.N. A comparison of chimeric antigen receptors containing CD28 versus 4-1BB costimulatory
domains. Nat. Rev. Clin. Oncol. 2021, 18, 715–727. [CrossRef]

11. Wang, M.; Munoz, J.; Goy, A.; Locke, F.L.; Jacobson, C.A.; Hill, B.T.; Timmerman, J.M.; Holmes, H.; Jaglowski, S.; Flinn, I.W.;
et al. KTE-X19 CAR T-Cell Therapy in Relapsed or Refractory Mantle-Cell Lymphoma. N. Engl. J. Med. 2020, 382, 1331–1342.
[CrossRef] [PubMed]

12. Abramson, J.S.; Palomba, M.L.; Gordon, L.I.; Lunning, M.A.; Wang, M.; Arnason, J.; Mehta, A.; Purev, E.; Maloney, D.G.;
Andreadis, C.; et al. Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell lymphomas (TRANSCEND
NHL 001): A multicentre seamless design study. Lancet 2020, 396, 839–852. [CrossRef] [PubMed]

13. Schuster, S.J.; Bishop, M.R.; Tam, C.S.; Waller, E.K.; Borchmann, P.; McGuirk, J.P.; Jäger, U.; Jaglowski, S.; Andreadis, C.; Westin,
J.R.; et al. Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-Cell Lymphoma. N. Engl. J. Med. 2019, 380, 45–56.
[CrossRef] [PubMed]

14. Munshi, N.C.; Anderson, L.D., Jr.; Shah, N.; Madduri, D.; Berdeja, J.; Lonial, S.; Raje, N.; Lin, Y.; Siegel, D.; Oriol, A.; et al.
Idecabtagene Vicleucel in Relapsed and Refractory Multiple Myeloma. N. Engl. J. Med. 2021, 384, 705–716. [CrossRef]

15. Berdeja, J.G.; Madduri, D.; Usmani, S.Z.; Jakubowiak, A.; Agha, M.; Cohen, A.D.; Stewart, A.K.; Hari, P.; Htut, M.; Lesokhin, A.;
et al. Ciltacabtagene autoleucel, a B-cell maturation antigen-directed chimeric antigen receptor T-cell therapy in patients with
relapsed or refractory multiple myeloma (CARTITUDE-1): A phase 1b/2 open-label study. Lancet 2021, 398, 314–324. [CrossRef]

16. Jacobson, C.A.; Locke, F.L.; Ma, L.; Asubonteng, J.; Hu, Z.-H.; Siddiqi, T.; Ahmed, S.; Ghobadi, A.; Miklos, D.B.; Lin, Y.; et al.
Real-World Evidence of Axicabtagene Ciloleucel for the Treatment of Large B Cell Lymphoma in the United States. Transplant.
Cell. Ther. 2022, 28, 581-e1. [CrossRef]

17. Kwon, M.; Iacoboni, G.; Reguera, J.L.; Corral, L.L.; Morales, R.H.; Ortiz-Maldonado, V.; Guerreiro, M.; Caballero, A.C.; Domínguez,
M.L.G.; Pina, J.M.S.; et al. Axicabtagene ciloleucel compared to tisagenlecleucel for the treatment of aggressive B-cell lymphoma.
Haematologica 2022, 108, 110–121. [CrossRef]

18. Bastos-Oreiro, M.; Gutierrez, A.; Reguera, J.L.; Iacoboni, G.; López-Corral, L.; Terol, M.J.; Ortíz-Maldonado, V.; Sanz, J.; Guerra-
Dominguez, L.; Bailen, R.; et al. Best Treatment Option for Patients with Refractory Aggressive B-Cell Lymphoma in the CAR-T
Cell Era: Real-World Evidence From GELTAMO/GETH Spanish Groups. Front. Immunol. 2022, 13, 855730. [CrossRef]

19. Riedell, P.A.; Hwang, W.-T.; Nastoupil, L.J.; Pennisi, M.; McGuirk, J.P.; Maziarz, R.T.; Bachanova, V.; Oluwole, O.O.; Brower, J.;
Flores, O.A.; et al. Patterns of Use, Outcomes, and Resource Utilization among Recipients of Commercial Axicabtagene Ciloleucel
and Tisagenlecleucel for Relapsed/Refractory Aggressive B Cell Lymphomas. Transplant. Cell. Ther. 2022, 28, 669–676. [CrossRef]

20. Gauthier, J.; Gazeau, N.; Hirayama, A.V.; Hill, J.A.; Wu, V.; Cearley, A.; Perkins, P.; Kirk, A.; Shadman, M.; Chow, V.A.; et al.
Impact of CD19 CAR T-cell product type on outcomes in relapsed or refractory aggressive B-NHL. Blood 2022, 139, 3722–3731.
[CrossRef]

21. Kuhnl, A.; Roddie, C.; Kirkwood, A.A.; Tholouli, E.; Menne, T.; Patel, A.; Besley, C.; Chaganti, S.; Sanderson, R.; O’Reilly, M.; et al.
A national service for delivering CD19 CAR-T in large B-cell lymphoma—The UK real-world experience. Br. J. Haematol. 2022,
198, 492–502. [CrossRef]

22. Bachy, E.; Le Gouill, S.; Di Blasi, R.; Sesques, P.; Manson, G.; Cartron, G.; Beauvais, D.; Roulin, L.; Gros, F.X.; Rubio, M.T.; et al. A
real-world comparison of tisagenlecleucel and axicabtagene ciloleucel CAR T cells in relapsed or refractory diffuse large B cell
lymphoma. Nat. Med. 2022, 28, 2145–2154. [CrossRef] [PubMed]

23. Bethge, W.A.; Martus, P.; Schmitt, M.; Holtick, U.; Subklewe, M.; von Tresckow, B.; Ayuk, F.; Wagner-Drouet, E.M.; Wulf, G.G.;
Marks, R.; et al. GLA/DRST real-world outcome analysis of CAR-T cell therapies for large B-cell lymphoma in Germany. Blood
2022, 140, 349–358. [CrossRef] [PubMed]

24. Jacobson, C.A.; Hunter, B.D.; Redd, R.; Rodig, S.J.; Chen, P.-H.; Wright, K.; Lipschitz, M.; Ritz, J.; Kamihara, Y.; Armand, P.; et al.
Axicabtagene Ciloleucel in the Non-Trial Setting: Outcomes and Correlates of Response, Resistance, and Toxicity. J. Clin. Oncol.
2020, 38, 3095–3106. [CrossRef] [PubMed]

25. Iacoboni, G.; Villacampa, G.; Martinez-Cibrian, N.; Bailén, R.; Corral, L.L.; Sanchez, J.M.; Guerreiro, M.; Caballero, A.C.; Mussetti,
A.; Sancho, J.; et al. Real-world evidence of tisagenlecleucel for the treatment of relapsed or refractory large B-cell lymphoma.
Cancer Med. 2021, 10, 3214–3223. [CrossRef]

26. Nastoupil, L.J.; Jain, M.; Feng, L.; Spiegel, J.Y.; Ghobadi, A.; Lin, Y.; Dahiya, S.; Lunning, M.; Lekakis, L.; Reagan, P.; et al.
Standard-of-Care Axicabtagene Ciloleucel for Relapsed or Refractory Large B-Cell Lymphoma: Results from the US Lymphoma
CAR T Consortium. J. Clin. Oncol. 2020, 38, 3119–3128. [CrossRef]

https://doi.org/10.1182/blood.2022018893
https://www.ncbi.nlm.nih.gov/pubmed/36821768
https://doi.org/10.1200/JCO.21.01992
https://doi.org/10.6004/jnccn.2022.0021
https://doi.org/10.1038/nri3405
https://doi.org/10.1038/s41571-021-00530-z
https://doi.org/10.1056/NEJMoa1914347
https://www.ncbi.nlm.nih.gov/pubmed/32242358
https://doi.org/10.1016/S0140-6736(20)31366-0
https://www.ncbi.nlm.nih.gov/pubmed/32888407
https://doi.org/10.1056/NEJMoa1804980
https://www.ncbi.nlm.nih.gov/pubmed/30501490
https://doi.org/10.1056/NEJMoa2024850
https://doi.org/10.1016/S0140-6736(21)00933-8
https://doi.org/10.1016/j.jtct.2022.05.026
https://doi.org/10.3324/haematol.2022.280805
https://doi.org/10.3389/fimmu.2022.855730
https://doi.org/10.1016/j.jtct.2022.07.011
https://doi.org/10.1182/blood.2021014497
https://doi.org/10.1111/bjh.18209
https://doi.org/10.1038/s41591-022-01969-y
https://www.ncbi.nlm.nih.gov/pubmed/36138152
https://doi.org/10.1182/blood.2021015209
https://www.ncbi.nlm.nih.gov/pubmed/35316325
https://doi.org/10.1200/JCO.19.02103
https://www.ncbi.nlm.nih.gov/pubmed/32667831
https://doi.org/10.1002/cam4.3881
https://doi.org/10.1200/JCO.19.02104


Curr. Oncol. 2023, 30 5018

27. Pasquini, M.C.; Hu, Z.-H.; Curran, K.; Laetsch, T.; Locke, F.; Rouce, R.; Pulsipher, M.A.; Phillips, C.L.; Keating, A.; Frigault, M.J.;
et al. Real-world evidence of tisagenlecleucel for pediatric acute lymphoblastic leukemia and non-Hodgkin lymphoma. Blood
Adv. 2020, 4, 5414–5424. [CrossRef]

28. Iacoboni, G.; Rejeski, K.; Villacampa, G.; van Doesum, J.A.; Chiappella, A.; Bonifazi, F.; Lopez-Corral, L.; van Aalderen, M.; Kwon,
M.; Martínez-Cibrian, N.; et al. Real-world evidence of brexucabtagene autoleucel for the treatment of relapsed or refractory
mantle cell lymphoma. Blood Adv. 2022, 6, 3606–3610. [CrossRef]

29. Wang, Y.; Jain, P.; Locke, F.L.; Maurer, M.J.; Frank, M.J.; Munoz, J.L.; Dahiya, S.; Beitinjaneh, A.M.; Jacobs, M.T.; Mcguirk, J.P.; et al.
Brexucabtagene Autoleucel for Relapsed or Refractory Mantle Cell Lymphoma in Standard-of-Care Practice: Results from the US
Lymphoma CAR T Consortium. J. Clin. Oncol. 2023, 41, 2594–2606. [CrossRef]

30. Hansen, D.K.; Sidana, S.; Peres, L.C.; Leitzinger, C.C.; Shune, L.; Shrewsbury, A.; Gonzalez, R.; Sborov, D.W.; Wagner, C.; Dima,
D.; et al. Idecabtagene Vicleucel for Relapsed/Refractory Multiple Myeloma: Real-World Experience from the Myeloma CAR T
Consortium. J. Clin. Oncol. 2023, 41, 2087–2097. [CrossRef]

31. Pasquini, M.C.; Locke, F.L.; Herrera, A.F.; Siddiqi, T.; Ghobadi, A.; Komanduri, K.V.; Hu, Z.-H.; Dong, H.; Hematti, P.; Nikiforow,
S.; et al. Post-Marketing Use Outcomes of an Anti-CD19 Chimeric Antigen Receptor (CAR) T Cell Therapy, Axicabtagene
Ciloleucel (Axi-Cel), for the Treatment of Large B Cell Lymphoma (LBCL) in the United States (US). Blood 2019, 134, 764.
[CrossRef]

32. Morris, E.C.; Neelapu, S.S.; Giavridis, T.; Sadelain, M. Cytokine release syndrome and associated neurotoxicity in cancer
immunotherapy. Nat. Rev. Immunol. 2021, 22, 85–96. [CrossRef] [PubMed]

33. Wat, J.; Barmettler, S. Hypogammaglobulinemia After Chimeric Antigen Receptor (CAR) T-Cell Therapy: Characteristics,
Management, and Future Directions. J. Allergy Clin. Immunol. Pract. 2021, 10, 460–466. [CrossRef] [PubMed]

34. Lee, D.W.; Santomasso, B.D.; Locke, F.L.; Ghobadi, A.; Turtle, C.J.; Brudno, J.N.; Maus, M.V.; Park, J.H.; Mead, E.; Pavletic, S.; et al.
ASTCT Consensus Grading for Cytokine Release Syndrome and Neurologic Toxicity Associated with Immune Effector Cells. Biol.
Blood Marrow Transplant. 2019, 25, 625–638. [CrossRef] [PubMed]

35. Brudno, J.N.; Kochenderfer, J.N. Recent advances in CAR T-cell toxicity: Mechanisms, manifestations and management. Blood
Rev. 2019, 34, 45–55. [CrossRef]

36. Giavridis, T.; Van Der Stegen, S.J.C.; Eyquem, J.; Hamieh, M.; Piersigilli, A.; Sadelain, M. CAR T cell–induced cytokine release
syndrome is mediated by macrophages and abated by IL-1 blockade. Nat. Med. 2018, 24, 731–738. [CrossRef]

37. Teachey, D.T.; Lacey, S.F.; Shaw, P.A.; Melenhorst, J.J.; Maude, S.L.; Frey, N.; Pequignot, E.; Gonzalez, V.E.; Chen, F.; Finklestein, J.;
et al. Identification of Predictive Biomarkers for Cytokine Release Syndrome after Chimeric Antigen Receptor T-cell Therapy for
Acute Lymphoblastic Leukemia. Cancer Discov. 2016, 6, 664–679. [CrossRef]

38. Hay, K.A.; Hanafi, L.-A.; Li, D.; Gust, J.; Liles, W.C.; Wurfel, M.M.; López, J.A.; Chen, J.; Chung, D.; Harju-Baker, S.; et al. Kinetics
and biomarkers of severe cytokine release syndrome after CD19 chimeric antigen receptor–modified T-cell therapy. Blood 2017,
130, 2295–2306. [CrossRef]

39. Norelli, M.; Camisa, B.; Barbiera, G.; Falcone, L.; Purevdorj, A.; Genua, M.; Sanvito, F.; Ponzoni, M.; Doglioni, C.; Cristofori, P.;
et al. Monocyte-derived IL-1 and IL-6 are differentially required for cytokine-release syndrome and neurotoxicity due to CAR T
cells. Nat. Med. 2018, 24, 739–748. [CrossRef]

40. Greenbaum, U.; Strati, P.; Saliba, R.M.; Torres, J.; Rondon, G.; Nieto, Y.; Hosing, C.; Srour, S.A.; Westin, J.; Fayad, L.E.; et al. CRP
and ferritin in addition to the EASIX score predict CAR-T–related toxicity. Blood Adv. 2021, 5, 2799–2806. [CrossRef]

41. Yan, Z.; Zhang, H.; Cao, J.; Zhang, C.; Liu, H.; Huang, H.; Cheng, H.; Qiao, J.; Wang, Y.; Wang, Y.; et al. Characteristics and
Risk Factors of Cytokine Release Syndrome in Chimeric Antigen Receptor T Cell Treatment. Front. Immunol. 2021, 12, 611366.
[CrossRef]

42. Le, R.Q.; Li, L.; Yuan, W.; Shord, S.S.; Nie, L.; Habtemariam, B.A.; Przepiorka, D.; Farrell, A.T.; Pazdur, R. FDA Approval
Summary: Tocilizumab for Treatment of Chimeric Antigen Receptor T Cell-Induced Severe or Life-Threatening Cytokine Release
Syndrome. Oncologist 2018, 23, 943–947. [CrossRef]

43. Thompson, J.A.; Schneider, B.J.; Brahmer, J.; Achufusi, A.; Armand, P.; Berkenstock, M.K.; Bhatia, S.; Budde, L.E.; Chokshi, S.;
Davies, M.; et al. Management of Immunotherapy-Related Toxicities, Version 1.2022, NCCN Clinical Practice Guidelines in
Oncology. J. Natl. Compr. Cancer Netw. 2022, 20, 387–405. [CrossRef]

44. Maus, M.V.; Alexander, S.; Bishop, M.R.; Brudno, J.N.; Callahan, C.; Davila, M.L.; Diamonte, C.; Dietrich, J.; Fitzgerald, J.C.;
Frigault, M.J.; et al. Society for Immunotherapy of Cancer (SITC) clinical practice guideline on immune effector cell-related
adverse events. J. Immunother. Cancer 2020, 8, e001511. [CrossRef]

45. Oluwole, O.O.; Bouabdallah, K.; Muñoz, J.; De Guibert, S.; Vose, J.M.; Bartlett, N.L.; Lin, Y.; Deol, A.; McSweeney, P.A.; Goy, A.H.;
et al. Prophylactic corticosteroid use in patients receiving axicabtagene ciloleucel for large B-cell lymphoma. Br. J. Haematol. 2021,
194, 690–700. [CrossRef]

46. Strati, P.; Ahmed, S.; Kebriaei, P.; Nastoupil, L.J.; Claussen, C.M.; Watson, G.; Horowitz, S.B.; Brown, A.R.T.; Do, B.; Rodriguez,
M.A.; et al. Clinical efficacy of anakinra to mitigate CAR T-cell therapy–associated toxicity in large B-cell lymphoma. Blood Adv.
2020, 4, 3123–3127. [CrossRef]

47. Diorio, C.; Vatsayan, A.; Talleur, A.C.; Annesley, C.; Jaroscak, J.J.; Shalabi, H.; Ombrello, A.K.; Hudspeth, M.; Maude, S.L.; Gardner,
R.A.; et al. Anakinra utilization in refractory pediatric CAR T-cell associated toxicities. Blood Adv. 2022, 6, 3398–3403. [CrossRef]

https://doi.org/10.1182/bloodadvances.2020003092
https://doi.org/10.1182/bloodadvances.2021006922
https://doi.org/10.1200/JCO.22.01797
https://doi.org/10.1200/JCO.22.01365
https://doi.org/10.1182/blood-2019-124750
https://doi.org/10.1038/s41577-021-00547-6
https://www.ncbi.nlm.nih.gov/pubmed/34002066
https://doi.org/10.1016/j.jaip.2021.10.037
https://www.ncbi.nlm.nih.gov/pubmed/34757064
https://doi.org/10.1016/j.bbmt.2018.12.758
https://www.ncbi.nlm.nih.gov/pubmed/30592986
https://doi.org/10.1016/j.blre.2018.11.002
https://doi.org/10.1038/s41591-018-0041-7
https://doi.org/10.1158/2159-8290.CD-16-0040
https://doi.org/10.1182/blood-2017-06-793141
https://doi.org/10.1038/s41591-018-0036-4
https://doi.org/10.1182/bloodadvances.2021004575
https://doi.org/10.3389/fimmu.2021.611366
https://doi.org/10.1634/theoncologist.2018-0028
https://doi.org/10.6004/jnccn.2022.0020
https://doi.org/10.1136/jitc-2020-001511
https://doi.org/10.1111/bjh.17527
https://doi.org/10.1182/bloodadvances.2020002328
https://doi.org/10.1182/bloodadvances.2022006983


Curr. Oncol. 2023, 30 5019

48. Grom, A.A.; Horne, A.; De Benedetti, F. Macrophage activation syndrome in the era of biologic therapy. Nat. Rev. Rheumatol.
2016, 12, 259–268. [CrossRef]

49. Gadoury-Levesque, V.; Dong, L.; Su, R.; Chen, J.; Zhang, K.; Risma, K.A.; Marsh, R.A.; Sun, M. Frequency and spectrum of
disease-causing variants in 1892 patients with suspected genetic HLH disorders. Blood Adv. 2020, 4, 2578–2594. [CrossRef]

50. Machaczka, M.; Vaktnäs, J.; Klimkowska, M.; Hägglund, H. Malignancy-associated hemophagocytic lymphohistiocytosis in
adults: A retrospective population-based analysis from a single center. Leuk. Lymphoma 2011, 52, 613–619. [CrossRef]

51. Daver, N.; McClain, K.; Allen, C.E.; Parikh, S.A.; Otrock, Z.; Rojas-Hernandez, C.; Blechacz, B.; Wang, S.; Minkov, M.; Jordan, M.B.;
et al. A consensus review on malignancy-associated hemophagocytic lymphohistiocytosis in adults. Cancer 2017, 123, 3229–3240.
[CrossRef]

52. Tong, H.; Ren, Y.; Liu, H.; Xiao, F.; Mai, W.; Meng, H.; Qian, W.; Huang, J.; Mao, L.; Tong, Y.; et al. Clinical characteristics of T-cell
lymphoma associated with hemophagocytic syndrome: Comparison of T-cell lymphoma with and without hemophagocytic
syndrome. Leuk. Lymphoma 2008, 49, 81–87. [CrossRef]

53. Henter, J.-I.; Horne, A.; Aricó, M.; Egeler, R.M.; Filipovich, A.H.; Imashuku, S.; Ladisch, S.; McClain, K.; Webb, D.; Winiarski, J.;
et al. HLH-2004: Diagnostic and therapeutic guidelines for hemophagocytic lymphohistiocytosis. Pediatr. Blood Cancer 2006, 48,
124–131. [CrossRef]

54. Fardet, L.; Galicier, L.; Lambotte, O.; Marzac, C.; Aumont, C.; Chahwan, D.; Coppo, P.; Hejblum, G. Development and Validation
of the HScore, a Score for the Diagnosis of Reactive Hemophagocytic Syndrome. Arthritis Rheumatol. 2014, 66, 2613–2620.
[CrossRef]

55. Kim, D.W.; Bukhari, A.; Lutfi, F.; Zafforoni, F.; Merechi, F.; Ali, M.K.M.; Gottlieb, D.; Lee, S.T.; Kocoglu, M.H.; Hardy, N.M.; et al.
Low utility of the H-Score and HLH-2004 criteria to identify patients with secondary hemophagocytic lymphohistiocytosis after
CAR-T cell therapy for relapsed/refractory diffuse large B-Cell lymphoma. Leuk. Lymphoma 2022, 63, 1339–1347. [CrossRef]

56. Neelapu, S.S.; Tummala, S.; Kebriaei, P.; Wierda, W.; Gutierrez, C.; Locke, F.L.; Komanduri, K.V.; Lin, Y.; Jain, N.; Daver, N.; et al.
Chimeric antigen receptor T-cell therapy—Assessment and management of toxicities. Nat. Rev. Clin. Oncol. 2017, 15, 47–62.
[CrossRef]

57. Hines, M.R.; Keenan, C.; Alfaro, G.M.; Cheng, C.; Zhou, Y.; Sharma, A.; Hurley, C.; Nichols, K.E.; Gottschalk, S.; Triplett, B.M.;
et al. Hemophagocytic lymphohistiocytosis-like toxicity (carHLH) after CD19-specific CAR T-cell therapy. Br. J. Haematol. 2021,
194, 701–707. [CrossRef]

58. Sandler, R.D.; Tattersall, R.S.; Schoemans, H.; Greco, R.; Badoglio, M.; Labopin, M.; Alexander, T.; Kirgizov, K.; Rovira, M.; Saif,
M.; et al. Diagnosis and Management of Secondary HLH/MAS Following HSCT and CAR-T Cell Therapy in Adults; A Review
of the Literature and a Survey of Practice Within EBMT Centres on Behalf of the Autoimmune Diseases Working Party (ADWP)
and Transplant Complications Working Party (TCWP). Front. Immunol. 2020, 11, 524. [CrossRef]

59. Priyadarshini, S.; Harris, A.; Treisman, D.; Cupac, J.N.; Li, N.; Yan, D.; Munker, R. Hemophagocytic lymphohistiocytosis secondary
to CAR-T cells: Update from the FDA and Vizient databases. Am. J. Hematol. 2022, 97, E374–E376. [CrossRef]

60. Shah, N.N.; Highfill, S.L.; Shalabi, H.; Yates, B.; Jin, J.; Wolters, P.L.; Ombrello, A.; Steinberg, S.M.; Martin, S.; Delbrook, C.; et al.
CD4/CD8 T-Cell Selection Affects Chimeric Antigen Receptor (CAR) T-Cell Potency and Toxicity: Updated Results from a Phase
I Anti-CD22 CAR T-Cell Trial. J. Clin. Oncol. 2020, 38, 1938–1950. [CrossRef]

61. Lichtenstein, D.A.; Schischlik, F.; Shao, L.; Steinberg, S.M.; Yates, B.; Wang, H.-W.; Wang, Y.; Inglefield, J.; Dulau-Florea, A.; Ceppi,
F.; et al. Characterization of HLH-like manifestations as a CRS variant in patients receiving CD22 CAR T cells. Blood 2021, 138,
2469–2484. [CrossRef]

62. Vallurupalli, M.; Berliner, N. Emapalumab for the treatment of relapsed/refractory hemophagocytic lymphohistiocytosis. Blood
2019, 134, 1783–1786. [CrossRef]

63. Ishii, K.; Pouzolles, M.; Chien, C.D.; Erwin-Cohen, R.A.; Kohler, M.E.; Qin, H.; Lei, H.; Kuhn, S.; Ombrello, A.K.; Dulau-Florea, A.;
et al. Perforin-deficient CAR T cells recapitulate late-onset inflammatory toxicities observed in patients. J. Clin. Investig. 2020, 130,
5425–5443. [CrossRef]

64. Holtzman, N.G.; Xie, H.; Bentzen, S.; Kesari, V.; Bukhari, A.; El Chaer, F.; Lutfi, F.; Siglin, J.; Hutnick, E.; Gahres, N.; et al.
Immune effector cell–associated neurotoxicity syndrome after chimeric antigen receptor T-cell therapy for lymphoma: Predictive
biomarkers and clinical outcomes. Neuro-Oncology 2020, 23, 112–121. [CrossRef]

65. Santomasso, B.D.; Park, J.H.; Salloum, D.; Riviere, I.; Flynn, J.; Mead, E.; Halton, E.; Wang, X.; Senechal, B.; Purdon, T.; et al. Clinical
and Biological Correlates of Neurotoxicity Associated with CAR T-cell Therapy in Patients with B-cell Acute Lymphoblastic
Leukemia. Cancer Discov. 2018, 8, 958–971. [CrossRef]

66. Gust, J.; Hay, K.A.; Hanafi, L.-A.; Li, D.; Myerson, D.; Gonzalez-Cuyar, L.F.; Yeung, C.; Liles, W.C.; Wurfel, M.; Lopez, J.A.; et al.
Endothelial Activation and Blood–Brain Barrier Disruption in Neurotoxicity after Adoptive Immunotherapy with CD19 CAR-T
Cells. Cancer Discov. 2017, 7, 1404–1419. [CrossRef]

67. Butt, O.H.; Zhou, A.Y.; Ances, B.M.; DiPersio, J.F.; Ghobadi, A. A systematic framework for predictive biomarkers in immune
effector cell-associated neurotoxicity syndrome. Front. Neurol. 2023, 14, 1110647. [CrossRef]

68. Möhn, N.; Bonda, V.; Grote-Levi, L.; Panagiota, V.; Fröhlich, T.; Schultze-Florey, C.; Wattjes, M.P.; Beutel, G.; Eder, M.; David, S.;
et al. Neurological management and work-up of neurotoxicity associated with CAR T cell therapy. Neurol. Res. Pract. 2022, 4, 1.
[CrossRef]

https://doi.org/10.1038/nrrheum.2015.179
https://doi.org/10.1182/bloodadvances.2020001605
https://doi.org/10.3109/10428194.2010.551153
https://doi.org/10.1002/cncr.30826
https://doi.org/10.1080/10428190701713630
https://doi.org/10.1002/pbc.21039
https://doi.org/10.1002/art.38690
https://doi.org/10.1080/10428194.2021.2024817
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1111/bjh.17662
https://doi.org/10.3389/fimmu.2020.00524
https://doi.org/10.1002/ajh.26668
https://doi.org/10.1200/JCO.19.03279
https://doi.org/10.1182/blood.2021011898
https://doi.org/10.1182/blood.2019002289
https://doi.org/10.1172/JCI130059
https://doi.org/10.1093/neuonc/noaa183
https://doi.org/10.1158/2159-8290.CD-17-1319
https://doi.org/10.1158/2159-8290.CD-17-0698
https://doi.org/10.3389/fneur.2023.1110647
https://doi.org/10.1186/s42466-021-00166-5


Curr. Oncol. 2023, 30 5020

69. Gofshteyn, J.S.; Shaw, P.A.; Teachey, D.; Grupp, S.A.; Maude, S.; Banwell, B.; Chen, F.; Lacey, S.F.; Melenhorst, J.J.; Edmonson, M.J.;
et al. Neurotoxicity after CTL019 in a pediatric and young adult cohort. Ann. Neurol. 2018, 84, 537–546. [CrossRef]

70. Santomasso, B.D.; Gust, J.; Perna, F. How I treat unique and difficult to manage cases of CAR T-cell therapy associated neurotoxicity.
Blood 2023. [CrossRef]

71. Gust, J.; Ishak, G. Chimeric Antigen Receptor T-Cell Neurotoxicity Neuroimaging: More Than Meets the Eye. Am. J. Neuroradiol.
2019, 40, E50–E51. [CrossRef] [PubMed]

72. Gust, J.; Finney, O.C.; Li, D.; Brakke, H.M.; Hicks, R.M.; Futrell, R.B.; Gamble, D.N.; Bs, S.D.R.; Khalatbari, H.; Ishak, G.E.; et al.
Glial injury in neurotoxicity after pediatric CD19-directed chimeric antigen receptor T cell therapy. Ann. Neurol. 2019, 86, 42–54.
[CrossRef]

73. Strati, P.; Nastoupil, L.J.; Westin, J.; Fayad, L.E.; Ahmed, S.; Fowler, N.H.; Hagemeister, F.B.; Lee, H.J.; Iyer, S.P.; Nair, R.; et al.
Clinical and radiologic correlates of neurotoxicity after axicabtagene ciloleucel in large B-cell lymphoma. Blood Adv. 2020, 4,
3943–3951. [CrossRef]

74. Gutierrez, C.; Brown, A.R.T.P.; May, H.P.; Beitinjaneh, A.; Stephens, R.S.; Rajendram, P.; Nates, J.L.; Pastores, S.M.; Dharshan, A.;
de Moraes, A.G.; et al. Critically Ill Patients Treated for Chimeric Antigen Receptor-Related Toxicity: A Multicenter Study*. Crit.
Care Med. 2021, 50, 81–92. [CrossRef] [PubMed]

75. Saw, J.-L.; Sidiqi, M.H.; Ruff, M.; Hocker, S.; Alkhateeb, H.; Ansell, S.M.; Bennani, N.N.; Dingli, D.; Hayman, S.R.; Johnston, P.B.;
et al. Acute seizures and status epilepticus in immune effector cell associated neurotoxicity syndrome (ICANS). Blood Cancer J.
2022, 12, 62. [CrossRef]

76. Wehrli, M.; Gallagher, K.; Chen, Y.-B.; Leick, M.B.; McAfee, S.L.; El-Jawahri, A.R.; DeFilipp, Z.; Horick, N.; O’Donnell, P.; Spitzer,
T.; et al. Single-center experience using anakinra for steroid-refractory immune effector cell-associated neurotoxicity syndrome
(ICANS). J. Immunother. Cancer 2022, 10, e003847. [CrossRef]

77. Shah, N.N.; Johnson, B.D.; Fenske, T.S.; Raj, R.V.; Hari, P. Intrathecal chemotherapy for management of steroid-refractory CAR
T-cell–associated neurotoxicity syndrome. Blood Adv. 2020, 4, 2119–2122. [CrossRef]

78. Asawa, P.; Vusqa, U.; Khan, C.; Samhouri, Y.; Fazal, S. Intrathecal Chemotherapy as a Potential Treatment for Steroid-refractory
Immune Effector Cell-associated Neurotoxicity Syndrome. Anticancer. Res. 2022, 42, 3853–3856. [CrossRef]

79. Amini, L.; Silbert, S.K.; Maude, S.L.; Nastoupil, L.J.; Ramos, C.A.; Brentjens, R.J.; Sauter, C.S.; Shah, N.N.; Abou-El-Enein, M.
Preparing for CAR T cell therapy: Patient selection, bridging therapies and lymphodepletion. Nat. Rev. Clin. Oncol. 2022, 19,
342–355. [CrossRef]

80. Westin, J.R.; Kersten, M.J.; Salles, G.; Abramson, J.S.; Schuster, S.J.; Locke, F.L.; Andreadis, C. Efficacy and safety of CD19-directed
CAR-T cell therapies in patients with relapsed/refractory aggressive B-cell lymphomas: Observations from the JULIET, ZUMA
-1, and TRANSCEND trials. Am. J. Hematol. 2021, 96, 1295–1312. [CrossRef]

81. Schuster, S.J.; Zhang, J.; Yang, H.; Agarwal, A.; Tang, W.; Martinez-Prieto, M.; Bollu, V.; Kuzan, D.; Maziarz, R.T.; Kersten,
M.J. Comparative efficacy of tisagenlecleucel and lisocabtagene maraleucel among adults with relapsed/refractory large B-cell
lymphomas: An indirect treatment comparison. Leuk. Lymphoma 2022, 63, 845–854. [CrossRef]

82. Cartron, G.; Fox, C.P.; Liu, F.F.; Kostic, A.; Hasskarl, J.; Li, D.; Bonner, A.; Zhang, Y.; Maloney, D.G.; Kuruvilla, J. Matching-adjusted
indirect treatment comparison of chimeric antigen receptor T-cell therapies for third-line or later treatment of relapsed or refractory
large B-cell lymphoma: Lisocabtagene maraleucel versus tisagenlecleucel. Exp. Hematol. Oncol. 2022, 11, 17. [CrossRef] [PubMed]

83. Maloney, D.G.; Kuruvilla, J.; Liu, F.F.; Kostic, A.; Kim, Y.; Bonner, A.; Zhang, Y.; Fox, C.P.; Cartron, G. Matching-adjusted indirect
treatment comparison of liso-cel versus axi-cel in relapsed or refractory large B cell lymphoma. J. Hematol. Oncol. 2021, 14, 1–17.
[CrossRef] [PubMed]

84. Oluwole, O.O.; Chen, J.M.; Chan, K.; Patel, A.R.; Jansen, J.P.; Keeping, S.; Zheng, Y.; Snider, J.T.; Locke, F.L. Matching-adjusted
indirect comparison of axi-cel and liso-cel in relapsed or refractory large B-cell lymphoma. Leuk. Lymphoma 2022, 1–11. [CrossRef]
[PubMed]

85. Maziarz, R.T.; Gauthier, J. Clash of the titans: Axi-cel versus tisa-cel for advanced-stage DLBCL. Nat. Rev. Clin. Oncol. 2022, 20,
5–6. [CrossRef]

86. Strati, P. CAR T-cell therapy: Which product for which patient? Blood 2022, 139, 3673–3674. [CrossRef]
87. Park, J.H.; Rivière, I.; Gonen, M.; Wang, X.; Sénéchal, B.; Curran, K.J.; Sauter, C.; Wang, Y.; Santomasso, B.; Mead, E.; et al.

Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N. Engl. J. Med. 2018, 378, 449–459. [CrossRef]
88. Van Oekelen, O.; Aleman, A.; Upadhyaya, B.; Schnakenberg, S.; Madduri, D.; Gavane, S.; Teruya-Feldstein, J.; Crary, J.F.; Fowkes,

M.E.; Stacy, C.B.; et al. Neurocognitive and hypokinetic movement disorder with features of parkinsonism after BCMA-targeting
CAR-T cell therapy. Nat. Med. 2021, 27, 2099–2103. [CrossRef]

89. Schuster, S.J.; Svoboda, J.; Chong, E.A.; Nasta, S.D.; Mato, A.R.; Anak, Ö.; Brogdon, J.L.; Pruteanu-Malinici, I.; Bhoj, V.; Landsburg,
D.; et al. Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas. N. Engl. J. Med. 2017, 377, 2545–2554. [CrossRef]

90. Locke, F.L.; Ghobadi, A.; Jacobson, C.A.; Miklos, D.B.; Lekakis, L.J.; Oluwole, O.O.; Lin, Y.; Braunschweig, I.; Hill, B.T.;
Timmerman, J.M.; et al. Long-term safety and activity of axicabtagene ciloleucel in refractory large B-cell lymphoma (ZUMA-1):
A single-arm, multicentre, phase 1–2 trial. Lancet Oncol. 2019, 20, 31–42. [CrossRef]

91. Cordeiro, A.; Bezerra, E.D.; Hirayama, A.V.; Hill, J.A.; Wu, Q.V.; Voutsinas, J.; Sorror, M.L.; Turtle, C.J.; Maloney, D.G.; Bar, M.
Late Events after Treatment with CD19-Targeted Chimeric Antigen Receptor Modified T Cells. Biol. Blood Marrow Transplant.
2019, 26, 26–33. [CrossRef]

https://doi.org/10.1002/ana.25315
https://doi.org/10.1182/blood.2022017604
https://doi.org/10.3174/ajnr.A6184
https://www.ncbi.nlm.nih.gov/pubmed/31488503
https://doi.org/10.1002/ana.25502
https://doi.org/10.1182/bloodadvances.2020002228
https://doi.org/10.1097/CCM.0000000000005149
https://www.ncbi.nlm.nih.gov/pubmed/34259446
https://doi.org/10.1038/s41408-022-00657-x
https://doi.org/10.1136/jitc-2021-003847
https://doi.org/10.1182/bloodadvances.2020001626
https://doi.org/10.21873/anticanres.15876
https://doi.org/10.1038/s41571-022-00607-3
https://doi.org/10.1002/ajh.26301
https://doi.org/10.1080/10428194.2021.2010069
https://doi.org/10.1186/s40164-022-00268-z
https://www.ncbi.nlm.nih.gov/pubmed/35337365
https://doi.org/10.1186/s13045-021-01144-9
https://www.ncbi.nlm.nih.gov/pubmed/34493319
https://doi.org/10.1080/10428194.2022.2113526
https://www.ncbi.nlm.nih.gov/pubmed/36048026
https://doi.org/10.1038/s41571-022-00711-4
https://doi.org/10.1182/blood.2022016676
https://doi.org/10.1056/NEJMoa1709919
https://doi.org/10.1038/s41591-021-01564-7
https://doi.org/10.1056/NEJMoa1708566
https://doi.org/10.1016/S1470-2045(18)30864-7
https://doi.org/10.1016/j.bbmt.2019.08.003


Curr. Oncol. 2023, 30 5021

92. Cappell, K.M.; Sherry, R.M.; Yang, J.C.; Goff, S.L.; Vanasse, D.A.; McIntyre, L.; Rosenberg, S.A.; Kochenderfer, J.N. Long-Term
Follow-Up of Anti-CD19 Chimeric Antigen Receptor T-Cell Therapy. J. Clin. Oncol. 2020, 38, 3805–3815. [CrossRef] [PubMed]

93. Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.; Bader, P.; Verneris, M.R.; Stefanski, H.E.; Myers, G.D.;
et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia. N. Engl. J. Med. 2018, 378, 439–448.
[CrossRef] [PubMed]

94. Chakraborty, R.; Hill, B.T.; Majeed, A.; Majhail, N.S. Late Effects after Chimeric Antigen Receptor T Cell Therapy for Lymphoid
Malignancies. Transplant. Cell. Ther. 2020, 27, 222–229. [CrossRef] [PubMed]

95. Wudhikarn, K.; Perales, M.-A. Infectious complications, immune reconstitution, and infection prophylaxis after CD19 chimeric
antigen receptor T-cell therapy. Bone Marrow Transplant. 2022, 57, 1477–1488. [CrossRef]

96. Wudhikarn, K.; Palomba, M.L.; Pennisi, M.; Garcia-Recio, M.; Flynn, J.R.; Devlin, S.M.; Afuye, A.; Silverberg, M.L.; Maloy, M.A.;
Shah, G.L.; et al. Infection during the first year in patients treated with CD19 CAR T cells for diffuse large B cell lymphoma. Blood
Cancer J. 2020, 10, 1–11. [CrossRef]

97. Hill, J.; Li, D.; Hay, K.; Green, M.L.; Cherian, S.; Chen, X.; Riddell, S.R.; Maloney, D.G.; Boeckh, M.; Turtle, C.J. Infectious
complications of CD19-targeted chimeric antigen receptor–modified T-cell immunotherapy. Blood 2018, 131, 121–130. [CrossRef]

98. Otani, I.M.; Lehman, H.K.; Jongco, A.M.; Tsao, L.R.; Azar, A.E.; Tarrant, T.K.; Engel, E.; Walter, J.E.; Truong, T.Q.; Khan, D.A.;
et al. Practical guidance for the diagnosis and management of secondary hypogammaglobulinemia: A Work Group Report of the
AAAAI Primary Immunodeficiency and Altered Immune Response Committees. J. Allergy Clin. Immunol. 2022, 149, 1525–1560.
[CrossRef]

99. Los-Arcos, I.; Iacoboni, G.; Aguilar-Guisado, M.; Alsina-Manrique, L.; de Heredia, C.D.; Fortuny-Guasch, C.; García-Cadenas,
I.; García-Vidal, C.; González-Vicent, M.; Hernani, R.; et al. Recommendations for screening, monitoring, prevention, and
prophylaxis of infections in adult and pediatric patients receiving CAR T-cell therapy: A position paper. Infection 2020, 49, 215–231.
[CrossRef]

100. Jain, T.; Knezevic, A.; Pennisi, M.; Chen, Y.; Ruiz, J.D.; Purdon, T.J.; Devlin, S.M.; Smith, M.; Shah, G.L.; Halton, E.; et al.
Hematopoietic recovery in patients receiving chimeric antigen receptor T-cell therapy for hematologic malignancies. Blood Adv.
2020, 4, 3776–3787. [CrossRef]

101. Fried, S.; Avigdor, A.; Bielorai, B.; Meir, A.; Besser, M.J.; Schachter, J.; Shimoni, A.; Nagler, A.; Toren, A.; Jacoby, E. Early and late
hematologic toxicity following CD19 CAR-T cells. Bone Marrow Transplant. 2019, 54, 1643–1650. [CrossRef] [PubMed]

102. Logue, J.M.; Zucchetti, E.; Bachmeier, C.A.; Krivenko, G.S.; Larson, V.; Ninh, D.; Grillo, G.; Cao, B.; Kim, J.; Chavez, J.C.; et al.
Immune reconstitution and associated infections following axicabtagene ciloleucel in relapsed or refractory large B-cell lymphoma.
Haematologica 2020, 106, 978–986. [CrossRef] [PubMed]

103. Juluri, K.R.; Wu, Q.V.; Voutsinas, J.M.; Hou, J.; Hirayama, A.V.; Mullane, E.; Miles, N.; Maloney, D.G.; Turtle, C.J.; Bar, M.; et al.
Severe cytokine release syndrome is associated with hematologic toxicity following CD19 CAR T-cell therapy. Blood Adv. 2022, 6,
2055–2068. [CrossRef]

104. Frigault, M.J.; Nikiforow, S.; Mansour, M.K.; Hu, Z.-H.; Horowitz, M.M.; Riches, M.L.; Hematti, P.; Turtle, C.J.; Zhang, M.-J.;
Perales, M.-A.; et al. Tocilizumab not associated with increased infection risk after CAR T-cell therapy: Implications for COVID-19?
Blood 2020, 136, 137–139. [CrossRef]

105. Baird, J.H.; Epstein, D.J.; Tamaresis, J.S.; Ehlinger, Z.; Spiegel, J.Y.; Craig, J.; Claire, G.K.; Frank, M.J.; Muffly, L.; Shiraz, P.; et al.
Immune reconstitution and infectious complications following axicabtagene ciloleucel therapy for large B-cell lymphoma. Blood
Adv. 2021, 5, 143–155. [CrossRef]

106. Hingorani, S. Renal Complications of Hematopoietic-Cell Transplantation. N. Engl. J. Med. 2016, 374, 2256–2267. [CrossRef]
[PubMed]

107. Ellis, M.J.; Parikh, C.R.; Inrig, J.K.; Kambay, M.; Patel, U.D. Chronic Kidney Disease After Hematopoietic Cell Transplantation: A
Systematic Review. Am. J. Transplant. 2008, 8, 2378–2390. [CrossRef]

108. Gupta, S.; Seethapathy, H.; Strohbehn, I.A.; Frigault, M.J.; O’donnell, E.K.; Jacobson, C.A.; Motwani, S.S.; Parikh, S.M.; Curhan,
G.C.; Reynolds, K.L.; et al. Acute Kidney Injury and Electrolyte Abnormalities After Chimeric Antigen Receptor T-Cell (CAR-T)
Therapy for Diffuse Large B-Cell Lymphoma. Am. J. Kidney Dis. 2020, 76, 63–71. [CrossRef]

109. Gutgarts, V.; Jain, T.; Zheng, J.; Maloy, M.A.; Ruiz, J.D.; Pennisi, M.; Jaimes, E.A.; Perales, M.-A.; Sathick, J. Acute Kidney Injury
after CAR-T Cell Therapy: Low Incidence and Rapid Recovery. Biol. Blood Marrow Transplant. 2020, 26, 1071–1076. [CrossRef]

110. Ansari, R.; Caimi, P.; Lee, H.J.; Chen, Z.; Rashidi, A. Renal outcomes after chimeric antigen receptor T-cell therapy: A single-center
perspective. Nephrol. Dial. Transplant. 2022. [CrossRef]

111. Hanna, P.; Strohbehn, I.; Moreno, D.; Harden, D.; Seethapathy, H.; Gupta, S.; Lee, M.; Ouyang, T.; Frigault, M.; Sise, M.E.
Comparison of short- and long-term adverse kidney outcomes after chimeric antigen receptor T cell therapy and autologous
hematopoietic stem cell transplant for diffuse large B cell lymphoma. Bone Marrow Transplant. 2022, 57, 1623–1625. [CrossRef]

112. Alvi, R.M.; Frigault, M.J.; Fradley, M.G.; Jain, M.; Mahmood, S.S.; Awadalla, M.; Lee, D.H.; Zlotoff, D.A.; Zhang, L.; Drobni, Z.D.;
et al. Cardiovascular Events Among Adults Treated With Chimeric Antigen Receptor T-Cells (CAR-T). J. Am. Coll. Cardiol. 2019,
74, 3099–3108. [CrossRef]

113. Lancellotti, P.; Moonen, M.; Galderisi, M. Chimeric Antigen Receptor T-Cells and Cardiovascular Toxicity. J. Am. Coll. Cardiol.
2019, 74, 3109–3111. [CrossRef]

https://doi.org/10.1200/JCO.20.01467
https://www.ncbi.nlm.nih.gov/pubmed/33021872
https://doi.org/10.1056/NEJMoa1709866
https://www.ncbi.nlm.nih.gov/pubmed/29385370
https://doi.org/10.1016/j.jtct.2020.10.002
https://www.ncbi.nlm.nih.gov/pubmed/33928266
https://doi.org/10.1038/s41409-022-01756-w
https://doi.org/10.1038/s41408-020-00346-7
https://doi.org/10.1182/blood-2017-07-793760
https://doi.org/10.1016/j.jaci.2022.01.025
https://doi.org/10.1007/s15010-020-01521-5
https://doi.org/10.1182/bloodadvances.2020002509
https://doi.org/10.1038/s41409-019-0487-3
https://www.ncbi.nlm.nih.gov/pubmed/30809033
https://doi.org/10.3324/haematol.2019.238634
https://www.ncbi.nlm.nih.gov/pubmed/32327504
https://doi.org/10.1182/bloodadvances.2020004142
https://doi.org/10.1182/blood.2020006216
https://doi.org/10.1182/bloodadvances.2020002732
https://doi.org/10.1056/NEJMra1404711
https://www.ncbi.nlm.nih.gov/pubmed/27276563
https://doi.org/10.1111/j.1600-6143.2008.02408.x
https://doi.org/10.1053/j.ajkd.2019.10.011
https://doi.org/10.1016/j.bbmt.2020.02.012
https://doi.org/10.1093/ndt/gfac048
https://doi.org/10.1038/s41409-022-01767-7
https://doi.org/10.1016/j.jacc.2019.10.038
https://doi.org/10.1016/j.jacc.2019.10.028


Curr. Oncol. 2023, 30 5022

114. Ruark, J.; Mullane, E.; Cleary, N.; Cordeiro, A.; Bezerra, E.D.; Wu, V.; Voutsinas, J.; Shaw, B.E.; Flynn, K.E.; Lee, S.J.; et al.
Patient-Reported Neuropsychiatric Outcomes of Long-Term Survivors after Chimeric Antigen Receptor T Cell Therapy. Biol.
Blood Marrow Transplant. 2019, 26, 34–43. [CrossRef] [PubMed]

115. Azoulay, É.; Castro, P.; Maamar, A.; Metaxa, V.; de Moraes, A.G.; Voigt, L.; Wallet, F.; Klouche, K.; Picard, M.; Moreau, A.-S.; et al.
Outcomes in patients treated with chimeric antigen receptor T-cell therapy who were admitted to intensive care (CARTTAS): An
international, multicentre, observational cohort study. Lancet Haematol. 2021, 8, e355–e364. [CrossRef]

116. Yang, H.; Hao, Y.; Chai, X.; Qi, C.Z.; Wu, E.Q. Estimation of total costs in patients with relapsed or refractory diffuse large B-cell
lymphoma receiving tisagenlecleucel from a US hospital’s perspective. J. Med. Econ. 2020, 23, 1016–1024. [CrossRef]

117. Ring, A.; Grob, B.; Aerts, E.; Ritter, K.; Volbracht, J.; Schär, B.; Greiling, M.; Müller, A.M.S. Resource utilization for chimeric
antigen receptor T cell therapy versus autologous hematopoietic cell transplantation in patients with B cell lymphoma. Ann.
Hematol. 2022, 101, 1755–1767. [CrossRef]

118. Brown, A.R.T.; Jindani, I.; Melancon, J.; Erfe, R.; Westin, J.; Feng, L.; Gutierrez, C. ICU Resource Use in Critically III Patients
following Chimeric Antigen Receptor T-Cell Therapy. Am. J. Respir. Crit. Care Med. 2020, 202, 1184–1187. [CrossRef]

119. Palomba, M.L.; Jun, M.P.; Lymp, J.; Nguyen, A.; McGarvey, N.; Gitlin, M.; Pelletier, C.; Keating, S.J.; Godwin, J. Postinfusion
monitoring costs by site of care for patients with relapsed/refractory large B-cell lymphoma receiving third- or later-line treatment
with lisocabtagene maraleucel in the TRANSCEND NHL 001 and OUTREACH trials. Leuk. Lymphoma 2021, 62, 2169–2176.
[CrossRef] [PubMed]

120. Keating, S.J.; Gu, T.; Jun, M.P.; McBride, A. Health Care Resource Utilization and Total Costs of Care Among Patients with Diffuse
Large B Cell Lymphoma Treated with Chimeric Antigen Receptor T Cell Therapy in the United States. Transplant. Cell. Ther. 2022,
28, 404-e1–404-e6. [CrossRef] [PubMed]

121. Abramson, J.S.; Siddiqi, T.; Garcia, J.; Dehner, C.; Kim, Y.; Nguyen, A.; Snyder, S.; McGarvey, N.; Gitlin, M.; Pelletier, C.; et al.
Cytokine release syndrome and neurological event costs in lisocabtagene maraleucel–treated patients in the TRANSCEND NHL
001 trial. Blood Adv. 2021, 5, 1695–1705. [CrossRef] [PubMed]

122. Maziarz, R.T.; Yang, H.; Liu, Q.; Wang, T.; Zhao, J.; Lim, S.; Lee, S.; Dalal, A.; Bollu, V. Real-world healthcare resource utilization
and costs associated with tisagenlecleucel and axicabtagene ciloleucel among patients with diffuse large B-cell lymphoma: An
analysis of hospital data in the United States. Leuk. Lymphoma 2022, 63, 2052–2062. [CrossRef]

123. Myers, G.D.; Verneris, M.R.; Goy, A.; Maziarz, R.T. Perspectives on outpatient administration of CAR-T cell therapy in aggressive
B-cell lymphoma and acute lymphoblastic leukemia. J. Immunother. Cancer 2021, 9, e002056. [CrossRef] [PubMed]

124. Da Vià, M.C.; Dietrich, O.; Truger, M.; Arampatzi, P.; Duell, J.; Heidemeier, A.; Zhou, X.; Danhof, S.; Kraus, S.; Chatterjee, M.; et al.
Homozygous BCMA gene deletion in response to anti-BCMA CAR T cells in a patient with multiple myeloma. Nat. Med. 2021,
27, 616–619. [CrossRef]

125. Majzner, R.G.; Mackall, C.L. Tumor Antigen Escape from CAR T-cell Therapy. Cancer Discov. 2018, 8, 1219–1226. [CrossRef]
[PubMed]

126. Cappell, K.M.; Kochenderfer, J.N. Long-term outcomes following CAR T cell therapy: What we know so far. Nat. Rev. Clin. Oncol.
2023, 1–13. [CrossRef] [PubMed]

127. Plaks, V.; Rossi, J.M.; Chou, J.; Wang, L.; Poddar, S.; Han, G.; Wang, Z.; Kuang, S.-Q.; Chu, F.; Davis, R.E.; et al. CD19 target
evasion as a mechanism of relapse in large B-cell lymphoma treated with axicabtagene ciloleucel. Blood 2021, 138, 1081–1085.
[CrossRef]

128. Zurko, J.C.; Fenske, T.S.; Johnson, B.D.; Bucklan, D.; Szabo, A.; Xu, H.; Chaney, K.; Hamadani, M.; Hari, P.; Shah, N.N. Long-term
outcomes and predictors of early response, late relapse, and survival for patients treated with bispecific LV20.19 CAR T-cells. Am.
J. Hematol. 2022, 97, 1580–1588. [CrossRef]

129. Watanabe, N.; Mo, F.; McKenna, M.K. Impact of Manufacturing Procedures on CAR T Cell Functionality. Front. Immunol. 2022,
13, 876339. [CrossRef]

130. Finney, O.C.; Brakke, H.M.; Rawlings-Rhea, S.; Hicks, R.; Doolittle, D.; Lopez, M.; Futrell, R.B.; Orentas, R.J.; Li, D.; Gardner, R.A.;
et al. CD19 CAR T cell product and disease attributes predict leukemia remission durability. J. Clin. Investig. 2019, 129, 2123–2132.
[CrossRef]

131. Lee, I.D.W.; Stetler-Stevenson, M.; Yuan, C.M.; Shah, N.N.; Delbrook, R.C.; Yates, R.B.; Zhang, H.; Zhang, L.; Kochenderfer, J.N.;
Rosenberg, S.A.; et al. Long-Term Outcomes Following CD19 CAR T Cell Therapy for B-ALL Are Superior in Patients Receiving a
Fludarabine/Cyclophosphamide Preparative Regimen and Post-CAR Hematopoietic Stem Cell Transplantation. Blood 2016, 128, 218.
[CrossRef]

132. Hay, K.A.; Gauthier, J.; Hirayama, A.V.; Voutsinas, J.M.; Wu, Q.; Li, D.; Gooley, T.A.; Cherian, S.; Chen, X.; Pender, B.S.; et al.
Factors associated with durable EFS in adult B-cell ALL patients achieving MRD-negative CR after CD19 CAR T-cell therapy.
Blood 2019, 133, 1652–1663. [CrossRef]

133. Louis, C.U.; Savoldo, B.; Dotti, G.; Pule, M.; Yvon, E.; Myers, G.D.; Rossig, C.; Russell, H.V.; Diouf, O.; Liu, E.; et al. Antitumor
activity and long-term fate of chimeric antigen receptor–positive T cells in patients with neuroblastoma. Blood 2011, 118, 6050–6056.
[CrossRef]

134. Ahmed, N.; Brawley, V.S.; Hegde, M.; Robertson, C.; Ghazi, A.; Gerken, C.; Liu, E.; Dakhova, O.; Ashoori, A.; Corder, A.;
et al. Human Epidermal Growth Factor Receptor 2 (HER2) –Specific Chimeric Antigen Receptor–Modified T Cells for the
Immunotherapy of HER2-Positive Sarcoma. J. Clin. Oncol. 2015, 33, 1688–1696. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bbmt.2019.09.037
https://www.ncbi.nlm.nih.gov/pubmed/31605820
https://doi.org/10.1016/S2352-3026(21)00060-0
https://doi.org/10.1080/13696998.2020.1769109
https://doi.org/10.1007/s00277-022-04881-0
https://doi.org/10.1164/rccm.202002-0286LE
https://doi.org/10.1080/10428194.2021.1910686
https://www.ncbi.nlm.nih.gov/pubmed/34018458
https://doi.org/10.1016/j.jtct.2022.03.021
https://www.ncbi.nlm.nih.gov/pubmed/35354101
https://doi.org/10.1182/bloodadvances.2020003531
https://www.ncbi.nlm.nih.gov/pubmed/33720336
https://doi.org/10.1080/10428194.2022.2060503
https://doi.org/10.1136/jitc-2020-002056
https://www.ncbi.nlm.nih.gov/pubmed/33846220
https://doi.org/10.1038/s41591-021-01245-5
https://doi.org/10.1158/2159-8290.CD-18-0442
https://www.ncbi.nlm.nih.gov/pubmed/30135176
https://doi.org/10.1038/s41571-023-00754-1
https://www.ncbi.nlm.nih.gov/pubmed/37055515
https://doi.org/10.1182/blood.2021010930
https://doi.org/10.1002/ajh.26718
https://doi.org/10.3389/fimmu.2022.876339
https://doi.org/10.1172/JCI125423
https://doi.org/10.1182/blood.V128.22.218.218
https://doi.org/10.1182/blood-2018-11-883710
https://doi.org/10.1182/blood-2011-05-354449
https://doi.org/10.1200/JCO.2014.58.0225
https://www.ncbi.nlm.nih.gov/pubmed/25800760


Curr. Oncol. 2023, 30 5023

135. Adusumilli, P.S.; Zauderer, M.G.; Rivière, I.; Solomon, S.B.; Rusch, V.W.; O’Cearbhaill, R.E.; Zhu, A.; Cheema, W.; Chintala, N.K.;
Halton, E.; et al. A Phase I Trial of Regional Mesothelin-Targeted CAR T-cell Therapy in Patients with Malignant Pleural Disease,
in Combination with the Anti–PD-1 Agent Pembrolizumab. Cancer Discov. 2021, 11, 2748–2763. [CrossRef]

136. A Morgan, R.; Yang, J.C.; Kitano, M.; E Dudley, M.; Laurencot, C.M.; A Rosenberg, S. Case Report of a Serious Adverse Event
Following the Administration of T Cells Transduced with a Chimeric Antigen Receptor Recognizing ERBB2. Mol. Ther. 2010, 18,
843–851. [CrossRef]

137. Richman, S.A.; Nunez-Cruz, S.; Moghimi, B.; Li, L.Z.; Gershenson, Z.T.; Mourelatos, Z.; Barrett, D.M.; Grupp, S.A.; Milone, M.C.
High-Affinity GD2-Specific CAR T Cells Induce Fatal Encephalitis in a Preclinical Neuroblastoma Model. Cancer Immunol. Res.
2018, 6, 36–46. [CrossRef]

138. Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P.; Basar, R.; Kerbauy, L.N.; Overman, B.; Thall, P.; Kaplan, M.; et al.
Use of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors. N. Engl. J. Med. 2020, 382, 545–553. [CrossRef]
[PubMed]

139. Pan, K.; Farrukh, H.; Chittepu, V.C.S.R.; Xu, H.; Pan, C.-X.; Zhu, Z. CAR race to cancer immunotherapy: From CAR T, CAR NK to
CAR macrophage therapy. J. Exp. Clin. Cancer Res. 2022, 41, 1–21. [CrossRef]

140. Labanieh, L.; Mackall, C.L. CAR immune cells: Design principles, resistance and the next generation. Nature 2023, 614, 635–648.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1158/2159-8290.CD-21-0407
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.1158/2326-6066.CIR-17-0211
https://doi.org/10.1056/NEJMoa1910607
https://www.ncbi.nlm.nih.gov/pubmed/32023374
https://doi.org/10.1186/s13046-022-02327-z
https://doi.org/10.1038/s41586-023-05707-3

	Introduction 
	Chimeric Antigen Receptor (CAR) Products 
	Chimeric Antigen Receptor-Mediated Toxicities 
	Cytokine Release Syndrome (CRS) 
	Hemophagocytic Lymphohistiocytosis (HLH) 

	Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS) 
	Toxicities and Overall Outcomes—Real World Data Explored 
	On Target off Tumor Effects 
	Late Complications 
	Hypogammaglobulinemia and Cytopenia 
	Late Infections-Prevention and Prophylaxis 
	Early and Late Organ Support 

	Resource Utility in CAR-T Therapy Management 
	Future Directions 
	References

