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Chimeric antigen receptor (CAR) T-cell systemic immunotherapy has

revolutionized how clinicians treat several refractory and relapsed hematologic

malignancies. Due to its peculiar mechanism of action, CAR T-cell-based therapy

has enlarged the spectrum of neurological toxicities. CAR T-cell-associated

neurotoxicity—initially defined as CAR T-cell-related encephalopathy syndrome

(CRES) and currently coined within the acronym ICANS (immune e�ector cell-

associated neurotoxicity syndrome)—is perhaps the most concerning toxicity of

CAR T-cell therapy. Importantly, hematologic malignancies (especially lymphoid

malignancies) may originate in or spread to the central nervous system (CNS) in

the form of parenchymal and/or meningeal disease. Due to the emergence of

deadly and neurological adverse events, such as fatal brain edema in some patients

included in early CAR T-cell trials, safety concerns for those with CNS primary or

secondary infiltration arose and contributed to the routine exclusion of individuals

with pre-existing or active CNS involvement from pivotal trials. However, based

primarily on the lack of evidence, it remains unknown whether CNS involvement

increases the risk and/or severity of CAR T-cell-related neurotoxicity. Given

the limited treatment options available for patients once they relapse with CNS

involvement, it is of high interest to explore the role of novel clinical strategies

including CAR T cells to treat leukemias/lymphomas and myeloma with CNS

involvement. The purpose of this review was to summarize currently available

neurological safety data of CAR T-cell-based immunotherapy from the clinical

trials and real-world experiences in adult patients with CNS disease due to

lymphoma, leukemia, or myeloma. Increasing evidence supports that CNS

involvement in hematologic disease should no longer be considered per se as an

absolute contraindication to CAR T-cell-based therapy. While the incidence may

be high, severity does not appear to be impacted significantly by pre-existing CNS

status. Close monitoring by trained neurologists is recommended.
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1. Introduction

Commercially available chimeric antigen receptor (CAR) T-

cell systemic immunotherapy includes administering a single

infusion of a CAR T-cell product that had been engineered by

the transduction of the CAR gene into healthy, autologous T cells

using a viral vector. CAR T cells are expanded ex vivo and infused

back into the patient after lymphodepletive chemotherapy has been

performed. These modified T cells bind to target antigen-positive

cells, resulting in activation and in vivo proliferation of CAR T cells

to begin eliminating target malignant, antigen-positive cells. Since

2017, six CAR T-cell-based therapies have been approved by the

Food andDrugAdministration (FDA) to treat hematologic cancers,

including (in alphabetical order) Abecma (idecabtagene vicleucel,

ide-cel), Breyanzi (lisocabtagene maraleucel, liso-cel), Carvykti

(ciltacabtagene autoleucel, cilta-cel), Kymriah (tisagenlecleucel,

tisa-cel), Tecartus (brexucabtagene autoleucel, brextu-cel), and

Yescarta (axicabtagene ciloleucel, axi-cel). CD19 is a cell surface

antigen that is expressed on malignant and normal B-cells. CD19-

directed CAR T-cell-based therapy has been successful in treating

several B-cell lineage malignancies, including systemic diffuse large

B-cell lymphoma (DLBCL), B-cell acute lymphoblastic leukemia

(B-ALL), mantle cell lymphoma (ML), and follicular lymphoma

(FL). B-cell maturation antigen (BCMA) is a member of the tumor

necrosis factor receptor superfamily, which is highly expressed in

multiple myeloma (MM) cells. BCMA CAR T-cell-targeted therapy

is approved for refractory/relapsed MM (Table 1).

Treatment-related neurotoxicity due to cancer therapy in

hematologic disease is not new. Both chemotherapy (systemic and

intrathecal) and radiotherapy can cause neurological side effects

in both the CNS and peripheral nervous system (PNS). Some

CNS complications may appear during treatment, while others

will present months or even years later. Classical neurotoxicity

caused by traditional anticancer therapies is well-known and

widely described (1, 2). It should be noted that CAR T-cell-

based therapy has dramatically changed the landscape of cancer

therapy and widened the range of neurological toxicities with

the emergence of CAR T-cell-associated neurotoxicity. Initially

defined as CAR T-cell-related encephalopathy syndrome (CRES)

and currently coined within the acronym ICANS (immune

effector cell-associated neurotoxicity syndrome), it is a severe

complication of CAR T-cell-based therapy due to its potentially

life-threatening nature.

Furthermore, CNS involvement—defined by the presence of

malignant cells that have invaded the CNS—can be seen in

lymphoma (both primary and secondary), lymphoblastic leukemia,

and, on rare occasions, in MM. However, the safety of CAR T-

cell-based therapy in CNS involvement due to hematologic disease

has not yet been well-characterized, given the routine exclusion

of these patients from trials, partially related to the fear that

it could exacerbate any potential neurotoxicity associated with

CAR T cells. To date, whether CNS involvement raises the risk

and/or severity of CAR T-cell-related neurotoxicity is unknown.

It remains a relative contraindication in the recent guidelines (3).

The aim of this brief review is to update the knowledge gap

by summarizing currently available neurological safety data of

CAR T-cell-based immunotherapy from the latest clinical trials

and real-world experiences in patients with CNS disease due to

lymphoma, leukemia, or myeloma (Figure 1). Despite reports of

promising outcomes with CART-cell-based therapy in primary and

secondary CNS hematologic disease, the antitumor efficacy of such

immunotherapy does not fall within the scope of the present review

and will not be discussed.

2. CAR T-cell-associated neurotoxicity

2.1. Frequency

The rate of incidence and severity of ICANS will vary widely

depending on the host and product. Table 1 summarizes the

registrational CAR T-cell trials already approved by the FDA

and the rate of ICANS observed. Importantly, most CAR T-cell

trials have traditionally excluded patients with prior or active

CNS involvement due to a concern for increased neurotoxicity. In

pivotal trials such as TRANSCEND NHL 001, 2.6% of all enrolled

patients had CNS disease. In the ELIANA trial, 13.9% of patients

had a history of CNS disease.

Overall, ICANS usually affects 20–70% of patients treated

with CD19 CAR T cells in B-NHL or B-ALL (3, 13, 14), with

higher rates of neurotoxicity associated with the use of the CD28

costimulatory domain (axi-cel) in comparison with the CD4-1

BB costimulatory domain (tisa-cel or liso-cel) (15). A recently

published systematic review including 23 observational studies

and a total of 1,666 adult patients who received CAR T-cell-

based therapy to manage hematologic malignancies reported a

highly variable ICANS incidence of 37.5–77% (16). This type of

neurotoxicity may be severe and occasionally fatal (16). Severe

ICANS (grades 3–4 according to NCI-CTC grading scales) may

occur in up to 31% of patients receiving anti-CD19 CAR T cells

and 9 % of patients with MM receiving anti-BCMA CAR T-cell

therapy (3). Recently, five ICANS-related deaths across two studies

enrolling a total of 233 participants were reported (16). With

BCMA CAR T-cell-approved drugs, overall, CAR T-cell-associated

neurotoxicity is lower: It has been reported in up to 21% of patients

with MM. In this population, the combination of anti-BCMA and

anti-CD19 CAR T cells—still not FDA-approved—has shown a low

rate of neurotoxic events (11%), with 3% with grade >3 (17).

2.2. Clinical presentation

Typically, ICANS is a type of toxic encephalopathy,

predominantly manifesting as frontal encephalopathy (14, 18).

However, the spectrum of neurological manifestations of CAR

T-cell-associated neurotoxicity can highly vary in type and severity

(16). Following CAR T-cell transfusion, the common initial

ICANS symptoms include dysgraphia, word-finding difficulties,

tremors, confusion, and somnolence (19). Hesitant speech and

deterioration in handwriting are prominent and can rapidly

progress to expressive aphasia and mutism (18, 20). Furthermore,

patients may develop a wide range of clinical manifestations

like seizures, headaches, focal deficits, and even a decreased

level of consciousness. In worse clinical scenarios, intracranial

hypertension may occur and cause coma (16). ASTCT published

guidelines for ICANS consensus grading based on the immune
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TABLE 1 CAR T-cell-based therapies approved to treat hematologic cancers.

Generic name Brand
name

Target
antigen

Hematologic disease Population FDA approval trial
(references)

ICANS rate
(grade 3–4)

Tisagenlecleucel

(tisa-cel)

Kymriah CD19 R/R B-ALL Children and young NCT02435849

ELIANA trial (4)

40% (13%)

R/R B-NHL Adult NCT02445248

JULIET trial (5)

21% (12%)

R/R Follicular Lymphoma Adult NCT03568461

ELARA trial (6)

37.1% (>3.3%)

Axicabtagene ciloleucel

(axi-cel)

Yescarta CD19 R/R B-NHL Adult NCT02348216

ZUMA-1 trial (7)

64% (28%)

R/R Follicular Lymphoma Adult NCT03105336

ZUMA-5 trial (8)

59% (19%)

Brexucabtagene

autoleucel (brexu-cel)

Tecartus CD19 R/R B-ALL Adult NCT02614066

ZUMA 3 (9)

60% (25%)

R/R MCL Adult NCT02601313

ZUMA 2 (10)

63% (31%)

Lisocabtagene

maraleucel (liso-cel)

Breyanzi CD19 R/R B-NHL Adult NCT02631044

TRANSCEND

NHL 001 (11)

30% (10%)

Idecabtagene vicleucel

(ide-cel)

Abecma BCMA R/R MM Adult NCT03361748

KARMMA trial (11)

18% (3%)

Ciltacabtagene

autoleucel (cilta-cel)

Carvykti BCMA R/R MM Adult NCT03548207

CARTITUDE-1 (12)

21% (9%)

ICANS, immune effector cell-associated neurotoxicity syndrome; RR, relapsed/refractory; ALL, acute lymphoblastic leukemia; NHL, non-Hodgkin lymphoma; MCL, mantle cell lymphoma;

MM, multiple myeloma. ∗Per CTCAE v4.03.

effector cell-associated encephalopathy (ICE) score, depressed

level of consciousness, seizure, motor findings, and cerebral edema

(1, 21).

ICANS will usually develop early within the 1st week of a

CAR T-cell infusion. Its duration will be limited in most patients.

The pooled mean onset and duration of ICANS in a systematic

review were 6.4 ± 3.2 days and 8.3 ± 10.5 days, respectively (16).

However, 10% of patients develop “delayed ICANS” >3 weeks after

the infusion following CRS remission (3). It should be noted that

fluctuating symptoms with intermittent symptom-free episodes—

even in high-grade neurotoxicity—have been described (18, 22). In

severe cases, ICANS can progress in a few hours (18) and results in

quick, fatal outcomes in a minority of patients due to fulminant

cerebral edema (1–2% estimated incidence) (23, 24), especially

in CD28 costimulatory domain constructs. Although ICANS is

usually mild in severity and reversible, some patients will develop

a more severe and even life-threatening form of the syndrome.

Fatal neurotoxicity has been described in pivotal studies [JCAR-015

(NCT02535364)], prompting even trial cessation, with an overall

incidence of 3–9% after CD19-directed CAR T-cell infusion (16, 22,

25, 26).

Other neurotoxicity events that do not fit the current definition

for ICANS have also been described with CAR T-cell-based

therapies, especially in patients with MM. In the CARTITUDE-

1 trial, 5% of patients with MM reported movement and

neurocognitive treatment-emergent adverse events (MNTs) with

cilta-cel, comprising a cluster of movement (e.g., micrographia and

tremors), cognitive changes (e.g., memory loss and disturbances in

attention), and personality changes (e.g., reduced facial expression

and flat affect) (3). These neurological symptoms and signs were not

temporally associated with CRS, presenting a later onset (median

day 27) and longer time to resolution (median 75 days) (3, 11, 27).

Increasing fatigue can be the first complaint, and clinical syndrome

with features of parkinsonism has been seen in patients with high-

grade neurotoxicity. These late-onset parkinsonian symptoms in

these patients seem to occur as a result of damage to the basal

ganglia. Neuropathology findings from autopsied patients showed

focal basal ganglia lymphocytic infiltration but intact substantia

nigra (27, 28). In addition, a lack of response to treatment with

levodopa and the negative dopamine uptake (27, 28) and decreased

uptake in the caudate nucleus in FDG-PET/CT (28) would support

a distinct pathophysiology from Parkinson’s disease.

2.3. Pathophysiology and management

The mechanism of CAR T-cell neurotoxicity remains to be

well-elucidated, and several mechanisms of ICANS after CAR T-

cell treatment have been described (29). The most widely accepted

mechanism of CAR T-cell neurotoxicity is driven by systemic

inflammation and cytokine production. Indeed, ICANS usually

overlaps and correlates with CRS, but it has also been occasionally

reported to occur independently from CRS (30). Several risk factors

related to CAR T-cell neurotoxicity have been described, such as

pre-treatment disease burden, in vivo CAR T-cell expansion, early

and severe CRS, and CAR T-cell dose (3). In fact, faster CAR T-

cell expansion in vivo has been related to the onset and severity of

ICANS (19, 22, 25, 31).
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There is strong evidence that highlights the role of endothelial

activation during the development of ICANS (25, 30). It occurs

shortly after CAR T-cell administration yet precedes ICANS,

inducing systemic capillary leak and subsequent dysfunction

of the blood–brain barrier (BBB). Increased permeability

of BBB facilitates infiltration of peripheral immunocytes,

CAR T cells, and cytokines into the CNS. This triggers a

further local inflammatory response and CNS inflammation

with subsequent astrocyte injury and microglial activation.

It then results in abnormal neuronal function related to the

dysregulation of neuroglial cells and neurotransmitters (29).

In addition, cerebral multifocal hemorrhage in patients with

ICANS indicates thrombotic microangiopathy compromising BBB

function (29). Targeting of cerebral CD19-expressing pericytes

can disrupt the BBB and contribute to the development of

ICANS. However, ICANS can occur with CAR T-cell therapies

targeting CD20, CD22, BCMA, and CD19, making it unlikely

for the occurrence of such a syndrome to be solely caused

by the nature of the target antigen (30). Contradictory

results regarding BCMA expression in CNS have been

reported (28, 32, 33).

In addition, myeloid cell hyperactivation contributes

significantly to the development of ICANS. Myeloid cell-

derived cytokines, notably IL-1 and IL-6, have been shown to

drive systemic inflammation, correlating with severe ICANS

development (30, 34). Importantly, CAR T cells can migrate and

persist in CSF (35–38) regardless of whether systemic or even

CNS disease is present (39). However, it is unknown whether

the number of activated CAR T cells inside the CNS is related

to ICANS (30). Some studies fail to identify this association

(40), and other studies support that the neurotoxicity grade

correlates with CSF cytokine levels and not with CSF CAR T-cell

levels (14).

ICANS management is done according to the ASCTC

guidelines. Supportive care alone can be used in very mild

(grade 1) cases, but corticosteroids, like dexamethasone or

methylprednisolone, are the mainstays of ICANS treatment.

Initially, dexamethasone i.v. 10 mg/6 h for 1–3 days should be

prescribed. In the absence of improvement or deterioration,

dexamethasone i.v. 20 mg/6 h for 3 days and progressive tapering

within 3–7 days should be considered. In severe or refractory

cases, escalation to methylprednisolone i.v. 1,000 mg/day for 3 days

and further progressive tapering is recommended (3). No specific

guidelines exist for the treatment of steroid-refractory ICANS (3).

Based on prior studies, using tocilizumab—a monoclonal antibody

that cannot cross the BBB and blocks IL-6R in peripheral tissues—

to manage ICANS in the absence of concurrent CRS is not

currently recommended. This is due to concerns about a possible

worsening of ICANS in tocilizumab’s ability to raise CSF IL-6

levels (16). Useful agents adjunct to steroids in the management of

steroid-refractory ICANS include Anakinra, an IL-1R antagonist,

with no immediate effect in improving neurological symptoms.

It is considered to modestly shorten the duration of neurological

toxicities due to improvements in clinical and laboratory indices of

inflammation (41, 42). Finally, intrathecal treatment with cortisone,

cytarabine, and methotrexate can serve as a possibility in steroid-

refractory ICANS (3).

3. CNS involvement in lymphoma,
leukemia, and myeloma

3.1. Lymphoma

CNS lymphoma is a form of extranodal non-Hodgkin

lymphoma (NHL) that primarily (PCNSL, primary central nervous

system lymphoma) affects the brain, spinal cord, meninges,

and/or eyes. It can also be secondary (SCNSL, secondary

central nervous system lymphoma) to systemic lymphoma.

Most (>90%) PCNSLs are diffuse large B-cell malignancies in

origin (43).

SCNSL is more likely to occur in a relapsed setting of a systemic

NHL. Secondary CNS relapses are uncommon yet with devastating

complications; incidence can reach up to 15% in high-risk patients

(44). Elevated risk factors of CNS relapse in the validated 6-

score risk model (CNS-IPI) include age >60, performance status

>1, elevated LDH, extranodal sites >1, stage III or IV disease,

and kidney or adrenal involvement (45). Double-hit lymphoma

is also associated with a higher risk of CNS relapse (44). CNS

recurrence is typically leptomeningeal or confined to the brain

parenchyma rather than the spinal cord (Figure 2). Mantle cell

lymphoma (MCL) comprises ∼3% of adult NHL cases, and CNS

involvement has an incidence of 4%. CNS relapse in MCL is

typically leptomeningeal rather than parenchymal (46). In addition

to known IPI risk factors, Ki-67 >30% was the strongest risk factor

predicting CNS relapse, with a 2-year cumulative incidence of

25.4% (47).

3.2. Acute lymphoblastic leukemia

CNS involvement in acute leukemias remains underdiagnosed.

It is present in ∼5% of adults with CNS leukemia at diagnosis

and has a shorter overall survival in comparison with patients

without CNS involvement. CNS involvement is detected in up

to 30–40% of patients at relapse due to CNS tropism of ALL

blasts (48). The known risk factors for CNS involvement in ALL

include mature B-cell or T-cell phenotype, younger patient age,

extramedullary disease (EMD), elevated LDH and white blood cell

count at diagnosis, and Philadelphia chromosome positivity (49)

(Figure 2).

3.3. Myeloma

MM is a hematologic malignancy, in which a proliferation

of clonal plasma cells (PCs) occurs within the bone marrow.

Extramedullary involvement (or EMD) represents an aggressive

form of MM, characterized by the ability of a clone and/or

subclone to thrive and grow independently of the bone marrow

microenvironment. EMD is thought to be related to hematogenous

spread when myeloma cells show decreased cell surface receptor

expression and allow cells to escape from the bone marrow (50).

Among them, the CNS localization of MM accounts for about 1%
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FIGURE 1

CAR T-cell-associated neurotoxicity in central nervous system hematologic disease. Created with BioRender.com.

FIGURE 2

MRI or PET scan images of patients with hematologic CNS disease. Patient 1: SCNSL with spinal cord involvement. Patient 2: SCNSL relapse with

leptomeningeal involvement. Patient 3: SCNSL at the frontal left lobe. Patient 4: PCNSL. Patient 5: Multifocal PCNSL. Patient 6: Leptomeningeal

di�use infiltration in a patient with leukemia.

of all MM during the disease course; it is even rarer at diagnosis.

Extramedullary localizations in CNS include intraparenchymal,

pachymeningeal, and/or leptomeningeal. In the spinal canal,

extramedullarymyeloma usuallymanifests as an epidural soft tissue

mass that can be contiguous or non-contiguous with the bone. CNS

involvement prognosis is even more dismal than for EMD in other

locations particularly if there is leptomeningeal involvement (51)

(Figure 3).

4. ICANS in patients with hematologic
malignancies and CNS involvement

4.1. Frequency

Increasing individual or short-series data related to CAR T-cell

safety and ICANS in patients with CNS disease have been reported

in patients with PCNSL (52), SCNSL (19, 35, 53–56), intravascular
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FIGURE 3

A 67-year-old woman with leptomeningeal MM presented with rapidly progressive paraparesis. Linear enhancement along the conus and cauda

equina nerve roots (left panel, denoted by arrows). Subtle nodularity of the ventral L4 nerve root. CSF flow cytometry was positive for myelomatous

involvement (in red).

lymphoma (57, 58), MCL (59), leukemia (39, 60–62), and myeloma

(63–66). Table 2 summarizes larger studies.

The occurrence and severity of CAR T-cell therapy-related

neurotoxicity have been evaluated in a limited number of patients

diagnosed with CNS involvement. The pooled analysis of the

available data in the literature including patients with lymphoma

has been recently reported in four studies. Investigators Wu

et al. were the first to review the safety of CAR T cells in

patients with lymphoma and secondary CNS involvement. Their

research including 10 studies involving 44 patients with lymphoma

concluded that patients with secondary CNS lymphoma treated

with CAR T-cell products presented similar rates for any grade

of ICANS (Axi-cel in CNS cohort: 56 vs. 64% in ZUMA-1; Tisa-

cel in the CNS cohort: 50 vs. 21% in JULIET); grade ≥3 ICANS

[Axi-cel in the CNS cohort: 39 vs. 28% in ZUMA-1; Tisa-cel in

the CNS cohort: 0 vs. 12% in JULIET] (84). More recently, Yi

et al. summarized the results of 11 studies reporting 58 cases of

B-NHL that involved patients with PCNSL or SCNSL. Among

these, 25 were assessable for ICANS. They identified that 44%

(11/25) developed ICANS, and 35% presented a severe form of

the syndrome (88). Furthermore, Asghar et al. reported collective

data from 14 studies that comprised eight retrospective studies

and six single-arm prospective studies/clinical trials, with a total

of 137 patients. The purpose of the study was to evaluate the

efficacy and safety of CAR T-cell therapy in primary and secondary

relapsed/refractory CNS lymphoma. They identified that ICANS

with a grade 3 or higher was present in 22% of the patients (n

= 30) (89). Finally, Cook et al. performed a large, retrospective

systematic review and meta-analysis including 128 patients with

relapsed/refractory PCNSL (30) and SCNSL (98). According to

their results, half of these patients developed ICANS. Among

patients with PCNSL, 53% had ICANS of any grade (18% grade 3–

4). The SCNSL cohort showed a rate of 48% for ICANS of any grade

(26% had grades 3–4) (90).

It should be noted that in those studies where safety profiles

were compared between CNS and non-CNS cohorts, no differences

in the incidence of ICANS (11, 69, 76) nor the severity of

neurotoxicity (70, 79) in patients with CNS involvement when

compared to those without were seen in the majority. In contrast, a

pooled post-hoc analysis of five clinical trials for children and young

adults treated with CD19 CAR T cells for ALL at the Children’s

Hospital of Philadelphia recently analyzed patients who had a

history of CNS involvement within the 12 months prior to CAR T-

cell infusion. Patients with a history of CNS positivity 1 year before

the infusion had more neurotoxic events compared to patients

without a history of CNS disease (76).

With respect to clinical presentation after CAR T-cell infusion,

the median time to ICANS was similar to that reported in patients

without CNS involvement. Reportedmedians were between 3 and 8

days—mostly 5 days—and ranged from 1 to 21 days. The duration

of neurotoxicity was usually short, with median rates between 3

and 14 days (ranging from 1 to 70) (36, 68, 69, 75, 76, 83, 85).

The reversibility of neurotoxic events and the full recovery of

ICANS under intensive management were reported in many series

(9, 40, 62, 67, 72, 77, 85, 91).

It should be noted that neurological symptoms caused

by specific disease infiltration into the CNS can present the

same symptomatology observed with ICANS. Difficulties

in differentiating ICANS from disease progression via

imaging have been reported (36). Furthermore, the cases of

pseudo-progression perhaps linked to CAR T cells have been

described (68, 75).
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TABLE 2 Studies including >5 patients with CNS disease and reported data on ICANS.

References Type of study Type of CAR-T N CNS disease (localization) ICANS Severity
n/total (%)

Abramson et al. (11) Clinical trial Liso-cel 7 SCNSL 2/7 (29 %)

2/2 (100 %)

Ahmed et al. (67) Single-center retrospective Axi-cel (3)

Tisa-cel (4)

7 SCNSL

5 parenchyma/2 lepto

3/7 (42.8 %)

1/3 (33.3%)

Alcantara et al. (68) Multicenter retrospective Axi-cel (2)

Tisa-cel (7)

9 PCNSL

8 parenchyma/1 lepto

5/9 (55.5%)

2/5 (40%)

Ayuk et al. (69) Multicenter retrospective Axi-cel (14)

Tisa-cel (14)

28 SCNSL

16 parenchyma/6 lepto/6 both

13/28 (46%)

4/13 (31%)

Bennani et al. (70) Multicenter retrospective Axi-cel 15 SCNSL

4 parenchyma/10 lepto/1 NA

13/15 (87%)

5/13 (38.4%)

Frigault et al. (71) Single-center retrospective Tisa-cel 8 SCNSL

3 parenchyma/3 lepto/2 both

3/8 (37.5%) 0/3 (0%)

Frigault et al. (36) Phase I/II trial Tisa-cel 12 PCNSL

10 parenchyma/2 lepto

6/12 (50%)

1/6 (16.6%)

Ghafouri et al. (72) Single-center retrospective Axi- or Tisa-cel 7 SCNSL

7 parenchyma/2 lepto

4/7 (57%)

2/4 (50%)

Jacobson et al. (73) Pilot trial Axi-cel 8∗ 6 PCNSL/3 SCNSL

8 parenchymal only

4/8 (50%)

3/4 (75%)

Jacoby et al. (74) Multicenter retrospective CD-19 55 ALL

16/55 active CNS

21/55 (38%)

6/21 (28.5%)

Karschnia et al. (75) Single-center retrospective CD19 10 SCNSL

7 parenchyma/3 lepto

6/10 (60%)

3/6 (50%)

Leahy et al. (76) Post-hoc analysis CD19 66 B-ALL 38/66 (57%)

8/38 (21%)

Li et al. (77) Phase I trial CD19+ CD22 5 1 PCNSL/4 SCNSL

4 parenchymal/1 both

2/5 (40%)

1/2 (50%)

Liu et al. (78) Single-center prospective CD19 or CD20 7 1 PCNSL/6 SCNSL

5 parenchymal

0/7 (0%)

Liu et al. (79) Phase I trial CD19-CD22 5∗ Burkitt (5 evaluable safety) 5/5 (100%)

3/5 (60 %)

Nastoupil et al. (80) Multicenter retrospective Axi-cel 21 SCNSL

History of CNS disease

NA

Qi et al. (40) Multicenter retrospective CD19 48 B-ALL 18/48 (37.5%)

11/18 (61.1%)

Shalabi et al. (37) Phase I trial CD19/CD28 13 B-cell leukemia

1 parenchymal

5/13 (38.4%)

1/5 (20%)

Siddiqi et al. (38) Retrospective phase I CD19 5 PCNSL 5/5 (100%)

1/5 (20%)

Sylvain et al. (81) Multicenter retrospective Axi-cel (4)

Tisa-cel (12)

17 PCNSL

13 parenchyma/4 lepto only

9/17 (52.9%)

3/9 (33.3%)

Strati et al. (82) Single-center retrospective Axi-cel 8 SCNSL

Prior CNS lymphoma

8/8 (100%)

5/8 (62.5%)

Tan et al. (83) Single-center retrospective CD19 12 B-ALL

1 parenchyma

10/12 (83%)

4/10 (40%)

Wu et al. (84) Single-center trial CD19/22 13 4 PCNSL/9 SCNSL 3/13 (27%)

1/3 (33.3%)

Xue et al. (85) Single-center retrospective CD19/20/22 17 2 PCNSL/15 SCNSL

13 parenchyma/7 lepto

6/17 (35%)

5/6 (83.3 %)

Yuen et al. (86) Multicenter retrospective Axi-cel 14 SCNSL (7/14 active)

(3 HIV+)

6/14 (43%)

4/6 (66.66%)

Zhang et al. (87) Multicenter retrospective CD19/20/22 15 SCNSL

10 parenchyma/6 lepto

3/15 (20%)

1/3 (33.3%)

SCNSL, secondary central nervous system lymphoma; PCNSL, primary central nervous system lymphoma; B-ALL, B-cell acute lymphoblastic leukemia; NA, not available; HIV, human

immunodeficiency virus. ∗Patients evaluable for safety.
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4.3. CNS disease as a risk factor for ICANS

Although most studies are not powered to stratify risk

by individual and pre-existing neurological comorbidity, such

comorbidities have been significantly associated with an increased

risk of high-grade neurotoxicity (25). This also includes some

patients with CNS disease (76). Interestingly, CNS-directed

radiotherapy as bridging therapy before CAR T-cell infusion was

not found to be associated with a higher risk of ICANS (67, 75).

Earlier studies have shown that neurotoxicity is associated with

pre-infusion disease burden and in vivo CAR T-cell expansion.

The issue of whether parenchymal lesions increase the risk

of neurotoxicity was recently explored. No difference in the

type of CNS manifestation (leptomeningeal or parenchymal) was

identified (10, 69). Importantly, the variable status of CNS disease

can be observed in studies (86). Patients did not necessarily have

active CNS involvement at the time of inclusion or leukapheresis

(40, 70). In patients with leukemia, some studies suggest that high-

burden CNSL before CAR T-cell infusion may predispose patients

to severe neurotoxicity (83). Qi et al. identified that neurotoxic

events of grades 3 to 4, which developed in 11 patients (22.9%),

were associated with a higher pre-infusion disease burden in CNS

(40). In the larger series of patients with leukemia, the multivariate

analysis showed that patients with CNS disease were 3.42 times

more likely to develop symptoms of neurotoxicity than those with

no history of CNS disease. In this study, patients with CNS disease

were more likely to have neurotoxicity than those in the CNS

negative group; however, neurological events of grades 1 and 2 were

the largest contributor to this difference. There was no increased

risk of severe neurotoxicity (76). Conversely, in the multivariate

analysis, CNS status at lymphodepletion in patients with CNS

relapse of ALL was not significant with respect to the higher

incidence of ICANS.

5. Conclusion

The management of central nervous system involvement in

hematologic diseases remains an area of unmet medical attention.

Previous reports of significant neurotoxicity related to CAR T-cell

infusion led to clinicians weighing great caution when treating

diseases with CNS involvement. However, to date, ICANS has

not been consistently associated with CNS disease, especially in

CNS lymphoma. In most series, no elevated ICANS incidence

or lethal neurotoxicity occurred, and usually, ICANS symptoms

were reversible. Furthermore, very few treatment-related deaths

were reported. Therefore, neurotoxicity appears similar to previous

reports on patients with lymphoma without CNS involvement.

Despite the limitations of available data, which are mostly (>65%)

retrospective in nature, obtained frommixed patients with a history

of active secondary CNS disease and from small series, ICANS

outcomes seen in real-world settings are fairly similar to safety data

reported in trials. Ongoing trials evaluating the use of CAR T-cell

therapy in CNSL (NCT04134117, NCT04608487, NCT04464200,

NCT04532203, NCT02153580, and NCT03484702) will help to

elucidate other questions like the impact of simultaneous CNS

and systemic involvement and the difference in CAR properties

in this population. In summary, growing evidence suggests that

the presence of CNS disease may not be associated with a highly

elevated incidence or severity of ICANS. This, in turn, supports the

feasibility of CAR T-cell therapy in patients with CNS involvement

and reiterates themanageability of toxicities.We believe that having

CNS disease should not preclude someone from receiving CAR T-

cell therapy as a treatment option due to concerns about ICANS.

Although current data could indicate no clear excess neurotoxicity

in this setting, vigilant close monitoring by trained neurologists is

recommended for patients treated with currently available and new

CAR T cell products.

Author contributions

RV and AM conceptualized and designed the study. RV, AM,

and MV-G contributed to the manuscript writing. All authors

made substantial contributions to the design, acquisition of data,

and analysis and interpretation of data. All authors performed

the research study, acquisition, analysis and interpretation of

data, and revised the manuscript for important intellectual

content. All authors contributed to the article and approved the

submitted version.

Funding

This study was partially supported by a grant from Instituto

de Salud Carlos III through the projects PI20/00283 (RV) and

PI21/00684 (AS) [co-funded by European Regional Development

Fund (ERDF)]. MV-G is supported by a research grant from

Fundación Alfonso Martín Escudero (Spain). We would like to

thank Dr. Enric Gamundi for his support in flow cytometry. We

also thank CERCA Programme/Generalitat de Catalunya for the

institutional support.

Conflict of interest

RV: consultancy for Takeda, Novartis, Gilead, Lab. Esteve, and

Seagen; Speakers bureau for Takeda, Janseen, Ferrer and Gilead.

AM: BMS: consultancy; Takeda: Honoraria; Gilead: Research

Funding; Jazz Pharaceuticals: Consultancy. AS: consultancy for

BMS, Celgene, Gilead, Janssen, MSD, Novartis, Sanofi, Takeda,

and GSK; Speakers bureau for Takeda; Travel grants from BMS,

Celgene, Janssen, Roche, Sanofi, and Takeda; Research support

from Takeda and BMS.

The remaining author declares that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers inNeurology 08 frontiersin.org

https://doi.org/10.3389/fneur.2023.1144414
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Velasco et al. 10.3389/fneur.2023.1144414

References

1. Stone JB, DeAngelis LM. Cancer-treatment-induced neurotoxicity—
focus on newer treatments. Nat Rev Clin Oncol. (2016) 13:92–105.
doi: 10.1038/nrclinonc.2015.152

2. Schiff D, Arrillaga I,Wen PY, editors.Cancer Neurology in Clinical Practice. Cham:
Springer International Publishing (2018). Available online at: http://link.springer.com/
10.1007/978-3-319-57901-6 (accessed December 26, 22).

3. Hayden PJ, Roddie C, Bader P, Basak GW, Bonig H, Bonini C, et al.
Management of adults and children receiving CAR T-cell therapy: 2021 best practice
recommendations of the European Society for Blood and Marrow Transplantation
(EBMT) and the Joint Accreditation Committee of ISCT and EBMT (JACIE)
and the European Haematology Association (EHA). Ann Oncol. (2022) 33:259–75.
doi: 10.1016/j.annonc.2021.12.003

4. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N
Engl J Med. (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

5. Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann P, McGuirk JP, et al.
Tisagenlecleucel in adult relapsed or refractory diffuse large B-cell lymphoma. N Engl J
Med. (2019) 380:45–56. doi: 10.1056/NEJMoa1804980

6. Fowler NH, Dickinson M, Dreyling M, Martinez-Lopez J, Kolstad A, Butler J,
et al. Tisagenlecleucel in adult relapsed or refractory follicular lymphoma: the phase
2 ELARA trial. Nat Med. (2022) 28:325–32. doi: 10.1038/s41591-021-01622-0

7. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, et al.
Axicabtagene ciloleucel CART-cell therapy in refractory large B-cell lymphoma.NEngl
J Med. (2017) 377:2531–44. doi: 10.1056/NEJMoa1707447

8. Jacobson CA, Chavez JC, Sehgal AR, William BM, Munoz J, Salles G, et al.
Axicabtagene ciloleucel in relapsed or refractory indolent non-Hodgkin lymphoma
(ZUMA-5): a single-arm, multicentre, phase 2 trial. Lancet Oncol. (2022) 23:91–103.
doi: 10.1016/S1470-2045(21)00591-X

9. Shah BD, Ghobadi A, Oluwole OO, Logan AC, Boissel N, Cassaday RD, et al.
KTE-X19 for relapsed or refractory adult B-cell acute lymphoblastic leukaemia: phase
2 results of the single-arm, open-label, multicentre ZUMA-3 study. Lancet. (2021)
398:491–502. doi: 10.1016/S0140-6736(21)01222-8

10. Wang M, Munoz J, Goy A, Locke FL, Jacobson CA, Hill BT, et al. KTE-X19 CAR
T-cell therapy in relapsed or refractory mantle-cell lymphoma. N Engl J Med. (2020)
382:1331–42. doi: 10.1056/NEJMoa1914347

11. Abramson JS, Palomba ML, Gordon LI, Lunning MA, Wang M, Arnason J,
et al. Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell
lymphomas (TRANSCEND NHL 001): a multicentre seamless design study. Lancet.
(2020) 396:839–52. doi: 10.1016/S0140-6736(20)31366-0

12. Berdeja JG, Madduri D, Usmani SZ, Jakubowiak A, Agha M, Cohen AD,
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) 398:314–24.
doi: 10.1016/S0140-6736(21)00933-8

13. Sterner RC, Sterner RM. Immune effector cell associated neurotoxicity syndrome
in chimeric antigen receptor-T cell therapy. Front Immunol. (2022) 13:879608.
doi: 10.3389/fimmu.2022.879608

14. Pensato U, Guarino M, Muccioli L. The role of neurologists in the
era of cancer immunotherapy: focus on CAR T-cell therapy and immune
checkpoint inhibitors. Front Neurol. (2022) 13:936141. doi: 10.3389/fneur.2022.9
36141

15. Bachy E, Le Gouill S, Di Blasi R, Sesques P, Manson G, Cartron G, 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)
doi: 10.1038/s41591-022-01969-y

16. Grant SJ, Grimshaw AA, Silberstein J, Murdaugh D, Wildes TM, Rosko
AE, et al. Clinical presentation, risk factors, and outcomes of immune effector
cell-associated neurotoxicity syndrome following chimeric antigen receptor T
cell therapy: a systematic review. Transplant Cell Ther. (2022) 28:294–302.
doi: 10.1016/j.jtct.2022.03.006

17. Wang Y, Cao J, Gu W, Shi M, Lan J, Yan Z, et al. Long-term follow-
up of combination of B-cell maturation antigen and CD19 chimeric antigen
receptor T cells in multiple myeloma. JCO. (2022) 40:2246–56. doi: 10.1200/JCO.21.
01676

18. Pensato U, Amore G, D’Angelo R, Rinaldi R, Nicodemo M, Rondelli F,
et al. Frontal predominant encephalopathy with early paligraphia as a distinctive
signature of CAR T-cell therapy-related neurotoxicity. J Neurol. (2022) 269:609–15.
doi: 10.1007/s00415-021-10766-5

19. Holtzman NG, Xie H, Bentzen S, Kesari V, Bukhari A, El Chaer F, et al. Immune
effector cell–associated neurotoxicity syndrome after chimeric antigen receptor T-cell
therapy for lymphoma: predictive biomarkers and clinical outcomes. Neuro Oncol.
(2021) 23:112–21. doi: 10.1093/neuonc/noaa183

20. Santomasso BD, Park JH, Salloum D, Riviere I, Flynn J, Mead E, 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) 8:958–71.
doi: 10.1158/2159-8290.CD-17-1319

21. Lee DW, Santomasso BD, Locke FL, Ghobadi A, Turtle CJ, Brudno JN, et al.
ASTCT consensus grading for cytokine release syndrome and neurologic toxicity
associated with immune effector cells. Biol Blood Marrow Transplant. (2019) 25:625–
38. doi: 10.1016/j.bbmt.2018.12.758

22. Karschnia P, Jordan JT, Forst DA, Arrillaga-Romany IC, Batchelor TT, Baehring
JM, et al. Clinical presentation, management, and biomarkers of neurotoxicity
after adoptive immunotherapy with CAR T cells. Blood. (2019) 133:2212–21.
doi: 10.1182/blood-2018-12-893396

23. Pensato U, Muccioli L, Zinzani P, D’Angelo R, Pierucci E, Casadei B,
et al. Fulminant cerebral edema following CAR T-cell therapy: case report and
pathophysiological insights from literature review. J Neurol. (2022) 269:4560–3.
doi: 10.1007/s00415-022-11117-8

24. Torre M, Solomon IH, Sutherland CL, Nikiforow S, DeAngelo DJ, Stone RM,
et al. Neuropathology of a case with fatal CAR T-cell-associated cerebral edema. J
Neuropathol Exp Neurol. (2018) 77:877–82. doi: 10.1093/jnen/nly064

25. Gust J, Hay KA, Hanafi LA, Li D, Myerson D, Gonzalez-Cuyar LF, et al.
Endothelial activation and blood–brain barrier disruption in neurotoxicity after
adoptive immunotherapy with CD19 CAR-T cells. Cancer Discov. (2017) 7:1404–19.
doi: 10.1158/2159-8290.CD-17-0698

26. Rubin DB, Danish HH, Ali AB, Li K, LaRose S, Monk AD, et al. Neurological
toxicities associated with chimeric antigen receptor T-cell therapy. Brain. (2019)
142:1334–48. doi: 10.1093/brain/awz053

27. Cohen AD, Parekh S, Santomasso BD, Gállego Pérez-Larraya J, van de Donk
NWCJ, Arnulf B, et al. Incidence and management of CAR-T neurotoxicity in patients
with multiple myeloma treated with ciltacabtagene autoleucel in CARTITUDE studies.
Blood Cancer J. (2022) 12:32. doi: 10.1038/s41408-022-00629-1

28. Van Oekelen O, Aleman A, Upadhyaya B, Schnakenberg S, Madduri D,
Gavane S, et al. Neurocognitive and hypokinetic movement disorder with features of
parkinsonism after BCMA-targeting CAR-T cell therapy. Nat Med. (2021) 27:2099–
103. doi: 10.1038/s41591-021-01564-7

29. Gu T, Hu K, Si X, Hu Y, Huang H. Mechanisms of immune effector CELL-
ASSOCIATED neurotoxicity syndrome after CAR-T treatment.WIREs Mech Dis. (2022)
14:e1576. doi: 10.1002/wsbm.1576

30. Siegler EL, Kenderian SS. Neurotoxicity and cytokine release syndrome after
chimeric antigen receptor T cell therapy: insights intomechanisms and novel therapies.
Front Immunol. (2020) 11:1973. doi: 10.3389/fimmu.2020.01973

31. Brown BD, Tambaro FP, Kohorst M, Chi L, Mahadeo KM, Tewari P, et al.
Immune effector cell associated neurotoxicity (ICANS) in pediatric and young adult
patients following chimeric antigen receptor (CAR) T-cell therapy: can we optimize
early diagnosis? Front Oncol. (2021) 11:634445. doi: 10.3389/fonc.2021.634445

32. Marella M, Yao X, Carreira V, Bustamante MF, Clark HB, Jackson CC, et al.
Comprehensive BCMA expression profiling in adult normal human brain suggests a
low risk of on-target neurotoxicity in BCMA-targeting multiple myeloma therapy. J
Histochem Cytochem. (2022) 70:273–87. doi: 10.1369/00221554221079579

33. Mohyuddin GR, Banerjee R, Alam Z, Berger KE, Chakraborty R. Rethinking
mechanisms of neurotoxicity with BCMA directed therapy. Crit Rev Oncol Hematol.
(2021) 166:103453. doi: 10.1016/j.critrevonc.2021.103453

34. Norelli M, Camisa B, Barbiera G, Falcone L, Purevdorj A, Genua M, 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) 24:739–48.
doi: 10.1038/s41591-018-0036-4

35. Abramson JS, McGree B, Noyes S, Plummer S, Wong C, Chen YB, et al. Anti-
CD19 CAR T cells in CNS diffuse large-B-cell lymphoma. N Engl J Med. (2017)
377:783–4. doi: 10.1056/NEJMc1704610

36. Frigault MJ, Dietrich J, Gallagher K, Roschewski M, Jordan JT, Forst D, et al.
Safety and efficacy of tisagenlecleucel in primary CNS lymphoma: a phase 1/2 clinical
trial. Blood. (2022) 139:2306–15. doi: 10.1182/blood.2021014738

37. Shalabi H, Martin S, Yates B, Wolters PL, Kaplan C, Smith H, et al. Neurotoxicity
following CD19/CD28ζ CAR T-cells in children and young adults with B-cell
malignancies. Neuro Oncol. (2022) 24:1584–97. doi: 10.1093/neuonc/noac034

38. Siddiqi T, Wang X, Blanchard MS, Wagner JR, Popplewell LL, Budde LE, et al.
CD19-directed CAR T-cell therapy for treatment of primary CNS lymphoma. Blood
Adv. (2021) 5:4059–63. doi: 10.1182/bloodadvances.2020004106

39. Chen LY, Kang LQ, Zhou HX, Gao HQ, Zhu XF, Xu N, et al. Successful
application of anti-CD19 CAR-T therapy with IL-6 knocking down to patients with
central nervous system B-cell acute lymphocytic leukemia. Transl Oncol. (2020)
13:100838. doi: 10.1016/j.tranon.2020.100838

Frontiers inNeurology 09 frontiersin.org

https://doi.org/10.3389/fneur.2023.1144414
https://doi.org/10.1038/nrclinonc.2015.152
http://link.springer.com/10.1007/978-3-319-57901-6
http://link.springer.com/10.1007/978-3-319-57901-6
https://doi.org/10.1016/j.annonc.2021.12.003
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1056/NEJMoa1804980
https://doi.org/10.1038/s41591-021-01622-0
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1016/S1470-2045(21)00591-X
https://doi.org/10.1016/S0140-6736(21)01222-8
https://doi.org/10.1056/NEJMoa1914347
https://doi.org/10.1016/S0140-6736(20)31366-0
https://doi.org/10.1016/S0140-6736(21)00933-8
https://doi.org/10.3389/fimmu.2022.879608
https://doi.org/10.3389/fneur.2022.936141
https://doi.org/10.1038/s41591-022-01969-y
https://doi.org/10.1016/j.jtct.2022.03.006
https://doi.org/10.1200/JCO.21.01676
https://doi.org/10.1007/s00415-021-10766-5
https://doi.org/10.1093/neuonc/noaa183
https://doi.org/10.1158/2159-8290.CD-17-1319
https://doi.org/10.1016/j.bbmt.2018.12.758
https://doi.org/10.1182/blood-2018-12-893396
https://doi.org/10.1007/s00415-022-11117-8
https://doi.org/10.1093/jnen/nly064
https://doi.org/10.1158/2159-8290.CD-17-0698
https://doi.org/10.1093/brain/awz053
https://doi.org/10.1038/s41408-022-00629-1
https://doi.org/10.1038/s41591-021-01564-7
https://doi.org/10.1002/wsbm.1576
https://doi.org/10.3389/fimmu.2020.01973
https://doi.org/10.3389/fonc.2021.634445
https://doi.org/10.1369/00221554221079579
https://doi.org/10.1016/j.critrevonc.2021.103453
https://doi.org/10.1038/s41591-018-0036-4
https://doi.org/10.1056/NEJMc1704610
https://doi.org/10.1182/blood.2021014738
https://doi.org/10.1093/neuonc/noac034
https://doi.org/10.1182/bloodadvances.2020004106
https://doi.org/10.1016/j.tranon.2020.100838
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Velasco et al. 10.3389/fneur.2023.1144414

40. Qi Y, ZhaoM,HuY,Wang Y, Li P, Cao J, et al. Efficacy and safety of CD19-specific
CAR T cell–based therapy in B-cell acute lymphoblastic leukemia patients with CNSL.
Blood. (2022) 139:3376–86. doi: 10.1182/blood.2021013733

41. Wehrli M, Gallagher K, Chen YB, Leick MB, McAfee SL, El-Jawahri AR, et al.
Single-center experience using anakinra for steroid-refractory immune effector cell-
associated neurotoxicity syndrome (ICANS). J Immunother Cancer. (2022) 10:e003847.
doi: 10.1136/jitc-2021-003847

42. Strati P, Ahmed S, Kebriaei P, Nastoupil LJ, Claussen CM, Watson
G, et al. Clinical efficacy of anakinra to mitigate CAR T-cell therapy–
associated toxicity in large B-cell lymphoma. Blood Adv. (2020) 4:3123–7.
doi: 10.1182/bloodadvances.2020002328

43. GELTAMO and GENOSEN group, Velasco R, Mercadal S, Vidal N, Alañá M,
Barceló MI, et al. Diagnostic delay and outcome in immunocompetent patients with
primary central nervous system lymphoma in Spain: amulticentric study. J Neurooncol.
(2020) 148:545–54. doi: 10.1007/s11060-020-03547-z

44. Bobillo S, Khwaja J, Ferreri AJ, Cwynarski K. Prevention and management
of secondary central nervous system lymphoma. Haematol. (2023) 108:673–89.
doi: 10.3324/haematol.2022.281457

45. Schmitz N, Zeynalova S, Nickelsen M, Kansara R, Villa D, Sehn LH, et al.
CNS international prognostic index: a risk model for CNS relapse in patients
with diffuse large B-cell lymphoma treated with R-CHOP. JCO. (2016) 34:3150–6.
doi: 10.1200/JCO.2015.65.6520

46. Cheah CY, George A, Giné E, Chiappella A, Kluin-Nelemans HC, Jurczak W,
et al. Central nervous system involvement in mantle cell lymphoma: clinical features,
prognostic factors and outcomes from the European Mantle Cell Lymphoma Network.
Ann Oncol. (2013) 24:2119–23. doi: 10.1093/annonc/mdt139

47. Chihara D, Asano N, Ohmachi K, Nishikori M, Okamoto M, Sawa M, et al. Ki-
67 is a strong predictor of central nervous system relapse in patients with mantle cell
lymphoma (MCL). Ann Oncol. (2015) 26:966–73. doi: 10.1093/annonc/mdv074

48. Deak D, Gorcea-Andronic N, Sas V, Teodorescu P, Constantinescu C, Iluta S,
et al. A narrative review of central nervous system involvement in acute leukemias.
Ann Transl Med. (2021) 9:68–68. doi: 10.21037/atm-20-3140

49. Del Principe MI, Maurillo L, Buccisano F, Sconocchia G, Cefalo M, De Santis
G, et al. Central nervous system involvement in adult acute lymphoblastic leukemia:
diagnostic tools, prophylaxis and therapy. Mediterr J Hematol Infect Dis. (2014)
6:e2014075. doi: 10.4084/mjhid.2014.075

50. Velasco R, Petit J, Llatjós R, Juan A, Bruna J. Can leptomeningeal myelomatosis
be predicted in patients with IgDmultiple myeloma? J Clin Neurosci. (2010) 17:1071–2.
doi: 10.1016/j.jocn.2009.11.015

51. Bladé J, Beksac M, Caers J, Jurczyszyn A, von Lilienfeld-Toal M, Moreau P,
et al. Extramedullary disease in multiple myeloma: a systematic literature review. Blood
Cancer J. (2022) 12:45. doi: 10.1038/s41408-022-00643-3

52. Tu S, Zhou X, Guo Z, Huang R, Yue C, He Y, et al. CD19 and CD70 dual-target
chimeric antigen receptor t-cell therapy for the treatment of relapsed and refractory
primary central nervous system diffuse large B-cell lymphoma. Front Oncol. (2019)
9:1350. doi: 10.3389/fonc.2019.01350

53. Kittai AS, Bond DA, William B, Saad A, Penza S, Efebera Y, et al. Clinical activity
of axicabtagene ciloleucel in adult patients with Richter syndrome. Blood Adv. (2020)
4:4648–52. doi: 10.1182/bloodadvances.2020002783

54. Abbasi A, Peeke S, Shah N, Mustafa J, Khatun F, Lombardo A, et al. Axicabtagene
ciloleucel CD19 CAR-T cell therapy results in high rates of systemic and neurologic
remissions in ten patients with refractory large B cell lymphoma including two with
HIV and viral hepatitis. J Hematol Oncol. (2020) 13:1. doi: 10.1186/s13045-019-0838-y

55. Novo M, Ruff MW, Skrabek PJ, Lin Y. Axicabtagene ciloleucel chimeric
antigen receptor T cell therapy in lymphoma with secondary central nervous system
involvement.Mayo Clin Proc. (2019) 94:2361–4. doi: 10.1016/j.mayocp.2019.09.006

56. Rafelson W, Olszewski A. What a headache! Double-hit lymphoma with CNS
recurrence – Role of chimeric antigen receptor (CAR) T-cell therapy. Leuk Lymph.
(2020) 61:757–62. doi: 10.1080/10428194.2019.1695052

57. Yagi Y, Kanemasa Y, Ohigashi A,Morita Y, Tamura T, Nakamura S, et al. Chimeric
antigen receptor T-cell therapy following autologous transplantation for secondary
central nervous system lymphoma: a case report. Medicine. (2021) 100:e27733.
doi: 10.1097/MD.0000000000027733

58. Liu W, Li C, Cao Y, Wang N, Huang L, Shang Z, et al. Sequential CAR
T-cell therapy After autologous stem cell transplantation for the treatment
of relapsed/refractory intravascular large B-cell lymphoma with central
nervous system involvement: a case report. Front Oncol. (2022) 12:817969.
doi: 10.3389/fonc.2022.817969

59. Vu K, Frank MJ. CAR T-cell therapy for mantle cell lymphoma
with central nervous system relapse. Blood Adv. (2022) 7:375–8.
doi: 10.1182/bloodadvances.2022008031

60. Feng J, Xu H, Cinquina A,Wu Z, Chen Q, Zhang P, et al. Treatment of aggressive
T cell lymphoblastic lymphoma/leukemia using anti-CD5 CAR T cells. Stem Cell Rev
and Rep. (2021) 17:652–61. doi: 10.1007/s12015-020-10092-9

61. Hu K, Wang Y, Teng X, Hu Y, Huang H. Cell subsets and cytokine dynamics in
cerebrospinal fluid after CAR-T cell therapy for B-cell acute lymphoblastic leukemia

with central nervous system involvement. Bone Marrow Transplant. (2021) 56:3088–
90. doi: 10.1038/s41409-021-01471-y

62. Zhang L, Zuo Y, Lu A, Wu J, Jia Y, Wang Y, et al. Safety and efficacy of chimeric
antigen receptor T-cell therapy in children with central nervous system leukemia. Clin
Lymph Myeloma Leuk. (2021) 21:e410–4. doi: 10.1016/j.clml.2020.12.009

63. Wang T, He T, Ma L, Yang Y, Feng R, Ding Y, et al. Clinical outcomes of BCMA
CAR-T cells in a multiple myeloma patient with central nervous system invasion. Front
Oncol. (2022) 12:854448. doi: 10.3389/fonc.2022.854448/full

64. Wang Y, Zu C, Teng X, Yang L, ZhangM, Hong R, et al. BCMACAR-T therapy is
safe and effective for refractory/relapsedmultiplemyelomawith central nervous system
involvement. J Immunother. (2022) 45:25–34. doi: 10.1097/CJI.0000000000000391

65. Wang Y, Wang L, Zeng Y, Hong R, Zu C, Yin ETS, et al. Successful BCMA CAR-
T therapy for multiple myeloma with central nervous system involvement manifesting
as cauda equina syndrome—a wandering road to remission. Front Oncol. (2021)
11:755584. doi: 10.3389/fonc.2021.755584

66. Zhang Y, Zhang C, Zhou J, Zhang J, Chen X, Chen J, et al. Case report: reversible
neurotoxicity and a clinical response induced by BCMA-directed chimeric antigen
receptor T cells against multiple myeloma with central nervous system involvement.
Front Immunol. (2021) 12:552429. doi: 10.3389/fimmu.2021.552429

67. Ahmed G, Hamadani M, Shah NN. CAR T-cell therapy for secondary CNS
DLBCL. Blood Adv. (2021) :5626–30. doi: 10.1182/bloodadvances.2021005292

68. Alcantara M, Houillier C, Blonski M, Rubio MT, Willems L, Rascalou
AW, et al. CAR T-cell therapy in primary central nervous system lymphoma:
the clinical experience of the French LOC network. Blood. (2022) 139:792–6.
doi: 10.1182/blood.2021012932

69. Ayuk FA, Gagelmann N, Wulf G, von Tresckow B, Rejeski K, Stelljes
M, et al. Real-world results of CAR-T cell therapy for large B cell lymphoma
with CNS involvement: a GLA/DRST study. Blood. (2022) 140(Suppl. 1):10394–5.
doi: 10.1182/blood-2022-166104

70. Bennani NN, Maurer MJ, Nastoupil LJ, Jain MD, Chavez JC, Cashen AF,
et al. Experience with axicabtagene ciloleucel (Axi-cel) in patients with secondary
CNS involvement: results from the US lymphoma CAR T consortium. Blood. (2019)
134:763–3. doi: 10.1182/blood-2019-129097

71. Frigault MJ, Dietrich J, Martinez-Lage M, Leick M, Choi BD, DeFilipp Z, et al.
Tisagenlecleucel CAR T-cell therapy in secondary CNS lymphoma. Blood. (2019)
134:860–6. doi: 10.1182/blood.2019001694

72. Ghafouri S, Fenerty K, Schiller G, de Vos S, Eradat H, Timmerman
J, et al. Real-world experience of axicabtagene ciloleucel and tisagenlecleucel
for relapsed or refractory aggressive B-cell lymphomas: a single-institution
experience. Clin Lymph Myeloma Leuk. (2021) 21:861–72. doi: 10.1016/j.clml.2021.
07.002

73. Jacobson CA, Falvey C, Bouvier R, Hogan S, Kendricken E, Jones J, et al. A
pilot study of axicabtagene ciloleucel (axi-cel) for the treatment of relapsed/refractory
primary and secondary central nervous system lymphoma (CNSL). Blood. (2022)
140(Suppl. 1):1060–1. doi: 10.1182/blood-2022-165256

74. Jacoby E, Ghorashian S, Vormoor B, De Moerloose B, Bodmer N, Molostova O,
et al. CD19 CAR T-cells for pediatric relapsed acute lymphoblastic leukemia with active
CNS involvement: a retrospective international study. Leukemia. (2022) 36:1525–32.
doi: 10.1038/s41375-022-01546-9

75. Karschnia P, Rejeski K, Winkelmann M, Schöberl F, Bücklein VL, Blumenberg
V, et al. Toxicities and response rates of secondary CNS lymphoma after adoptive
immunotherapy with CD19-directed chimeric antigen receptor T cells. Neurology.
(2022) 98:884–9. doi: 10.1212/WNL.0000000000200608

76. Leahy AB, Newman H, Li Y, Liu H, Myers R, DiNofia A, et al. CD19-
targeted chimeric antigen receptor T-cell therapy for CNS relapsed or refractory acute
lymphocytic leukaemia: a post-hoc analysis of pooled data from five clinical trials.
Lancet Haematol. (2021) 8:e711–22. doi: 10.1016/S2352-3026(21)00238-6

77. Li T, Zhao L, Zhang Y, Xiao Y, Wang D, Huang L, et al. CAR T-cell therapy is
effective but not long-lasting in B-cell lymphoma of the brain. Front Oncol. (2020)
10:1306. doi: 10.3389/fonc.2020.01306

78. Liu R, Cheng Q, Kang L, Wang E, Li Y, Zhang J, et al. CD19 or CD20
CAR T cell therapy demonstrates durable antitumor efficacy in patients with central
nervous system lymphoma. Hum Gene Ther. (2022) 33:318–29. doi: 10.1089/hum.20
21.249

79. Liu Y, Deng B, Hu B, Zhang W, Zhu Q, Liu Y, et al. Sequential
different B-cell antigen–targeted CAR T-cell therapy for pediatric refractory/relapsed
Burkitt lymphoma. Blood Adv. (2022) 6:717–30. doi: 10.1182/bloodadvances.20210
04557

80. Nastoupil LJ, Jain MD, Feng L, Spiegel JY, Ghobadi A, Lin Y, et al. Standard-
of-care axicabtagene ciloleucel for relapsed or refractory large B-cell lymphoma:
results from the US lymphoma CAR T consortium. JCO. (2020) 38:3119–28.
doi: 10.1200/JCO.19.02104

81. Sylvain C, Le Garff-Tavernier M, Souchet L, Roos Weil D, Morel V, Uzunov
M, et al. Efficacy of CAR-T cells in primary central nervous system lymphomas: the
French Experience of the National LOC Network. Blood. (2022) 140(Suppl. 1):7540–1.
doi: 10.1182/blood-2022-167784

Frontiers inNeurology 10 frontiersin.org

https://doi.org/10.3389/fneur.2023.1144414
https://doi.org/10.1182/blood.2021013733
https://doi.org/10.1136/jitc-2021-003847
https://doi.org/10.1182/bloodadvances.2020002328
https://doi.org/10.1007/s11060-020-03547-z
https://doi.org/10.3324/haematol.2022.281457
https://doi.org/10.1200/JCO.2015.65.6520
https://doi.org/10.1093/annonc/mdt139
https://doi.org/10.1093/annonc/mdv074
https://doi.org/10.21037/atm-20-3140
https://doi.org/10.4084/mjhid.2014.075
https://doi.org/10.1016/j.jocn.2009.11.015
https://doi.org/10.1038/s41408-022-00643-3
https://doi.org/10.3389/fonc.2019.01350
https://doi.org/10.1182/bloodadvances.2020002783
https://doi.org/10.1186/s13045-019-0838-y
https://doi.org/10.1016/j.mayocp.2019.09.006
https://doi.org/10.1080/10428194.2019.1695052
https://doi.org/10.1097/MD.0000000000027733
https://doi.org/10.3389/fonc.2022.817969
https://doi.org/10.1182/bloodadvances.2022008031
https://doi.org/10.1007/s12015-020-10092-9
https://doi.org/10.1038/s41409-021-01471-y
https://doi.org/10.1016/j.clml.2020.12.009
https://doi.org/10.3389/fonc.2022.854448/full
https://doi.org/10.1097/CJI.0000000000000391
https://doi.org/10.3389/fonc.2021.755584
https://doi.org/10.3389/fimmu.2021.552429
https://doi.org/10.1182/bloodadvances.2021005292
https://doi.org/10.1182/blood.2021012932
https://doi.org/10.1182/blood-2022-166104
https://doi.org/10.1182/blood-2019-129097
https://doi.org/10.1182/blood.2019001694
https://doi.org/10.1016/j.clml.2021.07.002
https://doi.org/10.1182/blood-2022-165256
https://doi.org/10.1038/s41375-022-01546-9
https://doi.org/10.1212/WNL.0000000000200608
https://doi.org/10.1016/S2352-3026(21)00238-6
https://doi.org/10.3389/fonc.2020.01306
https://doi.org/10.1089/hum.2021.249
https://doi.org/10.1182/bloodadvances.2021004557
https://doi.org/10.1200/JCO.19.02104
https://doi.org/10.1182/blood-2022-167784
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Velasco et al. 10.3389/fneur.2023.1144414

82. Strati P, Nastoupil LJ, Westin J, Fayad LE, Ahmed S, Fowler NH, et al. Clinical
and radiologic correlates of neurotoxicity after axicabtagene ciloleucel in large B-cell
lymphoma. Blood Adv. (2020) 4:3943–51. doi: 10.1182/bloodadvances.2020002228

83. Tan Y, Pan J, Deng B, Ling Z, Song W, Xu J, et al. Toxicity and
effectiveness of CD19 CAR T therapy in children with high-burden central
nervous system refractory B-ALL. Cancer Immunol Immunother. (2021) 70:1979–93.
doi: 10.1007/s00262-020-02829-9

84. Wu X, Zhang X, Xun R, Liu M, Sun Z, Huang J. Efficacy and safety of
axicabtagene ciloleucel and tisagenlecleucel administration in lymphoma patients with
secondary CNS involvement: a systematic review. Front Immunol. (2021) 12:693200.
doi: 10.3389/fimmu.2021.693200

85. Xue F, Zheng P, Liu R, Feng S, Guo Y, Shi H, et al. The autologous
hematopoietic stem cells transplantation combination-based chimeric antigen receptor
T-cell therapy improves outcomes of relapsed/refractory central nervous system B-
cell lymphoma. Kang Z, editor. J Oncol. (2022) 2022:1–20. doi: 10.1155/2022/29
00310

86. Yuen CA, Hsu JM, Van Besien K, Reshef R, Iwamoto FM, Haggiagi A,
et al. Axicabtagene ciloleucel in patients ineligible for ZUMA-1 because of CNS

involvement and/or HIV: a multicenter experience. J Immunother. (2022) 45:254–62.
doi: 10.1097/CJI.0000000000000416

87. Zhang H, Yan Z, Wang Y, Qi Y, Hu Y, Li P, et al. Efficacy and safety of CD19-
specific CAR-T cell-based therapy in secondary central nervous system lymphoma.
Front Immunol. (2022) 13:965224. doi: 10.3389/fimmu.2022.965224

88. Yi D, Gergis M, Elgohary G, Hsu J, Yang Y, Bi X, et al. Chimeric antigen receptor
T-cell therapies in lymphoma patients with central nervous system involvement.
Hematol Oncol Stem Cell Ther. (2022) 15:1024. doi: 10.56875/2589-0646.1024

89. Asghar N, Masood A, Dhaliwal A, Khurana S, Davis J, Hashmi H, et al. Chimeric
antigen receptor T-cell (CAR T-cell) therapy for primary and secondary central
nervous system lymphoma: a systematic review of literature. Clin Lymph Myeloma
Leuk. (2023) 23:15–21. doi: 10.1016/j.clml.2022.09.008

90. Cook MR, Dorris CS, Makambi KH, Luo Y, Munshi P, Donato M, et al. Toxicity
and efficacy of CAR T-cell therapy in PCNSL and SCNSL: a meta-analysis of 128
patients. Blood Adv. (2022) 7:32–9. doi: 10.1182/bloodadvances.2022008525

91. Wu J,Meng F, Cao Y, Zhang Y, Zhu X,WangN, et al. Sequential CD19/22 CART-
cell immunotherapy following autologous stem cell transplantation for central nervous
system lymphoma. Blood Cancer J. (2021) 11:131. doi: 10.1038/s41408-021-00523-2

Frontiers inNeurology 11 frontiersin.org

https://doi.org/10.3389/fneur.2023.1144414
https://doi.org/10.1182/bloodadvances.2020002228
https://doi.org/10.1007/s00262-020-02829-9
https://doi.org/10.3389/fimmu.2021.693200
https://doi.org/10.1155/2022/2900310
https://doi.org/10.1097/CJI.0000000000000416
https://doi.org/10.3389/fimmu.2022.965224
https://doi.org/10.56875/2589-0646.1024
https://doi.org/10.1016/j.clml.2022.09.008
https://doi.org/10.1182/bloodadvances.2022008525
https://doi.org/10.1038/s41408-021-00523-2
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	CAR T-cell-associated neurotoxicity in central nervous system hematologic disease: Is it still a concern?
	1. Introduction
	2. CAR T-cell-associated neurotoxicity
	2.1. Frequency
	2.2. Clinical presentation
	2.3. Pathophysiology and management

	3. CNS involvement in lymphoma, leukemia, and myeloma
	3.1. Lymphoma
	3.2. Acute lymphoblastic leukemia
	3.3. Myeloma

	4. ICANS in patients with hematologic malignancies and CNS involvement
	4.1. Frequency
	4.3. CNS disease as a risk factor for ICANS

	5. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


