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Chimeric antigen receptor (CAR) T-cell therapies are highly effective for multiple myeloma (MM) but their impressive efficacy is
associated with treatment-related neurotoxicities in some patients. In CARTITUDE-1, 5% of patients with MM reported movement
and neurocognitive treatment-emergent adverse events (MNTs) with ciltacabtagene autoleucel (cilta-cel), a B-cell maturation
antigen-targeted CAR T-cell therapy. We assessed the associated factors for MNTs in CARTITUDE-1. Based on common features,
patients who experienced MNTs were characterized by the presence of a combination of at least two variables: high tumor burden,
grade ≥2 cytokine release syndrome (CRS) or any grade immune effector cell-associated neurotoxicity syndrome (ICANS) after cilta-
cel infusion, and high CAR T-cell expansion/persistence. Strategies were implemented across the cilta-cel development program to
monitor and manage patients with MNTs, including enhanced bridging therapy to reduce baseline tumor burden, early aggressive
treatment of CRS and ICANS, handwriting assessments for early symptom detection, and extended monitoring/reporting time for
neurotoxicity beyond 100 days post-infusion. After successful implementation of these strategies, the incidence of MNTs was
reduced from 5% to <1% across the cilta-cel program, supporting its favorable benefit–risk profile for treatment of MM.
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INTRODUCTION
Chimeric antigen receptor (CAR) T-cell therapies are novel and
highly effective treatment approaches for various hematologic
malignancies, including multiple myeloma (MM). The impressive
remission rates with these therapies are sometimes accompanied
by treatment-related neurotoxicities, which can be mild to life
threatening [1–5]. Neurotoxicity events, including immune effec-
tor cell-associated neurotoxicity syndrome (ICANS), are hetero-
genous in nature with highly variable clinical presentation.
Symptoms of ICANS may include aphasia, altered consciousness,
cognitive skills impairment, motor weakness, seizures, and
cerebral edema [6, 7]. Other neurotoxicity events, usually with
symptoms that do not fit the current definition for ICANS, have
also been described with CAR T-cell therapies [8, 9].
The pathophysiology of neurotoxicities remains to be fully

elucidated. ICANS can occur concurrently with cytokine release
syndrome (CRS), a common side effect of CAR T-cell therapies, or
days after resolution of CRS. The time to neurotoxicity onset after

CAR T-cell infusion also varies; some studies have reported an
onset within 3–4 weeks of treatment [7, 10], whereas others have
shown delayed events arising >4 weeks post treatment [2, 11].
Thus, CAR T-cell–related neurotoxicities can have a highly variable
course that requires careful monitoring and timely management
to avoid potentially life-threatening or permanent neurologic
sequelae.
Ciltacabtagene autoleucel (cilta-cel), a CAR T-cell therapy

expressing two B-cell maturation antigen (BCMA)-targeting single
binding domains, demonstrated deep and durable responses in
heavily pretreated patients with relapsed/refractory MM in the
CARTITUDE-1 phase 1b/2 study [12, 13]. Overall response rate was
98%, with 80% of patients achieving stringent complete response
[13]. After 18 months of follow-up, the progression-free survival
and overall survival rates were 66% and 81%, respectively. Similar
to other CAR T-cell therapies [1–4, 9, 14, 15], cilta-cel–treated
patients experienced ICANS. Here, we report the incidence of
other CAR T-cell neurotoxicities characterized by movement and
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neurocognitive treatment-emergent adverse events (MNTs) in
CARTITUDE-1, which comprise a cluster of movement (e.g.,
micrographia, tremors), cognitive (e.g., memory loss, disturbance
in attention), and personality changes (e.g. reduced facial
expression, flat affect). Although some symptoms overlap with
ICANS symptomatology (i.e., altered mental status, somnolence),
MNT symptoms occur after a period of recovery from CRS and/or
ICANS and may present in a unique pattern, including insidious
onset; these symptoms are also generally non-responsive to
steroids, often progressive and have longer duration than ICANS.
Of note, patients also had normal to near normal ICE scores at the
time of MNT presentation, which is inconsistent with the current
literature definition of ICANS [6]. Possible associated factors,
underlying pathology, patient management strategies, and
implications for clinical practice are presented.

METHODS
Study design and participants
Patients were enrolled in the open-label phase 1b/2 CARTITUDE-1 study
(NCT03548207) in the USA (16 centers) and Japan (four centers). Full study
design details and eligibility criteria have been previously described [12].
Briefly, eligible patients had a diagnosis of MM per International Myeloma
Working Group criteria [16], received ≥3 prior lines of therapy or were
double refractory to a proteasome inhibitor and an immunomodulatory
drug, and had received a proteasome inhibitor, an immunomodulatory
drug, and an anti-CD38 antibody. Patients had to have documented
disease progression ≤12 months after the last line of therapy and were
excluded if they had previously been treated with a CAR T-cell or BCMA-
targeted therapy. Patients with known active or prior history of central
nervous system involvement and those who exhibited clinical signs of
meningeal involvement of MM were excluded from the study. If pre-
existing disease was suspected at screening, neurology consultation and
dedicated baseline neuroimaging were considered.

Procedures
Apheresis was performed according to institutional standards, with a
collection target of 6 × 109 peripheral blood mononuclear cells (range,
2–20 × 109). Bridging therapy was permitted when clinically indicated during
the manufacturing process. Per protocol, patients could only receive short-
term bridging therapy with agents they had previously been exposed to and
that had generated at least a response or stable disease. Cilta-cel was given
as a single infusion on Day 1 (target dose 0.75 × 106 [range, 0.5–1.0 × 106]
CAR+ viable T cells/kg) 5–7 days after the start of lymphodepletion
(cyclophosphamide 300mg/m2 and fludarabine 30mg/m2 daily for 3 days).
This study was conducted in accordance with the Declaration of Helsinki

and International Conference on Harmonization Good Clinical Practice
guidelines. All patients provided informed consent. The study protocol,
amendments, and relevant documents were approved by an independent
ethics committee/institutional review board at each study center.

Assessments
Patients were monitored for safety and disease assessments from Day 1 to
Day 100 post cilta-cel infusion and then every 28 days from Day 101 to
study completion (2 years after the last patient was dosed). Survival status
and subsequent anti-cancer therapy information were collected every
16 weeks following disease progression.

Adverse events were graded using National Cancer Institute Common
Terminology Criteria for Adverse Events (NCI-CTCAE) version 5.0. In the
combined analysis of CARTITUDE-1 phase 1b and phase 2, ICANS and CRS
were graded by American Society for Transplantation and Cellular Therapy
criteria [6], and other CAR T-cell neurotoxicities (onset after a period of
recovery from CRS and ICANS) by NCI-CTCAE version 5.0.
In CARTITUDE-1, the cluster of symptoms that occurred with MNTs (a

subset of other CAR T-cell neurotoxicities) were grouped into the following
categories—movement disorder, cognitive impairment, and personality
changes (Table 1). Patients were considered to have MNTs if they met all
three of the following criteria: (i) must have reported at least one or more of
the preferred terms in at least two of the above categories; (ii) these reported
preferred terms must have occurred following the recovery of CRS and/or
ICANS; and (iii) symptoms must have been assessed by the investigator as
CAR T-cell–related neurotoxicity (but not recognized as ICANS).

Potential associated factors for MNTs
To determine the potential associated factors for MNTs, various parameters
were evaluated including baseline demographics and disease character-
istics; tumor burden; use of bridging therapies; viral infection prior to
apheresis; prior radiotherapy of the brain; and selected baseline laboratory
values of fibrinogen, C-reactive protein, ferritin, platelet counts, β-2
microglobulin, serum cytokines interleukin (IL)-6, IL-10, interferon (IFN)-γ,
and serum soluble IL-2 receptor α, and estimated glomerular filtration rate.
Tumor burden is typically defined based on the degree of plasmacytosis;

however, there is a lack of consensus on the definition. In this analysis, we
defined tumor burden based not only on the degree of plasmacytosis but also
the presence of paraprotein since bone marrow aspirates are subject to
sampling error depending on the distribution of malignant plasma cells within
the bone marrow space. Thus, patients were categorized as having high tumor
burden at baseline (prior to lymphodepletion) if they had any of the following:
plasma cell infiltrate in the bone marrow ≥80%, serum M-spike ≥5 g/dL, or
involved serum free light chain ≥5000mg/L. Those with low tumor burden had
all of the following: plasma cell infiltrate in the bone marrow <50%, serum
M-spike <3 g/dL, and serum free light chain <3000mg/L. Patients who did not
fit either criterion were categorized as having intermediate tumor burden.
Parameters evaluated post cilta-cel infusion were: CRS and ICANS (by

grade), supportive therapies for CRS and ICANS, CAR T-cell expansion and
persistence (defined as peripheral blood CAR-T cells Cmax of >1000 cells/μL
and CAR-T cells >300 cells/μL at Day 56), hematology values (absolute
lymphocyte counts [ALC], absolute neutrophil counts, and platelet counts
in the first 30 days), absolute CD4+ T-cell counts, absolute CAR+ T cells,
frequency of CAR+ T cells, and cytokine levels (IL-6 and IFN-γ).
Cerebrospinal fluid (CSF) samples of patients with MNTs were assessed
for the presence of CAR+ T cells.
Chemistry, manufacturing, and controls assessment reviewed batches of

the cilta-cel drug product used in patients with MNTs for any deviations
that may have occurred during manufacturing.

Monitoring and patient management strategies
A safety management team evaluated the cases of MNTs in CARTITUDE-1
to identify and implement various changes in the conduct of ongoing
studies across the CARTITUDE program. Amendments were made to all the
global protocols and patient informed consent forms with the aim to
provide guidance to investigators at study sites.

Statistical analysis
This analysis included the safety population from CARTITUDE-1 (all cilta-
cel–treated patients). Descriptive statistics and frequency distribution with

Table 1. Movement and neurocognitive treatment-emergent adverse events in CARTITUDE-1.

Category Preferred term

Movement disorder Ataxia, Balance disorder, Bradykinesia, Cogwheel rigidity, Dysgraphia, Dyskinesia, Dysmetria, Essential tremor, Gait
disturbance, Hand-eye coordination impaired, Micrographia, Motor dysfunction, Myoclonus, Parkinsonism, Posture
abnormal, Resting tremor, Stereotypy, Tremor

Cognitive impairment Amnesia, Apraxia, Bradyphrenia, Cognitive disorder, Confusional state, Depressed level of consciousness, Disturbance in
attention, Encephalopathy, Incoherent, Leukoencephalopathy, Loss of consciousness, Memory impairment, Mental
impairment, Mental status changes, Non-infective encephalitis, Psychomotor retardation

Personality changes Flat affect, Personality change, Reduced facial expression
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the numbers and percentages of patients in each category of the MNTs
observed in CARTITUDE-1 were included as appropriate. Differences
between patients with and without MNTs in the clinical variables were
assessed using Wilcoxon rank sum test for continuous variables and
Fisher’s exact test for categorical variables. Odds ratios and confidence
intervals for logistic regression, with MNTs as a dependent variable, were
used to evaluate each of the clinical variables as an independent variable.

RESULTS
Neurotoxicity data from a total of 97 patients in CARTITUDE-1 with
a February 2021 cutoff date were included in this analysis,
representing a median follow-up of 18 months. Detailed baseline
characteristics of patients in CARTITUDE-1 have been previously
published [12]. Patients’median age was 61 years, 59% were male,
and 24% had high-risk cytogenetic profile—defined as the
presence of del17p, t(14:16), and t(4:14). Patients had received a
median of six prior lines of therapy; 88% were triple-class
refractory, 42% were penta-drug refractory, and 99% were
refractory to their last line of therapy.
Total CAR T-cell neurotoxicities, including ICANS and other CAR

T-cell neurotoxicities, were observed in 20.6% of patients; nine
(9.3%) had grade 3/4 events and one (1.0%) had a grade 5 event.
ICANS and other CAR T-cell neurotoxicities were not mutually
exclusive as eight patients (8.2%) experienced both (Fig. 1). ICANS
occurred in 16 (16%) patients, mostly grade 1/2 (14%) with one
patient each having a grade 3 and 4 event; 15 of the 16 patients
had concurrent CRS. Median time to onset of ICANS was 8 days
(range, 3–12 days) and the median duration was 4 days (range,
1–12). All patients had recovered from ICANS at data cutoff. Other
CAR T-cell neurotoxicities occurred in 12 (12.4%) patients; median
onset was 26.5 days (range, 11–108) after cilta-cel infusion, and
median time to resolution was 70 days (range, 2–159). Symptoms
associated with other neurotoxicities were variable and wide
ranging and have been previously described [12]. Of these 12
patients, five experienced MNTs as described below. Neurotoxicity
in the remaining seven patients manifested as facial paralysis (n=
1), neurotoxicity (n= 1), concentration impairment (n= 1), diplo-
pia (n= 1), cranial nerve palsy (n= 1), sensory loss, ataxia,
peripheral motor neuropathy, and peripheral sensory neuropathy
(all in one patient), and altered mental status and nystagmus (both
in one patient; Supplementary Table 1). Five of these 7 patients
recovered from neurotoxicity, and 2 died of other causes.

MNTs in CARTITUDE-1 and potential associated factors
Five patients experienced MNTs, which included a cluster of
movement, cognitive, and personality changes (Table 1). Details of
these patients are described in Table 2. One patient experienced a

grade 2 event, three patients experienced grade 3 events, and one
patient experienced a grade 5 event; median time to onset was
27.0 days. The median onset of MNTs was 17 days (range, 3−94)
after the recovery of CRS and ICANS. Supportive measures for
MNTs included steroids, systemic chemotherapy (cyclophospha-
mide), intrathecal chemotherapy (methotrexate, cytarabine),
anakinra, dasatinib, siltuximab, and other agents (e.g., carbidopa/
levodopa, levetiracetam) with limited or no observed improve-
ment in symptoms. Three of the five patients with MNTs achieved
stringent complete response and two achieved very good partial
response, as assessed by an independent review committee,
following treatment with cilta-cel.
Baseline and post-infusion characteristics in patients with and

without MNTs are shown in Table 3. All five patients with MNTs
were male and had received prior bridging therapy; three (60%)
had high tumor burden at baseline. Post cilta-cel infusion, all five
patients developed grade ≥2 CRS; four (80%) had ICANS, and four
(80%) had high CAR T-cell expansion and persistence. Of the 92
patients without MNTs, 13 (14.1%) had high tumor burden, 38

8 Patients
(Of whom 4 had MNTs)

8 Patients

ICANSa

16 Patients (16.5%)
Other Neurotoxicityb

12 Patients (12.4%)

Other Neurotoxicity Only ICANS Only 

4  Patients
(Of whom 1 had MNTs)

CAR T-Cell Neurotoxicities

Fig. 1 Overview of CAR T-cell neurotoxicities in CARTITUDE-1. aICANS per ASTCT consensus criteria. bNeurotoxicity as assessed by the
investigator to be related to cilta-cel occurring after a period of recovery from CRS and/or ICANS. ICANS and other neurotoxicity events are
not mutually exclusive; eight (8.2%) patients experienced both ICANS and other neurotoxicity events of any grade. Patients in the other-
neurotoxicity group (n= 12) include the subset with MNTs (n= 5). ASTCT American Society for Transplantation and Cellular Therapy, CAR
chimeric antigen receptor, CRS cytokine release syndrome, ICANS immune effector cell-associated neurotoxicity syndrome, MNTs movement
and neurocognitive treatment-emergent adverse events.

Table 2. Characteristics of MNTs in CARTITUDE-1.

Characteristic N= 97

Patients with MNTa, n (%) 5 (5.2)

Maximum toxicity grade, n (%)

Grade 1 0

Grade 2 1 (1.0)

Grade 3 3 (3.1)

Grade 4 0

Grade 5 1 (1.0)

Median time to onset, days (range) 27.0 (14–108)

Outcome of neurotoxic event, n (%)

Recovered or resolved 0

Not recovered or not resolved 3 (3.1)b

Recovering or resolving 1 (1.0)

Fatal 1 (1.0)

ICANS immune effector cell-associated neurotoxicity syndrome, MNTs
movement and neurocognitive treatment-emergent adverse events.
aEvents not reported as ICANS (i.e., onset after a period of recovery from
cytokine release syndrome and ICANS).
bNot recovered or not resolved at the time of data cutoff; two of these
patients died due to other causes (one due to septic shock and one due to
lung abscess).
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(41.3%) had grade ≥2 CRS, 12 (13.0%) had ICANS, and eight (8.7%)
had high CAR T-cell expansion and persistence.
Analysis of clinical laboratory values showed higher ALC,

absolute CD4+ T cells, and absolute CAR+ T cells on Days 14,
21, and 28 post cilta-cel infusion in patients with MNTs than in
those without MNTs (Fig. 2A–C). From Day 14 to Day 100 post
cilta-cel infusion, the frequency of CAR+ T cells was higher in
patients with MNTs compared with those who had other
neurotoxicities without MNTs and those who had neither (Fig. 2D).
Similarly, peak levels of IL-6 and IFN-γ were higher in patients with
MNTs than in the other groups following treatment with cilta-cel
(Fig. 2E and F). Pharmacokinetic analysis of CAR transgene levels in
peripheral blood of patients with MNTs showed high CAR T-cell
peak expansion and a trend of delayed Tmax and high overall
exposure (expansion and persistence) (Fig. 3). CSF examinations in
two patients with MNTs for whom CSF samples were available
showed CAR+ T cells.
Logistic regression analysis of odds ratios for potential

associated factors showed an association between the occurrence
of MNTs and high tumor burden at baseline before the start of

Table 3. Baseline and post-infusion characteristics in patients with
and without MNTs in CARTITUDE-1.

Baseline characteristic MNTs

No (n= 92) Yes (n= 5)

Age, years; n (%)

<65 59 (64.1) 3 (60.0)

65–75 26 (28.3) 1 (20.0)

>75 7 (7.6) 1 (20.0)

Sex, n (%)

Female 40 (43.5) 0

Male 52 (56.5) 5 (100.0)

Race, n (%)

White 64 (69.6) 5 (100.0)

African American 17 (18.5) 0

Other 11 (12.0) 0

Ethnicity, n (%)

Hispanic or Latino 6 (6.5) 0

Non-Hispanic or Latino 80 (87.0) 5 (100.0)

Not reported 6 (6.5) 0

ECOG PS scorea, n (%)

0 36 (39.1) 3 (60.0)

1 52 (56.5) 2 (40.0)

2 4 (4.3) 0

Tumor burden categoryb, n (%)

High 13 (14.1) 3 (60.0)

Intermediate 21 (22.8) 1 (20.0)

Low 58 (63.0) 1 (20.0)

Type of myeloma, n (%)

IgG 55 (59.8) 2 (40.0)

Non-IgG 37 (40.2) 3 (60.0)

Measurable disease type, n (%)

Serum only, serum
and urine

51 (55.4) 4 (80.0)

Urine only, FLC, not
evaluable

41 (44.6) 1 (20.0)c

Extramedullary plasmacytoma, n (%)

No 80 (87.0) 4 (80.0)

Yes 12 (13.0) 1 (20.0)

Bone-based plasmacytoma, n (%)

No 87 (94.6) 4 (80.0)

Yes 5 (5.4) 1 (20.0)

Number of prior lines of therapy, n (%)

3–5 46 (50.0) 3 (60.0)

≥6 46 (50.0) 2 (40.0)

Prior radiotherapy including brain area, n (%)

No 84 (91.3) 5 (100.0)

Yes 8 (8.7) 0

Prior bridging therapy, n (%)

No 24 (26.1) 0

Yes 68 (73.9) 5 (100.0)

Type of prior bridging therapy, n (%)

Daratumumab

No 78 (84.8) 4 (80.0)

Yes 14 (15.2) 1 (20.0)

Table 3. continued

Baseline characteristic MNTs

No (n= 92) Yes (n= 5)

Lenalidomide

No 86 (93.5) 5 (100.0)

Yes 6 (6.5) 0

Post-infusion characteristic

Total CAR+ viable T-cells infused (×106), n (%)

<median value 46 (50.0) 2 (40.0)

≥ median value 46 (50.0) 3 (60.0)

High cell expansion/persistenced, n (%)

No 84 (91.3) 1 (20.0)

Yes 8 (8.7) 4 (80.0)

CRS, n (%)

No 5 (5.4) 0

Yes 87 (94.6) 5 (100.0)

CRS maximum toxicity grade, n (%)

Grade <2 54 (58.7) 0

Grade ≥2 38 (41.3) 5 (100.0)

ICANS, n (%)

No 80 (87.0) 1 (20.0)

Yes 12 (13.0) 4 (80.0)

CAR chimeric antigen receptor, Cmax maximum CAR transgene systemic
level, CRS cytokine release syndrome, ECOG PS Eastern Cooperative
Oncology Group performance status, FLC free light chain, ICANS immune
effector cell-associated neurotoxicity syndrome, IgG immunoglobulin G,
MNTs movement and neurocognitive treatment-emergent adverse events.
aThe last non-missing ECOG PS score on or prior to date of cilta-cel infusion
was used; all patients met the inclusion criteria of ECOG PS score of 0 or 1
during screening.
bPatients were categorized as having high tumor burden at baseline (prior
to lymphodepletion) if they met any of the following: plasma cell infiltrate
in the bone marrow ≥80%, serum M-spike ≥5 g/dL, serum free light chain
≥5000mg/L. Those with low tumor burden had all of the following: plasma
cell infiltrate in the bone marrow <50%, serum M-spike <3 g/dL, and serum
free light chain <3000mg/L. Patients who did not fit either criterion were
categorized as having intermediate tumor burden.
cPatient was FLC-evaluable.
dPatients with peripheral blood CAR T cells Cmax of >1000 cells/μL and CAR
T cells >300 cells/μL at Day 56.
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lymphodepletion, high levels of IL-6 at baseline, grade ≥2 CRS,
incidence of ICANS, high CAR T-cell expansion and persistence,
and high ALC (including absolute CD4+ T cells) on Days 14, 21,
and 28 post cilta-cel infusion (Fig. 4).
As noted above, a trend toward higher IL-6 levels at baseline

was seen in patients with MNTs versus those without, but there

were no relevant differences in baseline levels of IL-10, IFN-γ, or IL-
2 receptor α between patients with and without MNTs (Supple-
mentary Fig. 1). The CAR+ T-cell CD4/CD8 ratio was similar in
patients with or without MNTs (Supplementary Fig. 2). Memory
T-cell subsets at apheresis showed no clear differences among
patients with ICANS, other CAR T-cell neurotoxicities, or MNTs

A.

20

10

0

Ly
m

ph
oc

yt
es

 (1
09 /L

)

Prior to
apheresis

Prior to
conditioning

MNTs No Yes

Day 1 Day 3 Day 7 Day 10 Day 14 Day 21 Day 28 Day 42 Day 56 Day 78 Day 100

B.

Number of Patients
MNTs

Non-MNTs other NTX
Others

3
6

63

4
4

51

5
4
59

3
5

58

4
5

56

4
7

81

5
6

79

5
7
77

5
5

52

4
4

77

4
1

56

5
5

73

M
ea

n 
(±

 S
E)

 a
nd

 M
ed

ia
n 

C
D

4 
(1

09 /L
)

1

0.1

0.01
Pre cilta-cel

infusion
Day 7Day 1

24 hours
after EOI

Day 3 Day 10 Day 14 Day 28Day 21

Visit

Day 42 Day 56 Day 78 Day 100

Median
Mean

Others
Non-MNTs other NTX

MNTs

C.

Number of Patients
MNTs

Non-MNTs other NTX
Others

3
6

63

4
4
51

5
4

59

3
5

58

4
5

56

4
7

78

5
6

79

5
7

75

5
5

52

4
4

77

4
1

55

5
5

73

M
ea

n 
(±

 S
E)

 a
nd

 M
ed

ia
n 

C
A

R
+ 

T 
C

el
ls

 (1
06 /L

)

2000

4000

6000

8000

0
Pre cilta-cel

infusion
Day 7Day 1

24 hours
after EOI

Day 3 Day 10 Day 14 Day 28Day 21

Visit

Day 42 Day 56 Day 78 Day 100

Median
Mean

Others
Non-MNTs other NTX

MNTs
D.

Number of Patients
MNTs

Non-MNTs other NTX
Others

1
1
4

1
2
3

0
2
3

3
3

39

4
6

58

4
7

80

5
6

80

5
7
75

5
5

51

5
4

63

4
3

46

4
4

48

M
ea

n 
(±

 S
E)

 a
nd

 M
ed

ia
n 

C
A

R
+ 

T 
C

el
ls

 (R
at

io
)

Visit

0.2

0.4

0.6

0.8

1.0

0
Pre cilta-cel

infusion
Day 7Day 1

24 hours
after EOI

Day 3 Day 10 Day 14 Day 28Day 21 Day 42 Day 56 Day 78 Day 100

Median
Mean

Others
Non-MNTs other NTX

MNTs

E.

Number of Patients
MNTs

Non-MNTs other NTX
Others

3
6

84

2
3
49

5
6
56

5
7

84

5
6

81

5
7

84

5
7

83

5
7

83

5
7

79

5
7

77

4
6

81

5
6
80

5
6

78

M
ea

n 
(±

 S
E)

 a
nd

 M
ed

ia
n 

IL
-6

 (n
g/

L)

Visit

Day 1
 pre infusion

Day 3Day 1
2 hours

post infusion

Day 2 Day 7 Day 10 Day 14 Day 28Day 21 Day 42 Day 56 Day 78 Day 100

Median
Mean

Others
Non-MNTs other NTX

MNTs

1000

10

100

1

F.

Number of Patients
MNTs

Non-MNTs other NTX
Others

3
6

82

2
3
52

5
6

56

5
7

84

5
6

81

5
7

84

5
7

83

5
7

83

5
7

79

5
7

77

4
6

81

5
6
80

5
6

78

M
ea

n 
(±

 S
E)

 a
nd

 M
ed

ia
n 

IF
N

γ 
(n

g/
L)

Visit

Day 1
pre infusion

Day 3Day 1
2 hours

post infusion

Day 2 Day 7 Day 10 Day 14 Day 28Day 21 Day 42 Day 56 Day 78 Day 100

Median
Mean

Others
Non-MNTs other NTX

MNTs

1000

10000

10

100

Fig. 2 Analysis of lymphocytes, T cells, and cytokines over time following cilta-cel infusion in patients with and without MNTs in
CARTITUDE-1. Values are shown for A lymphocyte counts; B absolute CD4+ T-cell counts; C absolute CAR+ T cells; D frequency of CAR+
T cells; E IL-6; and F IFN-γ. CAR chimeric antigen receptor, EOI end of infusion, IFN interferon, IL interleukin, MNT(s) movement and
neurocognitive treatment-emergent adverse event(s), NTX neurotoxicity, SE standard error.

A.

90000

60000

30000

MNTs

No
n=92

Yes
n=5

Pr
ed

ic
te

d 
C

A
R

 T
ra

ns
ge

ne
 C

m
ax

 (c
op

ie
s/

μg
 g

D
N

A
)

0

Pr
ed

ic
te

d 
C

A
R

 T
ra

ns
ge

ne
 A

U
C

0–
28

d (
da

y 
∙ c

op
ie

s/
μg

 g
D

N
A

)

1500000

1000000

500000

MNTs

No
n=92

Yes
n=5

0

B. C.

20

16

12

MNTs

No
n=92

Yes
n=5

Pr
ed

ic
te

d 
C

A
R

 T
ra

ns
ge

ne
 T

m
ax

 (d
ay

s)

Fig. 3 Analysis of CAR transgene levels in patients with and without MNTs in CARTITUDE-1. Predicted values are shown for A Cmax, B
AUC0–28d, and C Tmax. AUC0–28d area under the CAR transgene systemic level-time curve from the first dose to Day 28, CAR chimeric antigen
receptor, Cmax maximum CAR transgene systemic level, gDNA genomic DNA, MNTs movement and neurocognitive treatment-emergent
adverse events, Tmax time of maximum cilta-cel transgene expansion.

A.D. Cohen et al.

5

Blood Cancer Journal           (2022) 12:32 



(Supplementary Fig. 3). Similarly, treatment dose–response
relationship showed no apparent trend between the infused
cilta-cel dose (0.75 × 106 [range, 0.5–1.0 × 106] CAR+ viable T cells/
kg) and other CAR T-cell neurotoxicities (Supplementary Fig. 4).
Chemistry, manufacturing, and controls assessment of the

manufacturing process of CAR-T vector batches for the five
patients with MNTs showed no relevant deviations in the
manufacturing process. Furthermore, there were no notable
product characteristics that would have distinguished patients
who had MNTs from those who did not experience these events
(data not shown).
Of the five patients with MNTs in CARTITUDE-1, one had

ongoing symptoms at the time of data cutoff, one was recovering/
resolving, and three died. The causes of death were lung abscess,
septic shock, and neurotoxicity on Days 119, 162, and 247 post
cilta-cel infusion, respectively. All three fatal events were
considered to be treatment-related by the investigator. Neuro-
pathology findings from the two patients who had autopsy
showed focal gliosis and T-cell infiltrate (CD8+>CD4+) in the
basal ganglia; it is unknown if these were CAR+ T cells. No
abnormalities were reported in other brain regions (i.e., cerebel-
lum, substantia nigra) potentially associated with MNTs, and there
was preservation of pigmentation in the substantia nigra. In one of
the two patients, while brain magnetic resonance imaging and
head computed tomography scans did not demonstrate any
significant abnormalities, FDG-PET scan showed hypometabolism
in the basal ganglia. A dopamine uptake scan was negative,
indicating normal dopamine signaling.

Monitoring and patient-management strategies
To minimize risk for MNTs, several preventive, monitoring, and
patient management strategies were implemented across all
ongoing studies in the cilta-cel clinical development program
based on the results described above (Fig. 5). Preventive measures
included fewer restrictions per protocol on the investigator’s
choice of bridging therapy used, including its duration, to reduce
baseline tumor burden before cilta-cel infusion (i.e., enhanced
bridging therapy based on the investigator’s choice), and a
risk–benefit discussion for patients with high baseline disease
burden, particularly in those with progressive disease despite
bridging therapy. Monitoring strategies included handwriting
assessments using a novel handwriting tool for early detection of
neurotoxicity symptoms (Supplementary Table 2), and extended
monitoring and reporting time for CAR T-cell neurotoxicities up to

1 year after cilta-cel infusion. Management strategies included
early and aggressive supportive care including steroids for any-
grade ICANS, especially in patients with high tumor burden, and
tocilizumab for any-grade ICANS with concurrent CRS. Guidance
for physicians on management included potential diagnostics for
new neurologic or psychiatric symptoms (see Supplementary
Table 3).

MNTs in ongoing trials with cilta-cel
More than 150 patients were subsequently dosed across the cilta-
cel clinical development program since the implementation of
monitoring and patient management strategies as described
above.
As of the April 15, 2021 data cutoff, one patient in the

multicohort phase 2 CARTITUDE-2 study (NCT04133636) devel-
oped other neurotoxicity, presenting with a cluster of symptoms
characteristic of MNTs. As previously described, CARTITUDE-2 is
evaluating cilta-cel safety and efficacy in various clinical settings
for patients with MM [17]. This patient (male; 44 years of age), who
was enrolled in cohort B (one prior line of therapy, early relapse),
had characteristics that were identified among patients in
CARTITUDE-1 as associated factors for MNTs such as high tumor
burden at baseline, worsening disease burden despite bridging
therapy, development of grade 4 CRS, and high CAR T-cell
expansion and persistence. ALC on Day 21 post cilta-cel infusion
was 8.4 × 109/L; CD4+ T-cell count on Day 14 was not available for
this patient. Micrographia was one of the first neurologic
manifestations of MNTs in this patient. The patient also developed
variable and wide-ranging symptoms associated with these
neurotoxicity events and had a cluster of MNTs including
bradykinesia, rigidity, bradyphrenia, flat effect, apathy, gait
disorder, and cognitive impairment which began on Day 38 after
cilta-cel infusion. After treatment with high-dose methylpredniso-
lone, plasmapheresis, and intravenous immunoglobulin, the
patient was reported to be stable with mild improvement at data
cutoff, and had achieved very good partial response as best
response to treatment with cilta-cel.

DISCUSSION
A single infusion of cilta-cel resulted in unprecedented efficacy in
heavily pretreated patients with MM in the CARTITUDE-1 study
[12]. Responses were early, durable, and deepened over time, and
the highest (overall response rate, 98%; stringent complete

High baseline tumor burden yes vs no

Baseline IL-6 (ng/L)

CRS max grade ≥2 vs <2

ICANS yes vs no

High cell expansion/persistence yes vs no

Day 14 ALC (local CBC) (109/L)

Day 21 ALC (local CBC) (109/L)

Day 28 ALC (local CBC) (109/L)

9.1 (1.4–74.5)

1.2 (1–1.4)

15.6 (0.8–297.8)

26.7 (3.6–546)

48.6 (6.2–1023.9)

1.5 (1.2–2.1)

2.3 (1.4–4.8)

3.4 (1.6–8.9)

1 5 10 50
Odds ratio (95% confidence interval)

100 1000

OR (95% CI)

Fig. 4 Forest plot of potential factors associated with MNTs in CARTITUDE-1. ALC absolute lymphocyte count, CBC complete blood count,
CRS cytokine release syndrome, ICANS immune effector cell-associated neurotoxicity syndrome, IL interleukin, MNTs movement and
neurocognitive treatment-emergent adverse events.
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response, 80%) achieved to date in this patient population
[12, 13]. Responses were maintained in an estimated 66% of
patients with no disease progression or death for 18 months after
cilta-cel administration. Considerations of the benefits of cilta-cel
treatment must also be balanced by potential risks. CAR T-cell-
related neurotoxicities, including ICANS and other CAR T-cell
neurotoxicities, occurred in 20 (21%) cilta-cel-treated patients in
CARTITUDE-1. Five (5%) of these patients presented with
neurotoxicities beyond ICANS that were characterized by a cluster
of MNTs. Symptoms were wide-ranging, included movement,
cognitive, and personality changes, and occurred after a period of
recovery from CRS and/or ICANS. All five patients had grade ≥2
CRS and most had ICANS post cilta-cel infusion. Based on common
features among these patients, potential associated factors were
identified: a combination of at least two variables such as high
tumor burden, grade ≥2 CRS post-infusion, ICANS post-infusion,
and high CAR T-cell expansion and persistence. Other associated
factors included high baseline IL-6, high lymphocyte counts on
Days 14, 21, and 28 post-infusion, and high peak levels of IL-6 and
IFN-γ in peripheral blood. There were no relevant deviations in the
manufacturing process of the CAR-T vector batches for the five
patients with MNTs.

Similar to other CAR T-cell therapies [1–4, 9, 14, 15], cilta-
cel–treated patients experienced ICANS. As of June 30, 2021, a
total of 1374 cases of neurotoxicity, including ICANS, were
recorded in the US Food and Drug Administration Adverse Event
Reporting System for the three approved anti-CD19 CAR T-cell
therapies for hematologic cancers [5]. These neurotoxicities had a
wide range of symptoms, with varying time to onset and duration,
including headache, encephalopathy, tremor, confusional state,
delirium, agitation, somnolence, sleep disorders, peripheral
neuropathy, parkinsonism, rigidity/cogwheeling, and ataxia [2–
4, 7, 9, 14, 15, 18]. Neurotoxicities were observed with BCMA-
targeting anti-myeloma CAR T-cell therapies at rates ranging from
13% to 44% [1, 8, 19–21]. Additionally, symptoms characteristic of
MNTs (i.e., grade 3 parkinsonism) were reported with the
approved anti-BCMA CAR-T therapy, idecabtagene vicleucel, in
another study in MM [20]. Although MNTs are numerically higher
in CARTITUDE-1, similarities in the type of neurologic events across
various CAR T-cell therapies indicate this phenomenon may be
attributable to a class effect. We investigated BCMA expression in
normal brain as a potential explanation for this class effect but
found no detectable immunoreactivity to BCMA protein in the
brain samples of normal adults [22], which precluded any

Monitoring strategies

• Consultation and evaluation at the first sign of neurotoxicity, including CAR T-cell–related
neurotoxicity (e.g., ICANS) and raised intracranial pressure/cerebral edema
Hospitilization for grade ≥2 CAR T-cell–related neurotoxicity (e.g., ICANS) temporally associated
with CRS
Neurologic evaluation with new onset of headache, convulsions, speech disorders, visual
disorders; disturbances in consciousness, confusion and disorientation, and coordination;
balance disorders, mental status changes, movement disorders, cognitive impairments,
personality changes
Evaluation of infectious (e.g., human herpes virus), autoimmune, or paraneoplastic and
tumoral or metabolic etiologies at first sign of neurotoxicity in blood, cerebro spinal fluid,
and/or radiologic imaging
Performing immune effector cell–associated encephalopathy assessment tool at
baseline and at least daily after first symptoms of CAR T-cell neurotoxicities (e.g., ICANS or
other neurotoxicities) are suspected and until resolution
Adding routine monitoring with regular handwriting assessments for early detection of
micrographia, dysgraphia, or agraphia
Extending monitoring and reporting time for CAR T-cell neurotoxicity beyond the 100-day
period post cilta-cel infusion 

•

•

•

•

•

•

Preventative strategies

Enhanced bridging therapya to reduce baseline tumor burden (may have included therapies
to which a patient was not previously exposed)
Performing neuroimaging (e.g., magnetic resonance imaging and electroencephalogram) at
screening and/or neurology consultation in patients with preexisting neurologic disease
Risk–benefit discussion prior to cilta-cel treatment for patients with large baseline disease
burden, particularly those with progressive disease despite bridging therapy
Use of prophylactic antimicrobials up to 6 months or longer after CAR T-cell infusion per
institutional guidelines or consistent with post-ASCT consensus 

•

•

•

•

Management strategies

Early and more aggressive supportive care (including steroids) for any-grade ICANS,
especially in patients with high tumor burden
Consider administration of tocilizumab for any grade of ICANS with concurrent CRS, and/or
dexamethasone (grade 1–3) or methylprednisolone (grade 4)
Use of other cytokine-targeting therapies (e.g., anti-IL-1) based on institutional practice,
especially for cases of neurotoxicity that do not respond to tocilizumab and corticosteroids
Consider non sedating, anti seizure medicines (e.g., levetiracetam) for seizure prophylaxis for
any grade 2 or higher neurologic toxicities   

•

•

•

•

Fig. 5 Patient-management strategies for neurologic adverse events following treatment with cilta-cel. aFewer restrictions (per protocol)
on the investigator’s choice of bridging therapy, including its duration, to reduce baseline tumor burden before cilta-cel infusion. ASTCT
American Society for Transplantation and Cellular Therapy, CAR chimeric antigen receptor, CRS cytokine release syndrome, ICANS immune
effector cell-associated neurotoxicity syndrome, IL interleukin.
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determination of a relationship between BCMA expression and
incidence of MNTs but does not preclude aberrant expression in
selected areas of the brain.
The underlying pathophysiology of neurotoxicities with CAR

T-cell therapies is poorly understood. Reports in the literature
suggest markers for neurotoxicity associated with BCMA-directed
CAR T-cell therapies are similar to those with CD19-directed
immunotherapies, and have demonstrated a correlation of ICANS
with the presence and severity of CRS, and high tumor burden
[7, 8, 10, 23, 24]. In one study of patients treated with CD19-
directed CAR T-cell therapy, CSF levels of S100 calcium-binding
protein B and glial fibrillary acidic protein increased during ICANS,
indicating astrocyte injury [25]. Other studies have proposed that
increases in the levels of IL-6, IFN-γ, and TNF-α from CAR T cells
may induce endothelial activation, which may in turn disrupt the
blood–brain barrier and lead to development of ICANS [7, 10].
Although the clinical presentation of MNTs overlaps with
Parkinson’s disease, neuropathology findings in the two patients
with MNTs in CARTITUDE-1 for whom autopsies were available
showed intact substantia nigra, suggesting a distinct pathophy-
siology of these events. These autopsy findings were consistent
with a negative dopamine uptake scan in one patient and lack of
response to treatment with carbidopa/levodopa in both patients,
providing further evidence of a pathophysiology that is distinct
from Parkinson’s disease.
In the absence of well-documented predictors of neurotoxicities

in the literature, vigilant monitoring is recommended for
prospective patients treated with CAR T-cell therapies, and is
critical for early detection, adequate management, and minimiza-
tion of morbidity. This was the rationale for the development and
implementation of patient management strategies to minimize
the incidence of CAR T-cell neurotoxicities during the CARTITUDE
clinical trials. Guidance for physicians includes recommendations
for enhanced bridging therapy to reduce baseline tumor burden,
early aggressive treatment of CRS and ICANS, handwriting
assessments for early detection of neurotoxicity symptoms, and
extended monitoring and reporting time for CAR T-cell neuro-
toxicity beyond 100 days post-cilta-cel infusion. The success of
monitoring and patient management strategies was demon-
strated by the reduced incidence of MNTs after their implementa-
tion in the cilta-cel program as of the cutoff date for this report.
With over 150 patients subsequently dosed across the cilta-cel
clinical development program, the overall incidence of MNTs
decreased from 5% to <1%.
While high CAR T-cell expansion, persistence, or frequency have

emerged as potential factors associated with MNTs, the utility of
these parameters in real-world clinical settings is limited. CAR-T
levels are often difficult to measure, and symptoms of MNTs may
manifest in the patient before any evidence of prolonged CAR
T-cell persistence. In our analysis, elevated levels of CD4+ T cells
(>1000 × 106/L) on Day 14 post-infusion, and higher ALC (>3 ×
109/L) on ~Day 21 post-infusion appear to correlate with a higher
risk of developing MNTs, particularly in men. Hence, these
biomarkers (independent of each other) may be useful in routine
clinical practice as they can be assessed rapidly and before
prolonged CAR T-cell persistence is detected. As expected, flow
cytometry analysis of lymphocytes between Day 14 and Day 28
post-infusion showed a T-cell population primarily composed of
CAR+ T cells. This suggests a potential for the utility of CD4+
T cells on Day 14 and ALC on Day 21 post-infusion as surrogate
markers for CAR-T levels. However, our findings show not all
patients with ALC > 3 × 109/L on Day 21 post-infusion develop
MNTs. Therefore, this hypothesis warrants further validation in a
larger cohort given that in over 150 patients subsequently treated
with cilta-cel, only one developed MNTs. Notably, this patient had
an ALC of 8.4 × 109/L on Day 21 post-infusion; CD4+ T-cell count
on Day 14 post-infusion was not available.

Limitations of our study should be noted. In CARTITUDE-1, the
number of patients with MNTs was small; hence further analysis of
associated factors for these toxicities is needed. As of the cutoff
date for this report, the CARTITUDE-2 study is enrolling, and
patient follow-up is ongoing; subsequent analyses of patients in
various cohorts of this multicohort study will inform the safety
profile of cilta-cel. Cilta-cel is being evaluated in earlier line
settings in the phase 3 studies of CARTITUDE-4 (NCT04181827)
and CARTITUDE-5 (NCT04923893), which will further inform the
risk factors for CAR T-cell neurotoxicities, including MNTs.
Patients completing CARTITUDE-1 and other cilta-cel clinical

trials will be enrolled in a long-term follow-up study for continued
monitoring for up to 15 years. A planned observational post-
authorization safety study will focus on areas including character-
ization and evaluation of identified risks, and long-term safety.
Thus, the knowledge base about cilta-cel treatment of MM will
continue to grow as data emerge on longer term efficacy and
safety, mechanism of action, and patient perspectives.
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