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KEY PO INT S

� Neurotoxicity of CD19
CAR T-cell therapy was
acceptable in patients
with relapsed/
refractory B-ALL with
CNSL.

� CD19-specific CAR T
cells could induce
similar high response
rates in both BM and
CNS diseases.

Few studies have described chimeric antigen receptor (CAR) T-cell therapy for patients
with B-cell acute lymphoblastic leukemia (B-ALL) with central nervous system leukemia
(CNSL) because of concerns regarding poor response and treatment-related neurotoxicity.
Our study included 48 patients with relapsed/refractory B-ALL with CNSL to evaluate the
efficacy and safety of CD19-specific CAR T cell–based therapy. The infusion resulted in an
overall response rate of 87.5% (95% confidence interval [CI], 75.3-94.1) in bone marrow
(BM) disease and remission rate of 85.4% (95% CI, 72.8-92.8) in CNSL. With a median
follow-up of 11.5 months (range, 1.3-33.3), the median event-free survival was 8.7 months
(95% CI, 3.7-18.8), and the median overall survival was 16.0 months (95% CI, 13.5-20.1).
The cumulative incidences of relapse in BM and CNS diseases were 31.1% and 11.3%,
respectively, at 12 months (P 5 .040). The treatment was generally well tolerated, with
9 patients (18.8%) experiencing grade ‡3 cytokine release syndrome. Grade 3 to 4
neurotoxic events, which developed in 11 patients (22.9%), were associated with a higher

preinfusion disease burden in CNS and were effectively controlled under intensive management. Our results suggest
that CD19-specific CAR T cell–based therapy can induce similar high response rates in both BM and CNS diseases. The
duration of remission in CNSL was longer than that in BM disease. CD19 CAR T-cell therapy may provide a potential
treatment option for previously excluded patients with CNSL, with manageable neurotoxicity. The clinical trials were
registered at www.clinicaltrials.gov as #NCT02782351 and www.chictr.org.cn as #ChiCTR-OPN-16008526.

Introduction
Relapsed/refractory (R/R) B-cell acute lymphoblastic leukemia
(B-ALL) in adult patients is associated with poor prognosis after
salvage chemotherapy. Approximately 1% of these patients
develop recurrent central nervous system (CNS) relapse, and
there are few treatment options for patients with CNS leukemia
(CNSL) refractory to conventional CNS-directed therapies.1-3 Chi-
meric antigen receptor (CAR) T-cell therapy represents one of the
most promising immunotherapeutic approaches for hematologic
malignancies currently. Multiple clinical trials with CD19-specific
CAR T-cell therapy have demonstrated complete remission (CR)
rates of 70% to 90% in children and adults with R/R B-ALL.4-7

Despite the great success, the poor clearance rate of leukemia
cells in immune-privileged sites and the development of signifi-
cant adverse events (AEs) frequently complicate administration of

CAR T-cell therapy.8-11 CNSL has rarely been the focus of any clin-
ical trial of CAR T-cell therapy because of concerns regarding
poor response and treatment-related neurotoxicity. Furthermore,
advanced CNS disease accompanied by active neurologic symp-
toms is generally an exclusion criterion for most CAR T-cell stud-
ies.4,5,12 In 2017, a report described for the first time a patient
with refractory secondary CNS diffuse large B-cell lymphoma who
received CD19 CAR T-cell treatment and achieved CR with con-
trollable and reversible neurotoxicity,13 confirming the effective
trafficking of CAR T cells into the CNS. Sparse clinical reports
have revealed cases of IV-delivered CD19 CAR T cells mediating
leukemia cell clearance from the cerebrospinal fluid (CSF)
with fully reversible toxicity, which further indicates that patients
with R/R B-ALL with CNSL may benefit from CAR T-cell therapy,
with an acceptable safety profile.10,11,14,15 However, to our knowl-
edge, there are currently no large-scale specialized case series
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reports of response assessment or long-term survival regarding
CAR T-cell therapy for CNSL. In addition, the occurrence and
severity of CAR T-cell therapy–related AEs, especially neurotoxicity,
must be evaluated in a larger number of patients diagnosed with
CNS involvement. We report the analysis of response, toxicity, and
feasibility of CD19-specific CAR T cell–based therapy in patients
with R/R B-ALL with CNSL. In this study, we attempted to pursue
an optimal CAR T cell–based therapeutic strategy for CNSL.

Methods
Study design and patients
From November 2016 to April 2021, 52 patients with R/R B-ALL
confirmed with CNSL involved in 2 clinical trials at 5 centers in
China were successively screened for this study. All patients
matched the diagnostic criteria of B-ALL according to World
Health Organization classification16 and had R/R disease defined
according to National Comprehensive Cancer Network Guide-
lines, version 1.2016.17 Definition of CNS status for B-ALL was as
follows: CNS-1 (no detectable blasts on cytology in a sample of
CSF), CNS-2 (white blood cells [WBCs] ,5/mL; cytology positive
for blasts), or CNS-3 (WBCs$5/mL; cytology positive for blasts or
solid mass). CNSL was confirmed as CNS-3 status17 at the time of
the most recent relapse or within 30 days before screening. As a
result of CAR T-cell production failure (n 5 1), severe infection
(n 5 1), withdrawal of consent (n 5 1), and death (n 5 1),
4 patients who did not receive CAR T-cell infusion were excluded.
A total of 48 patients received CAR T-cell infusion and were
included in the analysis. After leukapheresis, 27 patients received
CNS-directed bridging treatment, and 21 patients did not receive
any CNS-directed bridging treatment until CAR T-cell infusion.
Patients were categorized as CNS-1 (n 5 3), CNS-2 (n 5 15), or
CNS-3 status (n 5 30) by the last assessment before CAR T-cell
infusion (Figure 1). This study was approved by the institutional
ethics review board of each participating center, and informed
consent was obtained from each participant, in compliance with
the Declaration of Helsinki. Additional details regarding the study
design are provided in the data supplement.

CAR T-cell manufacturing
The CD19 CAR used in isolated CD19 CAR T-cell infusion in the
NCT02782351 trial contained a CD28 or 4-1BB costimulatory
domain and a CD3-z signaling domain constructed as previously
described.10,18 The third generation of the CD19 CAR and
CD22 CAR used in combined CD19 and CD22 CAR T-cell infu-
sion in the ChiCTR-OPN-16008526 trial comprised tandem
CD28 and 4-1BB costimulatory domains and a CD3-z signaling
domain.19 Peripheral blood (PB) mononuclear cells were isolated
from the PB of patients, and CD31 T cells were separated by
magnetic beads. After activation, T cells were infected with lenti-
viral vectors carrying the CD19 CAR or CD22 CAR, and CAR
T cells were expanded and evaluated for transduction efficiency.
The detailed procedures for cell manufacture and quality control
assays are described in the data supplement.

Clinical procedures
After leukapheresis, CNS-directed bridging therapy was adminis-
tered to patients with high disease burden at screening
(WBCs .20/mL in CSF; cytology positive for blasts or solid
mass), after which a CNS reassessment was required before
CAR T-cell infusion. All included patients were given fludarabine

(30 mg/m2 per day on days 25 to 23) and cyclophosphamide
(750 mg/m2 on day 25) for lymphodepletion chemotherapy.
Patients were required to undergo a final assessment of bone
marrow (BM) and CNS diseases before infusion; 27 patients had
received bridging chemotherapy after leukapheresis and under-
went the last assessment after bridging therapy and before CAR
T-cell infusion. Patterns of infusion included isolated CD19 CAR
T-cell therapy and combined CD19 and CD22 CAR T-cell ther-
apy. The patients were followed for response and toxicity
assessment via clinical manifestation, PB, BM, and CSF analysis,
and diagnostic imaging until death or loss to follow-up. Data
cutoff for evaluation of outcomes was 20 April 2021. Additional
details regarding the clinical procedures are provided in the sup-
plemental Data.

Response and toxicity assessment
Response assessment of BM disease was defined according to
National Comprehensive Cancer Network guidelines on B-ALL.17

CNS remission refers to achievement of CNS-1 status in a patient
with CNS-2/3 status, and CNS relapse requires new development
of CNS-3 status or clinical signs of CNSL, brain/eye involvement,
or hypothalamic syndrome.17 Cytokine release syndrome (CRS)
was graded according to the ASTCT CRS Consensus Grading.20

CAR T cell–related neurotoxic events (NEs) and other AEs were
evaluated according to the National Cancer Institute Common
Terminology Criteria for Adverse Events, v.4.03.21 Additional
details regarding the evaluation and management of CRS and
NEs are provided in the supplemental Data.

Laboratory assessments
The proportions of circulating CAR T cells in CD31 T lymphocytes
in the PB and CSF were measured by flow cytometry. CAR DNA
copies were measured as copies per microgram of genomic
DNA sample by quantitative real-time polymerase chain reaction.
Multiparameter flow cytometry was used to screen and quanti-
tate minimal residual disease in BM and CSF. Cytokines were
assessed according to the manufacturer’s instructions. Cytoge-
netic and genomic aberrations were identified by karyotyping,
real-time quantitative polymerase chain reaction, fluorescence in
situ hybridization, and next-generation exome sequencing.

Statistical analysis
The analysis of categorical variables was performed with the
Clopper-Pearson 95% confidence interval (CI) and Fisher’s exact
test. The Wilcoxon rank-sum test was applied to continuous vari-
ables. Cumulative incidence of relapse (CIR) was calculated
according to the Fine and Gray method, with nonrelapse mortal-
ity and subsequent allogeneic hematopoietic stem cell trans-
plantation (allo-HSCT) considered competing risks.22 Duration of
remission (DOR) was defined as time from CR to relapse or
death without documented relapse. Event-free survival (EFS)
was defined as time from the date of CAR T-cell infusion to the
earliest occurrence of any of the following: failure to achieve
response, death resulting from any cause, relapse at any site,
development of second malignant disease, or last follow-up.
Overall survival (OS) was defined as time from the date of CAR
T-cell infusion to death resulting from any cause or last follow-
up. EFS and OS probabilities were estimated by the Kaplan-
Meier method and were compared by the log-rank test. Ordinal
logistic regression was used to estimate risk factors of the occur-
rence of CRS and NEs. Spearman’s rank correlation analysis was
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used to evaluate the correlation of neurotoxicity with the pres-
ence and severity of CRS. CIR was calculated with Statistical
Analysis Software 9.4, and SPSS Statistics 17.0 was applied for
other statistical analyses. alues of P , .05 were considered sta-
tistically significant.

Results
Baseline characteristics
A total of 48 patients with R/R B-ALL diagnosed with CNSL fin-
ished CAR T-cell infusion and were included in the study. Clinical
characteristics of patients are summarized in Table 1. Of the 48
patients, 46 were confirmed as having CD191 B-ALL, and the
other 2 had chronic myeloid leukemia with B-ALL blast crisis. The
median age was 31 years (range, 6-68), with.60% of the patients
age,40 years. Thirty-six patients (75.0%) had combined BM and
CNS involvement, whereas 12 patients (25.0%) had isolated
CNSL. Poor-risk cytogenetic aberrations were detected in 31
patients (64.6%). All patients had received prior intensive cyto-
toxic chemotherapy, with a median of 4 lines of therapy (range, 3-
16), and 10 patients (20.8%) had experienced relapse after allo-
HSCT. Six patients (12.5%) relapsed $3 times, and 4 patients
(8.3%) had primary refractory disease. Twenty-seven patients
(56.3%) received CNS-directed bridging treatment, 9 of whom
retained CNS-3 disease before CAR T-cell infusion. According to
the last assessment before CAR T-cell infusion, 3 patients were
identified with CNS-1 (6.3%), 15 with CNS-2 (31.2%), and 30 with
CNS-3 status (62.5%). Extramedullary diseases other than CNS

disease were observed in 9 patients (18.8%), including kidney,
pleura, or skeleton involvement or testicular leukemia. Thirty-
seven patients (77.1%) were administered isolated anti-CD19
CAR T cells, and 11 patients (22.9%) received combined anti-
CD19 and anti-CD22 CAR T cells.

Response rates
At the day-30 assessment, 42 (87.5%) of 48 patients (95% CI,
75.3-94.1) had achieved CR/CR with incomplete blood count
recovery for BM disease, and minimal residual disease–negative
CR was observed in 35 patients (72.9%; 95% CI, 66.1-90.7).
Forty-one patients (85.4%; 95% CI, 72.8-92.8) achieved remis-
sion in CNSL. One patient had CR solely in BM disease, and
4 patients had no response in both BM and CNS diseases. Two
patients, who died on days 13 and 14 after CAR T-cell infusion,
respectively, were unavailable for response assessment and con-
sidered not to have had a response but were included in the
toxicity and survival assessments. The response rates across all
subgroups are provided in Figure 2. The remission rate from
CNSL in patients receiving CNS-directed bridging treatment
was higher than the rate in those receiving no bridging treat-
ment (96.3% vs 71.4%; P 5 .034). The response rates from BM
and CNS diseases were similar across the remaining subgroups.

Long-term survival
The median follow-up duration was 11.5 months (range, 1.3-33.3).
Among the 42 patients achieving CR/CR with incomplete
blood count recovery, the CIR of BM disease was 23.7%

52 patients screened

48 CNSL patients with CNS-3 status

No bridging

therapy (n=21)

CNS-directed bridging

therapy (n=27)

Systemic therapy
(n=16)

IC
(n=11)

CNS-1
(n=2)

CNS-2
(n=10)

CNS-3
(n=4)

CNS-3
(n=5)

CNS-3
(n=21)

CNS-1
(n=1)

CNS-2
(n=5)

48 patients included

4 excluded
1 product could not be manufactured
1 severe infection
1 withdrew consent
1 died

Figure 1. Screening and enrollment of patients. Fifty-two patients with R/R B-ALL with CNSL were screened for eligibility between November 2016 and April 2021 in
the study. CNS-directed bridging therapy included systemic chemotherapy (high-dose methotrexate; range, 3-5 g/m2) and triple intrathecal chemotherapy (IC; 10 mg of
methotrexate, 50 mg of cytarabine, and 5 mg of dexamethasone each time). Patients were categorized as CNS-1 (n 5 3), CNS-2 (n 5 15), and CNS-3 status (n 5 30) by
the last assessment before CAR T-cell infusion. A total of 48 patients received CAR T-cell infusion and were included in the analysis for response evaluation, survival,
and toxicity assessment.
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(95% CI, 20.7-27.2) at 6 months and 31.1% (95% CI, 26.6-
36.4) at 12 months after CAR T-cell therapy. Compared
with CIR of BM disease, relapse was less frequent in
CNSL, with a CIR of CNSL of 11.3% (95% CI, 10.2-12.6) at
12 months (P 5 .040). The median DOR for BM disease
was 17.0 months (95% CI, 9.8-24.2), and the median DOR
for CNSL was not reached (NR; Figure 3A).

The median OS of all 48 patients was 16.0 months (95% CI,
13.5-20.1), and the median EFS was 8.7 months (95% CI, 3.7-
18.8; Figure 3B-C). The 6-month OS and EFS rates were 72.0%
(95% CI, 55.6-86.1) and 53.3% (95% CI, 36.5-68.1), respectively.
Patients with CNS-3 status before CAR T-cell infusion had infe-
rior median EFS than those with CNS-1/2 status (5.1 vs NR vs
15.0 months, respectively; P 5 .049; Figure 3D), but the differ-
ence in OS was not statistically significant among the 3 cohorts
(CNS-1 vs CNS-2 vs CNS-3: NR vs 18.8 vs 14.4 months, respec-
tively; P 5 .545). Patients with Ph1 B-ALL had a significantly
reduced median OS compared with those without BCR/ABL
rearrangement (8.0 vs 18.8 months; P 5 .014; Figure 3E), and
the same was true in EFS analysis (3.5 vs 13.6 months; P 5 .008;
Figure 3F). Other subgroup-specific prognostic impacts were
investigated, and no significant difference in either EFS or OS
was found across all subgroups (supplemental Figure 1A-H).

Safety
Common AEs within the first 30 days are shown in Table 2. CRS
occurred in 43 (89.6%) of 48 patients, and 9 (18.8%) had grade
3 to 5 CRS. The occurrence and severity of CRS among different
subgroups are displayed in Table 3. Univariate analysis showed
that peak CAR DNA copies in PB (P , .001) and level of serum
interleukin-6 (sIL-6; P 5 .012) were factors influencing the occur-
rence and severity of CRS. These factors were further included
into the multivariate logistic regression model, and data showed
that higher peak CAR DNA copies (odds ratio, 4.230; 95% CI,
1.043-10.425; P 5 .002) and increased level of sIL-6 (odds ratio,

Table 1. Characteristics of patients with R/R B-ALL
with CNSL at baseline (N 5 48)

Characteristic Value

Median age (range), y 31 (6-68)

Age group, y
,40 32 (66.7)
$40 16 (33.3)

Sex
Male 30 (62.5)
Female 18 (37.5)

Disease status
BM 1 CNS 36 (75.0)
Isolated CNS 12 (25.0)

Other EMDs*
Yes 9 (18.8)
No 39 (81.2)

Poor-risk cytogenetics†
Ph1‡ 20 (41.7)

T315I mutation 3 (6.3)
FLT3/ITD mutation 1 (2.1)
IKZF1 mutation 3 (6.3)
Ph-like§jj 3 (9.1)

TP53 aberrationjj 2 (6.1)
MLL rearrangementjj 4 (12.2)
Complex karyotype‡ 2 (4.2)

BM blasts before infusion, %
,5 22 (45.8)
$5 26 (54.2)

CNS status before infusion
1 3 (6.3)
2 15 (31.2)
3 30 (62.5)

Median prior treatment lines (range), n 4 (3-16)

No. of relapses
1 25 (52.1)
2 13 (27.1)
$3 6 (12.5)
Primary refractory¶ 4 (8.3)*

Prior allo-HSCT
Yes 10 (20.8)
No 38 (79.2)

Prior cranial irradiation
Yes 5 (10.4)
No 43 (89.6)

CNS-directed bridging treatment
Yes 27 (56.3)
No 21 (43.7)

Costimulator
4-1BB 32 (66.7)
CD28 5 (10.4)
CD28 1 4-1BB 11 (22.9)

Table 1. (continued)

Characteristic Value

Infused cells
Isolated CD19 37 (77.1)
Combined CD19 1 CD22 11 (22.9)

Average dose, 3106/kg
,3 26 (54.2)
3-5 13 (27.0)
.5 9 (18.8)

Data are presented as n (%) unless otherwise specified.

*Extramedullary diseases other than CNS involvement.

†From cytogenetic analysis performed at any time after diagnosis; some patients had
.1 abnormality identified. All patients were screened for cytogenetic abnormalities
using karyotyping, and 33 patients underwent next-generation sequencing covering
gene fusions and pathogenic mutations recommended by National Comprehensive
Cancer Network guidelines.

‡Screening assessment in 48 patients.

§Including 3 Ph2 patients with EBF1-PDGFRB1 fusion (n 5 2) and JAK2/PAX5
rearrangement (n 5 1).

jjScreening assessment in 33 patients.

¶Patients experiencing less than CR after initial induction therapy.
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2.355; 95% CI, 1.430-5.026; P 5 .035) were independent risk
factors for severe CRS (grade 3-5).

NEs of any grade were observed in 18 patients (37.5%), with
severe NEs (grade 3-4) in 11 patients (22.9%). Common NEs
were encephalopathy (22.9%), depressed level of conscious-
ness (20.8%), delirium (16.7%), headache (14.6%), and seizure
(8.3%; Table 2). Univariate analysis showed that higher
peak CAR DNA copies in PB (P , .001), increased level of sIL-6

(P 5 .037), and higher percentage of CNS blasts (P 5 .038)
were associated with severe neurotoxicity, separately. Multivari-
ate analysis identified the aforementioned factors, as well as
CNS-3 status, as independent risk factors for occurrence of
severe NEs (Table 3).

Severe CRSwas effectively managed according to protocol-specific
guidelines, with 6 (66.7%) of the 9 patients with severe CRS receiv-
ing the IL-6 receptor antagonist tocilizumab with (n5 3) or without

Evaluable patients(n=48)

Overall

Age group

<40

48

32

16

30

18

36

12

9

39

25

13

6

4

20

2

2

3

4

24

24

3

15

30

10

38

5

43

27

21

37

32

5

11

11

26

13

9

42

26

16

26

16

30

12

7

35

23

10

6

3

17

1

2

3

4

21

21

3

14

25

9

33

4

38

26

16

33

29

4

9

9

22

13

7

41
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0.243
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Figure 2. Subgroup analysis of response rates in patients with R/R B-ALL with CNSL. The forest plots showed the subgroup analysis of the rate of ongoing
responses according to demographic and clinical characteristics at baseline. The analysis of response rate across subgroups was performed using the Clopper-
Pearson 95% CI and Fisher’s exact test. CRi, CR with incomplete blood count recovery; EMD, extramedullary disease; MLL, mixed-lineage leukemia; ORR, overall
response rate.
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corticosteroids (n 5 3). Among the 18 patients developing neuro-
toxicity within the first 30 days after CAR T-cell infusion, the median
time from CAR T-cell infusion to the onset of NEs in cohorts of
grade 1 to 2 and grade 3 to 4 was 5 days (range, 5-9) and 4 days
(range, 2-10), respectively (P 5 .574; supplemental Figure 2A).

Of the 11 patients with grade 3 to 4 NEs, 10 (90.9%) received sys-
temic corticosteroids, and other management included tocilizumab
(n 5 3), mannitol (n 5 7), antiepileptics (n 5 6), levetiracetam pro-
phylaxis (n 5 1), and intensive care admission (n 5 2). No
patients developed lethal diffuse cerebral edema confirmed by
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diagnostic imaging. Spearman’s analysis showed that there
was a significant correlation of neurotoxicity with the inci-
dence and severity of CRS (r 5 0.553; P 5 .024; supplemental
Figure 2B).

Furthermore, fatal AEs within the first 30 days after CAR T-cell
infusion occurred in 2 patients; 1 died as a result of grade 5 CRS
manifested as refractory hypotension/hypoxia together with
grade 4 organ toxicity (patient 37), despite receiving tocilizu-
mab, high-dose corticosteroid, and plasma exchange, and 1
died as a result of refractory Escherichia coli sepsis confirmed by
positive blood culture (patient 42). Detailed information about
the management and prognosis of these 2 patients is provided
in supplemental Figure 2A.

CAR T-cell kinetics
The expansion and persistence of CAR T cells were evaluated in
patients with PB and CSF specimens adequate for analysis. The
median peak number of CAR DNA copies in PB among patients
with severe (grade $3) CRS/NEs was remarkably higher than
that in those with mild (grade 0-2) CRS/NEs (Figure 4A). In
patients developing different grades of NEs, the peak expansion
of CAR T cells seemed to be higher in CSF than in PB in both
cohorts of severe and mild NEs, although the difference was not
statistically significant (Figure 4B-C).

The dynamic expansion and persistence of CAR T cells in both
PB and CSF were monitored in 9 evaluable patients after CAR
T-cell infusion (supplemental Figure 3). All 9 patients achieved
CR and exhibited peak expansion of CAR T cells in CSF within
the first month after CAR T-cell infusion, along with clearance of
blasts in CSF. At the data cutoff date, 7 of the 9 patients main-
tained their CR status for a median of 93 days (range, 41-242),
and CAR T cells remained detectable in CSF for a median of 85
days (range, 41-183). The other 2 patients (patients 13 and 20)
relapsed during follow-up. Patient 13 with isolated CNSL at
baseline before infusion showed significantly higher CAR copies
in CSF than in PB. However, CAR T cells were undetectable in
PB and CSF when CD191 blasts recurred in BM 5 months after
CAR T-cell treatment. Patient 20 with combined BM/CNS
involvement at baseline before infusion exhibited remarkable
expansion of CAR T cells in both PB and CSF, and then CAR T
cells dropped significantly in both PB and CSF, with CAR copies
lower than the detection limit at 27 days in CSF and 62 days in
PB after CAR T-cell treatment. CNS relapse was first observed
on day 62, and CD191 blasts reoccurred subsequently in BM 6
months later.

Discussion
CNS relapse is still a common cause of treatment failure in R/R
B-ALL, although chemotherapy, cranial irradiation, and allo-HSCT
are all modalities that can be incorporated into the management
of CNSL.3,23-25 In the present study, we report the efficacy, toxic-
ity, and clinical feasibility of CD19-specific CAR T cell–based ther-
apy in patients with R/R B-ALL with CNSL. This study is the first
to include children and adults with CNS-3 status on a relatively
large scale in a clinical trial of CAR T-cell treatment.

Robust responses were achieved in this study. An overall
response rate of 87.5% for BM disease and remission rate of

Table 2. AEs within the first 30 d after CAR T-cell
infusion

No. of patients

All grades Grade ‡3

AEs

Fatigure 1 (2.1) 0

Dyspnea 4 (8.3) 2 (4.2)

Nausea 1 anorexia 22 (45.8) 4 (8.3)

Diarrhea 1 constipation 1 (2.1) 0

Myalgia 2 (4.2) 0

Oral mucositis 1 (2.1) 0

Infection 6 (12.5) 2 (4.2)

Fever 44 (91.7) 33 (68.8)

Hypotension 8 (16.7) 4 (8.3)

Hypoxia 6 (12.5) 4 (8.3)

Tachycardia 3 (6.3) 2 (4.2)

Capillary leak syndrome 1 (2.1) 1 (2.1)

CRS 43 (89.6) 9 (18.8)

Hematologic AEs

Neutropenia 42 (87.5) 34 (70.8)

Lymphocytopenia 40 (83.3) 35 (72.9)

Thrombocytopenia 29 (60.4) 16 (33.3)

Hypoglobinemia 32 (66.7) 22 (45.8)

Multisystem AEs

Gastrointestinal bleeding 1 (2.1) 1 (2.1)

Hemoptysis 1 (2.1) 1 (2.1)

Intracranial hemorrhage 1 (2.1) 1 (2.1)

Acute pancreatitis 1 (2.1) 1 (2.1)

Heart failure 3 (6.3) 3 (6.3)

Renal failure 2 (4.2) 2 (4.2)

Multiple organ and system failure 1 (2.1) 1 (2.1)

Laboratory abnormalities

ALT/AST elevation 28 (58.3) 11 (22.9)

Blood bilirubin elevation 7 (14.6) 5 (10.4)

Creatintine elevation 8 (16.7) 2 (4.2)

Electrolyte disturbance 1 (2.1) 1 (2.1)

Myocardial enzyme/BNP elevation 14 (29.2) 4 (8.3)

Fibrinogen decreased 3 (6.3) 3 (6.3)

NEs

Encephalopathy 11 (22.9) 4 (8.3)

Disturbance in attention 6 (12.5) 1 (2.1)

Cognitive disorder 6 (12.5) 2 (4.2)

Mental status changes 1 (2.1) 0

Memory impairment 2 (4.2) 1 (2.1)

Lethargy 4 (8.3) 1 (2.1)

Depressed level of consciousness 10 (20.8) 3 (6.3)

Headache/dizziness 7 (14.6) 2 (4.2)

Tremor 2 (4.2) 1 (2.1)

Aphasia 1 (2.1) 1 (2.1)

Delirium 8 (16.7) 2 (4.2)

Motor dysfunction 1 (2.1) 1 (2.1)

Ataxia 2 (4.2) 0

Seizure 4 (8.3) 4 (8.3)

Vision disorder 3 (6.3) 3 (6.3)

Tinnitus 1 (2.1) 1 (2.1)

Data are presented as n (%). AEs were captured for all treated patients within the first
30 d after CAR T-cell infusion.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BNP, brain natriuretic
peptide.

3382 blood® 9 JUNE 2022 | VOLUME 139, NUMBER 23 QI et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/23/3376/1901187/bloodbld2021013733.pdf by guest on 08 M

ay 2024



Ta
b
le

3.
Fa

ct
o
rs

re
la
te
d
to

o
cc
ur
re
nc

e
an

d
se

ve
ri
ty

o
f
C
R
S/
N
E
s

C
R
S

N
E
s

G
ra
d
e

A
na

ly
si
s

G
ra
d
e

A
na

ly
si
s

U
ni
va

ri
at
e

M
ul
ti
va

ri
at
e*

U
ni
va

ri
at
e

M
ul
ti
va

ri
at
e*

0-
2

3-
4

5
P

O
R

95
%

C
I

P
0-
2

3-
4

P
O
R

95
%

C
I

P

M
ed

ia
n
ag

e
(ra

ng
e)
,
y

32
(8
-6
8)

26
(6
-6
6)

22
.5
43

27
(8
-6
8)

23
(6
-6
1)

.6
35

D
is
ea

se
st
at
us

.8
43

.7
05

B
M

1
C
N
S

29
(8
0.
6)

6
(1
6.
7)

1
(2
.8
)

27
(7
5.
0)

9
(2
5.
0)

Is
ol
at
ed

C
N
S

10
(8
3.
3)

2
(1
6.
7)

0
10

(8
3.
3)

2
(1
6.
7)

In
fu
se

d
ce

lls
.1
45

1.
00

0

Is
ol
at
ed

C
D
19

30
(8
1.
1)

7
(1
8.
9)

0
28

(7
5.
7)

9
(2
4.
3)

C
om

b
in
ed

C
D
19

1
C
D
22

9
(8
1.
8)

1
(9
.1
)

1
(9
.1
)

9
(8
1.
8)

2
(1
8.
2)

C
o
st
im

ul
at
o
r

.4
25

.6
11

4-
1B

B
26

(8
1.
3)

6
(1
8.
8)

0
25

(7
8.
1)

7
(2
1.
9)

C
D
28

4
(8
0)

1
(2
0)

0
3
(6
0)

2
(4
0)

C
D
28

1
4-
1B

B
9
(8
1.
8)

1
(9
.1
)

1
(9
.1
)

9
(8
1.
8)

2
(1
8.
2)

A
ve

ra
g
e
d
os

e,
3
10

6
/k
g

.3
73

.6
15

,
3

19
(7
3.
1)

7
(2
6.
9)

0
20

(7
6.
9)

6
(2
3.
1)

3-
5

12
(9
2.
3)

1
(7
.7
)

0
11

(8
4.
6)

2
(1
5.
4)

.
5

8
(8
8.
9)

0
1
(1
1.
1)

6
(6
6.
7)

3
(3
3.
3)

C
N
S-
d
ir
ec

te
d
b
ri
d
g
in
g

tr
ea

tm
en

t
.4
65

1.
00

0

Ye
s

23
(8
5.
2)

4
(1
4.
8)

0
21

(7
7.
8)

6
(2
2.
2)

N
o

16
(7
6.
2)

4
(1
9.
0)

1
(4
.8
)

16
(7
6.
2)

5
(2
3.
8)

C
N
S
st
at
us

b
ef
o
re

in
fu
si
o
n

.7
98

.0
83

1.
53

0
1.
26

0-
5.
17

1
.0
34

†

1
3
(1
00

)
0

0
3
(1
00

)
0

2
13

(8
6.
7)

2
(1
3.
3)

0
14

(9
3.
3)

1
(6
.7
)

3
23

(7
6.
7)

6
(2
0.
0)

1
(3
.3
)

20
(6
6.
7)

10
(3
3.
3)

B
M

b
la
st
s
b
ef
o
re

in
fu
si
o
n,

%
.6
36

.5
14

,
5

18
(8
1.
8)

4
(1
8.
2)

0
18

(8
1.
8)

4
(1
8.
2)

$
5

21
(8
0.
8)

4
(1
5.
4)

1
(3
.8
)

19
(7
3.
1)

7
(2
6.
9)

D
at
a
ar
e
p
re
se
nt
ed

as
n
(%

)u
nl
es
s
ot
he

rw
is
e
sp

ec
ifi
ed

.

O
R,

od
d
s
ra
tio

.

*O
rd
in
al

lo
g
is
tic

re
g
re
ss
io
n
w
as

us
ed

to
es
tim

at
e
th
e
ris
k
fa
ct
or
s
of

th
e
oc

cu
rr
en

ce
an

d
se
ve

rit
y
of

C
RS

/N
Es

.
Th

e
va

ria
b
le
s
th
at

en
te
re
d
th
e
m
ul
tiv

ar
ia
te

re
g
re
ss
io
n
m
od

el
in
cl
ud

e
va

ria
b
le
s
id
en

tifi
ed

b
y
un

iv
ar
ia
te

an
al
ys
is
w
ith

P
,

.1
.

†
P
,

.0
5.

CD19 CAR T-CELL THERAPY FOR B-ALL WITH CNSL blood® 9 JUNE 2022 | VOLUME 139, NUMBER 23 3383

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/23/3376/1901187/bloodbld2021013733.pdf by guest on 08 M

ay 2024



85.4% for CNSL were observed, which were similar to those pre-
viously reported in pivotal CD19-specific CAR T-cell therapy tri-
als, with overall response rates published as 81% to 93%.11,26,27

However, it is worth noting that all patients included in our study
had CNS disease of CNS-3 status before screening, and 62.5%
of patients remained in CNS-3 status after bridging therapy and
before CAR T-cell infusion. Most patients had CNS involvement
in the multiple-relapse setting, particularly after radiotherapy
(10.4%) and allo-HSCT (20.8%), which is challenging to treat and
generally leads to poor prognosis. The above analysis suggests
that CD19-specific CAR T cell–based therapy can induce high
response in patients with R/R B-ALL with CNS involvement.

Subgroup analysis of response showed that a better remission
rate in CNSL was achieved among patients receiving CNS-
directed bridging therapy. This result implies that optimal bridg-
ing therapy during the CAR T-cell manufacturing interval may
serve to improve the remission rate in CNSL. CNS-directed
bridging chemotherapy in the study included systemic chemo-
therapy and triple intrathecal chemotherapy; the dose and tim-
ing of different bridging therapies administered before CAR
T-cell therapy were not explored in the present study. Future
investigation is required for optimization of bridging treatment
before CAR T-cell infusion.

The median OS and EFS achieved in our study were 16.0 and
8.7 months, respectively. Compared with previously reported
EFS (ranging from 6.1 months to .1 year) achieved in patients
with R/R B-ALL,26,27 CD19-specific CAR T cell–based therapy
also provided relatively durable remission in those with R/R
B-ALL with CNSL. The median DOR for BM and CNS diseases
was 17 months and not reached, respectively. There seems to
be a longer DOR in CNSL than in BM disease, which should be
confirmed in additional trials. Subgroup analysis showed that
patients with CNS-3 status before CAR T-cell infusion had
shorter EFS compared with those with CNS-1/2 status, empha-
sizing preinfusion disease burden in CNS might serve as a
potential prognostic factor for long-term survival. Patients with
Ph1-B-ALL had remarkably reduced EFS and OS compared with
their counterparts, which implies that post–CAR T-cell consolida-
tion therapy should be considered to attain long-term survival in
this high-risk cohort.

Because of the risk of treatment-related neurotoxicity, there has
been significant concern about the safety profile of CAR T-cell
therapy in patients with CNSL.28 In this study, the incidence of
grade $3 CRS and NEs was 18.8% and 22.9%, respectively.
The safety analysis revealed that high-grade CRS and NEs
occurred at incidences comparable to those previously reported,
suggesting that CAR T-cell therapy for CNSL may act as an
effective therapeutic strategy without significantly increased risk
of neurotoxicity.29,30 Prior studies have shown that neurotoxicity
is associated with preinfusion disease burden and in vivo CAR
T-cell expansion20,28,31,32; our study also showed that patients
with CNS-3 status at infusion had a higher probability of
developing severe NEs. These observations indicate that high-
burden CNSL before CAR T-cell infusion may predispose
patients to severe neurotoxicity, and therefore, patients with
high-burden CNSL should be intensively monitored and man-
aged. In addition, CAR DNA copies in PB and sIL-6 concentra-
tions were remarkably elevated in patients with severe NEs;
these may serve as dynamic and readily accessible indicators forTa

b
le

3.
(c
o
nt
in
ue

d
)

C
R
S

N
E
s

G
ra
d
e

A
na

ly
si
s

G
ra
d
e

A
na

ly
si
s

U
ni
va

ri
at
e

M
ul
ti
va

ri
at
e*

U
ni
va

ri
at
e

M
ul
ti
va

ri
at
e*

0-
2

3-
4

5
P

O
R

95
%

C
I

P
0-
2

3-
4

P
O
R

95
%

C
I

P

M
ed

ia
n
p
ea

k
C
A
R
D
N
A

co
p
ie
s
in

PB
(ra

ng
e)
,

p
er

m
g

50
11

8
(2

73
3-
10

8
74

7)

29
6
72

8
(1
0
69

9-
5

88
8
43

6)

98
1
21

3
,
.0
01

†
4.
23

0
1.
04

3-
10

.4
25

.0
02

†
66

06
9

(2
73

3-
63

0
95

7)

39
8
10

7
(6
3
09

5-
5

88
8
43

6)

,
.0
01

†
2.
01

7
0.
97

2-
4.
21

6
.0
14

†

M
ed

ia
n
p
ea

k
sI
L-
6

(ra
ng

e)
,
p
g
/m

L
10

7
(2
9-
37

5)
34

9
(1
35

to
.
2

00
0)

.
2
00

0
.0
12

†
2.
35

5
1.
43

0-
5.
02

6
.0
35

†
20

9
(2
9-
49

1)
1
58

9
(1
35

to
.
2

00
0)

.0
37

†
3.
10

3
2.
98

7-
6.
26

0
.0
01

†

M
ed

ia
n
b
la
st
s
in

C
SF

(ra
ng

e)
,
%

10
.9

(6
.4
-3
5.
6)

14
.6

(3
.8
-5
0.
2)

15
.6

.2
70

10
.6

(3
.8
-2
6.
8)

26
.3

(1
0.
6-
50

.2
)

.0
38

†
1.
64

2
1.
05

1-
3.
73

0
.0
37

†

D
at
a
ar
e
p
re
se
nt
ed

as
n
(%

)u
nl
es
s
ot
he

rw
is
e
sp

ec
ifi
ed

.

O
R,

od
d
s
ra
tio

.

*O
rd
in
al

lo
g
is
tic

re
g
re
ss
io
n
w
as

us
ed

to
es
tim

at
e
th
e
ris
k
fa
ct
or
s
of

th
e
oc

cu
rr
en

ce
an

d
se
ve

rit
y
of

C
RS

/N
Es

.
Th

e
va

ria
b
le
s
th
at

en
te
re
d
th
e
m
ul
tiv

ar
ia
te

re
g
re
ss
io
n
m
od

el
in
cl
ud

e
va

ria
b
le
s
id
en

tifi
ed

b
y
un

iv
ar
ia
te

an
al
ys
is

w
ith

P
,

.1
.

†
P
,

.0
5.

3384 blood® 9 JUNE 2022 | VOLUME 139, NUMBER 23 QI et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/23/3376/1901187/bloodbld2021013733.pdf by guest on 08 M

ay 2024



the development and progression of severe NEs. We also
found neurotoxicity to be correlated with occurrence and
severity of CRS, which is consistent with the findings from
multiple prior studies using different CAR constructs.28,32,33

This association suggests that prevention or mitigation of
earlier severe CRS may lead to a lower incidence of severe
neurotoxicity.

The expansion and persistence of CAR T cells in CNS com-
prise another concern regarding treatment-related toxicity
and clinical response in CAR T-cell therapy for CNSL. CAR
T-cell expansion in CSF was described based on NE grade,
and we did not observe any statistically significant association
between the severity of NEs and peak CAR T-cell expansion
in CSF. This may be partially attributable to sampling diffi-
culty. CSF specimens were sometimes unavailable at the

acute phase of severe NEs because of patients’ intolerance of
lumbar puncture. Dynamic CAR T-cell expansion was moni-
tored in 9 evaluable patients based on response assessment
during follow-up. The data showed a predominant presence
of CAR T cells in CSF and seemingly longer persistence after
CAR T-cell infusion, compared with CAR T-cell expansion in
PB. In 2 cases of postinfusion relapse (patients 13 and 20)
among the 9 patients, we did not find antigen loss of CD19,
and CAR copies in CNS were detected below the inferior limit
of quantitation at relapse. As a result, we tend to attribute
relapse in these 2 patients to the extinction of CAR T cells in
the CNS.

In summary, our study suggests that CD19-specific CAR T
cell–based therapy can induce similar high response rates in
both BM and CNS diseases, with an acceptable safety profile
under intensive management. CD19-specific CAR T-cell therapy
provides a potential treatment option for a cohort of previously
excluded patients with CNSL with otherwise poor prognosis.
However, our study is limited by incomplete information on CAR
T-cell kinetics in the CNS and the retrospective nature of the
analysis. Considering these promising results, prospective stud-
ies featuring a larger cohort of patients with high-burden CNSL
are warranted to optimize this strategy for the treatment of R/R
B-ALL with CNSL.
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Figure 4. Expansion of CAR T cells in both PB and CSF. (A) The peak CAR
T-cell expansion in PB after CAR T-cell infusion assessed by real-time quantitative
polymerase chain reaction (qPCR) categorized by severity of CRS and NEs. (B) The
comparison of peak CAR T-cell expansion in PB and CSF assessed by qPCR
categorized by NE grade. (C) The comparison of peak CAR T-cell expansion in PB
and CSF assessed by flow cytometry categorized by NE grade. Patients were not
completely overlapped as presented in panels B and C. Data represent median 6

standard deviation. The Mann-Whitney U test was used for statistical analysis.
Grade given on x-axis labels.
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