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Single antigen–targeted chimeric antigen receptor (CAR) T-cell therapy may be insufficient

to induce a durable response in pediatric aggressive B-cell lymphomas. This clinical trial

examined the feasibility of sequential different B-cell antigen–targeted CAR T-cell therapy

for pediatric relapsed/refractory (R/R) Burkitt lymphoma. Twenty-three patients received

the first CD19 CAR T-cell infusion. The patients who did not achieve an ongoing complete

response (CR) underwent 1 or more sequential infusions of CAR T-cell therapy that targeted

CD22 followed by CD20 according to their disease status and CAR T-cell persistence after

each infusion. The median time from the last infusion to the cutoff date was 17 months

(range, 15-23 months). The estimated 18-month CR rate was 78% (95% confidence interval

[CI], 54%-91%). The estimated 18-month progression-free survival rate was 78% (95% CI,

55%-90%), with 78% (95% CI, 37%-94%) in patients with bulky disease and 60% (95% CI,

25%-83%) in patients with central nervous system (CNS) involvement. During the first CD19

CAR T-cell infusion, grade $3 cytokine release syndrome (CRS) occurred in 34.8% and

neurotoxicity occurred in 21.7% of all patients. During subsequent infusions, there were

only a few incidences of grade .2 CRS and neurotoxicity. All adverse events were

reversible. The severity of neurotoxicity was not significantly different between patients

with CNS involvement and those who did not have CNS involvement. Sequential CAR T-cell

therapy may result in a durable response and is safe in pediatric R/R Burkitt lymphoma.

Patients with CNS involvement may benefit from sequential CAR T-cell therapy. This trial

was registered at www.chictr.org.cn/index.aspx as #ChiCTR1800014457.

Introduction

Most pediatric patients with mature B-cell lymphoma can be cured with conventional chemotherapy.1-9

However, those with aggressive relapsed or refractory (R/R) B-cell lymphoma have a dismal prognosis and
eventually die of the malignancy, even with continued conventional chemotherapy.10-14 Chimeric antigen
receptor (CAR) T-cell therapy is among the most promising novel therapies that might be used to treat such
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Key Points

� Sequential CAR T-cell
therapy may result in a
durable response and
is safe in pediatric
patients with R/R
Burkitt lymphoma.

� Sequential CAR T-cell
therapy may benefit
pediatric patients with
R/R Burkitt lymphoma
with CNS involvement.
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23 pts enrolled and tumor evaluation performed 1 week before leukapheresis

Leukapheresis on day –6 and lymphodepletion on days –5, –4, –3

Resuscitation of cryopreserved PBMCs on day –6 and lymphodepletion on days –5, –4, –3

Resuscitation of cryopreserved PBMCs on day –6 and lymphodepletion on days –5, –4, –3

23 pts received mCD19 CAR T-cell infusion on day 0 (cycle 1)

13 pts received hCD22 CAR T-cell infusion on day 0 (cycle 2)

9 pts ongoing CR1 1 pt RD death

Response assessment and CAR T-cell monitoring post-mCD19 CAR T-cell infusion

d0d7d15d30d45d60 m3 m4 m5 m6 m9 m12 m15 m18 m21 m24

Response assessment and CAR T-cell monitoring post-hCD22 CAR T-cell infusion

d0d7d15d30d45d60 m3 m4 m5 m6 m9 m12 m15 m18 m21 m24

5 pts ongoing CR1 2 pts PD death

3 pts CR2 2 pts PR 1 pt PD

6 pts received hCD20 CAR T-cell infusion on day 0 (cycle 3)

1 pt received hCD19 CAR T-cell infusion on day 0 (cycle 4)

1 pt ongoing CR2

Response assessment and CAR T-cell monitoring post-hCD20 CAR T-cell infusion

d0d7d15d30d45d60 m3 m4 m5 m6 m9 m12 m15 m18 m21 m24

1 pt ongoing CR1 1 pt RD2 death

2 pts ongoing CR2 1 pt RD off therapy
1 pt PR

6 pts PR 1 pt NR 1 pt PD 5 pts RD

Figure 1. Diagram of the sequential treatment procedure. PBMC, peripheral blood mononuclear cell; pts, patients.
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patients.15,16 CD19-targeted CAR T-cell therapy has been shown to
achieve a 6-month complete response (CR) rate of 29% to 41% in
adult patients with R/R B-cell lymphoma.17-22 There are several
actively recruiting trials evaluating CD19 CAR T-cell therapy for
pediatric and young adult patients with R/R B-cell lymphomas.16

Despite this impressive efficacy, progressive disease (PD) and
relapsed disease (RD) occur in a large proportion of patients who
receive a CD19 CAR T-cell infusion. Tumor immune escape has
emerged as a non-negligible obstacle to improving long-term survival.
Several studies have addressed the potential mechanisms of resis-
tance to CD19 CAR T-cell therapy with a primary focus on issues
related to CD19– relapse.23,24 However, the CD191 relapse rate
seemed higher than the CD19– relapse rate in adult diffuse large
B-cell lymphoma.17-21 The mechanisms underlying CD191 relapse
are multifactorial and are still poorly elucidated. Nevertheless, it has
been postulated that CD191 relapse may develop because of limited
or a lack of CAR T-cell persistence.25

The feasibility and effectiveness of dual-antigen–targeted CAR T-cell
therapy for mitigating CD19– relapse is being evaluated in several
preclinical and clinical studies.26,27 The combination of CD19 CAR
T-cell therapy with immune checkpoint inhibitors to improve CAR
T-cell persistence in vivo is being tested in an ongoing clinical trial.28

Our team designed combinational and sequential administration
strategies for different B-cell antigen–targeted CAR T-cell therapy to
prevent tumor antigen escape and maintain CAR T-cell persistence.
We have shown that sequential CD19-CD22 CAR T-cell infusions
could induce sustained remission in pediatric patients with R/R B-cell
acute lymphoblastic leukemia.29 We have also reported early
responses to sequential murine CD19 (mCD19)-humanized CD22
(hCD22)-hCD20-hCD19 CAR T-cell infusion in pediatric patients
with R/R Burkitt lymphoma.30 Here, we further investigated durable
responses induced by this strategy in pediatric R/R Burkitt lymphoma.

Methods

Patient eligibility

The single-arm phase 1 clinical trial was approved by the institutional
review board at Beijing Boren Hospital. Parents or legal guardians
provided written informed consent for including their children in the
study in accordance with the Declaration of Helsinki. Eligible patients
were children and adolescents up to age 18 years with Burkitt
lymphoma who had refractory (never obtaining a CR) or relapsed
disease after first-line chemotherapy and had a partial response (PR)
or no response (NR) as the best response to at least 2 cycles of
salvage chemotherapy, including rituximab. The diagnosis of Burkitt
lymphoma was verified by independent pathology review according to
the 2016 World Health Organization Classification of Tumors of
Hematopoietic and Lymphoid Tissue.31 The only patients who
qualified for this trial were whose lymphoma cells definitively
expressed CD19 or more B-cell antigens (CD20 and CD22) as
determined by immunohistochemical stain analysis of tumor biopsies
obtained before enrollment. Additional details of inclusion and
exclusion criteria are shown in supplemental Methods.

Constructing CARs

A lentiviral vectorwas constructed that contained a second-generation
CAR construct with a 4-1BB costimulatory domain and a CD3-zeta
domain. The antigen recognition domains of CARs targeting CD20

(YK-CD20BB-002) and CD22 (YK-CD22BB-002) were composed
of a single-chain variable fragment obtained from a human antibody
phage display library. The antigen recognition domains of CD19-
targeted CARs were from 2 sources: one was derived from FMC63
monoclonal antibody (YK-CD19BB-001) and the other was obtained
from a human antibody phage display library (YK-hCD19BB-002). The
cytotoxicity of these CAR T cells was previously validated.32,33

Treatment procedures

Leukapheresis and lymphodepletion. As shown in Figure 1,
eligible patients underwent leukapheresis to obtain peripheral blood
mononuclear cells. A week before leukapheresis, tumors were
evaluated on the basis of the International Pediatric Non-Hodgkin
Lymphoma Staging System and French-American-British poor-risk
criteria.13,34 An additional portion of the leukapheresis products was
routinely cryopreserved for potential sequential CAR T-cell generation.
Manufacture of the first infusedmCD19CARTcells started on the day
of leukapheresis (day26). Alternative CAR T cells were generated for
sequential infusion when cryopreserved leukapheresis product was
thawed for use. Peripheral blood mononuclear cells collected from
patients were stimulated with magnetic beads coated with anti-CD3
and anti-CD28 antibodies, transduced with a lentiviral vector, and
cultured for 5 to 8 days.32,33 Lymphodepleting (LD) chemotherapy
consisting of fludarabine (30 mg/m2 per day) and cyclophosphamide
(250mg/m2 per day) was given on days25,24, and23 before each
CAR T-cell infusion on day 0 at a target dose of 23 106 cells per kg
(range, 0.1 3 106 to 5 3 106 cells per kg), except in 1 patient with
white blood cell counts ,103/mL 1 week before infusion.

Response assessment and CAR T-cell detection.
Response was assessed according to International Pediatric Non-
Hodgkin Lymphoma Response Criteria35 on days 7, 15, 30, 45, and
60 andmonthly from day 60 to month 6, every 3 months frommonth 6
to month 24, and as clinically indicated after each cycle of CAR T-cell
infusion (Figure 1). CAR T-cell persistence wasmonitored at the same
time points as response assessment by combining 3 different
methods (supplemental Methods). Flow cytometry (FCM) was used
to detect CAR1 T cells, but if CAR1 T cells were undetectable by
FCM, real-time quantitative polymerase chain reaction (qPCR) was
used to detect the copies of CAR transgenes in T cells. CAR T-cell
levels below the FCM detection threshold (0.1%) could still be
detected by qPCR. When CAR T-cell levels were below the qPCR
detection threshold (0.01%), B-cell aplasia detected by FCM served
as a surrogate marker for functional persistence of CAR T cells
because polyclonal B-cell recovery occurs only when functional CAR
T cells are no longer present in peripheral blood (PB).36-38 The
combination of disease status and CAR T-cell persistence was used
to determine the timing of subsequent infusions.

Sequential infusion of CAR T cells. The sequential procedure
is illustrated in Figure 1. All enrolled patients received the first cycle of
CAR T-cell infusion usingmCD19 cells. The patients who achieved an
ongoing CR (defined as remaining in CR to the cutoff date) did not
receive additional therapy.

For patients who maintained a PR or NR until mCD19 CAR T cells
could no longer be detected in PB by FCM, the second cycle of CAR
T-cell infusion using hCD22 cells was initiated at such a time that it
did not prematurely interfere with the antitumor effect of mCD19
CAR T cells but could prevent PD in the setting of continuously
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decreasing levels of mCD19 CAR T cells. For patients who had PD
or RD after responding to mCD19 CAR T-cell therapy, the second
cycle of CAR T-cell infusion using hCD22 cells was initiated
immediately, regardless of whether mCD19 CAR T cells were
detected in PB by FCM, noting that the tumor had already effected
immune escape from mCD19 CAR T cells.

After the second cycle of CAR T-cell infusion (with hCD22 cells), the
patients who maintained a PR until hCD22 CAR T cells could no
longer be detected in PB by FCM received the third cycle of CAR
T-cell infusion using hCD20 cells. For patients who had RD after
achieving the first CR (CR1) after the first infusion and then attained
the second CR (CR2) by the second infusion, the third cycle of CAR
T-cell infusion with hCD20 cells was given as consolidation therapy
after the loss of hCD22 CAR T cells detectable in PB by FCM to
prevent recurring immune escape by the tumor. Patients who had PD
after having obtained a PR immediately received the third cycle of
CAR T-cell infusion with hCD20 cells, even if hCD22 T cells were still
detectable in PB by FCM.

After the third cycle of CAR T-cell infusion with hCD20 cells, the
patients who maintained a PR until hCD20 CAR T cells could no
longer be detected in PB by FCM were given the fourth cycle of CAR

T-cell infusion using hCD19 cells. No patients were bridged to
hematopoietic stem cell transplantation after completing sequential
CAR T-cell treatment.

Assessment and management of toxicity

Cytokine release syndrome (CRS) and immune effector cell-
associated neurotoxicity syndrome (ICANS) were graded accord-
ing to American Society for Transplantation and Cellular Therapy
grading criteria.39 Based on the findings of Strati et al,40 caution is
necessary when using glucocorticoids early in the management of
toxicity. Dexamethasone or methylprednisolone or both were
alternately administered to patients if either hypoxia requiring
supplemental oxygen and/or hemodynamic instability requiring
vasopressor support (despite intravenous fluids) occurred after the
clinical signs of CAR T-cell expansion were evident. Dexametha-
sone was used in most cases, especially for patients with
neurologic symptoms, whereas methylprednisolone was preferred
for patients with pulmonary dysfunction. Dexamethasone was
usually started at 6 mg/m2 per day; methylprednisolone was usually
started at 2 mg/kg per day. If clinical deterioration occurred,
dexamethasone could be escalated to as much as 10 mg/m2 per
day or methylprednisolone could be escalated to as much as 6 mg/

Table 1. Baseline characteristics of the enrolled patients

Patient

At diagnosis At study entry

Age (y) Stage*

BM

involved

CNS

involved LDH

First-line

therapy

Time to

failure (m)

Type of

failure Stage

Failure

in BM

Failure

in CNS

Bulky

disease

Poor

risk†

P1 8 III No No $2 3 ULN FAB/LMB96-type 5 No CR III No No Yes Yes

P2 8 IV Yes No $2 3 ULN FAB/LMB96-type 5 No CR II No No No Yes

P3 10 IV Yes No $2 3 ULN FAB/LMB96-type 5 No CR III No No Yes Yes

P4 11 III No No $2 3 ULN NHL/BFM95-type 5 Failure after CR III No No No Yes

P5 11 IV Yes No $2 3 ULN NHL/BFM95-type 5 Failure after CR IV No Yes No Yes

P6 9 III No No ,2 3 ULN NHL/BFM95-type 7 No CR III No No No No

P7 9 IV No Yes $2 3 ULN FAB/LMB96-type 8 Failure after CR IV No Yes No Yes

P8 10 IV Yes No $2 3 ULN FAB/LMB96-type 8 Failure after CR III No No No Yes

P9 8 IV Yes Yes $2 3 ULN FAB/LMB96-type 7 Failure after CR II No No No Yes

P10 7 III No No $2 3 ULN FAB/LMB96-type 3 No CR III No No Yes Yes

P11 2.5 IV Yes No $2 3 ULN NHL/BFM95-type 5 Failure after CR IV Yes Yes Yes Yes

P12 11 III No No $2 3 ULN NHL/BFM95-type 4 No CR III No No Yes Yes

P13 3 IV No Yes $2 3 ULN FAB/LMB96-type 2 No CR IV Yes Yes Yes Yes

P14 6 III No No $2 3 ULN NHL/BFM95-type 3 Failure after CR III No No No Yes

P15 5 III No No $2 3 ULN NHL/BFM95-type 5 No CR IV No Yes No Yes

P16 7 IV Yes Yes $2 3 ULN NHL/BFM95-type 9 Failure after CR IV Yes Yes No Yes

P17 7 IV No Yes ,2 3 ULN NHL/BFM95-type 3 No CR IV No Yes No Yes

P18 2 III No No $2 3 ULN NHL/BFM95-type 3 No CR III No No Yes Yes

P19 5 IV Yes No ,2 3 ULN NHL/BFM95-type 9 Failure after CR IV No Yes No No

P20 10 IV Yes Yes $2 3 ULN FAB/LMB96-type 5 Failure after CR IV No Yes No Yes

P21 9 IV Yes Yes $2 3 ULN NHL/BFM95-type 4 No CR IV Yes Yes Yes Yes

P22 8 III No No $2 3 ULN NHL/BFM95-type 8 Failure after CR III No No Yes Yes

P23 12 III No No $2 3 ULN FAB/LMB96-type 5 No CR II No No No Yes

BFM, Berlin-Frankfurt-Muenster; BM, bone marrow; FAB, French-American-British; LDH, lactate dehydrogenase; LMB, Lymphome Malins B; NHL, non-Hodgkin lymphoma; ULN, upper limit
of normal.
*Based on the International Pediatric Non-Hodgkin Lymphoma Staging System.
†Based on FAB poor-risk criteria.
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kg per day. Intrathecal dexamethasone was used in patients with
severe (grade $3) ICANS in addition to systemic steroids.
Tocilizumab was simultaneously administered to patients whose
serum interleukin-6 (IL-6) levels were .1000 pg/mL. Upon clinical
improvement, steroids were rapidly tapered.

End points

Follow-up time was defined as the time from the last CAR T-cell
infusion to the cutoff date. The primary end points included safety and
CR rate (defined as the proportion of participants who remained in CR
to the cutoff date). Key secondary end points included duration of CR
(defined as the time from the date of first CR after the last infusion to
the date of first PD after the last infusion or death as a result of Burkitt
lymphoma); progression-free survival (PFS) (defined as the time from
the date of the last CAR T-cell infusion to the date of disease
progression or death as a result of any reason); overall survival (OS)
(defined as the time from the date of the last CAR T-cell infusion to the
date of death as a result of any reason among all treated patients);
duration of CAR T-cell persistence (defined as the time from the date
of the first CAR T-cell infusion to the date of the first of 2 consecutive
measurements to determine whether CAR T cells were undetectable
in PB by qPCR); and duration of B-cell aplasia (defined as the time
from the date of the first CAR T-cell infusion to the date of the first of 2

consecutive measurements to verify B-cell level recovery .3% by
FCM).36

Statistical analysis

The sample size was approximated on the basis of a response rate of
60%, with 95% confidence in a true response rate of more than 39%.
Quantitative and normally distributed variables were compared using
Student t test. Otherwise, the Mann-Whitney U test/Wilcoxon rank-
sum test was used to compare nonparametric quantitative variables.
The x2 test and Fisher’s exact test were used to assess independence
between qualitative variables. Kaplan-Meier survival analysis was used
to evaluate the duration of CR, duration of CAR T-cell persistence,
duration of B-cell aplasia, OS, and PFS. All statistical analyses were
two-sided, assumed a level of statistical significance of 0.05, andwere
performed using R software (version 3.6.2) and GraphPad Prism
8.0.2.

Results

Clinical characteristics of the enrolled patients

Weenrolled 23 patients between January 17, 2018, and November 8,
2019. The baseline characteristics of all patients are listed in Table 1.
The distribution among patients included staging classification at
diagnosis for Burkitt lymphoma: stage III, 10 patients (43.5%), stage
IV, 13 patients (56.5%); at study entry: stage II, 3 patients (13%),
stage III, 10 patients (43.5%), and stage IV, 10 patients (43.5%). Also
included was poor-risk classification: 16 patients (69.6%) who had R/
R disease within 6 months from diagnosis, 20 patients (87%) with an
elevated lactate dehydrogenase$2 times the upper limit of normal at
diagnosis, and 4 patients (17.4%) who experienced a failure in the
bonemarrow. Overall, 21 patients (91%) had risk factors for treatment
failure. Among 23 patients, 9 (39.1%) had bulky disease, and 10
(43.5%) showed evidence of central nervous system (CNS) involve-
ment. All patients had positive expression of CD19, CD22, and CD20
on their lymphoma cells confirmed by immunohistochemical stain
analysis on tumor biopsies before enrollment on the trial, except
patients P5 and P21 who did not have CD20 expression (Table 2).

Sequential infused CAR T-cell expansion

and objective response

After leukapheresis, 23 patients received the first cycle of infusion with
mCD19 CAR T cells at a median dose of 2.00 3 106 cells per kg
(range, 0.113 106 to 3.003 106 cells per kg). The peak of mCD19
CAR T-cell expansion in PB occurred on day 7 after infusion with a
median of 7.45% (range, 0.00%–59.40%) (supplemental Figure 1A).
Through mCD19 CAR T-cell expansion, 15 patients achieved CR, 6
PR, 1 NR, and 1 PD.

Among the 15 patients who achieved CR, 9 patients (P3, P4, P5, P6,
P9, P15, P16, P19, and P23) maintained an ongoing CR, whereas 6
patients (P7, P8, P11, P17, P18, and P21) developed RD at months
6, 6, 2, 3, 2, and 1.5, respectively, after infusion. Corresponding CAR
T-cell levels at the time of relapse were 0.002%, 0.003%, 12.6%,
0.019%, 0.85%, and 39.6%, respectively. The tumors of 4 patients
(P7, P8, P11, and P17) were biopsied again at the time of relapse
(Table 2). In 1 patient (P11), the lymphoma cells lost CD19
expression, whereas the lymphoma cells of the remaining 3 patients
(P7, P8, and P17) maintained CD19 expression.

Table 2. B-cell antigen expression on lymphoma cells determined

by IHC staining analysis of tumor biopsies from enrolled patients

Patient

Before CAR T-cell infusion with:*

mCD19 hCD22 hCD20

CD19 CD22 CD20 CD19 CD22 CD20 CD19 CD22 CD20

P1 1 1 111 111 111 111 NA NA NA

P2 11 11 111 ND ND ND 111 111 111

P3 1 1 111 NA NA NA NA NA NA

P4 1 111 111 NA NA NA NA NA NA

P5 11 111 — NA NA NA NA NA NA

P6 11 11 11 NA NA NA NA NA NA

P7 11 11 11 11 11 11 ND ND ND

P8 1 1 1 111 111 111 ND ND ND

P9 11 11 11 NA NA NA NA NA NA

P10 11 11 11 111 111 111 NA NA NA

P11 11 11 11 — 11 11 ND ND ND

P12 111 111 111 111 111 111 ND ND ND

P13 111 111 111 111 111 111 NA NA NA

P14 111 111 111 111 111 111 NA NA NA

P15 111 111 111 NA NA NA NA NA NA

P16 111 111 111 NA NA NA NA NA NA

P17 11 11 11 11 11 11 NA NA NA

P18 111 111 111 ND ND ND ND ND ND

P19 11 11 11 NA NA NA NA NA NA

P20 11 11 11 ND ND ND NA NA NA

P21 111 1 — ND ND ND NA NA NA

P22 111 111 11 ND ND ND NA NA NA

P23 111 111 111 NA NA NA NA NA NA

IHC, immunohistochemical; NA, not applicable; ND, not done.
*1, ,30%; 11, 30% to �85%; 111, .85%.
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Four patients (P7, P11, P17, and P21) with CNS involvement at
enrollment had CNS disease relapse, and 1 patient (P17) died of
rapid intracerebral mass (ICM) progression, which resulted in elevated
intracranial pressure (ICP), a contraindication to further CAR T-cell
therapy.

The remaining 5 patients (P7, P8, P11, P18, and P21) with RD, 6
patients (P1, P10, P13, P14, P20, and P22) with PR, 1 patient (P12)
with NR, and 1 patient (P2) with PD received the second cycle of
infusion with hCD22CAR T cells at a median dose of 2.003 106 cells
per kg (range, 0.17 3 106 to 4.13 3 106 cells per kg). The median
interval betweenmCD19 and hCD22CART-cell infusionwas 80 days
(range, 32-195 days). The peak of hCD22CAR T-cell expansion in PB
occurred on day 11 after infusion with a median expansion of 41.00%
(range, 0.22%–73.60%) (supplemental Figure 1B).

Among 13 patients who received 2 cycles of CAR T-cell infusions, 5
patients (P1, P10, P13, P14, and P22) achieved an ongoing CR1; 2
patients (P20 and P21) died as a result of progression in the ICMwho
did not proceedwith the third cycle of hCD20CART-cell infusion as a
result of elevated ICP and loss of CD20 in tumor cells, respectively; 3
patients (P7, P11, and P18) achieved a CR2; 2 patients (P8 and P12)
attained a PR; and 1 patient (P2) developed PD after a transient PR,
all of whom received the third cycle of infusion with hCD20 CAR T
cells at a median dose of 1.293 106 cells per kg (range, 0.553 106

to 2.173 106 cells per kg). The median interval between hCD22 and
hCD20 CAR T-cell infusions was 45 days (range, 26-70 days).

Although some tumor burdens were too low to be detected by
magnetic resonance imaging scans after 2 cycles of CAR T-cell
infusion, hCD20 CAR T cells still expanded in PB, and the expansion
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Figure 2. Kaplan-Meier estimates of duration of CR, PFS, and OS. (A) Eighty-six percent (95% CI, 62%-95%) of patients are estimated to remain relapse-free at 18

months after the first CR after the last infusion. (B) All patients had an estimated PFS rate of 78% (95% CI, 55%-90%) at 18 months after the last infusion. (C) All patients had an

estimated OS rate of 83% (95% CI, 60%-93%) at 18 months after the last infusion. Dotted lines indicate 95% CIs.

722 LIU et al 8 FEBRUARY 2022 • VOLUME 6, NUMBER 3



peak occurred on day 30 after infusion with a median of 2.97%
(range, 0.60%–21.10%) (supplemental Figure 1C).

After the third cycle of CAR T-cell infusions, P2 obtained an ongoing
CR1; P11 and P18 achieved an ongoing CR2; P8 who was in a PR
received the fourth cycle of hCD19 CAR T-cell infusion and ultimately
attained an ongoing CR2; P12 remained in CR for 5 months and then
relapsed (the patient received alternative anticancer therapy
demanded by the parents and sustained a PR). P7 had a CNS
disease relapse again at month 3 after achieving a CR2 and finally
died of rapid disease progression.

Persistence of sequentially infused CAR T cells and

durable response

The median time from the last infusion to the cutoff date of March 8,
2021, was 17 months (range, 15-23 months). Twenty-one patients
achieved a CR within 3 months after the last infusion. Among them, 9

patients had either NR or PR at 1 month that improved to CR in 0.5 to
1.5 months; 19 patients attained CR at 3 months; 18 patients
remained in CR to the cutoff date. The probability of attaining a CR at
18 months after the last infusion was 78% (95% CI, 54%-91%)
among all patients. The probability of attaining a durable CR at 18
months was 95% (95% CI, 62%-99%) among patients in CR at 3
months. Eighty-six percent (95% CI, 62%-95%) of patients were
estimated to remain relapse free at 18 months after the first CR after
the last infusion (Figure 2A). Durable CRs were observed for up to 34
months after the last infusion (Table 3). At 18 months after the last
infusion, all patients had an estimated PFS rate of 78% (95%CI, 55%-
90%) (Figure 2B) and OS rate of 83% (95% CI, 60%-93%) (Figure
2C). Fifty percent (95% CI, 28%-69%) of patients were estimated to
have CAR T cells detectable in PB by qPCR at 6 months after the first
infusion (Figure 3A). Consistently detectable levels of CAR transgenes
were observed for up to 35 months after the first infusion (Table 3).
B-cell aplasias were estimated to continue for 12 months among 51%
(95%CI, 31%-79%) of patients (Figure 3B). Sustained B-cell aplasias
were observed for up to 35 months after the first infusion (Table 3).

Toxicity of sequentially infused CAR T cells

The toxicity of mCD19 CAR T-cell therapy is summarized in Table 4.
CRS was reported in 16 (69.6%) of 23 patients. The median time to
onset of CRS, as indicated by fever, hypotension, and/or hypoxia, was
1 day (range, 0-5 days). Peak toxicity developed between days 6 and
11. Eight patients (34.8%) experienced grade #2 CRS, which
resolved completely by a median of 8 days (range, 2-10 days) with
symptomatic support. Eight patients (34.8%) who developed grade 3
CRS received steroids, and their CRS entirely resolved by a median of
10.4 days (range, 8-17 days). Neurotoxicity occurred in 8 (34.8%) of
23 patients. The median time to development of neurotoxicity was 6.4
days (range, 5-10 days) in contemporary CRS settings. Grade 1
ICANS, as manifested by symptoms such as a delay in response,
impaired handwriting, and mild drowsiness occurred in 3 (13.0%) of
23 patients. Five (21.7%) of 23 patients experienced grade 3 ICANS,
asmanifested by seizures, elevated ICP, and/or local edema shown by
neuroimaging. All 5 patients received intravenous and intrathecal
dexamethasone and attained remission with no clinical sequelae. The
median duration of neurotoxicity was 5.5 days (range, 3-10 days).
During the subsequent infusions, grade 3 CRS was observed in 2
(15.4%) of 13 patients who received CD22 CAR T-cell infusions. No
treatment-related deaths occurred during the follow-up.

Efficacy and safety of sequential CAR T-cell infusions

in patients with bulky disease and CNS involvement

Of 9 patients with bulky disease, 4 patients received 2 cycles of CAR
T-cell infusions, and 3 received 3 cycles. Seven of the 9 patients
attained an ongoing CR. The median PFS rate was not reached, but
an estimated 18-month PFS rate was 78% (95% CI, 37%-94%) in
the patients with bulky disease. No significant difference was
observed in the estimated 18-month PFS rate between the bulky
disease group and the non-bulky disease group (P5 .97) (Figure 4A).
Patient 18 had rapidly progressing bulky disease before CAR T-cell
treatment. On day 30 after mCD19 CAR T-cell infusion, an magnetic
resonance imaging scan showed a CR (Figure 4B). However, on day
60, fluorodeoxyglucose-positron emission tomography/computed
tomography revealed new lesions at multiple sites. Through sequential
hCD22 and hCD20 CAR T-cell infusions, a metabolic CR was
reached (Figure 4C). The patients with bulky disease experienced
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more severe CRS (7 of 9) than those without (1 of 14) (P 5 .001)
(supplemental Figure 2A).

To understand the potential mechanism, we measured the serum of
these patients to determine levels of IL-6. We found significantly
higher levels of serum IL-6 in patients with bulky disease (median
peak, 147.60 pg/mL on day 7) than in those without bulky disease
(median peak, 14.37 pg/mL on day 7) (P 5 .0069) (supplemental
Figure 2B). The mCD19 CAR T cells expanded in the cerebrospinal
fluids of 10 patients with CNS involvement (Figure 5A). The tumor
beneath the leptomeningeum of P16 disappeared completely after
mCD19 CAR T-cell infusion (Figure 5B). Six of 10 patients with CNS
involvement achieved ongoing CR. The estimated 18-month PFS rate
of 60% (95% CI, 25%-83%) in the patients with CNS involvement
was not significantly lower than the rate of 92% (95% CI, 56%-99%)
in the patients without CNS involvement (P 5 .28) (Figure 5C). We
did not observe any statistically significant differences in the severity of
CRS and neurotoxicity between patients with (P 5 1.0) and without
(P 5 0.62) CNS involvement (supplemental Figure 3).

Discussion

To achieve their antitumor efficacy, CAR T cells must be able to reach
tumor cells, interact with them through their intended antigen,
proliferate, kill tumor cells, escape a hostile tumor microenvironment,
and persist to provide durable tumor control.41 First, CAR T-cell
expansion is a critical predictor of clinical response, as demonstrated
in our study. The peak CAR T-cell expansion of mCD19, hCD22, and
hCD20 occurred on days 7, 11, and 30 after infusion, respectively.
These effective expansions resulted in significant responses. Fifteen
(65.22%) of 23 patients with R/R Burkitt lymphoma achieved a CR
after mCD19 CAR T-cell infusion; 8 (61.54%) of 13 patients with a

PR, NR, PD, or RD achieved a CR after hCD22CAR T-cell infusion; 2
(66.67%) of 3 patients with a PR or PD achieved a CR after hCD20
CAR T-cell infusion.

Second, CAR T-cell persistence is critical for preventing PD or relapse.
Lymphoma cells may escape from immune surveillance by 2
mechanisms: they may hide themselves from immune recognition by
losing or downregulating their target antigens, or they may defend
themselves against immune eradication by expressing inhibitory
ligands and inducing inhibitory cells to exhaust T cells.42,43 In our
study, 6 patients who had attained a CR during mCD19 CAR T-cell
expansion developed relapses during mCD19 CAR T-cell contraction.
Biopsies are not always obtained from patients with lymphoma at the
time of relapse. Four patients who had RD after mCD19 CAR T-cell
infusion underwent biopsy. One of these patients had loss of CD19 in
tumor cells, which suggests the first mechanism, whereas the
remaining 3 patients had continued expression of CD19 in tumor
cells, which suggests the secondmechanism. In addition, we observed
a loss of CAR T cells detectable in PB by FCM in the 3 patients at the
time of relapse, which may support the second mechanism. The study
of tisagenlecleucel in adult R/R diffuse large B-cell lymphoma
demonstrated that 54% of patients with a PR or stable disease at 1
month after tisagenlecleucel infusion had improvement to a CR in a
median of 2 months, and responses at 3 months were sustained
through 6 months.18,19 In our study, 40% of the patients who achieved
a CR after mCD19 CAR T-cell infusion developed relapses at a
median of 2.5 months (range, 1.5-6 months). This finding indicates that
mCD19 CAR T cells may not be able to be sustained long enough to
provide persistent immune surveillance in these patients.We designed
strategies for administering combinational and sequential CAR T cells
to eradicate disease, maintain remission, and prevent relapse.

Table 3. Durations of response, CAR T-cell persistence, and B-cell aplasia for each enrolled patient

patient
Time after the first mCD19 CAR T-cell infusion

d15 d30 d45 d60 d80 d90 d120 d150 d180 d195 m7 m8 m9 m10 m11 m12 m15 m18 m21 m24 m30 m36
P1 NR PR �PR PR PR CR CR �CR CR CR CR CR CR CR CR CR CR CR �CR CR CR CR
P2 PD PD PD PD� PR PR� PR PD� PR PR CR CR CR CR CR CR CR CR CR CR CR CR 
P3 PR PR PR CR CR CR CR CR� CR CR CR CR CR CR CR CR CR CR CR CR CR 
P4 PR PR PR CR CR CR CR CR CR CR CR CR CR CR CR CR� CR CR CR �CR 
P5 NR NR PR CR CR CR CR CR CR�� CR CR CR CR CR CR CR CR CR CR CR 
P6 NR PR PR CR CR CR CR CR�� CR CR CR CR CR CR CR CR CR CR CR 
P7 CR1 CR1 CR1 CR1 CR1 CR1 CR1 CR1 RD    � PR CR2 CR2 �CR2 DEATH
P8 PR CR1 CR1 CR1 CR1 CR1 CR1 CR1 RD    � PR �PR PR• CR2 CR2 CR2 CR2 �CR2CR2
P9 NR CR CR CR CR CR�� CR CR CR CR CR CR CR CR CR CR CR CR 
P10 PR PR�PR PR CR CR CR CR CR CR CR CR �CR CR CR CR �CR CR 
P11 CR1 CR1 CR1 RD� RD CR2� CR2 CR2 �CR2 CR2 CR2 CR2 CR2 CR2 CR2 CR2 CR2 
P12 NR NR NR NR NR ���PR PR� CR CR CR CR CR ��CR RD PD#PD PR PR
P13 PR PR PR� PR CR CR CR ��CR CR CR CR CR CR CR CR CR CR
P14 PR �PR PR CR CR CR CR CR CR CR �CR CR �CR CR CR CR CR
P15 CR CR CR CR CR CR CR� CR CR CR CR CR �CR CR CR CR CR
P16 PR CR CR CR CR CR CR CR CR� CR CR CR CR CR CR �CR CR
P17 PR PR CR CR CR RDPD �DEATH
P18 PR CR1 CR1 RD� CR2 CR2� CR2 CR2 CR2 CR2 CR2 CR2 CR2 CR2 CR2 CR2 �

P19 NR PR CR CR CR CR CR CR CR CR CR CR CR CR CR CR PR
P20 NR NR PR PR �PR PD PD DEATH CR
P21 CR CR RD� PD PD PD PD DEATH NR
P22 PR PR PR� CR CR CR CR CR� CR CR CR CR CR �CR CR CR PD
P23 PR CR CR CR CR CR CR CR CR CR CR CR �CR CR CR CR RD

�CR2 RDPD

d, day; m, month.
*nhCD22 CAR T-cell infusion (the second infusion); �hCD20 CAR T-cell infusion (the third infusion); �hCD19 CAR T-cell infusion (the fourth infusion); #alternative anticancer therapy;

#onset of CAR T-cell undetectable in the peripheral blood by qPCR; "onset of B-cell level recovery of .3% by FCM.
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Figure 4. Efficacy of sequential CAR T-cell infusion in 9 patients with bulky disease. (A) The median PFS rate was not reached with an estimated 18-month PFS rate

of 78% (95% CI, 37%-94%) in the patients with bulky disease, and no significant difference was observed in the estimated 18-month PFS rate between the group of patients

with bulky disease and the group of patients with non-bulky disease (P 5 .97). (B) Magnetic resonance imaging (MRI) scans for P18 demonstrated CR of the mass on day

30 after edema of the mass on day 15 following mCD19 CAR T-cell infusion. (C) Positron emission tomography/computed tomography scans of P18 revealed the

emergence of new lesions at multiple sites on day 60 after mCD19 CAR T-cell infusion and then CR2 through sequential hCD22 and hCD20 CAR T-cell infusions. ADC,

apparent diffusion coefficient; DWI, diffusion weighted imaging; T2WI, T2-weighted imaging.
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Figure 5. Efficacy of sequential CAR T-cell infusions in 10 patients with CNS involvement. (A) CD19 CAR T-cell expansion in the cerebrospinal fluid (CSF) of 10

patients with CNS involvement. (B) The MRI scans demonstrate that the mass beneath the leptomeningeum of P16 disappeared completely after mCD19 CAR T-cell infusion. (C)

PFS after sequential CAR T-cell infusion. The median PFS rate was not reached; the estimated 18-month PFS rate was 60% (95% CI, 25%-83%) in patients with CNS

involvement, which was not significantly lower than that in patients with no CNS involvement (P 5 .28).
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To minimize the risk of PD or relapse by maintaining CAR T-cell
persistence in each patient, we attempted to identify the optimal
timing for subsequent CAR T-cell infusions. If subsequent infusion
is initiated when the tumor is still responding to the previous CAR T
cells, LD chemotherapy before subsequent infusion may eradicate
the previous CAR T cells that are still working, which may interrupt
ongoing response before the tumor reaches the best response. If
we do not proceed to the next infusion until we can observe loss of
the previous CAR T cells detectable in PB by qPCR, the tumor may
have progressed or recurred before the next infusion happens. We
established a sequential strategy to treat patients who did not
achieve an ongoing CR according to their disease status and CAR
T-cell persistence. If a patient had a PR, NR, or CR2 with no CAR T
cells being detectable in PB by FCM, or if a patient had PD or RD
with or without CAR T cells being detectable in PB by FCM, an
alternative CAR T-cell infusion was initiated. Akin to chemotherapy
for Burkitt lymphoma, in this strategy, the first mCD19 CAR T-cell
infusion provides induction therapy; this is followed by the second
hCD22 CAR T-cell infusion, which provides intensification and
consolidation therapy for the patients with PD, RD, NR, or PR;
subsequently, the third hCD20 CAR T-cell infusion provides
continued consolidation therapy for patients who still have PD, NR,
or PR, and it provides maintenance therapy for patients with a CR2.
Overall, this sequential strategy could play a preemptive and
prophylactic role in eradicating disease, maintaining remission, and
preventing relapse. We treated 13 patients with 2 cycles of
infusion while they had a PR, NR, PD, or RD after the first infusion;
we treated 6 patients with 3 cycles of infusion while they had PD,
PR, or CR2 after the second infusion. Ninety-five percent of
patients who attained a CR at 3 months after the last infusion were
estimated to remain in CR at 18 months. The results suggest that
CRs at 3 months after the last infusion may be durable in our
patients. Durable responses may be partly attributable to retained
functional CAR T-cell persistence, as indicated by 51% of patients
estimated to have B-cell aplasia at 12 months after the first
infusion.

We used sequential CAR T-cell infusion as a salvage therapy for
patients in this trial who had bulky disease and/or CNS involvement.
We observed that CAR T cells could be rapidly depleted from
circulation and inactivated when they were exposed to a large number
of target cancer cells. A high tumor burden before LD chemotherapy
may impose a potential barrier to CAR T-cell persistence.25 However,
in our study, no significant difference was observed in the estimated
18-month PFS rate between groups of patients with bulky disease
and those with non-bulky disease, suggesting that sequential CAR
T-cell infusions can overcome this potential CAR T-cell therapeutic
barrier in these patients. A significant improvement has been made in
the clinical outcomes of patients with CNS involvement who have an
estimated 18-month PFS rate of 60%.

Regarding the safety of sequential CAR T-cell infusions, the toxicities
of mCD19 CAR T cells seemed more common and severe than those
of sequentially infused alternative CAR T cells, which may be
attributable to a higher pretreatment tumor burden. Nevertheless,
these toxicities did not have an adverse impact on subsequent CAR
T-cell initiation because they were entirely resolved by 3 weeks after
mCD19 CAR T-cell infusion. The severity of neurotoxicity was not
significantly different between patients with CNS involvement and

those without CNS involvement. These results suggest that sequential
infusion of 2 to 4 CAR products is safe for pediatric patients.

Although we observed some promising results, this study had several
limitations. First, this was a single-arm clinical study that lacked a
control group for comparing clinical efficacy. This limitation was
primarily attributed to distinct clinical characteristics of the patients.
Second, we could not compare the outcome difference between
sequential CAR T-cell infusions and dual-antigen CAR T-cell therapy.
Third, the clinical trial excluded patients with CNS bulky disease and
elevated ICP because of concerns regarding the increased risk of
neurotoxicity. Finally, the cost-effectiveness of this treatment course
imposed some practical constraints. The cost of sequential treatment
with CAR T cells is higher than that of chemotherapy but not
necessarily higher than that of stem cell transplantation. Moreover,
compared with salvage chemotherapy and stem cell transplantation,
sequential CAR T-cell therapy has a better safety profile and survival
rate. In conclusion, our study demonstrates that sequential CAR T-cell
therapy may result in a durable response and is safe in pediatric
patients with R/R Burkitt lymphoma, and pediatric patients with R/R
Burkitt lymphoma who also have CNS involvement may benefit from
sequential CAR T-cell therapy.
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