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Burkitt lymphoma (BL) is a highly aggressive B-cell non-Hodgkin
lymphoma (NHL),1 which accounts for 40% to 50% of pediatric
NHL in nonendemic areas2 and ~80% of pediatric B-NHL in the
developed world.3 The prognosis for patients with BL has im-
proved dramatically in the past few decades with the use of
intensive short courses of non-cross-resistant chemotherapy
agents determined by the patient risk stratification.3 The
prognosis has been further improved by the recent introduction
of rituximab.4 Nevertheless, the prognosis for pediatric patients
with relapsed/refractory (r/r) BL remains dismal, with an average
overall survival rate of 25% or lower.5

Chimeric antigen receptor (CAR) T cells therapy for leukemia,6,7

and diffuse large B-cell lymphoma8,9 has shown promising ef-
ficacy and safety. However, data for CAR T-cell therapy in pe-
diatric patients with BL are lacking.10,11 Here, we report the early
response data of a small cohort of pediatric patients with r/r BL
who were treated with CAR T-cell. This is a subcohort of patients
from the clinical trial (ChiCTR1800014457) that we set up to
study the efficacy and safety of CAR T-cell therapy for pediatric
patients with mature B-cell lymphomas.

Five patients with r/r BL were enrolled, including 4 boys and
1 girl with a median age of 8 years (range, 6-10 years). Before
enrollment in this trial, they all failed to show response to
multiple courses of intensive chemotherapy and anti-CD20
monoclonal antibody treatment. Three patients were at
stage IV and 2 were at stage III according to the St. Jude staging
system. Other patient characteristics are listed in supplemental
Table 1 on the Blood Web site. For CAR-T cell manufacturing,
we routinely cryopreserve additional proportion of patients’
T cells in case a secondary or third round of CAR-T generation is
needed. This is an unconventional approach, but was carried out
for the following reasons: more technically feasible than
attempting a multitargeted single CAR T-cell approach; pres-
ence ofmultiple targetable antigens on the patient’s tumors; and
the refractory progressive nature of the disease.

Patients 2, 4, and 5 (3/5) achieved complete remission (CR) after
1 round of CD19 CAR-T cell therapy (Figure 1A). Patient 1
showed transient response to CD19CAR-T cell therapy. Because

CD22 was also highly expressed on tumor cells (supplemental
Table 2), we then treated the patient with CD22 CAR-T cell
therapy as soon as the tumor regrowth was detected in the first
course (Figure 1B). And the patient finally achieved CR. Patient 3
had no response to the first round of CD19 CAR-T treatment.
Because the tumor cells expressed CD22 by immunohisto-
chemical (IHC) stain analysis, we treated him with CD22 CAR-T.
On day 45 postinfusion of CAR-T cells, 18F-fluorodeoxyglucose
positron emission tomography-computed tomography revealed
not only disappearance of the original tumor, but also the
emergence of a newmass (supplemental Figure 1A-B). Based on
the IHC reexamination of the new tumor cells (supplemental
Table 2), we treated him with another round of CD20 CAR-T.
On day 64, CRwas confirmed by positron-emission tomography-
computed tomography according to Cheson and colleagues.12

In summary, CR was achieved at days 64, 46, 64, 37, and
77 postinfusion for patients 1 to 5, respectively. The overall
response rate of this multiple CAR-T infusion approach was
100%, including patients who did not respond or progressed
after prior CAR-T products, with a median follow-up of 331 days,
ranging from 149 to 428 days. Currently, all patients remain in
CR. This high efficacy is consistent with results from previous
study, which treated r/r B acute lymphoblastic leukemia using
the same CAR-T cell products.13 And it is noteworthy that no
cases in our study were bridged with hematopoietic stem cell
transplantation after CAR-T cell therapy.

The in vivo expansion and persistence of CAR-T cells were
monitored by flow cytometry (FC) (Figure 1D-F). After infusion,
peak expansion of CAR-T cells in the blood occurred at about
2 weeks for patient 1 with CD22 CAR-T cells and for patients 2
and 5 with CD19 CAR-T cells. For patient 3 with CD20 CAR-T
cells and patient 4 with CD19 CAR-T cells, CAR-T cells expansion
peaked at about 4 and 5 weeks, respectively. The persistence
of CAR-T cells also varied with a median duration of 42 days,
ranging from 10 to 63 days. The seemingly inconsistency be-
tween the ongoing clinical response and FC-determined in vivo
persistence of CAR-T cells is probably due to the relatively low
sensitivity of FC. Low level of CAR-T cells persistence in the
peripheral blood was confirmed by quantitative polymerase
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chain reaction for patients 3 and 4 during their recent follow-up
(August 2019), with patient 3 showing 479 copies of CAR-vector
DNA per microgram of genomic DNA and patient 4 showing
9 copies of CAR-vector DNA per microgram of genomic DNA.
For patient 1, CD19 CAR-T cells failed to expand adequately
(Figure 1E), which could be related to patient’s poor response.
For patient 3, CD19 CAR-T cells expansion was significantly
delayed, which might have caused the poor response
(Figure 1F). The CD22 CAR-T cells seemed to expand ade-
quately in patient 3, although not as robust as in patient 1 and in
other previously reported patients with r/r B acute lymphoblastic
leukemia,14 a new tumor was detected at day 45 postinfusion,
however (Figure 1 F). After infusion, concentration of serum
immunoglobulins G, A, and M were transiently decreased and
maintained at subnormal level. Intravenous immunoglobulin was
used to prevent potential infection.

Adverse events are summarized in supplemental Table 3. All
patients showed myelosuppression, including anemia, throm-
bocytopenia, and neutropenia, likely attributed to lymphode-
pleting chemotherapy, which required blood transfusion. All
patients showed cytokine release syndrome (CRS) of any
grade.15 Four patients had hepatomegaly and elevated alanine
transaminase without liver failure. Three patients had tachypnea,
hypoxia, and pulmonary edema, which were controlled with
oxygen inhalation and use of corticosteroids.

Two patients had infection, 1 of which was possible sepsis, the
other was paronychia, which were managed with active sup-
portive and antibiotics treatment. One patient developed hy-
potension and was treated with vasopressin.

All patients recovered fully after active symptomatic and sup-
portive treatment including application of corticosteroids in CRS

grade 3, but no patient received tocilizumab, which is the in-
dicated therapy for CRS in theUnited States. The expedient use of
corticosteroids alone tomanageCRS is basedon that corticosteroids
may impair the function of T cells transiently, but may not affect
objective and complete response rates nor the durability of re-
sponses,16 and importantly they have better accessibility in China
and other developing countries. Therewere nodeath events. Serum
levels of sCD25, interleukin-6 (IL-6), interferon-g, and IL-10, which
were reported to be themost significantly elevated cytokines,6 were
monitored (supplemental Figure 3G-L). IL-10 is also a well-known
anti-inflammation cytokine and sCD25 is reported to enhance T
regulatory cell survival and function.17 The additional peak of IL-10
and sCD25aroundday50 inpatient 1 indicatedpresenceof a strong
inhibitory immune response, which might contribute to the in-
effectiveness of first round of therapy (supplemental Figure 3H,K).

In conclusion, CD19/CD20/CD22 CAR-T therapy showed prom-
ising efficacy for pediatric patients with r/r BL and the toxicities
were tolerable. In addition, targeting different B-cell markers
sequentially was effective for treating r/r patients, especially with
our fast CAR-T cell manufacture technique, although the targeting
sequence needs further optimization. A large cohort is needed to
verify our findings and to address the concerns of the long-term
efficacy of the sequential targeting approach in comparison with
the multiantigen targeting approach.18
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Figure 1. Tumor response and CAR-T cell expansion after infusion. (A) Tumor volume change (relative to tumor volume at day 0) for patients 2, 4, and 5. (B) Tumor volume
change (relative to tumor volume at day 0) for patient 1 treated with CD19 andCD22 directed CAR-T cell therapy. (C) Tumor volume change (relative to tumor volume at day 0) for
patient 3 treated with CD19, CD22, and CD20 directed CAR-T cell therapy. (D) CAR-T cells absolute number change for patients 2, 4, and 5. (E) CAR-T cells absolute number
change for patient 1 treated with CD19 andCD22 directed CAR-T cell therapy. (F) CAR-T cells absolute number change for patient 3 treated with CD19, CD22, andCD20 directed
CAR-T cell therapy. Single major tumor volume was measured by computed tomography or B-ultrasound.
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Megaloblastic anemia resulting from ineffective hematopoiesis
in the bone marrow (BM) is one of the main hematologic signs
of folate or vitamin B12 deficiency. Functional deficiencies of
these 2 vitamins originate from nutritional, gastrointestinal, or genetic

factors, and their clinical symptoms result from the impaired synthesis
of nucleotides in hematopoietic cells and S-adenosylmethionine
in the nervous system.1 Folates are pteroyl(poly)glutamate deriva-
tives with various 1-carbon moieties at the pterine ring, with
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