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Trials with CD19 or CD22 chimeric antigen receptor (CAR) T-cell
therapy have shown 70% to 90% complete remission (CR) rate in
patients with refractory or relapsed B acute lymphoblastic leu-
kemia (r/r B-ALL).1-4 However, a large proportion of patients with
CR relapsed within 1 year.5,6 It is critical to develop new strat-
egies to improve the durability of remission after CAR T-cell
therapy, especially when patients cannot be bridged to allo-
geneic hematopoietic cell transplantation (allo-HCT).2 Loss or
mutation of CD19was frequently observed and considered to be
a major mechanism of relapse.1,4-6 Diminished CD22 site density
has been observed to be associated with relapse after CD22
CAR T-cell therapy.3 Both CD19/CD22-bispecific CAR T cells
and infusion of a cocktail of CD19 and CD22 CAR T-cells have
been shown to prevent leukemia antigen loss.7-12 A phase 1 trial
showed that 3 of 4 patients treated with a cocktail of CD19 and
CD22 CAR T-cell infusion had a relapse within 1 year.9 Another
early report showed that CD19/CD22-bispecific CAR T cells were
well tolerated, and a study is ongoing to assess whether this
strategy can improve long-term outcomes.8 In a recent study,
combined CD19 and CD22 CAR T-cell therapy for r/r B-ALL
resulted in a median progression-free survival of 12 months, but
long-term outcome was not determined.10The duration of CAR
T-cell persistence in vivo is another important determinant of
sustained remission, and relapse is also frequently associated
with the loss of CAR T-cell surveillance.4,13 However, clinical
strategies for improving CAR T-cell persistence in vivo have not
been developed. Here, we hypothesized that sequential ad-
ministration of a second CAR T product targeting a different
antigen but before the possibility of relapse may extend CAR
T-cell persistence to improve long-term outcomes, and we con-
ducted a phase 1 trial of sequential CD19/CD22 CAR T-cell
treatments in pediatric patients with r/r B-ALL. This trial has
been registered at www.chictr.org.cn as ChiCTR-OIB-17013670.
Details of the protocol are found in supplemental Methods,
available on the Blood Web site.

Enrolled in this trial were 20 patients, aged 1 to 16 (median, 6)
years, including 14 (70%) patients with hematologic relapse (HR)
and 6 (30%) patients with refractory disease who were found
positive by flow cytometry for measurable residual disease
(FCM-MRD1) (patient characteristics are shown in supplemental

Table 1). All patients received lymphodepleting chemotherapy
before CD19 CAR T-cell infusion (cycle 1), and CD22 CAR T cells
were subsequently infused when CD19 CAR T cells became
undetectable by FCM in peripheral blood (PB; cycle 2); the
median interval between the 2 cycles of infusion was 1.65 months
(range, 1.1-5.2; Figure 1A-B). The median dose of CD19 CAR
T-cells was 10 (3.3-42.8)3 105/kg, and the median dose of CD22
CAR T-cells was 10 (0.25-47.4) 3 105/kg (supplemental Table 3).
There was no significant difference between the 2 types of CAR
T-cell doses (supplemental Figure 1).

All 20 patients (100%) achieved CR and MRD2 on day 30 after
CD19 CAR T-cell infusion (Figure 1C-D). Before CD22 CAR T-cell
infusion, all patients had remained in CR and MRD2. Efficient
expansion of CD19 and CD22 CAR T-cells was detected in PB
(Figure 1E-F; supplemental Figure 1). There was no correlation of
CD19 and CD22 CAR T-cell expansion, viability, and trans-
duction efficiency in the same patient (r 5 20.029, r 5 0.251,
and r520.226). CD19 and CD22CAR T cells were detectable in
the cerebrospinal fluid of the patients who were specifically
examined (supplemental Table 3). Serum cytokine markers, in-
cluding TNF-a and interleukin-6 and -10, were elevated during
the 2 cycles of infusion (supplemental Figure 2).

Details of adverse effects are shown in supplemental Table 2.
The median onset of cytokine release syndrome (CRS) occurred
on days 4 (range, 1-7) and 5 (range, 1-21) in cycles 1 and 2,
respectively. CRS occurred in 18 of 20 patients (90%) in cycle 1
and was mild or moderate (grade 1-2) in 17 patients. Possibly
due to the leukemia-free status, 4 of 20 patients had no CRS after
CD22 CAR T-cell infusion, and mild or moderate (grades 1-2)
CRS was observed in 15 of 20 patients. Grade 1 neurotoxicity
occurred in 3 of 20 patients in both cycles 1 and 2. Only one
patient developed grade 3 neurotoxicity (in cycle 1). These
results indicate that sequential infusion of 2 CAR products is a
safe strategy.

All 20 patients were followed up, and no allo-HCT consolidation
was applied. At the study end point, the median overall survival
(OS) and leukemia-free survival (LFS) were not reached. Sev-
enteen patients remained in CR, and 3 had a relapse at 6.6, 6.9,
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and 11.4 months (median, 6.9 months) after CAR T-cell infusion,
resulting in 1-year LFS and OS rates of 79.5% and 92.3%, re-
spectively (Figure 2A-B). The patients who had the TP53 mu-
tation had very poor LFS (Figure 2C), and they may not have
benefited from this strategy (P 5 .044). Most patients had low
percentages of normal CD191 and CD221 B cells (# 2%) in bone
marrow (BM) within 1 year (Figure 2D; supplemental Figure 3).
Three patients had immunoglobulin recovery, indicating the loss
of CAR T-cell surveillance, and of them, 2 had a relapse (Figure 2E).
Indeed, the patients who had early immunoglobulin recovery
(,12 months) had a higher relapse rate (P5 .000; hazards ratio
5 21.37; 95% confidence interval, 1.874-243.661; Figure 2F).
One patient with relapse exhibited CD22 downregulation on

blasts, and CD19 antigen loss was observed in 2 with relapse
(Figure 2G).

In our previous trials, without bridging to allo-HCT, 9 of 18
patients after CD19 CAR therapy had relapsed with a median
time to relapse of 64 days,2 whereas 4 of 7 patients after CD22
CAR therapy had a median time to relapse of 3.4 months.13 In the
current study, of 20 patients, 17 remained in remission at the
cutoff date, resulting in an LFS rate of 79.5% at 12 and 18
months. Although the outcome of our cohort could not be di-
rectly compared with that reported by other groups, because of
differences in patients, protocol, and CAR vector, the long-term
efficacy of our sequential CAR strategy was encouraging, much
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Figure 1. Response to CART-cell therapy. (A) The flowchart of the trial. (B) Time course of 2 cycles of CAR T-cell therapy in 20 individuals. (C) The rate ofMRD2CR in all patients,
those with hematological relapse, and those with refractory FCM-MRD1 disease. The total number of patients and those in the different groups are indicated in brackets. (D)
Leukemia lesions in a patient before and after CAR-T-cell therapy, detected by whole-body position-emission tomography (PET)/computed tomography (CT). (E) CAR T-cell
expansion in PB of 20 patients after CD19 (E) and CD22 (F) CAR T-cell infusion.
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better than single CD19 or CD22 CAR therapy in our hospital.2,13

Of the 20 treated patients, only 2 with relapse exhibited loss of
CD19 on their blasts, suggesting that the risk of relapse asso-
ciated with antigen escape was greatly reduced.

Normal B cells and serum immunoglobulin have been consid-
ered measures of CAR T-cell function.11,14-17 In our previous
CD22 CAR therapy, patients in remission had no normal B cells,
but normal B cells were detectable in 3 of the 4 patients with
relapse.13 In the current study, 2 of the 3 patients with relapse
displayed immunoglobulin recovery at 5 and 11.4 months, but

only 1 of 17 patients who achieved CR exhibited immuno-
globulin recovery at 1 year after infusion, suggesting that the
improved outcome in our cohort may be partly attributable to
prolonged CAR T-cell persistence with sequential strategy.
Bridging to allo-HCT improved long-term outcomes after CD19
or CD22CART-cell therapy in our group.2,13 However, for patients
who lack suitable donors or are not willing to undergo allo-HCT,
sequential CAR T-cell therapy can serve as a valuable treatment.

In summary, our study demonstrates that sequential infusion
of CD19 and CD22 CAR T cells is effective and safe in treating
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Figure 2. Long-term outcome. (A) LFS of all patients who received sequential CAR T-cell therapy. (B) Overall survival of patients who received sequential CAR T-cell therapy. (C)
LFS comparison after CAR T-cell therapy between patients without or with the TP53mutation. (D) Normal CD191 B cells in every patient’s BM after sequential CD19 and CD22
therapy. The red lines indicate patients with relapse, and the last time point represents the diagnosis of relapse. (E) Recovery of immunoglobulin and normal B cells in BM among
20 patients, determined by immunoturbidimetry and FCM, respectively. (F) The probability of relapse rate associated with immunoglobulin recovery. (G) Leukemic CD19 and
CD22 expression in the 3 patients with relapse, determined by FCM. In panels A and B, dashed lines indicate 95% confidence intervals. In all panels, the tick marks indicate the
time of data censored at the last follow-up.
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r/r B-ALL patients and can improve the durability of remission in
the long-term, possibly through preventing antigen escape and
extending the time of CAR T-cell persistence. Future studies will
determine the value of this strategy in different clinical settings
and patient cohorts.

Acknowledgments
The authors thank Qiaoling Wen for data collection.

This work was supported by the National Key R&D Program for Precision
Medicine (2019YFA0110204), the National Key Basic Research Program
of China (No. 2016YFC1303403 and No. 2016YFC1303400), National
Natural Science Foundation of China (81272325, 81670107, and
81421002) and Youth Project (31501082), the CAMS Innovation Fund for
Medical Sciences (CIFMS, 2016-I2M-1-003), and the Non-profit Central
Research Institute Fund of Chinese Academy of Medical Sciences (2019-
RC-HL-013).

Authorship
Contribution: J.P., A.H.C., X.F., and C.T. contributed to the study design;
J.P., Z.L., W.S., J.X., J.D., and Z.W. managed the clinical protocol; A.H.C.
and B.D. produced the CAR T-cells; J.P., S.Z., X.X., Q.Z., X.Y., C.L., and
X.F. contributed to data analysis and interpretation; J.P. and X.F.
reviewed the data and wrote the manuscript; all authors take re-
sponsibility for the accuracy and completeness of the data; and all au-
thors reviewed and approved the final manuscript.

Conflict-of-interest disclosure: A.H.C. is a founding member of Shanghai
YaKe Biotechnology, Ltd. The remaining authors declare no competing
financial interests.

ORCID profile: J.P., 0000-0002-8785-0336.

Correspondence: Jing Pan, State Key Laboratory of Experimental He-
matology, Beijing Boren Hospital, No. 6, South Zhengwangfen, Fengtai
District, Beijing 100070, China; e-mail: panj@borenhospital.com; Alex
H. Chang, Clinical Translational Research Center, Shanghai Pulmonary
Hospital, Tongji University School of Medicine, Shanghai 200433, China;
e-mail: alexhchang@yahoo.com; Xiaoming Feng, State Key Laboratory of
Experimental Hematology, National Clinical Research Center for Blood
Diseases, Institute of Hematology & Blood Diseases Hospital, Chinese
Academy of Medical Sciences & Peking UnionMedical College, 288 Nanjing
Road, Tianjin 300020, China, and Central Laboratory, Fujian Medical
University Union Hospital, Fuzhou 350001, China; e-mail: fengxiaoming@
ihcams.ac.cn; and Chunrong Tong, Department of Hematology, Beijing
Boren Hospital, No. 6, South Zhengwangfen, Fengtai District, Beijing
100070, China; e-mail: tongcr@borenhospital.com.

Footnotes
For original data, please contact the corresponding author Jing Pan.

The online version of this article contains a data supplement.

There is a Blood Commentary on this article in this issue.

REFERENCES
1. Sun W, Malvar J, Sposto R, et al. Outcome of children with multiply re-

lapsed B-cell acute lymphoblastic leukemia: a therapeutic advances in
childhood leukemia & lymphoma study. Leukemia. 2018;32(11):
2316-2325.

2. Pan J, Yang JF, Deng BP, et al. High efficacy and safety of low-dose
CD19-directed CAR-T cell therapy in 51 refractory or relapsed
B acute lymphoblastic leukemia patients. Leukemia. 2017;31(12):
2587-2593.

G
Pretreatment

CD22

C
D

19

105

104

103

102

101

100

100 101 102 103 104 105

SSC

CD
45

pt5

105

104

103

102

101

100

100 101 102 103 104 105

Relapse (6.6 m)

SSC

CD
45

104

103

102

101

100

100 101 102 103 104

CD22

CD
19

104

103

102

101

100

100 101 102 103 104

Pretreatment Relapse (6.9 m)

CD
19

CD22

105

106

104

103

102

101

100

100 101 102 103 104 105 106

SSC

CD
45

104

103

102

101

100

100 101 102 103 104

CD
19

CD22

104

103

102

101

100

100 101 102 103 104

Pretreatment

CD22

CD
19

104

103

102

101

100

100 101 102 103 104

SSC

CD
45

pt7

105

106

104

103

102

101

100

100 101 102 103 104 105 106

SSC

CD
45

pt3

104

103

102

101

100

100 101 102 103 104

Relapse (11.4 m)

SSC

CD
45

104

103

102

101

100

100 101 102 103 104

CD22

CD
19

104

103

102

101

100

100 101 102 103 104

Figure 2. (Continued).

390 blood® 30 JANUARY 2020 | VOLUME 135, NUMBER 5 LETTER TO BLOOD

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/135/5/387/1632887/bloodbld2019003293.pdf by guest on 18 M

ay 2024

https://orcid.org/0000-0002-8785-0336
mailto:fengxiaoming@ihcams.ac.cn
mailto:fengxiaoming@ihcams.ac.cn
http://www.bloodjournal.org/content/135/5/303


3. Fry TJ, Shah NN, Orentas RJ, et al. CD22-targeted CAR T cells induce
remission in B-ALL that is naive or resistant to CD19-targeted CAR im-
munotherapy. Nat Med. 2018;24(1):20-28.

4. Maude SL, Frey N, Shaw PA, et al. Chimeric antigen receptor T cells for
sustained remissions in leukemia. N Engl J Med. 2014;371(16):1507-1517.

5. Kenderian SS, Porter DL, Gill S. Chimeric antigen receptor T cells and
hematopoietic cell transplantation: how not to put the CART before the
horse. Biol Blood Marrow Transplant. 2017;23(2):235-246.

6. Lee DW, Kochenderfer JN, Stetler-Stevenson M, et al. T cells expressing
CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in
children and young adults: a phase 1 dose-escalation trial. Lancet. 2015;
385(9967):517-528.

7. Zhao J, Song Y, Liu D. Clinical trials of dual-target CAR T cells, donor-
derived CAR T cells, and universal CAR T cells for acute lymphoid leu-
kemia. J Hematol Oncol. 2019;12(1):17.

8. Gardner R, Annesley C, Finney O, et al. Early clinical experience of
CD19 x CD22 dual specific CAR T cells for enhanced anti-leukemic
targeting of acute lymphoblastic leukemia [abstract]. Blood. 2018;
132(suppl 1). Abstract 278.

9. Yang J, Li J, Zhang X, et al. A feasibility and safety study of CD19 and
CD22 chimeric antigen receptors-modified T cell cocktail for therapy of
B cell acute lymphoblastic leukemia [abstract]. Blood. 2018;132(suppl 1).
Abstract 277.

10. Huang L, Wang N, Cao Y, et al. CAR22/ 19 cocktail therapy for patients
with refractory/relapsed B-cell malignancies. [abstract]. Blood. 2018;
132(suppl 1). Abstract 1408.

11. Grupp SA, Maude SL, Rives S, et al. Updated analysis of the efficacy and
safety of tisagenlecleucel in pediatric and young adult patients with re-
lapsed/refractory (r/r) acute lymphoblastic leukemia [abstract]. Blood.
2018;132(suppl 1). Abstract 895.

12. Schultz LM, Davis KL, Baggott C, et al. Phase 1 study of CD19/CD22
bispecific chimeric antigen receptor (CAR) therapy in children and young
adults with B cell acute lymphoblastic leukemia (ALL) [abstract]. Blood.
2018;132(suppl 1). Abstract 898.

13. Pan J, Niu Q, Deng B, et al. CD22 CAR T-cell therapy in refractory or
relapsed B acute lymphoblastic leukemia. Leukemia. 2019;33(12):
2854-2866.

14. Park JH, Rivière I, Gonen M, et al. Long-Term Follow-up of CD19 CAR
Therapy in Acute Lymphoblastic Leukemia. N Engl J Med. 2018;378(5):
449-459.

15. Maude SL, Teachey DT, Porter DL, Grupp SA. CD19-targeted chimeric
antigen receptor T-cell therapy for acute lymphoblastic leukemia. Blood.
2015;125(26):4017-4023.

16. Maude SL, Laetsch TW, Buechner J, et al. Tisagenlecleucel in Children and
Young Adults with B-Cell Lymphoblastic Leukemia. N Engl J Med. 2018;
378(5):439-448.

17. Yan Z, Cao J, Cheng H, et al. A combination of humanised anti-CD19 and
anti-BCMA CAR T cells in patients with relapsed or refractory multiple
myeloma: a single-arm, phase 2 trial. Lancet Haematol. 2019;6(10):
e521-e529.

DOI 10.1182/blood.2019003293

© 2020 by The American Society of Hematology

LETTER TO BLOOD blood® 30 JANUARY 2020 | VOLUME 135, NUMBER 5 391

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/135/5/387/1632887/bloodbld2019003293.pdf by guest on 18 M

ay 2024

https://doi.org/10.1182/blood.2019003293

