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A novel full-human CD22-CAR T cell therapy with
potent activity against CD22low B-ALL
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Jianfeng Zhou 3 and Jing Pan 1

Dear Editor,
CD22-targeted chimeric antigen receptor (CD22-CAR)

T cells have been proven to be effective in treating
patients with B acute lymphoblastic leukemia (B-ALL)
who were unsuitable to receive CD19-CAR T cell ther-
apy1–3. However, a considerable proportion of patients
still relapsed after CD22-CAR T cell therapy3,4, with
diminished or decreased levels of CD22 expression on
blasts. For patients who had not completely lost CD22
expression on blasts, CD22-CAR T cell re-treatment may
apply as a salvage regimen. But unfortunately, in a pre-
vious trial on a humanized CD22-CAR (termed CD22-
CARYK002) T cell therapy, a second CD22-CARYK002

infusion produced no or suboptimal anti-leukemia
response and CAR T cell expansion (Table S1 and
Fig. S1). Because the immunogenicity of humanized
antibodies or CARs has been suggested in previous stu-
dies5–8, the poor effect of the second CD22-CARYK002

infusion might be due to the patient’s immune response
against CD22-CARYK002 transgene. On the other hand,
CD22 downregulation might also represent a mechanism
of resistance to a second CAR T-cell therapy3. Therefore,
a new CD22-CAR with no cross immunogenicity with
CD22-CARYK002, and with strong activity against CD22low

cells, may be effective for the second treatment of patients
who failed from previous CD22-CARYK002 T cell therapy.

Furthermore, since the immunogenicity of full-human
antibodies tends to be reduced compared with humanized
or chimeric constructs9–11, the usage of fully human-
derived CAR constructs might be a better strategy, which
can further lower the risk of developing immune
responses against the secondarily infused CAR T cells.
This study aims to develop a new CD22-CAR construct

with low immunogenicity and potent activity for treating
B-ALL patients who failed from prior CD22-CAR T cell
therapies. Full-human anti-CD22 single chain fragment
variant(scFv)s were screened from a full-human scFv yeast
display library. The screened anti-CD22 scFvs were fused
to the intracellular 4-1BB co-stimulatory and CD3ζ sig-
naling domains to create a panel of CD22-BBz variants
(Fig. 1a). The activities of the different CD22-BBz variants
were tested with NFAT reporter assay in Jurkat cells in
response to CD22high Raji, CD22low JVM-2, and CD22-

K562 cells (Fig. 1b), and CD22-BBz 80, 27, and 36 were
identified as constructs that could transmit strong
antigen-specific activation signals in T cells (Figs. 1c and
S2). We then evaluated the effector function of different
CD22-CAR variants via CD107a degranulation and cyto-
toxicity assay and identified CD22-BBz 80 with superior
effector activity against CD22low target cells (Fig. 1d, e).
The membrane proteome array (MPA) showed that
CD22-BBz 80 had a high specificity to the target antigen
(Fig. 1f). The in vivo anti-leukemia effect of CD22-BBz 80
was confirmed in NPG mice injected with 1 × 106

Nalm6-Luc cells (Fig. S3). Thus, CD22-BBz 80 (termed
CD22-CARFH80) was identified to have potent and
antigen-specific anti-leukemia activity and was used in the
subsequent clinical study.
A single-center, open-label, phase I clinical trial

was conducted to evaluate the safety and efficacy of
CD22-CARFH80 T cells in 8 children with CD22+ or
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Fig. 1 (See legend on next page.)
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CD22low B-ALL who failed in prior CD19 and CD22-CAR
therapies. The median age was 9 (range, 5–16) years. Six
patients (75%) had hematological relapses as confirmed by
bone marrow morphology. One patient (pt 01) had per-
sistent positive measurable residual disease (MRD+)
detected by flow cytometry and the other patient (Pt 06)
was MRD− in bone marrow but had diffused extra-
medullary disease (Table S2). Four patients (50%; Pt 01,
04, 06, and 08) had previously undergone allogeneic
hematopoietic stem cell transplantation (allo-HSCT 3 of 4
once, 1of 4 twice). All patients had received at least two
lines of treatments including chemotherapies, allo-HSCT,
CD19, or CD22 CAR T therapies. All patients (100%)
failed from prior versions of CD22-CAR therapies (two
refractory, six relapsed Fig. S4 and Table S2). The CD22
expression level on blasts was not obviously reduced in six
patients after prior CD22-CARYK002 therapies, while
patients 03 and 04 displayed lower CD22 expression on
blasts than that before the CD22-CARYK002 treatments
(Fig. 1g, h). After receiving lymphodepleting chemother-
apy with fludarabine (30 mg/m2/day) and cyclopho-
sphamide (250 mg/m2/day), all patients received 1 (range,
0.68 to 9.4) × 106 CD22-CARFH80 T cells per kilogram
body weight (/kg) (Table S3).
Seven (87.5%) of eight patients had a response to CD22-

CARFH80 T cells. Six patients (75%) achieved MRD-

complete remission, including two (Pt 03, 04) with a low
level of CD22 expression at enrollment; one patient (Pt
06) achieved partial remission in his extramedullary dis-
ease, but unfortunately, she succumbed to the infection
on day 42 after infusion (Fig. 2a, b and Fig. S5). One non-
response patient achieved remission after receiving ino-
tuzumab, but died due to transplantation complication at
5 months. The six remission patients were followed up
with a median time of 6 months. Of the three patients
(Pt 02, 04, and 08) who received no further treatment, two

(Pt 04 and 08) remained in remission for 9 and 5 months,
while one (Pt 02) had a CD22− relapse and died of tumor
progression 6 months after infusion. Three patients
(Pt 01, 03, and 07) were bridged to HSCT as consolidation
after CAR T cell infusion (the donors and pre-
conditioning regimen are detailed in Table S4), and
among them, two (Pt 01 and 07) remained in remission 10
and 5 months after infusion, and one (Pt 03) had a relapse
with a mixture of CD22low and CD22− blasts 3 months
after HSCT (Fig. S6).
The expansion of CD22-CARFH80 T cells peaked from

days 11 to15 after infusion with a median count of 19.8
(range, 1.01–408) × 106/L and a median percentage of 30
(range, 1–45) % among CD3+ T cells in the blood (Fig. 2c, d).
The non-responding patient (Pt 05) had a significantly
lower peak CAR T cell expansion (1.01 × 106/L; 1% among
CD3+ T cells) than other patients, despite her cultured
CAR T cell viability (76.5%) transduction efficiency (44%)
and infused dose (3.49 × 106/kg) being at intermediate to
high levels among all patients (Table S5).
B cell aplasia and hypogammaglobulinemia could be

used as a measurement of the active surveillance of CAR
T cells12. The three patients who achieved remission and
received no further treatments all exhibited B cell aplasia
and hypogammaglobulinemia until the observation end
point (Fig. 2e), suggesting a prolonged persistence of CAR
T cells.
CRS occurred in 7/8 (87.5%) patients, including six with

grade 1 CRS (75%) and 1 with grade 3 CRS (12.5%). The
median time to onset was 3 days (range, 1–12 days), and
the median duration was 10 days (range, 2–19 days). The
non-responding patient exhibited no signs of CRS, in
accordance with his minimal CAR T cell expansion.
Neurologic toxicities occurred in 2/8 (25%) patients,
including 1 with grade 2 (12.5%) and 1 with grade 3
(12.5%). The detailed manifestations and managements

(see figure on previous page)
Fig. 1 Development of a novel full-human CD22-CARFH80 construct and leukemic CD19/CD22 expression in patients before enrolling in
CD22-CARFH80 therapy. a Schematic of the recombinant lentiviral vectors encoding the full-human CD22-BBz variants. The expression of CAR
transgene is under the control of the elongation factor 1α promoter. CD8 (H/TM), CD8α hinge and transmembrane domains; EGFR, epidermal growth
factor receptor; T2A, Thoseaasigna virus 2A. b Histogram of CD22 expression on Raji, JVM-2, and K562 cells, determined by flow cytometry. c Nuclear
factor of activated T cells (NFAT) reporter assay in T cells transduced with different CD22-BBz variants, after co-culturing with CD22high Raji, CD22low

JVM-2, and CD22- K562 cells, or cultured in medium alone in triplicates. d Bar chart showing CD107a expression in specific CD22-BBz T cell clones
after co-culturing with CD22high Raji, Nalm6, Reh cells, CD22low JVM-2, CD22− K562, Jurkat, and U266 cells, as determined by flow cytometry. CD107a
degranulation rates were calculated as the percentages of CD107a+ cells among CAR+CD8+ T cells and indicated above each bar. e Cytolytic effects
of specific CD22-BBz T cell clones against Nalm6 and Reh cells during co-culturing in triplicates at E:T ratios of 2:1, 1:1, 0.5:1, and 0:1. % specific lysis=
(spontaneous relative light unit (RLU)− test RLU)/(spontaneous death RLU) × 100. A two-tailed, unpaired two-sample t-test was used for statistical
analysis. The brown, green, and blue asterisks indicate the comparison of the cytolytic effects of CD22-BBz 80 with those of CD22-BBz 36, CD22-BBz
27, or control T cells, respectively. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. f Membrane proteome array for CD22-BBz. g Dot plots showing
the proportions of blasts (red) and non-tumor cells (black) among all mononuclear cells from patients at the indicated time points, and contour plots
showing CD22 and CD19 expression on blasts (red) before CD22-CARYK002 and CD22-CARFH80 T cell therapy, determined by flow cytometry with a
population of CD22-negative non-B cells with similar cell size in the same staining tube (blue) as a negative control for evaluating CD22 expression
level. The blasts were defined based on the combined analysis of multiple markers. The number represents the proportion of blasts (red) in the four
quadrants. h Histogram and mean fluorescence intensity of CD22 cell-surface expression in patients 03 and 04.
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of CRS, ICANS, and other toxicities suspected to be
related to CAR T cells are shown in Fig. 2f, g and
Table S6. We further compared the severity of CRS and
ICANS between CD22-CARFH80 and the prior CD22-
CARYK002 therapies in the same individual patients but
found no significant difference (P= 0.414 and 0.285,
Fig. S7). Serum cytokines indicative of systemic inflam-
mation were detailed in Fig. S8. Most patients had dra-
matic increases in IL-6, ferritin, and sCD25, while only a
small proportion of the patients had an obvious increase
in TNF-α and IL-10. The patient (Pt 07) who developed
grade 3 CRS and ICANS showed the highest peak levels
of IL-6, ferritin, and sCD25.
In this study, we developed a novel full-human CD22-

CARFH80 construct with superior activity against CD22low

target cells. In seven of eight B-ALL patients who were
refractory or relapsed after previous CD19- and CD22-
CAR T cell therapies, CD22-CARFH80 T cell therapy
exhibited potent anti-tumor activity with a manageable
safety profile. The high response rate with CD22-CARFH80

therapy implicates that there is no overt cross immuno-
genicity between CD22-CARFH80 and prior infused CD22-
CARYK002 transgenes. Markedly, CD22-CARFH80 therapy
was even effective in two patients with CD22low blasts,
while in the two patients who relapsed after CD22-
CARFH80 therapy CD22− blasts were majorly present,
indicating that CD22low leukemia cells can be efficiently
eliminated by CD22-CARFH80 T cells. Three patients
without HSCT consolidation remained in B cell aplasia
and hypogammaglobulinemia until the cut-off date,
indicating the continued presence of CD22-CARFH80

T cells, but the follow-up time is not long enough, and the
immunogenicity and long-term persistent capability of
CD22-CARFH80 need to be further investigated. Our
previous version of CD22-CARYK002 was also very effi-
cient in inducing remission in B-ALL2. Whether CD22-
CARFH80 outperforms CD22-CARYK002 in persistence or
long-term efficacy still warrants future study. In addition,
a CD22-CAR containing a full-human scFv, termed m971,

generated from a human phage library has been reported
to produce convincing activity in B-ALL patients in a
phase I trial3. The specific property and value of different
CD22-CAR versions need to be further addressed in
future studies. Although future phase 2/3 trials are needed
to verify and optimize CD22-CARFH80 therapy, our study
indicates an important value of CD22-CARFH80 as a sal-
vage regimen for advanced B-ALL cases that are refrac-
tory to prior versions of CD22-CAR therapies.
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(see figure on previous page)
Fig. 2 Clinical efficacy and safety of CD22-CARFH80 T cell therapy. a Swimmer plot showing the clinical responses, response duration, and
outcome in individual patients treated with CD22-CARFH80 T cells. HSCT, hematopoietic stem cell transplantation. b Images showing the retreatment
extramedullary disease detected by position emission tomography (PET), the reduction of intracranial mass detected by magnetic resonance imaging
(MRI), and the reduction of chest wall mass detected by computed tomography (CT) during CAR T cell treatment in patient 6. The red dotted circle
indicates the border of a leukemia mass. c Absolute number of CAR T cells (above panel) and the percentage of CAR T cells among CD3+ T cells
(below panel) in the peripheral blood of eight patients who received CD22-CARFH80 T cell therapy. d Representative dot plot, detected by flow
cytometry, showing the presence of CD22-CARFH80 T cells among CD3+ T cells in the peripheral blood of two patients, including Pt 4 who achieved
complete remission and Pt 5 who did not respond to the therapy. e Swimmer plot showing the duration of B cell aplasia in the bone marrow and
hypogammaglobulinemia in four patients who achieved complete remission but received no further treatments. Serum immunoglobulins and bone
marrow non-malignant B cells were determined by immunoturbidimetry and flow cytometry, respectively. f Swimmer plot showing the grade,
duration, and management CRS and ICANS in each patient. The color in the swimmer lane indicates the existence of a specific grade of CRS or ICANS
at a specific time point during CAR T cell treatment. IT intrathecal injection IV intravenous injection CRS Cytokine-release syndrome ICANS immune
effector cell-associated neurotoxicity syndrome. g Symptoms of CRS and ICANS in individual patients during CD22-CARFH80 T cell therapy. Horizontal
lines indicate mean values of the grade of specific symptoms.

Tan et al. Blood Cancer Journal           (2021) 11:71 Page 5 of 6

Blood Cancer Journal



Conflict of interest
Adimab, LLC, a global company that contributes to the discovery and
optimization of fully human monoclonal and bispecific antibodies, holds a
patent on full-human non-immune monoclonal antibody yeast display library.
Y.Y., P.N., G.M., and W.C. are also employees of Nanjing Iaso Biotherapeutics Co.
Ltd., whose potential product was studied in this work. The remaining authors
declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41408-021-00465-9.

Received: 21 January 2021 Revised: 12 March 2021 Accepted: 25 March
2021

References
1. Haso, W. et al. Anti-CD22-chimeric antigen receptors targeting B-cell

precursor acute lymphoblastic leukemia. Blood. 121, 1165–1174
(2013).

2. Pan, J. et al. CD22 CAR T-cell therapy in refractory or relapsed B acute lym-
phoblastic leukemia. Leukemia. 33, 2854–2866 (2019).

3. Fry, T. J. et al. CD22-targeted CAR T cells induce remission in B-ALL that is
naive or resistant to CD19-targeted CAR immunotherapy. Nat. Med. 24, 20–28
(2018).

4. Shah, N. N. et al. CD4/CD8 T-cell selection affects chimeric antigen receptor
(CAR) T-cell potency and toxicity: updated results from a phase I anti-CD22
CAR T-cell trial. J. Clin. Oncol. 38, 1938–1950 (2020).

5. Maus, M. V. et al. T cells expressing chimeric antigen receptors can cause
anaphylaxis in humans. Cancer Immunol. Res. 1, 26–31 (2013).

6. Turtle, C. J. et al. Immunotherapy of non-Hodgkin’s lymphoma with a defined
ratio of CD8+and CD4+CD19-specific chimeric antigen receptor-modified
T cells. Sci. Transl. Med. 8, 355ra116 (2016).

7. Leonard, J. P. & Goldenberg, D. M. Preclinical and clinical evaluation of epra-
tuzumab (anti-CD22 IgG) in B-cell malignancies. Oncogene. 26, 3704–3713
(2007).

8. Kreitman, R. J. et al. Efficacy of the anti-CD22 recombinant immunotoxin BL22
in chemotherapy-resistant hairy-cell leukemia. N. Engl. J. Med. 345, 241–247
(2001).

9. Xiao, X., Ho, M., Zhu, Z., Pastan, I. & Dimitrov, D. S. Identification and char-
acterization of fully human anti-CD22 monoclonal antibodies. mAbs. 1,
297–303 (2009).

10. Lanitis, E. et al. Redirected antitumor activity of primary human lymphocytes
transduced with a fully human anti-mesothelin chimeric receptor. Mol. Ther.
20, 633–643 (2012).

11. Song, D. G. et al. A fully human chimeric antigen receptor with potent activity
against cancer cells but reduced risk for off-tumor toxicity. Oncotarget. 6,
21533–21546 (2015).

12. Kalos, M. et al. T cells with chimeric antigen receptors have potent antitumor
effects and can establish memory in patients with advanced leukemia. Sci.
Transl. Med. 3, 95ra73 (2011).

Tan et al. Blood Cancer Journal           (2021) 11:71 Page 6 of 6

Blood Cancer Journal

https://doi.org/10.1038/s41408-021-00465-9

	A novel full-human CD22-CAR T cell therapy with potent activity against CD22low B-ALL
	Acknowledgements
	Acknowledgements




