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Novel full-human CD22-CAR therapy overcomes resistance to previous
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Abstract
Background

CD19- and/or CD22-targeted chimeric antigen receptor (CAR) T cells e�ciently induced remission in patients with B acute lymphoblastic leukemia (B-
ALL), but a considerable proportion of patients relapsed after both CD19- and CD22-CAR therapies associated with the loss or downregulation of target
antigen. Re-infusions of the prior used CAR T cells were usually ineffective. In contrast to the frequent loss of CD19, low level of CD22 is usually
present on leukemia cells post CAR therapy, suggesting that newly designed CD22-CAR therapies may be effective in these patients.

Methods

A yeast full-human single-chain variable fragment (scFv) library and a high-throughput NFAT reporter assay were utilized to screen several full-human
CD22-CAR candidates; CD107 assay and in vitro cytotoxicity assay was used to evaluate the effector function of CAR T cells; membrane proteome
assay was conducted to determine the speci�city of the CAR toward the target antigen; a leukemia animal models was used to test the in vivo e�cacy
of CAR T cells. A phase I trial (ChiCTR2000028793) was conducted to assess the safety and effectiveness of CD22-CARFH80 therapy in 8 children with
B-ALL resistant to or relapsed after prior CD19- and CD22-CAR treatment.

Results

We identi�ed a full-human CD22-CAR construct termed CD22CARFH80 which could mediate superior anti-leukemia activity in vitro and in a leukemia
animal model and had good speci�city to the target antigen. Data from the trial showed that with CD22-CARFH80 T-cell therapy, 6/8 (75%) patients
including 2 who had CD22low blasts achieved complete remission; 1 patient had a partial response. CAR T cells e�ciently expanded in vivo, while the
toxic effect is low in most patients. At a median follow-up of 5 months, 4/6 (57%) patients remained in remission.

Conclusions

Therapy with a newly invented CD22-CARFH80 overcomes the resistance to prior versions of CD19- and CD22-CAR formats and elicits potent anti-
leukemia responses with an acceptable safety pro�le, representing a promising salvage regimen for B-ALL that fails in prior CD19- and CD22-CAR
treatments.

Trial registration

ClinicalTrials.gov: ChiCTR2000028793; registered 4 January, 2020. http://www.chictr.org.cn/showproj.aspx?proj=47857

Background
CD22-targeted chimeric antigen receptor (CD22-CAR) T cells e�ciently induced remission in patients with B acute lymphoblastic leukemia (B-ALL) that
lost CD19 expression1–5, but a considerable proportion of patients still relapsed after CD22 CAR therapy5-8. In contrast to the commonly seen CD19-

relapse during CD19-CAR therapy, most patients who relapsed after CD22-CAR therapy retained various levels of CD22 expression on blasts,
suggesting that re-treatment with CD22-CAR T cells may apply as a salvage regimen for them. But unfortunately, in our previous trials on a humanized
CD22-CAR (termed CD22-CARYK002) T cell therapy, when we conducted a second CD22-CARYK002 infusion in patients who relapsed after primary CD22-
CARYK002 treatment, most recipients displayed no or suboptimal anti-leukemia response and CAR T cell expansion (Fig. 1a and b, also see results).

The resistance to second CD22-CARYK002 T cell infusion might be due to the immune response against primarily infused CD22-CARYK002 transgene.
Indeed, the immunogenicity of CAR was highlighted in recent clinical trials9,10. Such anti-CAR responses may render subsequent CAR T cell infusions
ineffective9. Although our CD22-CARYK002 construct have been humanized, it might not always prevent generation of immunogenicity, as evidenced by
a recent trial showing host immune response against the murine derived amino acid sequences in a humanized anti-CD22 antibody11-13. Therefore, the
pre-existing anti-CAR immunity in recipients might prevent reuse of CD22-CARYK002 T cells. One way to avoid anti-CARYK002 rejection is to adopt a
distinctive CAR construct for second treatment. Furthermore, since the immunogenicity of full-human antibodies tends to be reduced compared with
humanized or chimeric constructs13-16, the usage of a fully human derived CAR constructs might be a better strategy, which can not only avoid
rejection by the pre-existing anti-CAR immunity, but also lower the risk of developing immune responses against the secondarily infused CAR T cells.

In our previous study and those of other groups, some patients relapsed after CD22-CAR T cell therapy carried CD22low leukemia cells3,7. There are
cumulative evidences suggesting that leukemia cells with low level of CD22 expression are less sensitive to CAR activity3,7; CD22 downregulation
might represent a mechanism of relapse from primary CAR therapy or resistance to second CAR therapy. Therefore, to develop a CD22-CAR with
superior activity against CD22low target cells, may also improve the successful rate of CD22-CAR second treatment.

This study aims to develop a new full-human CD22-CAR construct for treating B-ALL patients who were refractory to or relapsed after prior CD19 and
CD22-CAR therapies. We also attempt to develop a CAR which could mediate potent effect against B-ALL even if CD22 expression level is down-
regulated. We used a full-human single chain fragment variant (scFv) yeast display library to screen a panel of full-human anti-CD22 scFvs which were

http://clinicaltrials.gov/
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used to construct CD22-CAR variants, and identi�ed a construct termed CD22-CARFH80 with superior effector activity against CD22low target cells. A
phase I clinical trial was further conducted to evaluate safety and e�cacy of CD22-CARFH80 T cells in 8 children with CD22+ or CD22low B-ALL that
failed in prior CD19 and CD22-CAR therapies.

Methods
Screening of full-human anti-CD22 scFvs from a yeast display library

The full-human CD22-speci�c scFvs was screened from a yeast display human scFv library (Adimab, Lebanon). The DNA sequences encoding scFvs
were generated from the heavy and light chain variable regions of various human antibodies by polymerase chain reaction (PCR), and cloned into an
expression vector by homologous recombination, with the fusion to an activation domain (AD). The DNA sequence of the target peptide was cloned
into another type of expression vector with fusion to a DNA binding domain (BD). A vector carrying a reporter gene with a speci�c DNA binding site
were transduced into yeast cells. Then, the scFv-AD and Target-BD vectors were co-transformed into yeast cells17. If scFv-AD bound to the Target-BD,
the Target-BD will bring the scFv-AD to the promoter to drive expression of the reporter gene. Yeast clones showing the reporter gene expression were
selected, and the scFv sequences inside these clones were then identi�ed.

In vitro and in vivo evaluation of different CD22-BBz variants

Nuclear factor of activated T cells (NFAT) reporter assay was conducted to test the activation of different CD22-BBz variants. The effector function
and speci�city of them was assessed via CD107a degranulation assay, cytotoxicity assay and membrane proteome array (MPA). Xenograft model and
bioluminescence imaging was conducted to con�rm the anti-leukemia effect of CD22-BBz 80 T cells in vivo. The details of these methods were in
Supplemental Method.

Clinical trial design, patients, CAR T cell infusion, and clinical response assessment

A phase I trial of CD22-CARFH80 T cell therapy was conducted in 8 refractory or relapsed (r/r ) B-ALL pediatric patients who failed in prior humanized
CD22-CARYK-002 therapy, aged 5-12 years, between January 9, 2020 and July 16, 2020, at Beijing Boren Hospital. The study was approved by the
institutional review board of Beijing Boren Hospital, and informed consent was obtained from individual patient in accordance with the Declaration of
Helsinki. The trial was registered on Chinese Clinical Trial Registry/WHO International Clinical Trial Registry (ChiCTR2000028793). The baseline
disease status was assessed immediately before enrollment (Details in Table 1). After patient enrollment, there was no further bridging chemotherapy
before lymphodepleting procedure. The detailed procedure were detailed in Supplemental Methods.

Assessment and management of adverse events

Cytokine-release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) were graded by the most severe event
according to ASTCT Consensus18. Speci�c organ toxicities were graded according to the National Cancer Institute Common Terminology Criteria for
Adverse Events, CTCAE Version 5.0. The details of the managements of CRS and ICANS and other supportive cares are in Supplemental Methods.

Statistical analysis

Difference between two groups was analyzed by two-tailed, unpaired two-sample t-test. The comparison of the CRS and ICANS grade between CD22-
CARFH80 and CD22-CARYK002 CAR T therapy in the same patient was analyzed by two-tailed Wilcoxon matched-pairs signed-rank test. All statistical
analyses were performed using SPSS Statistics version 26, and P values of < 0.05 were considered signi�cant.

Results
CD22-CARYK002 T-cell second treatment was ineffective

Four B-ALL patients (A-D) who relapsed from CD22-CARYK002 therapies had received a second infusion of CD22-CARYK002 T cells (patient A, B were
enrolled in ChiCTR-OIC-17013523; patient C, D were enrolled in ChiCTR-OIB-17013670) between May 8, 2018 and April 29, 2019 at Beijing Boren
Hospital. The characteristics of these patients were shown in Supplemental Table 1. The treatment history of these patients was illustrated in Fig. 1a.
CD22-CARYK002 T cells were manufactured as previously described.5 After leukapheresis, patients received lymphodepleting chemotherapy before
CD22 CARYK002 T-cell infusion (day 0). The detailed infused dose of CD22-CARYK002 T cells was detailed in Supplemental Table 1. Patients B, C and D
displayed no response to the second infusion of CD22-CARYK002 T cells; patient A had a transient complete response but quickly relapsed (Fig. 1a).
The secondarily infused CD22-CARYK002 T cells failed to expand as assessed by �ow cytometry in all patients (Fig. 1b). The treatment overview was
illustrated in Fig. 1a. These results collectively indicated that CD22-CARYK002 second infusion were ineffective in patients who relapsed after primary
CD22-CARYK002 therapies.

Development of a novel full-human CD22-CARFH80 with superior activity
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Full-human anti-CD22 scFvs were screened from a full-human scFv yeast display library. The detailed procedure was described in Methods. To create a
panel of CD22-BBz variants that harbored different anti-CD22 scFv fragments, the screened anti-CD22 scFvs were fused to the intracellular 4-1BB co-
stimulatory and CD3ζ signaling domains, and further linked to epidermal growth factor receptor (tEGFR) with Thoseaasigna virus 2A (T2A) to facilitate
detection of CAR and elimination of CAR T cells when necessary (Fig. 2a). We next test the activation of Jurkat T cells transiently transduced with
different CD22-BBz variants, in response to CD22high Raji, CD22low JVM-2 and CD22- K562 cells (Fig. 2b) with NFAT reporter assay. The results showed
that T cells transduced with CD22-BBz 80, 27, 36, 6 and 43 had the highest NFAT activation when co-cultured with Raji cells. However, CD22-BBz 6 and
43 also elicited marked NFAT activation in T cells without co-culturing with leukemia cells, probably owing to the off-target recognition or tonic
signaling, and they were therefore excluded from further analyses. CD22-BBz 51, 15 and 23 had the low NFAT activation when co-cultured with Raji
cells. Markedly. CD22-BBz 80, 27 and 36 also elicited substantial NFAT activation when co-cultured with JVM-2 cells, suggesting that these variants
could triggers signaling even in response to target cells with low level of CD22 expression (Fig. 2c and Supplementary Fig. 1). CD22-BBz 80, 27 and 36
were thus de�ned as constructs which could transmit strong antigen-speci�c activation signals in T cells.

We then evaluated the effector function of primary T cells lentivirally transduced with CD22-BBz variants 80, 27, 36 and 51 (as a low NFAT activity
control) via CD107a degranulation and cytotoxicity assay. High proportions of CD107a positivity (>30%) were detected in T cells bearing CD22-BBz 80,
27 and 36 when co-cultured with CD22high Raji, Reh and Nalm6 cells. When co-cultured with the CD22low JVM-2 cells, the CD107a expression was
higher in T cell bearing CD22-BBz 80 and 36 than that bearing CD22-BBz 27. However, T cells bearing CD22-BBz 36 also showed considerable
proportions of CD107a positivity when co-culturing with CD22- K562, Jurkart and U266 cells and in medium alone, indicating nonspeci�c off-target
effects. Lower proportions of CD107a positivity (<15%) were detected in T cells bearing CD22-BBz 51 when co-cultured with Reh, Nalm6 and JVM-2
cells. Three independent experiments from three different donors have been conducted with similar results (Fig. 2d). Cytotoxic assay indicated that T
cells transduced with CD22-BBz 80 produced a slightly stronger cytolytic activity than CD22-BBz 27 and 36 T cells when co-cultured with Nalm6 and
Reh cells (Fig. 3a). However, none of these CD22-BBz variants mediated obvious cytolytic activity against the JVM-2 cells, probably owing to a very
refractory nature of JVM-2 cells, or the too low expression level of CD22 on JVM-2 cells. Nevertheless, CD22-BBz 80 was identi�ed as a construct
capable of eliciting the greatest T cell effector activity against target cells.

In concordance with the lack of cytolytic effect against the CD22- cell lines, the membrane proteome array (MPA) showed that CD22-bbz 80 had a high
speci�city to the target antigen, suggesting a minimal risk of off-target effect if applied in therapy. (Fig. 3b). To con�rm the anti-leukemia effect of
CD22-BBz 80 T cells in vivo, NOD-Cg.PrkdcSCIDIL-2Rgcnull/vst (NPG) mice were injected with 1 × 106 Nalm6-Luc cells 2 days before the treatment with
different doses (0.5 and 2 × 106) of CD22-BBz 80 T cells and mock-transduced T cells. At the higher dose, CD22-BBz 80 T cells eliminated the Nalm6
tumors in two of the three mice treated, whereas at the lower dose, the tumor growth was signi�cantly retarded despite that the tumor cells could not
be completely eliminated (Fig. 3c). In contrast, mock-transduced T cells were ineffective against tumor growth. Thus, the full-human CD22-BBz 80
construct, which could mediate a potent and antigen-speci�c anti-leukemia activity, was termed CD22-CARFH80 thereafter and used in the subsequent
clinical study.

Patient enrollment and CD22-CARFH80 T cell infusion

We then performed a phase I trial to assess the safety and e�cacy of CD22-CARFH80 T cells in 8 pediatric patients with advanced B-ALL that were
refractory to or relapsed after prior humanized CD22-CARYK002 treatment. The characteristics of enrolled patients were shown in Table 1 and
Supplementary Table 2. The median age was 9 (range, 5-16) years. Six patients (75%) had hematological relapses as con�rmed by bone marrow
morphology, with a median marrow leukemia burden of 51% (range, 11% to 97%). Seven patients (87.5%) had detectable blasts in bone marrow by
�ow cytometry with a median percentage of 25% (range, 0.06% to 94.37%), including one with MRD. One patient (Pt 06) was MRD-negative in bone
marrow but had diffused extramedullary disease involving right side posterior eyeball, chest wall, scapula, posterior sternum, pleura, hilum and
accessory area.

Four patients (50%; Pt 01, 04, 06 and 08) had previously undergone allogenic hematopoietic stem cell transplantation (allo-HSCT) including one (Pt
08) who had received twice HSCT. All patients (100%) were refractory (Pt 03 and 07) to or relapsed (Pt 01, 02, 04-06, 08) after prior versions of CD22-
CAR therapies. Three patients (Pt 01, 04 and 08) relapsed after murine CD19-CAR T therapy, and were re-induced to remission with CD22-CARYK002 T
cells and subsequently bridged to HSCT but still had a relapse; 2 patients (Pt 02 and 05) relapsed after remission induced by sequential murine CD19-
CAR and CD22-CARYK002 therapy, and 1 of them (Pt 05) further received a humanized CD19-CAR T cell therapy but had no response; 2 patients (Pt 03
and 07) had a partial response to a tandem murine CD19-CAR/humanized CD22-CAR T cell therapy in an outer hospital, and 1 of them (Pt 03) further
received infusion of CD22-CARYK002 T cells in our hospital but had no response; 1 patient (Pt 06) repeatedly relapsed after murine CD19-CAR T cell
therapy, CD22-CARYK002 T cell therapy and HSCT, and then received humanized CD19-CAR therapy to achieve remission, but she �nally developed
diffused extramedullary disease one year later. The treatment histories of these patients were illustrated in Fig. 4a.

All patients had been con�rmed to have positive CD22 expression on blasts by �ow cytometry before enrollment. The CD22 expression level on blasts
was not obviously reduced in 6 patients after prior CD22-CARYK002 therapies, while patient 03 and 04 displayed lower CD22 expression on blasts than
that before CD22-CARYK002 treatments (Fig. 4b and 4c).
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Before CD22-CARFH80 T cell infusion, all patients received lymphodepleting chemotherapy with �udarabine (30 mg/m2/day) and cyclophosphamide
(250 mg/m2/day). The median infused dose of CD22-CARFH80 T cells was 1 (range, 0.68 to 9.4) ×106 per kg body weight (/kg). Properties of the
infused CAR T cells are shown in Supplementary Table 3.

CD22-CARFH80 T cell therapeutic e�cacy

The clinical response was evaluated on day 30 after CAR T cell infusion. Seven (87.5%) patients had a response. Six patients (75%) achieved MRD-
negative complete remission, including 2 (Pt 03, 04) with low level of CD22 expression at enrollment. One patient (Pt 06) achieved partial remission in
his extramudullary disease, as evidenced by an obvious reduction of the tumor mass behind his right eyeball and chest wall as detected by Magnetic
Resonance Imaging (MRI) and Computed Tomography (CT) imaging on day 20 after infusion. The clinical responses to the therapy in individual
patients were illustrated in Fig. 5a; images of patient 6 during treatment were shown in Fig. 5b.

The 7 responded patients were followed up with a median time of 6 months, and 4 patients (57%) were alive and disease-free until the cut-off date.
The patients with a partial response (Pt 06) had his extramudullary lesions continuously shrinked as evidence by MRI imaging on day 41, but the
response could not be further monitored, since she succumbed to infection on day 42 after infusion. Of the 3 patients (Pt 02, 04 and 08) who received
no further treatment, 2 (Pt 04 and 08) remained in remission status for 9 and 5 months, while 1 (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 were detailed in Supplementary Table 4), 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. 5c).

CD22-CARFH80 T cell expansion in vivo

CD22-CARFH80 T cells were readily detectable by �ow cytometry in the peripheral blood of all patients. The expansion peaked from days 11 to 15 after
infusion with a median value of 19.8 (range, 1.01-408) × 106/L and 30 (range, 1-45) % among CD3+ T cells in the blood. The non-responding patient
(Pt 05) had signi�cantly lower peak CAR T cell expansion (1.01 × 106/L; 1% among CD3+ T cells) than other patients, despite that her cultured CAR T
cell viability (76.5%) and transduction e�ciency (44%) and infused cell dose (3.49×106/kg) were at intermediate to high levels among all patients. The
reason for her poor CAR T cell expansion warrants further investigation. The CAR T cells were detectable by �ow cytometry in the blood of 6/8 (75%)
patients at day 30 after infusion (Fig. 6a and 6b). We did not routinely evaluate CAR T cell expansion beyond 30 days after infusion in patients who
achieved complete remission and were discharged from our hospital. The details of CAR T cell expansion in individual patients were summarized in
Table 1 and Supplementary Table 5.

Since CD22-CAR T cells also eliminated normal B cells19, B cell aplasia and hypogammaglobulinemia could be used a reliable measurement of the
active surveillance of CAR T cells20. The 4 patients who achieved remission and received no further treatments all exhibited B cell aplasia and
hypogammaglobulinemia until the observation end point (Fig. 6c), suggesting a prolonged persistence of CAR T cells. In the 3 patients who adopted
HSCT after infusion, since the pre-conditioning regimen would eliminate CAR T cells, non-malignant B cells or serum immunoglobulin levels could not
serve as a marker for evaluating CAR T cell status. 

Adverse events and management, and serum cytokines

CRS occurred in 7/8 (87.5%) patients, including 6 with grade 1 CRS (75%) and 1 with grade 3 CRS (12.5%). The non-responding patient exhibited no
signs of CRS, in accordance with his minimal CAR T cell expansion. The median time to onset was 3 days (range, 1 to 12 days), and the median
duration was 10 days (range, 2 to 19 days). Fever was commonly observed in 6 patients, but other symptoms were rare (Fig. 7a). The six patients who
experienced grade 1 CRS were given some supportive care including antipyretics and intravenous �uids, and their symptoms were relieved quickly.
Patient 7 started to have a fever (< 40 °C) with hypoxia requiring low-�ow nasal cannula (3 L/minute) at day 12, and received an intravenous injection
of 80 mg tocilizumab, but she still developed grade 3 CRS from day 13 to 16 manifested as pulmonary edema and hypoxia requiring low-�ow nasal
cannula (6 L/minute). After intravenous injection of dexamethasone (10 mg/kg/d, from day 14 to 15), her CRS was reduced to grade 1 from day 16 to
19, and fully resolved at day 20.

Neurologic toxicities occurred in 2/8 (25%) patients. One patient (Pt 03) developed grade 2 ICANS from day 5 manifested as mild abnormality in
orientation, naming, following command, writing and attention, accompanied with fever and resolved on day 6 after giving antipyretics. The other
patient (Pt 07) developed grade 3 ICANS from day 14, manifested as seizure and positive neck rigidity, and loss of consciousness. In this patient, 0.1 g
of benzodiazepine and 30 mg of diazepam were respectively intramuscularly and intravenously injected once as acute management, and mannitol at
2.5 ml/kg/dose and furosemide at 1 mg/kg/dose were intravenously administered from day 13 to 19 to reduce intracranial pressure. Dexamethasone
was intrathecally administered once at 5 mg at day 14, and intravenously used at 10 mg/kg/d from day 14 to 15, and subsequently administered at
7.5 mg/kg/d until all symptoms were relieved. The detailed manifestations and managements of CRS, ICANS, and other toxicities suspected to be
related to CAR T cells were shown in Fig. 7a and 7b and Supplementary Table 6. 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 signi�cant difference (P=0.414 and 0.285,
Supplementary Fig. 2).
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Despite the monthly immunoglobulin replacement, one patient (Pt 06) died from infection. She only transiently experienced a mild CRS manifested as
fever but quickly resolved. On day 37 after infusion, she developed a high fever, and . On day 41, MRI examination indicated an intracranial infection,
and she started to have symptoms of seizure and quickly progressed to unconscious despite the usage of antibiotics and �nally died Supplementary
Fig. 3). A perianal abscess was found after she was in a coma, so her sepsis was suspected to derive from the perianal infection.

Serum cytokines indicative of systemic in�ammation including IL-6, IL-10, TNF-α, sCD25 and ferritin were elevated after infusion and reached peak
levels around 9 days (range, 6-21) after infusion (Fig. 7c). Most patients had dramatic increases of IL-6, ferritin and sCD25, while only a small
proportion of the patients had obvious increase of 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.

Discussion
In this study, we developed a new version of full-human CD22-CARFH80 construct with superior activity against CD22low target cells, and in a following
clinical trial CD22-CARFH80 T cells induced MRD-negative remission in 75% (6/8) patients. E�cient expansion of the CD22-CARFH80 T cells was
observed in all responded patients. The high response rate with CD22-CARFH80 therapy implicates that there is no overt cross immunogenicity between
CD22-CARFH80 and prior infused CD22-CARYK002 transgenes. Markedly, CD22-CARFH80 therapy was even effective in 2 patients with CD22low blasts,
while in the two patients who relapsed after CD22-CARFH80 therapy only CD22− blasts were majorly present, indicating that CD22low leukemia cells
have been e�ciently removed by CD22-CARFH80 T cells.

The good tolerability of patients to CD22-CARFH80 therapy is supported by that low grade CRS and ICANS occurred in 7/8 (87.5%) patients, despite that
4/8 (50%) had high leukemia burdens (> 50% blasts with bone marrow biopsy), which is associated with increased likelihood of severe CRS17. Only 1
patient with an intermediate leukemia burden (50%) in BM but no blasts in CSF developed grade 3 CRS and ICANS. One patient (Pt 6) started to have
infection at day 37 after infusion, and died of intracranial infection at 2 months, but she only transiently experienced grade 1 CRS manifested as
moderate fever from at day 1–2 after infusion, accompanied with a moderate elevation of serum cytokine levels, but had no neurologic
manifestations. So, her late infection was unlikely to be directly related to the CAR T cells.

Anti-CAR immune responses may reduce CAR T cell persistent duration to dampen long-term e�cacy9–10,21−22. In this study, 3 patients were bridged to
HSCT after remission induced by CD22-CARFH80 T cells. Since the conditioning procedure before HSCT would eliminate CAR T cells, the long-term
immunogenicity and persistent capacity of CAR T cells cannot be evaluated in them. Four 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 persistent capability of CD22-CARFH80 needs to be further investigated.

Previous version of CD22-CARYK002 was also very e�cient in inducing remission in B-ALL patients as indicated in our previous study5. Whether CD22-
CARFH80 outperforms CD22-CARYK002 in persistence or long-term e�cacy against B-ALL still warrants future study. In addition, a CD22-CAR containing
a full-human scFv, termed m971, generated from a human phage library have produced convincing activity in B-ALL patients in a phase I trial7. Our
CD22-CARFH80 will add into this line of CD22-CAR products for improving outcome of ALL patients. The distinctive features and values of different
CD22-CAR therapies warrant future study.

Conclusions
In summary, this study successfully developed a novel full-human CD22-CARFH80 construct with potent activity against CD22low B-ALL, and
established the safety and effectiveness of CD22-CARFH80 T cell therapy with a phase 1 trial in patients who have failed from prior CD19 and CD22-
CAR T cell treatment. The power of this therapy is based on its minimal cross-immunogenicity with prior versions of CD22 CAR products and capacity
to treat patients with CD22low leukemia. Despite that future phase 2/3 studies are needed to verify and optimize this therapy, our study indicates an
important value of CD22-CARFH80 for advanced ALL patients that are insensitive to prior versions of CAR therapies.
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Tables
Table 1. Baseline characteristics, CAR T cell dose, clinical response and adverse events of individual patients

Patient
No./
Gender/Age

Prior therapy
period
(months)/lines

Number
of prior
CAR T
therapiesa

Number
of
HSCTs

EMDs CAR T
cells
infused
(х106/kg)

Response
to

CAR

Therapy
(30 days)

Post-CAR
Treatment

Outcome CRS Neurological
toxicity

1/F/16 72 2 1 None 1.43 CR/MRD- HSCT CCR/11 Grade
1

-

2/F/7 49 3 - None 0.96 CR/MRD- - R/Death/6 Grade
1

-

3/M/6 24 3 - None 2.5 CR/MRD- HSCT R/4 Grade
1

Grade 2

4/M/7 50 3 1 None 1.0 CR/MRD- - CCR/9 Grade
1

-

5/F/5 27 3 - None 3.49 NR - NR - -

6/F/10 44 5 1 Diffused 9.4 PR - Death/2 Grade
1

-

7/F/11 66 2 - None 0.68 CR/MRD- HSCT CCR/6 Grade
3

Grade 3

8/F/12 36 2 2 None 0.2 CR/MRD- - CCR/5 Grade
1

-

F, female; M, male; EMD, extramedullary disease; MRD-, negative minimal residual disease by �ow cytometry; CCR, continued complete remission; CR,
complete remission; NR, no response; PR, partial response; R, relapse; CRS, cytokine release symptom; HSCT, allogeneic hematopoietic stem cell
transplantation; -, None. aAll previous CAR T therapies and response for each patient are detailed in Supplementary table 1.

Figures
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Figure 1

CD22-CARYK002 T-cell second treatment was ineffective in 4 patients who relapsed after primary CD22-CARYK002 therapies a, Swimmer plot
illustrating the treatment history of 4 patients relapsed from prior therapy with CD22-CARYK002 T cells, and the clinical response after a second CD22-
CARYK002 T cells re-infusion. Patient A achieved complete remission after second infusion of CD22-CARYK002 T cells, but she relapsed after one
month; patient B and C had not response to second CD22-CARYK002 T cells infusion; patient D achieved minimal residual disease-positive remission
in response to second CD22-CARYK002 T cells infusion at day 15, but soon relapsed at day 30. HSCT, hematopoietic stem cell transplantation; MRD,
minimal residual disease. b, Absolute numbers of CAR T cells detected by �ow cytometry in the peripheral blood from two patients after the �rst and
second infusion of CD22-CARYK002 T cells. No patients exhibited no detectable expansion of secondly infused CD22-CARYK002 T cells, as assessed
by �ow cytometry.
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Figure 2

Development of a novel full-human CD22-CARFH80 construct with superior anti-leukemia activity 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 �ow 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 speci�c CD22-BBz T cell clones after co-culturing with CD22high Raji, Nalm6, Reh cells, CD22low JVM-2, and
CD22- K562, Jurkat and U266 cells, as determined by �ow cytometry. CD107a degranulation rates were calculated as the percentages of CD107a+
cells among CAR+CD8+ T cells and indicated above each bar.
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Figure 3

In vitro and in vivo evaluation of different CD22-BBz variants a, Cytolytic effects of speci�c 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. % speci�c 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 that of CD22-BBz 36, CD22-BBz 27, or control T cells respectively. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. b, Membrane proteome array for CD22-BBz 80. c, Xenograft model demonstrating the in vivo activity of CD22-CARFH80 T cells at
indicated doses or mock-transduced T cells intravenously administered 2 days after Nalm6-Luc cell implantation. Tumor growth in each mouse was
evaluated by measuring the photon using Bruker imaging system. The data are representative of at least 2 independent experiments with similar
results.
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Figure 4

Treatment history, change of CD19/CD22 expression in 8 patients before enrolling in CD22-CARFH80 therapy a, Swimmer plot illustrating the treatment
history of CD22-CARFH80 T clinical trial enrolled patients with B-ALL. Arrows indicate CAR T therapy. Patient number are shown to the left of the y
axis. MRD, minimal residual disease; HSCT, allogeneic hematopoietic stem cell transplantation. b, Dot plots showing the proportions of blasts (red)
and non-tumor cells (black) among all mononuclear cells from patients at 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 �ow cytometry with a population of CD22-
negative non-B cells with similar cell size in the same staining tube (blue) as negative control for evaluating CD22 expression level. The blasts were
de�ned based on the combined analysis of multiple makers. The number represents the proportion of blasts (red) in the four quadrants. c, Histogram
and mean �uorescence intensity of CD22 cell-surface expression in patient 03 and 04.
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Figure 5

Clinical response and change of CD22 expression in response to 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. Red dotted circle indicates the border of a leukemia mass. c, Dot plots showing the proportions of blasts (red) and non-tumor cells (black)
among all mononuclear cells from patients at indicated time points, and contour plots showing CD22 and CD19 expression on blasts (red) before and
after CD22-CARFH80 T cell therapy, determined by �ow cytometry with a population of CD22-negative non-B cells with similar cell size in the same
staining tube (blue) as negative control for evaluating CD22 expression level. The blasts were de�ned based on the combined analysis of multiple
makers. The numbers in the plot indicate the proportion of blasts in the four quadrants.
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Figure 6

E�cient expansion of CD22-CARFH80 T cells in peripheral blood a, Absolute number of CAR T cells (left panel) and the percentage of CAR T cells
among CD3+ T cells (right panel) in the peripheral blood of 8 patients who received CD22-CARFH80 T cell therapy. b, Representative dot plot, detected
by �ow 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. c, Swimmer plot showing the duration of B cell aplasia in bone marrow and
hypogammaglobulinemia in 4 patients who achieved complete remission but received no further treatments. Serum immunoglobulins and bone
marrow non-malignant B cells was determined by immunoturbidimetry and �ow cytometry respectively.
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Figure 7

Adverse events, and elevation in serum cytokine levels after CD22-CARFH80 T cell infusion a, Swimmer plot showing the grade, duration and
management CRS and ICANS in each patient. Color in the swimmer lane indicate the existence of a speci�c grade of CRS or ICANS on speci�c time
point during CAR T cell treatment. IT, intrathecal injection; IV, intravenous injection; CRS, Cytokine-release syndrome; ICANS, immune effector cell-
associated neurotoxicity syndrome. b, Symptoms of CRS and ICANS in individual patients during CD22-CARFH80 T cell therapy. Horizontal lines
indicate mean values of the grade of speci�c symptoms. c, Kinetics of serum cytokines indicative of systemic in�ammation in individual patients after
CAR T cell infusion, as determined by Quantikine enzyme-linked immunosorbent or chemiluminescence microparticle immunoassay. Dotted horizontal
lines indicate normal upper limit for speci�c cytokines.
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