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SUMMARY

Chimeric antigen receptor (CAR)-T therapy on acute myeloid leukemia (AML) is hindered by the absence of a

suitable tumor-specific antigen. Here, we propose CD97 as a potential target for CAR-T therapy against AML

based on its broader and higher expression on AML cells compared to normal hematopoietic stem and pro-

genitor cells (HSPCs). To resolve the fratricide problem caused by CD97 expression on T cells, we knock out

CD97 in CAR-T cells using CRISPR-Cas9. Our CD97KO CAR-T cells eliminate both AML cell lines and primary

AML cells effectively while showing tolerable toxicity to HSPCs. Furthermore, we mutate the CD3ζ domain of

the CAR and find that the optimized CD97 CAR-T cells exhibit persistent anti-tumor activity both in vitro and

in multiple xenograft models. Mechanistically, transcriptional profiles reveal that the optimized CAR-T cells

delay differentiation and resist exhaustion. Collectively, our study supports CD97 as a promising target for

CAR-T therapy against AML.

INTRODUCTION

Acute myeloid leukemia (AML) is a prevalent acute leukemia in

adults, characterized by the blocked differentiation and

abnormal proliferation of immature myeloid cells, leading to he-

matopoietic disorder and life-threatening cytopenia. The inci-

dence rate of AML tends to increase gradually with age, along

with a decline in overall survival. For example, over two-thirds

of AML diagnoses occurred in patients older than 55 years.

Meanwhile, for patients under 65, the overall survival rate is

approximately 40%–45%, while, for those older than 65, it drops

to only 10%–15%.1–4 Standard treatments, such as 7 + 3

regimen3 (cytarabine for 7 days and anthracycline for 3 days),

had moderate changes over the past decades. More than half

of patients experienced relapse within a year, and fewer than

one-third of adult patients achieved durable remission.5–7 The

inherent heterogeneity of AML blasts,8,9 coupled with the resis-

tance of leukemia stem cells (LSCs) to chemotherapy,10–12 pre-

sents a formidable obstacle to the effective treatment of AML.

Chimeric antigen receptor (CAR)-T cell therapy has made

remarkable achievements13,14 in treating refractory or relapsed

B cell malignancies15 and multiple myeloma.16 However, the ef-

ficacy of CAR-T therapy in AML patients has fallen short of ex-

pectations. One major challenge is the absence of a lineage-spe-

cific target like CD19 in B cells. Most of the antigens expressed

on AML blasts and LSCs are also expressed on normal cells,

especially hematopoietic stem cells (HSCs). So far, CAR-T cells

targeting antigens such as Lewis Y,17 CD33,18 CD123,19

CD44v6,20 CLL-1,21 FLT-3,22 CD70,23 and Siglec-624 have

shown some effectiveness in preclinical AML models. Among
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these targets, CAR-T cells targeting CD33, CD123, and CLL-1

have been tested in clinical trials. However, few successful cases

have been reported25–27 due to the high heterogeneity of AML

blasts. Besides, many of them could induce off-tumor toxicity

to normal hematopoiesis due to the shared antigen expression

on HSCs, resulting in granulocytopenia, anemia, thrombocyto-

penia, etc.25,27–30

CD97, encoded by ADGRE5, belongs to the adhesion G pro-

tein-coupled receptor (aGPCR) family. Numerous studies have

highlighted the role of CD97 in promoting the invasion of

various tumor cells, including those from colorectal,31 thy-

roid,32 liver,33 gastric,34 brain,35 and prostatic cancer.36 Previ-

ously, it has been demonstrated that CD97 is up-regulated in

primary AML cells and LSCs compared to the normal bone

marrow (BM) cells.37–39 Notably, CD97 exhibits a minimal

expression level in HSCs.39,40 High CD97 expression in AML

is also associated with poor survival.40,41 Additionally, CD97

plays a crucial role in the proliferation and survival of AML

blasts and LSCs, maintaining their undifferentiation state.40

All these pieces of evidence suggest that CD97 could be a suit-

able target for AML treatment.

In this study, we evaluated the therapeutic efficacy of CAR-T

cells targeting CD97 for AML treatment. Based on the second-

generation CAR design, we proved that CD97 CAR-T cells could

eliminate AML cells both in vitro and in vivo, with tolerable toxicity

to hematopoietic stem and progenitor cells (HSPCs). Through

optimization of the co-stimulatory and the activation domain,

we found that a CAR design encoding a single immunoreceptor

tyrosine-based activation motif (ITAM) exhibited sustained anti-

tumor activity in both representative AML cell lines and patient-

derived xenograft (PDX) models by balancing effector and mem-

ory programs. Our data support CD97 as a promising target for

CAR-T therapy against AML.

RESULTS

CD97 is a suitable target for CAR-T therapy against AML

To assess the suitability of CD97 as a target against AML, we

initially examined CD97 expression on BM cells in AML patients

and healthy individuals using Gene Expression Profiling Interac-

tive Analysis (GEPIA2)42 and GEO43 database. We found that

CD97 was expressed at higher levels in AML blasts from patients

compared to normal BM cells and HSCs from healthy individuals

(Figures S1A and S1B). There was no significant difference of

CD97 expression between CD34+ LSCs and CD34− AML blasts,

but both groups displayed much higher CD97 expression than

normal CD34+ HSPCs (Figure 1A). Kaplan-Meier analysis

showed a strong correlation between high CD97 expression

and poor survival (Figure S1C). Moreover, we observed consis-

tently elevated CD97 expression across multiple karyotypes

(1,793/1,800 above the average of HSCs, same below) using

the BloodSpot database44 (Figure 1B). In comparison to other

targets against AML under clinical trials, targeting CD97 pro-

vides more extensive coverage than CD33 (1,680/1,800,

Figure S1D), CD123 (1,662/1,800, Figure S1E), and CLL-1

(1,524/1,800, Figure S1F). Furthermore, we validated high

CD97 expression on the surface of multiple AML cell lines

belonging to different French-American-British (FAB) subtypes

through immunoblotting (Figure S1G) and flow cytometry

(Figure 1C). For primary AML cells derived from BM of 14 AML

patients with diverse FAB subtypes and mutational profiles

including FLT-3 and RAS mutations that are often therapeutically

resistant in the AML clinic, all specimens were CD97 positive

(Figures 1D and S1H and Table S1). Collectively, these data sug-

gest that CD97 is broadly and highly expressed in AML cell lines

and primary AML specimens, and this elevated CD97 expression

is associated with poor survival in the clinic, which is consistent

with previous studies.37–41 Thus, CD97 is a potential target for

CAR-T therapy against AML.

Generation and characterization of CD97-targeting

CAR-T cells

We generated a CAR construct with CD97-specific single-chain

variable fragments (scFv) derived from a murine monoclonal

antibody, followed by a CD28 hinge and transmembrane

domain, CD28 co-stimulatory domain, and a CD3ζ activation

domain. Enhanced green fluorescent protein (EGFP) was used

as an indicator of CAR expression (Figure 2A). To account for

the potential impacts of the variable heavy-chain (VH) and vari-

able light-chain (VL) order on scFv properties and functions, we

generated two CAR variants: CD97-HL and CD97-LH CARs

(Figure 2A). Both CARs were successfully expressed in T cells

transduced by retrovirus (Figure 2B). However, only CD97-HL

CAR-T cells effectively killed various AML cell lines (Figure 2C)

and produced effector cytokines tumor necrosis factor alpha

(TNF-α) and interferon (IFN)-γ in an antigen-dependent way

(Figures S2A–S2E). Therefore, we chose the scFv with the VH-

VL order for the subsequent experiments.

CD97 is also expressed on the T cell surface, as indicated by

the BloodSpot database (Figure 2D). Flow cytometry confirmed

that CD97 was constitutively expressed on T cells and even up-

regulated after stimulation by CD3/CD28 beads (Figure 2E),

which was reproducible in multiple donors (Figure S2F). Thus

CD97-targeting CAR-T cells may show fratricide effects. Indeed,

72 h after transduction, we observed a rapid decline in CAR-T

cell viability (Figure 2F) and failure of expansion (Figures 2G

and 2H). In contrast to CD97-HL CAR, CD97-LH CAR-T cells

were spared from fratricide (Figures 2F–2H), consistent with their

much lower effector functions (Figures 2C and S2A–S2D). Addi-

tionally, fratricide resulted in enrichment for CAR+ T cells, ex-

plaining why the percentage of CD97-HL CAR+ cells was much

higher than that of CD97-LH CAR+ cells (Figure 2B). Together,

these findings demonstrated that CD97 expression on T cells

caused severe fratricide in CD97-targeting CAR-T cells,

requiring further refinement of the CAR-T construct.

CD97KO-9728z CAR-T cells mitigated the fratricide and

exerted both in vitro and in vivo anti-tumor efficacy

To alleviate fratricide, we employed CRISPR-Cas9 to knock out

the CD97 encoding gene, ADGRE5. Among the limited single

guide RNAs (sgRNAs) generated by the online tools (https://

www.benchling.com), we selected two sgRNAs with high effi-

ciency scores, sg1444 and sg1732, which target the coding

sequence region of ADGRE5 but not the homologous

ADGRE1-4 (TableS2). Besides, these twosgRNAs coverall 4 iden-

tified transcripts of ADGRE5 (Figure S3A). To compare the

Please cite this article in press as: Shang et al., CD97-directed CAR-T cells with enhanced persistence eradicate acute myeloid leukemia in diverse

xenograft models, Cell Reports Medicine (2025), https://doi.org/10.1016/j.xcrm.2025.102148

2 Cell Reports Medicine 6, 102148, June 17, 2025

Article
ll

OPEN ACCESS

https://www.benchling.com
https://www.benchling.com


knockout efficiency of two sgRNAs, we delivered the PX33045

plasmid containing Cas9 gene and sgRNA into primary T cells by

electroporation. The knockout efficiency of sg1444 (29.0%) was

much higher than that of sg1732 (5.6%) (Figures S3B and S3C).

Consequently, we chose sg1444 for further validation. To further

enhance the knockout efficiency, we purified Cas9 protein and

synthesized sg1444 to form a ribonucleoprotein (RNP) complex.46

Indeed, the efficiency of CD97 knockout by sg1444 could reach

67.2% (Figures S3D and S3E). Therefore, we used sg1444 and

Cas9 RNP for the subsequent experiments to knock out CD97.

Figure 1. CD97 expression in AML patients and cell lines

(A) CD97 expression in normal CD34+ bone marrow cells (n = 31, negative control, NC) and AML bone marrow cells (n = 46 or 44) using data from GEO: GSE30029.

(B) CD97 expression level in healthy cells and different karyotypes of AML cells using data from BloodSpot (n = 1,800). HSC, hematopoietic stem cell; MPP,

multipotential progenitor; CMP, common myeloid progenitor; GMP, granulocyte monocyte progenitor; MEP, megakaryocyte-erythroid progenitor; PM, pro-

myelocyte; MM, metamyelocyte.

(C and D) Flow cytometry analysis of CD97 expression on (C) AML cell lines and (D) primary patient cells. Histograms show staining with anti-CD97 monoclonal

antibody (red) and the isotype control antibody (gray). Inset numbers indicate the CD97 positive percentage.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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Figure 2. CD97 CAR-T cells recognize and eliminate AML cells in vitro but cause fratricide

(A) Schematic of two CD97 CAR constructs. HL and LH stand for two different orders of VH and VL in scFv. TM, transmembrane domain; P2A, Porcine teschovirus

2A sequence.

(legend continued on next page)
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A previous study has illustrated that integrating CD19 CAR to

the T cell receptor α constant (TRAC) locus not only reduced

tonic signaling and delayed differentiation but also enhanced

anti-tumor potency in an acute lymphoblastic leukemia model

compared to CAR-T cells produced by retroviral transduction.47

Our prior studies have also proved that this strategy is beneficial

to CAR-T cells targeting other antigens, such as CD748 and

CD38.49 Therefore, we adopted a similar strategy of inserting

CD97 CAR to the TRAC locus and knocking out ADGRE5 at

the same time, generating CD97KO-9728z CAR-T cells

(Figure 3A). 7 days after CD97 knockout and CAR transduction,

flow cytometry results showed that all CAR-T cells were CD97

negative and enriched to a high CAR-positive percentage

(Figure 3B). CD97KO-9728z CAR-T cells exhibited potent cyto-

toxicity against four different AML cell lines (Figure 3C), along

with the ability to secrete cytokines and proliferate in an anti-

gen-dependent manner (Figures S4A and S4B). Moreover,

CD97KO-9728z CAR-T cells had similar viability to untransduced

T cells 6 days after CAR transduction (Figure S4C) and showed a

14.55-fold expansion (Figure S4D), suggesting that CD97

knockout could effectively alleviate fratricide.

To evaluate the anti-leukemic activity of CD97KO-9728z CAR-T

cells in vivo, we established a murine xenograft model in which

M-NSG mice received tail vein injection of HL-60 cells that were

modified to express firefly luciferase (FFLuc). 4 days later, mice

received a single dose of 5 × 106 CD97KO-9728z CAR-T cells or

untransduced T cells (Figure 3D). We found that CD97KO-9728z

CAR-T cells significantly impeded AML progression and extended

survival compared to the untransduced T cells (Figures 3D–3F),

which was consistent with the results found using another T cell

donor (Figures S4E–S4G). Overall, these data implied that our

CD97KO-9728z CAR-T strategy combining the insertion of CD97

CAR to TRAC locus and deletion of ADGRE5 mitigated the fratri-

cide and delayed AML progression.

CD97KO-9728z CAR-T cells eliminated primary AML

cells while tolerating HSPCs

Next, we evaluated whether our CD97KO-9728z CAR-T cells

could effectively kill the primary AML cells from patients. We

co-cultured CAR-T cells or untransduced T cells with primary

AML cells and then quantified the absolute cell number of resid-

ual AML cells by flow cytometry (Figure S5A). Our results showed

that CD97KO-9728z CAR-T cells could specifically eliminate

different AML cells from 7 patients (Figure 4A). Though we

observed a positive correlation between CD97 expression level

in AML specimens and cytotoxicity of CAR-T cells, the difference

was not statistically significant at the 1:1 or 2:1 ratio due to the

limited sample size (Figure S5B).

On-target, off-tumor toxicity is a major safety concern in

CAR-T therapy. To assess the potential hematopoietic toxicity

of CD97-targeting CAR-T cells, we co-cultured normal HSPCs

with CD97KO-9728z CAR-T cells. HSPCs were isolated from um-

bilical cord blood using CD34-specific microbeads, followed by

co-culture with CAR-T cells or untransduced T cells, and subse-

quently subjected to a colony-forming unit (CFU) assay.

Although both CD34+CD38− HSCs and CD34+CD38+ hemopoi-

etic progenitor cells (HPCs) were CD97 positive in two donors,

the expression level in HSPCs was much lower than that in

AML cell line or activated T cells (Figure 4B). Further, the CFU

assay revealed that our CD97-targeting CAR-T cells did not

impact HSPCs’ multi-lineage differentiation potential compared

to control groups (Figure 4C). The direct cytotoxicity assay

further indicated a minimal cytotoxic effect on HSCs in compar-

ison to tumor cells (Figure 4D). For BM-derived HSPCs, we

tested CD34+ cells obtained from peripheral blood (PB) of a

healthy donor treated with mobilizing agents. These cells also

expressed CD97 molecule (Figure S5C) and maintained func-

tionality in the CFU assay after co-culturing with CAR-T cells

(Figure S5D). However, an increased sensitivity to CAR-T cell-

mediated lysis was observed in BM-derived CD34+ cells

compared to CD34+ cells sourced from umbilical cord blood

(Figures 4D and S5E). Taken together, these data showed that

CD97KO-9728z CAR-T cells could effectively eliminate various

primary AML cells while exerting tolerable toxicity to hematopoi-

esis, indicating CD97 as a suitable target for AML treatment.

CD97KO-9728z-1XX CAR-T cells displayed superior anti-

tumor activity

CD97KO-9728z CAR-T cells exhibited certain anti-tumor effects

but were unable to control tumor growth for an extended period

even with two injections of CAR-T cells (Figure S6). Additionally,

the rapid relapse was not due to the loss of CD97 expression on

the tumor cells (Figures S4H and S4I). Therefore, we decided to

optimize the co-stimulatory or activation domain of the CAR for

better anti-tumor functions. Cytosolic domains of CD28 and

4-1BB are two commonly used co-stimulatory domains in CAR

design.50 Recently, it has been demonstrated that inactivating

of the last two ITAMs in CD3ζ of CD28-based CAR could

enhance anti-tumor effect of CAR-T cells in both hematologic51

and solid tumors.52,53 Hence, we generated CD97KO-97BBz and

CD97KO-9728z-1XX CAR (Figure 5A) to compare with CD97KO-

9728z CAR.

(B) Representative CD97 CAR expression (EGFP) after transduction of T cells compared to the untransduced (UTD) T cells.

(C) Representative cytotoxicity of indicated CAR-T cells against FFLuc-expressing AML cell lines (HL-60, OCI-AML2, OCI-AML3, and MOLM-13) via co-culturing

for 18 h from one of at least 3 independent experiments and donors. Assays were performed in triplicate, and data represent the mean ± SEM. Statistical analysis

was conducted between CD97-HL and UTD T cells or CD97-LH and UTD T cells.

(D) CD97 expression on CD4+ and CD8+ T cells compared to normal HSCs and HPCs (hematopoietic progenitor cells) using data from BloodSpot.

(E) Representative CD97 expression levels on non-activated and activated T cells. Isotype antibody was used as a negative control. Inset numbers indicate the

CD97-positive percentage or mean fluorescence intensity (MFI).

(F) Viability of UTD T cells, CD97-HL, and CD97-LH CAR-T cells on 2 days after CAR transduction for 4 different donors.

(G) Representative viability changes during in vitro expansion from one of at least 3 independent experiments and donors.

(H) Representative expansion results from one of at least 3 independent experiments and donors. Statistical analysis was conducted between CD97-HL and UTD

T cells or CD97-LH and UTD T cells.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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All three CARs had a similar expression level (Figure 5B). Cyto-

toxicity assay revealed that CD97KO-97BBz CAR induced com-

parable tumor cell lysis to that of CD97KO-9728z CAR, while

CD97KO-9728z-1XX CAR-T cells showed slightly lower cytotox-

icity at low E/T ratios against MOLM-13 (Figures 5C and S7A).

Meanwhile, CD97KO-9728z-1XX CAR-T cells produced the

lowest effector cytokines (Figure S7B), consistent with the cyto-

toxicity results. In the absence of antigen stimulation, all three

CAR-T cells showed minimal proliferation, while CD97KO-9728z

CAR-T cells exhibited greater proliferation than the others

after antigen stimulation (Figures S7C–S7E). However, in

long-term proliferation assessment with weekly stimulation,

CD97KO-9728z CAR-T cells lost expansion ability after the sec-

ond round of stimulation. In contrast, CD97KO-9728z-1XX

CAR-T cells outperformed the others, achieving more than a

137-fold expansion after two rounds of stimulation (Figure 5D).

In experiments involving various T cell donors and tumor models,

CD97KO-9728z-1XX CAR-T cells consistently displayed superior

long-term proliferative capacity (Figure S7F). Furthermore,

CD97KO-9728z-1XX CAR-T cells demonstrated the lowest

expression levels of PD-1 and LAG-3 after stimulation with

different tumor cells (Figures S7G and S7H). Notably, CD97KO-

9728z-1XX CAR-T cells also mitigated cytotoxic effects on

HSPCs derived from BM (Figure S5E). However, additional do-

nors are needed to further validate this phenomenon.

In the HL-60 xenograft mouse model, despite all three CAR-T

cells exhibiting similar effects in the first two weeks, CD97KO-

9728z and CD97KO-97BBz CAR-T cells eventually lost control

of tumor progression (Figures 5E–5G), consistent with the

in vitro long-term proliferation results (Figures 5D and S7F). In

stark contrast, CD97KO-9728z-1XX CAR-T cells could achieve

complete tumor control (Figures 5E–5G). Meanwhile, in a sepa-

rate survival study, CD97KO-9728z-1XX CAR-T cells significantly

extended median survival to 87 days, in contrast to 47 days

observed for the other two CAR-T therapies (Figure S8).

To comprehensively evaluate the anti-tumor efficacy of

CD97KO-9728z-1XX CAR-T cells, we challenged these CAR-T

cells in two additional AML xenograft mouse models. In contrast

to the M2 subtype HL-60 cells, OCI-AML2 cells exhibited lower

level of CD97 expression (Figure S7I) and were classified as

M4 subtype.54 Consistent with the findings in the HL-60 model,

CD97KO-9728z-1XX CAR-T cells significantly extended median

survival to 89 days, compared to 47 days and 54 days for the

other two CAR-T cells therapies (Figure S9). In the case of

MOLM-13 cells, which are characterized by higher CD97

expression (Figure S7I) and classified as M5 subtype,54 both

CD97KO-9728z and CD97KO-97BBz CAR-T cells failed to inhibit

tumor growth. Conversely, CD97KO-9728z-1XX CAR-T cells

completely eradicated tumor cells, resulting in sustained com-

plete responses in all five mice (Figures S10A–S10C). Upon tu-

mor rechallenge at day 84, even though they ultimately could

not prevent tumor progression, CD97KO-9728z-1XX CAR-T cells

exhibited some persistence compared to the control group

(Figure S10D).

In conclusion, these data indicated that CD97KO-9728z-1XX

CAR-T cells displayed markedly enhanced persistence and su-

perior anti-AML activity in multiple preclinical mouse models.

CD97KO-9728z-1XX CAR-T cells displayed distinct

immunophenotypes and transcriptional signatures

To study why CD97KO-9728z-1XX CAR-T cells exhibited supe-

rior therapeutic efficacy, we sacrificed mice at day 41

(Figure 5E) in the HL-60 model to analyze the CAR-T cells from

blood, spleen, and BM (Figure S16). Only a minimal quantity of

tumor cells could be detected in the BM of mice treated with

CD97KO-9728z-1XX CAR-T cells (Figure 6A). Simultaneously, a

substantial number of CAR-T cells were observed in the blood

and spleen (Figure S11A). In the BM, the CD97KO-9728z-1XX

CAR group displayed a significantly higher ratio of CAR-T cell

number to tumor cell number (Figure 6B), consistent with the

observation of complete remission. Furthermore, the distribution

of CD4 and CD8 in CD97KO-9728z-1XX CAR-T cells differed

significantly from other groups. In either the BM (Figures 6C

and 6D) or the spleen (Figures S11B and S11C), CD97KO-

9728z-1XX CAR-T cells were predominantly composed of

CD4-positive cells, while the other two CAR-T cells had a higher

proportion of CD8-positive cells.

Immunophenotypic analysis revealed that BM-derived

CD97KO-9728z-1XX CAR-T cells exhibited a higher proportion

of CD45RA− CD62L+ central memory and CD45RA− CD62L−

effector memory phenotype, accompanied by a lower frequency

of CD45RA+CD62L− effector phenotype (Figures 6E and 6F).

However, the memory phenotype in CD4+ CAR-T cells is different

from that in CD8+ CAR-T cells derived from BM (Figures S11F–

S11I). This memory phenotype pattern was similarly observed in

CD97KO-9728z-1XX CAR-T cells from the spleen (Figures S11D

and S11E). Regarding exhaustion, TIM-3 and LAG-3, but not

PD-1, were significantly lower in CD97KO-9728z-1XX CAR-T cells

Figure 3. CD97KO-9728z CAR-T cells show anti-leukemic activity in AML cell lines both in vitro and in vivo

(A) Schematic of CRISPR-Cas9-targeted TRAC and ADGRE5 genes knockout and 9728z CAR sequence integration. LHA and RHA, left and right homology arm;

2A, the Porcine teschovirus 2A sequence (dark gray) or Thosea asigna virus 2A sequence (light gray); pA, bovine growth hormone polyA sequence. The rectangles

represent the exons of each gene.

(B) Representative CD3, CD97 (top), and CAR (bottom) expression (EGFP) 7 days after TRAC and ADGRE5 genes knockout and CAR sequence integration. Blank

means unstained cells as negative control.

(C) Representative cytotoxicity of indicated CAR-T cells against FFLuc-expressing AML cell lines (HL-60, OCI-AML2, OCI-AML3, and MOLM-13) via co-culturing

for 18 h from one of at least 3 independent experiments and donors. Assays were performed in triplicate, and data represent the mean ± SEM.

(D) Top: schematic of HL-60 xenograft model following CAR-T therapy. 5 × 106 CAR-T cells were injected 4 days after engraftment of 1 × 106 FFLuc-expressing

HL-60 cells. Bottom: representative bioluminescence imaging (BLI) results of tumor burden at indicated days are shown (n = 5 for each group).

(E) Kinetics of tumor progression (average radiance) evaluated by BLI. Data are shown as mean ± SEM in log scale. Statistical analysis was conducted between

untransduced (UTD) T cells and CD97KO-9728z groups.

(F) Kaplan-Meier survival curve of mice treated with PBS, UTD T cells, or CD97KO-9728z CAR-T cells.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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compared to the other two variants (Figure S12A). CD97KO-

9728z-1XX CAR-T cells exhibited substantially lower TIM-

3+LAG-3+, PD-1-+TIM-3+, or PD-1+LAG-3+ cells than the other

two (Figures 6G, 6H, and S12C–S12F). A similar pattern of

exhaustion was observed in CAR-T cells derived from the spleen

(Figures S12B, S12G, and S12H). These findings indicated that

CD97KO-9728z-1XX CAR-T cells possessed a less exhausted

profile, suggesting a more sustained functional capacity than

the alternative CAR-T cell types.

To further characterize their distinct functional and immuno-

phenotypic patterns, we compared the transcriptional profiles

of CD97KO-9728z-1XX and CD97KO-9728z CAR-T cells after

three rounds of repeated stimulation with tumor cells in vitro

(Figure S13A). Principal-component analysis revealed clustering

of samples was based on CAR type (Figure S13B). Differential

gene analysis indicated that the majority of differentially ex-

pressed genes were associated with T cell effector functions,

differentiation, and, notably, exhaustion (Figure S13C). As ex-

pected, CD97KO-9728z CAR-T cells displayed a more pro-

nounced exhaustion profile, characterized by the upregulation

of exhaustion-associated markers such as PDCD1 and LAG-3,

along with the elevated expression of transcription factors asso-

ciated with T cell dysfunction, such as NR4A1-3, TBX21, BATF,

and IRF4 (Figure 6I). In alignment with in vitro results, genes

A

B C

D

Figure 4. CD97KO-9728z CAR-T cells eliminate primary AML specimens while tolerating normal HSPCs

(A) Cytotoxicity of CAR-T cells against primary AML specimens from 7 patients. Assays were performed in triplicate, and data represent the mean ± SEM. UTD,

untransduced.

(B) Flow cytometry analysis of CD97 expression on CD34+ HSPCs, CD34+CD38− HSCs, and CD34+CD38+ HPCs from cord blood of 2 donors. OCI-AML2 cells

and activated T cells are used for positive control. Inset numbers indicate the MFI.

(C) CFU assay was performed with residual live HSPCs from 2 donors after 4 h of co-culture with CD97KO-9728z CAR-T cells or UTD T cells or medium at an E/T

ratio of 1:1 in triplicate. Data show the absolute number of indicated colonies (mean ± SEM). CFU-E, colony-forming unit erythroid; BFU-E, burst-forming unit

erythroid; CFU-G/M, colony-forming unit granulocyte/macrophage; CFU-GEMM, colony-forming unit granulocyte, erythrocyte, monocyte, megakaryocyte.

(D) Cytotoxicity of CAR-T cells against HSCs from cord blood. Fresh isolated CD34+CD38− Lin− HSCs or HL-60 cells were co-cultured with UTD T cells or CAR-T

cells or medium at an E/T ratio of 1:1 for 24 h. Assay was performed in triplicate, and data represent the mean ± SEM.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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up-regulated in CD97KO-9728z-1XX CAR-T cells were associ-

ated with naive, memory, and effector phenotypes, establishing

persistent anti-tumor capability (Figure 6I). Given that CAR uses

CD3ζ for downstream signal transduction, the T cell receptor

signaling intensity in CAR-T cells can serve as an indicator of

CAR signal strength. Gene set enrichment analysis (GSEA)

further demonstrated that CD97KO-9728z-1XX CAR-T cells ex-

hibited stronger CAR signaling and cytotoxicity, as well as a

greater potential for differentiation toward Th1, Th2, or Th17 cells

(Figures S13E–S13H). Gene ontology analysis suggested that

inflammation- and chemokine-related pathways were down-

regulated in CD97KO-9728z-1XX CAR-T cells (Figures S13D,

S13I, and S13J), which is consistent with lineage differentiation

of CD97KO-9728z-1XX CAR-T cells and concordant with previ-

ous CD3ζ mutation study.51 Together, we concur with the notion

that this finely tuned CAR signal intensity could induce a decel-

eration of T cell differentiation processes, ultimately leading to

more persistent anti-tumor activity.

CD97KO-9728z-1XX CAR-T cells suppressed AML

progression and eliminated leukemia stem and

progenitor cells in PDX models

We subsequently assessed the therapeutic efficacy of CD97KO-

9728z-1XX CAR-T cells against heterogeneous primary AML

specimens with differing intensity of CD97 expression, different

FAB subtypes, and distinct mutational profiles using PDX

models. PDX #1 established from engraftment of AML-1, char-

acterized by high percentage expression of the CD97

(Figure S15A) and FAB-M1 subtype (Table S1), was success-

fully engrafted in the immunodeficient NSG-S mice 7 days

post-tail vein injection (Figure S14A). The mice then received

a single dose of 5 × 106 CD97KO-9728z-1XX CAR-T cells and

were observed for tumor progression afterward (Figures 7A

and S14B). Our observations indicated that the CAR-T cells

effectively suppressed AML progression, resulting in the com-

plete elimination of primary AML cells in both PB (Figure 7B)

and BM (Figures 7C and 7D) tissues. In contrast to a typical

pallor morphology seen in the femurs and tibias of control

mice filled with high leukemia burden, the CAR-T-treated group

exhibited a deep red marrow morphology (Figure 7E), suggest-

ing successful restoration of normal hematopoiesis. Further-

more, tSNE analysis of multicolor flow cytometry results re-

vealed the presence of CD34+ CD117+ leukemia stem and

progenitor cells (LSPCs) within the BM of control mice, which

were completely eradicated in mice that received CAR-T ther-

apy (Figures 7F–7H and S14C).

To functionally validate the efficacy of CAR-T cells in eradi-

cating LSCs, we utilized a secondary transplantation model to

measure the activity of LSCs from primary engrafts (Figure 7A).

The persistence of AML LSCs was evident in the control group,

as AML recurred and progressed upon secondary transplanta-

tion (Figures 7I and 7J). Moreover, the morphology of the femurs

and tibias from control mice exhibited a high leukemia burden

(Figures S14D and S14E). In contrast, no AML cells were detect-

able in the PB or BM of mice following secondary engraftment

with cells from the CAR-T treatment group (Figures 7I, 7J, and

S14D–S14E). Similar results were observed in another PDX

model engrafted with AML2 with a differing FAB-M5b subtype

and mutational profile (Table S1), expressing CD97 at a different

intensity (Figure S15). Collectively, these data robustly illustrated

the potent efficacy of CD97KO-9728z-1XX CAR-T cells in elimi-

nating both bulk and LSPCs in primary AML cells, despite their

phenotypic and genetic heterogeneity.

DISCUSSION

Over the past decade, CAR-T therapy has demonstrated

remarkable success in treating hematopoietic malignancies,

particularly in B cell malignancies and multiple myeloma. Howev-

er, one major challenge of CAR-T therapy in AML is a suitable

target. Many targets are not exclusive to AML blasts and are

also expressed on normal HSPCs. Clinical trials showed that

CAR-T cells targeting CD3318 or CD12319 are effective for

AML. Nevertheless, these antigens are present on normal

HSPCs,30 raising concerns about hematopoietic toxicity

following adoptive cell therapy. Consequently, HSC transplanta-

tion has become necessary to reconstitute normal hematopoie-

sis.25,26,28–30 In addition to clinical insights, large-scale omics an-

alyses make valuable contributions to overcoming these

obstacles. Recent reports have identified potential targets for

CAR-T therapy in AML, including ADGRE2, CCR1, CD70, and

LILRB2 in one study55 and CSF1R and CD86 in another study,56

demonstrating their effectiveness in eliminating AML blasts and

safety in sparing HSCs. The expanding tool library for CAR-T

therapy in AML indicates a promising trend toward greater diver-

sity in target selection in the future.

In this context, we present CD97 as a feasible target for CAR-T

therapy in AML. Previous studies have shown that CD97 is not

Figure 5. CD97KO-9728z-1XX CAR-T cells exhibit persistence and effectively control AML in a xenograft model

(A) Schematic of three different CAR designs. TM, transmembrane domain; T2A, Thosea asigna virus 2A sequence.

(B) Representative CD97 and CAR expression (EGFP) on 7 days after TRAC and ADGRE5 genes knockout and CAR sequence integration. UTD, untransduced.

(C) Representative cytotoxicity of indicated CAR-T cells against FFLuc-expressing HL-60 cells via co-culturing for 18 h from one of at least 3 independent

experiments and donors. Assay was performed in triplicate, and data represent the mean ± SEM.

(D) Representative cumulative cell numbers of indicated CAR-T cells upon weekly stimulation with HL-60 cells. Data represent the mean ± SEM of triplicates.

Statistical analysis was performed comparing CD97KO-9728z-1XX or CD97KO-97BBz to CD97KO-9728z. Arrows mean we stimulated CAR-T cells with HL-60 cells

at the indicated time.

(E) Top: schematic of HL-60 xenograft model following CAR-T therapy. 5 × 106 CAR-T cells were injected 4 days after engraftment of 1 × 106 FFLuc-expressing

HL-60 cells. Bottom: representative BLI results of tumor burden at indicated days are shown (n = 4 or 6 for each group).

(F) Kinetics of tumor progression (average radiance) evaluated by BLI. Data are shown as mean ± SEM in log scale. Statistical analysis was shown comparing

CD97KO-9728z-1XX or CD97KO-97BBz to CD97KO-9728z.

(G) Tumor burden of mice in each group is shown.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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only up-regulated in AML patients and LSCs but also important

for the proliferation and survival of AML blasts and LSCs.37–41

As an aGPCR, CD97 activation requires autoproteolysis at a

conserved G protein-coupled receptor proteolysis site upon

ligand binding or mechanical force.57,58 The structure of

CD97’s active conformation was only revealed recently.59,60

Currently, except for a CD97-targeting antibody-drug conjugate

for glioblastoma,61 no CD97-related drugs have been reported.

Thus, CAR-T cells could be an alternative approach to target

CD97-expressing tumor cells, such as AML.

Our data revealed that CD97 was up-regulated in nearly all AML

patients compared to normal HSCs, providing a broader scope of

coverage than existing targets such as CD33, CD123, and CLL-1

that are currently under investigation in clinical trials. In our collec-

tion of 14 AML patients, all the samples exhibited positive CD97

expression. Moreover, our CD97 CAR-T cells effectively elimi-

nated AML cells derived from diverse patient samples. CD97

expression extended to different AML cell lines across varied

FAB subtypes, consistent with CD97-targeting CAR-T cell’s effi-

cacy in both in vitro and in vivo models. Importantly, the expres-

sion level of CD97 on CD34+ HSPCs derived from cord blood or

BM was notably lower than that observed in AML cell lines or acti-

vated T cells. Furthermore, CFU assay indicated negligible toxicity

to HSPCs. These results collectively demonstrate that CD97 is a

suitable target for CAR-T therapy in AML.

Given that CD97 is also expressed on the surface of T cells,

CD97 CAR-T cells would encounter fratricide during expansion.

To address this issue, we employed a strategy involving the

knockout of CD97 encoded gene, ADGRE5, and the insertion

of CD97 CAR transgene into the TRAC locus by CRISPR-Cas9

simultaneously. This approach markedly alleviated fratricide,

enabling normal expansion of CAR-T cells.

However, the in vivo performance of the original CD97KO-9728z

CAR-T cells fell short of our expectations. Consequently, we opti-

mized the CAR design by fine-tuning CD3ζ signaling through mu-

tations in the last two ITAMs. The refined CD97KO-9728z-1XX

CAR-T cells showed outstanding and persistent anti-tumor ef-

fects, thoroughly eliminating tumor cells in partial xenograft

models. Moreover, they also mitigated cytotoxicity on HSPCs. Im-

munophenotypic and transcriptional signatures revealed that

CD97KO-9728z-1XX CAR-T cells exhibited more memory-differ-

entiated profiles and less exhaustion. Previous study showed

that CD19-targeting CAR-T cells with the CD28 co-stimulatory

domain (1928z) displayed an effector phenotype and 1928z-1XX

CAR-T cells exhibited memory phenotype after single stimulation

by antigen-presenting cells.51 However, 9728z CAR-T cells in our

study displayed an exhausted phenotype after three repeated

stimulations, while 9728z-1XX showed not only a memory pheno-

type but also an effector phenotype. These results align with our

more challenging repeated-stimulation conditions, leading to

more activation and stimulation of CAR-T cells. Nevertheless, in

both CD19- and CD97-targeting CAR-T models, 1XX CAR-T cells

with only one ITAM showed delayed differentiation and persistent

anti-tumor activities compared to their wild-type CAR-T cell coun-

terparts, which is consistent with several CAR-T studies targeting

other antigens.51–53 Thus, mutating CD3ζ to 1XX in different

CAR-T cells is an effective and generalizable strategy to enhance

CAR-T cell functions.

AML arises from and is maintained by LSCs, leading to resis-

tance to standard therapies and frequent relapse.10–12,62 Target-

ing LSCs may be crucial for curing AML. However, cell line-

derived xenograft (CDX) models cannot effectively investigate

LSC functionality due to their homogeneous nature. In contrast,

PDX models preserve the original characteristics of the primary

tumor, including disease heterogeneity and LSCs, making

them powerful tools for cancer research.63 As anticipated, our

CD97KO-9728z-1XX CAR-T cells eliminated all AML cells,

including immunophenotypically and functionally defined

LSPCs, in two different AML PDX models, demonstrating

remarkable anti-leukemic activity.

In summary, our study establishes CD97 as a suitable target

for CAR-T therapy in treating AML. The engineered CD97

CAR-T cells exhibit potent anti-leukemic activity in vitro, in

CDX models and PDX models, while displaying tolerable toxicity

to HSPCs, suggesting that CD97 CAR-T cell therapy holds sig-

nificant promise as an effective treatment for AML.

Limitations of the study

In our study, the CD97 knockout efficiency was not optimal, with

approximately 30% of T or CAR-T cells still expressing CD97 on

their surface. This residual expression may induce moderate

fratricide, potentially affecting the therapeutic efficacy in vivo.

To address this, optimized sgRNAs are needed to improve the

knockout efficiency. Additionally, the safety assessment was

conducted exclusively in vitro. Further in vivo investigations us-

ing humanized CD97 mice would provide a more comprehensive

evaluation of the safety profile of our CD97-targeting CAR-T

cells, which is important for clinical translation.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Jie Sun (sunj4@zju.edu.cn).

Figure 6. CD97KO-9728z-1XX CAR-T cells display distinct immunophenotypes

Mice were sacrificed at day 41 post-CAR-T cell injection (n = 5 or 6 for each group).

(A) Representative HL-60 and CAR-T cell percentages in bone marrow. Absolute HL-60 and CAR-T cell number were calculated by counting beads.

(B) Statistics for the ratio of total CAR-T cell number/HL-60 cell number in bone marrow.

(C and D) (C) Representative CD4+ and CD8+ distribution in CAR-T cells and (D) statistics in bone marrow.

(E and F) (E) Representative memory phenotype of CAR-T cells in bone marrow determined by CD45RA and CD62L and (F) statistics for central memory

(CD45RA− CD62L+), effector memory (CD45RA− CD62L− ), and effector phenotypes (CD45RA+CD62L− ).

(G and H) (G) Representative exhaustion phenotype of CAR-T cells in bone marrow distinguished by TIM-3 and LAG-3 and (H) statistics. Data are shown as

mean ± SEM.

(I) Heatmap for selected genes related to indicated T cell phenotypes, including naive, memory, effector, and exhaustion.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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Materials availability

Plasmids requests can be directed to the lead contact.

Data and code availability

• RNA sequencing data have been deposited at China National

GeneBank (CNGB) databaseCNGB: CNP0007174 and are publicly

available as of the date of publication.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CD3 (UCHT1, APC-eFluorTM780) Thermo Fisher Scientific Cat# 47-0038-42; RRID: AB_1272042

Human CD45RA (HI100, eFluorTM506) Thermo Fisher Scientific Cat# 69-0458-41; RRID: AB_2637379

Human CD62L (DREG-56, eFluorTM450) Thermo Fisher Scientific Cat# 48-0629-42; RRID: AB_10853514

Human CD223 (LAG-3) (3DS223H,

PerCP- eFluorTM710)

Thermo Fisher Scientific Cat# 46-2239-42; RRID: AB_2573732

Human CD33 (WM53, BV421) BD Biosciences Cat# 562854; RRID: AB_2737405

Human CD34 (581, BV421) BD Biosciences Cat# 562577; RRID: AB_2687922

Human CD36 (CB38, APC) BD Biosciences Cat# 550956; RRID: AB_398480

Human CD4 (SK3, BV711) BD Biosciences Cat# 563028; RRID: AB_2737961

Human CD4 (SK3, BUV395) BD Biosciences Cat# 563550; RRID: AB_2738273

Human CD45 (HI30, Alexa Fluor® 700) BD Biosciences Cat# 560566; RRID: AB_1645452

Human CD64 (10.1, BV510) BD Biosciences Cat# 563459; RRID: AB_2738220

Human CD8 (SK1, APC-Cy7) BD Biosciences Cat# 557834; RRID: AB_396892

Human CD8 (SK1, BV605) BD Biosciences Cat# 564116; RRID: AB_2869551

Human CD11b (ICRF44, PE) BD Biosciences Cat# 555388; RRID: AB_395789

Human CD97 (VIM3b, PE) BD Biosciences Cat# 555774; RRID: AB_396110

Human CD279 (PD-1) (EH12.1, BV510) BD Biosciences Cat# 563076; RRID: AB_2737990

Human CD366 (TIM-3) (7D3, BV421) BD Biosciences Cat# 565562; RRID: AB_2744369

Mouse IgG1, κ isotype control antibody

(MOPC-21, PE)

BioLegend Cat# 400113; RRID: AB_326435

Mouse CD16/CD32 (93) BioLegend Cat# 101302; RRID: AB_312801

Human CD85k (ILT3) (ZM4.1, PE-Cyaine7) BioLegend Cat# 333011; RRID: AB_2564066

Human CD117 (c-kit) (104D2, BV605) BioLegend Cat# 313218; RRID: AB_2562025

Human CD97 polyclonal antibody ABclonal Cat# A3780; RRID: AB_2765268

Anti-GADPH mouse monoclonal antibody Proteintech Cat# 60004-1-Ig; RRID: AB_2107436

Biological samples

Healthy donor peripheral blood, fresh Zhejiang University N/A

Healthy donor peripheral blood,

mobilizing agents treated

The First Affiliated Hospital,

Zhejiang University

N/A

AML patient samples The First Affiliated Hospital,

Zhejiang University

N/A

Umbilical cord blood Zhejiang Cord Blood Bank N/A

Chemicals, peptides, and recombinant proteins

Cas9 protein This paper N/A

Recombinant Human IL-7 Novoprotein Cat# GMP-CD47

Recombinant Human IL-15 Novoprotein Cat# GMP-C016

RetroNectin Takara Cat# T100A

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit Invitrogen Cat# L10119

CountBrightTM absolute counting beads Invitrogen Cat# C36950

CTSTM DynabeadsTM CD3/CD28 Gibco Cat# 40203S

Critical commercial assays

Pan T cell Isolation Kit, human Miltenyi Biotec Cat# 130-096-535

CD34 MicroBead Kit UltraPure, human Miltenyi Biotec Cat# 130-100-453

MethoCult H4034 Optimum STEMCELL Cat# 04034
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

AML patient samples

All primary samples were obtained from The First Affiliated Hospital, Zhejiang University School of Medicine, after informed consent

and approval by the institutional medical ethical committee (2022-093). Bone marrow samples were obtained from AML patients

through bone marrow aspiration and mononuclear cells were isolated through density gradient centrifugation. Primary cells were

cultured in StemSpan SFEM II with 50 ng/mL SCF, 10 ng/mL TPO, 10 ng/mL FLT-3L, 10 ng/mL IL-3 and 10 ng/mL IL-6. The detail

information of each patient was shown in the Table S1.

Cell lines

293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum

(FBS) (Excell Bio) containing 1% penicillin/streptomycin (Gibco). For AML cell lines, HL-60 cells were cultured in Iscove’s modified

Dulbecco’s medium (IMDM) with 20% FBS and 1% penicillin/streptomycin. OCI-AML2 and OCI-AML3 cells were cultured in

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

AML samples with normal cells BloodSpot (v2.0) RRID: SCR_015563; Download:

https://www.bloodspot.eu/

AML samples with normal cells GEPIA2 RRID: SCR_018294; Download:

http://gepia2.cancer-pku.cn

RNA-seq data This paper CNGB: CNP0007174

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063

KG-1 ATCC Cat# CCL-246; RRID: CVCL_0374

Kasumi-1 ATCC Cat# CRL-2724; RRID: CVCL_0589

NB4 DSMZ Cat# ACC 207; RRID: CVCL_0005

HL-60 ATCC Cat# CCL-240; RRID: CVCL_0002

OCI-AML2 DSMZ Cat# ACC 99; RRID: CVCL_1619

OCI-AML3 DSMZ Cat# ACC 582; RRID: CVCL_1844

MOLM-13 DSMZ Cat# ACC 554; RRID: CVCL_2119

THP-1 ATCC Cat# TIB-202; RRID: CVCL_0006

U937 ATCC Cat# CRL-1593.2; RRID: CVCL_0007

Experimental models: Organisms/strains

NSG mouse: NOD.Cg-Prkdcscid

Il2rgem1Smoc (M-NSG)

Shanghai Model

Organisms Center

Cat# NM-NSG-001; RRID: IMSR_NM-NSG-001

NSG mouse: NOD.Cg-PrkdcscidIl2rgtm1WjlTg

(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ (NSG-S)

The Jackson Laboratory Cat# 013062; RRID: IMSR_JAX:013062

Oligonucleotides

TRAC sgRNA target sequence:

5′-CAGGGTTCTGGATATCTGT

GenScript N/A

CD97 sgRNA target sequence:

5′-TCTGAGCCACAACAACACCA

GenScipt N/A

Recombinant DNA

pSFG-aCD97-HL-P2A-EGFP This paper N/A

pSFG-aCD97-LH-P2A-EGFP This paper N/A

pAAV-aCD97-28z-T2A-EGFP This paper N/A

pAAV-aCD97-28z-1XX-T2A-EGFP This paper N/A

pAAV-aCD97-BBz-T2A-EGFP This paper N/A

Software and algorithms

GraphPad Prism v9.5.1 GraphPad Software N/A

FlowJo v10.8.1 BD Biosciences N/A

GESA_4.3.2 UC San Diego and Broad Institute N/A
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minimum essential medium (MEM) α (Gibco) with 20% FBS and 1% penicillin/streptomycin. KG-1, Kasumi-1, NB4, MOLM-13, THP-1

and U937 were all cultured in RPMI1640 (BasalMedia) with 10% FBS and 1% penicillin/streptomycin.

In vivo models

For cell line-derived xenograft models, 6-10 weeks-old NOD.Cg-PrkdcscidIl2rgem1Smoc (M-NSG) mice were purchased from Shanghai

Model Organisms Center and maintained at the Laboratory Animal Center, Zhejiang University. All the procedures were approved by

the ethical committee of Zhejiang University (20220178). Mice were inoculated with 1×106 HL-60-FFLuc-mCherry, OCI-AML2-

FFLuc-mCherry or MOLM-13-FFLuc-mCherry cells by tail vein injection. CAR-T cells were injected in the same way 4 or 7 days later.

To measure luminescence, mice were injected with D-luciferin intraperitoneally. Tumor burden was monitored by a Biospace Optima

small animal imaging system (Biospace Lab) or IVIS imaging system (PerkinElmer), and M3 vision software (Biospace Lab) or Living

Image software (PerkinElmer) was used to visualize and calculate luminescence.

For patient-derived xenograft models, both AML patient samples were obtained as donations with written informed consent and

with the approval of the local human subject research ethics board at The First Affiliated Hospital of Zhejiang University. The use of

the patient-derived primary AML cells was reviewed and approved by the Clinical Research Ethics Committee of the First Affiliated

Hospital, Zhejiang University School of Medicine (IIT20240068B). Primary human AML specimens were obtained from leukapheresis

product. As previously described,64 NOD.Cg-PrkdcscidIl2rgtm1WjlTg (CMV-IL3, CSF2, KITLG) 1Eav/MloySzJ (NSG-S) mice were used

in this study. Female mice ranging in age from 6 to 8 weeks were started on the experiment. Littermates were randomly assigned to

experimental groups. NSG-S mice were preconditioned 24 h prior to transplant with 30 mg/kg busulfan via intraperitoneal injection.

For primary transplantation, 5×106 cells were transplanted via tail vein injection. For secondary transplantation used to compare LSC

activity from primary transplants receiving control or CAR-T therapy, total bone marrow from equal number of primary transplanted

mice from both groups were harvested side by side. The cells from the CAR-T treated group were then flow sorted to remove EGFP+

CAR-T cells. After sorting of the CAR-T group, all cells from both groups were resuspended in equal volume and injected into same

number of secondary NSG-S recipients.

METHOD DETAILS

CAR design and construction

The scFv VH and VL sequences were derived from a murine CD97-specific antibody (CN110627903) and then synthesized commer-

cially (GenScript). For the retroviral system, the scFvs (VH-VL or VL-VH) replaced the original scFv of the SFG γ-retroviral vector con-

taining a second-generation 1928z CAR sequence.47,51 An EGFP gene was added after a P2A peptide sequence as a reporter for

CAR expression. For the AAV system, 9728z, 9728z-1XX or 97BBz CARs were cloned into a pAAV vector47,51 separately and

EGFP was inserted after CAR via a T2A peptide sequence to detect the CAR expression.

Isolation and expansion of human T cells

Peripheral blood was obtained from healthy volunteers who provided informed consent. Ethical permission was granted by the

School of Medicine, Zhejiang University (2020-067). All blood samples were handled following the required ethical and safety pro-

cedures. Peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral blood by Ficoll density gradient centrifuga-

tion (Dakewe). T cells were isolated from PBMCs using Pan T cell Isolation kit (Miltenyi Biotec) and then stimulated with CD3/CD28

T cell Activator Dynabeads (Gibco) for 48 h. X-VIVO 15 Serum-free Hematopoietic Cell medium (Lonza) with 10% FBS, 1% penicillin/

streptomycin, 5 ng/mL interleukin-7 (IL-7) and 5 ng/mL interleukin-15 (IL-15) (Novoprotein) was used for T cell cultivation.

gRNA sequence

TRAC gRNA sequence: 5′-mC*mA*mG*GGUUCUGGAUAUCUGUGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUC

CGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCU*mU*mU*mU-3′

CD97 gRNA sequence: 5′-mU*mC*mU*GAGCCACAACAACACCAGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGU

CCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCU*mU*mU*mU-3′

m represents 2′-O-methyl RNA and asterisk (*) represents phosphorothioate.

CAR-T cell production and gene targeting

To generate CD97-HL and CD97-LH CAR-T cells, retroviruses were produced by 293T cells. The anti-CD3/CD28 beads were used to

initiate T cell activation and removed magnetically after 48 h. T cells were transduced with retroviral supernatant by centrifugation on

retronectin (Takara)-coated plates. 24 h after transduction, cells were changed into fresh complete medium. To generate CD97KO-

9728z, CD97KO-9728z-1XX and CD97KO-97BBz CAR-T cells, 1 × 106 T cells were mixed with ribonucleoproteins (RNPs), which were

formed by mixing 60 pmol gRNA and 6 μg Cas9 in a total volume of 20 μL. Modified gRNAs were synthesized by GeneScript and Cas9

proteins were produced as described in the previous work.65 After being transferred to a 20 μL cuvette, electroporation was per-

formed by a cell electroporator (CELETRIX). Cells were then transferred into culture medium and AAV virus (Vigene Biosciences,

MOI = 2.5×105) was added 20 min later.
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Cell viability and cell number assay

A mixture of acridine orange (AO) and propidium iodide (PI) was used to stain viable and dead cells. Cell number and viability were

analyzed by a Countstar Rigel S3 Fluorescence Cell Analyzer (Countstar).

AML cell line cytotoxicity assay

The HL-60 cells, OCI-AML2 cells, OCI-AML3 cells and MOLM-13 cells were transduced to express FFLuc and sorted by mCherry.

For luciferase-based cytotoxicity assay, the effector (E) and target (T) cells were co-cultured in triplicates at indicated E/T ratios using

black 96-well flat plates (WHB) with 5×104 target cells in a total volume of 100 μL per well. Target cells alone were also plated at the

same cell density to determine the maximal luciferase expression (relative light units, RLU). 18 h later, 100 μL of 1.5 mg/mL luciferase

substrate (Perkin) was directly added to each well. Emitted light was detected in Varioskan Flash (Thermo Fisher Scientific). Lysis was

determined as [(RLUmax - RLUsample)/RLUmax] × 100%. If the value was negative, it was identified as zero. Unless specification, all

CAR-T cells have not undergone sorting for pure CAR positive cells. Instead, a mixed population was utilized for this and following

experiments.

Primary AML cells and HSPCs cytotoxicity assay

To evaluate the cytotoxicity on primary AML cells or HSPCs by CAR-T cells, primary AML cells or HSPCs were labeled with CytoTell

Red (AAT Bioquest) to distinguish primary tumor cells or HSPCs from CAR-T cells. Labeled cells were co-cultured with CAR-T cells or

UTD T cells at a ratio of 2:1 or 1:1 for 24 h in triplicate. All the cells were collected for flow cytometry. Dead cells were indicated by

DAPI staining and absolute cell counts of viable primary cells were quantified using CountBright Plus Absolute Counting Beads (In-

vitrogen). Lysis was determined as [(NumberTarget only – NumberTarget remain)/NumberTarget only] × 100%. NumberTarget only means the

cell number of target cells without co-culturing. NumberTarget remain means the remaining cell number of target cells following co-

culturing with CAR-T cells or UTD T cells.

Cytokine release measurement

To evaluate cytokine production ability, CAR-T cells were co-cultured with target cells at an E/T ratio of 4:1 for 24 h. Then, the cell

culture supernatant was harvested and Cytometric Bead Arrays (CBA, BD Biosciences) for TNF-α and IFN-γ were used according to

the manufacturer’s instructions. In brief, a mixture of capture beads (TNF-α or IFN-γ) and cell supernatant was incubated for 1 h and

then PE-detection reagent was added to incubate for another 2 h. Beads were washed and analyzed by flow cytometry.

Proliferation assay

For the proliferation assay, CAR-T cells were labeled with CytoTell Red according to the manufacturer’s instructions. Briefly, cells

were resuspended in pre-warmed D-PBS (KeyGEN BioTECH) at a final concentration of 1×106 cells/mL. Cell dye was added at

the suggested working concentration. The CAR-T cells were incubated with cell dye at 37◦C for 15 min and then washed three times

with D-PBS. Labeled CAR-T cells were further stimulated with HL-60 cells in triplicates at a ratio of 4:1. Also, labeled CAR-T cells

without stimulation were served as a control. After 72 h, cells were harvested and analyzed by flow cytometry.

Antigen stimulation and persistence assay

For weekly antigen stimulations, 5×105 CAR-T cells were co-cultured with AML cells (HL-60, OCI-AML2 or MOLM-13) at a ratio of 4:1

in 24-well plate. Total cells were counted and CAR expression as well as PD-1 and LAG-3 expression were determined weekly by flow

cytometry. Subsequently, CAR-T cells were restimulated under the same conditions.

Colony formation assay

Normal HSPCs were isolated from the umbilical cord blood of healthy donors using CD34 specific microbeads (Miltenyi Biotec). Bone

marrow derived HSPCs were isolated from the peripheral blood of a healthy donor treated with mobilizing agents via the same mi-

crobeads. After separation, 1×103 HSPCs were incubated with UTD or CAR-T cells, or medium at an E/T ratio of 1:1 for 4 h. Medium

was StemSpan SFEM II with 50 ng/mL SCF, 10 ng/mL TPO, 10 ng/mL FLT-3L, 10 ng/mL IL-3 and 10 ng/mL IL-6. After incubation, the

cell suspension was transferred to a methyl cellulose-based medium (MethoCult H4034 Optimum, STEMCELL) in triplicate. After

14 days, CFU-E, BFU-E, CFU-G/M and CFU-GEMM colonies were counted.

Immunoblotting assay

The cells were lysed in RIPA buffer (Beyotime) containing protease inhibitor cocktail (Yeasen) by ultrasonic cell disruptor (XinZhi). The

protein concentration of cell lysates was determined with the Enhanced BCA Protein Assay Kit (Beyotime) according to the manu-

facturer’s instructions. The samples were boiled with 5×SDS loading buffer at 95◦C for 10 min. For the immunoblotting assay, 30 μg

proteins were separated by SDS-PAGE and transferred onto a PVDF membrane (Bio-Rad). The membrane was blocked using 5%

bovine serum albumin (BSA, Sangon Biotech) in TBS-T (Tris-buffer saline containing 0.05% Tween 20) buffer for 1 h at room temper-

ature. The membrane was then probed with Rabbit anti-human CD97 polyclonal antibody (ABclonal) and Mouse anti-human GADPH

monoclonal antibody (Proteintech) overnight at 4◦C. After washing with TBS-T three times (10 min each), the membrane was probed
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with horseradish peroxidase (HRP)-conjugated antibody to rabbit IgG (Proteintech) or mouse IgG (Proteintech) for 1 h at room tem-

perature. The membrane was visualized with standard chemiluminescence (CLINX).

Flow cytometry

All flow cytometry experiments were performed using standard sample processing and staining protocols. Assays were performed

on CytoFLEX (Beckman Coulter), CytoFLEX LX (Beckman Coulter), Attune (Thermo Fisher Scientific) or BD LSRFortessa (BD Biosci-

ences). MoFlo Astrios EQ (Beckman Coulter) was used for cell sorting. CAR transgene positive T cells were identified by detection of

EGFP. Live cells were identified as staining negative for DAPI (Yeasen) or LIVE/DEAD Fixable NIR Dead Cell Stain Kit (Thermo Fisher

Scientific). Raw data were analyzed with the FlowJo software v.10.8.1. High-dimensional data analysis using dimensionality reduc-

tion and automated clustering of concatenated samples were performed in FlowJo via its native platform for running t-distributed

stochastic neighbor embedding.

Isolation of cells from bone marrow, spleen and blood

To analyze the immunophenotype of CAR-T cells, mice were sacrificed at day 41 after CAR-T cells administration. Bone marrow cells

were harvested from freshly isolated femurs and tibias. After removal of connective tissues and muscles, bones and spleens were

crushed in 5 mL PBS with 0.25% BSA. Single-cell suspensions were made by pipetting and passing supernatant through a

40 μm filter. Blood was collected from the submandibular vein. Red blood cells were lysed by ACK buffer (Solarbio) before further

usage.

Leukemia burden and immunophenotyping

As previous described,64 peripheral blood and/or bone marrow samples of PDX mice were stained with flow panels to evaluate leu-

kemia burden and immunophenotype. The leukemia burden flow panel contains antibodies against human CD33 (BD Horizon; cat. #

562854), CD8 (BD Horizon; cat. # 564116), CD4 (BD Horizon; cat. # 563028), CD97 (BD Pharmingen; cat. # 555774) and CD45 (BD

Pharmingen; cat. # 560566). The immunophenotyping panel contains antibodies against human CD34 (BD Horizon; cat. # 562577),

CD64 (BD Horizon; cat. # 563459), CD117 (BioLegend; cat. # 313218), CD4 (BD Horizon; cat. # 563028), CD11b (BD Pharmingen; cat.

# 555388), CD85k (BioLegend; cat. # 333011), CD36 (BD Pharmingen; cat. # 550956) and CD45 (BD Pharmingen; cat. # 560566). All

samples were stained in room temperature for 15 min, washed with ice-cold FACS buffer, and resuspended in FACS buffer contain-

ing LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher, cat. #L10119) and counting beads (Thermo Fisher, cat. #C36950),

analyzed on a Attune flow cytometer (Thermo Fisher).

RNA extraction, transcriptome sequencing and RNA-seq analysis

CD97KO-9728z and CD97KO-9728z-1XX CAR-T cells were stimulated with HL-60 cells every 24 h for thrice, followed by FACS selec-

tion of CAR positive (EGFP positive) cells. Total RNA was isolated with Trizol, and then first-strand cDNA synthesis and cDNA libraries

were constructed using the NEBNext UltraTM II RNA Library Prep Kit (New England Biolabs). cDNA quality was determined on Agilent

2100 BioAnalyzer (Agilent Technologies), and then sequenced on NovaSeq 6000 device (Illumina) to obtain pair-end 150 bp reads.

Raw data was trimmed by Trim Galore (v0.6.10). Clean data were aligned to the Homo sapiens reference genome GRCh38 by

HISAT2 (v2.1.0)66 with default setting. The resulting SAM files were converted to sorted BAM files using SAMtools (version 1.7).67

The aligned reads were quantified at the gene level using featureCounts (version 2.0.1).68

Differentially expressed genes (DEGs) were defined with a log2 fold change cutoff of |1| and a false discovery rate (FDR) < 0.05 by

edgeR (v3.40.0).69 Significant DEGs were analyzed for Gene Ontology (GO) enrichment using the clusterProfiler package (version

4.8.1).70 Volcano plots were created using the EnhancedVolcano R package (https://github.com/kevinblighe/EnhancedVolcano).

GSEA was performed using GSEA software (Broad Institute, v4.3.2)71 with gene sets from GO knowledgebase and KEGG database

related to T cell functions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Prism 9 (GraphPad Software) was used for statistical analysis. For comparisons between two groups, we used the two-tailed Stu-

dent’s t test. For three or more groups, one-way or two-way analysis of variance (ANOVA) was used. We used linear regression anal-

ysis to assess correlation between CD97 expression on target cells and CAR-T cell mediated cytotoxicity. The survival was analyzed

using a Mantel-Cox log-rank test. Values of p < 0.05 were considered statistically significant.
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