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BACKGROUND
Patients with relapsed or refractory hematologic cancers have a poor prognosis. Chi-
meric antigen receptor (CAR) T-cell therapy as a bridge to allogeneic hematopoietic 
stem-cell transplantation (HSCT) has the potential for long-term tumor elimination. 
However, pre-HSCT myeloablation and graft-versus-host disease (GVHD) prophylaxis 
agents have toxic effects and could eradicate residual CAR T cells and compromise 
antitumor effects. Whether the integration of CAR T-cell therapy and allogeneic HSCT 
can preserve CAR T-cell function and improve tumor control is unclear.

METHODS
We tested a novel “all-in-one” strategy consisting of sequential CD7 CAR T-cell 
therapy and haploidentical HSCT in 10 patients with relapsed or refractory CD7-
positive leukemia or lymphoma. After CAR T-cell therapy led to complete remis-
sion with incomplete hematologic recovery, patients received haploidentical HSCT 
without pharmacologic myeloablation or GVHD prophylaxis drugs. Toxic effects 
and efficacy were closely monitored.

RESULTS
After CAR T-cell therapy, all 10 patients had complete remission with incomplete he-
matologic recovery and grade 4 pancytopenia. After haploidentical HSCT, 1 patient died 
on day 13 of septic shock and encephalitis, 8 patients had full donor chimerism, and 
1 patient had autologous hematopoiesis. Three patients had grade 2 HSCT-associated 
acute GVHD. The median follow-up was 15.1 months (range, 3.1 to 24.0) after CAR 
T-cell therapy. Six patients remained in minimal residual disease–negative complete 
remission, 2 had a relapse of CD7-negative leukemia, and 1 died of septic shock at 3.7 
months. The estimated 1-year overall survival was 68% (95% confidence interval [CI], 
43 to 100), and the estimated 1-year disease-free survival was 54% (95% CI, 29 to 100).

CONCLUSIONS
Our findings suggest that sequential CD7 CAR T-cell therapy and haploidentical HSCT 
is safe and effective, with remission and serious but reversible adverse events. This 
strategy offers a feasible approach for patients with CD7-positive tumors who are in-
eligible for conventional allogeneic HSCT. (Funded by the National Natural Science 
Foundation of China and the Key Project of Science and Technology Department of 
Zhejiang Province; ClinicalTrials.gov numbers, NCT04599556 and NCT04538599.)
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Patients with relapsed or refracto-
ry hematologic cancers have limited thera-
peutic options and a poor prognosis, with 

a 5-year overall survival of less than 20%.1-3 Al-
though allogeneic hematopoietic stem-cell trans-
plantation (HSCT) provides a pivotal strategy to 
treat aggressive hematologic cancers, its appli-
cation is impeded by complications including 
graft-versus-host disease (GVHD), conditioning-
associated toxic effects, and severe immunosup-
pression after long-lasting anti-GVHD treat-
ment.4 In addition, patients who have severe 
physiological issues or are in poor health are 
often ineligible for allogeneic HSCT, and those 
without prerequisite complete-remission status 
can receive only salvage allogeneic HSCT, which 
is associated with an increased incidence of re-
lapse.5 Additional therapeutic options are needed.

Chimeric antigen receptor (CAR) T-cell thera-
py has been an exciting breakthrough against 
hematologic cancers.6 We and others have shown 
the clinical safety and efficacy of allogeneic CD7 
CAR T cells that target CD7-positive cancers, 
including T-cell acute lymphoblastic leukemia 
(ALL), T-cell lymphoblastic lymphoma, and some 
acute myeloid leukemias (AMLs) with CD7 ex-
pression.7-10 Allogeneic HSCT has been evaluated 
in multiple clinical studies as consolidation 
treatment after CAR T-cell therapy to maintain 
long-term tumor elimination and reduce the risk 
of relapse.11-13 Nevertheless, such “bridging” ap-
proaches incorporate pre-HSCT conditioning 
chemotherapy and GVHD prophylaxis agents, 
which eliminate residual CAR T cells and pose 
risks of severe toxic effects,14 thereby potentially 
compromising therapeutic outcomes.

We endeavored to address these challenges by 
developing a novel “all-in-one” strategy of se-
quential CD7 CAR T-cell therapy and haploiden-
tical HSCT without pharmacologic myeloabla-
tion or GVHD prophylaxis (Fig. 1A). This case 
series describes 10 patients with relapsed or re-
fractory CD7-positive cancers treated by this 
strategy.

Me thods

Patients and Study Design

Ten patients with relapsed or refractory CD7-posi-
tive cancers were enrolled in one of two prospec-
tive clinical studies from November 2021 through 

September 2023. Nine patients were enrolled in a 
clinical study of donor-derived CD7 CAR T cells 
(ClinicalTrials.gov number, NCT04599556) (Fig. S1 
in the Supplementary Appendix, available with 
the full text of this article at NEJM.org); because 
of limitations in the manufacturing of donor-
derived CAR T cells due to the coronavirus dis-
ease 2019 pandemic, one patient was conse-
quently enrolled in a compassionate-use program 
that provided access to universal CD7 CAR T cells 
after the end of the clinical study (NCT04538599). 
Patients who had complete remission with in-
complete hematologic recovery and severe bone 
marrow hypocellularity or pancytopenia after 
CD7 CAR T-cell therapy, had detectable CD7 CAR 
T cells, and did not have a history of allogeneic 
HSCT were deemed to be eligible for the “all-in-
one” strategy (Fig. 1B).

The design and manufacture of CAR T cells 
are described in the Supplementary Methods 
section and Fig. S2, as previously reported.7,10 An 
intensified lymphodepleting regimen consisting 
of fludarabine (30 mg per square meter of body-
surface area), cyclophosphamide (300 mg per 
square meter), and etoposide (100 mg) was ad-
ministered for 5 consecutive days to all the pa-
tients, followed by infusion of CD7 CAR T cells 
at a dose of 2×106 cells per kilogram of body 
weight (haploidentical CD7 CAR T cells, nine 
patients) or 5×106 cells per kilogram (universal 
CD7 CAR T cells, one patient) on day 0. Alloge-
neic HSCT was used as a salvage therapy for 
pancytopenia after CAR T-cell therapy in Patient 
1 and as prophylactic therapy in the remaining 
patients. No additional pharmacologic pre-HSCT 
conditioning regimens or GVHD prophylaxis 
drugs were used, with reliance instead on the 
immunosuppressive effects of CD7 CAR T cells 
and lymphodepletion before CAR T-cell therapy. 
For the nine patients receiving haploidentical 
CD7 CAR T cells, hematopoietic stem and pro-
genitor cells (HSPCs) were obtained from the 
same donor; for the patient receiving universal 
CAR T cells, HSPCs were obtained from a new 
haploidentical donor.

The protocol was approved by the ethics com-
mittee of the First Affiliated Hospital, Zhejiang 
University School of Medicine, and is available at 
NEJM.org. All the patients provided written in-
formed consent in accordance with the princi-
ples outlined in the Declaration of Helsinki.
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Assessments

The evaluation of response was conducted after 
CAR T-cell therapy (before haploidentical HSCT) 
and after HSCT, on the basis of corresponding 
National Comprehensive Cancer Network guide-
lines for each disease.15,16 Minimal residual dis-
ease (MRD) negativity was defined as no evi-
dence of leukemia cells in the bone marrow–based 
detection that used multiparameter flow cytom-
etry (sensitivity, 1 in 104 cells). Overall survival 
was measured from the day of CAR T-cell infu-
sion (day 0) until the date of death or last follow-
up, and disease-free survival was calculated 
from the day of CAR T-cell infusion (day 0) until 
the date of disease progression, death, or last 
follow-up.

Statistical Analysis

Overall and disease-free survival were estimated 
with the use of the Kaplan–Meier method with 
two-sided 95% confidence intervals. Additional 
statistical analyses are indicated in figure leg-
ends. All analyses were conducted with the use 
of SPSS software (version 26) and R software 
(version 4.0.2).

R esult s

Patient Characteristics

A total of 10 patients were enrolled, including 7 
with AML, 2 with T-cell ALL, and 1 with T-cell 
lymphoblastic lymphoma (grade IVA). The charac-
teristics of the patients at enrollment are sum-
marized in Table 1 and Table S1. The median age 
of the patients at enrollment was 56.5 years 
(range, 13.7 to 72.5). All the patients had been 
heavily pretreated, with a median of 9.5 courses 
of therapy (range, 4 to 15) (Table S2). Bone mar-
row involvement was identified in all the patients, 
with a median percentage of blasts of 36.0% 
(range, 2 to 87). Two patients had extramedullary 
disease. The median percentage of CD7 expres-
sion on blast cells was 93.0% (range, 80.7 to 97.7).

The median time from diagnosis to CAR T-cell 
infusion was 13.1 months (range, 4.6 to 33.7), 
and the characteristics of CAR T cells are pro-
vided in Table S3. The median time from CAR 
T-cell infusion to HSPC infusion was 19 days 
(range, 15 to 89). The first patient (Patient 1) had 
persistent grade 4 pancytopenia for 3 months 
after CAR T-cell infusion, complicated with can-

dida sepsis followed by Enterococcus faecalis infec-
tion. A salvage haploidentical HSPC infusion 
was thus performed. The subsequent nine pa-
tients with similar conditions promptly pro-
ceeded to undergo haploidentical HSCT within 
1 month after CAR T-cell infusion (Tables S4 
and S5 and Supplementary Methods). The me-
dian doses of infused mononuclear cells, CD34+ 
HSPCs, and CD3+ T cells were 9.2×108 per kilo-
gram (range, 4.8 to 20.3), 4.8×106 per kilogram 
(range, 3.5 to 8.4), and 5.5×108 per kilogram 
(range, 2.9 to 13.7), respectively.

Safety Profiles

All adverse events that were considered by the 
investigators to be related to CAR T-cell therapy 
are documented in Table S6. Cytokine release 
syndrome occurred in nine patients (five with 
grade 1 and four with grade 2), with a median 
time to onset of 1 day (range, 1 to 5) and a me-
dian duration of 9.5 days (range, 8 to 13). All 
episodes of cytokine release syndrome were suc-
cessfully controlled (Table S7). No cases of im-
mune effector cell–associated neurotoxicity syn-
drome occurred. All the patients had grade 4 
pancytopenia without signs of abatement after 
medical intervention, and bone marrow assess-
ments suggested severe hypocellularity after CAR 
T-cell infusion (Tables S8 and S9 and Fig. S3).

GVHD occurred in four patients (one with 
GVHD related to CAR T-cell therapy and three 
with HSCT-related GVHD) (Table S10). Patient 2 
had grade 2 skin GVHD on day 7 after CAR 
T-cell infusion, which was completely resolved 
on day 11 after glucocorticoid and antipruritic 
treatment. Patients 1, 4, and 6 had short-term 
grade 2 acute GVHD after haploidentical HSCT. 
No chronic GVHD occurred.

Five patients had bacterial or fungal infec-
tions of any grade. Patient 4 had multidrug-
resistant bloodstream infection at 3.3 months 
followed by intracranial infection, and the pa-
tient died of septic shock at 3.7 months. Patient 
8 died at 13 days after HSCT of septic shock due 
to Staphylococcus haemolyticus infection and en-
cephalitis due to human herpesvirus 6 infection. 
Infections in other patients were successfully 
treated with antibiotics. Reactivation of Epstein–
Barr virus (EBV) and cytomegalovirus (CMV) 
was detected in nine patients (not in Patient 10) 
(Fig. S4).
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 Efficacy

Pancytopenia was successfully relieved after al-
logeneic HSCT. At 1 month after HSCT, seven of 
nine evaluable patients (78%) had full donor 
chimerism (Table S11). In Patient 3, mixed donor 

chimerism was maintained within the first 3 
months (quantified at 88.35%), and full donor 
chimerism was present at 6 months after HSCT. 
For patients with full donor chimerism, success-
ful hematopoietic recovery within 1 month after 

10 Underwent haploidentical HSCT 
9 Had received haploidentical CAR T cells
1 Had received universal CAR T cells

17 Patients received CAR T-cell therapy
16 Received donor-derived CD7 CAR T cells
1 Received universal CD7 CAR T cells

8 Had donor-engraftment success with
allogeneic hematopoiesis recovery

1 Had donor-engraftment failure with
autologous hematopoiesis recovery

2 Died
1 Died from relapse of

CD7-negative leukemia
1 Died from infection

6 Continued in ongoing trial
5 Had MRD-negative CR
1 Had relapse of CD7-negative leukemia

1 Continued in ongoing trial
and had MRD-negative CR

Inclusion criteria:
CRi with severe bone marrow hypocellularity
Detectable CD7 CAR T cells
No history of allogeneic HSCT

B Patient Enrollment, Treatment, and Outcomes

A Strategy

Patients CD7 CAR T-Cell Infusion Patients Selected
for Allogeneic HSCT

HSPC Infusion

Fludarabine, cyclophos-
phamide, and etoposide

regimen

Relapsed or refractory 
CD7-positive cancers

Strategy Advantages

Free of pharmacologic conditioning
Free of pharmacologic GVHD prophylaxis
Long-term cytotoxicity of CAR T cells
Long-term graft-versus-leukemia potential

No pharmacologic
conditioning

No GVHD prophylaxis drugs

Clinical Evaluation
CRi with severe bone marrow 

hypocellularity
Detectable CD7 CAR T cells

1 Died from infection at day 13 after
HSCT and was not evaluated
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HSCT was observed, with a median time to 
neutrophil engraftment of 11.5 days (range, 8 to 
17) and a median time to platelet engraftment of 
12 days (range, 8 to 29). Patient 5 had autolo-
gous hematopoietic recovery at 1 month after 
HSCT, possibly due to the delayed infusion and 
compromised expansion of CAR T cells. Recov-
ery of immune cells was also observed (Fig. S5 
and Table S12).

All the patients had complete remission with 
incomplete hematologic recovery after CAR  
T-cell therapy, including nine with MRD-negative 
incomplete hematologic recovery and one (Pa-
tient 6) with MRD-positive incomplete hemato-
logic recovery. Post-HSCT efficacy was evaluated 
on day 28 after allogeneic HSCT in nine pa-
tients, and all had MRD-negative complete re-
mission. Positron-emission tomography–comput-
ed tomography showed the complete regression 
of extramedullary lesions in Patient 1 at 3 
months and Patient 10 at 1 month after HSCT. 
The median duration of follow-up among the 
survivors was 15.1 months (range, 3.1 to 24.0). 
Two patients with AML had a relapse of CD7-

negative leukemia in bone marrow, occurring at 
5.6 months (in Patient 6) and 4.3 months (in 
Patient 7) after CAR T-cell therapy. Patient 7 died of 
disease progression at 4.8 months after CAR T-cell 
therapy. As of the data-cutoff date (November 
8, 2023), six patients remained in MRD-negative 
complete remission without any treatment 
(Fig. 2A). The estimated overall and disease-free 
survival at 1 year was 68% (95% confidence inter-
val [CI], 43 to 100) and 54% (95% CI, 29 to 100), 
respectively (Fig. 2B).

Expansion and Persistence of CAR T Cells

Robust in vivo expansion of CAR T cells was 
detected in all the patients. The median time to 
maximum CAR T-cell expansion as assessed by 
quantitative real-time polymerase-chain-reaction 
(PCR) assay was 16 days (range, 7 to 20), and the 
median level of maximum expansion was 2.9×105 
copies per microgram of DNA (range, 0.1 to 6.9) 
(Fig. 2C). The median time to maximum CAR 
T-cell expansion as assessed by f low cytometry 
was 11.5 days (range, 8 to 18), and the median 
level of maximum expansion was 316.5 cells per 
microliter (range, 155.4 to 6501.9) (Fig. 2C). Of 
the six patients remaining in MRD-negative 
complete remission at the data-cutoff date, five 
with donor engraftment had detectable CAR T 
cells at the last assessment. The patient with 
autologous hematopoietic recovery had no de-
tectable CAR T cells at 3 months after CAR 
T-cell infusion. In two patients with a relapse of 
CD7-negative leukemia, CAR T cells were unde-
tectable by flow cytometry at relapse yet re-
mained detectable by quantitative real-time PCR.

T-Cell Dynamics and Characteristics

CD7+ T cells in the peripheral blood were eradi-
cated at a median time of 8.5 days (range, 5 to 
13), accompanied by the expansion of CD7−
CD3+ T cells (Fig. 3A). Among nine evaluable 
patients, CD7+ T and natural killer cells re-
mained undetectable in eight patients until the 
last follow-up, except for Patient 5 with autolo-
gous hematopoiesis recovery. In the two patients 
with a relapse of CD7-negative leukemia, all 
normal T cells also remained CD7-negative. 
ATAC (assay for transposase-accessible chroma-
tin) sequencing on CD7− T cells revealed a re-
duction of chromatin accessibility at the CD7 

Figure 1 (facing page). An “All-in-One” Strategy of Se-
quential Allogeneic CD7 CAR T-Cell Therapy and Hap-
loidentical HSCT.

Panel A is the schematic diagram of this “all-in-one” 
strategy. Patients received CD7 chimeric antigen recep-
tor (CAR) T-cell therapy and had complete remission 
(CR) with incomplete hematologic recovery (CRi) and 
then proceeded to undergo haploidentical hematopoi-
etic stem-cell transplantation (HSCT) without a phar-
macologic myeloablative conditioning regimen; no 
graft-versus-host disease (GVHD) prophylaxis drugs 
were administered. This innovative strategy enables 
the preservation of CAR T cells together with the es-
tablishment of full donor chimerism, which conse-
quently resulted in prolonged leukemia-free remission. 
HSPC denotes hematopoietic stem and progenitor 
cell. Panel B shows patient enrollment, treatment, and 
outcomes. A total of 10 patients were selected from 
the clinical study of allogeneic CD7 CAR T cells, with 
inclusion criteria of CRi after CAR T therapy, detectable 
CAR T cells, and no history of allogeneic HSCT. Eight 
patients (80%) had full donor chimerism. At the last 
follow-up, 6 patients had ongoing CR (5 with full donor 
chimerism and 1 with autologous hematologic recov-
ery), and 1 was alive with a relapse of CD7-negative 
leukemia. One patient died from a relapse of CD7-neg-
ative leukemia, and 2 died from infections. MRD de-
notes minimal residual disease.
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Table 1. Baseline Characteristics and Clinical Outcomes.*

Characteristic
Value 

(N = 10)

Median age (range) — yr 56.5 (13.7–72.5)

Sex — no. (%)

Female 6 (60)

Male 4 (40)

Primary disease — no. (%)

Acute myeloid leukemia 7 (70)

T-cell acute lymphoblastic leukemia 2 (20)

T-cell lymphoblastic leukemia 1 (10)

Median no. of previous therapies (range) 9.5 (4–15)

Median percentage of blasts in bone marrow (range) 36.0 (2–87)

Median CD7 expression on blast cells (range) — % 93 (80.7–97.7)

Extramedullary involvement — no. (%) 2 (20)

ECOG performance-status score — no. (%)†

0 4 (40)

1 5 (50)

2 1 (10)

CAR T-cell products and doses — no. (%)

Donor-derived: 2×106/kg 9 (90)

Universal: 5×106/kg 1 (10)

Cytokine release syndrome — no. (%)

None 1 (10)

Grade I 5 (50)

Grade II 4 (40)

Immune effector cell–associated neurotoxicity syndrome — no. (%) 0

Clinical efficacy after CAR-T cell therapy — no. (%)‡

MRD-negative complete remission with incomplete hematologic recovery 9 (90)

MRD-positive complete remission with incomplete hematologic recovery 1 (10)

Median interval from CAR T-cell infusion to HSPC infusion (range) — days 19 (15–89)

Donor relationship — no. (%)

Children 8 (80)

Brother 2 (20)

Median donor age (range) — yr 33.9 (17.2–42.4)

HLA match of HSCT graft — no. (%)

5 of 10 alleles matched 7 (70)

6 of 10 alleles matched 3 (30)

Donor–recipient ABO match — no. (%)

Matched 6 (60)

Mismatched 4 (40)

Donor sex — no. (%)

Female 1 (10)

Male 9 (90)
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locus (Fig. S6). These results suggested that the 
persisting CAR T cells are able to eliminate CD7+ 
cells and that surviving T cells have suppressed 
expression of CD7 as a consequence of the selec-
tive pressure.

To further clarify the low incidence of GVHD 
in the absence of pharmacologic GVHD prophy-
laxis, we performed a one-way mixed-lymphocyte 
reaction (MLR) assay on T cells from three 
patients with more than 18 months of follow-up. 
T cells from the three patients showed reduced 
proliferation after stimulation with allogeneic 
cells as compared with T cells from correspond-
ing donors (Fig. 3B and Fig. S7), which indicates 
that donor-derived CD7− normal T cells after 
HSCT indeed had lower alloreactivity. Next, we 
analyzed the dynamics of the T-cell receptor 
(TCR) repertoire in these three patients at serial 
time points (1, 3, 6, and 12 months after HSCT) 
and their corresponding donors. We observed a 
post-HSCT increase in clonality, together with a 
decrease of diversity of the TCRβ complemen-
tary determination region 3 repertoires over time, 
which indicates clonal expansion (Fig. S8 and 

Table S13). Similar trends of TCR dynamics were 
also observed in other patients. In Patients 1, 2, 
and 3, clonal expansion was further supported 
by the top-50 prevalent TCR clones at 12 months 
(total frequency, >70%), which were of low fre-
quency in donor T cells (total frequency, <25%) 
(Fig. 3C).

The function of recovered CD7− T cells was 
evaluated by ex vivo stimulation with phorbol 
myristate acetate and ionomycin, CD3 and CD28 
beads, or CMV and EBV peptide pools, which 
showed subtle differences between the T cells 
obtained from the patients and those obtained 
from the corresponding donors (Fig. S9). The 
autologous T cells obtained from Patient 5 also 
showed an activation potential that was similar 
to that for donor T cells (Fig. S10). Collectively, 
these data suggest that the long-lasting CD7 
CAR T cells can eradicate donor-derived CD7+ T 
cells and may contribute to GVHD prophylaxis. 
On the other hand, the recovered T cells still 
maintained their capability for activation, and 
their TCR dynamics indicated the potential for a 
graft-versus-leukemia effect.

Characteristic
Value 

(N = 10)

Graft composition

Median no. of mononuclear cells (range) — ×10−8/kg 9.2 (4.8–20.3)

Median no. of CD34+ HSPCs (range) — ×10−6/kg 4.8 (3.5–8.4)

Median no. of CD3+ T cells (range) — ×10−8/kg 5.5 (2.9–13.7)

Median post-HSCT engraftment (range) — days

Neutrophils 11.5 (8–17)

Platelets 12 (8–29)

GVHD after HSCT — no. (%)

Acute

Grade I or II 3 (30)

Grade III or IV 0

Chronic§ 0

Median follow-up time among survivors (range) — mo after CAR T-cell infusion 15.1 (3.1–24.0)

*  CAR denotes chimeric antigen receptor, GVHD graft-versus-host disease, HSCT hematopoietic stem-cell transplantation, 
HSPCs hematopoietic stem and progenitor cells, and MRD minimal residual disease.

†  Eastern Cooperative Oncology Group (ECOG) performance-status scores range from 0 to 5, with higher scores indicating 
greater disability.

‡  Complete remission with incomplete hematologic recovery is defined as complete remission in the context of a neutrophil 
count of less than 1×109 per liter, a platelet count of less than 100×109 per liter, or both without evidence of extramed-
ullary disease.

§  Six patients who survived at least 100 days were evaluated for chronic GVHD.

Table 1. (Continued.)
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Relapse of CD7-Negative Leukemia
Flow cytometric analyses confirmed a relapse of 
CD7-negative leukemia in two patients (Fig. 4A). 
Whole-exome sequencing revealed no mutations 

or genetic alterations of the CD7 locus in re-
lapsed leukemia cells in either patient (Fig. 4B). 
Single-cell RNA sequencing analyses of tumors 
from both patients confirmed the reduction of 
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CD7 expression in relapsed tumor cells (Fig. S11). 
CD7 was also not expressed on normal T cells at 
relapse (Fig. 4A). The down-regulation was as-
sociated with a reduction of chromosome acces-
sibility on the CD7 locus. In Patient 6, myeloid 
clusters 4, 5, and 8 — all expressing low levels 
of CD7 as compared with other myeloid cell 
clusters — were enriched for relapsed leukemia 
cells. Similarly, in Patient 7, myeloid clusters 5 
and 8 expressed relatively low levels of CD7 and 
were enriched for relapsed leukemia cells. In 
both patients, baseline leukemia cells had het-
erogeneous CD7 expression and consisted of 
cells from both CD7-high and CD7-low clusters 
(Fig. S11). The relapsed leukemia cells showed 
deregulation of pathways involving hematopoie-
sis and cytokine and chemokine signaling. We 
thus infer that the relapse was due not to ge-
netic mutations of CD7 but to expansion of 
preexisting CD7− blasts or transcriptional sup-
pression of CD7 expression.

Discussion

We report that sequential allogeneic CD7 CAR 
T-cell therapy and haploidentical HSCT, without 
pharmacologic conditioning or GVHD prophy-
laxis, can be successfully performed in a chal-
lenging cohort of patients with relapsed or re-
fractory CD7-positive cancers. Although CD7 is 
expressed in only a subset of AMLs, its expres-
sion is associated with a poor prognosis.17,18 As 
of the data-cutoff date, 6 of 10 patients (60%) 
remained in MRD-negative complete remis-
sion. This innovative procedure exploited allo-
geneic CD7 CAR T-cell therapy (including lym-

phodepletion before CAR T-cell infusion) to 
create a specific condition for successful alloge-
neic HSPC engraftment, GVHD control, and 
concomitant persistence of CAR T cells, thus 
opening a new strategic approach for alloge-
neic HSCT.

Allogeneic CAR T cells, from haploidentical 
donors (“donor-derived”) or third-party persons 
(“universal”), are an important approach to in-
crease accessibility of cellular therapy.19,20 Allo-
geneic CD7 CAR T cells have been clinically 
evaluated, but the general outcome is still not 
satisfactory.13 Allogeneic HSCT has been consid-
ered as consolidation treatment after CD7 CAR 
T-cell therapy. A recent retrospective study ana-
lyzed data from 12 patients with relapsed or re-
fractory T-cell ALL or T-cell lymphoblastic lym-
phoma (median age, 14 years) who received donor 
CD7 CAR T-cell therapy as a bridge to conven-
tional allogeneic HSCT; 1-year progression-free 
survival was 57%, and acute or chronic GVHD 
developed in 6 patients.11 Zhang et al. also re-
ported favorable outcomes in young patients 
(median age, 19 years) who proceeded to un-
dergo allogeneic HSCT after CD7 CAR T-cell 
therapy (1-year progression-free survival, 67.2%, 
vs. 15.0% without allogeneic HSCT).12 Our pa-
tient cohort predominantly comprised older per-
sons (median age, 56.5 years) with compara-
tively worse underlying medical conditions at 
enrollment, and the long-term efficacy and 
safety were similar to those in younger persons 
with conventional HSCT. Furthermore, 6 pa-
tients had previous exposure to etoposide, which 
indicates that etoposide as as lymphodepleting 
agent might have had only a minor direct effect 
on their tumor cells. Together, our strategy of-
fers a feasible approach to these patients who 
were previously deemed to be ineligible for al-
logeneic HSCT.

One key feature of this study is the avoidance 
of pharmacologic myeloablation before HSCT by 
exploiting the effects of the lymphodepleting 
regimen required for the engraftment of CAR T 
cells. This approach allows for the long-term 
persistence of CAR T cells after HSCT, as evi-
denced by the eradication of CD7+ cells and the 
persistence of detectable CAR T cells in all the 
patients with ongoing complete remission. Eight 
of nine evaluable patients had full donor chime-
rism after HSCT, which indicates that even with-
out pharmacologic myeloablation, CD7 CAR T-cell 

Figure 2 (facing page). Clinical Response, Long-Term 
Survival Outcomes, and In Vivo Expansion and Persis-
tence of CD7 CAR T Cells.

Panel A shows a swimmer plot illustrating the clinical 
responses and follow-up of individual patients, as indi-
cated with different colors in the swimmer lanes. Each 
bar represents one patient. Panel B shows Kaplan–Meier 
curves of overall survival (left panel) and disease-free 
survival (right panel). The thick red curve indicates the 
estimated value, and the thin red curves indicate 95% 
confidence intervals. Panel C shows the kinetics of CAR 
T cells in the peripheral blood at serial time points, 
measured by quantitative real-time polymerase-chain-
reaction assay of the CAR transgene (left panel) and 
flow cytometry (right panel). Different colors indicate 
different patients.
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treatment can create an environment conducive 
for allogeneic HSPC engraftment and function. 
These phenomena might be the consequence of 
the particularly severe pancytopenia and bone 
marrow aplasia after CD7 CAR T-cell therapy, 
which could be due to the allogeneic activity of 
donor-derived CAR T cells, lymphodepletion 
that is relatively stronger than that for autolo-
gous CAR T-cell therapy, and cytokine release 
syndrome–related cytokines that can also con-
tribute to cytopenia.21,22 In contrast, the success-
ful engraftment of donor HSPCs may result from 
their autologous nature with the CAR T cells, as 
well as the diminished effect of cytokine release 
syndrome. We were intrigued to find clues of 
TCR clonal expansion over time in post-HSCT 
CD7− T cells, which has been associated with a 
graft-versus-leukemia effect.23 The cytotoxic ef-
fect of persisting CAR T cells, together with the 
graft-versus-leukemia potential of donor-derived 
T cells, may contribute to the potent antitumor 
efficacy that was seen in this challenging cohort 
of patients.

GVHD prophylaxis is crucial for the manage-
ment of post-HSCT toxic effects, but long-lasting 
immunosuppressive agents can increase the risk 
of immunodeficiency. In our study, one surpris-
ing observation was the absence of severe GVHD 
even without pharmacologic GVHD prophylaxis. 
HSCT-associated low-grade acute GVHD occurred 
in only three patients, and no chronic GVHD was 
observed. The incidence of GVHD in our study 
was lower than or similar to that reported (30 to 
60%) for conventional allogeneic HSCT with 
GVHD prophylaxis.24-26 The persistent CD7 CAR T 
cells and the subsequent elimination of donor-
derived alloreactive CD7+ T cells may contribute 
to the prevention of GVHD, an idea that was 
further supported by the MLR assays showing the 
diminished alloreactivity of donor-derived CD7− 
T cells. It is important that these CD7− T cells 
still preserved the reactivity against viral antigens, 
which suggests the maintenance of some immune-
protective function. However, CMV and EBV reac-
tivation was detected, and post-transplantation 
lymphoproliferative disorder developed in one 
patient. These results warrant future mechanistic 
study of the biologic effects of CD7 on T-cell 
function.

Antigen escape is a prominent cause of dis-
ease relapse after CAR T-cell therapy. In this 
study, two patients had a relapse of CD7-negative 
leukemia after having had complete remission 
with full donor chimerism. One of these patients 
was evaluated as being MRD-positive before 
HSCT, which is associated with disease relapse.5 
In both patients, no genetic alterations on CD7 
were detected in relapsed tumor cells. Instead, 
we found that relapsed leukemia cells were en-
riched for specific clusters of myeloid cells with 
low CD7 expression and had a generally low 
chromosome accessibility on the CD7 locus. 
These results together suggest that because of 
the heterogeneity of AML, the expansion of pre-
existing CD7-low or CD7− blasts may account for 
the relapse. We plan to further explore the mech-
anisms that underlie tumor relapse after this 
specific treatment strategy.

Although only one patient received universal 
CAR T cells, the results here indicate that both 
donor-derived and universal CAR T cells can be 
efficacious in this “all-in-one” strategy. Given 
its nature as an exploratory study, a limitation 
of this investigation is the varied intervals from 
CAR T-cell infusion to haploidentical HSCT 

Figure 3 (facing page). Characteristics of CD7− T Cells 
after HSCT.

Panel A shows the kinetics of total CD3+ T cells, 
CD3+CD7+ T cells, and CD3+CD7− T cells in the periph-
eral blood of all treated patients, as measured by flow 
cytometry. Cells had been gated for negative CAR ex-
pression. Different colors indicate different patients. 
Panel B shows the results of a one-way mixed-lympho-
cyte reaction assay that analyzed the alloreactivity of  
T cells from three patients with more than 18 months  
of follow-up (Patients 1, 2, and 3). Peripheral-blood 
mononuclear cells (PBMCs) from each patient after 
HSCT (left panels) and their corresponding HSCT do-
nors (middle panels) were labeled with carboxyfluores-
cein succinimidyl ester (CFSE) and stimulated by irra-
diated PBMCs from the HSCT donors or unrelated 
persons. (The “None” columns in Panel B refer to un-
stimulated cells from patients and donors.) At 7 days 
after stimulation, CD3+ T cells were gated and analyzed 
by flow cytometry, with the reduced CFSE fluorescence 
intensity indicating cell proliferation. Percentages of 
proliferating (CFSE-low) T cells in response to allogeneic 
stimulation were respectively summarized (right panels, 
three replicates). D denotes Donor, and Pt Patient. 
Panel C shows T-cell receptor (TCR) clonotypes of T cells 
from Patients 1, 2, and 3 at indicated time points after 
HSCT. TCR clones were categorized according to their 
frequency at 12 months after HSCT to track their fre-
quencies in PBMC samples obtained at 1, 3, and 12 
months after HSCT, as well as in infused donors’ 
PBMCs. The composition of TCR clones is indicated  
by the color key.

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org on June 23, 2025. For personal use only. 

 No other uses without permission. Copyright © 2024 Massachusetts Medical Society. All rights reserved.



n engl j med 390;16 nejm.org April 25, 20241478

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

CD45

1.
5

1.
0

0.
5

0.
0

1.
5

1.
0

0.
5

0.
0

10
0

10
2
10

3
10

4
10

6
10

7
10

5

C
D

45

10
0

10
2

10
4

10
6

10
3

10
2

10
5

10
5

10
6

10
7

C
D

45

10
0

10
2

10
4

10
6

C
D

45

10
7

10
5

10
4

10
3

10
2

10
1 0

10
6

10
7

10
5

10
4

10
3

10
2

10
1 0

10
6

10
1

C
D

7

Pa
tie

nt
 6

, B
as

el
in

e 
(P

er
ip

he
ra

l B
lo

od
)

SSC (millions)

10
7

10
5

10
4

10
3

10
2

10
1 0

10
6

SSC (millions)

CD45

10
7

10
5

10
4

10
3

10
2

10
1 0

10
6

C
D

7

10
3

10
5

10
5

10
6

10
7

C
D

7

Pa
tie

nt
 6

, C
om

pl
et

e 
R

em
is

si
on

 (B
on

e 
M

ar
ro

w
)

1.
5

1.
0

0.
5

0.
0

SSC (millions)

CD45

C
D

45

10
7

10
5

10
4

10
3

10
2

10
1 0

10
6

CD45

C
D

7

Pa
tie

nt
 6

, R
el

ap
se

 (B
on

e 
M

ar
ro

w
)

SSC (millions)

CD45

C
D

45
C

D
7

Pa
tie

nt
 7

, B
as

el
in

e 
(P

er
ip

he
ra

l B
lo

od
)

CD45

C
D

45
C

D
7

Pa
tie

nt
 7

, C
om

pl
et

e 
R

em
is

si
on

 (P
er

ip
he

ra
l B

lo
od

)

SSC (millions)

C
D

45Pa
tie

nt
 7

, R
el

ap
se

 (B
on

e 
M

ar
ro

w
)

B
W

ho
le

-E
xo

m
e 

Se
qu

en
ci

ng
 o

f C
D

7 
Ex

on

A
Fl

ow
 C

yt
om

et
ry

 o
f R

el
ap

se
 o

f C
D

7-
N

eg
at

iv
e 

Le
uk

em
ia

82
,2

20
82

,2
40

82
,2

60
82

,2
80

82
,3

00
82

,3
20

82
,3

40
82

,3
60

82
,3

80
82

,4
00

82
,4

20
82

,4
40

kb kb

23
6 

kb

SL
C

16
A

3
C

SN
K

1D
X

R
_0

07
06

59
54

.1
C

D
7

SE
C

TM
1

TE
X

19
U

TS
2R

O
G

FO
D

3
H

EX
D

H
EX

D

82
,2

20
82

,2
40

82
,2

60
82

,2
80

82
,3

00
82

,3
20

82
,3

40
82

,3
60

82
,3

80
82

,4
00

82
,4

20
82

,4
40

23
6 

kb

SL
C

16
A

3
C

SN
K

1D
X

R
_0

07
06

59
54

.1
C

D
7

SE
C

TM
1

TE
X

19
U

TS
2R

O
G

FO
D

3
H

EX
D

H
EX

D

Pa
tie

nt
 6

, B
as

el
in

e

Pa
tie

nt
 6

, R
el

ap
se

R
ef

Se
q

Pa
tie

nt
 7

, B
as

el
in

e

Pa
tie

nt
 7

, R
el

ap
se

R
ef

Se
q

1.
5

1.
0

0.
5

0.
0

10
0

10
2

10
4

10
6

1.
5

1.
0

0.
5

0.
0

10
0

10
2

10
4

10
6

10
3

10
2

10
5

10
5

10
6

10
7

10
3

10
2

10
5

10
5

10
6

10
7

10
7

10
5

10
4

10
3

10
2

10
1 0

10
6

10
0

10
2

10
4

10
6

10
3

10
2

10
5

10
5

10
6

10
7

C
D

7

1.
5

1.
0

0.
5

0.
0

10
0

10
2

10
4

10
6

SSC (millions)

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org on June 23, 2025. For personal use only. 

 No other uses without permission. Copyright © 2024 Massachusetts Medical Society. All rights reserved.



n engl j med 390;16 nejm.org April 25, 2024 1479

Sequential CD7 CAR T-Cell Ther apy and Allogeneic HSCT

across patients. Meanwhile, although the medi-
an HSPC doses in this study align with our previ-
ous reports of conventional allogeneic HSCT,27-29 
the most effective HSPC dose may still need 
further elucidation. Because we were evaluating 
a new therapeutic strategy, the findings of this 

study still need to be extended and confirmed in 
a larger and more homogeneous cohort of pa-
tients.

Collectively, our integrated strategy maxi-
mized antileukemic efficacy from both persist-
ing CAR T cells and graft-versus-leukemia po-
tential, providing a feasible approach for patients 
with relapsed or refractory CD7-positive cancers 
who are ineligible for conventional allogeneic 
HSCT. A phase 1 clinical trial of sequential 
allogeneic CD7 CAR T-cell therapy and haplo-
identical HSCT in a larger cohort is ongoing 
(ClinicalTrials.gov number, NCT05827835).
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Figure 4 (facing page). Relapse of CD7-Negative Leuke-
mia in Two Patients.

Panel A shows flow cytometry plots of CD7 expression 
on blasts (red) and normal T cells (blue) in the periph-
eral blood and bone marrow of Patients 6 and 7 at 
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