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Abstract 

Background Donor-derived CD7-directed chimeric antigen receptor (CAR) T cells showed feasibility and early effi-
cacy in patients with refractory or relapsed T-cell acute lymphoblastic leukemia (r/r T-ALL), in a previous phase I trial 
report, at a median follow-up of 6.3 months. Here we report long-term safety and activity of the therapy after a 2-year 
follow-up.

Methods Participants received CD7-directed CAR T cells derived from prior stem cell transplantation (SCT) donors 
or from HLA-matched new donors after lymphodepletion. The target dose was 1 ×  106 (± 30%) CAR T cells per kg of 
patient weight. The primary endpoint was safety with efficacy secondary. This report focuses on the long-term follow-
up and discusses them in the context of previously reported early outcomes.

Results Twenty participants were enrolled and received infusion with CD7 CAR T cells. After a median follow-up time 
of 27.0 (range, 24.0–29.3) months, the overall response rate and complete response rate were 95% (19/20 patients) 
and 85% (17/20 patients), respectively, and 35% (7/20) of patients proceeded to SCT. Six patients experienced disease 
relapse with a median time-to-relapse of 6 (range, 4.0–10.9) months, and 4 of these 6 patients were found to have 
lost CD7 expression on tumor cells. Progression-free survival (PFS) and overall survival (OS) rates 24 months after 
treatment were respectively 36.8% (95% CI, 13.8–59.8%) and 42.3% (95% CI, 18.8–65.8%), with median PFS and OS 
of respectively 11.0 (95% CI, 6.7–12.5) months and 18.3 (95% CI, 12.5–20.8) months. Previously reported short-term 
adverse events (< 30 days after treatment) included grade 3–4 cytokine release syndrome (CRS; 10%) and grade 1–2 
graft-versus-host disease (GVHD; 60%). Serious adverse events reported > 30 days after treatment included five infec-
tions and one grade 4 intestinal GVHD. Despite good CD7 CAR T-cell persistence, non-CAR T and natural killer cells 
were predominantly CD7-negative and eventually returned to normal levels in about half of the participants.
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Conclusions In this 2-year follow-up analysis, donor-derived CD7 CAR T-cell treatment demonstrated durable effi-
cacy in a subset of patients with r/r T-ALL. Disease relapse was the main cause of treatment failure, and severe infec-
tion was a noteworthy late-onset adverse event.

Trial registration ChiCTR2000034762.

Keywords Hematologic malignancy, T-cell acute lymphoblastic leukemia, Chimeric antigen receptor T-cell therapy, 
Stem cell transplantation

Background
T-lineage acute lymphoblastic leukemia (T-ALL) is an 
aggressive malignancy derived from early T cell progeni-
tors and constitutes 10% of childhood ALL and 20% of 
adult ALL cases [1–3]. Despite recent advances in treat-
ing the disease, 30% of T-ALL cases are resistant to or 
relapse after front-line chemotherapy regimens. Allo-
geneic stem cell transplantation (SCT) has been recom-
mended as a salvage option for these patients, but only 
those who can be re-induced to remission are eligible 
[4]. Overall, the prognosis for patients with relapsed or 
refractory disease is very dismal due to the lack of new 
treatment options [5–11].

Following the development of a line of chimeric anti-
gen receptor (CAR) T-cell therapies for B cell leukemias, 
there is growing interest in developing novel cell-based 
therapies for T-ALL [12]. However, developing thera-
peutic CAR T-cell treatments for T-ALL is particularly 
challenging because most validated CAR targets are also 
expressed on normal T cells. This results in several obsta-
cles to CAR T-cell therapy in T-ALL, including the risk 
of tumor contamination, fratricide of CAR T cells, and 
the depletion of healthy T cells, which may make patients 
more susceptible to opportunistic infection [13]. Despite 
these hurdles, recent preclinical findings have prompted 
the initiation of early clinical trials of CAR T-cell thera-
pies for patients with r/r T-ALL [14, 15].

We previously reported early results from a phase I 
first-in-human study showing that CD7-directed CAR 
T cells manufactured from T cells collected from allo-
geneic donors with retention of CD7 molecules in the 
endoplasmic reticulum could partially overcome these 
barriers to treat r/r T-ALL [16]. The primary analysis 
showed that grade 3–4 cytokine release syndrome (CRS) 
and grade 1 or 2 graft-versus-host disease (GVHD) were 
short-term adverse events (AEs) that occurred < 30  days 
after treatment in 10% and 60% of patients, respectively. 
At 1 month after treatment, 85% of patients had a min-
imal-residual-disease-negative complete response [16]. 
Despite these favorable efficacy and safety findings, the 
short follow-up period of a median of 6.3 months did not 
allow adequate assessment of remission durability or of 
long-term AEs, both of which are critical to ascertain the 
risk–benefit profile.

Here, we report a protocol prespecified long-term 
analysis of safety and efficacy outcomes in this cohort at 
a median follow-up time of 27 months. Long-term phar-
macokinetics and change of endogenous lymphocyte 
subpopulations will also be presented.

Methods
Patients and study design
Detailed study procedures for this single-center, single-
cohort, open-label, phase I study (ChiCTR2000034762) 
have been reported (Data Supplement) [16]. Briefly, 
patients between the ages of 0–70 years who had  CD7+ 
r/r T-ALL, Eastern Cooperative Oncology Group Per-
formance Status (ECOG-PS) < 3, and no uncontrollable 
infections or organ failure were considered eligible. The 
trial followed the principles of the Declaration of Hel-
sinki, and the protocol was approved by the Institutional 
Review Board at Beijing Gobroad  Boren Hospital. All 
patients supplied written informed consent.

Patients who had received prior-SCT were infused with 
CD7 CAR T cells obtained from former SCT donors. 
Patients who had not undergone previous SCT received 
CD7 CAR T cells obtained from new donors who also 
provided stem cells for transplantation after CD7 CAR 
T-cell treatment. On days -5, -4, and -3 prior to infusion, 
patients who received prior-SCT donor cells underwent 
lymphodepletion with cyclophosphamide 250  mg/m2/
day and fludarabine 30 mg/m2/day. Patients who received 
new donor cells underwent enhanced lymphodepletion 
with cyclophosphamide 30  mg/kg/day and fludarabine 
30 mg/m2/day on the same days. CD7 CAR T cells were 
administered as a single intravenous infusion with a tar-
get dose of 1 ×  106 (± 30%) cells per kg body weight on 
day 0. Infusion of a lower dose of 5 ×  105 (± 30%) cells 
per kg body weight was allowed if the CAR T-cell prod-
uct did not meet the target dose, and these data were also 
included in the safety and efficacy analyses.

End points
Dose-limiting toxicities (DLTs) within 21  days and inci-
dence of AEs within 30  days, or from day 30 until final 
visit, were primary endpoints. The ASTCT Consen-
sus was used to grade CRS and neurotoxicity [17]. The 
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EBMT consensus was used to grade GVHD [18]. Other 
AEs including infections and hematologic toxicities were 
graded with reference to CTCAE, Version 5.0. Plasma 
virus activation was routinely monitored by PCR. More 
details of AE assessment and management are in Addi-
tional file 1.

Overall response rate (ORR) (including complete 
remission [CR] or complete remission with incomplete 
blood count recovery [CRi]), as assessed by NCCN 
guidelines, version 1.2020 [4], progression-free survival 
(PFS), and overall survival (OS) were secondary end-
points. CAR T-cell pharmacokinetics in peripheral blood 
(PB) and cerebrospinal fluid (CSF) were also secondary 
endpoints. The survival and disease remission status con-
tinued to be followed after receiving SCT or other new 
anti-leukemia therapies, but documentation of AEs or 
pharmacokinetics was discontinued. Additional details 
about endpoints and assessments were as previously 
described (Data Supplement) [16].

Statistical analysis
The size of sample was determined based on clinical con-
siderations. The dose was based on previous experience 
in CAR T-cell therapies in the center. No dose escalation 
was conducted due to limited capacity for manufactur-
ing, and patient safe run-in still followed a modified 3 + 3 

scheme. Time-to-event analysis was based on Kaplan–
Meier method. Endpoints were analyzed in subgroups 
based on prior-SCT donors or new donors, as well as 
who received the target dose or a low dose. Additional 
details were in Additional file 1.

Results
Patients
As previously reported, 20 participants with r/r T-ALL 
were enrolled between July 18, 2020 and December 21, 
2020, and all patients (100%) received infusion of CD7 
CAR T cells (Fig.  1) [16]. At data cutoff on December 
20, 2022, the median follow-up time was 27.0 (range, 
24.0–29.3) months. Baseline characteristics and early 
clinical outcomes (median 6.3-month follow-up) for all 
treated patients, including subgroup analyses of patients 
based on prior-SCT or on whether the target dose or low 
dose were administered, have been previously reported 
(Table 1) [16].

Adverse events
Short-term AEs that had been reported among the 20 
treated patients (< 30  days post-infusion), including 
grade 1–2 CRS in  eighteen patients (90%), grade 3–4 
CRS in two patients (10%), grade 1–2 neurotoxicity in 
three patients (15%) and grade 1–2 GVHD in twelve 

Fig. 1 Patient flow diagram. * This patient had an objective response in achieving MRD-negative in BM and CSF and reduction in extramedullary 
disease. SCT—stem cell transplantation; CR—complete remission; CCR—continuous complete remission; NR—no response; PR—partial remission; 
DLT—dose limited toxicity; mos—months
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patients (60%). Long-term (> 30  days post-infusion) 
safety analysis was mainly focused on SAEs of the 12 
patients without SCT consolidation (Table  2, Addi-
tional file 1: Table S1). The eight patients who received 
new donor CAR T-cell infusion were either bridged to 
SCT (n = 7) or was off-study (n = 1) early after CAR 
T-cell infusion, and therefore stopped monitoring for 
AEs. Cytopenias, GVHD and infections were major 
long-term AEs. A total of six long-term SAEs other 
than cytopenias were observed, including two that have 
been previously reported [16].

Cytopenia, an anticipated side effect of lymphode-
pletion [19], occurred in all 20 patients within 30 days, 
of which 100% were grade 3 or higher, and 12 (60%) 
patients had grade 3 or worse cytopenias before enroll-
ment. Among 12 patients who received prior-SCT 
donor derived CAR T-cell infusion, all had their cytope-
nias recovered to grade 2 or lower within 3 months fol-
lowing recombinant human granulocytes/macrophage 
colony-stimulating factor  (rhGM-CSF)  administra-
tion (n = 4) and intravenous infusion of CD34-positive 

stem cells without preconditioning (n = 1) [16]. Three 
patients had late-onset grade 3 cytopenias at 8, 12.5 and 
13 months after CAR infusion, which were suspected to 
be related to the preceding infection events.

Twelve (60%) of the 20 treated patients developed 
GVHD within 30 days post-CAR T-cell infusion as pre-
viously reported. Late-onset GVHD occurred in 7 (58%) 
of 12 patients who did not receive SCT consolidation, 
including six (50%) mild and one (8%) severe cases. Seven 
patients experienced grade 1 or 2 skin GVHD, with a 
median onset of 87 days (range, 31–314), manifested as 
rash maculopapular mostly in the extremities and chest 
area (< 50% body surface) accompanied by desquama-
tion and pruritus, which were alleviated after treat-
ment with methylprednisolone and ruxolitinib. One of 
these patients concomitantly developed grade 4 intes-
tinal GVHD at 245–265  days manifested as diarrhea 
(> 1000  ml/day) and abdominal pain and his symptoms 
alleviated to grade 1 after giving methylprednisolone, 
ruxolitinib and mycophenolate mofetil. Another one was 
a mild lung GVHD at 303–312 days featured by restric-
tive respiratory dysfunction, which was alleviated after 
treatment with methylprednisolone, ruxolitinib and 
cyclosporine. Interestingly, the patient who developed 
severe GVHD had obviously elevated levels of serum fer-
ritin and lactate dehydrogenase (LDH) compared with 
those (n = 11) without severe GVHD (Additional file  1: 
Fig. S1). As previously reported, 14 patients received 
haploidentical donor CAR T cells, and six patients 
received matched sibling donor (MSD) or matched unre-
lated donor (MUD) CAR T cells. Patients receiving hap-
loidentical donor cells and patients receiving MSD/MUD 
cells had a comparable GVHD incidence (9/14 [64%] vs 
3/6 [50%] for early GVHD, and 5/8 [63%] vs 2/4 [50%] 
for late-onset GVHD) and persistence (median 2  days 
[range, 0–20] vs 1 days [range, 0–12] for early GVHD and 
median 213 days [range, 0–420] vs 88 days [range, 0–238] 
for late-onset GVHD) (Additional file  1: Table  S2, Fig. 
S2).

Six (50%) of the 12 patients who did not receive SCT 
consolidation experienced infections of any grade dur-
ing the study. Five patients (41.7%) had grade 3 or higher 
infections with a median onset time of 8.7 (range,  5.4–
13.3) months post CAR  T-cell infusion. One patient 
had been previously reported to succumb to pulmo-
nary hemorrhage in the context of fungal pneumonia at 
5.5 months. One patient had been previously reported to 
had mixed CMV and EBV infections at 5.4 months dur-
ing treatment for his hematochezia in an outer hospital, 
and in this updated analysis he was recorded to finally 
die at 6.8 months. The other three severe infections were 
newly recorded, including a grade 3 CMV encephali-
tis at 11  months that was resolved after treatment with 

Table 2 Adverse events

Data presented as No, (%) unless otherwise specified

Any time AEs indicate AEs that occurred at any time post-CAR T-cell infusion in 
all 20 treated patients; short-term AEs indicate AEs that occurred within 30 days 
post-CAR T-cell infusion in all 20 treated patients; long-term AEs indicated 
AEs that occurred after 30 days post-CAR T-cell infusion in 12 patients who 
received prior-SCT donor-derived CAR T cells but did not further undergo a SCT 
consolidation. Among the 8 patients who received new donor derived CD7 CAR 
T cells, one was off-study at day 15, and seven proceeded to SCT at about day 
30, therefore discontinued monitoring for AEs after 30 days. Cytopenias were 
described in the text of this report. Other short-term AEs had been previously 
reported. No other grade 3 or worse AEs occurred in the long-term follow-up

AEs—adverse events; CRS—cytokine release syndrome; GVHD—graft-versus-
host disease 

Any time AEs
(n = 20)

Short-term AEs
(n = 20)

Long-term AEs
(n = 12)

CRS

 Any grade 20 (100%) 20 (100%) 0

 Grade 3–4 2 (10%) 2 (10%) 0

 Grade 5 0 0 0

Neurological 
events

 Any grade 3 (15%) 3 (15%) 0

 Grade 3–4 0 0 0

 Grade 5 0 0 0

GVHD

 Any grade 16 (80%) 12 (60%) 7 (58%)

 Grade 3–4 1 (5%) 0 1 (8%)

 Grade 5 0 0 0

Infection

 Any grade 6 (30%) 3 (15%) 6 (50%)

 Grade 3–4 1 (5%) 0 1 (8%)

 Grade 5 4 (20%) 0 4 (33%)
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ganciclovir and anti-CMV immunoglobulin, a grade 5 
pulmonary infection at 12.3  months during the immu-
nosuppressant treatment for his intestinal GVHD, 
and a grade 5 pseudomonas aeruginosa pneumonia at 
8.7  months (This patient initially controlled the infec-
tion at hospital, but he stopped treatment after discharge 
leading to disease exacerbation) (Additional file  1:Fig. 
S3). Of the seven patients with SCT consolidation after 
CAR T-cell infusion, one (14.3%) was recorded to have a 
severe infection.

Overall, non-relapse mortality occurred in five (25%) 
of 20 patients at a median time of 6.8  months (range, 
2–12.3) after treatment, including four deaths caused by 
infections in patients without SCT consolidation and one 
death caused by engraftment syndrome in a patient after 
SCT consolidation.

Efficacy
The ORR in the treated population was previously 
reported as 95% (95% CI, 76.4–99.1) (n=19) at day 30; 
85% (95% CI, 64.0–94.8) (n = 17) had CR at day 30; 5% 
(n = 1) achieved PR at day 30 and he reached CR at day 
45; 5% (n = 1) had an objective response at day 30. Of 19 
patients who responded, seven patients who received 
new-donor CAR T cells proceeded to SCT consolida-
tion, two patients withdrew to take alternative therapies 
at day 55 and 271, and 10 patients did not receive fur-
ther therapy and were followed for a median time of 27.0 
(range, 24.0–29.0) months.

By data cutoff date, of 10 patients who did not receive 
further treatment, three were in remission status, three 
relapsed (two CD7-negative marrow disease [includ-
ing a previously reported one], and one CD7-positive 
extramedullary disease), and four succumbed to infec-
tion; Of seven (37%) patients who underwent SCT con-
solidation, three maintained remission, three relapsed 
(two CD7-negative marrow disease, and one CD7-posi-
tive marrow disease), and one patient died of transplant-
related complications (Fig. 2A–D). A total of six patients 

(33.3% of CR patients) had a relapse, with a median time 
of 6 (range, 4–11) months post infusion. Next-generation 
sequencing (NGS) revealed two frameshift and two mis-
sense mutations in CD7 gene in specimens from four 
CD7-negative relapse patients (Fig.  2E). One of them 
(E012) also performed CD7 sequencing on pretreatment 
tumor samples, but no mutation was found.

Median PFS and duration of response (DOR) were 
respectively 11.0 (range, 6.9–12.5) months and 10.5 
(range, 6.4–12.0) months among the 19 responders, and 
median OS was 18.3 (range, 12.5–20.8) months. The 
2-year PFS rate of the 19 responders and OS rate of all 
20 treated patients were 36.8% (95% CI, 13.8–59.8%) 
and 42.3% (95% CI, 18.8–65.8%), respectively (Fig.  3A, 
B  and Additional file  1: Fig. S4A). Post hoc analyses of 
PFS, DOR, and OS were conducted comparing patients 
according to whether they received SCT consolidation. 
For patients without SCT consolidation, 2-year PFS 
and OS rates were 31.8% and 35%, respectively, and the 
median PFS and OS were 11.0 (range, 6.9–12.5) months 
and 18.3 (range,  8.8–20.8) months, respectively. For 
patients with SCT consolidation, 2-year PFS and OS rates 
were 42.9% and 58%, respectively, and median PFS was 
9.1 (range, 5.8–9.1) months. Median OS was not reached 
by study endpoint in the subgroup of patients who 
received SCT consolidation (Fig.  3C, D  and Additional 
file 1: Fig. S4B). Statistical comparison was not conducted 
owing to the small sample size of the subgroups.

Pharmocokinetics
The short-term kinetics of CAR T-cell infusion was 
reported previously. CD7 CAR T cells reached peak lev-
els in blood between days 7–14 after treatment, with a 
median concentration of 83.70 (range, 5.45–1,300.00) 
cells/μl. One patient who was discharged from the study 
early and seven patients who received SCT consolidation 
did not have long-term monitoring with CAR T cells. 
Among 12 patients without SCT consolidation, CAR 
T cells could be detectable by flow cytometry in 100% 

(See figure on next page.)
Fig. 2 Clinical response and relapse. A Swimmer plot shows the clinical response and follow-up of individual patients treated with CD7 CAR T cells, 
as indicated with different colors in the swimmer lanes. Each bar represents one patient. Patients were listed in different subgroups separated by 
dotted lines. Patients who were no longer evaluable due to no response (NR) to therapy, loss to follow-up and receiving new therapies other than 
stem cell transplantation (SCT) are indicated; patients who received SCT still had their survival and relapse information recorded. B Flow cytometry 
plots show CD7 expression on blasts and normal T cells in the BM/CSF of five patients at enrollment, remission, and relapse; contour plots show 
CD7 expression on blasts (red) and normal T cells (blue) that were merged into the same plot. We had previously reported the flow cytometry plots 
of pretreatment, CR of all patients and relapse of patient E007. C Representative PET/CT of the patient E009 at enrollment, remission, and relapse in 
extramedullary lesions (enrollment and remission figures had been shown in our previous report). Patient E009 had a kidney lesion, and achieved 
complete remission at day 30 and relapsed at day 331 post CD7 CAR T cell infusion. D The hematoxylin–eosin and other HIC markers  (CD1a−, 
 CD3+,  CD4+,  CD7+,  CD8−,  CD33−,  CD34−,  CD99+) staining of a tissue specimen taken from the tumor tissue in perinephric region shows blasts 
of patient E009 CD7-positive relapse after CD7 CAR T cell infusion (original magnification × 20). E Schematic of the WT and mutated CD7 protein 
predicted based on next-generation sequencing of DNA extracted from the sample of four CD7-negative relapsed patients; exons and amino 
acids are numbered. The mutation of patient E007 had been reported previously. CAR—chimeric antigen receptor; CR—complete remission; PR—
partial remission; EMDs— extramedullary diseases; MRD—minimal residual disease; BM—bone marrow; CSF—cerebrospinal fluid; CT—computed 
tomography; PET/CT—position-emission tomography; MIP—maximum intensity projection; HE—hematoxylin–eosin; aa—amino acid; WT—
wild-type
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(seven of seven evaluable patients) and 50% (two of four 
evaluable patients) at 6 and 12 months post-CAR T-cell 
infusion (Fig. 4A). CD7 CAR T cells were still detectable 
by flow cytometry in two patients before their  CD7− 
relapses and undetectable by flow cytometry in a patient 
before his  CD7+ relapse. All evaluable patients had 

CAR transgenes detectable by quantitative polymerase 
chain reaction (PCR) at the time of the last assessments, 
and the median duration of CAR T-cell persistence at 
flow cytometric level in the 12 patients without SCT 
consolidation was 255 (range,  30–682) days (Fig.  4B). 
Of note, peak CAR T-cell counts did not significantly 

Fig. 3 Progression-free survival and overall survival. A, B Kaplan–Meier estimates of Progression-free survival of 19 responded patients (A) and 
overall survival of all 20 treated patients (B). C, D Kaplan–Meier estimates of progression-free survival of 19 responded patients (C), and overall 
survival of all 20 treated patients (D), according to whether or not a subsequent SCT consolidation is conducted. CAR—chimeric antigen 
receptor; NE—not estimable; SCT—stem cell transplantation; PFS—progression-free survival; OS—overall survival; CI— confidence interval

(See figure on next page.)
Fig. 4 CAR T-cell expansion and persistence. A Kinetics of CAR T cells in peripheral blood of individual patients, as measured by flow cytometry; the 
red dotted line indicates the blank staining upper limit (blank staining with isotype control antibody were included in each sample analysis, and 
ranged from 0 to 0.02%); data were recorded until the cut-off date or the time point that discontinued follow-up; different types of symbols indicate 
different patients, and lines of different colors indicate different subgroups. B Kinetics of CAR vector transgene copies per microgram of genomic 
DNA of peripheral blood mononuclear cells in individual patients, as measured by quantitative PCR; the dotted line indicates the lower limit of 
quantitation for this assay; data were recorded until the cut-off date or the time point that discontinued follow-up; different types of symbols 
indicate different patients, and lines of different colors indicate different groups. C–F The peak numbers of CAR T cells in the peripheral blood of 
the 12 patients without SCT consolidation according to long-term response (C) or adverse events (D–F). G CAR T-cell persistence determined by 
flow cytometry according receiving haploidentical or MSD/MUD cells. The longest horizontal bars indicate the median values, the gray and light 
orange boxes indicate values that range from 25 to 75th percentile, different color of symbols indicate patients from different subgroups, and the 
whiskers extend from the minimum to the maximum values. The P value is based on unpaired student’s t-tests. CAR—chimeric antigen receptor; 
PCR—polymerase chain reaction; SCT—stem cell transplantation; MSD—matched sibling donor; MUD—matched unrelated donor; GVHD—
graft-versus-host disease
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differ between patient subgroups according to long-
term remission or relapse. The incidence of late-onset 
severe infection, GVHD or cytopenias was not signifi-
cantly associated with a higher peak CAR T-cell counts 
(Fig.  4C–F). There was no difference in the persistence 
of CAR T cells between patients receiving haploidentical 
and MSD/MUD cells (Fig. 4G).

T-cell aplasia
In all treated patients, non-CAR  CD7+ T and NK cells 
were rapidly depleted within 15 days of CD7 CAR T-cell 
infusion, which was accompanied by an elevated count 
of  CD7− T and NK cells (Fig.  5A–F and Additional 
file  1: Fig. S5). Patients who received prior-SCT donor 
CAR T cells had complete chimerism status in periph-
eral blood T cells after infusion, whereas patients with 
new donor CAR T cells had complete or mixed chimer-
ism after infusion (Additional file 1: Table S3). T and NK 
cells were monitored with long-term in the 12 patients 
who did not receive SCT consolidation.  CD7+ T and NK 
cells remained undetectable in all patients until the last 
visit, excepting one patient who had recovery of  CD7+ 
T and NK cells 25.6  months post-infusion following 
loss of flow-cytometry-detectable CD7 CAR T cells at 
22.7  months. The number of  CD7− T,   total T and NK 
cells progressively increased, and by the last visit, total 
T-cell counts recovered to normal levels in 7 (58%) of 12 
patients at a median time of 1.9 (range, 0.4–4.3) months 
(Fig.  5C). Total NK-cell counts recovered to normal 
levels in 6 (50%) of 12 patients at a median time of 5.1 
(range, 1.9–21.4) months (Fig.  5F). Of the five patients 
with severe infections, two had T-cell recovery and one 
had NK-cell recovery, whereas of the 7 patients without 
severe infection, five had T-cell recovery and five had 
NK-cell recovery (Fig. 5G, H). All patients (100%) exhib-
ited a low  CD4+/CD8+ T-cell ratio within 1 month, and 
seven patients (55%) recovered to normal  CD4+/CD8+ 
T-cell  ratio before last visit (Additional file  1: Fig. S6). 
B-cell recovered in seven patients (> 5% of lymphocytes) 

between days 25 and 100 as previously reported [16]. In 
this follow-up study, one additional patient had B-cell 
recovery at 17  months, and the other four patients 
remained < 5% B cells among lymphocytes until the last 
visit, which was suspected to be related to the presence 
of GVHD.

Our previous short-term analysis showed a lack of 
naïve subpopulations of non-CAR T cells early after 
CD7 CAR T-cell infusion, but patients had a partially 
preserved response to viral and fungal antigen stimula-
tion [16]. Long-term monitoring of T-cell phenotype and 
function in 2 patients showed that the central memory 
T-cell subpopulation gradually increased, and low levels 
of naïve and stem-cell-memory T-cell subpopulations 
were detectable in 1 of these patients after 15  months 
(Fig.  5I, Additional file  1: Fig. S7A). TCR diversity in 
patients after CD7 CAR T-cell infusion remained lower 
compared to healthy donors (Fig. 5J, Additional file 1: Fig. 
S7B). However, the response of T cells post-infusion to 
CMV and EBV antigen stimulation was in a trend of ele-
vation, suggesting certain degree of protective function 
against these viruses. (Fig. 5K, Additional file 1: Fig. S7C).

Discussion
This study provides a 2-year follow-up in 20 participants 
with r/r T-ALL after therapy with CD7-directed CAR T 
cells originated from donors. We showed durable remis-
sions lasted for more than 24 months in a proportion of 
treated patients, whereas relapse emerges as a main cause 
of treatment failure. This research also raised infection 
and GVHD as major long-term adverse events in patients 
without SCT consolidation.

The safety analysis in this follow-up study provides 
further insights into long-term risks of the therapy. Our 
previous report demonstrated manageable short-term 
adverse events, including cytopenias, CRS, neurotoxicity 
and acute GVHD. Here we showed that late-onset GVHD 
was the most common long-term AEs with 58% inci-
dence among the 12 patients without SCT consolidation. 

Fig. 5 T-cell aplasia. A–F Kinetics of  CD7+CD3+ T cells (A),  CD7−CD3+ T cells (B), total  CD3+ T cells (C),  CD7+CD16+CD56+ NK cells (D), 
 CD7−CD16+CD56+ NK cells (E), and total  CD16+CD56+ NK cells (F) in peripheral blood of all treated patients, as measured by flow cytometry; 
CAR T and leukemia cells were excluded in this analysis; data were recorded until the cut-off date or the time point that discontinued follow-up; 
different types of symbols indicate different patients, and lines of different colors indicate different subgroups. G, H Association of T-cell recovery (G) 
or NK-cell recovery (H) with late-onset severe infection. The P value is based on Chi-square tests. I Percentage stacked bar charts show kinetics of 
subset compositions among  CD3+CD4+ and  CD3+CD8+ T cells in peripheral blood of two patients, as measured by flow cytometry. J T cell receptor 
sequencing data, presented as Shannon indexes from post-CD7 CAR T-cell therapy patients and healthy donors (some short-term results had been 
shown in our previous report, including E001 at month 2, E007 at month 1, E008 at month 6 and E009 at month 6); dashed line indicates median of 
normal values. K IFN-γ expressing T cells in PBMCs from post-CD7 CAR T-cell therapy patients and healthy donors after stimulation with CMV or EBV 
peptides (some short-term results had been shown in our previous reports, including E001 at month 8, E003 at month 7, E004 at month 7, E008 at 
month 6, E009 at month 6 and E018 at month 3), as determined by ELISPOT assay. CAR—chimeric antigen receptor; CMV—cytomegalovirus; EBV—
Epstein-Barr virus; IFN—interferon; N—CD45RA+CD62L+CD95− naïve T cells; SCM—CD45RA+CD62L+CD95+ stem cell-like memory T cells; CM 
—CD45RA−CD62L+ central memory T cells; EM—CD45RA−CD62L− effector memory; EMRA—CD45RA+CD62L− effector memory cell re-expressing 
CD45RA; PBMC—peripheral blood mononuclear cells; HD—healthy donor

(See figure on next page.)
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The allogenic origin of T cells was suspected to be a 
contributing factor in late-onset GVHD, however these 
complications were mostly mild and all manageable. 
Interestingly, our results did not show a significant asso-
ciation between human leukocyte antigen (HLA) match-
ing degree with incidence or persistence of GVHD, but 
due to the small sample this issue needs to be further 
investigated in future studies. Only one case of severe 
GVHD was reported, and no severe GVHD occurred 
beyond 12 months post infusion, suggesting that this AE 
was generally manageable.

Grade three or worse infections occurred in 42% (5/12) 
of participants who did not receive SCT consolidation. 
These severe infections mostly occurred around 6 months 
to 1 year post infusion, and were suspected to be caused 
by mixed effects of normal T-cell depletion, cytopenias, 
and immunosuppressive agents that were used to con-
trol GVHD. During the follow-up period, 58% (7/12) of 
patients who did not underwent SCT consolidation had 
their non-CAR T cells restored to normal level. The inci-
dence of severe infections seemed to be negatively cor-
related with T-cell recovery, although not statistically 
significant. Long-term monitoring of T cells in some 
patients showed increased central memory subpopula-
tion and good responsiveness to viral antigen stimulation, 
suggesting that they had some protective effects. Nota-
bly, a lower incidence of severe infections (1/7, 14.3%) 
were observed in patients with SCT consolidation after 
CAR  T-cell infusion, suggesting that early bridging to 
SCT may reduce the risk of life-threatening infection. For 
patients who were planning to receive new donor-derived 
CD7 CAR T cells, we would recommend them to discard 
this CAR T-cell therapy if subsequent SCT was not feasi-
ble. Patients treated with prior-SCT donor-derived CD7 
CAR T cells mostly had available donors and were also 
strongly recommended for SCT consolidation, but most 
of them declined it for personal reasons. The future effort 
will be made to arrange most patients to accept SCT after 
CAR T-cell infusion. For patients who are not eligible for 
SCT, using a molecular switch to terminate CAR T cells, 
or early infusion with purified  CD34+ stem cells to pro-
mote T-cell recovery, may be the alternative strategies to 
reduce the risk of severe infections [20]. Nonetheless, the 
relationship between T-cell recovery and risk of severe 
infection, as well as the ways to overcome this challenge, 
remains to be further investigated.

The treatment produced a median PFS of 11.0 months 
and a median OS of 18.3 months, and 31.5% (n = 6) of the 
responders achieved responses lasting more than 2 years, 
including three who did not receive further consolida-
tion. A previous study reported a median OS of 8 months 
among patients with r/r T-ALL treated with salvage 

nelarabine treatment [21]. Of the six (33.3%) patients 
who relapsed, four were CD7-negative relapse and two 
were CD7-positive relapse. CD19-negative relapse fre-
quently occurred during CD19 CAR T-cell therapy for 
B-cell malignancies, with various mechanisms including 
mutation of CD19 gene and evolution from pre-existing 
CD19-negative subclones [22, 23]. Frameshift or mis-
sense mutations were detected in the four CD7-negative 
relapse patients in our study, suggesting that mutation 
may be a main cause of CD7 loss in tumor cells. How-
ever, due to the lack of sufficient samples, it remains to 
be determined in future research whether CD7-negative 
relapse was derived from CD7-negative leukemic (or 
preleukemic) clones that exist before therapy, or caused 
by a new mutation during CAR T-cell treatment. We also 
observed CD7-positive relapse following the loss of CAR 
T cells (at flow cytometric level) in a patient without SCT 
consolidation, suggesting that insufficient persistence 
may also be a cause of relapse. However, the incidence 
of this antigen-positive relapse is relatively low, consist-
ent with the overall good CAR T-cell persistence that are 
possibly related to the fine CAR vector design and donor 
complete chimerism status.

The CD7-negative T cells after CAR T-cell therapy 
could be derived from endogenous CD7-negative T cells 
(naturally developed) preexisted in patients, or from the 
infused T-cell product (naturally developed or caused 
by endoplasmic reticulum retention of CD7 protein). 
The eight patients who received new donor CAR T cells 
obtained complete or mixed chimerism status at 1 month 
after CAR  T-cell infusion, suggesting that their CD7-
negative T cells were mostly or partially derived from the 
T-cell product. The 12 patients who received prior-SCT 
donor-derived CAR T cells had already achieved com-
plete chimerism after SCT and contain donor stem-cell 
differentiated CD7-negative T cells, therefore it could 
not be determined whether their CD7-negative T cells 
were derived from endogenous T cells or infused T-cell 
product. The clear dissection of the origin and function 
of these CD7-negative T cells warrants further analysis.

Differences in study designs and patient characteristics 
make it difficult to directly compare the results of donor 
CD7 CAR T-cell therapy with the recent reports of other 
ongoing CD7-targeted cellular therapies. Genome-edited 
universal CD7 CAR T cells, autologous nanobody-based 
CD7 CAR T cells and naturally selected CD7 CAR T 
cells also showed early efficacy in patients with T-ALL, 
while CD7-negative relapses were also observed in these 
studies [16, 24–26]. Fewer severe infection cases were 
reported in these studies. However, these therapies had 
a less than 1-year median follow-up or were mostly 
bridged to SCT early after CAR T-cell  infusion, making 
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it difficult to evaluate the risk of infection with the long-
term presence of CAR T cells. In contrast, our patients 
were followed up for more than 2 years, and more than 
half of them did not receive SCT post CAR T-cell  infu-
sion, allowing us to assess the long-term risk of infection. 
Donor-derived CD7 CAR T cells may be particularly use-
ful, when autologous CD7 CAR T-cell therapy is unavail-
able due to low quantity or quality of patient’s T cells, 
or risk of tumor contamination. Indeed, the preparation 
of autologous T cell for patients with T-ALL in some 
patients may be very challenging, since the chemotherapy 
regimen were usually very intense and designed against 
T-lineage cells [1]. A parallel phase I trial is undertaken 
in our center to test feasibility of autologous CD7 CAR 
T cells against T-ALL with the same lentiviral vector, 
and this will provide further information to compare the 
application between donor and autologous CD7 CAR T 
cells [27].

This study has several limitations. Firstly, it was a phase 
I trial designed to initially explore feasibility and safety 
with a small sample size. Therefore, a phase II study with 
a larger sample size is needed to confirm safety and effi-
cacy and to define prognostic factors. In addition, it is the 
first experience with donor CD7 CAR T cells for T-ALL, 
with no prior clinical experience, and regimens for man-
aging adverse events need to be further optimized. Also, 
long-term functionality of non-CAR T cells and the 
mechanisms of CD7 antigen loss that leads to relapse 
warrants further investigation.

The main strength of this study is that it presents a first 
long-term follow-up in patients with T-ALL after CAR 
T-cell treatment. The durability of responses and new 
signals of long-term adverse events showed here, as well 
as previous report of a high early response rate, support 
that donor-derived CD7 CAR T cells may be a feasible 
salvage treatment for children or adults with r/r T-ALL. 
Severe infection appears to the notable side effect associ-
ated with this therapy. Early bridging to SCT consolida-
tion has the potential to reduce this risk of infection, and 
monitoring of immune function and careful prevention 
and treatment of infection is critical for those patients for 
whom a subsequent SCT is not feasible. To know more 
about the benefit and risk profile, a multicenter phase II 
clinical trial is ongoing, which may provide additional 
clues for further optimization of this therapy.

Conclusions
In conclusion, this long-term report initially provides 
assessment of remission durability and long-term adverse 
events, both of which are critical to understanding the 
activity, beneficial effects, and risks of CD7 CAR T-cell 
therapy, and provides valuable information for future 

design of CD7-targeted cellular therapy. In our long-term 
analysis, donor-derived CD7 CAR T-cell treatment dem-
onstrated durable efficacy in a subset of patients with r/r 
T-ALL. The failure of donor-derived CD7 CAR T-cell 
treatment in r/r T-ALL may be due to relapse. Addition-
ally, severe infection was a noteworthy late-onset adverse 
event.
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