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Abstract: The great success of chimeric antigen receptor T (CAR-T)-cell therapy in B-cell malignancies has signifi-
cantly promoted its rapid expansion to other targets and indications, including T-cell malignancies and acute my-
eloid leukemia. However, owing to the life-threatening T-cell hypoplasia caused by CD7-CAR-T cells specific cytotoxic 
against normal T cells, as well as CAR-T cell-fratricide caused by the shared CD7 antigen on the T-cell surface, the 
clinical application of CD7 as a potential target for CD7+ malignancies is lagging. Here, we generated CD7ΔT cells 
using an anti-CD7 nanobody fragment coupled with an endoplasmic reticulum/Golgi retention domain and dem-
onstrated that these cells transduced with CD7-CAR could prevent fratricide and achieve expansion. Additionally, 
CD7ΔCD7-CAR-T cells exhibited robust antitumor potiential against CD7+ tumors in vitro as well as in cell-line and 
patient-derived xenograft models of CD7-positive malignancies. Furthermore, we confirmed that the antitumor ac-
tivity of CD7-CAR-T cells was positively correlated with the antigen density of tumor cells. This strategy adapts well 
with current clinical-grade CAR-T-cell manufacturing processes and can be rapidly applied for the therapy of patients 
with CD7+ malignancies.

Keywords: Humanized CD7 nanobody, ER/Golgi CD7 retention, fratricide-resistant CD7 CAR-T, adoptive immuno-
therapy

Introduction

T-lymphoblastic leukemia (T-ALL) is an aggres-
sive disease that accounts for 25% of adult  
and 15% of pediatric cancers [1]. Although clini-
cal outcomes have significantly improved for 
pediatric ALL patients under the intervention of 
chemotherapy, 20% of these patients and  
50% of adults ultimately succumb to this dis-
ease [2, 3]. Patients diagnosed with T-ALL fre-
quently present with unfavorable symptoms 
accompanied by a higher risk of relapse. 
Nelarabine, the only drug approved for the 
treatment of relapsed and refractory T-ALL (r/r 
T-ALL), has a complete remission rate of only 
20% to 30%. Additionally, the sustainable clini-
cal development of notch-1 inhibitors targeting 
the commonly mutated variants of T-ALL is lim-
ited due to their high incidence of gastrointesti-

nal toxicity and low response rates [4]. 
Meanwhile, recently, cyclin D3 was shown to 
play a key role in the induction of T-ALL, thus, 
prompting a study on cyclin D-cyclin-dependent 
kinase-4/6 inhibitors, namely abemaciclib and 
palbociclib, however, these drugs only exhibited 
moderate activity in preclinical research war-
ranting further clinical investigation [5].

Major clinical responses have been reported 
following the application of CD19-targeting 
CAR-T cells for refractory/recurrent B-lineage 
malignancies [6-13]. Yescarta and Kymriah,  
two autologous CD19-targeting CAR-T cells, 
have been approved by the Food and Drug 
Administration (FDA) [14-16]. Meanwhile, B- 
lineage malignancies have safer and effective 
therapeutic targets (targeting CD19, CD20, and 
CD22), whereas T-ALL demonstrates higher 
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malignant-tumor heterogeneity. Moreover, tar-
get selection and safety represent key issues 
primarily due to their shared target-antigen 
spectrum between tumor cells and T cells, 
which not only leads to CAR-T-cell internecine 
killing [17, 18] but also to T-cell underdeve- 
lopment and even life-threatening T-cell 
immunodeficiency.

Currently, the primary targets of T-ALL-related 
CAR-T-cell research include CD7, CD5, and 
CD1a. CD5-specific CAR-T-cell therapy has 
resulted in serious adverse effects due to the 
upregulation of intercellular adhesion mole-
cules by 4-1BB, which increases the stability  
of immune synapses [19]. Additionally, CD5-
CAR-T cell-based therapy coupled with CD28 
exhibit limited tumor clearance due to transi- 
ent persistence. Moreover, the expression pro-
file of CD5 is limited on T-cell tumors. These 
findings indicate that CD5 might not be suita- 
ble for further clinical applications. CD1a was 
also restricted due to its cortical T-ALL attribu-
tion [20-22]. CD7 is also a primary marker of 
T-cell malignancies [23, 24], although studies 
indicate that it does not appear to critically  
contribute to T-cell development or function 
according to results following CD7 knockout in 
mice [25, 26]. Furthermore, the expression of 
CD7 remains high according to analysis of 
human bone marrow samples at each thera-
peutic stage [18]. Therefore, CD7 might repre-
sent a potent target for acute myeloid leukemia 
(AML) and T-ALL immunotherapy.

In the early stage of this study, we successfully 
developed an anti-CD7 nanobody (CD7Nb) that 
was generated by screening a phage-display 
library obtained from camel B-cells immunized 
with CD7+ Jurkat cells. Further outcomes from 
studies employing immunotoxin-loaded CD7Nb 
and CD7-CAR-NK92MI cells provided a solid 
foundation for the exploration of CD7-CAR-T 
cells [27-29]. However, lack of persistent immu-
nogenicity caused by immunotoxins, as well as 
the presence of allogeneic NK92MI cell charac-
teristics, restrict the clinical application of CD7-
CAR-T cells.

Here, we verified five CD7-CAR-T-cell structur- 
es that included monovalent and bivalent 
CD7Nbs produced by either camel B-cells 
(VHH6) or their humanized structures (HuVHH6) 
and different costimulatory domains of induc-
ible T-cell co-stimulator (ICOS)/4-1BB, 4-1BB, 

and CD28. An optimal structure was screened 
for further CD7-CAR-T research through activa-
tion of CD7-CAR-Jurkat cells. CAR-T cells with 
CD7 blockade, induced via an intracellu- 
lar retention motif, were fratricide-resistant. 
Further we investigated the anti-tumor poten-
tial of CAR-T cells in vitro and in vivo and 
explored the key elements affecting the biologi-
cal activity of CAR-T cells. Therefore, these frat-
ricide-resistant CD7-CAR-T cells address gaps 
in adoptive immunotherapy for T-ALL/T-cell 
lymphoblastic lymphoma (T-LBL) and potential-
ly other CD7+ tumors, such as those associated 
with AML.

Materials and methods

Cell cultures

Acute T-ALL CCRF-CEM and acute T-cell leuke-
mia Jurkat and the human erythroleukemia cell 
line HEL were maintained in RPMI-1640 medi-
um. All cells were cultured according to stan-
dard cell culture conditions. To construct Luc+-
GFP+-CCRF-CEM and Luc+-GFP+-HEL cells, a 
lentiviral vector co-encoding luciferase and 
green fluorescent protein (GFP) was utilized for 
transduction. Using flow cytometry (Agilent 
Technologies, Santa Clara, CA, USA), single 
cells selected from CCRF-CEM, and HEL-GFP-
luciferase-transduced populations were used 
to generate a cell line. A GFP lentiviral vector 
co-constructed with CD7 was used for the 
transduction of HEK293T cells to obtain CD7+-
GFP+-293T cells.

Peripheral blood mononuclear cells (PBMCs) 
derived from healthy volunteers were obtained 
by density gradient centrifugation and plated 
with 2×106 cells/mL in 24-well plates in 
TexMACS and subsequently activated with 
TransAct (Miltenyi Biotec, Bergisch Gladbach, 
Germany) containing human recombinant inter-
leukin (IL)-7 (155 IU/mL) and human recombi-
nant IL-15 (290 IU/mL). Two days later, activat-
ed T cells were used for the different lentiviral 
transductions. Primary T-ALL cells were a gift 
from Dr Xuejun Zhu.

Generation of CD7 blockade and CD7 CAR-T 
cells

CD7-specific antibody fragments were derived 
from monovalent and bivalent CD7Nbs pro-
duced by either camel B cells (VHH6) or their 



Efficacy of CD7-CAR-T cells against CD7+ tumors

5265 Am J Cancer Res 2021;11(10):5263-5281

humanized structures (HuVHH6). The CD7Nbs 
were coupled with the CD8α signal peptide, 
while the transmembrane domain, and differ-
ent costimulatory domains were derived from 
ICOS/4-1BB, 4-1BB, CD28, and CD3ζ. The biva-
lent CD7Nbs derived from camel B cells were 
joined to an endoplasmic reticulum (ER)/Golgi 
retention-signaling domain for the construction 
of CD7 blockade variants. All sequences were 
subcloned into the lentiviral vector. Virus parti-
cles were generated in suspension-293T  
cells (domesticated from 293T cells) and by 
ultracentrifugation, yielding transducing titers 
>1×108 units/mL.

Determination of CAR-T-cell specificity, gene 
expression, and cell-marker profile

CAR+ was detected with the Alexa Fluor 
647-labeled goat anti-human Fc antibody 
(Jackson ImmunoResearch, West Grove, PA, 
USA) or the anti-truncated epidermal growth 
factor receptor antibody (iCarTAB) at a dilution 
of 1:1000. The CD7 blockade T-cell ratio was 
detected using an allophycocyanin (APC)- or 
fluorescein isothiocyanate (FITC)-conjugated 
anti-human CD7 antibody (BD Biosciences,  
San Jose, CA, USA). CD4 PerCP, CD3 FITC, CD8 
APC, CCR7 FITC, CD45RA APC, CD69 APC, 
CD25 APC, and programmed cell death-1 (PD-
1) APC were obtained from BD Biosciences. 
Cell staining was performed using a NovoCyte 
flow cytometer (Agilent Technologies).

To confirm that CD7 blockade specifically 
blocked the expression of CD7 molecules on 
the membrane surface, Jurkat cells were trans-
duced with CD7 blockade and incubated  
with purified CD7Nb at different antibody con-
centrations ranging from extremely low to very 
high (0.61 ng/μL to 1250 ng/μL) for 1 h, after 
which the Alexa Flour 647-conjugated anti-
human Fc antibody was added. Subsequently, 
a test for CD7-blockade specificity was per-
formed prior to flow cytometric analysis.

Cell activation, cell cytotoxicity, and cytokine 
production

Jurkat cells transduced with different struc-
tures of CD7-CAR were incubated with the CD7+ 
cell line CCRF-CEM, which was pre-labeled with 
carboxyfluorescein succinimidyl ester (CFSE). 
After 24 h, cells were collected for staining with 

CD69 APC, CD25 APC, and PD1 APC, 
respectively.

In a cytotoxicity assay, suspension-cultured tar-
get cells labeled with CFSE (10 μM), and effec-
tive T cells were plated into a 24-well round-
bottomed plate at various effector: target (E:T) 
ratios. After 24 h, 7-aminoactinomycin D and 
Annexin V were added to discriminate dead  
and apoptotic cells by flow cytometry (Multi 
Sciences Biotech, Hangzhou, China).

For repetitive tumor challenge, primary T-ALL 
cells and effective T cells were incubated at a 
1:5 ratio. Quantitative primary T-ALL cells were 
added every 48 h, and CD7 expression on pri-
mary T-ALL cells and T-cell subtypes were ana-
lyzed by flow cytometry every 24 h after the 
addition of tumor cells.

To assess adherence to target cells and result-
ing cytotoxicity, target cells (CD7+-GFP+-293T) 
were plated in a 96-well plate overnight. On day 
2, different E: T-cell ratios were added for fur-
ther dynamic cell-growth monitoring via real-
time cell analysis (RTCA).

To assess cytokine production, incubation 
supernatants of cell-activation and cytotoxicity 
assays were harvested and quantified using 
the indicated cytometric bead array kit (CBA; 
BD Biosciences) of interferon (IFN)-γ/granzyme 
B/IL-2/tumor necrosis factor (TNF)-α according 
to product instructions.

In vivo CCRF-CEM, HEL and patient-derived 
T-ALL xenograft (PDX) models

Six- to eight-week-old B-NDG mice (Biocytogen, 
Wakefield, MA, USA) were bred and maintained 
at the animal facility of Soochow Univer- 
sity. Luc+-GFP+-CCRF-CEM cells (1×105 cells/
mouse) were intravenously (i.v.) injected, fol-
lowed 2 days later by infusion of CD7-CAR T 
cells (3×106/mouse, i.v.) or CD7 blockade T 
cells. Group of mice receiving phosphate-buff-
ered saline (PBS) were used as controls. To 
analyze levels of blood platelets in mice after 
CAR-T-cell infusion, 250 μL of blood was col-
lected by orbital bleeding. Before termination 
of the study, tissues were collected for CD7 
immunohistochemical (IHC) staining.

For HEL cell-derived xenograft (CDX) models, 
5×105 Luc+-GFP+-HEL cells were i.v. injected, 
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followed 3 days later by infusion of CD7 block-
ade T or CD7-CAR-T cells (1×107/mouse, i.v.). 
Control mice received PBS instead of T cells. 
Body weight and IVIS imaging presented after 
D-luciferin intraperitoneal (i.p.) injection were 
monitored at different time points.

For the PDX model, 2×106 primary T-ALL cells 
were i.v. injected into B-NDG mice and propa-
gated for 21 days (median survival). Following 
euthanasia, the spleens were harvested, sec-
tioned, ground, filtered, and cultured for 2 days 
to harvest single T-ALL cells. After 3 days, T-ALL 
cells were re-injected into B-NDG mice, fol-
lowed by infusion with CD7-CAR-T or CD7 block-
ade T cells. ALL mice received IL-2 (50,000 IU) 
daily for 2 weeks starting from the CAR-T-cell 
infusion date. Tissues were fixed in 4% parafor-
maldehyde for IHC analysis. Expansion of CAR 
in vivo was determined using quantitative poly-
merase chain reaction (qPCR) analysis.

qPCR

ReliaPrep gDNA miniprep system kit (Promega, 
Madison, WI, USA) was used for DNA extraction 
from peripheral blood. The primers used are 
listed in Table 1. qPCR was then performed 
using the QuantStudio DX real-time quantita-
tive PCR system (Life Technologies, Carlsbad, 
CA, USA). DNA concentration was determined 
using a standard curve, and gene copies were 
calculated using the following formula: [(cop-
ies/μL)/(μg/μL) = copies/μg].

IHC staining

IHC assays were performed according to manu-
facturer instructions. Briefly, tissue sections 
were incubated at 60°C for 1 h to retrieve anti-
genicity. After dewaxing, dyeing, and sealing, 
the slides were scanned using an OLYMPUS 
CX23. Reagents used for HE and IHC assays 
included hematein (Beyotime, Beijing, China), 
anti-human CD7, biotin-labeled secondary anti-
body (Beyotime), avidin-labeled horseradish 

peroxidase (Beyotime), and 3,3’-diaminobenzi-
dine (Beyotime).

Statistical analysis

For in vitro studies, data were assessed with 
GraphPad Prism 6 software (San Diego, CA, 
USA). The specific analyses performed are  
presented in the individual figure legends. 
Significance was calculated by Student’s t test. 
For three or more group comparisons, Sidak’s/
Tukey’s multiple comparison tests were used. 
For in vivo studies, Mice survival was analyzed 
by the log-rank (Mantel-Cox) test.

Results

Design and optimize of CD7-CAR

We designed different structures of CD7-CAR 
containing either (1) monovalent or bivalent 
CD7Nbs derived from camel or humanized B 
cells were joined to the costimulatory domains 
of ICOS and 4-1BB (CD137) and CD3ζ; (2)  
monovalent or bivalent CD7Nbs derived from 
camel B cells were linked to the signaling 
domains of CD28 and CD3ζ (Figure 1A). 
Lentiviral transduction of these constructs in 
Jurkat cells caused different degrees of CD69, 
CD25, and PD-1 activation after incubation 
with CD7+ CCRF-CEM cells (Figure 1B). In coor-
dination with cytokine secretion (Figure 1C),  
we screened the appropriate structure (PA3-17) 
for further analysis.

Abrogation of CD7 expression on T-cell surface 
prevents CAR-T-cell fratricide

As previously reported [17, 18, 30], CD7-CAR-T 
cells suffered fratricide due to CD7 co-expres-
sion on normal T cells. To create CD7 blockade 
we adopted the strategy described by Ma- 
monkin [18] using the ER retention domain 
KDEL to link bivalent CD7Nbs developed in our 
laboratory (Figure 2A). CD7Nbs combine with 
the synthetic CD7 antigen and target the ER/
Golgi via the retention motif, which prevents 
membrane expression of CD7 [31, 32]. Results 
showed that CD7 surface expression on T cells 
was successfully abrogated (Figure 2B). By 
expressing CD7-CAR in combination with CD7 
retention in the ER, T-cell viability was markedly 
improved and achieved expansion in vitro 
(Figure 2C).

Table 1. Sequences of primer/probe for CAR 
expansion
Primer/Probe Sequence
CD7-CAR-F 5’-CTCTTCAGGGCGCTGTTGTAGT-3’
CD7-CAR-R 5’-CCTGCACCTTTAGCGGAGTGT-3’
CD7-CAR-P 5’-TCGCTGCCCCAAATCACTGCGA-3’
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Figure 1. Design, optimization, and screening of CD7-CAR derived from the CD7Nbs. A. Schematic of different CD7-CAR structures. B. Ratio of different activation 
markers on Jurkat cells transduced with different anti-CD7-CARs that were pre-incubated with or without CD7+ CCRF-CEM cells at a 1:1 ratio for 24 h. C. Cytokine 
secretion assessed by CBA kits. Levels of granzyme B and IL-2 in supernatants.
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To confirm that CD7 blockade specifically 
blocked CD7, we transduced the CD7 blockade 
antigen into Jurkat cells (Figure 2D). After cul-
ture with CD7Nbs at different concentrations, 
we found that CD7 blockade Jurkat cells 
(CD7ΔJurkat) did not bind CD7Nbs, whereas 
Jurkat cells showed dose-independent binding 
(Figure 2E).

CD7ΔCD7-CAR-T cells eradicate tumor cells in a 
CD7-specific and antigen density dependent 
manner

We then transduced CD7 antigen into HEK-
293T cells (Figure 3A). CD7ΔCD7-CAR-T cells 
exhibited cytolysis against 293T-CD7 cells 
according to RTCA monitoring, indicating that 
CD7ΔCD7-CAR-T cells specifically target CD7 
(Figure 3B). Additionally, CD7ΔCD7-CAR-T cells 
were cytolytic to primary T-ALL cells, which had 

been propagated in B-NDG mice. Furthermore, 
we found that cytokine secretion was also 
dependent on E:T ratios (Figure 3C and 3D).

In addition to malignant cells, CD7ΔCD7-CAR-T 
cells might induce T-cell aplasia following infu-
sion due to CD7 expression on normal T cells. 
Indeed, we observed specific cytotoxicity 
against mature T cells; however, this effect  
was significantly weaker than that observed 
against CD7+ tumor cells. Concurrent with the 
cytotoxicity, cytokine release was relatively 
lower relative to that elicited by CD7+ tumor 
cells (Figure 3C and 3D). As expected, CD7ΔCD7-
CAR-T cells showed no cytolysis to CD7 block-
ade T cells, demonstrating that cytolysis was 
CD7-specific (Figure 3C and 3D). Compared 
with the cytotoxicity against mature T cells, we 
believe CD7ΔCD7-CAR-T cells showed a prefer-
ence for attacking T-ALL cells, which have a 

Figure 2. CD7△CD7-CAR-T cells are fratricide-resistant after CD7 blockade and CD7 blockade was specific targeting to 
CD7. A. Schematic of the CD7 blockade structure. B. Data illustrate the ratio of CD7 blockade or CAR+ in activated T 
cells by flow cytometry. CAR was detected using a goat anti-human IgG Fc antibody. C. Fold expansion of T cells and 
CD7-CAR-T cells transduced with or without CD7 blockade and measured at different time points by cell counting. 
Data represent three independent experiments (n=3 donors each). D. Flow cytometric analysis showing the expres-
sion of CD7 in blank and CD7 blockade Jurkat cells. E. The standard s-shaped curve shows different binding ratios 
of blank and CD7 blockade Jurkat cells after incubation with the humanized anti-CD7 nanobody under serially-
diluted concentrations for 1 h, followed by incubation with the Alexa Flour 647-labeled anti-human Fc antibody.
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Figure 3. CD7△CD7-CAR-T cells exert specific cytotox-
icity to CD7+ cells in an antigen-density-dependent 
manner in vitro. A. Flow cytometry diagram showing 
the overexpression of CD7 in HEK-293T cells. GFP 
was used as the detection marker following its co-
expression with the CD7 antigen. B. Normalized cell 
index of 293T-CD7 cells incubated with or without 
CD7△CD7-CAR-T cells. Data were acquired by RTCA. 
C. The cytolysis activity of CD7△CD7-CAR-T cells was 
evaluated with primary leukemia cells from patients 
with T-ALL, non-transduced T (NT), and CD7△T cells 
(each with a different CD7 MFI) at a 1:2, 1:1, 2:1, 
and 4:1 E:T ratios for a 24 h incubation assay. The 
mean (±SD) of triplicate experiments are shown. The 
graph shows statistical analysis of CD7 MFI in pri-
mary T-ALL and NT cells. D. Bars represent the mean 
(±SD) of cytokine secretion which was assessed with 
a CBA kit by flow cytometry.
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higher CD7 abundance according to mean fluo-
rescence intensity (MFI) (Figure 3C).

CD7ΔCD7-CAR-T cells manufactured from T-ALL 
patients are strongly cytotoxic against CD7+ 
tumor cells

To further assess potential clinical applica-
tions, we sorted healthy T cells from T-ALL 
patients using CD4 and CD8 microbeads and 
cultured them accordingly. Surface expression 
of CD7 in CCRF-CEM and HEL cells is shown in 
Figure 4A. The resulting CAR-T cells showed 
potent biological activity against CCRF-CEM 
and HEL cells (Figure 4B and 4C), with CCRF-
CEM cell cytotoxicity greater than that in HEL 
cells, which was partially due to the expression 
and density of the CD7 antigen (Figure 4A). 
These results demonstrated that CD7Nb-
derived CD7-CAR-T cells derived from T-ALL 
patients showed specific cytotoxicity against 
CD7+ tumor cells.

CAR-T cells retain cytotoxic potential after tu-
mor re-challenge

As previously reported, the target antigen CD19 
was significantly downregulated following intro-
duction of CD19-CAR-T cells. In our study, we 
found that after co-incubation of CD7-CAR-T 
cells with primary T-ALL cells, CD7 expression 
on primary T-ALL cells was downregulated, in a 
co-incubation time-dependent manner (Figure 
5B). During the process, the proportion of CAR+ 
remained unaltered (Figure 5C). We then ana-
lyzed T-cell subtypes and found that the sub-
types in the CAR-T-cell group changed from pri-
mary naive/stem memory to effector memory 
following repeated antigen stimulation (Figure 
5D). During tumor re-challenge, CD7+ T-ALL 
cells remained effectively eliminated (Figure 
5E), suggesting the persistence of CAR-T cells. 
Furthermore, it is possible that during the pro-
cess of CAR-T cell-mediated cytotoxicity, para-
pathways became engaged (e.g., cytokines) 
resulting in the targeting and destruction of 
tumor cells.

CD7ΔCD7-CAR-T cells exert anti-leukemic activity 
in a CCRF-CEM CDX model

Figure 6A shows the process of determining 
the infusion dose of GFP+ CCRF-CEM cells in 
the CDX model. Based on the data, we engraft-
ed 6- to 8-week-old female B-NDG mice i.v. with 

1×105 Luc+-GFP+-CCRF-CEM cells. Two days 
later, 1×106 CD7ΔCD7-CAR-T or CD7ΔT cells were 
injected in a single i.v. dose (Figure 6C). CD7ΔCD7-
CAR-T cells protected against leukemia pro-
gression and prolonged mouse survival (Figure 
6D). Additionally, as shown in Figure 6B, tumor 
cells accumulated in lungs, livers, spleens and 
bone marrow; the number of leukemic cells in 
these regions decreased dramatically after 
administration of CD7ΔCD7-CAR-T cells (Figure 7). 
Moreover, leukemia progressed in mice admin-
istered PBS or CD7ΔT cells, resulting in death at 
20 or 21 days. We also confirmed that platelet 
counts in the CAR-T groups remained at the 
same level as those in healthy mice (Figure 6E).

CD7ΔCD7-CAR-T cells are protective from tumor 
progression in an AML CDX model

We then determined the antitumor capacity in 
the Luc+-GFP+-HEL model in B-NDG mice 
(Figure 8A). Following i.v. injection of CD7ΔCD7-
CAR-T cells at day 3 after tumor engraftment, 
CD7ΔT cells or PBS were also injected as a con-
trol. We observed significantly reduced disease 
progression in the CAR-T group (Figure 8B). 
Additionally, we noted that the tumor burden 
evaluated by IVIS imaging was effectively allevi-
ated after CAR-T cells treatment (Figure 8C  
and 8D), and that treated mice displayed no 
substantial weight loss as compared with con-
trol mice (Figure 8E).

CD7ΔCD7-CAR-T cells exert an antitumor capac-
ity in T-ALL PDX model

To further consolidate the antitumor effect of 
CAR-T cells, a T-ALL PDX model was established 
via propagation of leukemia cells in B-NDG 
mice (Figure 10A). We further confirmed the 
immune phenotype of leukemic cells collect- 
ed from mice after expansion, with surface 
expression of CD45, CD34, and CD7 and lack 
of CD4, CD33, CD8, CD3, CD123, and CD276 
expression (Figure 9A). Of note, the primary 
T-ALL cells were injected into the mice for prop-
agation as they are unable to expand ex vivo. In 
contrast to the distribution of CCRF-CEM in 
mice, most of the T-ALL cells accumulated in 
the bone marrow, liver, lung, spleen, and pe- 
ripheral blood (Figure 9B). Moreover, mice 
infused with CD7ΔT cells exhibited leukemia pro-
gression (median survival: 26 days). By con-
trast, mice receiving CD7ΔCD7-CAR-T cells exhib-
ited reversed tumor burden (Figure 10B), and 
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Figure 4. CD7△CD7-CAR-T cells derived from primary T-ALL patients show 
robust cytotoxicity against CD7+ cells. A. Representative flow cytometric 
analysis show the CD7 expression in HEL and CCRF-CEM cell lines. B. 
Tumor cells (HEL) were pre-labeled with CFSE and plated in 24-well plates 
at an E:T ratio of 1:1 with different effector cells for 24 h. The mean ± SD 
of triplicate experiments are shown. C. Cytolysis of CD7△CD7-CAR-T cells 
against CCRF-CEM cells. ****P<0.0001.
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Figure 5. CAR-T cells retain cytotoxic potential af-
ter tumor re-challenge. A. Schematic of repetitive 
tumor-challenge assay. Effector cells were co-
cultured with primary T-ALL cells (5,000 T cells; 
25,000 primary T-ALL cells; E:T=1:5) and re-chal-
lenged with 5000 T-ALL cells every other day. B. 
Statistical analysis of CD7 antigen on primary T-
ALL cells at different re-challenge points. C. CAR+ 

retains similar levels in T cells after several rounds 
of co-incubation with primary T-ALL cells. D. Fre-
quency of naïve-like (Tscm/naive), effector memo-
ry RA+ (TemRA+), effector memory (Tem) and cen-
tral memory (Tcm) T cells after re-challenge with 
primary T-ALL cells, ****P<0.0001. E. T-ALL cells 
were nearly all undergoing apoptosis after tumor 
re-challenge (n=3 replicates per data point).
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CD7-CAR showed specific expansion in the 
CD7ΔCD7-CAR-T cells group (Figure 10C). Fur- 
thermore, tumor cell infiltration was signifi- 
cantly alleviated in CD7ΔCD7-CAR-T cells (Figure 
10E), and splenomegaly was effectively relieved 
(Figure 10D).

Discussion

Although the success of adoptive cell therapy 
based on CARs in cancer treatment is inspiring, 
extending the application scope of CAR-T cells 
to treat T-ALL/T-LBL is impeded due to the tar-
get antigens being shared between CAR-T  
cells and T-lineage tumor cells [18, 33-36]. 
Accordingly, two major obstacles need to be 
overcome to allow for further therapeutic appli-
cation of CAR-T cells for T-ALL/T-LBL: 1) CAR-T-
cell self-antigen-driven fratricide, which leads 
to the manufacture failure; and 2) the pan  
T-cell antigens targeted by CAR-T cells may 
induce T-cell underdevelopment, eventually 
leading to life-threatening immunodeficiency 
[18, 33, 35, 36].

In our present research, we applied a strategy 
employing CD7 blockade using a CD7Nb, which 
is vital for retention efficiency and to allow bind-
ing and anchoring of CD7 molecules on the ER/
Golgi through specific retention motifs. The 
affinity of the CD7Nb is within the nanomolar 
range [27]. Additionally, the CD7ΔT cells contin-
ued to expand by 80-fold, similar to normal cul-
tured T cells, and CD7-CAR-T cells also showed 
viable expansion in vitro, suggesting that redi-
recting CAR-T cells against the CD7 antigen  
did not cause self-targeting/fratricide. The 
strategy bypasses sophisticated genome-edit-
ing-based disruption of target antigens to avoid 
self-targeting/fratricide and avoid the risk of 
off-target effects, which can be a common out-
come from applying gene-editing technology. 
Furthermore, studies show that CRISPR/CAS9 
system may induce a p53-mediated DNA-
damage response, cause large deletions, and 

select p53-inactivating mutations. These stud-
ies highlighted the challenges associated with 
future clinical research of CAS9 technology 
[37-39].

Considering that the CD7-CAR-T-cell cytotoxic 
function is antigen-density-dependent, it 
remains a possibility that the low level of CD7 
on normal T cells (according to the low MFI 
reported here) would allow them to evade  
CAR-T attack. Additionally, approximately 10% 
of T cells in vivo (usually in the form of PBMCs) 
are CD7- [40, 41], which can help the body 
reshape the immune system of patients. It is 
possible that the endogenous CD3/T-cell 
receptor complex of infused CD7-CAR-T cells 
may contribute to the reconstitution of a heal- 
thy broad T-cell repertoire. Moreover, for T-ALL 
patients with high tumor risk, to maximize the 
success of allogeneic hematopoietic stem cell 
(HSC) transplantation, our technology can be 
used as an adjuvant therapy to reduce minimal 
residual disease [34, 42]. In fact, in the final 
clinical application, we predict that the general 
immune function of blocked T cells would be 
unaffected. If the infusion of CAR-T cells is fol-
lowed by infusion of autologous CD7 blockade 
T cells at the appropriate time, this would also 
aid re-establishment of a new immune system. 
A similar process occurs in CAR-T cells that tar-
get CD33. A previous study showed that infu-
sion of autologous CD33-knockout HSCs over-
come impairment of the hematopoietic system 
caused by the myelotoxicity due to CD33-CAR-
T-cell infusion [43]. CD7 is thought to be associ-
ated with poor prognosis in AML and expressed 
in approximately 30% of AML cells. Because of 
the intensity of CD7, it may be used as a combi-
nation target with other AML target antigens to 
provide a new treatment strategy.

Previous studies indicate that although down-
regulation of CD7 occurs in mice following infu-
sion of CD7-CAR-T cells, it does not compromise 
the ability of CD7-CAR-T cells in eliminating leu-

Figure 6. CD7△CD7-CAR-T cells exert anti-leukemic activity in a CCRF-CEM CDX model. A. B-NDG mice were injected 
i.v. with 0.2×105, 1×105, or 5×105 Luc+-GFP+-CCRF CEM cells, respectively (n=3), with 1×105 CCRF-CEM cells/
mouse used as a control. The median survival of the mice was 19, 20, and 25 days, respectively. B. Flow cytometric 
analysis of the tissue distribution of tumor cells (CD45+GFP+) in mice. CCRF-CEM cells were mainly distributed in 
BM, lung, and liver, and a small number of tumor cells infiltrated the spleen and peripheral blood. BM, bone mar-
row. C. Schematic of the experiment. B-NDG mice were infused i.v. with 3×106 CD7-CAR-T cells or control 2 days 
after a single i.v. injection of 1×105 Luc+-GFP+-CCRF CEM cells. Mice injected with PBS were used as controls. D. 
The survival of mice are analyzed by Mantel-Cox log-rank test and shown with Kaplan-Meier curves and **P<0.01. E. 
Statistical analysis of platelet counts (PLT) in different treatment groups. CONT, healthy mice.
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Figure 7. Representative images of CD7 IHC of lungs, livers, BMs, and spleens from different groups in the T-ALL CDX model. CD7 infiltration was effectively relieved 
in the CAR-T-cell group. Magnification: 400×. Scar bar: 20 μm. BM, bone marrow; CONT, healthy mice.
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kemia cells, indicating that CAR-T cells persis-
tence, as well as antigen density, was also a 
pivotal element for relapse [17]. Similarly, we 
found that CD7-CAR-T cells retained tumor-
clearance activity after antigen re-challenge. Of 
course, other factors act synergistically with 
the biological function of CAR-T cells. For exam-
ple, due to differential metabolic profiling, 
4-1BB co-stimulation presents slower but lon-
ger-lasting T-cell activation rather than CD28 
[44, 45]. Moreover, ICOS co-stimulation shows 
longer persistence and maintains a core molec-
ular signature characteristic of T helper 17 cells 
among CD4+ T cells [46, 47].

In conclusion, this study demonstrates the fea-
sibility and efficacy of CD7ΔCAR-T cells for the 
immunotherapy of T-lineage tumors and AML, 
as well as applications for other tumors with 

surface expression of CD7. A phase I pilot clini-
cal trial (ClinicalTrials.gov number, NCT04- 
004637) is ongoing to further test the safety 
and efficiency of CD7-directed CAR-T cells in 
patients diagnosed with T-ALL/T-LBL and AML. 
Additionally, the ER/Golgi retention approach 
described here enables CAR redirection to 
other T-cell antigens.
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