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Although chimeric antigen receptor (CAR) T cell immuno-
therapy has shown promising significance in B cell malig-
nancies, success against T cell malignancies remains unsatisfac-
tory because of shared antigenicity between normal and
malignant T cells, resulting in fratricide and hindering CAR
production for clinical treatment. Here, we report a new strat-
egy of blocking the CD7 antigen on the T cell surface with a re-
combinant anti-CD7 antibody to obtain a sufficient amount of
CD7-targeting CAR-T cells for T cell acute lymphoblastic leu-
kemia (T-ALL) treatment. Feasibility was evaluated systemati-
cally, revealing that blocking the CD7 antigen with an antibody
effectively blocked CD7-derived fratricide, increased the
expansion rate, reduced the proportion of regulatory T
(Treg) cells, maintained the stem cell-like characteristics of
T cells, and restored the proportion of the CD8+ T cell popula-
tion. Ultimately, we obtained anti-CD7 CAR-T cells that were
specifically and effectively able to kill CD7 antigen-positive
target cells, obviating the need for complex T cell modifica-
tions. This approach is safer than previous methods and pro-
vides a new, simple, and feasible strategy for clinical immuno-
therapies targeting CD7-positive malignant tumors.
Received 30 May 2021; accepted 17 February 2022;
https://doi.org/10.1016/j.omto.2022.02.013.

Correspondence: Lei Yu, Institute of Biomedical Engineering and Technology,
Shanghai Engineering Research Center of Molecular Therapeutics and New Drug
Development, School of Chemistry andMolecular Engineering, East China Normal
University, Shanghai 200062, P.R. China.
E-mail: yulei@nbic.ecnu.edu.cn
Correspondence: Zhiqiang Yan, Institute of Biomedical Engineering and Tech-
nology, Shanghai Engineering Research Center of Molecular Therapeutics and New
Drug Development, School of Chemistry and Molecular Engineering, East China
Normal University, Shanghai 200062, P.R. China.
E-mail: zqyan@sat.ecnu.edu.cn
INTRODUCTION
T cell malignancies are a group of heterogeneous diseases that reflect
the clonal nature of T cells with impaired functions.1 In particular,
T cell acute lymphoblastic leukemia (T-ALL) is a highly invasive he-
matological malignancy caused by the abnormal proliferation of he-
matopoietic stem cells.2 Despite treatment with multidrug chemo-
therapy regimens, 30% of patients eventually relapse, and fewer
than 15% of relapsed patients have an event-free survival time of 3
years.3,4 In particular, the malignancy of T cell malignant tumors is
greater than that of B cell malignant tumors, which makes T-ALL
treatment significantly challenging.5

Chimeric antigen receptor (CAR) T cell immunotherapy is prom-
ising for the treatment of refractory and relapsed B cell acute
lymphoblastic leukemia (r/r B-ALL) and the first commercial
Molecula
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T cell therapy approved for cancer.6,7 This success implies that
CAR-T cell therapy is very promising for the treatment of T cell
malignancies. At present, CD1a, CD5, and CD7 are the major
selective target antigens in T-ALL. However, because CD1a expres-
sion is characterized in only some subtypes, such as cortical
thymocytes, and CD5 expression is low, targeting CD1a or CD5
is not suitable for long-term treatment.8–12 CD7 is a 40 kDa sin-
gle-chain glycoprotein that is expressed by T cells and natural
killer (NK) cells.13 Unlike the CD1a and CD5 antigens, CD7 ac-
counts for more than 95% of the dominant expression in T cell
leukemias and lymphomas and stably maintains high expres-
sion.8,14 In addition, clinical data have shown that CD7 is contin-
uously expressed on cancerous T cells at higher levels than that on
T cells from normal donors and is therefore considered an attrac-
tive target for CAR-T cell therapy.15

However, it is almost impossible to produce sufficient anti-CD7
CAR-T cells in vitro for clinical therapy because of “fratricide.”16 At
present, two strategies have been reported to avoid fratricide. One
strategy is to knock out CD7 using CRISPR-Cas9 gene editing
technology, and the other is to target the CD7 protein with an anti-
CD7 single-chain variable fragment (scFv) coupled with an endo-
plasmic reticulum (ER)/Golgi-retention domain to retain newly
synthesized CD7 in the ER or Golgi apparatus. However, both strate-
gies require additional modifications at the DNA level to inhibit
the expression of CD7 on the cell membrane, which may introduce
unpredictable risk (such as “off-target” effects); moreover, these
r Therapy: Oncolytics Vol. 24 March 2022 ª 2022 The Authors. 719
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Figure 1. Expression of anti-CD7 CAR on T cells results in fratricide

(A) Schematics of two third-generation anti-CD7 CAR constructs: anti-CD7 CAR-T

1 (top) and anti-CD7 CAR-T 2 (bottom). (B) Representative histograms of anti-CD7

CAR expression in T cells. (C) Cell debris and dead cells in cultures of anti-CD7

CAR-T cells observed under the microscope on day 7. The red arrows represent cell

debris or dead cells. Scale bar: 100 mm. (D) Apoptosis in the four cell groups (mock,

anti-CD19 CAR-T cells, anti-CD7 CAR-T 1 cells, and anti-CD7 CAR-T 2 cells) on

day 8. Data are shown as mean ± SD from triplicate measurements and were

visualized using GraphPad Prism. There was no significant difference between the

anti-CD7 CAR-T 1 cell and anti-CD7 CAR-T 2 cell, mock, and anti-CD19 CAR-T as

well, but the results of the multiple comparison of the late apoptotic cells, early

apoptotic cells, and live cells between the anti-CD7 CAR-T 1 cell and mock cells

were p = 0.0044 (**p < 0.01), p = 0.0002 (***p < 0.001), and p < 0.0001 (***p <

0.001), respectively. (E) Histograms of CD7 antigen expression on anti-CD7 CAR-T

1 cells from day 2 to day 14. (F) Proportions of CD8+ T cells detected on day 1 and

day 8. Data from 3 donors were analyzed and visualized using GraphPad Prism.
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strategies may have an unknown impact on the biological function of
CAR-T cells because of the lack of CD7 expression on the cell
membrane.10,11,15,17

Therefore, to overcome the shortcomings of the reported methods for
preparing anti-CD7 CAR-T cells, we propose a new strategy in which
the CD7 antigen on the T cell surface is blocked with a free anti-CD7
antibody containing the same binding domain as the CAR to avoid
fratricide during anti-CD7 CAR-T cell preparation. Our research
showed that the anti-CD7 CAR-T cells cultured with the antibody,
which was added during the preparation stage, exhibited improved
cell viability and proliferation and a relatively ideal subpopulation.
Finally, we harvested a sufficient amount of anti-CD7 CAR-T cells
with specific and effective cytotoxicity against CD7 antigen-positive
target tumor cells for clinical use. This new study provides a simple,
safe, and feasible method for preparing anti-CD7 CAR-T cells for
the clinical treatment of T-ALL.

RESULTS
The expression of an anti-CD7 CAR on T cells leads to fratricide

To obtain a CAR that can specifically target the CD7 antigen on the
surface of tumor cells, we designed two third-generation anti-CD7
CARs (Figure 1A). Anti-CD7 CAR-T 1 and anti-CD7 CAR-T 2 cells
were prepared using lentiviral transduction, and the infection effi-
ciencies measured on day 8 were 51.2% and 25.7%, respectively
(Figure 1B).

Anti-CD7 CAR-T cells may induce fratricide because of T cell expres-
sion of CD7.15 To explore and confirm this phenomenon, we
observed the condition of anti-CD7 CAR-T cells under the micro-
scope and found a large number of dead cells and cell debris in
both CAR-T cell groups (Figure 1C). Cell apoptosis results revealed
that the proportions of both early and late apoptotic cells in the
anti-CD7 CAR-T cell groups were higher than those in the mock
group (T cells not transduced with an anti-CD7 CAR) and the anti-
CD19 CAR-T cell group, which was used as an irrelevant CAR control
(Figure 1D). And the expression of CD25/PD-1 on the anti-CD7
CAR-T cell surface was significantly higher than on the surface of
anti-CD19 CAR-T cells, indicating that anti-CD7 CAR-T cells were



Figure 2. Characterization of anti-CD7 antibodies

(A) Schematic presentation of the PUT644 (top) and PUT645 antibodies (bottom).

(B) Before and after purification, the concentrations of the PUT644 and PUT645

antibodies were detected using ELISA. The bar graphs show the mean ± SD from

four independent experiments. (C) A protein ladder was used to estimate molecular

weight. I, Protein ladder; II, purified PUT644 antibody; III, purified PUT645 antibody.

The arrow indicates the corresponding proteins at 55 kDa. (D) The percentage of

CD7+ T cells before antibody addition (top) and the percentage of cells combined

with the PUT644 antibody (bottom) were determined with an anti-human Fc anti-

body after incubation for 2 h. (E) The percentage of CD8+ T cells incubated with or

without the PUT644 antibody from day 2 to day 12 was detected using fluores-

cence-activated cell sorting (FACS). The data are shown as mean ± SD from trip-

licate measurements; p > 0.05 (ns). (F) Expansion of T cells with or without an

antibody from day 2 to day 10. The bar graphs show the mean ± SD from 3 healthy

donors; p > 0.05 (ns). (G) CD25 and PD-1 expression on the surface of T cells

cultured with or without PUT644 was measured on day 9 and day 11 (n = 3 donors;

p > 0.05; error bars denote the SD). (H) The naive T cell (Tn; CD45RA+CCR7+),

central memory T cell (Tcm; CD45RA�CCR7+), effector memory T cell (Tem;

CD45RA�CCR7�), and effector T cell (Teff; CD45RA+CCR7�) subsets of CD4+ and
CD8+ T cells as determined using t-distributed stochastic neighbor embedding

(tSNE) advanced analysis; the different colors represent individual populations. The

data were analyzed at https://premium.cytobank.org/cytobank/login.
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highly activated, possibly because of recognition of the target antigen
in the culture system (Figure S1A).

For further authentication, CD7 antigen expression was assessed in
each group. The corresponding expression in the anti-CD7 CAR-T
cell groups was gradually decreased, whereas that in the mock and
anti-CD19 CAR-T cell groups remained consistent at day 2 and
day 14, respectively (Figures 1E and S1B). Moreover, aberrant pheno-
typic expression of CD8 was also found in the anti-CD7 CAR-T cell
groups compared with both the anti-CD19 CAR-T cell and mock
groups (Figure 1F), which was also observed by other researchers.16

Therefore, we aimed to improve cell expansion by using antibodies to
block the CD7 antigen on the T cell surface and thereby prevent frat-
ricide during the culture process.

Design and characterization of secreted antibodies

Because scFvs are small in size and easily aggregate, they are often
fused with an Fc fragment through a hinge region to improve anti-
body stability.18,19 Therefore, we ligated the Fc segment sequence of
human IgG1 with the scFv 1 sequence (clone m3A1e) or scFv 2
sequence (clone m3A1f) with a structure similar to that of the CAR
and added a His-tag sequence to facilitate antibody purification.
These constructs were named PUT644 and PUT645, and their theo-
retical sizes were calculated to be 54.2 and 55.1 kDa, respectively (Fig-
ure 2A). The PUT644 and PUT645 antibody concentrations were
24.09 mg/mL and 23.51 mg/mL, respectively (Figure 2B), after purifi-
cation and concentration. To confirm the identities and purities of the
antibodies, we performed SDS-PAGE, and the band estimated at
55 kDa represented the purified antibodies (Figure 2C). To verify
whether the prepared antibodies could bind CD7 molecules on the
T cell surface, we incubated the antibodies with T cells for 2 h at
room temperature. Both soluble antibodies bound to the CD7 anti-
gen; however, the coverage rate of PUT645 on the cell surface was
Molecular Therapy: Oncolytics Vol. 24 March 2022 721
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slightly lower than that of PUT644 (Figure 2D). By comparing the
infection efficiency results for CAR-T cells and the antibody charac-
terization results, we chose to use anti-CD7 CAR-T 1 cells and the
PUT644 antibody for subsequent experiments.

To verify whether the PUT644 antibody itself could biologically interact
withmock T cells, we isolated T cells and cultured themwith or without
the antibody. Cells were counted and observed for a certain period.
Because the CD8+ T cell proportion in the anti-CD7 CAR-T cell group
completely differed from that in the anti-CD19 CAR-T cell group, we
measured the CD8+ T cell proportion in addition to cell expansion
and activation and foundno effect of antibody supplementation (Figures
2E and 2G). Then, we stained cells for themarkers CD4, CD8, CD45RA,
and CCR7 to distinguish naive T lymphocytes (Tn; CD45RA+CCR7+),
central memory T lymphocytes (Tcm; CD45RA�CCR7+), effector
memory T lymphocytes (Tem; CD45RA�CCR7�), and effector T lym-
phocytes (Teff; CD45RA+CCR7�), and none of the cell subgroups was
found to be significantly affected (Figure 2H).

Overall, the purified antibody could specifically recognize and block
CD7 molecules on the surface of T lymphocytes; did not significantly
change the activation, proliferation, or differentiation state of the
cells; and had no obvious effect on cell expansion.

Antibodies in the culture medium can slow “fratricide” and

promote cell proliferation

Mechanistically, if poor expansion is caused by fratricide, then block-
ing CD7 antigens on the surface of T cells with a corresponding anti-
body will improve culture outcomes. We added the PUT644 antibody
to the anti-CD7 CAR-T 1 cell culture system at a final concentration
of 0.72 mg/mL and named the culture CAR-T 1 + PUT644. At the
same time, we prepared a group of anti-CD7 CAR-T 1 cells cultured
without the antibody to use as the control. We found that the cell
counts between the two groups started to differ on day 6, and anti-
CD7 CAR-T cells cultured with the antibody were maximally
expanded 83.5-fold (from 2 � 106 to 1.67 � 108) at 10 days post-
transduction (Figure 3A). We also calculated the doubling times
from cell count data to measure and compare the proliferation rates
between the two groups. The doubling time (DT) of the CAR-T 1 +
PUT644 group was shortened to at most 56.75% of that of the anti-
CD7 CAR-T 1 cell group from day 2 to day 12 (DT[anti-CD7 CAR-T 1]

vs DT[CAR-T 1 + PUT644] = 123.47 vs 53.41 h) (Figure 3B).

We also verified the cell morphologies and cell apoptosis found that
the dead cells and apoptotic cells in the CAR-T 1 + PUT644 group
were significantly reduced (Figures 3C and 3D), which was consistent
with our cell expansion results. This suggests that the addition of an-
tibodies to the culture medium can alleviate “fratricide” among anti-
CD7 CAR-T cells and increase cell expansion.

Antibodies can improve the cell population and reduce

exhaustion

Data have shown that cell subsets are related to the clinical response,
for example, stem central memory T cells are related to positive cell
722 Molecular Therapy: Oncolytics Vol. 24 March 2022
expansion.20–23 We found that addition of the antibody increased
the Tn cell population but decreased the Treg compared with the non-
treated CAR-T cell group, which became more apparent on day 13
(Figure 4A). Considering the differences in cell subpopulations be-
tween the two groups, we tested the cytokines in the culture superna-
tants. We also observed that the IL-10 and IL-6 cytokine levels in the
CAR-T 1 + PUT644 group were significantly reduced (p < 0.0001 and
p < 0.0001, respectively), while the IL-4 levels barely differed between
the groups (Figure 4B).

After multiple antigen stimulations, T cells can highly express LAG3,
TIM3, and other exhaustion markers and gradually lose their effector
function.24 Experimental data showed that the addition of the
PUT644 antibody had little effect on the exhaustion marker
CTLA4; however, it significantly reduced the expression of TIM3
and LAG3 (p < 0.0001 and p = 0.0107, respectively) (Figure 4C).
This result indicated that the antibody could maintain the cellular
effector function to a certain extent and reduce the possibility of
exhaustion.

Notably, the addition of the antibody inhibited CD8+ T cell loss (Fig-
ure 4D), further indicating that the changed proportion of CD8+

T cells may be unique to anti-CD7 CAR-T cells. Because cell exhaus-
tion can reportedly reduce expansion, we hypothesized that this
decline was caused by the impaired expansion capacity of CD8+

T cells because of exhaustion.25 According to a previous report, after
antigen stimulation, T cells enter the pre-exhausted stage and co-ex-
press PD-1 and CTLA4, followed by expression of TIM3 and LAG3 in
the terminal stage.24 Therefore, we herein monitored terminal ex-
hausted cell population (i.e., the TIM3 and LAG3 double-positive
[TIM3+LAG3+] cells) and found that the addition of antibodies
significantly reduced the proportion of exhausted T cells (p =
0.0006). It is worth noting that this reduction was found for both
the CD4+ and CD8+ T cell subsets (p = 0.0142 and p < 0.0001, respec-
tively); however, compared with the CD4+ T cell subset, the CD8+

T cell subset exhibited a larger reduction (Figure 4E).

Therefore, the experimental data suggested that blocking with the
antibody yielded cells with more stem cell-like properties, strong
cytotoxic capabilities and fewer immunosuppressed and exhaustion
features.

Anti-CD7 CAR-T cells cultured with an antibody possess

specific and effective cytotoxicity

To measure the killing effect of anti-CD7 CAR-T cells under the new
cell culture conditions, we designed in vitro cytotoxicity assays. Before
all functional assays, cultured CAR-T cells were washed several times
to eliminate the influence of any residual antibodies during the
experiments.

Cytotoxicity was measured through an enzyme-based LDH
assay. CD7-positive Jurkat cell lines were used as target cells, and
the expression of the CD7 antigen on the surface of target cells was
confirmed using flow cytometry (Figures 5A and S2A). Cells from



Figure 3. Anti-CD7 CAR-T cells induce fratricide, which is prevented by antibody addition

(A and B) Cell counts plotted from day 2 to day 12 and the doubling time (DT) of cell expansion were analyzed for cells from three donors. DT = 240� [lg2/(lgND12� lgND2)]. (C)

Cell debris and dead cells in anti-CD7 CAR-T 1 cultures were observed under amicroscope on day 10. Cells were cultured in completemedium in the presence or absence of

the PUT644 antibody. Scale bar: 100 mm. (D) Anti-CD7 CAR-T 1 cells cultured with or without the PUT644 antibodywere sorted on day 8 for evaluation with Annexin V and PI.

Representative cell apoptosis results are shown in plots generated with FlowJo. I, late apoptotic cells; II, live cells; III, early apoptotic cells.
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the CAR-T 1 + PUT644 and nontransduced T cell (mock) groups
were used as effector cells, and the mock group served as the control.
Cytotoxicity assessment revealed that cells from the CAR-T 1 +
PUT644 group effectively killed the target cells, while the mock con-
trol cells had no cytotoxic effect (Figure 5B).

As the LDH assay measures the cytotoxicity of effector cells at the
enzyme level, we further validated the cytotoxic effects at the cellular
level. To do this, we measured the percentage of GFP+ Jurkat cells us-
ing flow cytometry (Figures 5C and S2B). The cells were incubated at
an effector (E)/target (T) ratio of 1:1 for 18 h, and the percentage of
live target cells (7AAD�GFP+) in the CAR-T 1 + PUT644 group
decreased from 51.7% to 16.1% (Figure 5D). Furthermore, the cyto-
toxic cytokines IFN-g and TNF produced by CAR-T cells were
measured using a corresponding method at E/T ratios of 10:1, 5:1,
and 2.5:1, confirming that cells from the CAR-T 1 + PUT644 group
released more cytokines than those in the mock group, as anticipated
(Figure 5E).

The results demonstrated that anti-CD7 CAR-T cells have the ability
to kill CD7-positive tumor cells in an antigen-specific manner.

DISCUSSION
The successful clinical effect of CAR-T cell immunotherapy on B cell
malignant tumors is unprecedented, prompting the desire to expand
the research progress related to engineered T cells to T cell malignant
tumors.26–28 Concomitantly, CAR-T cells fail to expand because of
fratricide, which can lead to restrictions regarding large-scale produc-
tion and insufficient efficacy.

In addition, two concurrent strategies, CRISPR-Cas9 gene editing tech-
nology and ER retention of CD7 molecules, have been used to avoid
Molecular Therapy: Oncolytics Vol. 24 March 2022 723
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Figure 4. Antibodies can change cell subpopulations and degree of

exhaustion

(A) Representative phenotypes of activated CAR-T cells cultured with or without the

antibody on day 13. (B) Culture medium supernatants were collected on day 8 and

day 10, and the cytokines IFN-g, TNF, IL-10, IL-6, and IL-4 were detected. C pg/106

cells = 106 � (CD10 � VD10 � CD8 � VD8)/ND10 (C, concentration of the cytokine; V,

cell culture volume; N, cell count). The data are shown as mean ± SD from triplicate

measurements (***p < 0.001, *p < 0.05, and p > 0.05 [ns]). (C) The mean fluores-

cence intensities of the exhaustion markers CTLA4, LAG3, and TIM3 were detected

using FACS on day 13; the data shown as mean ± SD from triplicate measurements

and were analyzed using Python. The multiple comparison of TIM3, LAG3, and

CTLA4 between the anti-CD7 CAR-T cell and CAR-T 1 + PUT644 groups was

performed using GraphPad Prism, and the results were p < 0.0001 (***p < 0.001),

p = 0.0107 (*p < 0.05), and p = 0.9826 (p > 0.05, ns), respectively. (D) The per-

centages of CD8+ T cells measured from day 6 to day 12 were normalized to the

result detected on day 2. The data are shown using a Nightingale rose chart. (E)

Cells were collected on day 11, and the percentage of LAG3+TIM3+ T cells was

detected using FACS. The data are shown as mean ± SD from triplicate mea-

surements (***p < 0.001 and *p < 0.05).
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fratricide, but both methods required additional genetic engineering,
which has long-term safety risks.15,16Notably, these approaches also in-
crease the difficulty, complexity, and unpredicted toxicity of CAR-T cell
therapy.29 In addition, these strategies cannot yield 100%CD7-negative
T cells, and residual CD7-positive T cells still induce fratricide.16

In this study, we proposed a simple and effective production strategy
in which a recombinant anti-CD7 antibody was constructed and used
to block CD7 antigen-derived fratricide. After verification, the expan-
sion of anti-CD7 CAR-T cells cultured with the recombinant anti-
body may be clinically appropriate for treating B-ALL according to
the infusion scale established by Kymriah.30–32 Following this strat-
egy, the generation of CAR-T cells with robust and specific cytotox-
icity against T cell malignancies is more feasible without requiring
the extra step of genetic T cell modification.

By using the recombinant anti-CD7 blocking strategy, we obtained
not only a sufficient number of anti-CD7 CAR-T cells but also an
improved phenotype to enhance the anticancer profile of CAR-T
cells. The first is the increased ratio of CD8+ T cells. Activated
CD8+ T cells are the main source of CTLs, which have important
anti-tumor effects.33 So the increased proportion of the CD8+ T cell
population can improve the cytotoxicity. The second is decreased
exhaustion. A clinical study indicated that a constrained CAR-T
cell capacity was associated with the continuous expression of exhaus-
tion markers in patients with poor responses to anti-leukemic ther-
apy.34 Our data showed that addition antibody can decrease the
expression of the exhaustion markers to improve the expansion ca-
pacity. Further analysis revealed that the percentage of the TIM3+

LAG3+ population of CD8+ T cells was reduced to a significantly
greater extent than the CD4+ T cells. Thus, we anticipated that the
increased proportion of CD8+ T cells was potentially due to the anti-
body preferentially inhibiting CD8+ T cell exhaustion.

The third is the improved cell subpopulation. Teff cells are reported to
have the greatest cytotoxic effect; however, Tn cells are more



Figure 5. Anti-CD7 CAR-T cells cultured with an antibody possess strong cytotoxicity against CD7-positive tumor cells

(A) Normalized flow cytometric histograms for CD7 expression on Jurkat (positive control) cells. (B) The cytotoxicity of nontransduced T cells (mock) and anti-CD7 CAR-T cells

cultured with the PUT644 antibody against target Jurkat cells was evaluated by measuring the amount of LDH released into the culture supernatants using an LDH kit at a

wavelength of 490 nm. The bars show the mean ± SD of 24 h cytotoxicity at E/T ratios of 5:1 and 2.5:1. **p < 0.01 and ***p < 0.001. (C) GFP protein expression as detected

using flow cytometry. (D) GFP+ Jurkat cells were coincubated at a 1:1 E/T ratio with mock (nontransduced T cells) or anti-CD7 CAR-T cells (cultured with the PUT644

antibody) for 18 h prior to FACS analysis. The frequency of residual live GFP+ (7-AAD�GFP+) target cells was analyzed using FlowJo. (E) Mock and anti-CD7CAR-T cells were

incubated with Jurkat cells at E/T ratios of 10:1, 5:1, and 2.5:1 for 24 h, and the supernatants were then collected to detect IFN-g and TNF. The data are shown as a heatmap.
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efficacious, as they can self-renew and promote immune reconstitu-
tion.20,21 Moreover, clinical data have shown that the proportion of
CD45RA+CCR7+ T cells in infusions is closely related to the bodily
expansion of cells and that the level of Treg cells negatively affects
the clinical response to adoptive cancer immunotherapy.22,35–38 We
analyzed the anti-CD7 CAR-T cell subtypes and found that the anti-
body increased the prevalence of stem cell characteristics and, in addi-
tion, decreased the number of Treg cells in the antibody-treated group
compared with the nontreated group. Therefore, the addition of the
anti-CD7 blocking antibody during the generation of anti-CD7
CAR-T cells might improve persistence and reduce immunosuppres-
sion in vivo.

In summary, this study is the first to propose an innovative strategy
for culturing anti-CD7 CAR-T cells together with an anti-CD7 anti-
body and included a systematic analysis and evaluation of treatment
efficacy in T-ALL. In brief, the findings herein demonstrate that the
addition of a blocking antibody to anti-CD7 CAR-T cell therapy
can increase cell viability and expansion and, more important,
improve cell subsets and decrease cell exhaustion. Therefore, this is
a feasible strategy to provide a simple, safe, and cost-effective produc-
tion method for making a sufficient amount of long-lasting and effec-
tive clinical-grade anti-CD7 CAR-T cells for treating T cell
malignancies.
MATERIALS AND METHODS
Cell lines and culture conditions

The CD7-positive leukemia cell line Jurkat and the CD7-negative cell
line Raji were purchased from the American Type Culture Collection
(ATCC; Manassas, VA), and Raji-GFP+ cells were purchased from
Biocytogen (Wakefield, MA). All target cells were cultured with
RPMI 1640 medium (Gibco, Grand Island, NY) supplemented with
10% fetal bovine serum (FBS; Biological Industries, Kibbutz Beit-Ha-
shita, Israel) and 1% penicillin streptomycin (Gibco).

For Jurkat-GFP stable cell line preparation, cells were transfected with
a plasmid containing a GFP reporter gene using the electroporation
method. After electroporation, cells were selected with medium con-
taining an appropriate concentration of puromycin (Yisheng Biotech-
nology, Shanghai, China) to generate a specific cell line. The
HEK293T cell line (ATCC) was cultured with DMEM (Gibco) sup-
plemented with 10% FBS. Cells were maintained at 37�C and 5%
CO2 under fully humidified conditions throughout the experimental
period.

CAR plasmid construction

We designed and constructed a third-generation anti-CD7 CAR
plasmid containing the following gene sequences (50 to 30): an anti-
CD7 scFv (clones m3A1e and m3A1f), the transmembrane and hinge
Molecular Therapy: Oncolytics Vol. 24 March 2022 725

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
regions of the CD8a molecule, the costimulatory molecules human
CD134 (OX40) and human CD28, and the CD3z signaling domain.39

All DNA sequences of gene elements were obtained from the National
Center for Biotechnology Information database. Sequences were syn-
thesized by Tsingke Biological Technology (Shanghai, China) and
cloned using the PUT plasmid backbone (Unicar-Therapy Biomedi-
cine Technology, Shanghai, China). All plasmids were packaged with
a 4-plasmid packaging system, lentiviruses were packaged by tran-
sient transfection into HEK293T cells, and the harvested supernatant
was stored at �80�C until use.

Antibody production

The anti-CD7 scFv (clones m3A1e and m3A1f) was fused with the
constant fragment (Fc) domain of human IgG1, and then the scFv
coding sequence was cloned into the expression plasmid by seamless
cloning. The plasmid was introduced into HEK293T cells by lentiviral
transfection, and the antibody supernatant was collected and purified
by affinity chromatography (AFC) on the basis of the combination of
the His tag and nickel. Then, the purified solution was concentrated
by tangential flow filtration (TFF). To characterize the antibody,
10% SDS-polyacrylamide gel electrophoresis (PAGE) (10% SDS-
PAGE Gel ultra-fast preparation kit; Beyotime, Shanghai, China)
followed by Coomassie brilliant blue staining was used to analyze
antibody purity, and a His tag ELISA Detection kit (GenScript,
Piscataway, NJ) was used to detect the antibody concentration.

CAR-T cell construction and preparation

Peripheral blood was collected from donors, and mononuclear cells
were isolated with gradient centrifugation using human mononuclear
cell separation medium (Oriental Hua Hui, Beijing, China). Further
CD4+ and CD8+ T cell subtypes were isolated using the positive selec-
tion magnetic microbead cell separation method (Miltenyi Biotec,
Bergisch Gladbach, Germany). At 24 h prior to transduction, which
was considered day 1, isolated T cells were stimulated with anti-
CD3/CD28 monoclonal antibodies (Miltenyi Biotec). Then the cells
were transduced with a lentivirus for anti-CD7 CAR transduction
for 48 h. The cells were cultured and maintained in AIM-V medium
(Gibco) supplemented with 1000 IU/mL recombinant human IL-2
(PeproTech, Rocky Hill, NJ) and 5% FBS (Gibco). Additionally, an
anti-CD7 antibody (PUT644 or PUT645) was added to prevent autol-
ysis after CAR transduction via the recognition of transduced CD7
CAR and intrinsic CD7 and was maintained until further analysis.
Fresh complete medium and the anti-CD7 antibody were added every
1–2 days, and the cells were maintained at a density of 5� 105/mL at
37�C and 5% CO2. Before all coculture or functional studies, the cells
were washed thoroughly with PBS to remove any residual antibody.40

Flow cytometry

All cells harvested for flow cytometric analysis were washed two times
with PBS supplemented with 1% FBS (Biological Industries). The
anti-CD7 CAR-T cell infection efficiency was detected using FITC-
labeled recombinant protein L (ACRO, Newark, DE). The added an-
tibodies PUT644 and PUT645 were detected by staining with a PE-
conjugated anti-human IgG Fc antibody (BioLegend, San Diego,
726 Molecular Therapy: Oncolytics Vol. 24 March 2022
CA). To detect the degree of cell activation, we used FITC-conjugated
anti-human CD25 (BioLegend), APC-conjugated anti-human CD25
(BD Pharmingen, San Diego, CA), and PerCP/Cyanine5.5-conju-
gated anti-human CD279 (PD-1) (BioLegend) antibodies. The
CD4+/CD8+ T cell ratio was measured using a PerCP/Cyanine5.5-
conjugated anti-human CD4 antibody (BioLegend) or PE/
Cyanine7-conjugated anti-human CD4 antibody (BioLegend) and
an APC/Cyanine7-conjugated anti-human CD8 antibody (Bio-
Legend) or anti-CD8a monoclonal antibody (SK1) conjugated to
PE (eBioscience, San Diego, CA). The T cell subpopulation was
stained with an Alexa Fluor 700-conjugated anti-CD4 monoclonal
antibody (eBioscience) and APC/Cyanine7-conjugated anti-human
CD8 antibody (BioLegend). A PE-conjugated anti-human CD197
(CCR7) antibody (BioLegend), PerCP/Cyanine5.5-conjugated anti-
human CD45RA antibody (BioLegend), PE-Cyanine7-conjugated
CD127 monoclonal antibody (eBioscience), and FITC-conjugated
anti-human CD25 antibody (BioLegend) were also used. The detec-
tion antibodies used to characterize T lymphocyte exhaustion were
as follows: an Alexa Fluor 700-conjugated anti-CD4monoclonal anti-
body (eBioscience), an APC/Cyanine7-conjugated anti-human CD8
antibody (BioLegend), a FITC-conjugated anti-CD223 (LAG-3)
monoclonal antibody (eBioscience), a PE-conjugated mouse anti-hu-
man TIM-3 (CD366) antibody (BD Pharmingen), and a PE-
Cyanine7-conjugated anti-CD152 (CTLA-4) monoclonal antibody
(eBioscience). To detect the degree of cell apoptosis, we stained cells
according to the instructions for the Annexin V-FITC Apoptosis
Detection Kit (Beyotime). All samples were run on an Attune NxT
flow cytometer (Thermo Fisher Scientific, Waltham, MA), and data
were analyzed using FlowJo version 10 software (TreeStar, San Carlos,
CA).

Lactate dehydrogenase cytotoxicity assay

To measure the cytotoxicity of anti-CD7 CAR-T cells, a lactate dehy-
drogenase (LDH) cytotoxicity assay was used. Effector cells were har-
vested and washed with PBS several times to remove any residual
anti-CD7 antibody. Afterward, effector cells (anti-CD7 CAR-T cells)
and target cells (Jurkat or Raji cells) were cocultured, and the super-
natant was collected to measure the amount of LDH released. During
the experiment, effector and target cells were plated at E/T ratios of
5:1 and 2.5:1, respectively. The cells were assayed in triplicate wells
of a 96-well plate in AIM-V medium supplemented with 4% FBS
(Gibco) for 24 h. Cytotoxicity was measured using the Cytotoxicity
Detection Kit (Promega, Madison, WI) according to the manufac-
turer’s protocol. Released LDH was detected at 490 nm using a
Multiskan GO (Thermo Fisher Scientific) spectrophotometer, and
cytotoxicity was calculated using the following formula: % lysis =
(experimental LDH release � spontaneous LDH release)/(maximum
LDH release � spontaneous LDH release) � 100.

FL-cytotoxicity assay

On day 14, we co-cultured anti-CD7 CAR-T cells with Jurkat-GFP or
Raji-GFP target cells at an E/T ratio of 1:1 in triplicate. Cells were
incubated for 18 h in a total volume of 100 mL AIM-V medium
(Gibco) supplemented with 4% FBS (Gibco). Raji-GFP cells were
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used as a negative control. Samples were stained with 7-AAD accord-
ing to themanufacturer’s instructions and run on an Attune NxT flow
cytometer. Data were analyzed with FlowJo version 10 software.

Cytokine release assay

Effector cells and target cells were plated at E/T ratios of 10:1, 5:1, and
2.5:1 for 18 h, and then the supernatants were collected in separate
wells of a plate for detection. Cytokines (IL-2, IL-4, IL-6, IL-10,
IFN-g, TNF, and IL-17A) were measured using the Human Th1/
Th2/Th17 Cytometric Bead Array (CBA) Kit (BD Bioscience)
following the manufacturer’s instructions. Data were analyzed using
LEGENDplex version 8.0.

Statistical analysis

Data from in vitro experiments were statistically analyzed and plotted
using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA).
Data acquired from in vitro assays performed in replicates (n = 3 or
4) are presented as mean ± SD unless indicated otherwise. The acti-
vation, cytokine secretion, and exhaustion detection assay results
were analyzed using two-way ANOVA. The findings were defined
as either not significant (ns; p > 0.05) or significant at *p < 0.05,
**p < 0.01, or ***p < 0.001, and significance is indicated above the
figure panels or in the figure legends.
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