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Abstract: Chimeric antigen receptor (CAR) immunotherapy has recently shown promise in clinical trials for B-cell
malignancies; however, designing CARs for T-cell based diseases remain a challenge since most target antigens
are shared between normal and malignant cells, leading to CAR-T cell fratricide. CD7 is highly expressed in T-cell
acute lymphoblastic leukemia (T-ALL), but it is not expressed in one small group of normal T lymphocytes. Here, we
constructed monovalent CD7-CAR-NK-92MI and bivalent dCD7-CAR-NK-92MlI cells using the CD7 nanobody VHH6
sequences from our laboratory. Both CD7-CAR-NK-92MI and dCD7-CAR-NK-92MI cells consistently showed spe-
cific and potent anti-tumor activity against T-cell leukemia cell lines and primary tumor cells. We observed robust
cytotoxicity of the bivalent mdCD7-CAR-NK-92MI monoclonal cells against primary T-ALL samples. In agreement
with the enhanced cytotoxicity of mdCD7-CAR-NK-92MI cells, significant elevations in the secretion of Granzyme
B and interferon y (IFN-y) were also found in mdCD7-CAR-NK-92MI cells in response to CD7-positive primary T-ALL
cells compared with NK-92MI-mock cells. Furthermore, we also demonstrated that mdCD7-CAR-NK-92Ml cells sig-
nificantly inhibited disease progression in xenograft mouse models of T-ALL primary tumor cells. Our data suggest
that CD7-CAR-NK-92MI cells can be used as a new method or a complementary therapy for treating T-cell acute
lymphocytic leukemia.
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Introduction

T-cell malignancies represent a class of hema-
tologic cancers with high rates of relapse and
mortality in both children and adults, for which
there are currently no effective or targeted ther-
apies [1, 2]. T-cell acute lymphoblastic leuke-
mia (T-ALL) is a highly heterogeneous hemato-
logical malignancy that accounts for 25% of
adult acute lymphocyte leukemia cases and
15% of pediatric acute lymphocyte leukemia
cases [3]. Currently, treatment strategies for
T-ALL include intensive chemotherapy [4], allo-
geneic hematopoietic stem cell transplantation
(allo-HSCT) [5], antiviral therapy [6], and molec-

ular targeted therapy [7]. However, intensive
chemotherapy and allo-HSCT often do not pre-
vent treatment-refractory relapse. For those
who relapse after initial therapy, salvage che-
motherapy regimens induce remissions in
20-40% of cases. Although allo-HSCT is the
only curative therapy, it has been associated
with a risk of treatment related mortality [8].

In recent years, chimeric antigen receptor T cell
(CAR-T) therapy has shown promise results, as
a powerful, new adoptive-immunotherapy tech-
nique in treating several solid and hematologi-
cal cancers, most notably B-cell lymphocytic
leukemia and lymphoma [9-11]. CAR-T therapy
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utilizes modified patient T lymphocytes to tar-
get and eliminate malignancies in a major his-
tocompatibility complex-independent manner.
The key to effectively applying this technology
is identifying a suitable target for the CAR.
The optimal target antigen should be highly
expressed by tumor cells and absent on normal
cells, or be expressed only by normal cells
whose temporary absence is clinically manage-
able [12]. Thus, leukemias and lymphomas of
B-cell origin can be targeted with CARs directed
against CD19 or CD22, which are normally
expressed only by B-lymphoid cells [13, 14].
Infusion of autologous T cells expressing anti-
CD19 CARs into patients with refractory B-cell
leukemia and lymphoma resulted in significant
clinical responses [15-17]. These results have
provided indisputable evidence supporting the
power of this technology in clinical practice.

CD7 is a lineage-specific antigen that is highly
expressed on the blasts of T-ALL and 30% of
acute myeloid leukemia (AML) [18-21]. CD7 is
commonly expressed in T-ALL and normal T
lymphocytes, but at least absent on a small
group of normal T lymphocytes [22]. Besides,
CD7 appears not to be pivotal contribution to
T-cell development or function, since disrupting
the CD7 gene in murine T-cell progenitor cells
permits normal T-cell development and homeo-
stasis, with only minor alterations in T-cell
effector functions [23, 24]. Therefore, CD7 may
be a particularly appropriate target for treating
T-ALL. However, several challenges have limited
the development of CD7-CAR-T cells. First, the
shared expression of CD7 antigens between
effector cells and malignancies results in fratri-
cide in clinical practice. Second, harvesting
adequate numbers of autologous T cells from
the patients with refractory disease, without
contamination by malignant cells, is technically
challenging.

Natural Killer (NK) cells play an essential role in
innate immune defenses against malignant
cells, making them potentially effector cells for
adoptive immunotherapy [25]. The NK-92 cell
line derived from the peripheral blood mono-
nuclear cells of a non-Hodgkin’s lymphoma
patient is the only NK cell line tested in clinical
trials for immunotherapy, and its safety and
expansion feasibility have been validated in a
phase | trial for renal cell cancer and melanoma
[26, 27]. NK-92 cells lack almost all inhibitory
Killer cell immunoglobulin-like receptors (KIRS)
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except for KIR2DL4, which inhibits NK cell acti-
vation by binding to human leukocyte antigen
molecules on target cells [28]. NK-92MI cells
were derived from the NK-92 cell line by stably
transfecting an interleukin-2 (IL-2) gene, mak-
ing them IL-2-independent [27, 29], conferring
the same characteristics to activated NK cells
as the parental NK-92 cells [30]. CAR-modified
NK cells are expected to be exhausted shortly
after tumor cell lysis [31]. This transient effect
may preclude the need for an inducible safety
switch [32, 33]. In addition, NK cells have been
observed to mediate antitumor effects with lit-
tle risk for graft-versus-host disease and have
been validated in CAR applications [34], as has
the efficacy in several clinical trials [35-39].

In this study, we constructed two CD7-CAR-NK-
92Mi cell lines (monovalent CD7-CAR-NK-92MI
and bivalent dCD7-CAR-NK-92Ml). Our results
show that both CD7-CAR NK-92Ml cells could
specifically eliminate CD7* T-ALL cell lines and
CD7* T-ALL primary tumor cells in vitro. We also
demonstrate that bivalent dCD7-CAR-NK-92MI
monoclonal cells (MdCD7-CAR-NK-92MI cells)
have potent tumor-directed cytotoxicity in a
mouse xenograft model of T-ALL primary tumor
cells, significantly improving overall survival of
mice compared to controls.

Materials and methods
Cell lines and primary tumor cells

The CD7-positive Jurkat and CCRF-CEM leuke-
mia cell lines, and the CD7-negative Raji lym-
phoblastic cell line were obtained from the
American Type Culture Collection (ATCC;
Manassas, VA, USA). The NK-92MI cell line,
which expresses human IL-2, was also pur-
chased from the ATCC. T-ALL primary tumor
cells were provided by the Department of
Hematology and approved by the Ethics
Committee at the Jiangsu Province Hospital of
Traditional Chinese Medicine. Jurkat, CCRF-
CEM, Raji, and T-ALL primary cells were cul-
tured in RPMI-1640 medium (Hyclone) supple-
mented with 10% fetal bovine serum (Gibco).
NK-92MI cells were incubated in an alpha mod-
ification of Eagle’s minimum essential medium
(MEM-¢, Invitrogen, Carlsbad, CA) containing 2
mM I-glutamine and 1.5 g L* sodium bicarbon-
ate. All cells used in this study were cultured
in the presence of 0.1 mg/mL streptomycin
(Gibco) and 100 U/mL penicillin (Gibco) at
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37°C in a humidified atmosphere containing
5% CO,,.

Construction of the CD7 specific-CAR vector

We constructed two CD7-CAR vectors using
the monovalent and bivalent CD7 nanobody
sequence (VHHO) identified in our laboratory by
screening [40]. The monovalent CD7 nanobody
sequence VHH6 or bivalent CD7 nanobody
sequence VHH6-VHH6 was joined to the signal
peptide, Fc hinge, CD28 transmembrane and
intracellular domain, and intracellular domain
of 4-1BB and CD3(, resulting in the CD7-CAR or
dCD7-CAR cassette, respectively. The CD7-CAR
and dCD7-CAR cassettes were individually sub-
cloned into Xbal and Xhol sites of the pHULK
PiggyBac Mammalian Expression Vector and
designated as the CD7-CAR plasmid and dCD7-
CAR plasmids, respectively.

Generation of CD7-specific CAR-modified NK-
92MlI cells

To construct the CD7-CAR-NK-92MI and dCD7-
CAR-NK92-MI stable cell lines, NK-92MI cells
were suspended in 100 ul electroporation buf-
fer (catalog #VCA-1001, Lonza) containing 5
“ug of the CD7-CAR plasmid or the dCD7-CAR
plasmid, and electroporated with an Amaxa
Nucleofector 2b device (Lonza, Germany) using
program Ul4. NK-92MI cells electroporated
without CAR plasmid were used as a negative
control. After electroporation, NK-92MI cells
were placed in a 6-well plate (Labserv, Fisher
Scientific, USA) and cultured in MEM-«&. CD7-
CAR-positive and dCD7-CAR-positive NK-92MI
cells were sorted with a FACSAria™ IIl Cell
Sorter (BD Biosciences, NJ) and were cultured
in medium with puromycin (1 pug/ml) (Thermo
Fisher Scientific, MA).

Flow cytometry

To detect CD7-CAR or dCD7-CAR expression on
the surface of NK-92MI cells, we stained
NK-92MI, CD7-CAR-NK-92MI, and dCD7-CAR-
NK-92MI cells with APC-conjugated anti-human
IgG Fc antibodies (Jackson ImmunoResearch).
To detect expression of the CD7 antigen on the
cell surface, we stained Jurkat, CCRF-CEM,
Raji, T-ALL primary tumor, NK-92MI, CD7-CAR-
NK-92MI, and dCD7-CAR-NK-92MI cells with
APC-conjugated anti-CD7 antibodies (Becton
Dickinson). Specifically, the cells were incubat-
ed with antibodies at 37°C for 15 min, washed
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three times with phosphate-buffered saline
(PBS), and then analyzed using a flow cytome-
ter (BD Biosciences).

Western blotting

CD7-NK-92MI, dCD7-NK-92MI, and NK-92MI
cells were prepared separately. NK-92MI cells
served as a control group. The lysates were
separated by 8-12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore). The membranes
were blocked with 5% skim milk for 1 h and
incubated overnight with a mouse anti-human
CD3( antibody (BD) at 4°C. Immune complexes
were detected by incubating the PVDF mem-
branes with a horseradish peroxidase (HRP)-
conjugated anti-mouse IgG1-Fc antibody (So-
larbio) at 37°C for 1 h and developing the mem-
branes with enhanced chemiluminescence
reagents (Millipore).

Cytotoxicity assays

We used the CFSE/7-AAD flow cytometry assay
method to test the cytotoxicity of CD7-CAR-NK-
92MI or dCD7-CAR-NK-92MI cells to T-ALL
tumor cell lines or primary tumor cells. The tar-
get cells (Jurkat, CCRF-CEM, Raji, T-ALL primary
tumor cell sample 1) were resuspended in PBS
and treated with 1 pL carboxyfluorescein suc-
cinimidyl ester (CFSE) at 37°C for 30 min. Raji
cells served as a negative target cell control
group. The effector cells were added at various
effector:target (E:T) ratios, and co-cultured with
target cells for 4 or 24 h in a 24-well plate, after
which the cells were collected, re-suspended in
an equal volume of PBS, and 7-AAD (7-amino-
actinomycin D; BD) was added. The percentage
of specific lysis (CFSE-positive and 7-AAD-
positive) was determined by flow cytometry
[41]. CFSE-positive cells were the target cells,
and the percentage of 7-AAD-positive cells
reflected the death rate of the target cells,
while the percentage of 7-AAD-negative cells
reflected the percentages of leftover target
cells.

CD7-CAR-NK-92MI and dCD7-CAR-NK-92MI
monoclonal screening

Mouse trophoblasts (5 x 10%) were added to
each well of a 96-well plate, with each well con-
taining 200 pl of MEM-a« medium. Monoclonal
CD7-CAR-NK-92MI or dCD7-CAR-NK-92MI cells
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Figure 1. Organization of the CD7-CAR-NK-92MI and dCD7-CAR-NK-92MI construct and its expression. A. Schematic
representation of the CD7-specific CAR vector. The CD7-CAR construct contained a signal peptide sequence, a mon-
ovalent nanobody VHH6 sequence (with dCD7-CAR containing a bivalent VHHG sequence), a hinge domain (Fc), two
co-stimulatory domains (CD28 and 4-1BB), and the intracellular signaling domain CD3¢. B. Flow cytometry analysis
of cell-surface expression of CD7-CAR-NK-92MI and dCD7-CAR-NK-92MI on NK-92MI cells. C. Western blot analysis
of CD7-CAR expression in NK-92MI cells. Lysates of NK-92Ml (lane 1), CD7-NK-92MI (lane 2), and dCD7-NK-92MI
(lane 3) cells were separated by SDS-PAGE under reducing conditions. Immunoblot analysis was performed with a
CD3( chain-specific mAb followed by exposure to an HRP-conjugated anti-mouse antibody and chemiluminescent
detection. The positions of endogenous and chimeric CD3( fusion proteins and of molecular weight standards (kDa)
are indicated.

was sorted using a FACSAria™ Il Cell Sorter Granzyme B in response to CCRF-CEM cells
(BD Biosciences, NJ) and APC-conjugated anti- (CD7-positive tumor cells) was analyzed using a
human 1gG Fc antibodies (Jackson Immuno- cytometric bead array (CBA) system. The effec-
Research). Then, the monoclonal cells were tor cells were co-cultured with a constant num-
added to a 96-well plate containing mouse tro- ber of target cells (2 x 10°) at an E:T ratio of 1:1
phoblast cells for co-culture. Colonies observed in 24-well microplates in a final volume of 1 ml
under a microscope after about two weeks RPMI 1640 complete medium. After incubation
were expanded in a 48-well plate. Finally, the for 24 h, the supernatant was collected and
CAR-positive rates of monoclonal cells were used for CBA assays. The Human Granzyme B
tested using a flow cytometer (BD Biosciences). CBA Flex Set D7 Kit (catalog #560304) and the
Human IFN-y CBA Flex Set E7 Kit (catalog
Cytotoxicity analysis of different monoclonal #558269) were obtained from BD.
cells
Cytotoxicity of bivalent mdCD7-CAR-NK-92MI
CCRF-CEM cells (CD7-positive tumor cells) were monoclonal cells to T-ALL primary tumor cells
selected as target cells for killing experiments,
and various monovalent or bivalent CD7-CAR- We used the most active bivalent CD7-CAR-NK-
NK-92MI monoclonal cells served as effector 92MI monoclonal cells (mdCD7-CAR-NK-92MI)
cells. The experimental method used was the to kill T-ALL primary tumor cells in vitro. T-ALL
same as that described above (2.6. Cytotoxicity primary tumor cells were labeled with CFSE for
assays). After co-culture for 24 h at an E:T ratio 30 min at 37°C and seeded into round-bot-
of 1:1, flow cytometric analysis was performed tomed 24-well plates, after which mdCD7-CAR-
to screen for the most active monoclonal cell NK92MI cells were added at various E:T ratios
line. and co-cultured with target cells for 24 h. After
24 h, the supernatant was collected for analy-
Cytokine secretion of different monoclonal sis of IFN-y and granzyme B secretion using the
cells CBA kit, and the cells were resuspended in PBS
containing 1 uL 7-aminoactinomycin D (7-AAD;
The ability of CD7-NK-92MI and dCD7-NK-92- BD). The cytotoxicity rates were then analyzed
Ml cells to produce interferon y (IFN-y) and using a FACSCalibur flow cytometer (BD).
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Figure 2. The expression level of CD7 in NK-92MI cells and T-ALL tumor cells. A. Expression of CD7 in NK-92Ml cells
and changes of CD7 expression on NK-92MI cells after transfection with the CD7-CAR construct. B. CD7 expression
levels in T-ALL tumor cell lines (CCRF-CEM and Jurkat), or Raji cells (a CD7-negative target cell line). C. CD7 expres-

sion levels in primary T-ALL tumor cells (sample 1).

Patient-derived xenograft (PDX) model

Six to seven-week-old, female NOD-Prkdcs-
cidll2rgtm1/Bcgen (B-NSG) mice (Biocytogen)
were engrafted with T-ALL primary tumor cells
(T-ALL sample 1) by tail vein injection. T-ALL pri-
mary tumor cells were provided by the
Department of Hematology at Jiangsu Hospital
of Traditional Chinese Medicine. Three B-NSG
mice were injected with T-ALL primary tumor
cells (1 x 107 cells per mouse), and the mori-
bund mice were euthanized. After a red cell-
lysis procedure, the spleen T-ALL cells collected
from the mice were immunotyped by flow
cytometry. We transplanted those T-ALL cells
into 30 mice, which were divided into two
groups (i.e., the low-tumor load group and the
high-tumor load group). Each mouse in the low-
tumor load group was injected with 2 x 108
T-ALL cells, and each mouse in the high tumor
load group was injected with 1 x 107 T-ALL
cells. The low-tumor load group and high-tumor
load group mice were divided into three cohorts:
(i) mice subjected to PBS (n = 5), (ii) mice sub-
jected to intravenous (i.v.) administration of 1 x

68

107 ®°Co-irradiated (10 Gy) NK-92MI cells (n =
5), and (iii) mice subjected to i.v. administration
of 1 x 107 %°Co-irradiated (10 Gy) mdCD7-NK-
92MI cells (n = 5). Three days after the mice
were injected with the tumor cells, they were
further treated by injection with NK-92MI/md-
CD7-CAR-NK-92MI cells, once every 2-4 days
for a total of five injections according to the
state of the mice. Three days after the last
administration, the tumor burden and NK-92Ml/
mdCD7-CAR-NK-92MI of the mice were mea-
sured by blood sampling from the eyelids. All in
vivo mouse experiments were conducted in
accordance with the experimental animal man-
agement regulations of Soochow University.

Statistical analysis

Statistical analyses were performed using
GraphPad Prism Software (version 5.0). Paired
t-tests were used to compare differences
between groups. The brackets in the figures
indicate which groups were compared, and *,
** and ***indicate P < 0.05, < 0.01, and <
0.001, respectively.
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Figure 3. CD7-CAR-NK-92MI and dCD7-CAR-NK-92MI cells specifically eliminated CD7-expressing T-ALL cell lines
and primary tumor cells in vitro. A. At a 1:1 E:T cell ratio, CD7-CARNK-92MI and dCD7-CAR-NK-92MI cells targeted
and lysed the CD7* T-ALL cell line CCRF-CEM. B. CD7-CAR-NK-92MI| and dCD7-CAR-NK-92MI cells showed specific
lysis of CD7* Jurkat cells at an E:T cell ratio of 1:1 or 5:1, the 7-AAD negative cell population represents the percent-
age of leftover Jurkat cells. C. At a 1:1 or 5:1 E:T cell ratio, the CD7-CAR-NK-92MI and dCD7-CAR-NK-92MI cells

eliminated primary T-ALL tumor cells.

Results

Characterization of the CD7-CAR/dCD7-CAR
construct and generation of CAR-NK-92MiI
cells

To target CD7, we constructed two CD7-CARs
using the monovalent and bivalent nanobody
VHH6 sequences developed in our laboratory.
The monovalent CD7-CAR was comprised of a
signal peptide, an anti-CD7 nanobody sequence
(VHH®G), a human Fc hinge region, a CD28 trans-
membrane domain, and CD28 and 4-1BB intra-
cellular signaling domains in tandem with the
CD3C( signaling domain. The bivalent dCD7-CAR
contained a signal peptide, anti-CD7 nanobody
repeat sequence (VHH6-VHHG), a human Fc
hinge region, a CD28 transmembrane domain,
and CD28 and 4-1BB intracellular signaling
domains in tandem with the CD3( signaling
domain. A schematic representation of the
resulting CAR constructs is shown in Figure 1A.
The CD7-CAR and dCD7-CAR cassettes were
sub-cloned into the pHULK PiggyBac Mam-
malian Expression Vector and desighated as
the CD7-CAR plasmid and dCD7-CAR plasmids,
respectively.

After electroporation, CD7-CAR-NK-92MI and
dCD7-CAR-NK-92MI cells were sorted by flow
cytometry using an anti-Fc antibody. Following
sorting, CD7-CAR-NK-92MI and dCD7-CAR-NK-
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92Mi cells were selected in vitro for 3-4 months
in medium containing puromycin (1 pg/ml),
resulting in stable transgene expression. CAR
protein expression on the cell surface of CD7-
CAR-NK-92MI and dCD7-CAR-NK-92MI cells
was demonstrated by flow cytometry, which
revealed that approximately 99% of both CD7-
CAR-NK-92MI and dCD7-CAR-NK-92MI were
CAR* (Figure 1B).

Expression of the CD7-CAR and dCD7-CAR
fusion proteins was also examined by western
blotting (Figure 1C). Under reducing conditions,
the endogenous CD3( chain was detected as
a 16-kDa band in NK-92MI (lane 1), CD7-CAR-
NK-92MI (lane 2), and dCD7-CAR-NK-92MI
(lane 3) cell lysates. Two additional bands
were only observed in CD7-CAR-NK-92MI and
dCD7-CAR-NK-92MI cells, and matched the
calculated size (68-kDa or 83-kDa) of the
monovalent CD7-CAR fusion protein or the
bivalent dCD7-CAR fusion protein, respectively
(Figure 1C).

Expression of CD7 in NK-92MI and T-ALL cells

CD7 expression was examined in NK-92MlI,
CD7-CAR-NK-92MI, and dCD7-CAR-NK-92MI
cells by flow cytometry. The results showed that
8.42% of NK-92MI cells expressed cell-surface
CD7, while only below 1% of NK-92MI cells
transfected with CD7-CAR (CD7-CAR-NK-92MI

Am J Cancer Res 2019;9(1):64-78
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or dCD7-CAR-NK-92MI) were CD7* (Figure 2A).
These findings indicate that CD7-CAR-NK-92MI
or dCD7-CAR-NK-92MI cells can specifically kill
CD7* NK-92MI cells. We also examined CD7
expression on the surface of leukemia cell lines
(Jurkat and CCRF-CEM), a lymphoblastic cell
line (Raji), and cells from T-ALL primary tumor
sample 1. The results showed that CD7-positive
rates in CCRF-CEM and Jurkat cells were nearly
100% (Figure 2B) and 93% for T-ALL sample 1
(Figure 2C, the control group was T-ALL cells
that were not incubated with CD7 antibody.),
whereas Raji cells were CD7-negative (Figure
2B).

CD7-CAR-NK-92MI and dCD7-CAR-NK-92M|
cells eliminated T-ALL cell lines in vitro

We evaluated the anti-tumor activity of CD7-
CAR-NK92-MI and dCD7-CAR-NK92-MI cells
using CD7* T-ALL cell lines (CCRF-CEM and
Jurkat cells). The CD7-negative lymphoblastic
cell line, Raji, was used as a negative cell line.
CD7-CAR-NK92-MI and dCD7-CAR-NK92-MI
cells were tested after co-culturing for 4 or 24 h
in vitro with CCRF-CEM cells at an E:T cell ratio
of 1:1. Compared to control NK-92MI cells, we
observed that CD7-CAR-NK-92MI and dCD7-
CAR-NK-92MI cells consistently and robustly
eliminated CD7* CCRF-CEM cells. At an E:T cell
ratio of 1:1, CD7-CAR-NK-92MI and dCD7-CAR-
NK-92MI cells showed significant specific cyto-
toxicity against CCRF-CEM cells compared to
control NK92-Ml cells, regardless of the co-cul-
ture time (4 or 24 h; Figure 3A). We also evalu-
ated the ability of CD7-CAR-NK-92MI and dCD7-
CAR-NK-92MI cells to kill CD7* Jurkat cells at
E:T cell ratios of 1:1 and 5:1. After 24 hours of
incubation with Jurkat cells, the results showed
that the percentage of leftover tumor cells in
the CD7-CAR-NK-92MI group and the dCD7-
CAR-NK-92MI group were significantly lower
than the control NK-92MI group (Figure 3B).
CD7-CAR-NK-92MI and dCD7-CAR-NK-92MI
exerted significant cytotoxicity against Jurkat
cells compared to control NK-92MI cells.
However, no difference in cytotoxicity was
detected between NK-92MI and either CD7-
CAR-NK-92MI or dCD7-CAR-NK92-MI versus
Raji cells at an ET cell ratio of 5:1 (Figure S1).
These results indicate that CD7-CAR-NK-92MI
and dCD7-CAR-NK-92MI were cytotoxic specifi-
cally against CD7-positive tumor cells, but not
CD7-negative cells.
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The antitumor effects of CD7-CAR-NK-92M|
and dCD7-CAR-NK-92MI against T-ALL primary
tumor cells

To assess their anti-leukemia potentials, we
tested the efficiencies of CD7-CAR-NK-92MI
and dCD7-CAR-NK-92MI cells in recognizing
and killing primary T-ALL tumor cells. Co-culture
experiments were conducted using T-ALL pri-
mary sample 1 from a leukemia patient unre-
sponsive to standard chemotherapy. The CD7-
positive rate in T-ALL sample 1 was 93% (Figure
2C). The result showed that CD7-CAR-NK-92MI
and dCD7-CAR-NK-92MI cells had significant
specific cytotoxicity against primary T-ALL
tumor cells compared to control NK-92MI cells
with ET cell ratios of 1:1 and 5:1 (Figure 3C).
These finding indicate that CD7-CAR-NK-92MI
and dCD7-CAR-NK-92MlI are specifically toxic to
T-ALL cell lines and primary T-ALL tumor cells in
vitro.

Comparison of the activity of different mon-
ovalent CD7-CAR-NK-92MlI and bivalent dCD7-
CAR-NK-92MI monoclonal cells

To maintain the stable expression of CAR on
CD7-CAR-NK-92MI and dCD7-CAR-NK-92MI
cells in long-term culture, we further performed
monoclonal cell screening. We finally screened
eight monovalent CD7-CAR-NK-92MI monoclo-
nal cell lines, and the CD7-CAR-positive rates of
eight monoclonal cell lines were close to 100%
(Figure 4A). We used CCRF-CEM cells as target
cells and compared the Killing activity of eight
monoclonal cells against CCRF-CEM cells in
vitro (Figure 4B). The results indicate that eight
monovalent CD7-CAR-NK-92MI monoclonal cell
lines showed significant cytotoxicity to CCRF-
CEM cells at an E:T cell ratio of 1:1, but there
was no significant difference in cytotoxicity.
Then we analyzed the secretion of IFN-y and
Granzyme B after incubation of eight monova-
lent CD7-CAR-NK-92MI monoclonal cell lines
with  CCRF-CEM cells (Figure 5A, 5B). The
results showed that the release of IFN-y was
significantly different in different monoclonal
cell lines, but the release of granzyme B was
not significantly different. In addition, we
screened six bivalent dCD7-CAR-NK-92MI
monoclonal cell lines, and the CD7-CAR posi-
tive rates of six monoclonal cell lines were also
close to 100% (Figure 4C). Six bivalent dCD7-
CAR-NK-92MI monoclonal cell lines also sh-
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Figure 4. Comparison of the cytotoxicity of different monovalent CD7-CAR-NK92-MI and bivalent dCD7-CAR-NK-92MI monoclonal cell lines against CCRF-CEM cells.
A. Detection of the CAR-positive rate of eight monovalent CD7-CAR-NK-92MI monoclonal cell lines screened. B. Cytotoxicity of eight monovalent CD7-CAR-NK-92MI
monoclonal cell lines to CCRF-CEM cells. The cytotoxicities of different monoclonal cell lines against CCRF-CEM cells after a 24-h co-culture at an E:T cell ratio of
1:1 are shown, using eight CD7-CAR-NK-92MI monoclonal cell lines. C. Detection of the CAR-positive rate of six bivalent dCD7-CAR-NK-92MI monoclonal cell lines
screened. D. Cytotoxicity of six bivalent dCD7-CAR-NK-92MI monoclonal cell lines to CCRF-CEM cells. The cytotoxicities of different monoclonal cell lines against
CCRF-CEM cells after a 24-h co-culture at an E:T cell ratio of 1:1 were compared, using six dCD7-CAR-NK-92MI monoclonal cell lines.
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Figure 5. Comparison of cytokine secretions in different monoclonal cell lines. A. IFN-y secretion after 24 h in co-
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Granzyme B secretion after 24 h in co-cultures with an E:T ratio of 1:1, using eight CD7-CAR-NK-92MI monoclonal
cell lines against CCRF-CEM cells. C. IFN-y secretion after 24 h in co-culture with an E:T cell ratio of 1:1, using six
dCD7-CAR-NK-92MI monoclonal cell lines against CCRF-CEM cells. D. Granzyme B secretion after 24 h in co-cul-
tures with an E:T ratio of 1:1, using six dCD7-CAR-NK-92MI monoclonal cell lines against CCRF-CEM cells.

owed significant cytotoxicity to CCRF-CEM cells
at an ET cell ratio of 1:1 (Figure 4D). We also
analyzed IFN-y and Granzyme B secretion after
incubating six bivalent dCD7-CAR-NK-92MI
monoclonal cell lines with CCRF-CEM cells
(Figure 5C, 5D). The results showed that the
levels of IFN-y and Granzyme B released were
significantly different among the different
monoclonal cell lines.

These results demonstrated that, although the
cytotoxicities of the monovalent CD7-CAR-NK-
92MI and the bivalent dCD7-CAR-NK-92MI cells
to CCRF-CEM cells were very close, the dCD7-
CAR-NK-92M cells was slightly stronger (Figure
4B, 4D). IFN-y and Granzyme B release was
variable among the different monoclonal cell
lines (Figure 5). The ability of secreting
Granzyme B by bivalent dCD7-CAR-NK-92MI
monoclonal cells was significantly higher than
the monovalent CD7-CAR-NK-92MI monoclonal
cells (Figure 5B, 5D). The dCD7-3 clone derived
from the dCD7-CAR-NK-92MI monoclonal cell
line showed the strongest cytokine secretion
capacity among all monoclonal cell lines test-
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ed. We named the bivalent dCD7-3 monoclonal
cell line as the mdCD7-CAR-NK-92MI cell line.

mdCD7-CAR-NK-92MI cells recognized and
eliminated primary T-ALL tumor cells

To further evaluate the capacity of mdCD7-CAR-
NK-92MI cells to respond to primary tumors,
we tested their ability to Kkill T-ALL primary tumor
samples from T-ALL patient 2 (T-ALL sample 2)
in vitro, and measured cytokine production
upon co-culture with primary T-ALL tumor cells.
CD7 was highly expressed in T-ALL sample 2
(Figure S2A). After 24 hours of incubation with
primary T-ALL cells, we observed the percent-
age of leftover tumor cells in the mdCD7-CAR-
NK-92MI group was significantly lower than the
control NK-92MI group at an E:T cell ratio of 1:1
or 5:1 (Eigure S2B). The results showed robust
cytotoxicity of the mdCD7-CAR-NK-92MI cells
against primary T-ALL tumor cells at an E:T cell
ratio of 1:1 or 5:1, after 24 hours of co-culture.
We also observed that the mdCD7-CAR-NK-
92MI cells produced increased levels of IFN-y
and Granzyme B (Figure S2C, S2D). These
results indicate that the mdCD7-CAR-NK-92MI

Am J Cancer Res 2019;9(1):64-78



This is the first report of CD7-CAR-NK-92MlI cells based on a CD7 nanobody

A F PBS NK-92MI mdCD7-CAR-NK-92MI
NSG mice T : 2927% | ° £ 16.55%) ° 1.72%
Gaw) 2 9 d3 d5 d9 d13  d17 d20 r i p 16:55% teie

4 ) 4 4 4 + - 5 - ’ ; T-ALL dosel
Primary T-ALL dosel: IV. 1x107 NK-92MI/ Bleeding s s < s . 7o
IV. 2x105 T-ALL cells/mouse mdCD7-CAR-NK-92MI
Pl’imary T'ALLdosez: ce“s/mouse T ;‘0‘5 ™ = = 3 — - " )
IV. 1x107 T-ALL cells/mouse S i R i ..
° = C mpoceeee- ype——— A : f
- -
g m.uu}!tlli‘ ‘4“ L £ 1§ i T-ALL dose2
=3 ESO- D
v o ‘ )
Z 101 — - -
z £ H ‘
K = ' '
o 3 N ' '
35678 910131517202122242631 2 15 20 25 3 G ' .
- T-ALL dose1+PBS - T-ALL dose1+NK-92MI -+ T-ALL dose1+md-CD7-NK-92MI : )
D £ g 80+ P=0.0508
il _ | s
N.Wﬁ g ! £ so ——
— - -E
. : _ :
& o 504 3 404
F0 s = 32
i 54 .g g 204
B 5 =
L @ 0
365667 8 910131517202122242628 * 20 25 30 36

PBS NK-92MI mdCD7-CAR-NK-92M|

- T-ALL dose2+PBS =+ T-ALL dose2+NK-92MI =e- T-ALL dose2+md-CD7-NK-92MI B TALLdosel  EZE T-ALL dose 2
Figure 6. mdCD7-CAR-NK-92MI cells demonstrated potent antitumor activity in a PDX model. A. Schematic representation of a primary T-ALL xenograft model. B-
NSG mice (15 mice per group) were injected i.v. with 2.0 x 10° T-ALL cells (T-ALL dose 1)or 1.0 x 107 T-ALL cells (T-ALL dose 2). After 3 days, NK-92MI and md-CD7-
CAR-NK-92Ml cells were administrated once every 2-4 days for a total of five injections. B. The average body weights of mice in the low-tumor load group (T-ALL dose
1). C. Survival curves of mice in the low-tumor load group (T-ALL dose 1). n = 5. Statistical analysis was performed using the log-rank test. **P < 0.01. D. Average
body weights of mice in the high-tumor load group (T-ALL dose 2). E. Survival curves of mice in the high-tumor load group (T-ALL dose 2). n = 5. Statistical analysis
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cells efficiently eradicated primary T-ALL tumor
cells in vitro.

mdCD7-CAR-NK-92MI cells demonstrated po-
tent anti-leukemic activity in vivo

To evaluate the antitumor activity of mdCD7-
CAR-NK-92MI cells in vivo, we used mouse
xenograft model of patient-derived T-ALL. Three
B-NSG mice were injected with primary T-ALL
tumor cells (1 x 107 cells per mouse), and
the moribund mice were euthanized (Figure
S3A). After a red cells lysis proceed, the spleen
T-ALL cells collected from one mouse were
immunotyped by flow cytometry as being com-
prised of nearly 90% T-ALL tumor cells (Figure
S3B). To test the mdCD7-CAR-NK-92MI cells
effect on the PDX model, we transplanted
those T-ALL cells to 30 mice. The experimental
scheme of the animal experiment is shown
in Figure 6A. We administered 2.0 x 10° T-ALL
cells (T-ALL dose 1) or 1.0 x 10" T-ALL cells
(T-ALL dose 2) to B-NSG mice (15 mice per
group) via i.v. injection. After 3 days, NK-92MI
and md-CD7-CAR-NK-92MI cells were adminis-
trated once every 2-4 days for a total of five
injections. Three days after the last adminis-
tration, the tumor burden of the mice was
measured by blood sampling from the eyelids.
The results showed that mdCD7-CAR-NK-92MI
cells significantly prolonged mouse survival
compared with the PBS-control group and the
NK-92MI group (Figure 6C, 6E). Flow cytometric
analysis also demonstrated mdCD7-CAR-NK-
92MI showed robust control and suppression
of primary T-ALL tumor growth in xenogeneic
mouse models (Figure 6F, 6G). We also detect-
ed the proportion of NK-92MI/CD7-CAR-NK-
92MI cells in peripheral blood of mice by flow
cytometry, the result showed that NK-92MIl/
CD7-CAR-NK-92MI cells were not detected in
mice after three days of NK-92MI cell reinfu-
sion (Figure S4), this indicates that the duration
of NK-92MI cells in mice is very short. In addi-
tion, slight weight loss was transiently observed
for most mice, which fully recovered after the
last injection of mdCD7-CAR-NK-92MI cells
(Figure 6B, 6D).

In summary, in PDX mouse models, mdCD7-
CAR-NK-92MI cells robustly reduced tumor bur-
dens, controlled tumor growth, and significantly
prolonged survival in the B-NSG mice injected
with primary T-ALL tumor cells when compared
to those treated with NK-92MI cells as a
control.
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Discussion

Durable remissions in patients with refractory
B-cell leukemia and lymphoma can be achieved
with CAR-T cells, but effective options are lack-
ing for patients with T-cell malignancies. We
chose to target CD7 due to its high expression
in most T-cell malignancies [42-44] and nega-
tive expression on approximately 9% of normal
peripheral T cells [22]. In addition to T-cell
malignancies, CD7 is expressed in approxi-
mately 24% of AML cases and is thought to be
a marker of leukemic stem cells [20, 45].
Furthermore, we wanted to target an antigen
that could be deleted in T cells without impact-
ing immune function. A CD7-deficient mouse
model showed a normal lymphocyte population
and maintained T cell functions [23]. Thus, CD7
may be a proper target for both T cell malignan-
cies and AML with CD7 expression on the
blasts.

Although CD7 is an attractive therapeutic tar-
get for T-cell malignancies, effector T cells mod-
ified with CD7-specific CARs fail to substantially
downregulate CD7 expression, resulting in
extensive fratricide and precluded T-cell expan-
sion. Indeed, CD7 CAR-T cells have been gener-
ated by several groups and exhibited great
potential in treating T cell malignancies. Among
of them, gene editing to knock out CD7 mole-
cule is a attractive approach to avoid the fratri-
cide effect. However, in clinical practice, it is
impossible to perform CD7 CAR-T trial if using
autologous T cells from the patients because
non-malignant T cells are hard to be selected
by current cell sorting technique from leuka-
pheresis sample. Accordingly, this will lead to
no normal T cells for preparing CAR-T cells.
Allogeneic T cells from healthy donor may be a
solution for CD7 CAR-T cell preparation. It has
been recently reported that T-ALL cells can be
eliminated by allogeneic CD7-CAR-T cells that
are simultaneously knock out of CD7 and T cell
receptors alpha chain by CRISPR/Cas9 gene
editing [46]. But some challenges still remain to
be solved, including gene editing efficiency and
potential off target effect which may result in
GVHD (graft-versus-host disease), poor persis-
tence, and even serious side effect due to off-
targeting. Therefore, our strategy provide
another option for T-ALL treatment because
NK-92 and NK-92MI cells have been used in
multiple clinical trials and did not show risk of
GVHD. In addition, the persistence of NK-92
and NK-92MI cells may be worse, however,
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since NK-92 or NK-92MI cells are off-the-shelf
cell products, repeated administration of
NK-92 or NK-92MI cells to the patients could
be a solution.

In this study, we constructed monovalent CD7-
CAR-NK-92MI and bivalent dCD7-CAR-NK-92MI
cells using the CD7 nanobody VHHG sequences
identified in our laboratory. Due to a small
molecular weight [47], rapid tissue penetration
[48], high solubility and stability [49], high spec-
ificity of antigen binding, and weak immunoge-
nicity [50], nanobodies are often used in can-
cer treatment. Nanobody is an antibody frag-
ment consisting of a single monomeric variable
antibody domain derived from camelidae
heavy-chain antibodies. In our previous studies
[40], we demonstrated that our CD7 nanobody
exhibited high affinity and specificity to CD7
molecule which lays a solid foundation for suc-
cessful CAR-NK-92MI therapy. Nanobody may
lead to the induction of an immune response
when injected into non-camelid hosts. However,
it has been thought that nanobody is expected
to produce lower immunogenicity due to high
sequence homology (more than 80%) between
the human VH framework and nanabody frame-
work [51].

We found that CD7-CAR-NK-92MI and dCD7-
CAR-NK-92MI cells possessed potent and spe-
cific target-directed anti-tumor effects in vitro.
Both of the cells lysed malignant target cell
lines during co-culture with CCRF-CEM and
Jurkat cells. In addition, these cells produced
potent and specific anti-tumor effects on pri-
mary T-ALL tumor samples. We screened eight
monovalent CD7-CAR-NK-92MI and six bivalent
dCD7-CAR-NK-92MI monoclonal cell lines, and
compared the activities of the monoclonal
cells. The mdCD7-CAR-NK-92MI monoclonal
cell line was the most active cell line of all
monoclonal cell lines. In agreement with the
enhanced cytotoxicity of mdCD7-CAR-NK-92MI
cells, significant elevations in the secretion of
Granzyme B and interferon y (IFN-y) were also
found in mdCD7-CAR-NK-92Ml cells in response
to CD7-positive primary T-ALL cells compared
with NK-92MI-mock cells. We also tested the
secretion of IL-6 and TNF-o« in mdCD7-CAR-NK
cells using CBA system (Human IL-6 CBA Flex
Set A7 Kit, catalog #558276; Human TNF CBA
Flex Set D9 Kit, catalog #558273 ), the results
showed that mdCD7-CAR-NK-92MI released
very little TNF-a and IL-6 after incubation
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with CCRF-CEM cells (Figure S5). In addition,
although CD7-CAR-NK-92MI cells could release
high amount of IFNy during activation in vitro,
due to the short duration of NK-92MI cells in
vivo, it should not cause a serious CRS
response. Our mouse experiments also con-
firmed that there was no significant toxicity
after transfusion of mdCD7-CAR-NK-92MI cells.
Only slight weight loss was transiently observed
for most mice, which fully recovered after the
last injection of mdCD7-CAR-NK-92MI cells
(Figure 6B, 6D). Furthermore, mdCD7-CAR-NK-
92MI cells robustly reduced tumor burdens,
controlled tumor growth, and significantly pro-
longed survival in B-NSG mice injected with pri-
mary T-ALL tumors.

Unlike CAR-T, CAR-NK-92-based therapies will
have to balance the persistence of CAR-NK-92
cells with tumor-lytic efficacy. CAR-NK-92-
based therapies may serve as a quick-acting
transient treatments for depleting target tumor
cells bridging transplantation. Unlike CAR-
modified autologous T cells, CAR-modified
NK-92 or NK-92MI cells have several advan-
tages: (1) they can kill tumor cells directly via
the release of toxic granules, (2) they may
release low amounts of cytokines and can
reduce the risk of cytokine storms, and (3) they
can be expanded on a large scale and devel-
oped as “off-the-shelf” products. The potential
disadvantages of using NK-92 or NK-92MI cells
in CAR therapy include a lack of persistence,
which may be overcome by multiple administra-
tions of CAR-NK92 cells.

In conclusion, to our knowledge, this is the first
report of CD7-CAR-NK-92MI constructed based
on anti-CD7 nanobody sequences, that showed
a therapeutic potential on T-ALL. We not only
demonstrated the specific cytotoxicity of CD7-
CAR-transduced NK-92MI cells on T-ALL in
vitro, but also showed that CD7-CAR-NK-92MiI
has an inhibitory effect on tumor cells in PDX
mice model, whose survival were increased
compared with the control group. This study
suggests that CD7-CAR-NK-92-MI cells can be
used alone temporarily, or as a bridge for stan-
dard treatment procedures.
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Figure S1. The cytotoxicity of NK-92MI and either CD7-CAR-NK-92MI or dCD7-CAR-NK-92MI cells against Raji cells
was detected.
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Figure S2. The mdCD7-CAR-NK-92MI monoclonal cell line specifically targeted and eliminated primary CD7* T-ALL tumor cells. A. CD7-expression level in primary
T-ALL tumor cells. B. Cytotoxicity of mdCD7-CAR-NK-92MI cells against primary T-ALL tumor cells at different E:T cell ratios, the 7-AAD negative cell population
represents the percentage of leftover tumor cells. C. Co-cultures for 24 h at different E:T cell ratios using mdCD7-CAR-NK-92MI monoclonal cell lines against T-ALL
primary tumor cells, with detection of IFN-y concentrations in the supernatant. D. Co-cultures for 24 h at different E:T cell ratios using mdCD7-CAR-NK-92MI mono-
clonal cell lines against primary T-ALL tumor cells, with detection of Granzyme B concentrations in the supernatant.
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Figure S3. Primary T-ALL tumor cells were expanded in mice. A. Schematic representation of the amplification of pri-
mary T-ALL tumor cells in mice. B-NSG mice were injected i.v. with 1 x 107 T-ALL tumor cells. After 35 days, the mice
were sacrificed and the spleens were collected. B. Flow cytometric analysis of T-ALL tumor cells in mouse spleens.
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Figure S4. Flow cytometric analysis of NK-92MI cells in mouse peripheral blood three days after the last administra-
tion.
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Figure S5. Co-cultures for 24 h at different E:T cell ratios using mdCD7-CAR-NK-92MI monoclonal cell lines against
CCRF-CEM cells, with detection of IL-6 concentrations (A) and TNF-a (B) in the supernatant.



