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by harnessing endogenous NKG2D
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Although chimeric antigen receptor T (CAR-T) cells have
achieved remarkable successes in hematological malignancies,
the efficacies of CAR-T cells against solid tumors remains un-
satisfactory. Heterogeneous antigen expression is one of the
obstacles on its effective elimination of solid cancer cells.
DNAX-activating protein 10 (DAP10) interacts with natural
killer group 2D (NKG2D), acting as an adaptor that targets
various malignant cells for surveillance. Here, we designed a
DAP10 chimeric receptor that utilized native NKG2D on
T cells to target NKG2D ligand-expressing cancer cells. We
then tandemly incorporated it with anti-glypican 3 (GPC3) sin-
gle-chain variable fragment (scFv) to construct a dual-antigen-
targeting system. T cells expressing DAP10 chimeric receptor
(DAP10-T cells) displayed with an enhancement on both cyto-
toxicity and cytokine secretion against solid cancer cell lines,
and its tandem connection with anti-GPC3 scFv (CAR GPC3-
DAP10-T cells) exhibited a dual-antigen-targeting capacity
on eliminating heterogeneous cancer cells in vitro and sup-
pressing the growth of heterogeneous cancer in vivo. Thus,
this novel dual-targeting system enabled a high efficacy on
killing cancer cells and extended the recognition profile of
CAR-T cells toward tumors, which providing a potential strat-
egy on treatment of solid cancer clinically.

INTRODUCTION
Chimeric antigen receptor T (CAR-T) therapy has been applied on
treating certain types of hematological malignancies successfully,1–3

but the efficacy of it on curing patients with solid tumors remains
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problematic. The poor recognition of heterogeneous antigens ex-
pressed on solid tumors is one of the critical impediments on efficient
CAR-T therapy.4–6

The activating receptors expressed on natural killer cells recognize
diverse ligands expressed on variety of malignant cells.7–10 Of them,
natural killer group 2 D (NKG2D) is a type II membrane-oriented
transmembrane receptor that is expressed on both NK cells and a ma-
jority proportion of CD8+ T cells. The membrane localization and
signal transduction of NKG2D depend on another protein, DNAX-
activating protein 10 (DAP10).11,12 Despite that NK-cell-expressing
NKG2D has been well recognized for its function of meditating the
immunosurveillance of malignant cells,13,14 NKG2D on T cells
conducts its function in a milder manner and may only serves as
a costimulatory signal.15,16 Functional enhancement of NKG2D
on T cells is a potential approach to confer the CAR-T cell with
y: Oncolytics Vol. 26 September 15 2022 ª 2022 The Author(s). 15
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NK-like killing activity that increases their efficiency on eliminating
tumor cells, especially the ones with the antigen loss.

In this study, we demonstrated that NKG2D expressed on T cells was
functionally less efficient compared with that expressed on peripheral
NK cells. We then designed a recombinant molecule as DAP10-4-
1BB-CD3z, and expression of it enabled T cells (DAP10-T) to trigger
a robust immune response against various solid cancer cells via bind-
ing to NKG2D. We subsequently incorporated this DAP10 fragment
tandemly with a second-generation CAR targeting GPC3, termed
CAR GPC3-DAP10, which exhibited a dual specificity against cancer
cells both in vitro and in vivo. More importantly, we found that the
incorporation of DAP10 with the GPC3-CAR eliminated cancer cells
that expressed heterogeneous antigens more efficiently. To date, our
study is the first to report the incorporation of an NKG2D-harnessing
fragment with a single-chain variable fragment (scFv)-derived CAR
fragment to confer the NK-like killing capacity to CAR-T cells. There-
fore, we provide a novel CAR-T cell-based therapeutic approach that
boosts anti-tumor immune responses, by resolving the issue of anti-
gen escape, for the application of it on treating solid cancers.
RESULTS
Killing activity of DAP10-T cells against various cancer cells is

dependent on the NKG2D expression

To study the role of NKG2D expressed on CAR-T cells, we firstly
examined the distribution of NKG2D expressions on T cells. A large
proportion of freshly isolated CD8+ T cells expressed NKG2D, and its
expression level was significantly increased upon CD3/CD28 anti-
body stimulation. In contrast, CD4+ T cells expressed a low level of
NKG2D (Figures S1A and S1B).

To determine whether the killing activity contributed by native
NKG2D, CD8+ T cells or NK cells were incubated with NKG2D-
sensitive cancer cell lines including Huh7-GPF-2A-luciferase (GL)
and Hela-GL. The killing activity of CD8+ T cells was much lower
compared with that of NK cells (Figures S1C and S1D). Blocking of
NKG2D with anti-NKG2D antibody diminished the killing capacity
of NK cells significantly, while it had an almost negligible effect on
that of CD8+ T cells (Figures S1C and S1D). Accordingly, granzyme
B (Figure S1E) and interferon gamma (IFN-g) (Figure S1F) secreted
by NK cells were significantly reduced when NKG2D was blocked,
while no significant influence was observed in the CD8+ T cells.
These results suggested that the activation of NKG2D can trigger
effector functions in NK cells, but that its function is not strong
in T cells.
Figure 1. Killing activity of DAP10-T cells against various cancer cells

(A) Schematic diagram of the structures of CAR gene-expression cassettes. (B) Schema

Arrows represent the interaction of NKG2D and DAP10. (C) Expression of NKG2D onCD
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were plotted (right). (D) Results of killing assays performed with DAP10-T cells against m
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multiple solid cancer cell lines. Error bars denote the SEM, and the results were compa
To enhance the NKG2D-mediated signaling on CD8+ T cells for
improving its tumor-killing activity, we transduced T cells with a re-
combinant molecule. This recombinant molecular (DAP10BBz) ex-
pressed the full length of DAP10 that fused with the endoplasmic
4-1BB and CD3z activation domains (Figures 1A and 1B). Flow cytom-
etry was applied to evaluate the surface expression of NKG2D; CD8+
T cells transduced with this DAP10BBz molecule (DAP10-T) signifi-
cantly elevated NKG2D expression level on CD8+ T cell surface (Fig-
ure 1C), suggesting a role of DAP10 on supporting the membrane
localization of NKG2D. We checked the expression levels of NKG2D
ligands, including MICA, MICB, and ULBP1-3, on multiple solid can-
cer cell lines (Figure S2) and utilized them as targeted cancer cells to
examine the effector functions of DAP10-T cells by cytotoxicity assays.
DAP10-T cells lysed multiple cancer cells with a significant higher ef-
ficiency than anti-CD19 CAR-T cells (CAR19-T) (Figure 1D). Accord-
ingly, the secretion of cytokines, including granzyme B, IFN-g, and
interleukin-2 (IL-2) (Figure 1E), was also significantly increased in
DAP10-T cells compared with CAR19 T cells. Altogether, these results
suggested that the transduction of T cells with our modified DAP10
vector enhanced their tumor-killing activity through NKG2D-medi-
ated recognition of its ligands in tumor cells.

To investigate whether these anti-tumor effects were dependent on
endogenous expression of NKG2D on T cells, CD8+ or CD4+
T cells were isolated for a killing assay against HeLa-GL target cells.
The results showed that CD8+ T cells exhibited a high efficiency on
tumor cell killing and that the killing activity of CD8+ DAP10-T cells
was significantly higher than that of CD8+ CAR19-T cells (Fig-
ure S3A). CD4+ T cells, however, showed an overall much lower ef-
ficiency, and the killing activity of DAP10-T cells were comparable
with that of CAR19-T in CD4+ T cell subset (Figure S3B). We then
utilized an anti-NKG2D antibody to block NKG2D in T cells, and
the blockade of NKG2D dramatically compromised the tumor-killing
activity of DAP10-T cells (Figure S3C). In sum, these results demon-
strated that overexpression of the recombinant DAP10BBz molecule
increased the killing efficiency of CD8+ T cells toward a variety of
solid cancer cells in an NKG2D-dependent manner.

Tandem incorporation of the DAP10 fragment in a GPC3-CAR

confers the T cells with the capacity to kill both GPC3+ and

GPC3- cancer cells

The transduction of DAP10BBz enhanced the tumor-killing activity of
T cells; next, we sought to incorporate this fragment expressing
DAP10BBz into a traditional CAR for acquiring a dual-antigen-target-
ing function for recognizing heterogeneous cancer cells. We tandemly
linked DAP10BBz with an scFv targeting GPC3, which expressed in
tic diagram for the expression of DAP10BBz with native NKG2D on T cell membrane.

4+ and CD8+ T cells after DAP10BBz gene transduction detected by flow cytometry.

d the data of NKG2Dmean fluorescence intensity (MFI) in CAR-T cells from 6 donors

ultiple solid cancer cell lines. The results shown are from one representative exper-

yme B, IFN-g and IL-2 secretion by DAP10-T cells and CAR19-T cells stimulated by

red with Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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75% of hepatocellular carcinomas (HCCs),17 termed GPC3-DAP10
CAR (Figures 2A and 2B). We transduced plasmids either expressing
GPC3-DAP10 CAR or GPC3-targeted CAR into T cells and found no
significant differences in the transduction efficiency between the two
CAR-T groups (Figure S4A). We subsequently investigated whether
the effector functions ofDAP10BBzwere affected by this tandem incor-
poration by performing cytotoxicity and cytokine secretion assays with
transduced T cells and HeLa-GL cells, which highly expressed NKG2D
ligands but lacked GPC3 expression. The results showed that the cyto-
toxicity of DAP10-T andCARGPC3-DAP10-T cells against HeLa can-
cer cells was at a comparably high level (Figure S4B). They also pro-
duced much higher level of cytokines than those in CAR19-T and
CAR GPC3-T cells. CAR GPC3-DAP10 T cells produced comparable
levels of IFN-g, while the levels of granzyme B and IL-2 were slightly
reduced compared with the DAP10-T cells group (Figure S4C). These
results demonstrate that tandem incorporation of DAP10 in GPC3-
CAR can basically maintain their capacity to recognize NKG2D
ligand+tumor targets.

Next, we evaluated the effector functions of CAR GPC3-DAP10-T
cells against liver cancer cells that express GPC3. CAR GPC3-
DAP10-T cells killed GPC3+ Huh7-GL hepatocellular cancer cells
with comparable efficiency with CAR GPC3-T cells (Figure 2C).
Strikingly, CAR GPC3-DAP10-T cells also exhibited a high cytotox-
icity against SK-Hep1-GL cells, which are GPC3-, while the tradi-
tional GPC3-T cells had no killing activity (Figure 2C). The
effective tumor-killing activity of CAR GPC3-DAP10-T cells was
accompanied by the production of cytokines including granzyme B
(Figure 2D), IFN-g (Figure 2E), and IL-2 (Figure 2F).

Since CD4+ T cells generally express quite low levels of NKG2D,
CD4+ DAP10-T cells are unable to be redirected by DAP10 CAR
(Figure S3B). However, CD4+ CAR GPC3-DAP10-T cells harbor
GPC3-scFv and could be redirected and activated by GPC3 tumor an-
tigen, as CD4+ CAR GPC3-DAP10-T cells dramatically upregulated
both CD25 and CD69, which are recognized as classical T cell-activa-
tion biomarkers, after being cocultured with Huh7 GPC3+ hepatocel-
lular cancer cells compared with CD4+ CAR19-T cells (Figures S4D
and S4E). CD4+ CARGPC3-T cells and CD4+ CARGPC3-DAP10-T
cells also exhibited significantly higher levels of cytotoxicity than
CD4+ CAR19-T cells (Figure S4F). These results suggested that
GPC3-DAP10 CAR functions through anti-GPC3 scFv in CD4+
T cells. Taken together, these results demonstrated that CAR
GPC3-DAP10 T cells possess the capacity to target GPC3+ and
NKG2D-sensitive liver cancer cells in vitro.

Efficient elimination of GPC3 heterogeneous cancer cells by

CAR GPC3-DAP10 T cells

To further characterize the anti-heterogeneous tumor function of
CAR GPC3-DAP10-T cells, we utilized a system comprised of tumor
cells expressing heterogeneous antigens. In this system, a proportion
of SK-Hep1 cancer cells were transduced with lentivirus-expressing
GPC3 and tdTomato as GPC3+tdTomato+ cells, while another part
of SK-Hep1 cells were GPC3 negative but expressed EGFP (GPC3-
18 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
EGFP+). We then cocultured these mixed SK-Hep1 tumor cells
(Figure 3A) with CAR19-T, DAP10-T, CAR GPC3-T, or CAR
GPC3-DAP10-T cells to assess their tumor-killing activity. We de-
tected the remaining live cancer cells with fluorescence microscopy
and quantified fluorescent cells in several views selected from diago-
nal lines of montage photos (Figure 3B). Fluorescent microscopy im-
ages and image quantification showed that the amount of both
GPC3+tdTomato+ and GPC3-EGFP+ cancer cells was significantly
reduced by DAP10-T cells compared with CAR-19 T cells
(Figures 3B and 3C). CAR GPC3-T cells elicited a more efficient
killing toward GPC3+ cells (tdTomato+) than GPC3- cells
(EGFP+), indicating that GPC3- tumor cells escaped from its restric-
tion (Figures 3B and 3C). Interestingly, unlike DAP10-T or CAR
GPC3-T, CAR GPC3-DAP10-T cells showed a high and similar effi-
ciency on eliminating both GPC3+ (tdTomato+) and GPC3-
(EGFP+) cancer cells (Figures 3B and 3C). Taken together, while
GPC3- SK-Hep1 cells escaped from the killing of CAR GPC3-T cells,
they were efficiently targeted and killed by CAR GPC3-
DAP10-T cells, which demonstrates that the combination of
DAP10BBz with anti-GPC3 scFv extended its capability to eliminate
the cancer cells with heterogeneous antigens.

CAR GPC3-DAP10-T cells exhibit a dual-antigen-targeting ca-

pacity and eliminate heterogeneous tumors in vivo

To test the anti-tumor activity of CARGPC3-DAP10-T cells in vivo, we
utilized a xenograft mouse model in which HeLa cells were subcutane-
ously inoculated into immunodeficient NOD-SCID IL-2Rg-/- (NSI)
mice.18 The HeLa cells induced the formation of NKG2D-sensitive tu-
mors. Fourteen days later, DAP10-T, CAR19-T, CAR GPC3-T, and
CARGPC3-DAP10-T cells were injected into these mice intravenously
to examine their anti-tumor activities (Figure 4A). The results showed
that DAP10-T and CAR GPC3-DAP10-T cells restricted the growth
of the HeLa tumor more efficiently than CAR19-T or CAR GPC3-T
cells (Figures 4B and 4C), indicated by the slow growth of both tumor
nodule volume (Figure 4C) and tumor weight (Figure 4D).

To further determine whether the tandem connection with DAP10
interferes with the anti-tumor activity of the GPC3 CAR in vivo, we
subsequently constructed a highly aggressive GPC3-expressing
Huh7 cell HCC mouse model (Figure 4E). Similarly, CAR GPC3-
DAP10-T cells conducted a highly efficient tumor-killing activity to-
ward tumors formed with GPC+ Huh7 cells, and the efficiency was
comparable with that of GPC3-T but significantly higher than
CAR19 or DAP10-T cells (Figures 4F and 4G), and the tumor weights
were lower in CAR GPC3-DAP10-T cell and CAR GPC3-T cell
groups compared with the CAR19-T cell group (Figure 4H), suggest-
ing that the incorporation of the DAP10 fragment in GPC3 did not
interfere with the recognition capacity of the GPC3 CAR.

To model the cancer-expressing heterogeneous antigens in vivo, we es-
tablished a xenograft in which tumors were formed by a mixture of
GPC3+ andGPC3- SK-Hep1 cells.We then used thismouse to evaluate
the tumor-killing activity of CAR GPC3-DAP10-T cells (Figure 5A).
Strikingly, only CAR GPC3-DAP10-T cells conducted an efficient



Figure 2. Tandem incorporation of DAP10BBz fragment with GPC3-scFv confers T cell killing capacity against both GPC3+ and GPC3- cancer cells

(A) Schematic diagram of the structures of GPC3 CAR and GPC3-DAP10 CAR gene-expression cassettes. (B) Schematic diagram for the expression of GPC3-DAP10BBz

with native NKG2D on T cell membrane. Arrows represent the interaction of NKG2D and DAP10. (C) Results of killing assays of CAR19-T, CAR GPC3-T, DAP10-T, and CAR

GPC3-DAP10-T cells against Huh7-GL and SK-Hep1-GL cancer cell lines. The results shown are from one representative experiment out of two independent experiments

with 2 different donors. (D) Detection of granzyme B secretion by T cells stimulated by Huh7-GL and SK-Hep1-GL cancer cell lines. (E) Detection of IFN-g secretion by T cells

stimulated by Huh7-GL and SK-Hep1-GL cancer cell lines. (F) Detection of IL-2 secretion by T cells stimulated by Huh7-GL and SK-Hep1-GL cancer cell lines. The killing

results were compared with two-way ANOVAwith Tukey’s multiple comparisons test. Student’s t test was used to compare cytokines secretion. Error bars denote the SEM.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. Efficient elimination of GPC3

heterogeneous cancer cells by CAR GPC3-DAP10-

T cells

(A) Schematic diagram of SK-Hep1 heterogeneous can-

cer cells. The GPC3+ (labeled by tdTomato) and GPC3-

(labeled by EGFP) SK-Hep1 were mixed (ratio, 2:1) to

mimic the heterogeneous cancer cells. The CAR-T cells

(1 � 105) cocultured with heterogeneous SK-Hep1

(1 � 105) for 24 h in a 24-well plate, followed by imag-

ing. (B) GPC3+ (red) and GPC3- (green) cancer cell

counts after coculture with CAR19-T, DAP10-T, CAR

GPC3-T, and CAR GPC3-DAP10-T cells. Seven individ-

ual photos on diagonal lines were used to calculate cell

counts for one montage photo. (C) The overall plate im-

ages of indicated CAR-T cells. 8 � 8 photos for each

CAR-T cells made one montage. The two yellow squares

on montage photos indicate tow zoom-in photos below

the montages. Scale bar, 200 mm. Error bars denote the

SEM, and the results were compared with Student’s t

test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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tumor restriction on the tumor, as the growth of the tumor volume
(Figures 5B and 5C) and weight (Figure 5D) were dramatically in-
hibited. All other CAR-T cells including CAR19-T, DAP10-T, or
CAR GPC3-T cells showed negligible effects on tumor growth (Fig-
ure 5B). Furthermore, a higher number of CAR-T accumulation was
observed in the CAR GPC3-DAP10-T cell-treated mice, prompting
improved T cell persistence caused by the dual-targeting strategy (Fig-
ure 5E). Collectively, these results suggested that the strategywith a tan-
dem combination of anti-GPC3 scFv with DAP10BBz exhibited a dual-
antigen-targeting capacity that enhanced the efficiency on restricting
the tumor growth, especially the tumor with heterogeneous antigen
expression, by targeting both GPC3+ and GPC3- cancer cells.
20 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
Taken together, these results revealed that CAR
GPC3-DAP10 T cells can impair the growth of
NKG2D-sensitive and GPC3+ cells in vivo.
Importantly, CAR GPC3-DAP10 T cells
showed potential capacity to eliminate hetero-
geneous tumor in vivo.

DISCUSSION
The heterogeneous antigen expression of solid
cancers prevents CAR-T cells from eliminating
all cancer cells and hinders CAR-T cells from
producing sufficiently strong immune re-
sponses.19–21 To solve this problem, previous
studies have developed dual- or triple-con-
nected scFv-targeting CARs, which enable the
CARs to recognize two or even three tumor-
associated antigens.22 Here, we designed a
recombinant DAP10 CAR that was able to redi-
rect T cells to recognize NKG2D ligands ex-
pressed by various cancer cells. We then incor-
porated this receptor in tandem with a
traditional CAR targeting GPC3, the GPC3-DAP10 CAR, which ex-
hibited a dual function which are the recognition function mediated
by GPC3 and activating NKG2D signaling via DAP10. More impor-
tantly, this GPC3-DAP10 CAR enabled T cells to effectively eliminate
heterogeneous cancer cells and thus provided a novel approach to kill
heterogeneous cancer cells that normally escape from the restriction
by CAR-T therapy.

Previous studies have reported the utilization of NKG2D-based CAR-
T/NK cells against multiple cancers,23–25 and some studies have
achieved substantial clinical responses.26,27 However, there are no re-
ports for the combination of NKG2DCARwith scFv-based CARs yet.
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One important reason is that NKG2D is a type II lectin receptor with
a C terminus extracellularly and an N terminus intracellularly
located;11 this opposite orientation makes it difficult to be tandemly
linked with scFv. In this study, we managed to incorporate DAP10,
instead of NKG2D, with scFv, as DAP10 was a much smaller type I
membrane molecule, which activated NKG2D.

The ligands recognized by NKG2D included stress-inducible ligand
family members such as MICA, MICB, and ULBPs. These ligands
have been reported to be induced by various strategies. Certain types
of chemotherapeutic drugs and epigenetic inhibitors are applied to
induceNKG2D ligands. Previous studies showed that sodiumvalproate
could induce the expressionofNKG2D ligands, includingMICA,MICB
and ULBP1-3,28–30 and proteasome inhibitors can induce the expres-
sion of ULBP2 in hematological malignancy cells.31 Abruzzese et al.
reported that inhibition of bromodomain and extra-terminal (BET)
proteins upregulated the expression of the NKG2D ligand MICA in
multiple myeloma cells, which increased their sensitivity to NK cell-
mediated cytotoxicity.32 Taken together, these studies suggested that
the chemical drugs can induce the expression ofNKG2D ligands in can-
cer cells for the NKG2D/DAP10 receptor to target. The strategy we de-
signed here, which tandemly incorporated the DAP10 fragment into
CAR, may enhance the compatibility of CAR-T cells with chemical
drugs and further improve the anti-tumor efficacy against solid cancers.

Although CD4+ T cells cannot utilize DAP10BBz to invoke NKG2D-
dependent cytotoxic function, GPC3-DAP10 CAR can endow the
capacity to killing GPC3+tumor cells to CD4+ T cells. We suppose
there is a structural hindrance that may impact the activation-signaling
intensity between endogenous NKG2D and GPC3-DAP10 CAR, as we
observed lower levels of cytokine secretion in CAR GPC3-DAP10
T cells comparedwithDAP10-T cells (Figures 2D and 2E). The detailed
mechanism underlying this phenomenon awaits further study.

Moreover, our designed CAR combined with DAP10 and GPC3-CAR
provides a promising method to overcome the obstacle on killing tu-
mors with antigen heterogeneity. The results from tumor mouse
models in this study lay a foundation for developing this novel
CAR-T cell as therapeutic approaches in clinical settings.
MATERIAL AND METHODS
Cell lines and cell culture conditions

HEK-293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Grand Island, NY, USA). MKN28
Figure 4. CAR GPC3-DAP10-T cells exhibit dual-antigen-targeting capacity in

(A) Schematic diagram of the experiment. 1 � 106 HeLa cells were transplanted into NS

were mercifully killed on day 39. (B) Measurement of HeLa tumor volumes after treatme

(n = 6/group). (C) Spider plots of tumor volumes. (D) Tumor weights of the CAR19-T, DA

cell injection (time of sacrifice). (E) Schematic diagram of the experiment. 1 � 106 Huh7

volumes after treatment with 5� 106 CAR19-T, DAP10-T, CARGPC3-T, and CARGPC3

Mice were euthanized, and tumor tissues of the CAR19-T, DAP10-T, CAR GPC3-T, and

tistics: (B and F) the overall tumor-volume results were compared by two-way ANOVAwit

SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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gastric cancer cells were cultured in RPMI-1640 medium (Gibco).
DMEM and RPMI-1640 medium were supplemented with 10%
FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin. The cell lines Huh7, HepG2, SK-Hep1, HeLa, and
DU145 were cultured in DMEM (Gibco). All the target cell lines
were transduced with GFP-2A-luciferase to measure cell viability
during coculture with CAR-T cells, and short tandem repeat
(STR) profiling authenticated them. To confirm that DAP10-
engaged CAR-T cells could inhibit heterogeneous tumor cell
growth, we generated GPC3-tdTomato-expressing SK-Hep1 cells.
All cells were incubated at 37�C in a humidified atmosphere con-
taining 5% carbon dioxide.
CAR vector construction and generation of CAR-T cells

Four CAR vectors were constructed into the pWPXLD backbone with
EGFP by gene synthesis. The DAP10BBz was generated by fusing
DAP10 (aa 1–93) with the 4-1BB (aa 214–255) and CD3z (aa 52–
164) activation domains. The bispecific CAR was composed of a spe-
cific target-binding domain (anti-GPC3 scFv), DAP10 (aa 19–93),
and classic CAR intracellular segments (4-1BB and CD3z). Conven-
tional CAR vectors were constructed as previously described.33 Len-
tiviruses were packaged in the HEK-293T cell line cotransfected
with the pSPAX2, pMD2G, and CAR vectors in 10-cm dishes at a ra-
tio of 4:1:3 (total amount: 24 mg). Lentivirus-containing supernatants
were harvested at 48 h and 72 h post-transfection and filtered through
0.45-mm filters.

Human T cells were isolated from peripheral bloodmononuclear cells
(PBMCs) with human T cell-negative enrichment kits (STEMCELL
Technologies, Vancouver, BC, Canada) and were activated with com-
mercial expansion kits (Miltenyi Biotec, Bergisch Gladbach, Ger-
many), followed by lentiviral transduction to generate CAR-T cells.
CAR-T cells were maintained in GT-T551 H3 medium (Takara
Bio, Shiga, Japan) containing 5% FBS, 100 U/mL penicillin (Gibco),
100 mg/mL streptomycin (Gibco), and 300 IU/ml hIL-2 (Quangang
Pharmaceutical, Shandong, China). The healthy PBMC donors
were provided inform consent for the use of their samples for research
purposes, and all procedures were approved by the Research Ethics
Board of the Guangzhou Institutes of Biomedicine and Health
(GIBH).
NK cells isolation and culture

NK cells were stimulated with NK cell expansion kits (Miltenyi
Biotec) following isolation from PBMCs with an NK cell
vivo

I mice on. 5 � 106 CAR-T cells were transferred via tail-vein injection on day 0. Mice

nt with 5 � 106 CAR19-T, DAP10-T, CAR GPC3-T, and CAR GPC3-DAP10-T cells

P10-T, CAR GPC3-T, and CAR GPC3-DAP10-T cell groups on day 39 after CAR-T

cells were injected subcutaneously into NSI mice. (F) Measurement of Huh7 tumor

-DAP10-T cells through tail vein (n = 5/group). (G) The tumor-growth spider plots. (H)

CAR GPC3-DAP10-T cells were weighed on day 18 after CAR-T cell injection. Sta-

h Tukey’smultiple comparisons test. (D andH) Student’s t test. Error bars denote the



Figure 5. CAR GPC3-DAP10-T cells can eliminate heterogeneous cancer in vivo

(A) Schematic diagram of the experiment. 5� 105 GPC3+tdTomato+ SK-Hep1 cells and 5� 105 GPC3-EGFP+ SK-Hep1 cells were mixed and transplanted into NSI mice.

5 � 106 CAR-T cells were injected via tail vein on day 0 when the tumor nodules were palpable. Mice were mercifully killed on day 33. (B) Measurement of SK-Hep1 tumor

volumes after treatment with CAR19-T, DAP10-T, CARGPC3-T, and CARGPC3-DAP10-T cells. (C) Individual tumor responses to CAR-T cell injection are shown. (D) Tumor

weights of the CAR19-T, DAP10-T, CAR GPC3-T, and CAR GPC3-DAP10-T cell groups on day 33 (time of sacrifice). (E) CAR-T cell infiltration in the tumor tissue harvested

from mice. Tumor volumes were compared by two-way ANOVA with Tukey’s multiple comparisons test. Student’s t test was employed for tumor weights and CAR-T cell

infiltration comparison. Error bars denote the SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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enrichment kit (STEMCELL Technologies). NK cells were
cultured in GT-T551 H3 medium (Takara) containing 5% FBS,
100 U/mL penicillin, 100 mg/mL streptomycin, and hIL-2
(300 IU/ml).
NKG2D blocking assay

NKG2D blocking antibody (clone 1D11) and mouse IgG1k isotype
control antibody were purchased from BioLegend (San Diego, CA,
USA). T cells and NK cells were incubated with the blocking antibody
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 23
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(5 mg/mL) for 30 min at room temperature. The blocking and isotype
control antibodies were maintained at 5 mg/mL in the killing assay
medium.

Flow cytometry

Tumor cell lines were collected and stained with anti-MICA/B-APC
(BioLegend), anti-ULBP1-APC, anti-ULBP2/5/6-APC, anti-ULBP3-
PE, and anti-ULBP4-APC (R&D Systems,Minneapolis, MN, USA) an-
tibodies in fluorescence-activated cell sorting (FACS) buffer at 4�C for
30 min. The cells were washed twice with FACS buffer, followed by cy-
tometric analysis. Anti-CD3, anti-CD8, anti-CD4, and anti-NKG2D
antibodies were employed to test the NKG2D expression levels of
T cells; these antibodies were purchased from BioLegend. Anti-CD56
and anti-CD16 antibodies were used to determine the purity of isolated
NK cells. Flow-cytometry experiments were performed with an Agilent
flow cytometer, a CytoFLEX S flow cytometer (Beckman Coulter, Brea,
CA, USA), or a C6 flow cytometer (BDBioscience, East Rutherford, NJ,
USA). FlowJo v.10 software was used for data analysis.

Cytotoxicity assay

Target cell lines were generated by transduction with a GFP-2A-lucif-
erase lentivirus. The cytotoxicity of CAR-expressing T cells to target
cells was evaluated at 2:1 to 1:2 (effector-to-target) ratios by perform-
ing a coculture killing assay in complete RPMI-1640 medium without
IL-2. After coculture for 24 h, cytotoxicity was determined by lumi-
nance detection with the addition of a luciferase substrate.

Heterogeneous cancers killing assay

To determine the capacity of bispecific CAR-T cells to kill heteroge-
neous cancers, 1 � 105 heterogeneously mixed SK-Hep1 cells
(GPC3+tdTomato+ and GPC3-EGFP+ cells were mixed at ratio
2:1) were cocultured with 1 � 105 CAR-T cells in 24-well plates for
24 h. The plates were imaged (8 � 8 photos for one well with 10�
lens was made montages) by plate scanning system ImageXpress
Micro Confocal (Molecular Devices, San Jose, CA, USA). Seven
individual photos on diagonal lines were used to calculate cell counts
for one montage photo by ImageJ.

Cytokine detection assay

The supernatant was precollected from the group in the killing assay
with the highest E/T ratio and cryopreserved at -20�C. The killing
assay was performed as previously described. We used multiple solu-
ble analytes assay kits (BioLegend) and traditional ELISA kits
(DAKEWE, Beijing, China) to evaluate granzyme B, IL-2, and IFN-
g. Three cytokines testing kits for IL-2 (A4), IFN-g (B4), and gran-
zyme B (B6) were customized from BioLegend. The cytokine assays
were quantified using a flow cytometer. The results were analyzed
with data analysis software suite online (https://www.biolegend.
com/en-us/legendplex). The traditional ELISA was performed ac-
cording to the manufacturer’s protocols.

Animal experiments

NSI mice were bred and maintained in a specific pathogen-free ani-
mal center on a 12-h dark/12-h light cycle. All animal experiments
24 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
were approved by the relevant Institutional Animal Care and Use
Committee (IACUC).

For the cell-line-based xenograft models, 1� 106 HeLa cells or Huh7
cells in 100 mL PBS were injected subcutaneously into the left flank of
NSI mice (6–8 weeks old). When the tumor nodules were tangible, the
mice were divided into 5 groups and injected with 100 mL PBS con-
taining 5 � 106 CAR-T cells via tail-vein injection. Tumor length
and width were measured every 3 days with calipers to calculate tu-
mor volume (volume = (length � width2)/2). The mice were killed
before the tumor size reached the humane cutoff. Tumor tissues
were weighed and processed for cytometric testing.

For the heterogeneous cell line xenograft models, 5 � 105 GPC3+
tdTomato+ SK-Hep1 cells and 5 � 105 GPC3-EGFP+ SK-Hep1 cells
were mixed and transplanted into the right flank of NSI mice (6–
8 weeks old). 5 � 106 CAR-T cells were injected into mouse via
tail-vein injection when the tumor nodules were tangible. The obser-
vation experiments were performed as described above. In order to
know the CAR-T cell infiltration, the tumor tissues were processed
for cytometric testing.

Statistical analysis

Experiment data are shown as the mean ± SEM. Student’s t test was
used to determine the significance of differences between samples.
Two-way ANOVA was used to determine the significance of differ-
ences among groups. A p value <0.05 was considered to indicate a sig-
nificant difference. Analyses were carried out using GraphPad Prism
software v.8.4.0 (GraphPad, San Diego, CA, USA).

Ethics statement

This study was carried out in accordance with the recommendations
of the Laboratory Animal Center of the GIBH. The protocol was
approved by the Animal Welfare Committee of GIBH.
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