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Abstract

Objectives. One of the reasons as to why chimeric antigen
receptors (CAR)-T cell therapy for malignancies other than CD19-
or BCMA-positive tumors has yet to produce remarkable progress
is the paucity of targetable antigens. NKp44 is only expressed by
activated natural killer cells and detects a variety of transformed
cells, while it reportedly does not react with normal tissues. The
aim of this study is to develop CAR-T cell that can target multiple
types of tumor cells. Methods. We created a series of novel CAR
constructs in first-generation (1G) and second-generation (2G) CAR
format with the extracellular immunoglobulin-like domain of
NKp44 (NKp44-CAR). Results. Transduction of the best 1G
construct into human primary T cells led to specific cytotoxic
effects and cytokine secretion upon encountering multiple types
of neoplastic cells including AML, T-ALL and childhood solid
tumors. Replacement of the extracellular hinge domain of NKp44
with that of CD8a resulted in diminished CAR function. The 1G
NKp44-CAR-T cells exhibited significantly better tumor control in
long-term co-culture assays compared with activated NK cells, as
well as with NK cells transduced with identical NKp44-CAR. T cells
transduced with the best 2G-CAR construct with 4-1BB co-
stimulatory domain proliferated at significantly higher levels upon
single antigen exposure and showed significantly better tumor
control compared with the 1G-CAR and 2G-CAR with CD28 co-
stimulatory domain. Conclusions. NKp44-based CAR endows T cells
with NK cell-like anti-tumor specificity. The CAR gene created in
this study will be useful for the development of novel gene-
modified T-cell immunotherapy.

Keywords: acute myeloid leukaemia, chimeric antigen receptor,
natural killer cell, NKp44, paediatric solid tumors, T-cell acute
lymphoblastic leukaemia

ª 2020 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.
2020 | Vol. 9 | e1147

Page 1

Clinical & Translational Immunology 2020; e1147. doi: 10.1002/cti2.1147
www.wileyonlinelibrary.com/journal/cti

https://orcid.org/0000-0001-7435-3464
https://orcid.org/0000-0001-7435-3464
https://orcid.org/0000-0001-7435-3464
mailto:
www.wileyonlinelibrary.com/journal/cti


INTRODUCTION

Recent progress in immunotherapy has generated
unprecedented prospects in cancer treatment.
Adoptive immunotherapy using chimeric antigen
receptors (CARs) against lymphoid neoplasia has
produced notable results. Anti-CD19 CAR-
transduced T (CAR-T) cell therapy yielded response
rates of 70–90% in paediatric, adolescent and
young adult patients with CD19-positive relapsed
or refractory B-cell acute lymphoblastic leukaemia
(ALL).1,2 CAR-T cells targeting B-cell maturation
antigen (BCMA) have strong cytotoxicity against
multiple myeloma (MM) that was resistant to
standard therapies. In fact, second-generation
CAR-T cells targeting BCMA that had a CD28 co-
stimulatory domain yielded an 81% overall
response rate and median event-free survival (EFS)
of 31 weeks in 16 MM patients.3 Furthermore,
anti-BCMA CAR-T cells equipped with a 4-1BB co-
stimulatory domain achieved 85% response rates
including 45% complete response and a median
EFS rate of 11.8 months in 33 MM patients.4 In
contrast, CAR-T cell therapy against acute myeloid
leukaemia (AML) and solid tumors has yet to
produce clinically meaningful outcomes,5,6

although some important progress has been
recently reported, such as GD2-specific CAR-T cells
against paediatric neuroblastoma,7 HER2-specific
CAR-T cells against HER2-positive sarcoma8 and
interleukin-13 receptor alpha 2-specific CAR-T cells
against disseminated glioblastoma.9 CAR-T cells
targeting other molecules including
carcinoembryonic antigen (CEA) and CD133 have
been reported to be feasible, but significant
tumor shrinkage has not yet been achieved.10,11

One major obstacle in exploiting CAR-T
technology for the novel treatment of refractory
solid tumors is a paucity of appropriate surface
antigens expressed by tumor cells that can be
safely targeted. Tumor-associated antigens are
usually expressed heterogeneously on the surface
of solid tumors, and most are also expressed in
healthy tissues at low levels.6 Because of this
nature, CAR-T cells targeting solid tumors have a
risk of severe complications that can be fatal. In
fact, one patient who was infused with HER2-
specific third-generation CAR-T cells died of
severe respiratory distress resulting from
extraordinary activation of CAR-T cells because of
recognition of HER2 expressed in the lung at low
levels.12

Human natural killer (NK) cells have a major
role in innate immunity, and unlike T cells, exert
rapid and strong cytotoxicity against tumor cells
and virus-infected cells in the absence of specific
immunisation.13 NK cells can discriminate a wide
variety of transformed cells from normal cells in
various tissues. Activation of NK cells is well
regulated by the integration of signals triggered
by ligand binding to different activation and
inhibitory receptors, and NK cells kill targets when
activation signals are well above inhibitory
signals.14 NK cells express several activating
receptors on their surface such as natural killer
group 2 member D (NKG2D), activating killer
immunoglobulin-like receptors (KIR), NKp80,
CD94/natural killer group 2 member C (NKG2C),
DNAX accessory molecule-1 (DNAM-1) and natural
cytotoxicity receptors (NCR).15 NCRs consist of
NKp30, NKp44 and NKp46, which have
immunoglobulin-like extracellular domains as a
ligand-binding domain.16 The impact of NCRs on
the cytotoxicity of NK cells against neoplastic cells
is emphasised by reports demonstrating that
deficient NCR expression in NK cells from patients
with AML correlates with poor cytocidal function
against AML cells and predicts poor patient
outcome.17 NKp44 is specifically expressed on
activated NK cells and is linked to a homodimer
of DNAX-activating protein of 12kD (DAP12)
adapter protein that contains a single
immunoreceptor tyrosine-based activation motif
(ITAM).16,18 Ligands for NKp44 have been
reported to be expressed on the surface of a
variety of cancer cells but are not expressed in
normal tissues, except at very low levels in the
lung and testis.19 Infusion of autologous or
allogeneic activated NK cells for patients with
refractory or relapsed malignancies including
leukaemia and solid tumors has been performed.
However, serious damage to normal solid organs
and haematological and immune systems has not
been reported.20,21 Adopting the extracellular
domain of NKp44 as an antigen recognition site
of CAR, therefore, will safely endow CAR-
transduced T cells with NK cell-like specificity and
function against a wide range of tumors.

We and others recently reported the
construction of NKp44-based CARs that could
target multiple types of leukaemia and childhood
solid tumors.22,23 In this study, we aimed to create
a series of novel CAR constructs that had an
extracellular immunoglobulin-like domain of
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Figure 1. Gene constructs and surface expression on T and NK cells of first-generation NKp44-based CARs. (a) A series of first-generation

NKp44-based CARs shared the ligand-binding domain of NKp44. (b) Surface expression levels of the first-generation NKp44-based CARs in

transduced T cells and NK cells are presented. The horizontal axis represents levels of GFP. The vertical axis represents the surface expression

levels of NKp44-based CAR demonstrated by PE-conjugated anti-NKp44 monoclonal antibody in transduced T cells. Same antibody detects

NKp44-based CAR expressed by transgene as well as intrinsic NKp44 in the transduced NK cells. Expression levels are much higher for NKp44-

based CAR (shown in the right upper quadrant) than for intrinsic NKp44 (the left upper and lower quadrant). The data are representative of at

least three independent experiments using different peripheral blood donors. EH, extracellular hinge domain; IC, intracellular domain; Ig-like,

immunoglobulin-like domain; TM, transmembrane domain.

ª 2020 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.
2020 | Vol. 9 | e1147

Page 3

Y Kasahara et al. Development of NKp44-based CAR-T cell therapy



NKp44 and extensively studied their functional
diversities to develop a novel CAR-T therapy
against multiple types of haematological and solid
tumors. We also compared the anti-tumor effects
of NKp44-based CAR-T cells with those of primary
activated NK cells and NKp30-based CAR-T cells.

RESULTS

We created several first-generation NKp44-based
CARs. The CAR domains, except for the ligand-
binding domain, were derived from various
components of human T cells and NK cells, such as
NKp44, CD8a, CD28 and CD3f (Figure 1a).
Transduction of wild-type NCR2 (NKP44) gene did
not induce NKp44 surface expression on T cells,
while primary NK cells were able to express
NKp44 protein on the cell surface, reflecting the
absence (in T cells) and the presence (in NK cells)
of adaptor protein DAP12 (WT in Figure 1b).
Chimeric receptors consisting of wild-type NKp44
followed by CD3f intracellular signalling domain
did not show surface expression (1G-a). However,
interestingly, truncation of the NKp44 protein at
the transmembrane domain led to strong
expression on the cell surface in T cells (TR1).
These observations clearly indicated that deletion
of the intracellular domain of NKp44 (1G-b to 1G-
f) is needed for chimeric receptor with NKp44
protein to be expressed on the surface in T cells in
the absence of DAP12 expression. Although the
association of NKp44 with DAP12 has been
previously reported to occur at the
transmembrane domain in NK cells,24 our
observations suggested that a site within NKp44
that is associated with DAP12 is located not only
within the transmembrane domain but also
within the intracellular domain or that another
unknown mechanism operates in the
pathophysiology of ectopic expression of NKp44
in T cells.

When we added the CD3f intracellular
signalling domain to ‘truncated NKp44 (TR1)’, the
surface expression was severely disturbed (1G-b).
Replacement of the transmembrane domain of
NKp44 with that of CD8a induced modest surface
expression of the CAR (1G-c). Replacement of
both the hinge and transmembrane domains of
NKp44 with those of CD8a caused an impressive
increase in the surface expression levels in T cells
(1G-d). In contrast, replacement of the
transmembrane domain of NKp44 alone with that
of CD28 yielded the highest surface expression

among this series of first-generation CAR
constructs created in this study, although
replacement of both the hinge region and
transmembrane domain of NKp44 with those of
CD28 caused apparently inferior surface
expression in both T cells and NK cells. A decrease
in surface expression because of the introduction
of the CD28 intracellular domain in a second-
generation CAR construct has been previously
reported.25 Our observations indicated that the
CD28 hinge domain might also have deleterious
effect on CAR expression on the cell surface, at
least in NKp44-based CAR. According to these
results, we used a construct comprising the hinge
domain of NKp44, the transmembrane domain of
CD28 and the intracellular signalling domain of
CD3f (Figure 1a, construct 1G-e) in the subsequent
experiments. NKp44-based non-signalling CARs
were also constructed by replacing the
transmembrane domain with that of CD8a or
CD28. The former did not show surface
expression; however, the latter showed moderate
expression.

Surface expression of ligands for NKp44 has
been reported in various tumor cell lines and
primary tumor cells such as kidney and bladder
cancer.19 However, expression in paediatric solid
tumors and sarcomas remains to be elucidated.
Therefore, we examined the expression of ligands
for NKp44 on the cell surface of various
leukaemia and paediatric solid tumor cell lines
using human NKp44-Fc chimera protein. The
ligands for NKp44 were detected in various types
of leukaemia, paediatric solid tumor, sarcoma and
brain tumor cells examined in this study. High
expression of ligands was especially observed on
the surface of solid tumor cell lines (Figure 2).
Conversely, T cells, B cells, NK cells and monocytes
obtained from healthy adults were negative for
the ligands, as previously reported by others.19

These data, together with those from other
studies, suggest that ligands for NKp44 are
reasonable targets for CAR-mediated immune
effector cell therapy against a wide range of
malignant tumors in children, adolescents and
adults.19,26

Primary T cells transduced with the first-
generation NKp44-based CAR (construct 1G-e)
demonstrated significantly higher cytotoxic effects
in a 4-h cytotoxicity assay against various
leukaemia cell lines including myeloid leukaemia
(KG1, U937, THP-1, K562) and T-cell leukaemia
(Jurkat, Peer, HSB2), and B-cell leukaemia (OP-1)
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than T cells transduced with NKp44 non-signalling
CARs (which binds to NKp44 ligands but lacks
intracellular signals, TR1) (Figure 3a). The 1G-e
CAR-T cells did not kill autologous or allogeneic T

cells obtained from healthy adult volunteers
(Figure 3b). The cytotoxic effect of the 1G-e CAR-T
cells was significantly attenuated after blocking
using an anti-NKp44 monoclonal antibody

Figure 2. Surface expression of ligands for NKp44 in various leukaemia and solid tumor cell lines. Expression of NKp44 ligands was examined in

a wide range of leukaemia cell lines and solid tumor cell lines. The ligands were not expressed by normal T cells in either resting or activated

status. Each histogram shows the signal intensity of PE channels when stained with recombinant human NKp44 Fc chimera protein (filled area) or

control Fc reagent (open area) followed by PE-conjugated secondary antibodies. MFI of the filled histogram and the ratio of MFI of the filled/open

histogram in parenthesis are presented at the top right of each histogram.
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Figure 3. Specific response of NKp44-based CAR-transduced T cells to target exposure. (a) Specific cytotoxicity in a 4-h killing assay against a

variety of leukaemia cell lines was examined in first-generation NKp44-based CAR-T cells (1G-e; red solid line). T cells transduced with NKp44-

based CAR lacking signalling domain (TR1; blue dotted line) served as a control. The 1G-e CAR-T cells demonstrated significantly higher cytotoxic

effects than T cells with non-signalling CAR (TR1), which showed marginal or negligible cytotoxicity. (b) Neither the 1G-e CAR-T cells (red solid

line) nor T cells with non-signalling CAR (TR1; blue dotted line) showed cytotoxicity against autologous or allogeneic T cells. (c) A blocking assay

was conducted in a 4-h killing assay using anti-NKp44 monoclonal antibodies or mouse IgG1, j isotype control, with the 1G-e CAR-T cells and T

cells with non-signalling CAR (TR1), respectively. Cytotoxic effects were significantly attenuated after blocking with anti-NKp44 monoclonal

antibodies compared to the isotype control antibody in each assay. A blocking assay was conducted in a 4-h killing assay using anti-NKp44

monoclonal antibody, with T cells with NKp44-based CAR (1G-e) and T cells with non-signalling control CAR, respectively. Cytotoxic effects were

significantly attenuated after blocking in each assay. (d) The intracellular production of IFN-c and granzyme B was assessed using PE-conjugated

monoclonal antibodies and flow cytometry after 24-h exposure to target cells (K562) in the 1G-e CAR-T cells and T cells with non-signalling CAR

(TR1). The NKp44-based CAR-T cells produced intracellular IFN-c and granzyme B, while non-signalling control T cells did not. (e) Secretion of

IFN-c was assessed by ELISA after 24-h exposure to target cells (K562) in the 1G-e CAR-T cells (red square) and T cells transduced with empty

vector (mock; open square). The 1G-e CAR-T cells produced significantly higher levels of IFN-c than mock-transduced T cells. (f) Degranulation

after exposure to target cells was assessed by CD107a mobilisation, which was detected using PE-conjugated anti-CD107a monoclonal antibodies

and flow cytometry in the 1G-e CAR-T cells (filled area) and T cells with non-signalling CAR (TR1; open area). The values of MFI are presented.

NKp44-based CAR-T cells showed increased CD107a signal levels compared with the non-signalling control. The experiments for a, b, c and e

were performed in triplicates, and their results are shown as mean � SD. The levels of statistical difference are shown using asterisks (*P < 0.05,

**P < 0.01, ***P < 0.001). The data are representative of three independent experiments using different peripheral blood donors.
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(Figure 3c), confirming NKp44-specific recognition.
Although there are statistically significant
differences in all comparison, a magnitude of
blocking effects varied between the target cell
lines, which might be a result of nature (e.g.
target epitope) of blocking antibody used in this
study or a result of the fact that there are
multiple ligands for NKp44 receptor. The 1G-e
CAR-T cells produced and secreted a large amount
of interferon (IFN)-c following a single exposure
to the target cells, whereas almost no IFN-c
production was observed in T cells transduced
with NKp44 non-signalling CARs, as well as empty
vector (mock) transduced T cells (Figure 3d and e).
Further, the 1G-e CAR-T cells produced more
cytotoxic granules after a single exposure to
target cells than the T cells transduced with
NKp44 non-signalling CARs (Figure 3d and f).

Next, we investigated the anti-tumor effect of
the NKp44-based CAR-T cells against various solid
tumor and leukaemia cell lines in long-term co-
culture with lower effector to target cell ratios.
Control T cells transduced with NKp44 non-
signalling CAR (TR1) showed almost no reduction
of tumor cells. In contrast, T cells transduced with
the 1G-e CAR exerted significant tumor cell
reduction in all tumor cell lines, including
osteosarcoma, neuroblastoma, Ewing sarcoma,
rhabdomyosarcoma, glioblastoma, T-cell ALL, AML
and B-cell ALL, whereas there were some inter-
individual variations (showing different levels of
cytotoxicity among the three donors)
(Figure 4a–e).

The sialic acid moiety at the hinge domain of
NKp44 has been reported to be involved in ligand
binding and recognition.16 Therefore, we
investigated the impact of replacement of the
hinge domain of NKp44-based CAR on CAR
function. We compared two types of NKp44-based
CAR-T cells, ‘1G-e’ harbouring the hinge of NKp44
versus ‘1G-d’ harbouring the hinge of CD8a,
respectively. Levels of surface expression of the
CAR-T cells were comparable. The CAR-T cells with
the original NKp44-hinge domain (1G-e) produced
larger amounts of IFN-c after a single antigen
stimulation than those with CD8a-hinge domain
(1G-d) (Figure 5a). In a 4-h short-term assay, the
cytotoxic effects of CAR-T cells with the original
NKp44-hinge domain (1G-e) were significantly
higher than those of CAR-T cells with CD8a-hinge
domain (1G-d) (Figure 5b). We also compared the
long-term anti-tumor effects of these two types of
CAR-T cells. CAR-T cells with the original NKp44-

hinge domain (1G-e) showed significantly stronger
effects against various leukaemia and solid tumor
cells than CAR-T cells with CD8a-hinge domain
(1G-d) (Figure 4c). These observations suggested
that, as reported previously, the NKp44-hinge
domain has an important functional role for
ligand binding and the resulting functions.

We expected that primary T cells were able to
exert NK cell-like anti-tumor activity when they
were transduced with NKp44-based CAR. NK cells
can exert potent cytotoxicity against a variety of
transformed cells by sensing several cancer-
associated or genostress-induced ligands with an
array of activating receptors including NKG2D,
NKG2C, activating KIRs and NCRs. However, CAR-
T cells use a single CAR to sense the tumor cells.
Thus, we wanted to explore how the anti-tumor
activities varied between NKp44-based CAR-T
cells and activated NK cells. For this purpose, we
used primary NK cells that had been ex vivo-
expanded and activated by K562-mb15-41BBL.27

Indeed, activated NK cells exerted significantly
more potent cytotoxic effects against leukaemic
cells in a 4-h short-term cytotoxicity assay than
NKp44-based CAR-T cells (1G-e) (Figure 6a).
However, in sharp contrast, NKp44-based CAR-T
cells showed significantly better anti-tumor
effects against the identical tumor cells including
leukaemia and solid tumors in prolonged co-
cultures (7 days) than activated NK cells
(Figure 6b).

Next, long-term anti-tumor effects of CAR-T
cells (1G-e), activated NK cells and NK cells
transduced with the identical CAR (CAR-NK) were
compared using a real-time cell-analyser
iCELLigence, which provides non-invasive electrical
impedance monitoring to quantify cell
proliferation in a real-time manner. Transduction
of CAR gene into human primary NK cells
provides antigen-specific cytotoxicity in addition
to natural cytotoxicity, which was shown for the
first time by the use of a novel method for ex vivo
expansion and genetic modification utilising
K562-mb15-41BBL feeder cells.27 Activated NK
cells suppressed the tumor cell growth, as
compared with control T cells with non-signalling
CAR (TR1), in the early stage (up to 80 h) of co-
culture with the target cells (NOS10); after 100 h,
there was no difference in the cell number index.
CAR-NK cells showed slightly more suppressive
effects, as compared to NK cells without genetic
modification, in the early stage; however, the
difference of the cell number index between
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Figure 4. Long-term anti-tumor effects of first-generation NKp44-based CAR-T cells against various tumor cells. (a) First-generation NKp44-

based CAR-T cells (1G-e) were co-cultured for 7 days with T-cell leukaemia cells (Jurkat) and myeloid leukaemia cells (U937) at E:T ratios of 0.5:1

and 0.1:1. Although there were some inter-individual variations showing different levels of cytotoxicity among the three donors, the 1G-e CAR-T

cells showed significantly higher long-term anti-tumor effects (inhibition of tumor growth) than T cells with non-signalling CAR (TR1), which

induced no or essentially negligible inhibition of tumor growth. Statistical comparison was performed between 1G-e and TR1 at the same E:T

ratio in each donor. (b) The 1G-e CAR-T cells (red square) showed significantly higher anti-tumor effects than T cells with non-signalling CAR

(TR1; blue square), in a 7-day co-culture assay (E:T ratios of 0.5:1) against various leukaemia cells. (c) The 1G-e CAR-T cells showed significantly

higher anti-tumor effects than T cells with non-signalling CAR (TR1) in a 7-day co-culture assay against the osteosarcoma cell line (U2OS) and

rhabdomyosarcoma (JR1) at E:T ratios of 4:1 and 1:1; among the samples from the three donors. Some inter-individual variation was observed.

(d) The 1G-e CAR-T cells (red square) showed significantly higher anti-tumor effects in a 7-day co-culture assay against various solid tumor cells

than T cells with non-signalling CAR (TR1; blue square) at an E:T ratio of 4:1.The y-axis in a–d shows percentage of residual tumors (as compared

with tumor cells without effector cells). Data are mean � SD of triplicate experiments. The data are representative of three independent

experiments. *P < 0.05, **P < 0.01, ***P < 0.001. (e) Rhabdomyosarcoma cell line Rh30 was co-cultured for 7 days with the 1G-e CAR-T cells

or T cells with non-signalling CAR (TR1), or it was cultured without any effector cells. In the culture with 1G-e CAR-T cells, no viable tumor cells

were observed via inverted microscopy.
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them became negligible after 100 h. In contrast,
CAR-T cells, although transduced with first-
generation CAR, continued to kill target cells and
completely inhibited the proliferation of tumor
cells (Figure 6c). Additionally, these results were
confirmed by the conventional endpoint assay
using WST-8. CAR-T cells (1G-e) showed
significantly increased anti-tumor effects against
osteosarcoma cells (NOS10 and SaOS-2) and
rhabdomyosarcoma cells (Rh30), as compared to
activated NK cells with or without the identical
CAR (1G-e), upon co-culturing for 7 days
(Figure 6d). Finally, we observed a significantly
higher persistence of effector cells, after 7 days of
exposure to the target cells (50 Gy-irradiated THP-
1), in CAR-T cells (1G-e) than in activated NK cells
without genetic modification or CAR-NK cells with
the identical CAR (Figure 6e). These observations
suggested that T cells transduced with first-
generation CARs (not second-generation CARs)
could persist longer and undertake more serial
killing of target tumor cells than primary ex vivo-
activated NK cells or CAR-NK cells, suggesting
intrinsic differences in T cells and NK cells.

NKp30 belongs to the natural cytotoxicity
receptor family and recognises B7-H6 and BAT3
(BAG6), which are not recognised by NKp44.26 T
cells genetically modified with CARs harbouring
the extracellular domain of NKp30 as a target
recognition site have been reported.28 We
compared the performance of NKp44-based CAR-T
cells and NKp30-based CAR-T cells. We first
examined ligands for NKp30 and NKp44 in the
solid tumor cell lines using the NKp30-Fc or
NKp44-Fc reagents, respectively (Figure 7a). We
considered tumor cells were positive for the
surface NCR ligands if the MFI ratio (MFI of
NKp30-Fc or NKp44-Fc/MFI of control Fc) was
more than 2. While we observed surface
expression of the NKp44 ligands in all cell lines
tested, only six tumors (out of 21) were positive
for NKp30 ligands. Then, we created a series of
first-generation CARs with an extracellular
antigen recognition site and the hinge domain of
NKp30. The NKp30-based CAR used for this
experiment had a similar structure to the 1G-e
construct of NKp44-based CAR. Surface expression
of the two different CARs was comparable when
transduced into human T cells (Figure 7b). Indeed,
when we compared the anti-tumor effect in the
long-term co-cultures, NKp44-based CAR-T cells
(1G-e) showed significantly superior cytotoxic
effects than NKp30-based CAR-T cells against most

of the solid tumor cells, such as osteosarcoma,
rhabdomyosarcoma, Ewing sarcoma,
neuroblastoma and glioblastoma (Figure 7c). Of
note, only neuroblastoma cell line NB1 showed
similar surface expression levels of NKp44 and
NKp30. Against this cell line, both NKp44-based
CAR-T cells and NKp30-based CAR-T cells exerted
similar levels of inhibition against tumor cell
proliferation, suggesting that cytotoxicity would
be comparable if the ligands of each CAR were
equally expressed in tumor cells.

Finally, we created an array of second-generation
NKp44-based CAR constructs, which incorporated
an intracellular co-stimulatory signalling domain
derived from 4-1BB (2G-c, 2G-d, 2G-e, 2G-f), and
from CD28 (CD28 CAR: NKp44 immunoglobulin-like
and hinge domain, CD28 transmembrane and
signalling domain, followed by CD3f signalling
domain) that was reported by Eisenberg et al.23

(Figure 8a). Surprisingly, introduction of this 4-1BB
signalling domain to the 1G-c construct (2G-c)
apparently upregulated its surface expression,
although the 1G-c CAR showed modest surface
expression. A CAR with the CD28 hinge, CD28
transmembrane domain, 4-1BB signalling domains
and CD3f (2G-f) showed decreased surface
expression in comparison with a CAR in which the
hinge domain was replaced with that of NKp44 (2G-
e), indicating again that use of the CD28 hinge
domain decreased the surface expression of the
NKp44-based CAR. Introduction of the 4-1BB
signalling domain to 1G-e, the best construct
among the first-generation CARs, led to decreased
surface expression (2G-e). A CAR construct with a
hinge and transmembrane domain derived from
CD8a and an intracellular signalling domain from 4-
1BB and CD3f showed excellent surface expression
on both human T cells and NK cells (2G-d)
(Figure 8b). T cells transduced with the 2G-d
construct showed significantly higher expansion
rates in response to single antigen exposure than
the truncated control T cells (TR1), first-generation
CAR-T cells (1G-e) or another version of second-
generation 4-1BB CAR-T cells (2G-e), and the
second-generation CAR with the CD28 signalling
domain (CD28 CAR) (Figure 8c). CAR-T cells with the
2G-d construct showed significantly increased
cytotoxic effects against various paediatric solid
tumor cell lines in 7-day co-culture assays compared
with T cells transduced with non-signalling CAR
(TR1), first-generation CAR-T cells (1G-e) and
second-generation CD28 CAR-T cells (CD28 CAR)
(Figure 8d).
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Figure 5. Hinge region of NKp44 is involved in ligand binding and recognition in NKp44-based CAR. The impact of the hinge domain of NKp44-

based CAR on CAR function was examined. (a) NKp44-based CAR-T cells with alternative hinge domain (1G-d; green square), in which NKp44-

original hinge was replaced by CD8a hinge, produced significantly lower levels of IFN-c than NKp44-based CAR-T cells with the original hinge

(1G-e; red square) after 24-h exposure to target cells (KG-1) as measured by cytometric beads array. In both CAR-T cells used for the

experiments, surface expression levels of CAR on gene-modified T cells were similar (Figure 1b). (b) NKp44-based CAR-T cells with an alternative

hinge domain (1G-d; green chain line) showed inferior 4-h cytotoxicity as compared with NKp44-based CAR-T cells with the original hinge (1G-e;

red solid line). As shown by the asterisks, statistical comparisons between 1G-d and 1G-e CAR-T cells in both cell lines at E:T ratio of 8:1 and 2:1

were significantly different. (c) NKp44-based CAR-T cells with the alternative hinge domain (1G-d; green square) showed significantly lower long-

term anti-tumor effects in 7 days of co-culture assay, as compared to NKp44-based CAR-T cells with the original hinge (1G-e; red square) against

various leukaemia (at an E:T ratio of 0.5:1; upper graph) and solid tumor cell lines (at an E:T ratio of 4:1). The y-axis shows percentage of

residual tumors (as compared with tumor cells without effector cells). These observations suggest an important role of the original NKp44 hinge

domain in CAR function including antigen recognition and signalling. Data are means � SD of three technical replicates. Experiments were

independently repeated at least twice, and representative data are shown. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. Comparisons with activated primary NK cells and NKp44-based CAR-NK cells. (a) Primary NK cells that were ex vivo-activated by co-

culture with K562-mb15-41BBL (act NK; orange dashed line) showed significantly higher cytotoxicity against K562 and THP-1 cells in a 4-h killing

assay than first-generation NKp44-based CAR-T cells (1G-e T: solid line). T cells with non-signalling CAR (TR1 T; blue dashed line) served as

control, although non-specific effects at the E:T ratio of 8:1 are seen against THP-1 cells. (b) On the contrary, in a long-term (7 days) co-culture

assay, 1G-e CAR-T cells (1G-e T; red square) exerted, in most of the cell lines, significantly stronger inhibitory effects on tumor growth than

activated NK cells (act NK; orange square). Activated NK cells showed modest but significantly higher anti-tumor effects than T cells with non-

signalling CAR (TR1 T; blue square) in only 4 of 11 cell lines. E:T ratios for leukaemia cell lines and solid tumor cell lines were 0.5:1 and 4:1,

respectively. (c) In a long-term cytotoxicity assay using iCELLigence real-time cell analyser, both 1G-e CAR-NK cells (1G-e NK; green line) and non-

transduced NK cells (act NK; orange line) showed enhanced inhibitory effects on tumor growth in the target cells (NOS10), as compared to T cells

with non-signalling CAR (TR1) or no effector cells, in the first 80 h. CAR-NK showed more enhanced cytotoxicity than non-transduced NK cells.

However, the differences in inhibitory effects among CAR-NK, non-transduced NK and control T cells became negligible in the later stage (80-

160 h). In contrast, the 1G-e CAR-T cells (1G-e T; red line) were able to continuously kill the tumor cells and completely abrogate tumor cell

growth. (d) The 1G-e CAR-T cells (1G-e T; red square) showed significantly higher anti-tumor effects against osteosarcoma (NOS10 and SaOS-2)

and rhabdomyosarcoma (Rh30) cells than the 1G-e CAR-NK (1G-e NK; green square) and non-transduced NK (act NK; orange square) cells, as

measured by the WST-8 assay at an E:T ratio of 4:1. In this assay, inhibitory effects on tumor growth were not statistically different between

CAR-NK and non-transduced NK cells. (e) Effector cell expansion (recovery) after 7 days of co-culture with tumor cells was investigated to see

whether a difference in persistence of effector cells might explain the difference in long-term anti-tumor effects. The 1G-e CAR-T cells (1G-e T;

red square) showed a significantly prolonged survival, after a single exposure to the target cells (50Gy-irradiated THP-1), as compared to 1G-e

CAR-NK cells (1G-e NK; green square) or non-transduced NK cells (act NK; orange square). TR1 CAR-T cells served as control, which indicated

more survival than 1G-e CAR-T cells because of lack of activation-induced cell death. Data are means � SD of three technical replicates.

Experiments were independently repeated at least twice, and representative data are shown. *P < 0.05, **P < 0.01, ***P < 0.001.
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DISCUSSION

In this study, we created several types of CAR that
used an NKp44 immunoglobulin-like domain as an
antigen recognition site, and explored the best
construct for novel gene-modified T-cell
immunotherapy for multiple types of cancer,
including AML, T-cell ALL and lymphoma, and
solid tumors, such as neuroblastoma,

osteosarcoma, rhabdomyosarcoma, Ewing sarcoma
and glioblastoma. Surface expression of the CARs
was compared in human T cells and NK cells.
Several patterns of hinge region and
transmembrane domain combinations were tested
in first- and second-generation format because
the substitution of these sites greatly affects the
expression and function of CARs.29,30 Investigation
of the expression levels and function of different

Figure 7. Comparisons with NKp30-based CAR-T cells. (a) Surface expression of ligands for NKp44 and NKp30 on various solid tumor cells was

examined using NKp44-Fc or NKp30-Fc chimera protein, respectively, followed by staining with PE-conjugated secondary antibodies. The vertical

axis indicates the ratio of MFI of NKp44-Fc/control Fc (filled square) or NKp30-Fc/control Fc (open square). An MFI ratio of more than 2 was

considered positive. While NKp44 was considered positive in 21 of 21 cell lines, NKp30 was considered positive in only six of 21 cell lines. (b)

Surface expression levels of CAR in NKp44-based CAR-T cells (1G-e; upper) and in NKp30-based CAR-T cells (lower) were similar. (c) NKp30-

based CAR-T cells (NKp30 CAR; blue shaded square) showed no or only mild anti-tumor effects in long-term co-culture assay at an E:T ratio of

1:1 against various solid tumor cell lines tested, except for a few cell lines (Rh30, SK-N-SH and NB1). NKp44-based CAR-T cells (1G-e; red square)

showed significantly stronger anti-tumor effects than NKp30-based CAR-T cells against most cell lines. T cells transduced with an empty vector

(mock; blue square) served as the control. The y-axis shows the percentage of residual tumors (as compared with tumor cells without effector

cells). Data are means � SD of three technical replicates. Experiments were independently repeated at least twice, and representative data are

shown. *P < 0.05, **P < 0.01, ***P < 0.001.
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NKp44-based CARs confirmed the importance of
optimisation by changing the hinge domain and
the transmembrane domain depending on the
antigen recognition moiety.6 Our optimal 4-1BB-
based second-generation construct was
determined as that containing NKp44
immunoglobulin-like domain, CD8a hinge, CD8a
transmembrane, 4-1BB signalling domain and
CD3f signalling domain (construct 2G-d).

Various types of ligands for NKp44 have been
previously reported,31–34 and new ligands are still
being discovered, such as an isoform of the
mixed-lineage leukaemia (MLL)-5 protein,19

proliferating cell nuclear antigen,35 platelet-
derived growth factor-DD36 and Nidogen-1.37 In
particular, the MLL-5 isoform has been
demonstrated to be expressed on the surface of
several cancer cell lines including cervical
carcinoma, endothelial carcinoma and melanoma.
Importantly, the MLL-5 isoform was expressed on
the surface of human primary tumors such as
kidney cell carcinoma and bladder cell
carcinoma.19 We confirmed ligands for NKp44
were expressed on the surface of leukaemia and
lymphoma cell lines and solid tumor cell lines of
various origins. Indeed, NKp44-based CAR
conferred on human primary T cells, the ability to
attack diverse tumor cell lines and produce IFN-c
and granzyme B in response to antigen
stimulation on target cells. However, we found
that ligand for NKp44 was not expressed on the
resting or activating T cells, and NKp44-based
CAR-T cells did not attack autologous or
allogeneic T cells (Figures 2 and 3b). Baychelier
et al.19 failed to detect the cellular ligand of
NKp44, MLL-5 truncated isoform, in any of the
normal tissues such as brain, colon, heart, kidney,
liver, muscle, placenta, intestine, spleen and
stomach, except for very low expression in lung
and testis. Based on these characteristics, NKp44-
based CAR-T cells appeared to have the capacity
to effectively and safely attack a wide range of
leukaemia and solid tumors by use of a single
CAR gene construct.

We assessed the anti-tumor properties of
activated NK cells and T cells transduced with
first-generation NKp44-based CARs and NK cells
with or without the identical CAR in short-term,
as well as long-term, assays and found that the
first-generation CAR-T cells were significantly
better effector cells than ex vivo-expanded
activated NK cells with or without CAR in
prolonged co-cultures with tumor cells. NK cells

are an attractive effector cell population for
cancer therapy because they have a capacity to
kill transformed cells of various origin with a
favorable safety profile. Cancer therapy using
autologous lymphokine-activated killer cells (so-
called ‘LAK cells’), in which activated NK cells
seemed to be representative for the capacity of
killing cancer cells in vitro, have been explored in
clinical trials against a variety of refractory
cancers, but has rarely led to clinical success.38

One major reason for the failure of autologous
LAK cells to show clinical activity seems to have
been caused by self-HLA molecules that can
transmit inhibitory signals in NK cells.14,15 In this
context, the use of allogeneic NK cells might be a
better choice. In fact, infusion of allogeneic NK
cells to treat refractory and/or relapsed AML in
adults has been tested and showed transient
clinical benefits in a subset of patients.20,39 NK
cells usually do not expand clonally as T cells do
and may lead to activation-induced cell death
after killing of target cancer cells. Although T-cell
therapy transduced with first-generation CARs did
not show any clinical benefits,40,41 the
introduction of a co-stimulatory receptor
signalling domain into the CAR gene (second-
generation CARs) resulted in the unforeseen
profound clinical success. In the successful CAR-T
trials with second-generation CD19-specific CARs,
long-term detection of the CAR-T cells in the
blood or bone marrow of the patients has been
observed and correlated to the disease control,
indicating the importance of persistence of the
infused effector cells in the anti-cancer cellular
therapy.1,2 Ex vivo-expanded allogeneic NK cells,
which had been activated and cultured with the
use of an artificial feeder cell line (K562-mb15-
41BBL), have been tested in patients with
refractory and/or relapsed multiple myeloma in a
phase I trial. Although safe, the responses
observed and NK cell persistence after infusion
have been modest.21 Second-generation CAR-T
cells with NK-cell-like specificity might show
longer persistence and have a higher possibility
of clinical benefits as compared with NK cell
therapy, although activated NK cells appear to
have better safety profiles than the CAR-T cells,
which could cause severe cardiopulmonary
deterioration via profound cytokine release.
Safety concerns might be addressed by the use of
a suicide switch42 and/or an artificial inhibitory
receptor.43 Conversely, for allogeneic NK cells to
be clinically more effective, their persistence
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Figure 8. Second-generation NKp44-based CAR-T cells with 4-1BB co-stimulation demonstrated excellent proliferation and enhanced anti-tumor

effects. (a) We created an array of second-generation NKp44-based CAR constructs that incorporated the 4-1BB co-stimulatory domain (2G-c,

2G-d, 2G-e, 2G-f). We also constructed NKp44-based CAR with CD28 co-stimulation that had been reported by Eisenberg et al.23 (CD28 CAR).

(b) Transduction of the CAR construct with CD8a hinge and transmembrane domain, 4-1BB signalling domain, and CD3f (2G-d) resulted in the

highest surface expression on both T cells and NK cells among all the second-generation 4-1BB CARs generated. (c) T cells transduced with the

construct 2G-d (pale blue square) showed significantly higher expansion in response to target cell exposure than T cells with non-signalling CAR

(TR1; blue square), T cells transduced with first-generation CAR (1G-e; red square), other second-generation CAR-T cells with the 4-1BB co-

stimulatory domain (2G-e; grey square) and second-generation CAR with the CD28 co-stimulatory domain (CD28 CAR; beige square). (d) T cells

transduced with our best construct (2G-d; pale blue square) showed significantly stronger inhibitory effects in long-term co-culture assay at E:T

ratios of 1:1 against various solid tumor cells than T cells (TR1; blue square), first-generation NKp44-based CAR-T cells (1G-e; red square) and

second-generation CD28 NKp44-based CAR-T cells (CD28 CAR; beige square). The y-axis shows percentage of residual tumors (as compared with

tumor cell without effector cells). Data are means � SD of three technical replicates. Experiments were independently repeated at least three

times, and representative data are shown. *P < 0.05, **P < 0.01, ***P < 0.001. EH, extracellular hinge domain; IC, intracellular domain; Ig-like,

immunoglobulin-like domain; TM, transmembrane domain.
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in vivo must be prolonged further. Unlike T cells,
NK cells do not expand after recognising and
killing target cells. Indeed, in the current study,
we showed that genetic modification of NK cells
with NKp44-based CAR enhanced short-term
cytotoxicity but did not enhance the long-term
ability to suppress tumor growth, as compared
with activated NK cells without CAR, suggesting
that unlike T cells, CAR engagement does not
ensure NK-cell persistence. Infused allogeneic NK
cells may require exogenous cytokine support (IL-2
or IL-15) or autologous expression of wild-type or
membrane-bound IL-15 for successful treatment of
malignant tumors.44,45 Recently, a phase I/II clinical
trial of allogeneic cord blood NK cells, which had
been stimulated with another K562-based feeder
cells and transduced with a lentiviral vector
encoding using-CD19 CAR, IL-15 and a suicide
gene iCAS9, has been conducted, targeting
relapsed or refractory malignant lymphoma in
adults. In this trial, 8 out of 11 patients treated
had an objective response. CAR-NK cells had been
detected for up to a year in the peripheral blood
of the recipients.46 The high rate of response
might be attributed to the high persistence of NK
cells, which are presumed to be a result of IL-15
self-expression from the transgene.

NKp44 is reported to have the ability to
recognise certain antigens, not only at the
immunoglobulin-like domain but also at the
hinge domain.16 As for the first-generation
NKp44-based CAR generated in the current study,
we demonstrated that the original hinge domain
was important to efficiently produce cytokines in
response to exposure to the target, to kill target
cells, and to reduce tumor burden. However, in
second-generation NKp44-based CARs that had an
intracellular 4-1BB co-stimulatory domain, CAR
construct with the CD8a hinge and
transmembrane domain (2G-d) had better
function, despite some loss of function because of
replacement of the original NKp44 hinge domain.
The CAR-T cells with this construct showed
significantly superior proliferation and tumor
control assessed in a long-term co-culture assay.
We think that this outstanding function is
probably related to combinatorial use of CD8a
hinge, CD8a transmembrane, 4-1BB signalling
domain and CD3f.47,48. Eisenberg et al.23 reported
that T cells transduced with CAR harbouring the
NKp44 extracellular domain (immunoglobulin-
like + hinge), CD28 transmembrane and signalling
domain, and CD3f signalling domain provided

in vivo anti-tumor effects in a melanoma
xenograft model. In the present study, we
constructed a NKp44-CAR gene with a CD28-co-
stimulatory domain that was almost identical
structure to Eisenberg’s23 and compared it with
the second-generation CARs with 4-1BB signalling.
We found that CAR-T cells with the second-
generation construct with the 4-1BB signalling
domain (2G-d) outperformed CAR-T cells
transduced with CAR-T cells with the CD28
signalling domain. Therefore, NKp44-based CAR
with the 4-1BB domain is expected to be useful
for tumor control even in vivo.

Approaches using combinatorial antigen
recognition have been recently developed to
target the antigens expressed by solid tumors and
not to injure normal cells. The split CAR system, in
which the co-stimulatory signal is transmitted
after stimulation of the extracellular domain of an
independent construct,49,50 and a universal
adaptor CAR approach, in which combining cell
surface-fixed structures and corresponding soluble
parts, enable the recognition of diverse
antigens.51,52 While these approaches are highly
promising in enhancing specificity to targets and
sparing normal tissues, appropriate targets are
limited. In this context, combinatorial use of CARs
that use the recognition site of activating NK-cell
receptors will be a good option.

Conclusions

We created CAR constructs using NKp44
extracellular immunoglobulin-like domain as an
antigen recognition site and extensively studied
the optimal structures of first- and second-
generation CAR formats. This CAR endowed T
cells with an NK cell-like capacity to attack a wide
range of leukaemia and paediatric solid tumors,
including AML, T-ALL, B-ALL, osteosarcoma,
rhabdomyosarcoma, neuroblastoma, Ewing
sarcoma and glioblastoma, and is expected to
contribute to the development of novel
immunotherapy for malignancies that are not
currently a target of CAR-T therapy.

METHODS

Cells

The CD19+ human Philadelphia-chromosome-positive
B-lineage ALL cell line OP-1 was a generous gift from Dr.
Dario Campana (St. Jude Children’s Research Hospital,
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Memphis, TN, USA). The Ewing sarcoma cell line Rh1 and
rhabdomyosarcoma cell lines Rh28, Rh30, Rh41 and JR1
were a generous gift from Dr. Peter Houghton (St. Jude
Children’s Research Hospital). The Burkitt lymphoma cell
line Raji, myeloid leukaemia cell lines K562, HL60, THP-1
and U937, T-lineage ALL cell lines MOLT4 and Jurkat,
osteosarcoma cell lines U2OS and SaOS-2, cervical
carcinoma cell line HeLa and embryonic kidney fibroblast
cell line 293T were obtained from the American Type
Culture Collection (Rockville, MD, USA). The T-lineage cell
lines CCRF-HSB2 and Peer, neuroblastoma cell lines SK-N-
SH, NB1 and NB16, and rhabdomyosarcoma cell line RMS-
YM were obtained from RIKEN BRC cell bank (Tsukuba,
Japan). The myeloid cell lines Kasumi-1, Kasumi-6 and KG1;
neuroblastoma cell line IMR32; and glioblastoma cell lines
T98G, A172 and U251MG were obtained from the JCRB
cell bank of National Institutes of Biomedical Innovation,
Health and Nutrition (Osaka, Japan). The osteosarcoma cell
line MG63 was obtained from Health Science Research
Resource Bank (Osaka, Japan). NOS1 and NOS10 were a
generous gift from Dr. Akira Ogose (Division of
Orthopedic Surgery, Niigata University Graduate School of
Medical and Dental Sciences, Niigata, Japan). HeLa and
293T were maintained in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich Japan, Tokyo, Japan)
supplemented with 10% foetal bovine serum (FBS). The
other leukaemia and solid tumor cell lines were
maintained in RPMI-1640 (Sigma-Aldrich Japan)
supplemented with 10% FBS.

CAR constructs and gene transduction

MSCV-IRES-GFP, pEQ-PAM3(-E) and pRDF plasmids were
obtained from St. Jude Vector Development and Production
Shared Resource. To generate NKp44-based CAR genes, we
used splicing by overlapping extension by PCR to assemble
several genetic fragments. To generate RD114-pseudotyped
retrovirus, we used a lipofection method to transfect
3 9 106 293T cells (Fugene HD, Promega, Madison, WI,
USA). Titre of retrovirus was measured using HeLa cells.
Peripheral blood mononuclear cells (PBMCs) were collected
from healthy volunteers after obtaining informed consent,
and T cells were isolated using RosetteSepTM Human T Cell
Enrichment Cocktail (STEMCELL technology, Vancouver, BC,
Canada). This study was approved by the ethical committee
of Niigata University School of Medicine (approval #2015-
2686). T cells were incubated for 48–72 h with Dynabeads
human T-activator CD3/CD28 (Thermo Fisher Scientific,
Waltham, MA, USA) in the presence of 200 IU mL�1 of
recombinant human interleukin-2 (rhIL-2; Peprotech,
Cranbury, NJ, USA) in RPMI-1640 with 10% FBS. The
activated T cells were then transduced using Retronectin
(Takara, Otsu, Japan) according to the manufacturer’s
instructions with slight modifications. The multiplicity of
infection was almost identical in each experiment
comparing different CARs. The transduced cells were
maintained in RPMI-1640, 10% FBS and 200 IU mL�1 rhIL-2
added every 2–3 days until use. To obtain activated primary
NK cells, we co-cultured PBMCs obtained from healthy
adult volunteers with irradiated K562-mb15-41BBL cells.27

Retroviral transduction of primary NK cells was undertaken
using the same approach as T cells, except that NK cells

were maintained with 100 IU mL�1 rhIL-2 every 2–3 days.
Surface expression of CAR in T cells and NK cells was
detected by using phycoerythrin (PE)-conjugated anti-
NKp44 antibody (Beckman Coulter, Tokyo, Japan). Antibody
staining was detected with a FACSCaliber flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA). For detection
of NKp44 ligands or NKp30 ligands on the cell surface,
tumor cell lines were incubated with either recombinant
human NKp44-Fc chimera protein or recombinant human
NKp30-Fc chimera protein (R&D systems, Minneapolis, MN,
USA), followed by staining with PE-conjugated F(ab0)2
fragment goat-anti-human IgG secondary antibodies
(Jackson ImmunoResearch, West Grove, PA, USA).
Recombinant human IgG1 Fc protein (R&D systems) was
used as the control.

Short-term cytotoxicity assay

Effector cells that had expanded for 2–3 weeks, including T
cells transduced with NKp44-based CARs, activated NK cells
without genetic modification, and NK cells transduced with
NKp44-based CAR were used in the assays. T cells
transduced with CAR harbouring binding domain of NKp44
but lacking signalling domain (non-signalling CAR) served
as a control, unless otherwise stated. CAR-T cells were co-
cultured with the target cells stained using CellTrace
Calcein Red-Orange, AM (Thermo Fisher Scientific) in 96-
well U-bottom plates in a humidified incubator at 37°C
under 5% CO2. After 4 h of co-culture, the number of
viable target cells was counted using flow cytometry, and
cytotoxic effects were calculated as previously
described.27,48 Autologous or allogeneic primary T cells
were collected from healthy adult volunteers and were
immediately used as a target (resting T cells) or were used
after activation with Dynabeads human T-activator CD3/
CD28 and rhIL-2 (activated T cells). For blocking assay, CAR-
T cells were incubated in 200 lL PBS added with anti-NKp44
monoclonal antibody [LEAFTM purified anti-human CD336
(NKp44) antibody, BioLegend, San Diego, CA, USA] or
LEAFTM purified mouse IgG1, j isotype Ctrl Antibody
(BioLegend) as a control for 30 min at room temperature.
Then, the CAR-T cells were washed twice with PBS and used
in subsequent assays.

Cytokines, granzyme and CD107a assay

For cytokine secretion assay, 1 9 105 NKp44-based CAR-T
cells were co-cultured with target cells at an effector to
target (E:T) ratio of 1:1 in 200 lL RPMI-1640 supplemented
with 10% FBS and 200 IU mL�1 of rIL-2 in a 96-well round
bottom plate for 24 h. Interferon-c levels in the
supernatant were measured by Enzyme-Linked
ImmunoSorbent Assay (ELISA BioSource Europe S.A.,
Nivelles, Belgium) or cytometric beads array (CBA, Becton
Dickinson). For intracellular cytokine and granzyme
production assays, CAR-T cells were co-cultured with target
cells for 24 h in the presence of 5 lg mL�1 of Brefeldin A
(BioLegend). Then, the CAR-T cells were stained with PE-
conjugated antibodies after permeabilisation (FIX & PERMTM

Cell Permeabilization Kit, Thermo Fisher Scientific). For the
CD107a mobilisation assay, CAR-T cells were co-cultured
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with target cells for 6 h in the presence of 2 lM Monensin
and PE-conjugated anti-CD107a antibodies (BioLegend), and
the signal levels were determined by flow cytometry.

Long-term cytotoxicity assay

For leukaemia cells, we co-cultured CAR-T cells, CAR-NK
cells or T cells transduced with non-signalling CAR with the
target cells in RPMI-1640 medium containing 10% FBS
supplemented with low-dose rhIL-2 (10 IU mL�1) at E:T
ratios of 0.5:1 and 0.1:1. After 7 days, the number of
residual leukaemia cells was counted using flow cytometry.
For solid tumor cells, cells were seeded in a 96-well flat-
bottom plate (2 9 103 for NOS10, SaOS-2, U2OS, Rh1, JR1,
Rh30, Rh41, A172 and T98G; 1 9 104 for U251MG, IMR32,
SK-N-SH, NB1 and RMS-YM) and effector cells were added
at E:T ratios of 4:1 and 1:1, respectively. After 7 days,
residual tumor cells were analysed using WST-8 assay
reagent (Cell Counting Kit-8, Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturer’s
instructions. In particular experiments, to compare the
persistence of each effector cells, recovery rates of effector
cells after 7 days of co-culture were analysed using flow
cytometry.

iCELLigence real-time killing assay

Long-term cytotoxicity (anti-tumor effect) was compared
using a real-time cell analyzer iCelligenceTM (ACEA
Biosciences, San Diego, CA, USA), which is able to measure
cell proliferation by monitoring cellular impedance of cells
attached to the plate in a non-invasive way. Target cells
(1 9 104) were seeded in triplicate and left to adhere and
grow for 24 h in iCelligenceTM E-plate containing RPMI-1640
medium constituting 10% FBS supplemented with low-dose
rhIL-2 (10 IU mL�1). On the next day, 1 9 104 effector cells
were added. Impedance measurements were performed
every 15 min for up to 7 days, according to the
manufacturer’s instructions.53 Changes in electrical
impedance were expressed as a normalised cell index value,
which was derived from the relative impedance changes of
wells containing co-culture normalised to baseline
impedance values with wells containing solely the medium.

Ex vivo proliferation assay

To examine the proliferation rate of NKp44-based CAR-T
cells after single antigen stimulation, we co-cultured
4 9 104 CAR-T cells and 1 9 104 50 Gy-irradiated THP-1 cells
in a 96-well flat-bottom plate with RPMI-1640 containing
10% FBS with low-dose rhIL-2 (10 IU mL�1). The
proliferation rate of CAR-T cells was calculated after 5 days.

Statistical analysis

Statistical evaluation was conducted with EZR software
(version 1.40).54 The significance of differences in each
comparison in cytotoxicity, cytokine production and
proliferation rate was analysed by the Student’s t-test. All

experiments were performed in three technical replicates,
and data are presented as mean � standard deviation (SD).
P-values < 0.05 were considered statistically significant as
follows: *P < 0.05, **P < 0.01 and ***P < 0.001.
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