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Promising progress has been made in adoptive transfer of allo-
geneic natural killer (NK) cells to treat relapsed or refractory
acute myeloid leukemia (AML). In this regard, chimeric anti-
gen receptor (CAR)-modification of NK cells is considered as
a compelling approach to augment the specificity and cytotox-
icity of NK cells against AML. Using a non-viral piggyBac
transposon technology and human peripheral blood-derived
primary NK cells, we generated CAR-NK cells to target
NKG2D ligands and demonstrated their in vitro activity in
lysing cancer cells expressing the ligands and in vivo efficacy
in inhibiting tumor growth in a xenograft KG-1 AML model.
We further generated CAR-NK cells co-expressing transgenes
for the NKG2D CAR and interleukin-15 (IL-15). The ectopic
expression of IL-15 improved the in vitro and in vivo persis-
tence of NKG2D CAR-NK cells, leading to enhanced in vivo tu-
mor control and significant prolongation of mouse survival in
the KG-1 AML model. Collectively, our findings demonstrate
the ectopic expression of IL-15 as an important means to
improve the antileukemic activity of NKG2D CAR-NK cells.
Our study further illustrates the feasibility of using the piggy-
Bac non-viral platform as an efficient and cost-effective way for
CAR-NK cell manufacturing.

INTRODUCTION
As an aggressive hematopoietic malignancy, acute myeloid leukemia
(AML) is characterized by an excess of myeloid blasts in the bone
marrow and peripheral blood. AML carries a dismal prognosis, espe-
cially in the elderly (aged 65 and older). The only curable option for
relapsed or refractory AML (r/r AML) so far is allogeneic hematopoi-
etic cell transplantation (AHSCT).1,2 Since this option is unreachable
to most AML patients, adoptive cell therapy of allogeneic peripheral
blood natural killer (NK) cells offers an alternative therapeutic option
and has shown promise in treating r/r AML.3–14

Recently, chimeric antigen receptor (CAR) modification has emerged
as an effective approach to augment the specificity and cytotoxicity of
NK cells.15–17 CAR-NK cell therapy combines CAR advantages of tar-
geting specificity to tumor cells and enhanced intracellular activity
with the innate antitumor functions and alloreactive potential of
NK cells. The cytotoxic function of CAR-NK cells is not CAR-
restricted, given the ability of NK cells to lyse cancer cells directly
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without prior antigen priming. While high levels of interferon-g
and other cytokines can be produced by activated NK cells to shape
both innate and adaptive antitumor immune responses, the spectrum
of cytokines that NK cells secrete differs from those that can cause
cytokine release syndrome, hence are less likely to mediate severe
cytokine-related toxicities. With these favorable therapeutic and
safety features, CAR-NK cells create a compelling platform to over-
come many limitations of the current cell therapies. CD19-specific
CAR-NK cells derived from cord blood have been successfully used
to treat patients with B-cell acute lymphoblastic leukemia and lym-
phoma in a phase I/II clinical trial.18

As for AML treatment, identifying a specific target antigen for CAR
therapy is challenging given the antigen overlap between AML leu-
kemia stem cells and hematopoietic stem cells.19,20 A special group
of CARs has been developed based on a key NK cell activating re-
ceptor, the NK group 2D (NKG2D) receptor, for tumor antigen
recognition and immune cell activation.21,22 In humans, this recep-
tor recognizes eight stress-induced ligands belonging to two fam-
ilies: two major histocompatibility complex (MHC) class I chain-
related proteins MICA and MICB and six HCMV UL16-binding
proteins ULBP1-6. The expression of the NKG2D ligands is tightly
regulated such that they are not usually present on the cell surface of
healthy tissues, but upregulated upon DNA damage, infection, and
transformation. Thus, the tumor-associated overexpression feature
makes the NKG2D ligands a favorable therapeutic target for anti-
cancer strategies.23 CAR-T cells targeting NKG2D ligands have
been tested in earlier stage clinical trials in AML patients.24,25 How-
ever, whether NKG2D CAR-NK cells can be used to treat AML,
either in preclinical or clinical studies, remains to be an open
question.

A key obstacle to CAR-NK cell therapy is genetic modification of
primary NK cells to achieve stable CAR expression. For CAR-T
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cell manufacturing, transduction with a viral vector that integrates
the CAR-expressing cassette randomly into the genome for persis-
tent expression has been commonly used. However, the viral pro-
cedure is laborious for large-scale virus production, challenging in
controlling lot-to-lot variability, and sophisticated in biosafety char-
acterization of clinical-grade viral vectors in compliance with good
manufacturing practice, thus being highly expensive. Furthermore,
NK cells are difficult to be transduced by approaches commonly
used for CAR-T cell transfer, such as lentiviral or retroviral trans-
duction, and low efficiencies of NK cell transduction are often
observed.26,27 This is possibly due to the intrinsic antiviral defense
mechanisms possessed by NK cells.27,28 Non-viral transposon sys-
tems, such as Sleeping Beauty and PiggyBac (PB), are effective for
genetic integration and have been used to overcome the limitations
associated with the viral manufacturing process for CAR-T
cells.29–31 When looking at the applicability of non-viral transposon
in genetic modification of NK cells, we notice that there is only one
bioRxiv preprint reporting Tc Buster transposon-mediated CAR
modification of peripheral blood NK cells32 and another paper re-
porting PB transposon-mediated CAR modification of the NK-92
cell line.33

Another hurdle to the success of CAR-NK cell therapy is the short
lifespan of NK cells.12,34 Without cytokine support, intravenously in-
jected human NK cells quickly disappeared in the peripheral blood
and became barely detectable 1 week later.35 Since interleukin (IL)-
15 is the main homeostatic cytokine required for NK cell differentia-
tion, survival, proliferation, activation, and functionality,36 it has been
explored clinically to enhance the in vivo persistence and antitumor
activity of donor NK cell products.6,37 Concerns have been raised
that the prolonged in vivo exposure to injected exogenous IL-15
may stimulate the expansion of CD8-positive T cells to reject donor
NK cells or suppress NK cell function.37,38 A strategy that may
address the concerns has been developed to include IL-15 in an
anti-CD19 CAR construct to ectopically produce IL-15 for autocrine
stimulation of CAR-NK cells.18,38,39

Here we present a non-viral PB approach for the stable genetic modi-
fication of human peripheral blood-derived NK cells to co-express
NKG2D CAR and IL-15. We examined whether these CAR-NK cells
could control tumor progression in a mouse AML model.

RESULTS
Generation of NKG2D CAR-NK cells through electroporation of

PB transposition plasmids

We have established a PB transposition platform and used it success-
fully to generate several types of NKG2D CAR-T cells with different
activation domains, all of which showed potent ability to eradicate es-
tablished solid tumors in animal tumor models.40,41 One of the
NKG2D CAR transposon plasmids was constructed with the
NKG2D ectodomain expressed in tandem with a streptavidin tag
(STII tag) for specific detection of NKG2D CAR, 4-1BB as the costi-
mulatory domain, and the CD3 zeta cytoplasmic domain as the acti-
vation domain (Figure 1A). The EF1alpha promoter is used to drive
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the transgene expression in the vector. This transposon plasmid and a
plasmid containing the piggyBac transposase gene under the control
of the CMV promoter (Figure S1) were used in the current study to
generate NKG2D CAR-NK cells.40,41

In preparation for future clinical applications of the CAR-NK cell
product, we outlined a manufacturing protocol in Figure 1A. We
started with the isolation of NK cells from human PBMCs and the
NK cell purity following magnetic bead isolation was verified by
flow cytometric analysis (Figure S2). The isolated NK cells were acti-
vated and expanded for 7 days with gamma-irradiated feeder cells
from a K562 cell line engineered to express mbIL-15, mbIL-21 and
4-1BBL established in the lab previously.42 This step increased the
amount of NK cells by approximately 5- to 10-fold. After the 7-day
expansion, NK cells were electroporated with a Lonza (Basel,
Switzerland) 4D-Nucleofector system using a selected program
(EN-138, Figure S3) at a transposase:transposon ratio of 1:2 (5 mg pig-
gyBac transposase plasmid:10 mg NKG2D CAR plasmid per 5 � 106

NK cells). Taking the advantage that the gamma-irradiated K562 cells
express two of the eight NKG2D ligands (Figure S4) and can be used
as artificial antigen-presenting cells (aAPCs), the electroporated NK
cells were stimulated with the K562 cells for the enrichment and
expansion of NKG2DCAR-NK cells. The K562 cells were replenished
every 7 days and eventually eliminated by NK cells. Themedian CAR-
NK transfer efficiency at day 7 post-electroporation was 14% (range
6%–29%; n = 5; Figures 1B and 1C). CAR-positive NK cells were en-
riched upon the K562 cell stimulation and, after four rounds of weekly
stimulation, the percentages of NKG2D CAR-positive cells reached
63% (range 44% to 68%; n = 5) by day 28 post-electroporation (Fig-
ures 1B and 1C). CAR-NK cells could be further enriched to approx-
imately 90% if we extended the stimulation further to seven rounds
(Figure S5), indicating a stable functionality of the CAR over time.
qPCR analysis of isolated genomic DNA (Figure S6) further
confirmed CAR transgene integration into genome, with the median
vector copy number per diploid genome being two in the CAR-NK
cells collected after four rounds of enrichment and expansion (n =
5). The number of NK cells also exponentially increased along the
way and the corresponding median expansion was 8,030-fold (range
5,096–10,500, n = 5) by day 28 (Figure 1D), which was consistent with
previously reported NK cell expansion range obtained with K562
aAPC methods.12,17 The expansion was NK cell-specific, by day 28
post-electroporation, 95% of cells were CD3-CD56 + cells (Figure 1E)
and in particular the expanded NKG2D CAR-NK cell populations
were free of CD3-positive cells (Figure S7). The typical NK cell
phenotype was not affected by the genetic modification as demon-
strated by comparison to that on mock NK cells (Figure 1F) and
neither was the expression of checkpoint molecules including TIGIT,
PD-1, TIM-3, and LAG-3 (Figure S8). Furthermore, the consistency
of TIGIT expression on NK cells from day �7 (immediately after
NK cell isolation and before coculture with K562 aAPCs), day 0 (right
before and right after electroporation) to day 28 post-electroporation
was observed (Figure S8), indicating that our protocol used for
CAR-NK cell enrichment and expansion did not induce NK cell
exhaustion.43
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Figure 1. Generation of NKG2D CAR-NK cells with a PB transposon system, antigen-specific expansion stimulated by K562 aAPCs, and phenotypic

characterization of the generated CAR-NK cells

(A) The NKG2D CAR construct used in this study and the workflow scheme for CAR-NK cell generation. (B) A representative panel of flow cytometry plots from a single donor

to show the antigen-specific enrichment of NKG2D CAR-NK cells stimulated by K562 aAPCs. The CAR-NK cells are gated as CD56+ and Streptavidin II tag (STII)-positive

cells. (C) The antigen-specific expansion of NKG2D CAR-NK cells from day 7 to day 28 with K562 aAPCs. Each line represents the data from one donor, n = 5. (D) The

expansion of NKG2D CAR-NK cells from day 7 to day 28. Each line represents the data from one donor, n = 5. (E) The populations of CD3-CD56 + NK cells across the

expansion procedure. The data shown are mean ± SD from five different donors. (F) The comparison of NK cell surface receptor expression between NKG2D CAR-NK cells

and mock-electroporated NK cells. The data shown are mean ± SD from three different donors.
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The PB-generated NKG2D CAR-NK cells exhibit potent in vitro

and in vivo antileukemic ability

To validate the antigen-dependent tumor cell lytic activity of NKG2D
CAR-NK cells, we used KG-1 and MOLM-14 human AML cell lines,
HCT-116 human colon colorectal cell line, SKOV3 human ovarian
cancer cell line that expresses NKG2D ligands, and A549 lung cancer
cell line that does not express NKG2D ligand as target cells (Fig-
ure S4).42 Using the Europium-release method, we performed
short-term (3 h) in vitro cytotoxicity assays with effector to target
(E:T) cell ratios from 2.5:1 to 20:1. The killing efficiencies of
NKG2D CAR-NK cells against all four tested NKG2DL-expressing
cancer cell lines significantly increased over those offered by mock
NK cells (Figure 2A). In contrast, no significant difference in killing
was observed when the NKG2DL-negative A549 cancer cells were
included as the target cells (Figure S9). We next investigated the
degranulation of NKG2D CAR-modified NK cells upon stimulation
by HCT-116 cells. In a typical example, cell surface mobilization of
CD107a, a marker of degranulation, increased from 0.2% in the
non-stimulated mock NK cells to 7.1% after cancer cell stimulation,
whereas on the CAR-NK cells an increase from 0.4% to 16.1% was
observed (Figure 2B).
584 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
We further validated the in vivo anticancer functionality of NKG2D
CAR-NK cells to eradicate established human AML xenografts. For
that, luciferase-expressing KG-1 cells (5 � 106 cells per mouse)
were intravenously (i.v.) injected into NSG mice through the tail
vein 2 weeks before treatment. Between day 14 and day 30 post-tumor
inoculation, mice were treated with multiple i.v. injections of NKG2D
CAR-NK cells (1� 107 cells per injection per mouse) for a total of five
times, followed by intraperitoneal (i.p.) injections of IL-2 every 3 or
4 days (Figure 3A). Mice treated with the i.v. injections of PBS or
mock NK cells plus i.p. injections of IL-2 were used as controls.
AML progression was monitored with weekly non-invasive whole-
body bioluminescent imaging (BLI) of KG1-Luc cells. The BLI inten-
sities (Figure 3B), indicative of leukemic burden and distribution,
demonstrated that KG1 AML progressed aggressively in the control
groups treated with PBS and all mice in the group either died or
were euthanized due to being moribund by day 42. The injections
of mock NK cells slowed down the progression and prolonged mouse
survival for 1 more week. The markedly suppressed tumor progres-
sion was observed when mice were treated with NKG2D CAR-NK
cells. Quantitative analysis of KG1-Luc cell bioluminescence signals
demonstrated statistically significant differences (p < 0.0001) in flux
ber 2021



Figure 2. Assessment of anticancer functionality of

NKG2D CAR-NK cells

(A) Cytolytic activity at E:T ratios from 2.5:1 to 20:1. DELFIA

EuTDA cytotoxicity assay (3 h EuTDA culturing) was used.

Data are presented as mean percent specific killing of

target cells ±SD with experiments done in triplicate. The

differences between mock NK and NKG2D CAR-NK cells

were statistically significant, p < 0.001. (B) Degranulation

assay. Mock NK or NKG2DCAR-NK cells were co-cultured

with or without target HCT116 cancer cells at 1:1 ratio for

5 h before analysis. Left: Representative samples. CD56 +

gated cells were used for CD107a expression analysis.

Right: Bar graphs to show the mean percentages of NK

cells expressing CD107a. The results shown represent

mean ± SD of three independent experiments with three

different donors. *p < 0.05.
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values among the three groups at days 28 and 35, with the values in
the NKG2D CAR-NK group being significantly lower than those in
the two control groups (Figure 3C). By day 42, all mice in the
NKG2D CAR-NK group were still alive and their leukemic burdens
were even lower than those in the PBS group at day 28, indicating
that the treatment delayed the AML progression by about 2 weeks.
However, in this well-established human AML xenograft model, in
which cancer treatment was delayed till day 14 post-tumor inocula-
tion, the NKG2D CAR-NK cell injections were unable to induce tu-
mor regression and all mice died by day 56. Kaplan-Meier analysis
of survival data is shown in Figure 3D. While the median survival
time of the PBS group was 41 days and the treatment with mock
NK cells increased median survival to 45 days, the treatment with
Molecular Therapy: Methods & Clin
NKG2D CAR-NK cells resulted in median sur-
vival of 52 days, prolonging median survival
time by 27% as compared with that in the PBS
group (P < 0.01). The above results demonstrated
that the expression of NKG2D CAR could signif-
icantly augment the in vivo antileukemic ability
of NK cells.

The ectopic expression of IL-15 improves the

anticancer functionality of NKG2D CAR-NK

cells

The ectopic expression of IL-15 has been used to
improve the in vivo proliferation, persistence,
and antitumor activity of CD19-specific CAR-
NK cells.18,39 To enhance the in vivo antileu-
kemic activity of the PB-generated NKG2D
CAR-NK cells, we moved on to employ the estab-
lished PB transposition platform to generate
CAR-NK cells co-expressing NKG2D CAR and
IL-15. The bicistronic vector used for this pur-
pose is shown in Figure 4A. The manufacturing
protocol was slightly modified by reducing the
initial expansion step from 7 days to 2 days in or-
der to shorten the manufacturing process and
improve the transfection efficiency (Figures S10A and S10B). Using
this modified protocol, the percentages of CAR-positive cells gener-
ated after four rounds of weekly K562 stimulation remained close
to 60% (Figure S10C) and the median expansion was 5,758-fold
(range 2,536–14,405, n = 5) by day 28 (Figure S10D). It appears
that the ectopic expression of IL-15 did not influence the NKG2D
CAR-NK cell generation significantly, which is consistent with the
finding of the first report on the ectopic expression of IL-15 from
CAR-NK cells,39 possibly because of the use of cytokine-expressing
K562 feeder cells to promote CAR-NK cell enrichment and expan-
sion. Flow cytometric analysis confirmed that the ectopic expression
of IL-15 did not affect the overall phenotypes of CAR-NK cells
and NKG2D CAR/IL15-NK cells exhibited a phenotype similar to
ical Development Vol. 23 December 2021 585
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Figure 3. NKG2D CAR-NK cells display antitumor effects in vivo

(A) Schematic diagram of a mouse experiment assessing the antitumor effects of NKG2D CAR-modified NK cells in immune-deficient NSG mice. PBS, mock NK cells, or

CAR-NK cells were i.v. injected, followed by i.p. injection of IL-2, n = 5 per group. (B) Bioluminescent images prior to treatment (day 10) and following the treatments on day 21

to day 49. (C) Tumor burden over time by BLI after the treatment. Each mouse is represented by one line. ****p < 0.0001. (D) Kaplan-Meier analysis of survival. Statistical

analysis of survival between groups was performed using the log rank test. MS, median survival time. **p < 0.01.
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that of NKG2D CAR-NK cells (Figure S11A) and neither the expres-
sion of checkpoint molecules TIGIT, PD-1, TIM-3, and LAG-3
(Figure S11B).

To measure IL-15 production, NKG2D CAR-NK cells and NKG2D
CAR/IL15-NK cells were cultured with or without target cancer cells
for 24 h and IL-15 release in the culture supernatant was measured by
ELISA. As expected, IL-15 was undetectable in the supernatants
collected from the NKG2D CAR-NK cell cultures, either with or
without the cancer target cells (Figure 4B). While small amounts of
IL-15 were detected in the supernatants collected from the NKG2D
CAR/IL15-NK cell culturing alone without the target cells, the IL-
15 concentration increased significantly when the NKG2D CAR/
IL15-NK cells were co-cultured with HCT-116 target cells, increasing
from 7.5 pg/mL in the cultures without HCT-116 to 52.5 pg/mL in the
cultures with HCT-116. We further investigated whether a short
exposure to target cells would be enough to trigger IL-15 production
and indeed observed a low level but consistent production of IL-15
after co-culturing NKG2D CAR/IL15-NK cells with HCT-116 target
cells for 3 h (Figure 4C). These results indicate that the IL-15 produc-
tion by NKG2D CAR/IL15-NK cells could be quick and significantly
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upregulated upon the interaction with target cancer cells, possibly due
to the enhanced proliferation and enrichment of the IL-15 producing
CAR-NK cells.

Since short-term IL-15 priming could significantly increase the
killing capacity of mouse NK cells and human NK cells, expressing
membrane-bound IL-15 displayed a significantly higher cytolytic ac-
tivity against a set of cancer cell lines in a short-term cytotoxicity
assay,44,45 we mixed CAR-NK cells with target cancer cells at low
effector to target (E:T) cell ratios from 0.5:1 to 4:1 and performed
3-h in vitro cytotoxicity assays. The killing efficiencies of NKG2D
CAR/IL15-NK cells against three tested cancer lines significantly
increased over those offered by NKG2D CAR-NK cells (Figure 4D).
The degranulation of CAR-NK cells upon stimulation by HCT-116
cells was also investigated, showing that the cell surface mobilization
of CD107a increased from 17% on NKG2D CAR-NK cells to 39%
on NKG2D CAR/IL15-NK cells (Figure 4E). Taken together, the re-
sults in this section illustrate that IL-15 expression by NKG2D
CAR/IL15-NK cells or triggered by the interaction of these CAR-
NK cells with target cells could quickly increase the cytolytic activity
of NK cells.
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Figure 4. Effects of ectopically expressed IL-15 on the

anticancer functionality of NKG2D CAR-NK cells

(A) The NKG2D CAR/IL15 construct used in this study. (B)

ELISA-based detection of IL-15. IL-15 production was

examined after CAR-NK cells cultured with or without the

HCT-116 target cancer cells for 24 h. The data shown are

mean ± SD from three different donors. *p < 0.05. (C) IL-15

production after CAR-NK cells cultured with the HCT-116

target cancer cells for 3 h. The data shown are mean ± SD

from three different donors. (D) Cytolytic activity at E:T ratios

from 0.5:1 to 4:1. DELFIA EuTDA cytotoxicity assay (3 h

EuTDA culturing) was used. Data are presented as mean

percent specific killing of target cells ±SD with experiments

done in triplicate. The differences between NKG2D CAR-

NK and NKG2D CAR/IL15-NK cells were statistically sig-

nificant, p < 0.001. (E) Degranulation assay. NKG2D CAR-

NK or NKG2D CAR/IL15-NK cells were co-cultured with or

without target HCT116 cancer cells at 1:1 ratio for 5 h

before analysis. Left: Representative samples. CD56 +

gated cells were used for CD107a expression analysis.

Right: Bar graphs to show the mean percentages of NK

cells expressing CD107a. The results shown represent

mean ± SD of two independent experiments with two

different donors. **p < 0.01.
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The ectopic expression of IL-15 supports the persistence of

NKG2D CAR-NK cells

To investigate whether the low level of IL-15 released from NKG2D
CAR/IL15-NK cells without the interaction with target cells could
support the in vitro persistence of the CAR-NK cells, NKG2D
CAR-NK cells and NKG2D CAR/IL15-NK cells were cultured with
or without a low concentration of IL-2 (10 IU/mL) for 7 days. The
left CAR-NK cells were enumerated and cell recovery was calculated
as the ratio (%) of the number of cells left to the number of cells
initially seeded. We observed significantly higher cell recovery rates
in the NKG2D CAR/IL15-NK cell cultures as compared with the
NKG2D CAR-NK cell cultures, either with or without IL-2 (Fig-
ure 5A). For example, when culturing for 7 days without IL-2, there
was only 17% (±8.7%, mean ± SD, n = 4) of the initially seeded
NKG2D CAR-NK cells left over, but the leftover NKG2D CAR/
Molecular Therapy: Methods & Cli
IL15-NK cells were 46% (±13.7%, mean ± SD,
n = 4) (Figure 5A). We noticed that most of the
leftover NKG2D CAR/IL15-NK cells under this
condition were NKG2D CAR-positive NK cells,
the CAR-positive NK cells increasing from the
initial 49% (±5.8%, mean ± SD, n = 4) to 72%
(±7.3%, mean ± SD, n = 4) 7 days later (Fig-
ure 5B). This result indicates that the ectopic
expression of IL-15 preferentially supported the
survival or proliferation of genetically modified
NK cells.

We further examined the difference in in vivo
persistence between NKG2D CAR-NK cells and
NKG2D CAR/IL15-NK cells. These cells were
i.v. injected into normal NSG mice through the tail vein, and mouse
blood samples were collected 3 and 7 days later for flow cytometric
analysis of human NK cells. On day 3, human NK cells were detect-
able in both groups of mice but the number of human CD45+CD56+

cells was significantly higher in mice injected with NKG2D CAR/
IL15-NK cells than those injected with NKG2D CAR-NK cells (Fig-
ure 5C). By day 7, human NK cells could not be detected in the
blood samples collected from mice injected with NKG2D CAR-
NK cells, but still remained at the same level in the group of mice in-
jected with NKG2D CAR/IL15-NK cells. After euthanization of all
mice on day 7, mouse spleens were collected to examine the tissue dis-
tribution of human NK cells. Again, human CD45+CD56+ cells were
detectable in the mice injected with NKG2D CAR/IL15-NK cells but
not in the group of mice injected with NKG2D CAR-NK cells (Fig-
ure 5D). The absence of human NK cells in the blood and spleen of
nical Development Vol. 23 December 2021 587
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Figure 5. Effects of ectopically expressed IL-15 on CAR-NK cell persistence

(A) CAR-NK cell recovery after 7-day culture with or without a low concentration IL-2 (10 IU/mL). Cell recovery was calculated as the ratio (%) of the number of cells left to the

number of cells initially seeded. The data shown are mean ± SD from four different donors. *p < 0.05. (B) Change in the percentage of CAR-NK cells over the 7-day culture

without IL-2 (mean ± SD, n = 4). Left: Representative flow charts from one donor. Right: Bar graphs to show the mean percentages of NK cells expressing NKG2D CAR. The

data shown are mean ± SD from four different donors. **p < 0.01. (C) Persistence of human NK cells in mouse peripheral blood. NKG2D CAR-NK cells or NKG2D CAR/IL15-

NK cells were i.v. injected into NSGmice (n = 5 per group) through the tail vein and mouse blood samples were collected 3 and 7 days later for flow cytometric analysis. Left:

Representative flow charts from one donor. Right: Dot plot withmean point and error bars. The same results are shown in two different ways: (A) CD45 +CD56 + events within

60-s acquisition; and (B)%HumanCD45 +CD56 + cells. *p < 0.05. The difference between the two types of CAR-NK cells were statistically significant at day 7 (p < 0.001). (D)

Mouse spleens were also collected after euthanization of all mice on day 7 for analysis. Left: Representative flow charts from one donor. Right: Dot plot with mean point and

error bars. The same results are shown in two different ways. The difference between the two types of CAR-NK cells was statistically significant at day 7 (p < 0.001).
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immune-deficient mice at day 7 after adoptive transfer without cyto-
kine support was consistent with a previous report by Miller et al.
(2014).35 These results validated the applicability of using ectopically
expressed IL-15 to support the persistence of NKG2D CAR-NK cells.

The ectopic expression of IL-15 enhances the in vivo

antileukemic activity of NKG2D CAR-NK cells

Given the encouraging persistence data above, we moved on to eval-
uate the in vivo effects of CAR-NK cells co-expressing NKG2D CAR
and IL-15 in an AML model similar to that shown in Figure 3. To
assess whether the ectopic expression of IL-15 could replace the
external support of IL-2, we did not include the IL-2 intraperitoneal
588 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
injection in this animal experiment. From our previous experience
in animal experiments with NK cell therapy (unpublished observa-
tions), we anticipated that the lack of the support of exogenous IL-2
would make it much more challenging to observe therapeutic effects
of adoptively transferred NK cells. We therefore started CAR-NK
cell treatments earlier, on day 3 after i.v. injection of KG1-Luc cells
when leukemia engraftment was not clearly manifested. Five groups
of mice were tested: one i.v. injection of PBS on day 3, one i.v. injec-
tion of NKG2DCAR-NK cells (without IL-15) on day 3, one i.v. injec-
tion of NKG2D CAR/IL15-NK cells on day 3, two i.v. injections of
NKG2DCAR/IL15-NK cells on days 3 and 10, and three i.v. injections
of NKG2D CAR/IL15-NK cells on days 3, 10, and 17 (Figure 6A).
ber 2021



Figure 6. Enhanced in vivo anti-AML activity of NKG2D CAR/IL15-modified NK cells

(A) Schematic diagram of a mouse experiment assessing the antitumor effects of different CAR-NK cell treatments in immune-deficient NSG mice, n = 4 to 6 per group. (B)

Bioluminescent images prior to treatment (day 3) and following the treatments from day 10 to day 45. (C) Total flux values of tumor burden on day 17 were plotted in the bar

graph. *p < 0.05; ****p < 0.0001. (D) Time course of BLI signal change from day 3 to day 45. (E) Kaplan-Meier analysis of survival. Statistical analysis of survival between

groups was performed using the log rank test. MS, medium survival time.
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We observed a trend of KG1 AML progression in the PBS control
group similar to what was observed in Figure 3: three out of five
mice started to show a moribund condition on day 41 and the rest
were euthanized on day 43 (Figure 6B), with a median survival of
41 days, same as the first animal experiment. The treatment with
NKG2D CAR-NK cells (without IL-15) delayed the AML progression
to some extent as compared with the PBS injection, but still all mice
were euthanized by day 45 (Figure 6B). The ectopic expression of IL-
15 significantly enhanced the in vivo antileukemic activity of NKG2D
CAR-NK cells. A quantitative analysis of tumor burdens imaged on
day 17 demonstrated that KG1-Luc cell signals were very strong in
Molecular The
the PBS group, relatively lower in the NKG2D CAR-NK cell group,
and undebatable in all mice treated with NKG2DCAR/IL15-NK cells,
with the statistical significances of the differences between the PBS
group versus the NKG2D CAR/IL15-NK cell groups and between
the NKG2D CAR-NK group versus the NKG2D CAR/IL15-NK cell
groups being <0.0001 and <0.05, respectively (Figure 6C). Figure 6D
shows the time course of BLI signal change from day 3 to day 45 for all
mice in five groups. While the BLI signals in the PBS group continued
increase until animal death/euthanization, the signals in the NKG2D
CAR-NK treated mice, after initial increase in the first week, signifi-
cantly decreased upon treatment. Comparing the effects of one
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injection of NKG2D CAR-NK cells with and without IL-15 on day 3,
we noticed a faster reduction of BLI signals in the NKG2D CAR/IL15
group, possibly because of the IL-15 supported NK cell proliferation.
However, tumor regrowth was observed 4 weeks later in all mice in
the two groups, indicating that one injection of NKG2D CAR-NK
cells was not enough to induce tumor regression. In the group treated
with two injections of NKG2D CAR/IL15 cells, two out of four mice
showed tumor regression without tumor recurrence over the observa-
tion period, whereas all mice in the group treated with three injections
of NKG2D CAR/IL15 cells showed substantial tumor regression, as
manifested by the finding that only baseline BLI signals were detect-
able after the treatment.

Both the NKG2D CAR-NK and NKG2D CAR/IL15-NK treatments
significantly prolonged the survival of AML-bearing mice, with the
increase of median survival from 41 days in the PBS group to
45 days in the NKG2D CAR-NK group (p < 0.01) and 52 days in
the NKG2D CAR/IL15-NK cell group with one injection (p < 0.01)
(Figure 6E). The difference in median survival time between the
NKG2D CAR-NK group and the NKG2D CAR/IL15-NK cell group
with one treatment was statistically significant (p < 0.05). When the
injection of NKG2D CAR/IL15-NK cells increased to two and three
times, no animal death was observed within 60 days. The longest
observation period was 100 days, by then all animals treated with
three injections of NKG2D CAR/IL15 cells still survived well. Based
on these results, we conclude that the ectopic expression of IL-15
could significantly enhance the in vivo antileukemic activity of
NKG2D CAR-NK cells and induce tumor regression if given multiple
injections.

DISCUSSION
To address the challenge of genetic modification of peripheral blood
NK cells for stable expression of a CAR gene, we tested electropora-
tion of a PB transposon system for gene transfer into NK cells in
this study. Electroporation of CAR-encoding mRNA has been em-
ployed for gene transfer into peripheral blood NK cells and offers
high transfection efficiencies, yet causing minimal deleterious effects
toward cell viability.27,42,46,47 However, short-term CAR expression
could be a limitation of this non-integrating platform to many appli-
cations that require longer-term effects of CAR-modified cells. Elec-
troporation with non-viral plasmid vectors has been attempted
recently for stable engineering of peripheral blood NK cells and a
transfection efficiency of close to 50% was achieved at 5 days after
electroporation, representing a major improvement in NK cell trans-
fection.48 The stable transgene integration was not examined in the
study, but by day 15 the percentage of the modified NK cells dropped
to less than 20%, indicating that the durable persistence of transfected
genes is constrained by transfection efficiency.48

The PB transposase can mediate exchange of genetic material be-
tween the transposon vector and host genome through recognition
of inverted terminal repeat (ITR) sequences present on the vector
and the corresponding TTAA sequences present in the genome.
Transgenes flanked by the ITRs can hence be integrated stably into
590 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
TTAA integration sites. PB systems, well characterized as a foot-
print-free transposon, have been used in a wide range of genetic en-
gineering applications. PB systems offer several advantages, including
high cargo capacity of up to 100 Kb DNA fragment for the delivery of
multiple transgenes, significantly lower manufacturing costs, and
potentially fewer regulatory restrictions in clinical translations.49,50

Considering these appealing features, PB transposons have been rec-
ommended as an alternative gene transfer system to viral vectors for
CAR-T cell production.31,51,52 Compared with PB-mediated CAR
gene transfer in T cells, we noticed a low transfection efficiency for
CAR gene transfer into NK cells. With the same PB transposase
and NKG2D CAR constructs, we could obtain a CAR transfer effi-
ciency close to 40% in T cells but only 14% of median transfer effi-
ciency in NK cells at day 7 post-electroporation (Figure 1C).40,41

Nevertheless, the observation that the CAR-NK cells were enriched
to approximately 60% after four rounds of weekly stimulation with
K562 aAPCs indicates that the electroporation of our PB transposon
system indeed provides the durable persistence of the transfected
CAR gene. Unlike T cells, NK cells cannot be stimulated for expan-
sion by endogenous activating receptor signals alone.53 The enrich-
ment of NKG2D CAR-NK cells by K562 cells observed in this study
demonstrated that the activation of a CAR construct could, on the
other hand, stimulate the proliferation of the CAR-modified NK cells.
Such enrichment was not reported in a previous study in which anti-
CD19 CAR-NK cells were stimulated by K562 aAPCs for expansion
but the percentage of anti-CD19 CAR-positive NK cells was not
changed during the expansion,39 most likely due to no CD19 antigen
expression on the K562 aAPCs. The discrepancy in CAR-NK cell
enrichment between the two studies reflects the importance to
include a target antigen into K562 aAPCs to achieve antigen-stimu-
lated CAR-NK cell expansion.

Leukemia cells of most AML patients express at least one NKG2D
ligand at the surface, albeit the expression levels could be low.54–59

NKG2D CAR-T cells have been evaluated in seven patients with
AML and five patients with multiple myeloma in a first-in-human,
phase I dose-escalation study and showed good safety without iden-
tifying a maximum tolerated dose at the tested doses ranging from
1� 106 to 3� 107 total CAR-T cells, although a robust efficacy signal
was not observed.24 Described in a case report by Sallman et al.,25

NKG2D CAR-T cells, given at the dose level of 3 � 108 cells (flat
dose) per injection every 2 weeks for three administrations, induced
remission in a patient with r/r AML who had resolution of symptoms
with improved hematopoiesis that continued to improve until the pa-
tient was treated with an AHSCT. A recent paper shows that even
low-level expression of NKG2D ligands in primary AML samples re-
sults in robust NKG2D-CAR activity, demonstrating that these li-
gands are viable targets for CAR-T cell therapy in AML.54 Although
it has not been tested in AML patients, NKG2D CAR-NK cells pro-
duced by mRNA electroporation have been evaluated in a single-cen-
ter pilot study in patients with late-stage, metastatic colorectal cancer
and, especially, the intratumoral injection of the RNA CAR-NK cells
in one of the patients led to a complete metabolic response in the in-
jected tumor lesion.47 While local injection of CAR-NK cells is not
ber 2021
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feasible in AML therapy, this case showed a promising potential for
CAR-NK cell therapy targeting NKG2D ligands in cancer treatment.

Even though NKG2D CAR-modified immune cells have been tested
in patients, their antitumoral effects in AML models are not reported
as per our knowledge. We established a robust AML xenograft model
by tail vein injection of a well-established AML cell line KG-1 for the
evaluation of therapeutic effects of NKG2D CAR-NK cells. Phospho-
tyrosine profiling has identified the cell line as a model for the study of
fibroblast growth factor receptor-1 (FGFR1) fusions in AML.60 As
compared with the use of primary patient samples, the advantages
of using a well-established AML cell line include the availability of
a large amount of human AML cells to generate a reproducible animal
model and a faster engraftment in immunodeficient mice.61 The ther-
apeutic effects of NKG2D CAR-NK cells in controlling in vivo pro-
gression of KG-1 tumors were confirmed in two mouse experiments
using CAR-NK cells expressing NKG2D CAR, and CAR-NK cells ex-
pressing both NKG2D CAR and IL-15, respectively. The first mouse
experiment was performed with IL-2 supplementation in order to
sustain in vivo survival and expansion of infused human NK cells,
especially to activate NK cells in the immunosuppressive tumor
microenvironment.62 The main purpose of the second animal exper-
iment was to investigate whether the ectopic expression of IL-15
could improve the in vivo antileukemic activity of NKG2D CAR-
NK cells and could be used to replace the systemic injection of exog-
enous IL-2, which might stimulate the generation and homeostasis of
immunosuppressive Tregs that can antagonize NK cells by reducing
their expansion capacity and effector functions.63,64 In contrast to
IL-2, IL-15 lacks the capability to stimulate Treg cells. Of note, the
expression of IL-15 observed in this study was predominantly driven
by the interaction between the NKG2D CAR-NK cells and target cells
(Figure 5A). The IL-15 produced in this way may provide an auto-
crine stimulation without significantly increasing circulating IL-15
concentrations and, when used for AML therapy, might favorably
support the local expansion of CAR-NK cells in the bone marrow
where AML blasts are produced. The targeted delivery of IL-15 to
NK cells may also be important clinically for an improved safety
profile.37

The current study was inspired by the use of a viral construct co-ex-
pressing anti-CD19 CAR and IL-15 to generate CAR-NK cells re-
ported by Liu et al.,18,39 in which the secreted form of IL-15 was ex-
pressed ectopically from the same CAR-modified NK cells. The
infusion of the CAR-NK cells with the ectopically expressed IL-15
has been successfully used as a single agent-based therapy to treat
CD19-positive lymphoid tumors.18 Heczey et al. recently reported
the use of IL-15 armored, anti-GD2 CAR-NKT cells to treat three pa-
tients with relapsed or refractory neuroblastoma and observed stable
disease in two patients and partial response in one patient who
showed an objective response with regression of bone metastatic le-
sions.65 Several means other than the ectopic expression of the
secreted form of IL-15 have been developed to support the in vivo
expansion and persistence of NK cells without the use of exogenous
cytokines.12 Imamura et al.44 reported the expression of tethered
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IL-15 in a membrane-bound form to sustain NK cell survival and
expansion in vitro and in vivo, although no CAR-NK cells were tested.
They demonstrated that IL-15 secretion was negligible and the mem-
brane-bound IL-15 expressed on NK cells preferentially stimulates in
cis rather than in the transmode, that is, preferentially engaging IL-15
receptors on the same cells and resulting in autocrine stimulation.
They further demonstrated that this on-board IL-15 approach
conferred a substantial survival and growth advantage over the
expression of non-membrane-bound IL-15 from NK cells. In a
recently reported clinical trial using iPSC-derived CD19 CAR-NK
cells, an IL-15/IL-15 receptor fusion protein was constitutively ex-
pressed on the CAR-NK cells to promote cytokine-autonomous
persistence.66 Furthermore, a recent paper has demonstrated that
the activation of inducible MyD88/CD40 could be coupled with
ectopic IL-15 to enhance antitumor efficacy of CAR-NK cells.67 These
IL-15-based approaches could be considered to further improve the
performance and safety profile of the NKG2D CAR-NK cells devel-
oped in this study.

Transposon-engineered CAR-T cells have been tested in clinical trials
and shown promising antitumor results.29 However, similar to inte-
grating viral transduction, non-viral transposon technology faces
safety issues, such as potential insertional mutagenesis and oncogen-
esis. Recently, in a first-in-human clinical trial (registered at www.
anzctr.org.au as ACTRN12617001579381), an unforeseen develop-
ment of lymphoma derived from T cells modified with a PB CAR
against CD19 was reported in two of the nine patients who experi-
enced complete remissions.68 The detailed analysis of integration sites
of the PB CAR revealed no insertion into typical oncogenes and the
overall integration pattern was not different from those previously re-
ported for piggyBac or viral vectors, suggesting that the lymphoma
development was not related to insertional mutagenesis/dysregula-
tion.69 While the mechanism underlying the lymphoma development
remains under investigation, in one of the two patients who devel-
oped lymphoma and was investigated for the number of vector
copy number (VCN) integrants, the authors observed a VCN of 24
in malignant cells, which, as the authors suggested, could be related
to their production methodology that included a single high-voltage
pulse, high concentrations of transposon materials used, and the sub-
sequent expansion of the CAR-T cells on feeder cells.69 The authors
further confirmed that marked global changes in transcriptionmainly
correlated with a high transgene copy number per cell rather than
insertion sites.69 A significantly higher VCN suggests that CAR over-
expression could have contributed to a survival advantage of individ-
ual PB CAR-T cell clones, especially given the extensive presence of
the CD19 antigen in vivo.70 Overall, the unforeseen development of
lymphoma alerts us that future clinical studies using CAR-modified
immune cells should aim for low transgene copy numbers (probably
<5) per transduced cell to reduce the potential risk for cell
transformation.69,70

NK cells act in a non-MHC restricted manner and do not cause graft-
versus-host disease when used in an allogeneic setting, enabling them
as attractive candidates to generate “off-the-shelf” products from
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healthy donors to ensure timely availability of cell therapeutics and
improve their clinical applicability.15 Off-the-shelf NK cell therapeu-
tics can be generated from multiple cell sources ranging from periph-
eral blood cells, umbilical cord blood cells, bonemarrow cells, and NK
cell lines to embryonic and induced pluripotent stem cells. However,
similar to other allogeneic donor cells such as off-the-shelf CAR-T cell
products,71 allogeneic CAR-NK cells are expected to elicit host-
derived immune responses that result in immune-mediated elimina-
tion of the transplanted cells. On the other hand, NK cells can func-
tion as natural regulators to modulate T cell immunity.72–75 Under
the transplantation condition, alloreactive NK cells in donor trans-
plants can deplete host dendritic cells, therefore modulating their
ability to prime T cell responses.72 In addition to the indirect dendritic
cell-killing mechanism, NK cells can directly lyse activated T cells,
which upregulate NKG2D ligands during activation, thus becoming
targets of NK cell-mediated killing.75 It would be interesting to inves-
tigate in future studies whether the regulation of T cell responses by
allogeneic NK cells, especially by NKG2D CAR-NK cells developed
in this study, could be beneficial to off-the-shelf NK cell therapy.

In conclusion, we have successfully developed a non-viral PB
transposon-based platform technology for CAR engineering of NK
cells, which meets the crucial requirement of simplifying the
manufacturing process for cost-effective production of CAR effector
cells, an essential feature favors the widespread use of CAR-NK cells.
CAR-NK cells expressing both NKG2D CAR and IL-15 were gener-
ated and shown to be superior to CAR-NK cells expressing
NKG2D CAR only in controlling tumor progression in an AML
xenograft model. Together, our findings suggest the infusion of
non-viral NKG2DCAR/IL15-NK cells as a promising cell therapy op-
tion for AML treatment. A clinical trial has been planned to evaluate
the safety and efficacy of the CAR-NK cells.

MATERIALS AND METHODS
Generation and expansion of CAR-NK cells

Fresh human PBMCs were isolated from the healthy donors’ leuko-
cyte reduction system cones (National University of Singapore,
NUS-IRB H-17-046) with Ficoll-Paque Plus (GE Healthcare, Little
Chalfont, UK) through density gradient centrifugation. To generate
CAR-NK cells, human NK cells were magnetically sorted from hu-
man PBMCs through negative selection according to the manufac-
turer’s instructions (Miltenyi, Bergisch Gladbach, Germany). The iso-
lated NK cells then were co-cultured with 100 Gy gamma-irradiated
K562 aAPCs with membrane-bound IL-15, IL-21, and 41BBL at a 1:1
effector to target ratio for 7 days or 2 days for initial expansion and
activation.42 The culture medium used was AIM-V (Invitrogen,
Carlsbad, CA) supplemented with 5% AB serum (Valley Biomedical,
Winchester, VA), with 50 IU/mL IL-2 (PeproTech, Rocky Hill, NJ)
supplied on the first day. Every 2 to 3 days, half volume of the media
was changed with IL-2 replenished with full volume. Subsequently,
NK cells were harvested (at D0), washed by Opti-MEM (Invitrogen)
three times and re-suspended in P3 Primary Cell Nucleofector Solu-
tion (Lonza) at the concentration of 5 � 106 cells per 90 mL solution;
5 mg of piggyBac transposase plasmid and 10 mg of NKG2D CAR or
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NKG2D CAR-IL15 plasmid were added in the cell suspension and
transferred together to the Nucleocuvette Vessel (Lonza).40 NKG2D
CAR/IL15 is a bicistronic vector generated by inserting IRES-IL15
into the original NKG2D CAR plasmid. The electroporation was con-
ducted with a 4D-Nucleofector system (Lonza) by following the man-
ufacturer’s protocol. The expansion started immediately after the
electroporation by co-culturing the electroporated NK cells with
K562 feeder cells at a 1:1 ratio with 50 IU/mL IL-2 (PeproTech) in
AIM-V (Invitrogen) supplemented with 5% AB serum (Valley
Biomedical) for four rounds, with 7 days per round. The culture me-
dium and supplements were replenished every 2 to 3 days.

Cancer cell culture

AML cell lines KG-1 and MOLM-14 were cultured in IMDM (Invi-
trogen) supplemented with 20% FBS (GE Healthcare) and RPMI (In-
vitrogen) supplemented with 10% FBS (GE Healthcare), respectively.
Human colorectal cancer cell line HCT-116 and ovarian cancer line
SKOV-3 were cultured in McCoy’s 5A Medium (Invitrogen) supple-
mented with 10% FBS (GE Healthcare). All cells were maintained at
5% C02 in a humidified 37�C incubator.

Antibody staining and flow cytometry analysis

The antibodies and related isotype controls used in this study are
listed in Table S1. The antibody staining procedure followed the man-
ufacturer’s protocols and the cells were re-suspended in 500 mL auto-
MACS Running Buffer (Miltenyi). Flow cytometry analysis was per-
formed with BD Accuri C6 Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ). Cells in the lymphocyte gate were used for anal-
ysis. In total, 10,000 events were collected for each sample and the
generated data were analyzed by CFlow Sampler software (BD
Biosciences).

Quantitative PCR

The genomic DNA was first isolated from NK cells by the QIAamp
DNA Mini Kit (Qiagen, Hilden, Germany) and qPCR analysis was
performed with ABI TaqMan technology (Thermo Fisher Scientific,
Waltham, MA). To determine the total CAR copy number in each re-
action (100 ng genomic DNA/reaction), the forward/reverse primers
and probe that specifically recognize the CAR sequences were de-
signed and applied together with the TaqMan Fast Advanced Master
Mix (Thermo Fisher Scientific). To determine the total number of
cells, TaqMan Copy Number Reference Assay, human, TERT was
used by following the manufacturer’s protocol. The plasmid gener-
ated by IDT (Coralville, IA) contains both the CAR and TERT
sequence fragments that were used to plot a standard curve for the
quantification. The reactions were run in a Bio-Rad CFX96, C1000
Touch Thermal Cycler (Bio-Rad Laboratories, Hercules, CA). The
average CAR copy number was calculated by using the following
formula:

Average CAR Copy Number =

2� ðTotal CAR copy number=total TERT copy numberÞ
%CAR
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Cytotoxicity assay

A 3-h Europium-release assay by the DELFIA EuTDA Cytotoxicity
Reagents kit (PerkinElmer, Waltham, MA) was used for assessing
the immune cell-mediated cytotoxicity. Target cells (1 � 106 cells)
were first re-suspended in 1 mL cell culture medium and labeled
with 2 mL of bis(acetoxymethyl)2,20:60,200-terpyridine-6,600-dicarboxy-
late (BATDA) in a 37�C, 5% CO2 incubator for 20 min with two times
of PBS (GE Healthcare) washing subsequently. The target cells were
then suspended in AIM-V (Invitrogen) supplemented with 5% AB
serum (Valley Biomedical) at the concentration of 5 � 104 cells/
mL. The CAR-NK cells, as the effector cells, were mixed with the
target cells in triplicate at different Effector:Target (E:T) ratios
ranging from 20:1 to 2.5:1 (or 4:1 to 0.5:1) and seeded into 96-well
U-bottom plates (Thermo Fisher Scientific) with 200 mL of culture
medium (5 � 103 target cells each well). The spontaneous release of
labeled cancer cells was prepared by seeding the target cells alone in
triplicate. The maximal release was prepared by adding 10 mL
DEILFA lysis buffer into the 190 mL culture medium with the target
cells in triplicate. After 3-h incubation in a 37�C, 5% CO2 incubator,
the culture plate was centrifuged and 20 mL of the supernatant was
transferred into a flat bottom reading plate (PerkinElmer) with
200 mL DELFIA Europium solution (PerkinElmer) added. The plate
was subsequently shaken for 15 min by an orbital shaker at the speed
of 250 rpm before reading values with the Victor3 plate reader
(PerkinElmer). The killing efficacy was calculated by using the
following formula:

Specific Lysis =

Experimental release ðcountsÞ � Spontaneous release ðcountsÞ
Maximal releaseðcountsÞ � Spontaneous release ðcountsÞ

� 100%

CD107a degranulation assay

NK cells were first washed with 1x PBS (Hyclone) once and re-sus-
pended into 1 mL AIM-V (Invitrogen) supplemented with 5% AB
serum (Valley Biomedical). APC-conjugated CD107a antibody (BD
Biosciences) and Golgi stop containing monensin (BD Biosciences)
were added in and mixed up well with the cells. Target cells were
washed and re-suspended into AIM-V (Invitrogen) supplemented
with 5% AB serum (Valley Biomedical), and subsequently seeded
into a U-bottom 96-well plate (Thermo Fisher Scientific) at the con-
centration of 2 � 105 cells/100 mL/well. NK cells were then co-
cultured at a 1:1 E: T ratio with target cells in a 37�C, 5% CO2 incu-
bator for 5 h. After incubation, the cells were used for anti-CD56 PE
antibody staining (Miltenyi). The cells were then suspended in 150 mL
autoMACS Running Buffer (Miltenyi) for the detection of the
CD107a surface expression on NK cells by BD Accuri C6 Flow Cy-
tometer (BD Biosciences).

In vitro IL-15 production by NK cells and NK cell recovery assay

CAR-NK cells or CAR/IL15-NK cells (4 � 106/mL) were cultured
with or without HCT-116 cells (E:T = 5:1) in 24-well plates (Thermo
Fisher Scientific) for either 3 h or 24 h. The supernatant was collected
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for measuring of IL-15 production with the Human IL-15 Quantikine
ELISA Kit (R&D System, Minneapolis, MN) following the manufac-
turer’s protocol.

To test NK cell recovery in vitro, CAR-NK cells or CAR/IL15-NK cells
(1� 106/mL) were seeded into the 24-well plates (Thermo Fisher Sci-
entific) with AIM-V (Invitrogen) supplemented with 5% AB serum
(Valley Biomedical) and cultured with low concentration (10 IU/
mL) of IL-2 or without IL-2 for 7 days. The IL-2 was replenished every
2 to 3 days. The viable cell number was determined by trypan blue
exclusion assay (Lonza) and the CAR percentage was analyzed by
flow cytometry (BD Biosciences).

Animal experiments

Animal experiments were performed according to protocols reviewed
and approved by Institutional Animal Care and Use Committee
(IACUC), the Biological Resource Center (BRC), the Agency for Sci-
ence, Technology and Research (A*STAR), Singapore (Permit num-
ber BRC IACUC#181324). Male non-obese diabetic/severe combined
immunodeficiency/IL-2Rgcnull (NSG) mice at the age of 8 weeks
(The Jackson Laboratory, Bar Harbor, ME) were maintained and
used in all studies. To examine therapeutic effects of CAR-NK cells,
a mouse xenograft model of human AML was established by i.v. in-
jection of 5 � 106 KG1-Luc cells through the tail vein. On either
day 10 or day 3 post-tumor inoculation, mice were randomly divided
into different groups for the subsequent treatments with PBS, mock
NK cells, NKG2D CAR-NK cells or NKG2D CAR/IL15-NK cells.
NK cells, 1� 107 per mouse, were i.v. injected into NSGmice through
the tail vein. Tumor progression was monitored by BLI and lumines-
cent images were acquired and analyzed using the Xenogen living
imaging software v2.5. Behavior and survival of the mice were moni-
tored closely. Humane endpoints were used and mice were eutha-
nized by cervical dislocation under sodium pentobarbital anesthesia.
The survival curves were established based on the dates when mice
were found dead or euthanized. To examine the in vivo CAR-NK
cell persistence, NKG2D CAR-NK cells or NKG2D CAR/IL15-NK
cells (1 � 107 per mouse) were i.v. injected into NSG mice through
the tail vein. Blood samples were collected on day 3 and day 7 for anal-
ysis. The mice were euthanized on day 7 and kidneys were collected to
examine the tissue distribution of human NK cells.

Statistical analysis

Data are presented as mean ± SD. Statistics were computed using
GraphPad Prism 7.0 (GraphPad, La Jolla, CA). Statistical differences
were marked by *, **, and *** for p values of <0.05, <0.01, and <0.001,
respectively.
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