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Key Points

• Off-the-shelf FLT3
CAR_sIL-15 NK cells
secrete IL-15,
preferentially lyse
human FLT3+ AML,
and activate T cells.

• FLT3 CAR_sIL-15 NK
cells expressing
soluble IL-15 prolong
survival of FLT3+ AML–
bearing mice without
toxicity to normal
hematopoiesis.
The majority of patients with acute myeloid leukemia (AML) succumb to the disease or its

complications, especially among older patients. Natural killer (NK) cells have been shown to

have antileukemic activity in patients with AML; however, to our knowledge, primary NK

cells armed with a chimeric antigen receptor (CAR) targeting antigens associated with AML

as an “off-the-shelf” product for disease control have not been explored. We developed

frozen, off-the-shelf allogeneic human NK cells engineered with a CAR recognizing FLT3 and

secreting soluble interleukin-15 (IL-15) (FLT3 CAR_sIL-15 NK) to improve in vivo NK cell

persistence and T-cell activation. FLT3 CAR_sIL-15 NK cells had higher cytotoxicity and

interferon gamma secretion against FLT3+ AML cell lines when compared with activated NK

cells lacking an FLT3 CAR or soluble IL-15. Frozen and thawed allogeneic FLT3 CAR_sIL-15

NK cells prolonged survival of both the MOLM-13 AML model as well as an orthotopic

patient-derived xenograft AML model when compared with control NK cells. FLT3 CAR_sIL-

15 NK cells showed no cytotoxicity against healthy blood mononuclear cells or

hematopoietic stem cells. Collectively, our data suggest that FLT3 is an AML-associated

antigen that can be targeted by frozen, allogeneic, off-the-shelf FLT3 CAR_sIL-15 NK cells

that may provide a novel approach for the treatment of AML.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal disorder derived from either a hematopoietic
stem cell (HSC) or a lineage-specific progenitor cell. Initial standard of care with chemotherapy is able
to induce complete remission in up to 80% of patients, but the conditions of most patients progress to
relapsed or refractory disease with a 5-year survival rate of 27%.1,2 Thus, understanding the disease
pathogenesis and evaluation of novel therapeutic approaches is an unmet need and has remained a
therapeutic challenge. AML blasts that reside both in the bone marrow (BM) and the peripheral blood
(PB) create an immunosuppressive tumor environment3,4 that suppresses the proliferation and acti-
vation of cytolytic effector immune cells. For example, natural killer (NK) cells that are part of the innate
immune system are reduced in number and show low cytolytic activity in patients with AML when
compared with NK cells from healthy donors.5
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Further understanding of the immune system has resulted in the
rapid development of targeted cellular therapies holding promising
and remarkable therapeutic efficacy for patients with cancer. One
such approach involves engineering immune cells to express a
chimeric antigen receptor (CAR) to specifically recognize and
target cell surface proteins on cancer cells. CAR T cells targeting
antigens expressed on acute and chronic B-cell lymphocytic leu-
kemia shed light on novel immune-based approaches for relapsed
and/or refractory hematological malignancies following chemo-
therapy and HSC transplantation (HSCT).6-10 However, despite
the clinical breakthroughs in CAR T-cell–based therapies for these
and other lymphoid malignancies, several limitations remain,
including cytokine release syndrome (CRS),11,12 neurotoxicity,13-15

and on-target off-tumor toxicity such as B-cell aplasia.11 Allogeneic
CAR NK cells may provide an alternative to CAR T-cell therapies by
providing a lower risk of CRS, tumor lysis syndrome, and graft-
versus-host disease.16 Our work has focused on targeting the
Feline McDonough Sarcoma (FMS)-like tyrosine kinase 3 (FLT3), a
receptor tyrosine kinase whose surface expression is largely
restricted to the CD34+CD38− fraction of HSCs.6,17,18 Mutations
of FLT3 occur in ~30% of AML19 and result in ligand-independent
activation of the receptor as well as downstream signaling during
the development of AML and is associated with poor prognosis.20

However, regardless of whether the AML blast expresses the wild-
type or mutated form of the intracellular domain, the surface
expression of FLT3 remains the same and can be targeted by FLT3
CAR T or CAR NK cells.

In this study, we engineered NK cells to express a specific anti–
FLT3-CAR secreting soluble interleukin-15 (sIL-15), referred to as
FLT3 CAR_sIL-15 NK, to further enhance the antitumor function of
NK cells and CD8+ T cells, because these cytolytic cells express
IL-15 receptors. The FLT3 CAR_sIL-15 NK cells were manufac-
tured and frozen as an “off-the-shelf” allogeneic product, using our
optimized platform for NK cell engineering, expansion, and freezing.
Our data suggest that FLT3 CAR_sIL-15 NK cells represent a
promising therapy for FLT3+ relapsed and/or refractory AML with
limited toxicity to healthy HSCs.

Methods

Isolation and expansion of NK cells expressing FLT3

CAR

The NK-92 cell line21 was expanded and transduced with lentivirus
as previously reported.6,22,23 Primary NK cell isolation from human
umbilical cord blood and the expansion of the FLT3 CAR NK cells
were performed as previously described.24 Transduction efficiency
was assessed via flow cytometry (supplemental Methods).

Antitumor effect of FLT-3 CAR NK-92 and FLT3

CAR_sIL-15 NK cells in AML-bearing mice

NOD–SCID IL-2Rγnull (NSG) and NSG-SGM3 (NSGS) mice
expressing human IL-3, granulocyte-macrophage colony–
stimulating factor, and stem cell factor (The Jackson Laboratory)
were housed at the City of Hope (COH) animal facility. These
studies were approved by the COH Animal Care and Use Com-
mittee. For the FLT3 CAR NK-92 experiments, MOLM-13
expressing luciferase ZsGreen gene (MOLM-13_luc) was injected
intravenously (IV) into NSG mice to establish a xenograft orthotopic
6226 MANSOUR et al
AML model as previously reported, with some modifications.6

Nontransduced (NT), empty vector–transduced (EV), or FLT3
CAR NK-92 cells (1 × 107 cells, each), were injected on day 7 and
day 14 after tumor engraftment. Mice were subjected to biolumi-
nescence imaging following the manufacturer’s instructions (BLI,
IVIS). For cord blood–derived FLT3 CAR_sIL-15 NK cell experi-
ments, NSG mice were injected with MOLM-13_luc cells (1 × 104

cells per mouse). On day 5 and day 12 after engraftment, 1 × 107

FLT3 CAR_sIL-15 NK cells and 1 × 107 NK cells expressing sIL-15
alone (sIL-15 NK), both of which were derived from primary cord
blood NK cells, were injected IV. Bioluminescence imaging was
performed weekly using the Lago-X and was quantified using the
Aura Imaging Software (Spectral Instruments Imaging).

In vivo stem cell engraftment

CD34+ cord blood HSCs (5 × 105 cells) were injected IV into
NSGS mice. Four months later, mice were injected IV with 5 × 106

FLT3 CAR NK-92 cells or 5 × 106 EV NK-92 cells weekly (total 4
injections). After 1 month, mice were euthanized to quantify human
CD34+ HSCs and their differentiation as measured based on the
presence of mature lymphocytes and myeloid cells in the BM. For
cord blood NK or CAR NK cells, this experiment was repeated with
CD34+ cells from mobilized PB, and 3 × 105 cells were injected IV
on day 1, followed by injection of 5 × 105 MOLM-13_luc cells on
day 7, and treated with 1 × 107 FLT3 CAR_sIL-15 NK cells
injected IV on days 14 and 21.

Statistical analysis

All statistical tests were conducted using GraphPad Prism and
SAS. The standard Student t test was used to compare 2 inde-
pendent groups for continuous end points, whereas one-way
analysis of variance was used when ≥3 independent groups
were compared. All tests were 2-sided, and P values were adjusted
using the method of Holm if multiple comparisons existed. P < .05
was considered significant.

Results

Enhanced activity of FLT3 CAR NK-92 cells against

FLT3
+
AML

We assessed the expression of FLT3 on both human AML cell lines
and primary AML cells. FLT3 was highly expressed on the AML cell
lines MOLM-13, EOL-1, and MV4-11, whereas U937 lacked FLT3
expression (supplemental Figure 1A). We found that 22.7% (5 of
22) of the patient-derived primary AML samples demonstrated high
expression of FLT3 (supplemental Figure 1B), whereas the
remaining samples had a varied expression of FLT3 surface
expression, as we have previously reported.6 We, first, expressed
the FLT3 CAR construct in the cytolytic NK-92 cell line (FLT3 CAR
NK-92), a large granular lymphocyte leukemic cell line, to test
the efficacy by detecting green fluorescent protein using flow
cytometry (supplemental Figure 1C-D). FLT3 CAR NK-92 cells
demonstrated a significant increase in cytolytic activity and inter-
feron gamma (IFN-γ) secretion against FLT3+ AML targets when
compared with the EV NK-92 cells, and the enhanced killing was
mediated by the CAR and not related to the nonspecific killing of
NK-92 (supplemental Figure 2A-D). To evaluate the antitumor
activity of FLT3 CAR NK-92 in vivo, mice were first inoculated with
luciferase-expressing FLT3+ MOLM-13 AML cells via tail vein
24 OCTOBER 2023 • VOLUME 7, NUMBER 20



injection (day 0). Next, mice received 2 IV infusions of NT NK-92,
EV NK-92, or FLT3 CAR NK-92 cells (1 × 107 cells) on days 7
and 14. Bioluminescence imaging showed a reduced tumor
burden in mice injected with FLT3 CAR NK-92 cells compared to
the mice injected with either NT NK-92 or EV NK-92 (Figure 1A),
which also led to a significantly improved survival (Figure 1B).

To address potential hematopoietic toxicity, FLT3 CAR NK-92 cells
were directed against healthy donor PB mononuclear cells
(PBMCs), and no cytotoxicity was observed (supplemental
Figure 2F). Because half of normal HSCs and dendritic cells
(DCs) (conventional DCs or plasmacytoid DCs) express FLT3
(Figure 1C), we investigated the impact of FLT3 CAR NK-92 cells
on healthy HSCs. NSGS mice received engraftment with cord
blood CD34+ cells for 4 months, followed by treatment of either
FLT3 CAR NK-92 cells or EV NK-92 cells. BM from these mice was
collected 4 weeks after treatment (Figure 1D). The quantity of
engrafted total human cells marked with hCD45+ and hCD34− was
found to be similar between the EV NK-92 and the FLT3 CAR NK-
92 cell group, and the number of CD34+ HSCs was also com-
parable (Figure 1E-F). We assessed the differentiation of human
CD34+ cells in vivo and observed that FLT3 CAR NK-92 cells had
no effect on the differentiation of healthy HSCs when compared
with EV NK-92 cells (Figure 1E-F; supplemental Figure 3). These
data suggest that FLT3 CAR NK-92 cells do not affect the capacity
of engraftment and differentiation of HSCs.

Generation of primary FLT3 CAR NK cells from cord

blood NK cells

Next, we investigated whether the function of primary cord blood
NK cells transduced with an FLT3 CAR (FLT3 CAR NK) could
efficiently kill FLT3+ AML cells, as was demonstrated for the FLT3
CAR NK-92 cell line. Studies with CAR T cells have demonstrated
that the costimulatory domain represents an important factor that
affects the functionality and persistence of the CAR T cells.25 In an
attempt to improve the cytotoxicity of our CAR NK cells against
FLT3+ AML, we generated 2 FLT3 CAR NK cell lines with different
costimulatory domains, 1 with CD28/CD3ζ, and 1 with 2B4/CD3ζ,
the latter of which was previously described in NK cells,26 and we
used truncated CD19 (tCD19) as a marker to access the trans-
duction efficiency (Figure 2A). Expressing these 2 constructs in
cord blood NK cells showed more effective killing of FLT3+ MOLM-
13 than that by the NK cells only expressing the tCD19 (tCD19 NK
cells), with no significant difference observed for the 2 different
costimulatory domains (Figure 2B).

To test and compare the therapeutic efficacy of the 2 different
FLT3 CAR NK cell lines with different costimulatory domains
(CD28/CD3ζ and 2B4/CD3ζ) in vivo, we evaluated their killing
ability in an AML xenograft mouse model. Two days after IV injec-
tion of the MOLM-13_luc cells, mice were treated with vehicle only,
tCD19 NK cells, FLT3 CAR (CD28/CD3ζ) NK cells, or FLT3 CAR
(2B4/CD3ζ) NK cells. Bioluminescence imaging showed a signif-
icant delay in tumor progression in mice treated with FLT3 CAR
(CD28/CD3ζ) NK cells or FLT3 CAR (2B4/CD3ζ) NK cells when
compared with the vehicle-treated or tCD19 NK cells (Figure 2C-
D). Furthermore, there were no differences in the reduction of
tumor burden between the FLT3 CAR NK cells expressing
CD28/CD3ζ and those expressing 2B4/CD3ζ (Figure 2C-D),
similar to the results observed in vitro.
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
In vivo persistence and paracrine activation of NK

cells expressing different forms of IL-15

We previously identified IL-15 as the cytokine required for both
mouse and human NK cell survival.27-29 To determine which form of
IL-15 would be best suited to sustain FLT3 CAR NK cell in vivo, we
constructed and expressed 3 different forms of IL-15 in NK cells:
sIL-15, sIL-15/IL-15Rα (sIL-15c), and membrane-bound IL-15 (mIL-
15), each with a luciferase enzyme. The transmembrane domain of
mIL-15 was derived from platelet-derived growth factor receptor.
tCD19 NK cells expressing a luciferase enzyme were used as
control (Figure 3A). The transduction efficiency determined by the
expression of tCD19 on NK cells was similar in all 4 groups
(Figure 3B). The expression of IL-15 on mIL-15 NK cells was
confirmed via flow cytometry (supplemental Figure 4A), and the
secretion of sIL-15 and sIL-15c in the transduced NK cells was
confirmed using enzyme-linked immunosorbent assay
(supplemental Figure 4B-C). To assess the persistence of the
different forms of IL-15 in vivo, a single dose of different luciferase-
labeled NK cells was injected into NSG mice, showing initial
homing to the lungs. After 8 days, the sIL-15 and mIL-15 NK
groups had better persistence in comparison with the tCD19 and
sIL-15c NK groups, in which a significant decrease in detection
was observed (Figure 3C-E). We further stimulated NK cells
expressing sIL-15 or mIL-15 with K562 cells and collected their
conditioned media to stimulate healthy naïve T cells or NK cells.
With sIL-15 NK cells, we observed a substantial increase in the
mean fluorescence intensity of the activation markers CD69 and
CD25 on NK cells and T cells, respectively, whereas supernatants
from mIL-15 NK cells had a modest effect activating NK cells and
no effect activating T cells, indicating that sIL-15 can stimulate
neighboring immune effector cells in a paracrine manner not
requiring cell-to-cell interaction (supplemental Figure 5A-B).

FLT3 CAR_sIL-15 NK cells eradicate FLT3+ AML cells

After determining that sIL-15 is suitable for our FLT3 CAR NK cells,
we modified our previous constructs against FLT3 to contain the
CD28/CD3ζ costimulatory domain, sIL-15, and truncate depidermal
growth factor receptor (tEGFR) serving as a safety switch24 as well
as a marker for measuring the transduction efficiency (Figure 4A).
To assess the functionality of our FLT3 CAR_sIL-15 NK cells, we
engineered and expanded our NK cells for 16 days (~1500-fold),
and no differences were observed in the expansion between sIL-15
NK cells and FLT3 CAR_sIL-15 NK cells (Figure 4B). The trans-
duction efficiency was comparable between the sIL-15 NK cells
and FLT3 CAR_sIL-15 NK cells (47.63% ± 11.27% and 46.33% ±
7.901%, respectively; Figure 4C), with a high purity of NK cells in
each group (>97%). To assess the function and potential toxicity of
FLT3 CAR_sIL-15 NK cells, we tested their ability to kill AML cells,
MOLM-13 (FLT3+) and MV-411 (FLT3+) AML cell lines, and
healthy donor PBMCs (FLT3−). FLT3 CAR_sIL-15 NK cells
showed a significant increase in antitumor activity against FLT3+

targets when compared with sIL-15 NK cells and NT NK cells
(Figure 4D, left and middle). Furthermore, each of the NK groups
failed to demonstrate any cytotoxicity against healthy donor
PBMCs (Figure 4D, right). Likewise, when cocultured with the
FLT3+ AML cell line, FLT3 CAR_sIL-15 NK cells produced greater
amounts of IFN-γ compared with NT NK cells (P < .01) or
compared with sIL-15 NK cells (P < .05; Figure 4E, left). In addi-
tion, no difference in IFN-γ production was observed among the
FLT3 CAR NK CELLS TARGETING AML 6227
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Figure 1. FLT3 CAR NK-92 cells prolong the survival of mice that received human AML cell grafts but do not reject HSCs and their repopulation.

(A) Bioluminescence imaging of NSG mice bearing human AML. NSG mice were inoculated with luciferase-expressing FLT3+ MOLM-13 AML cells via tail vein injection (day 0).

Mice were injected on days 7 and 14 with 1 × 107 unmodified NK-92 cells (NT), EV NK-92 cells, or FLT3 CAR NK-92 cells, followed by imaging of mice on day 20. (B) Mice

bearing MOLM-13 cells treated with unmodified NK-92 cells, EV NK-92 cells, or FLT3 CAR NK-92 cells. Overall survival was estimated using Kaplan-Meier survival curves (n = 5

for each group). (C) Expression of FLT3 and CD123 on the surface of CD34+ HSCs and DCs including the plasmacytoid DC (pDC) and the conventional DC (cDC). (D) Scheme
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images (n = 3 mice). Data are shown as mean ± SEM. *P <
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3 groups against PBMCs (Figure 4E, right). We also assessed the
cytotoxicity of FLT3 CAR_sIL-15 NK cells in comparison with that
of FLT3 CAR NK cells without sIL-15 (FLT3 CAR) and NK cells
expressing sIL-15 without FLT3 CAR (sIL-15), each targeting
MOLM-13 cells. The data show that FLT3 CAR_sIL-15 NK cells
had significantly enhanced antitumor efficacy compared with FLT3
CAR NK cells that lack sIL-15 and sIL-15 NK cells that lack FLT3
Figure 1 (continued) of the in vivo experiment assessing the impact of FLT3 CAR NK-92 o

simultaneously IV injected into NSGS mice that express human IL-3, granulocyte-macroph

injected with either 5 × 106 FLT3 CAR NK92 cells or 5 × 106 EV NK92 cells weekly for 4 do

time of euthanization, human CD34+ HSCs and their differentiation as measured based o

Human CD45+ and CD34+ cells were counted as engrafted cells derived from human HS

CD45+CD34−CD11c+, and CD45+CD34−CD3+ from the BM is shown, defining human H

shown, demonstrating no difference in absolute cell number of total human CD45+ cells o

infused with FLT3 CAR NK-92 cells and those with EV NK-92 cells. Data are presented a
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CAR, which suggests that sIL-15 has some effect on promoting
FLT3 CAR NK cell function, at least in short-term cytotoxicity
assays (supplemental Figure 5C-D). We also measured IL-15
production in a coculture system of MOLM-13 cells and NK
cells. Our data show that compared with sIL-15 NK cells, FLT3
CAR_sIL-15 NK cells secreted significantly more IL-15 when
cocultured with MOLM-13 cells (supplemental Figure 4B).
n CD34+ HSC and differentiated cells. On day 1, 5 × 105 human CD34+ HSCs were

age colony–stimulating factor, and stem cell factor. Four months later, mice were IV

ses, and then mice were sacrificed on day 150 (n = 5 mice for each group). (E) At the

n the presence of mature lymphocytes and myeloid cells in the BM were assessed.

Cs. A representative example of human CD45+CD34+, CD45+CD34−CD19+,

SCs, B cells, DCs, and T cells, respectively. (F) Cumulative flow cytometric data are

r the percentages of HSCs, B cells, DCs, or T cells as defined earlier, between mice

s mean ± standard error of the mean (SEM). **P < .01. n.s., not significant.
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Figure 4. FLT3 CAR_sIL-15 cord blood NK cells enhance

cytotoxicity against FLT3
+
AML. (A) Scheme of FLT3

CAR_sIL-15 and its parental control (sIL-15) vector that

expresses IL-15 but not the CAR. tEGFR is coexpressed to

serve as a marker. (B) The expansion capacity of primary cord

blood NK cells engineered with sIL-15 or FLT3 CAR_sIL-15

after 16 days of culture (n = 3 donors). (C) The transduction

efficiencies of FLT3 CAR_sIL-15 NK cells and sIL-15 NK cells

are determined based on the expression of tEGFR at the time

of harvesting (day 16) (n = 3 donors). (D) The cytotoxicity of

NT, sIL-15 NK, and FLT3 CAR_sIL-15 NK cells against FLT3+

AML cells (MOLM-13 or MV-411, n = 6 donors each) or FLT3-

negative (FLT3−) cells (PBMC) (n = 3 donors), assessed via

flow-based cytotoxicity assay at an E:T ratio of 4:1 for PBMCs

and MV-411 and 2:1 for MOLM-13. (E) IFN-γ production of

NT, sIL-15 NK, and FLT3 CAR_sIL-15 NK cells (n = 5 donors)

against FLT3+ AML cells (MOLM-13) or FLT3− cells (PBMCs)

at an E:T ratio of 4:1 for 18 hours and measured by enzyme-

linked immunosorbent assay. Data are presented as mean ±

SEM. *P < .05; **P < .01; ***P < .001.

Figure 3. Assessment of in vitro and in vivo persistence of different forms of IL-15 expressed in primary human cord blood NK cells. (A) Scheme of various

constructs, each containing luciferase as well as tCD19 to serve as a parental control. Of the 4 constructs, 3 contain IL-15: sIL-15, sIL-15c, and mIL-15. The transgenes are

separated by a P2A or T2A sequence, as indicated. (B) The transduction efficiency of each construct in NK cells was represented by the coexpressed tCD19. (C) A scheme of

validating the persistence of the transduced NK cells in vivo. Human NK cells (4 × 106 cells per dose) that carry the luciferase gene with or without the various forms of IL-15 were

administered into NSG mice via tail vein injection. NK persistence was monitored by bioluminescence imaging (BLI) (n = 4 mice per group). (D) Ventral BLI was performed on days

0, 2, 4, and 8 to monitor NK cell persistence. Due to an accident in operation, 1 mouse of sIL-15c was found dead before imagining on day 8. (E) Quantification of the ventral

bioluminescence images. Data are shown as mean ± SEM; ***P < .001. TM, transmembrane.
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Figure 5. Off-the-shelf FLT3 CAR_sIL-15 cord blood NK

cells retain transgene expression and cytolytic

functions after 1 cycle of freeze-thaw. (A) sIL-15 NK and

FLT3 CAR_sIL-15 NK cell numbers before freezing and 1 to 6

hours after thawing were compared. NK cells were thawed in

the freezing medium at room temperature and the number of

cells was determined using a Muse Cell Analyzer at the times

indicated (n = 3 donors). (B) The transduction efficiency of

sIL-15 NK or FLT3 CAR_sIL-15 NK cells before and after

1 week of freezing assessed by the expression of tEGFR

(n = 3 donors). (C) Immunophenotypes of FLT3 CAR_sIL-15

NK cells before and after 1 week of freezing (n = 3 donors).

Median mean fluorescence intensity (MFI) for each of the

indicated cell surface markers is shown as a bar graph. (D)

FLT3 CAR_sIL-15 NK cells after being frozen for 1 week were

defrosted. The defrosted and freshly expanded FLT3

CAR_sIL-15 NK cells were cocultured with a FLT3+ AML cell

line (EOL1 or MOLM-13) for 24 hours at the indicated E:T

ratios, followed by cytolytic function testing by a flow

cytometry-based assay (n = 3 donors). Data are shown as

mean ± SEM. There are no statistically significant differences

for any of the measurements taken between fresh cells

and frozen cells transduced with the same construct in panels

A-D.
Frozen FLT3 CAR_sIL-15 NK cells remain functional

as an off-the-shelf product

CAR NK cells may have an advantage over autologous CAR T-cell
therapy because CAR NK cells can be produced as an allogeneic
off-the-shelf product.30 We tested the functionality and pheno-
types of the frozen FLT3 CAR_sIL-15 NK cell product, with the
goal of making an off-the-shelf allogeneic product. Thawing of the
cryovials of FLT3 CAR_sIL-15 NK cells and sIL-15 NK cells
demonstrated >80% cell recovery of viable cells that were
maintained for 6 hours in freezing medium at room temperature
(Figure 5A). To assess the stability of the transgene expression,
6232 MANSOUR et al
both FLT3 CAR_sIL-15 NK cells and sIL-15 NK cells maintained
tEGFR expression at ~50%, supporting the durability of NK cell
transduction efficiency after thawing (Figure 5B). Examining the
phenotype of the frozen sample, we assessed a panel of NK cell
markers that demonstrated no significant differences between the
phenotype of the fresh and that of the frozen product (Figure 5C;
supplemental Figure 6A-B). Lastly, it was important to assess the
cytotoxic potency of our frozen product in a flow cytometry assay
against MOLM-13 and EOL-1 AML cell lines; no significant dif-
ference was observed in the cytotoxicity between the fresh and
frozen product (Figure 5D). These results demonstrate that our
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
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FLT3 CAR_sIL-15 NK cells can be viably cryopreserved in liquid
nitrogen and can be used as an off-the-shelf product without
affecting their viability or potency.

FLT3 CAR_sIL-15 NK cells demonstrate an antitumor

activity against AML in vivo

To further demonstrate the potential therapeutic efficacy of our frozen
FLT3 CAR_sIL-15 NK cells, we investigated their antitumor activity in
an AML mouse model. Highly aggressive MOLM-13_luc AML cells
were IV transplanted into NSG mice, followed by treatment with
either a vehicle, sIL-15 NK cells or FLT3 CAR_sIL-15 NK cells
(Figure 6A). The progression of leukemia was monitored over time via
tumor bioluminescence (supplemental Figure 7A), and the mice
treated with the sIL-15 NK cells (without the FLT3 CAR) showed a
significant prolongation of survival compared with that of the vehicle
group (Figure 6B). Furthermore, the infusion of FLT3 CAR_sIL-15 NK
cells showed a significant prolongation of survival when compared
with that in mice treated with either vehicle or sIL-15 NK cells, but all
mice ultimately died of progressive leukemia (Figure 6B). To assess
the persistence of the tumor burden or NK cells in vivo, we collected
the BM and PB from mice on day 21. Our results indicate that, when
compared with the vehicle, both FLT3 CAR_sIL-15 NK cells and sIL-
15 NK cells were capable of significantly reducing FLT3 AML tumor
cells in both the BM or PB (Figure 6C-D; supplemental Figure 7B-C).
In addition, compared with sIL-15 NK cells, FLT3 CAR_sIL-15 NK
cells were significantly increased in the BM (Figure 6C; supplemental
Figure 7B) and showed a trend of increase in the PB, although the
difference did not reach statistical significance (Figure 6D;
supplemental Figure 7C). To ensure the reproducibility of our results,
mice that received the FLT3(+) EOL-1 AML cell line grafts were
treated with FLT3 CAR_sIL-15 NK cells and demonstrated enhanced
tumor control when compared with such mice treated with vehicle or
sIL-15 NK cells (supplemental Figure 8). In addition, a patient-derived
xenograft model engrafted with primary AML blasts was established.
The engraftment was confirmed via flow cytometry, 3 weeks after
injection (supplemental Figure 9A-B). The data revealed a significant
improvement in survival for the mice treated with FLT3 CAR_sIL-15
NK cells as compared with that for the vehicle-treated mice
(Figure 6E). Data from these 3 mouse models demonstrate that our
frozen and then thawed off-the-shelf FLT3 CAR_sIL-15 NK cells hold
promise as a therapeutic tool for FLT3+ AML.

FLT3 CAR_sIL-15 NK cells show no toxicity against

healthy HSCs and their differentiation in vivo

Previously, we demonstrated that FLT3 CAR NK-92 cells had no
impact on HSCs differentiation in the absence of AML cells
(Figure 1F). We extended this study to FLT3 CAR_sIL-15 NK cells
generated from cord blood in the presence of AML. For this pur-
pose, CD34+ HSCs from mobilized PB were engrafted into NSGS
Figure 6. Treatment of a human AML mouse model with off-the-shelf cord blood

engraftment with the FLT3+ MOLM-13 AML cells, with off-the-shelf sIL-15 NK cells or FLT

13_luc_GFP cells) were injected into 12-week-old NSG mice on day 1, followed by an infus

tail vein injection. (B) Survival analysis was estimated using the Kaplan-Meier method of the

cells; n = 5 mice per group; P value was calculated using log-rank test. (C-D) Fluorescence

the mice treated with vehicle (freezing buffer), sIL-15 NK cells, or FLT3 CAR_sIL-15 NK c

respectively; n = 4 mice per group. (E) Tumor-engrafted mice were treated with FLT3 CAR_

estimated using the Kaplan-Meier method (n = 9 per group). P value was calculated using
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mice, followed by engraftment of the aggressive MOLM-13_luc
AML cell line, and subsequently cord blood–derived FLT3
CAR_sIL-15 NK cells (Figure 7A). Of note, FLT3 CAR_sIL-15 NK
cells and CD34+ HSCs were derived from different donors. The
MOLM-13 tumor cells were engrafted to achieve complete acti-
vation of the FLT3 CAR_sIL-15 NK cells, mimicking the setting of
future treatment planned for patients with FLT3+ AML. Tumor
bioluminescence results showed that FLT3 CAR_sIL-15 NK cells
significantly reduced the tumor burden compared with vehicle
control (Figure 7B). Notably, no difference was observed in CD34+

HSC–derived immune cell populations between the vehicle- and
FLT3 CAR_sIL-15 NK cell–treated groups in the BM, blood, liver,
and spleen (Figure 7C; supplemental Figure 10), suggesting that
the FLT3 CAR_sIL-15 NK cell treatment did not affect the differ-
entiation of the normal HSCs. These results suggest the FLT3
CAR_sIL-15 NK cells have the potential to treat patients with
FLT3+ AML without serious hematopoietic toxicity.

Discussion

Conventional chemotherapy and allogeneic HSCT have greatly
improved the treatment of AML; however, challenges remain in
treating relapsed and refractory disease as well as AML in older
patients. Here, we developed an optimized platform for generating
an off-the-shelf CAR NK cell product targeting FLT3 without
affecting the functionality and viability of the viably frozen effector
cells after thawing. FLT3 is an AML-associated antigen, and its
mutations (eg, FLT3 internal tandem duplications) predict poor
prognosis.31-33 FLT3 expression is found on the surface of nearly
all leukemic blasts in ~20% of patients with AML but not on the
majority of healthy cells, including HSCs.34 We demonstrated that
the FLT3 CAR_sIL-15 NK cells can specifically recognize FLT3+

AML cells in vitro and control the tumor burden in 3 different
orthotopic xenograft mouse models of AML, with a significantly
longer survival after only 2 or 4 infusions of FLT3 CAR_sIL-15 NK
cells, compared with a similar treatment schedule with sIL-15 NK
cells or vehicle control.

One limitation of NK cell therapy is the short lifespan of the infused
NK cells in the absence of cytokines, such as IL-2 or IL-15, which
may limit the therapeutic efficacy of CAR NK cell–based therapy.
To overcome this obstacle, we incorporated IL-15 into our vector,
because this cytokine reportedly is the survival factor for mouse
and human NK cells.27,28 Unlike IL-2, IL-15 does not sustain the
survival of regulatory T cells.35 For this reason, immune cells were
previously genetically engineered to express different forms of
IL-15.36-38 Although IL-15c is reportedly superior to IL-15 as an
exogenously administered cytokine,39 our results demonstrate that
engineered sIL-15c did not improve the persistence of cord blood
NK cells in vivo. The reasons for this obversion are unclear but may
be explained by the exhaustion of the NK cells during the ex vivo
FLT3 CAR_sIL-15 NK cells. (A) The scheme for treating NSG mice, which received

3 CAR_sIL-15 NK cells. MOLM-13 AML cells expressing luciferase (1 × 104 MOLM-

ion of a corresponding treatment (1 × 107 NK cells per dose) on day 5 and day 12, via

mice treated with vehicle (freezing buffer), sIL-15 NK cells, or FLT3 CAR_sIL-15 NK

-activated cell sorting analysis of the cells collected from the BM (C) or the PB (D) of

ells. The populations of tumor cells and NK cells were gated on GFP and EGFR,

s15 NK cells (1 × 107 cells per mouse) or vehicle on days 21 and 28. The survival was

log-rank test. The figure was generated with BioRender.com.
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Figure 7. Validation of FLT3 CAR_sIL-15 NK cell safety

on human CD34 HSC cells in an AML mouse model.

(A) Scheme of CD34+ HSC inoculation and FLT3 CAR_sIL-

15 NK cell treatment. NSGS mice first received grafts of

CD34+ HSCs (3 × 105 cells), followed 1 week later by

receiving FLT3+ AML tumor cell grafts (5 × 105

MOLM-13_luc_GFP cells), which was followed by treatment

with off-the-shelf frozen and then thawed (1 × 107 cells)

FLT3 CAR_sIL-15 NK cells on days 14 and 21. Mice were

euthanized on day 28 and human HSCs along with human

lymphocyte subsets were isolated from the mice and

subjected to Fluorescence-activated cell sorting analysis.

(B) Time-lapsed luciferase images of the mice inoculated

with CD34+ HSC and MOLM-13_luc_GFP AML cells and

then treated with either vehicle control or FLT3 CAR_sIL-15

NK cells. (C) Fluorescence-activated cell sorting analysis of

human B cells (CD19), T cells (CD3), HSCs (CD34), and

monocytes (CD14) among the human CD45+ GFP− cells

isolated from the BM, PB, liver, and spleen of NSGS mice

that received engraftment with CD34+ HSCs (n = 3 or 6

mice per group). Percentages are calculated from cells

gated on live human CD45+ GFP− single cells. Data are

presented as mean ± SEM; *P < .05. The figure was

generated with BioRender.com.
expansion process, with a much more potent immune stimulatory
effect from IL-15c than that from IL-15 alone.39 Our selection of
sIL-15 over mIL-15 was made because of a possible advantage of
releasing sIL-15 into the tumor microenvironment. Theoretically,
this could allow the activation of NT NK and CD8+ T cells in
patients, thus amplifying the antitumor response. Therefore,
although mIL-15 can only act upon cell-to-cell interaction, sIL-15
can act in both an autocrine and paracrine fashion to activate
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
CAR NK cells as well as endogenous NK cells and CD8+ T cells,
respectively. We validated the integration of sIL-15 in our FLT3
CAR construct and showed their prolongation of survival in vivo
and the ability of the FLT3 CAR_sIL-15 NK cells to efficiently kill
FLT3+ AML blasts both in vitro and in vivo. Of note, our group is
applying sIL-15 engineered NK cells expressing PD-L1 to treat
non–small cell lung cancer.40-42 In addition, we demonstrated that
our frozen FLT3 CAR_sIL-15 NK cells are functional off-the-shelf
FLT3 CAR NK CELLS TARGETING AML 6235
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and are stable for 6 hours after thawing at room temperature. The
ability to cryopreserve cells viably and functionally ensures the
practical deployment of FLT3 CAR_sIL-15 NK cells to treatment
centers after they are introduced into the clinical setting.

AML is a severe and aggressive hematological malignancy with a
5-year overall survival rate of 27%.43 Older patients are often not
eligible for HSCT because of complications such as severe graft-
versus-host disease that can result in significant morbidity and
mortality. CAR T-cell therapy is currently being explored in AML by
targeting different antigens such as FLT3, CD123, CLL-1, CD33,
and CD7, among others.44-48 One of the limitations of autologous
CAR T-cell therapy has been CRS-based toxicity, neurotoxicity,13-15

and off-target toxicity.49 In contrast to T cells, NK cells have not
been demonstrated to undergo clonal expansion after activation by
specific tumor antigens despite having antileukemic activity in
patients with AML.50,51 Furthermore, partially matched or mis-
matched allogeneic NK cells have been shown to be safe, with
antitumor efficacy in patients with hematological malignancies.52

Thus, in contrast to autologous CAR T-cell therapy in AML, a
frozen off-the-shelf allogeneic CAR NK cell can be immediately
infused in patients with AML without the wait required to generate
an autologous CAR T-cell product, thus minimizing the risk of
relapse before the administration of a cell therapy product. There-
fore, we, believe that CAR NK cells could offer an alternative
approach to fit the role of non–cross resistant cellular therapy in
AML, as demonstrated in a recent preclinical study targeting
CD123.53 Our FLT3 CAR NK-92 data reported here are consistent
with those of previous studies using NK-92 as a source for CAR NK
cells.22,54,55 To our knowledge, the work presented in this study is
the first to consider viably frozen, off-the-shelf FLT3 CAR_sIL-15 NK
cells, generated from cord blood, secreting sIL-15 for the treatment
of AML.

One of the major concerns of translating CAR cell therapies into
the clinical applications is the on-target off-tumor effects. In this
study, we show that FLT3 is only expressed on approximately
half of the population of HSCs and DCs from healthy donors and
is minimally or not expressed on other cell types. Consistent with
data in humans, murine FLT3 is reportedly not expressed in self-
renewing HSCs, and its expression is restricted to the multi-
potent stem cell stage and the lymphoid progenitor stage, when
such cells are incapable of self-renewal.56 These data suggest
that it is unlikely that FLT3 CAR NK cells would completely
deplete HSCs and DCs should they be brought into the clinic. In
support of this, our in vitro and in vivo experiments demonstrate
that FLT3 CAR_sIL-15 NK cells do not eliminate PBMCs or
CD34+ HSCs and their differentiated cell progeny. This could be
attributed to the single-chain variable fragment itself, the cos-
timulated domain selected for the study, or the differences
between effector functions of T cells and NK cells. Unlike T cells,
NK cell activity is regulated by the balance of a multitude of
activation and inhibitory receptors.57 Our results are consistent
with those of a similar study that showed that FLT3 CAR NK-92
had no cytotoxicity against mobilized human CD34+ cells.58 In
addition, in a previous study, the 4G8 antibody, which recog-
nizes FLT3, did not have any untoward effect on colony forma-
tion and was not cytotoxic against CD34 cells from the BM when
administered alone.59 However, reports have shown that FLT3-
CAR T cells can lower frequencies of CD34+ cells.60,61

Should unexpected toxicity be encountered, we incorporated
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tEGFR into our construct, which not only serves as a marker to
detect FLT3 CAR expression but also acts as a safety switch to
specifically eliminate CAR NK cells by administering the US
Food and Drug Administration–approved anti-EGFR antibody,
cetuximab.24

Given the results herein demonstrating that 2 or 4 sequential
treatments of FLT3 CAR_sIL-15 NK cells can delay the progres-
sion of an aggressive AML in vivo, we believe it will be important to
test this approach in combination with other non–cross resistant
therapies. For example, the receptor tyrosine kinase inhibitors
midostaurin and gilteritinib are US Food and Drug Administration–
approved for the treatment of patients with AML with an activating
mutation of FLT3.62,63 Because these 2 drugs increase the surface
expression of FLT3,48 it will be important to assess whether FLT3
receptor tyrosine kinases can be combined with FLT3 CAR_sIL-15
NK cells to further delay the progression of AML. In addition, given
the high surface density expression of both CD16 and NKG2D on
the surface of the FLT3 CAR_sIL-15 NK cells, it will be reasonable
to apply bispecific killer engagers to a second tumor-associated
antigen on AML. Importantly, our AML mouse models used in this
study are not models of minimal residual disease. The inability to
detect disease before treatment can be because of the limitation of
the imaging technology and/or a weak signal from the luciferase.

In conclusion, the data from this report suggest that FLT3 is an
antigen associated with AML that is suitable for targeting by FLT3
CAR_sIL-15 NK cells, supporting the use of CAR NK cell therapy
as an off-the-shelf product in the treatment of cancer. Additional
regulatory work in this regard should allow us to pursue this cellular
therapy in early phase clinical trials for patients with refractory or
relapsed AML.
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