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ABSTRACT

Adoptive chimeric antigen receptor (CAR)-engineered natural killer (NK) cells have shown
promise in treating various cancers. However, limited immunological memory and access to
sufficient numbers of allogenic donor cells have hindered their broader preclinical and clinical
applications. Here, we first assessed eight different CAR constructs that use anti-PD-L1
nanobody and/or universal anti-fluorescein (FITC) single-chain variable fragment (scFv) to
enhance antigen-specific proliferation and antitumor cytotoxicity of NK-92 cells against
heterogenous solid tumors. We next genetically engineered human pluripotent stem cells (hPSCs)
with optimized CARs and differentiated them into functional dual CAR-NK cells. The tumor
microenvironment responsive anti-PD-L1 CAR effectively promoted hPSC-NK cell proliferation
and cytotoxicity through antigen-dependent activation of phosphorylated STAT3 (pSTAT3) and
pSTATS signaling pathways via intracellular truncated IL-2 receptor B-chain (AIL-2Rp) and
STAT3-binding tyrosine-X-X-glutamine (YXXQ) motif. Antitumor activities of PD-L1-induced
memory-like hPSC-NK cells were further boosted by a FITC-folate bi-specific adapter that
bridges programmable anti-FITC CAR and folate receptor alpha-expressing breast tumor cells.
Collectively, our hPSC CAR-NK engineering platform is modular and could provide a realistic
strategy to manufacture off-the-shelf CAR-NK cells with immunological memory-like phenotype

for targeted immunotherapy.

KEY WORDS
Natural killer cells, Human pluripotent stem cells, Immunological memory, Immunotherapy,

Chimeric antigen receptor.
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INTRODUCTION

Adoptive cellular therapy (ACT)-based immunotherapy has emerged as a powerful and
potentially curative therapy for the treatment of various types of cancers [1-3]. Natural killer (NK)
cell-based immunotherapy [4-6] is increasingly attractive due to their innate antitumor immunity
without prior sensitization and/or antigen presentation [7,8]. Furthermore, allogenic NK cells do
not induce graft-versus-host disease (GvHD) after infusion, which is commonly associated with
allogenic T cell transplantation [9,10]. While significant clinical benefit has been achieved in the
treatment of hematologic malignancies and melanoma, the efficacy of adoptive NK cell therapy
in treating solid tumors is thus far limited due in part to the failure of transferred NK cells to
develop classical immunological memory [11,12], which is mainly caused by the inability of
receptor genes in NK cells to undergo rearrangement and the exhaustion of NK cells under
immunosuppressive tumor microenvironment [13,14]. Thus, engineering NK cells with tumor
microenvironment responsive chimeric antigen receptors (CARs) holds great promise in
achieving immunological memory-like activities of NK cells during tumor ablation.

Specific receptor stimulation promotes significant expansion of NK cells under diseased
microenvironment, and these self-renewal memory NK cells rapidly degranulate and produce
cytokines upon reactivation to perform robust protective immunity [15,16]. While various tumor
targeting CARs in NK cells were effectively stimulated by specific tumor antigens, their
therapeutic efficacy was still limited due to the poor in vivo expansion and persistence of NK
cells after infusion. The employment of cytokines, such as IL-15 [17-19], IL-18 [10,16,20-22],
and IL-21 [23-25], has been widely reported to enhance in vivo persistence and/or memory of
various NK cells. However, cytokine stimulation may lead to autonomous NK cell proliferation,
severe adverse events, or even leukemia transformation in patients [26]. To produce superior
memory-like NK cells under a robust, safe and controllable way, CAR structures should be
designed to effectively and specifically recognize immunosuppressive signals in the tumor

microenvironment and immediately activate intracellular proliferation signaling pathway in NK
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cells [18,19], leading to tumor-responsive cellular expansion and prevention of NK cell
exhaustion[27]. Among these immunosuppressive signals, programmed death-ligand 1 (PD-L1),
which are expressed on various solid tumor cells and interact with PD-1 on immune cells to block
immunotherapy[28-30], are widely used in CAR design since PD-L1/PD-1 blockade has
achieved significant clinical benefits [31,32]. In addition to enhanced in vivo persistence, these
memory-like NK cells should have excellent tumor-killing ability. CAR constructs containing
transmembrane and/or co-stimulatory domains of NKG2D, 2B4, and 41BB were reported to
effectively activate intracellular cytotoxicity signaling pathways in NK cells [33], but continuous
exposure to antigens may cause NK cell exhaustion and prevent acquisition of memory-like
phenotype in the engineered NK cells [34,35]. To avoid T cell exhaustion and cytokine storm
[36—39], anti-fluorescein (FITC) single-chain variable fragment (scFv)-based CAR has been used
in T cells to eradicate tumor cells only in the presence of a low molecular weight adapter [40].
These fluorescein-cancer bridging small molecules have a short circulation half-life < 90 minutes
and could easily penetrate solid tumors [39]. Such a bi-specific adapter strategy may also be used
to prevent NK cell exhaustion, enhance broader applicability against heterogenous solid tumors,
and reduce off-target toxicity to the non-target organs.

Broader application of adoptive NK cell therapy is currently hindered by the limited access to
sufficient numbers of donor cells for multiple-dose transplantation [41]. Additionally, genetic
modification of primary NK cells is technically challenging and laborious, leading to
heterogeneous CAR-NK cells [42]. In contrast, human pluripotent stem cells (hPSCs) are capable
of self-renewal and can be genetically modified to produce custom NK cells in a homogenous and
clinically-scalable manner [7,33,43], rendering them as a promising platform for making
realistically off-the-shelf cellular immunotherapies.

In this study, we first assessed eight different CAR constructs that use anti-PD-L1 nanobody
and/or universal anti-FITC scFv to enhance antigen-specific proliferation and antitumor

cytotoxicity of NK cells (Fig. 1). hPSCs were then engineered with these optimized CARs and
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differentiated into functional dual CAR-NK cells. The tumor microenvironment responsive anti-
PD-L1 CAR effectively promoted hPSC-NK cell proliferation and cytotoxicity against tumor
cells through antigen-dependent activation of phosphorylated STAT3 (pSTAT3) and pSTATS
signaling pathways via intracellular truncated IL-2 receptor B-chain (AIL-2RfB) and STATS3-
binding tyrosine-X-X-glutamine (Y XXQ) motif. Antitumor activities of PD-L1-induced memory-
like hPSC-NK cells were further boosted by a FITC-folate adapter that bridges programmable
anti-FITC CAR and folate receptor alpha (FRa)-expressing breast tumor cells, but not the FRa
rare prostate cancer cells. Notably, anti-FITC CAR is also switchable to target other tumor cells,
including LNCaP using a bi-specific switch FITC-DUPA. Collectively, our hPSC CAR-NK
engineering platform is designed to be modular and could provide a realistic strategy to
manufacture off-the-shelf CAR-NK cells with immunological memory-like phenotype for

targeted immunotherapy.
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Fig. 1. Schematic of synergistically enhanced anti-tumor effect of dual CAR hPSC-NK cells.

RESULTS
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Screening CAR structures with enhanced NK cell-mediated tumor-killing activities

Based on previous CAR constructs used in T and NK cells [33,39], we first designed and

evaluated 8 different CAR designs optimized for antitumor cytotoxicity and proliferation in NK-

92 cells (Fig. 2A). CAR #1 to #4 were single antigen-targeting CARs against either PD-L1 or
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Fig. 2. Screening CAR structures with enhanced anti-tumor activity and proliferation in NK-92 cells.
(A) Schematic of various lentiviral CAR constructs. Killing of MDA-MB-231 tumor cells by indicated NK-

92 cells was performed at different ratios of effector-to-target in the absence (B) or presence (C) of 10 nM
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FITC-folate adapter. Data are represented as mean + s.d. of five independent replicates, *p<0.05. ELISA
analysis of secreted cytokine IFNy (D) and TNFa (E) from various NK-92 cells upon MDA-MB-231
stimulation was shown. Data are represented as mean + s.d. of five independent replicates, *p<0.05. (F)
Representative flow cytometry analysis of phosphorylated STAT3 (pSTAT3) and STATS (pSTATS) in
indicated NK-92 cells upon MDA-MB-231 stimulation. (G) Expansion of indicated NK-92 cells 7 days
after co-culture with MDA-MB-231 cells was quantified. Data are represented as mean =+ s.d. of five
independent replicates, *p<0.05. (H-I) Schematic of in vitro MDA-MB-231 tumor rechallenge model and
cytotoxicity assay was shown in (H). (I) Killing of MDA-MB-231 tumor cells by indicated NK-92 cells
was performed in the presence of 10 nM FITC-folate adapter at different time points. Data are represented

as mean = s.d. of five independent replicates, *p<0.05.

FITC using NK or T cell-specific signaling domains, and CAR #5 to #8 were combinatory dual
antigen-targeting CARs. For the switchable anti-FITC scFv CARs, CAR #1, #5, and #7 employ a
NK-specific transmembrane domain NKG2D, a co-stimulatory domain 2B4 and an intracellular
domain CD3(, whereas CAR #2, #6, and #8 differ in the transmembrane domain CD8 and co-
stimulatory domain 4-1BB. For tumor microenvironment responsive anti-PD-L1 nanobody CARs,
CAR #3, #5, and #7 use a NK-specific transmembrane domain NKG2D, a co-stimulatory domain
2B4, a truncated IL-2 receptor B-chain (Delta IL-2RB), an intracellular domain CD3(, and a
STAT3-binding tyrosine-X-X-glutamine (YXXQ) motif, whereas CAR #4, #6, and #8 differ in
the transmembrane domain CD28. These CAR constructs were first tested in NK-92 cells for
their ability to enhance antitumor activities against FRo+ and PD-L1+ tumor cells. Human breast
cancer MDA-MB-231 cells express high levels of FRa and PD-L1, whereas human prostate
adenocarcinoma LNCaP cells express neither FRa nor PD-L1 (Fig. S1A) [44]. These two tumor
lines were used for antitumor cytotoxicity analysis of our engineered CAR NK-92 cells.
Bi-specific FITC-folate adapter (FITC-FA) was first synthesized with folic acid on the left
reside for binding FRa on breast tumor cells and fluorescein on the right side for anti-FITC CAR

targeting (Fig. S1B) [39]. The binding affinity (Ky) of FITC-folate for MDA-MB-231 tumor cells
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was measured as 2.64 nM (Fig. S1C), and the affinity (K,) of FITC-folate for various anti-FITC
CAR NK-92 cells were about 10 nM (Fig. S1D). Considering the fact that insufficient
intracellular bridges will be formed at very low FITC-folate concentration, whereas at very high
concentrations, intracellular bridging will be locked due to monovalent saturation of ligand
binding sites on both cell types with excess FITC-folate adapters, 10 nM of FITC-folate was used
in the following studies.

The killing potency of various anti-FITC and/or anti-PD-L1 CAR NK-92 cells (Fig. S1E) were
then tested in MDA-MB-231 (FRa+ PD-L1+) and LNCaP cell (FRa- PD-L1-) cells. As expected,
CAR-expressing NK-92 cells exhibited more potent cytotoxicity against MDA-MB-231 and more
cytotoxic granule release than LNCaP cells (Fig. 2B and S2A-D). In the presence of bi-specific
FITC-folate adapter, anti-MDA-MB-231 cytotoxicity of CAR NK-92 cells was significantly
increased (Fig. 2C), indicating the specificity of our anti-FITC CAR. Among these CARs, CAR
#1, #5, and #6 displayed a much larger increase of anti-tumor activity in NK-92 cells against
FRa+ PD-L1+ breast cancer cells after bridging with the FITC-folate adapter (Fig. 2C), along
with significantly enhanced IFNy and TNFa release (cytotoxic granule) (Fig. 2D-2E). As
expected, these FITC-folate bridged NK-CARs (#1, #5, and #6) mediated higher killing potency
in NK-92 cells than T cell specific CARs (#2, #7, and #8). To further test the broader
applicability of our anti-FITC CAR-NK cells in treating heterogenous solid tumors, we also
synthesized a bi-specific FITC-DUPA adapter (Fig. S3A-B) to target prostate specific membrane
antigen (PSMA)-expressing prostate tumor cells. As expected, FITC-DUPA-bridged CAR #1, #5,
and #6 NK-92 cells lysed more LNCaP cells than MDA-MB-231 cells (Fig. S3C-S3D),

confirming the specificity and multi-tumor targeting ability of our anti-FITC CAR.

Screening CAR structures with enhanced NK cell proliferation activity
We next evaluated the capability of various CARs in promoting antigen-specific NK cell

proliferation after co-culturing with tumor cells. Both truncated IL-2 receptor B-chain (AIL-2RB
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and the STAT3-binding tyrosine-X-X-glutamine (YXXQ) motif in the anti-PD-L1 CARs were
designed to enhance cell proliferation and persistence via activation of JAK, STAT3 and STATS
signaling pathways [45]. Upon PD-L1+ MDA-MB-231 cell stimulation, CAR NK-92 cells
exhibited upregulated levels of phosphorylated STAT3 (pSTAT3) and pSTATS (Fig. 2F), among
which CAR #3, #5, and #7 displayed superior ability in upregulating pSTAT3 and pSTATS (Fig.
S4A-S4B). As expected, CAR #3, #5, and #7 also promoted greatest proliferation in NK-92 cells
(Fig. 2G). We next constructed a continuous in vitro tumor cell exposure model to investigate the
persistence and memory-like phenotype of NK-92 cells after CAR engineering (Fig. 2H).
Consistent with previous observation, NK-92 cells engineered with CAR #1, #5 and #6 displayed
superior tumor-killing ability against FRa+ PD-L1+ breast cancer cells under the initial antigen
exposure at day 1 (Fig. 2I). As the antigen exposure increases (day 8 and 15), significant
reduction of anti-tumor cytotoxicity in NK-92 cells with anti-FITC CAR only (CAR #1), whereas
dual anti-FITC and anti-PD-L1 CAR NK-92 cells (CAR #5 and #6) still exhibited excellent anti-
tumor activities at day 15. Notably, dual anti-FITC and anti-PD-L1 CAR #5 with NK-specific
transmembrane and co-stimulatory domains presented superior persistence as compared to all
other CARs. Recently, memory-like NK cells were induced with a cytokine cocktail of IL-12, IL-
15 and IL-18 [15,16]. We next evaluated if cytokine treatment may achieve boosted memory-like
phenotype in our dual CAR-NK cells (Fig. SSA). While cytokine treatment increased antitumor
cytotoxicity of single anti-PD-L1 CAR NK-92 cells, significant difference was not observed in
FITC-FA bridged dual CAR NK-92 cells (Fig. S5B). Our results demonstrated that dual CAR
design may synergize multi-functions of NK cells under specific tumor antigen stimulation and
achieve a memory-like phenotype with superior antitumor activities and persistence under

immunosuppressive tumor microenvironment.

Engineering hPSC-derived NK cells with dual CARs for enhanced function
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Given its superior anti-tumor activity and persistence in NK-92 cells, dual anti-FITC and PD-
L1 CAR #5 was selected for CAR engineering of hPSC-derived NK cells. Single antigen-
targeting anti-FITC CAR #1 and anti-PD-L1 CAR #3 was used as a control for anti-tumor
cytotoxicity and cell proliferation, respectively. To provide a potentially off-the-shelf source of
CAR-expressing NK cells, we engineered hPSCs with these three CARs. We knocked the
universal anti-FITC CAR into the AAVSI safe harbor locus via CRISPR/Cas9-mediated
homologous recombination [46] (Fig. S6A-B), leading to robust CAR-expressing hPSCs (Fig.
S6C). Notably, engineered hPSCs retained high level expression of pluripotency markers,
including stage-specific embryonic antigen-4 (SSEA-4) and octamer-binding transcription factor
4 (OCT-4) (Fig. S6C). To determine the effect of CAR expression on NK cell differentiation,
genetically-modified hPSCs were subjected for hematopoietic [47] and NK cell differentiation
[48] using stage-specific morphogens (Fig. S7A). High purity of CD45+CD43+ hematopoietic
stem and progenitor cells (HSPCs) (Fig. S7B) and CD56+CD45+ NK cells (Fig. S7C) were
successfully generated from wildtype or CAR-expressing hPSCs. The resulting hPSC-derived NK
cells also expressed high levels of typical NK cell surface markers, including CD16, KID3DL1,
NKp46, NKG2D, and NKp44 (Fig. 3A).

To determine their antitumor cytotoxicity, CAR-expressing hPSC-derived NK cells were co-
cultured with MDA-MB-231 cells in the presence of 10 nM FITC-folate. As compared to
wildtype hPSC-NK cells, more immunological synapses were formed between CAR-engineered
NK cells within 2 hours (Fig. 3B), and dual CAR-NK cells formed most immunological synapses
with tumor cells (Fig. 3C), whereas all hPSC-derived NK cells showed similar and less
immunological synapse formation ability against FRa-PD L1- LNCaP prostate cancer cells (Fig.
S8A), demonstrating the high specificity of these CARs to the targeted tumor antigens. In
response to MDA-MB-231 tumor cells, CAR-NK cells expressed more IFNy and CD107a (Fig.
3D) and released more cytotoxic granule TNFa and IFNy (Fig. 3E-3F). As expected, dual CAR-

NK cells expressed most IFNy and CD107a, and released the most cytotoxic granule, whereas all

10
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tested NK cells expressed low levels of IFNy and CD107a, and released low amount of cytotoxic
granule upon FRa-PD-L1- LNCaP cell stimulation (Fig. S8B-D). We next assessed the tumor-
killing ability of different hPSC-NK cells, and demonstrated that dual CAR-NK cells displayed
superior anti-MDA-MB-231 cytotoxicity as compared to wildtype, anti-FITC CAR, and anti-PD-
L1 CAR-NK cells (Fig. 3G), whereas all hPSC-derived NK cells displayed similar and low

cytotoxicity against LNCaP tumor cells (Fig. SSE).
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Scale bar, 25 pm. (D) Flow cytometry analysis of INFy/CD107a in different NK cells upon MDA-MB-231
cell stimulation. ELISA analysis of secreted cytokine TNFa (E) and INFy (F) from indicated NK cells in
response to MDA-MB-231 cells is shown. (G) Killing of MDA-MB-231 tumor cells by indicated hPSC-
NK cells was performed at different ratios effector-to-target in the presence of 10 nM FITC-folate adapter.
(H) Expression of phosphorylated STAT3 (pSTAT3) and STATS (pSTATSY) in the indicated hPSC-NK
cells upon MDA-MB-231 stimulation was quantified. (I) Expansion of indicated hPSC-NK cells 7 days
after co-culture with MDA-MB-231 tumor cells was quantified. (J) Killing of MDA-MB-231 tumor cells
by indicated hPSC-NK cells was performed in the presence of 10 nM FITC-folate adapter at different time

points. Data are represented as mean + s.d. of five independent replicates, *p<0.05.

We then investigated the antigen-responsive proliferation ability of various hPSC-NK cells.
Upon PD-L1+ MDA-MB-231 cell stimulation, hPSC-derived CAR-NK cells upregulated
expression levels of phosphorylated STAT3 (pSTAT3) and pSTATS (Fig. S9A). Single antigen-
targeting anti-PD-L1 and dual CAR-NK cells exhibited highest expression levels of pSTAT3 and
pSTATS (Fig. 3H), and achieved highest cell expansion (Fig. 3I). We next investigated the
antitumor cytotoxicity and persistence of CAR-NK cells in a continuous antigen exposure model.
While similar strong initial anti-MDA-MB-231 cytotoxicity was observed in anti-FITC and dual
CAR NK cells at day 1 (Fig. 3J), anti-FITC CAR-NK cells significantly reduced tumor-killing
ability as antigen exposure time increase (day 8 and 15), whereas dual CAR-NK cells still
exhibited excellent anti-tumor ability and persistence at day 15. Consistent with observation in
NK-92 cells, memory-like NK cytokine treatment significantly enhanced antitumor cytotoxicity
of hPSC-derived wildtype or single CAR-NK cells (Fig. S9B-C). Significant difference was not
observed between FITC-FA bridged dual CAR-NK cells treated with or without cytokine,
indicating the memory-like potency of our dual CAR. Importantly, all CAR-expressing hPSC-
derived NK cells did not kill normal H9 hPSCs and hPSCs-derived somatic cells (Fig. S9D),

demonstrating their safety in future clinical applications.
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Fig. 4. Dual CAR-hPSC-NK cells have improved persistence in vivo. (A) Schematic of subcutaneous
injection of MDA-MB-231 cells for in vivo tumor model construction and persistence analysis of various
hPSC-derived NK cells. (B) Flow cytometry analysis of CD45+CD56+ hPSC-NK cells in host blood at
different time points after intravenous injection of indicated hPSC-NK cells or PBS control. The percentage
of CD45+CD56+ hPSC-NK cells was quantified in (C). n=5. (D) Body weight of all experimental mouse
groups was measured at indicated time points. (E) H&E images of major organs collected at the end of

treatment are shown.
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Dual CAR-hPSC-NK cells have improved antigen-responsive persistence in vivo

Systemic administration or ectopic expression of interleukin-15 (IL-15) has been used to
improve in vivo persistence of CAR-NK cells [17-19], which though may lead to abnormal cell
proliferation, severe adverse events or even leukemia transformation in patients [26]. To
determine the effect of anti-PD-L1 CAR on the proliferation and persistence of hPSC-NK cells,

NRG mice engrafted with 5X 10° PD-L1-expressing MDA-MB-231 breast cancer cells or PD-L1-
rare LNCaP cells (Fig. 4A, Fig. S11) were treated with intravenous infusion of 5 10° different

hPSC-derived NK cells or PBS 7 days after tumor cell injection. These CAR NK cells exhibited
excellent tumor targeting ability (Fig. S10). Host blood was collected at day 6, 14, 21, and 28 for
NK cell analysis, and significantly higher NK cell numbers were detected in the anti-PD-L1 and
dual CAR NK groups in the MDA-MB-231 mouse xenograft tumor model than other groups (Fig.
4B-4C). As expected, low NK cells were detected in all experimental groups of LNCaP xenograft
model (Fig. S11A-B), highlighting the specificity of anti-PD-L1 CAR and its capacity to enhance
persistence of NK cells in vivo.

The biocompatibility of hPSC-derived CAR-NK cells was also evaluated by monitoring the
body weight of host mice, and there was no significant body weight loss across all tested
experimental groups (Fig. 4D, S10C), indicating the minimal systemic toxicity and high
biocompatibility of hPSC-derived NK cells. Histological analysis of major organs sliced from
host mice at day 30 showed that adoptive NK cells did not cause any observable abnormality or
damage in heart, liver, spleen, lung, and kidney (Fig. 4E), which was further supported by the
blood biochemistry analysis (Table S2), confirming the biocompatibility of our hPSC-derived

NK cells.
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Fig. 5. In vivo anti-tumor activities of various hPSC-NK cells were assessed via intravenous injection.
(A) Schematic of intravenous injection of various hPSC-NK cells for in vivo anti-tumor cytotoxicity study.
5x10° MDA-MB-231 cells were subcutaneously implanted into the right back of NRG mice. After 7 days,
mice were intravenously treated with PBS or 1x10” hPSC-NK cells. (B-C) Time-dependent tumor burden
was measured and quantified for indicated experimental mouse groups. *p<0.05, **p<0.01, and
*#%p<0.001. (D) Representative photos of tumor-bearing mice at the end of treatment. Levels of released
human tumor necrosis factor-a (TNFa) (E), IL-6 (F), and interferon gamma (IFNy) (G) in peripheral blood
collected from indicated experimental mice were measured by ELISA. n=5. *p<0.05, **p<0.01, and

**%p<0.001.

Dual CAR-hPSC-NK cells have improved antitumor activities in tumor rechallenge models

To evaluate antitumor activities of different hPSC-NK cells in vivo, we first tested cytotoxicity

of MDA-MB-231 cells in a mouse xenograft model. Mice were subcutaneously injected with 5X
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10° MDA-MB-231 cells and systemically administered a single injection of 1 x 107 NK cells 7
days after tumor inoculation (Fig. SA). As compared to the tumor-bearing mice treated with PBS,
administration of hPSC-NK cells significantly reduced tumor burden (Fig. SB-D). As expected,
dual CAR hPSC-NK cells displayed higher anti-tumor cytotoxicity than wildtype or other CAR-
expressing NK cells. We next measured human cytokine production release in the plasma of
different experimental mouse groups, including TNFa, IL-6 and IFNy. All non-PBS experimental
groups released detectable TNFa and IL-6 in the plasma from day 14 to day 28, and dual CAR
hPSC-NK cells maintained highest levels of both cytokines (Fig. SE-F), which were eventually
decreased in host mice, indicating a reduced risk of cytokine release syndrome. The superior
production of IFNy in dual CAR-NK cells (Fig. 5G) is also consistent with their memory-like phenotype

[15,16].

A 1 X108 tumor cells
510° tumor cells 1x10’_NK cells subcutaneously injection
subcutaneously injection IV injection
(S
A &
I I I I
T 0 30 days 58 days
[ DO-D58: FITC-FA (500 nmol)/kg mouse every 3 days |
B o~ Anti-FITC Dual CAR
Z 1200 hPSC-NK 1200 hPSC-NK 1200 1200 hPSC.NK
E
2 o900 900 900 900
3
o
>
5 600 600 600 600
=
E]
2 300 300 300 300
3
)
@ = /
0 i 0 0 0
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
Days after tumor re-challenge
120
Cc %1200 1 Dual CAR hPSC-NK D
E 100 — vs — p=0.0431
o
900 = == =
5 & 891 Dual CARNPSC-NK ot
s T g — vs — p=0.0164
E o T | AntFTchPsoNK
s cg A e — Vs p=0.0082
© PSC-NK
£ 300 — vs — p=0.0164
g 20
3 . vs — p=0.0136
0 ¢ 0
0 10 20 30 0 10 20 30 40 50 60

Days after tumor re-challenge Days after first tumor injection

Fig. 6. Dual CAR-hPSC-NK cells have improved antitumor activities in an in vivo tumor rechallenge
model. (A) Schematic of the in vivo tumor rechallenge model, in which 1x10> MDA-MB-231 cells were

subcutaneously implanted into the left back of NSG mice at day 37. (B-C) Time-dependent second tumor
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burden was measured and quantified for indicated experimental mouse groups. Experimental mice were
sacrificed when the primary tumor size reaches 1000 mm?. (D) Kaplan-Meier Curve demonstrating survival

of indicated experimental mouse groups was shown. n=5.

Given the promising in vivo performance of our hPSC-derived NK cells, MDA-MB-231 tumor
cells were re-inoculated to construct a tumor rechallenge model for the investigation of their
memory-like behavior (Fig. 6A). Compared with other experimental groups, dual CAR hPSC-NK
cells significantly slowed down the growth of second tumor (Fig. 6B-6C and Fig. S12) and
prolonged the survival of tumor-bearing mice (Fig. 6D). Our data indicate that the combination of
tumor microenvironment responsive anti-PD-L1 and programmable anti-FITC CARs
significantly enhances in vivo persistence and antitumor activities of hPSC-derived NK cells,

endowing them with a memory-like capacity for improved immunotherapy.

DISCUSSION

Due to their innate immunity against all kinds of pathogen and unique property of not causing
GvHD in allogenic transplantation, adoptive CAR-NK cell therapy holds great promise in treating
various cancers. To date, most efforts have been conducted to treat hematologic malignancies
with FDA-approved anti-CD19 or anti-CD33 CAR NK cells [18,49-51]. CARs targeting various
solid tumors, such as EGFR" breast cancer [52,53], EGFR"/HER2" glioblastoma [17,54], and
PSMA" prostate cancer [55], are also developed for preclinical and clinical studies. While none of
the 11 patients in a phase I/II trial developed severe toxicity [51], concerns still exist regarding
the off-tumor effects, sustained effector cell proliferation and exhaustion, cytokine release
syndrome (CRS), and CAR specificity against targeted tumor, particularly in antigen-
heterogeneous cancers. To circumvent these concerns in CAR-T cells [56], we have previously
developed a universal anti-FITC CAR strategy, in which cancer cell killing can be precisely

controlled by regulating doses of a bispecific adapter and CAR expression on T cells can be
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sensitively regulated by a fluorescein-linked TLR7, to selectively activate CAR-T cells and
sensitively manage a CRS [36,39]. Such concerns may also be observed in adoptive CAR-NK
cell therapies, posing a significant barrier for their clinical translation. To develop a safer CAR-
NK cell therapy that are truly universal and potent, we equipped NK cells with a stable anti-FITC
CAR, and demonstrated the controllable and potent antitumor activities of hPSC-derived CAR-
NK and CAR-NK-92 cells, though a comprehensive safety profile of our CAR-NK cells is still
needed in future preclinical and clinical studies.

In the pursuit of achieving higher efficacy and potency in NK cells, we also added a second
anti-PD-L1 CAR in our CAR-NK cells due to the striking clinical efficacy shown by checkpoint
inhibitors that target PD-1 or PD-L1. Targeting PD-L1 may allow selective targeting of solid
tumor cells and side effect profiles would be predicted based on PD-1/L1 immune checkpoint
blockade [57]. Clinical trials with anti-PD-L1 CAR-NK cells are also currently underway
(NCT04847466). Unlike previous CD28 transmembrane and FceRly signaling domains [57,58],
our CAR construct contains a NK-specific NKG2D transmembrane domain, and a CD3(
signaling domain that is essential for both T and NK cell activation [59]. We also incorporated a
NK-specific 2B4 co-stimulatory domain [33] into our CAR construct, and instead of scFv, we
used a smaller anti-PD-L1 nanobody for tumor antigen targeting [60]. CAR-NK cells bearing an
anti-FITC CAR showed significantly improved antitumor activity, both in vitro and in vivo, after
engineering with the anti-PD-L1 CAR. While we have demonstrated the therapeutic potential of
our dual CAR-NK cells in the immunodeficient mice, other preclinical models with an intact
immune system, such as humanized mouse models with human immune T cells, and orthotopic
tumor implantation are needed to better assess the safety and efficacy of hPSC-derived CAR-NK
cells.

Primary mature NK cells present a short-lived phenotype in vivo [61], imparting a poor
persistence in xenograft tumor models and human cancer patients [18]. Recent studies have

demonstrated that mouse and human NK cells display memory-like in response to viral infection
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[14,62—64], certain hapten exposure [64], and/or a brief treatment with cytokines of IL-12, IL-15
and IL-18 [10,16,20-22], leading to the increased longevity and improved effector function of
NK cells in preclinical and clinical models. However, more enhanced NK cell persistence in vivo
is still urgently needed to achieve sustained clinical benefits in various cancers, particularly in
solid tumors. Systemic administration or ectopic expression of IL-15 has been widely used to
improve in vivo persistence of various NK cells [17-19], which may lead to autonomous NK cell
proliferation, severe adverse effects, or even leukemia transformation in patients [26]. [L-15 was
also linked to a lymphoma/leukemia-targeting CD19 CAR via a 2A sequence peptide to improve
in vivo persistence and antitumor functions of cord blood NK cells [18,65]. IL-15 activates
STATS signaling via IL-2 receptor B-chain (IL-2Rp), and thus we directly added a truncated IL-
2Rp (AIL-2RpB) domain [45] into our tumor microenvironment responsive anti-PD-L1 CARs to
achieve antigen-inducible NK cell expansion. Since IL-21 plays a critical role in memory cell
formation [66], reverses NK cell exhaustion [34], and promotes expansion of memory-like NK
cells [67,68], we also incorporated into our anti-PD-L1 CAR construct a STAT3 signaling
activation motif YXXQ, an IL-21-associated residue within the IL-21 receptor. Such
modifications have led to robust activation of STAT3 and STATS signaling pathway in a tumor
antigen-responsive manner, and to CAR-NK cells with enhanced in vivo persistence and
antitumor functions than that seen with single anti-FITC CAR NK cells lacking an anti-PD-L1
CAR. Cell expansion was not observed in CAR-NK cells with the anti-PD-L1 CAR co-culturing
with PD-L1 rare tumor cells, further demonstrating the antigen specificity of our CAR-NK cell
persistence for a safer and more durable antitumor immunity.

CAR-NK cells have been engineered from various NK cells, including NK-92 cell line, hPSC-
derived, cord blood and peripheral blood NK cells, though NK-92 derived CAR-NK cells are
dominant in clinical trials due to its excellent expansion capacity in vitro. While no obvious
toxicity was observed in clinical trials with NK-92 cells [69], concerns still exist regarding their

in vivo survival and proliferation after irradiation during cell preparation for infusion [33].
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Alternatively, engineering CAR-NK cells from hPSCs has allowed an unlimited cell source of
truly off-the-shelf cellular products for clinical trials [33]. In addition, the relative ease of genome
editing in hPSCs also allows massive production of homogenous and stable CAR-expressing NK
cells for a more standardized product on a clinical scale. In this study, we demonstrated that both
CRISPR/Cas9-mediated knockin and lentiviral transduction strategies could be used to introduce
CAR constructs into hPSCs for functional CAR-NK cell production.

In conclusion, we have developed a novel immunoengineering approach in which hPSCs are
engineered with dual CAR constructs and differentiated into off-the-shelf CAR-NK cellular
products. The dual anti-FITC and anti-PD-L1 hPSC CAR-NK cells are designed and
demonstrated with improved universality, safety, potency, and persistence, both in vitro and in

vivo, in an antigen-dependent manner, achieving a memory-like phenotype of NK cells.

EXPERIMENTAL SECTION

CAR plasmid construction. To construct anti-PD-L1 lentiviral vectors, DNA sequence encoding
CDS8a signal peptide, anti-PD-L1 nanobody [60], CD28 extracellular domain, CD28 or NKG2D
transmembrane domain, CD28 or 2B4 intracellular co-stimulatory domain, AIL-2RB, CD3(-
YXXQ was directly synthesized and cloned into the lenti-luciferase-P2A-NeoR (Addgene
#105621) backbone via NEBuilder HiFi DNA Assembly after BamHI and Mlul digestion. The
resulting anti-PD-L1 plasmids were then sequenced and digested with Mlul to further incorporate
an IRES-NeoR or IRES-GFP sequence. The anti-FITC CAR plasmid with CD8a signal peptide,
anti-fluorescein scFv, CD8a extracellular and intracellular domains, 4-1BB co-stimulatory
domain and CD3( signaling domain was previously constructed in our lab [39] and cloned into
our AAVS1-Puro CAG FUCCI donor plasmid [46] (Addgene #136934). The resulting AAVSI-
Puro CAG anti-FITC-CAR plasmid was digested with SgrDI and Mlul, and ligated to the
lentiviral anti-PD-L.1 CAR backbone to construct the lentiviral anti-FITC CAR vector. To make

anti-FITC CAR plasmid with NKG2D transmembrane and 2B4 co-stimulatory domains, anti-
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FITC scFv sequence and chimeric sequence of NKG2D, 2B4 and CD3{ were PCR amplified
from lentiviral anti-FITC CAR vector and AAVS1-Puro CAG CLTX-NKG2D-2B4-CD3z CAR
(Addgene #157744), respectively, and cloned into AAVS1-Puro CAG FUCCI plasmid via
NEBuilder HiFi DNA Assembly to make AAVS1-Puro CAG anti-FITC-NKG2D-2B4-CD3z
CAR, which was digested with SgrDI and Mlul, and ligated to the lentiviral anti-PD-LL1 CAR

backbone to construct the lentiviral anti-FITC-NKG2D-2B4-CD3z CAR.

Maintenance and differentiation of hPSCs. H9 hPSC line was obtained from WiCell and
maintained on Matrigel-coated plates in mTeSR plus medium. For NK cell differentiation, hPSCs
were dissociated with 0.5 mM EDTA and seeded onto iMatrix 511-coated 24-well plate at a cell
density between 10, 000 and 80, 000 cells/cm? in mTesR plus medium with 5 uM Y27632 for 24
hours (day -1). At day 0, cells were treated with 6 uM CHIR99021 (CHIR) in DMEM medium
supplemented with 100 pg/mL ascorbic acid (DMEM/Vc¢), followed by a medium change with
LaSR basal medium from day 1 to day 4. 50 ng/mL VEGF was added to the medium from day 2
to day 4. At day 4, medium was replaced by Stemline II medium (Sigma) supplemented with 10
uM SB431542, 25 ng/mL SCF and FLT3L. On day 6, SB431542-containing medium was
aspirated and cells were maintained in Stemline II medium with 50 ng/mL SCF and FLT3L. At
day 9 and day 12, top half medium was aspirated and replaced with 0.5 mL of fresh Stemline II
medium containing 50 ng/mL. SCF and FLT3L. At day 15, floating cells were gently harvested,
filtered with a cell strainer, and co-culture on OP9-DLL4 (kindly provided by Dr. Igor Slukvin)
monolayer (2 x10* cells/mL) in NK cell differentiation medium: a-MEM medium supplemented
with 20% fetal bovine serum (FBS), 5 ng/mL IL-7, 5 ng/mL FTL3L, 25 ng/mL SCF, 5 ng/mL IL-
15, and 35 nM UM171. NK cell differentiation medium was changed every 3 days, and floating

cells were transferred onto fresh OP9-DLL4 monolayer every 6 days.
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Lentivirus production and hPSC transduction. For lentivirus production, 293TN cells were
incubated in DMEM medium containing 10% fetal bovine serum (FBS), 1% sodium pyruvate,
and 0.5% GlutaMAX until 95-100% confluence. 4.5 ng lentiviral CAR plasmid, 3.0 pg psPAX2,
and 1.5 pg pMD2.G were added to 450 pL of Opti-MEM medium and incubated at room
temperature for 5 minutes. 27 uL. of FuGENE HD reagent was then added to the mixture and
incubated at room temperature for another 15 minutes. The resulting 450 uL. plasmid mixture was
added to 3 mL of culture medium and evenly distributed to 3 wells of 6 well plate with 293TN
cells after aspirating the old medium. 18 hours after plasmid addition, aspirate the medium from
each well and replace with 3 mL of fresh culture medium, and incubated for another 24 hours.
Virus-containing supernatant was then collected every day with fresh warm medium change for 2
to 3 days, transferred to a 50 mL conical tube, and stored at 4 °C. The resulting virus supernatant
were then centrifuged at 2, 000 g at 4 °C for 5 minutes or filtered through a 0.45 pm filter to
remove cell debris. For hPSC transduction, hPSCs were dissociated with 0.5 mM EDTA and
seeded onto iMatrix 511-coated 6-well plate at a cell density between 10, 000 and 80, 000
cells/cm? in mTesR plus medium with 5 uM Y27632. 24 hour later, stem cell culture medium was
aspirated and replaced with 1 mL of mTesR plus medium with 5 uM Y27632 and 1 mL of virus
supernatant, which were removed and replaced with 2 mL of fresh mTeSR plus after 24 hour. 2 to
3 days after transduction, 300 pg/ml G418 or 1 pg/mL puromycin was applied to select
successfully transduced hPSCs. To further enrich desired cells, transduced hPSCs were
dissociated and transferred to 96-well plate at a cell density of 10 cells/mL. After a 4-day culture,

hPSCs were continuously treated with 300 pg/ml G418 or 1 pg/mL puromycin for 8 more days.

NK-92 cell maintenance and lentiviral transduction. NK-92 cells were cultured in MyeloCult
H5100 medium containing 100 units/mL human recombinant IL-2. For lentiviral transduction,
NK-92 cells were stimulated by IL-2 and IL-15 firstly. Briefly, count the NK-92 cells and

resuspend them in appropriate medium (RPMI 1640, 10% FBS, 2 nM L-glutamine, 20 ng/mL IL-
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2,50 ng/mL IL-15, and 100 ng/mL IL-12) at 1x10° cells/mL. These NK-92 cells were stimulated
for 2 hours before lentiviral transduction. After cytokine stimulation, 1x10° NK-92 cells were
plated in each well of a 12-well plate, and cells were treated with 1 mL virus supernatant and
polybrene (8 ng/mL) overnight at 37 °C, 5% CO,. After 24 hours, viruses were removed by
centrifuging at 360 xg for 5 minutes, and the resulting NK-92 cells were suspended in 1 mL
MyeloCult H5100 medium with 100 units/mL. human recombinant IL-2. After 5 days, transduced
NK-92 cells were centrifuged at 360 xg for 5 minutes and resuspended in 1 mL MyeloCult H5100
medium containing 100 units/mL human recombinant IL-2 and 1 pg/mL puromycin or 300 pg/ml

G418. At least 8-day drug screening is needed to enrich successfully transduced NK-92 cells.

MDA-MB-231 and LNCaP cell maintenance. LNCaP tumor cells were kindly provided and
cultured by the laboratory of Dr. Chang-Deng Hu at Purdue University. MDA-MB-231 cells were
cultured in Leibovitz’s L-15 medium (containing 10% FBS, 100 units mL"' penicillin and 100 mg
mL! streptomycin), and LNCaP cells were cultured in RPMI-1640 medium (containing 10% FBS,
100 units mL! penicillin and 100 mg mL"! streptomycin). These two cell lines were incubated at
37 °C, 5% COs. The culture medium was changed every two days and cells passaged at 70-80%

confluency.

Flow cytometry analysis. Differentiated cells were gently pipetted and filtered through a 70 or
100 pum strainer. The cells were then pelleted by centrifugation and washed twice with PBS -/-
solution containing 1% bovine serum albumin (BSA). Cells were stained with appropriate
conjugated or non-conjugated antibodies (Table S1) for 30 minutes at room temperature in dark
and analyzed in an Accuri C6 plus cytometry (Beckton Dickinson) after washing with BSA-

containing PBS -/- solution. FlowJo software was used to analyze the collected data.
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NK cell-mediated in vitro cytotoxicity assay. The cell viability was analyzed by flow cytometry
according to a previous protocol [70]. Briefly, tumor cells were stained with 2 pM Calcein-AM in
MEM medium at 37 °C for 10 min in dark, followed by 10% FBS treatment for 10 min in dark at
room temperature. Labeled tumor cells were pelleted at 300 x g for 7 min and resuspended in
culture medium with 10% FBS at a density of 50,000 cells/mL. 100 pL of tumor cells were then
mixed with 100 puL of 150,000, 250,000, and 500,000 cells/mL NK cells in 96 well plates with or
without FITC-folate (10 nmol/L), and incubated at 37 °C, 5% CO, for 12 hours. To harvest all the
cells, cell-containing medium was firstly transferred into a new round-bottom 96-well plate, and
50 pL trypsin-EDTA was added to the empty wells to dissociate attached cells. After 5 min
incubation at 37 °C, dissociated cells were transferred into the same wells of round-bottom 96-
well plate with floating cells. All cells were pelleted by centrifuging (300 x g, 4 °C, 5 min), and
washed with 200 pL of PBS-/- solution containing 0.5% BSA. The pelleted cells were stained
with propidium iodide (PI) for 15 min at room temperature, and analyzed in the Accuri C6 plus

cytometer (Beckton Dickinson).

Conjugate formation assay. To visualize immunological synapses, 100 pL of tumor cells
(50,000 cells/mL) were seeded onto wells of 96-well plate and incubated at 37 °C for 12 hours,
allowing them to attach. 100 uL NK cells (500,000 cells/mL) were then added onto the target
tumor cells and incubated for 6 hours before fixing with 4% paraformaldehyde (in PBS).
Cytoskeleton staining was then performed using an F-actin Visualization Biochem Kit

(Cytoskeleton Inc.).

ELISA analysis. To analyze the cytokine production by ELISA assay, 100 pL of tumor cells
(50,000 cells/mL) were seeded onto wells of 96-well plate and incubated at 37 °C for 12 hours,
allowing them to attach. 100 pL NK cells (500,000 cells/mL) with or without FITC-folate (10

nmol/L) were then added onto the target tumor cells and incubated for 6 hours. Afterwards, plates
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were centrifuged at 350 xg for 10 minutes to spin down the cell debris, and 10 pL top supernatant
was collected for measuring the TNFa and IL-6 production using an ELISA kit (ThermoFisher

Scientific, US).

MDA-MG-231 xenograft studies. All the mouse experiments were approved by the Purdue
Animal Care and Use Committee (PACUC). The immunodeficient NOD.Cg-
RAG!™Mom [T 2pg™IWil)S7] (NRG) mice were bred and maintained by the Biological Evaluation
Core at the Purdue University Center for Cancer Research. MDA-MB-231 cells (5%10° tumor
cells/per mouse) were implanted subcutaneously. When the tumor size reached ~100 mm?3, NK
cells and FITC-folate were intravenously injected. Mice were maintained on folic acid-deficient
diet (TD.95247, Envigo) in order to reduce the level of folic acid in mice to a physiological level
found in humans. Tumors were measured the other day with caliper, and tumor volume was

calculated according to the equation: tumor volume = L X W2X 1/2, where L is the longest axis of

the tumor and W is the axis perpendicular to L. Mouse blood was also collected for NK cell and
cytokine release (TNFo and IL-6) analysis, and systemic toxicity was monitored by measuring

body weight loss of experimental mice.

Statistical analysis. Data are presented as mean + standard deviation (SD). Statistical
significance was determined by Student’s #-test (two-tail) between two groups, and three or more
groups were analyzed by one-way analysis of variance (ANOVA). P<0.05 was considered

statistically significant.
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