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In recent decades, chimeric antigen receptor (CAR)-engineered immune effector cells have demonstrated promising
antileukemic activity. Nevertheless, their efficacy remains unsatisfactory on solid cancers, plausibly due to the
influence of tumor microenvironments (TME). In a novel mouse cancer model with a humanized immune system,
tumor-infiltrating immunosuppressive leukocytes and exhausted programmed death protein-1 (PD-1 )high T cells
were found, which better mimic patient TME, allowing the screening and assessment of immune therapeutics.
Particularly, membrane-bound programmed death ligand 1 (PD-L1) level was elevated on a tumor cell surface, which
serves as an attractive target for natural killer (NK) cell-mediated therapy. Hematopoietic stem cell-derived CAR-NK
(CAR pNK) cells targeting the PD-L1 showed enhanced in vitro and in vivo anti-solid tumor function. The CAR pNK
cells and nivolumab resulted in a synergistic anti-solid tumor response. Together, our study highlights a robust
platform to develop and evaluate the antitumor efficacy and safety of previously unexplored therapeutic regimens.

INTRODUCTION

Conventional therapies for patients with cancer include chemother-
apy and/or radiotherapy, which lack specificity and are usually ac-
companied by side effects (I). Various innovative approaches, such
as targeted therapy and gene therapy, are currently under evalua-
tion (I). The early success of immune checkpoint inhibitors (ICI)
has revolutionized cancer treatment (2), which may partially restore
the cytotoxic function of tumor-infiltrating T cells (3). For instance,
ipilimumab, an anti-cytotoxic T lymphocyte-associated protein 4
(CTLA-4) monoclonal antibody, was the first ICI approved by the
Food and Drug Administration (FDA) to treat patients with late-stage
melanoma in 2011. Dual therapy using ipilimumab and nivolumab
[anti-programmed death protein-1 (PD-1) antibody] was subsequently
FDA-approved for the frontline treatment of advanced melanoma
in 2015. However, the response rates for most solid tumors are still far
from satisfactory, and most patients are refractory to this treatment
(4). In addition, there are immune-related adverse events (irAE) observed
in patients who are treated differently from classical chemotherapy-
related toxicity (5).

Apart from the ICI, cell-mediated therapy using T cell receptor—
engineered T cells and chimeric antigen receptor (CAR)-T cells rep-
resents another class of manipulating the immune system to treat
patients with cancer (6, 7). To date, more than 500 CAR-T clinical trials
have been conducted, and CAR-T cell products, such as Kymriah,
Yescarta, Tecartus, and Breyanzi, are available on the market (8).
Nevertheless, CAR-T cell therapy usually requires gene editing of
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autologous T cells from patients with cancer, which can be time-
consuming and delay emergent treatment (9). T cell-mediated therapy
is also potentially associated with graft-versus-host disease, cytokine
release syndrome (CRS), immune effector cell-associated neurotoxic-
ity syndrome, and cytopenias (10, 11).

Natural killer (NK) cells are capable of killing tumor cells directly
by releasing granzyme and perforin or producing interferon-y (IFN-y)
to mount an adaptive immune response (12, 13). Contrary to T cell-
mediated therapy, NK cell-mediated therapy serves as a safer and
more effective option for cancer immunotherapy (14). NK cell func-
tion is independent of human leukocyte antigen matching, thus al-
lowing allogeneic infusion in patients with cancer, and banking
“off-the-shelf” CAR-NK cells may reduce time and cost for patients
with cancer (15). To achieve this purpose, the NK cells can be differ-
entiated from human embryonic stem cells (hESCs) or induced pluri-
potent stem cells (iPSCs), where these NK cells may be gene-edited
to generate target-specific CAR-NK cells (16, 17).

To date, CAR-NK cell-mediated therapy has represented an
emerging paradigm for antileukemic treatment, and clinical trials
are being conducted globally (8). Similar to T cell-mediated therapy,
the antitumor efficacy of NK cell-mediated therapy is less optimis-
tic in solid cancers, plausibly due to poor infiltration and exhaustion
of effector cells in the tumor inflammatory milieu (18, 19). Tumor
microenvironments (TME) consist of tumor cells, endothelial cells,
stromal cells, and fibroblasts, with a unique cytokine and chemokine
milieu for recruiting and modulating the phenotype of human im-
mune cells, particularly those cells of myeloid lineage (20, 21).

Conventional in vivo models, such as nude mice and nonobese
diabetic-severe combined immunodeficiency interleukin-2 (IL-2)
receptor gamma chain-null (NSG) mice, lack an immune background
that limits the understanding of immunological response during the
progression of cancers, as well as the evaluation of antitumor efficacy
of treatments, particularly immunotherapy. In addition, immune-
related toxicities are mediated by the host immune system after
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receiving immune cell therapy (11), hence the lack of an in vivo hu-
manized immune system may hamper their assessment. In this re-
gard, our group has recently established a novel humanized mouse
nasopharyngeal carcinoma-patient-derived xenografts (NPC-PDX)
model for testing immunotherapy (22). Similar to primary tumors,
tumor-infiltrating lymphocytes (TIL) were found in the NPC-PDX
in humanized mice but not in the PDX in NSG mice (22, 23), and
pharmacodynamic modulation of the immune checkpoint proteins
was observed.

In the present study, we first delineated transcriptomic differences
in NPC-PDX between humanized mice and NSG mice. In addition
to TIL, human cytokines and chemokines were detected in the tumors
from humanized mice. These elements are crucial to remodel TME
and better mimic the TME in patients with cancer. In particular,
plasma soluble programmed death ligand 1 (sPD-L1) was found in
tumor-bearing humanized mice, and membrane-bound PD-L1 was
highly expressed in these tumors, thus serving as an excellent target
for immune cell therapy. From our results, CAR-expressing NK92
cells and hematopoietic stem cell (HSC)-derived primary NK (CAR
PNK) cells targeting PD-L1 could inhibit the growth of different solid
cancers that express PD-L1, both in vitro and in vivo, while exhibiting
minimal cytotoxicity on primary human hepatocytes (PHH) and side
effects in humanized mice. Intriguingly, NPC-PDX showed an in-
crease in the antigen processing and presentation pathway in CAR
pNK cell-injected humanized mice. Because tumor-infiltrating T cells
displayed exhaustion phenotypes, combination therapy involving the
CAR pNK cells and nivolumab was applied to the mice, which re-
sulted in a synergistic anti-solid tumor response, suggesting that resto-
ration of T cell function by specific ICI could further inhibit the growth
of tumors after sensitization by the NK cell-mediated therapy.

In summary, HSC-derived CAR pNK cells highlight a potential
off-the-shelf therapeutic option for patients with solid cancers. By
combining NK cell-mediated therapy and ICI therapy, we demon-
strated better antitumor efficacy in our humanized mouse NPC-PDX
model. As other exhaustion markers, such as T cell immunoreceptor
with immunoglobulin (Ig) and ITIM domains (TIGIT) and T cell Ig
and mucin-domain containing-3 (TIM-3) were up-regulated in the
tumor-infiltrating T cells and NK cells, other combination regimens
can be assessed using this robust preclinical platform. This will enable
preclinical evaluation of previously unexplored therapeutic strategies
to treat cancers and may potentially predict and improve patients’
clinical outcomes.

RESULTS

The presence of a humanized immune system changes

the profile of TME

TIL play a pivotal role to shape TME and influence clinical outcomes
of cancer treatments (24). Therefore, our mouse cancer model with
a humanized immune system serves as a better platform to screen
for potential biomarkers and evaluate the efficacy of therapeutics
when compared to traditional immunocompromised mouse cancer
model (22). To gain insights into the transcriptomic and proteomic
difference of the tumors, NPC-PDX were engrafted in NSG mice
and humanized mice. Four weeks after the transplant, the tumors were
harvested and subjected to RNA sequencing, and their sequencing
data were compared (Fig. 1A). Heatmap analysis of differentially ex-
pressed (DE) genes demonstrated that their transcriptomic profile
was distinct (Fig. 1B), indicating that the PDX was greatly influenced by
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the infiltration of CD45" humanized immune cells (fig. S1A). Several
molecular pathways, including T cell receptor (PTPRC, ICOS, and CD3E),
cytokine-related (IL2RB, CCR5, and CD40LG), and chemokine-related
signaling (ITK, CCR5, and PIK3CG) were significantly up-regulated
in the tumors from humanized mice (Fig. 1C). Proteomic analysis fur-
ther revealed that the expressions of C-X-C motif chemokine ligand
10 (CXCL10), IL-8, and plasminogen activator inhibitor-1 (PAI-1) were
augmented in the tumors from humanized mice (Fig. 1D), which
are known to be positively correlated with the recruitment of reg-
ulatory T cells (25, 26), myeloid-derived suppressor cells (MDSC),
and M2 macrophages (27-29). Notably, the CXCL10 could also pro-
mote the recruitment of CD8" T cells in the tumors (30). Flow cytom-
etry analysis confirmed that CD8" T cells (hCD45"hCD3"hCD8"),
regulatory T cells (hCD45*"hCD3*hCD4"hCD25"hCD127"°"), and
two subsets of MDSC, including polymorphonuclear (PMN)-MDSC
(hCD45"hCD11b"hCD33*"hHLA-DR hCD14 hCD15") and early-stage
(E)-MDSC (hCD45"hCD11b"hCD33"hHLA-DR hCD14 hCD15"),
infiltrated the tumors in humanized mice but not in NSG mice (fig.
S1, B to D). Apart from local immune responses in the TME, various
inflammatory cytokines (IFN-y, IL-8, and IL-18), chemokine (MCP-1),
and immune checkpoint biomarkers [Galectin-9 (Gal-9), sPD-L1,
sCD25, and transforming growth factor-B1 (TGF-P1)] were found
in the periphery of PDX-bearing humanized mice, while these soluble
mediators were minimally detected in NSG mice (fig. S2).

From the RNA sequencing data, it was shown that gene expression
levels of several exhaustion markers, including CTLA4 and PDCD]1,
were highly up-regulated in the NPC-PDX from humanized mice
(Fig. 1E). By flow cytometry, it was validated that the expression of
PD-1 was more pronounced in tumor-infiltrating CD8" T cells and
CD56" NK cells (hCD45"hCD3 hCD16"hCD56") than those in cir-
culating CD8" T cells and CD56" NK cells (Fig. 1, F and G). Intriguingly,
other exhaustion markers, such as TIGIT and TIM-3, were consist-
ently up-regulated in the T cells and NK cells in the PDX (fig. S3). As
revealed by multiplex immunohistochemical images obtained from
paired archival tissue of the donor patients, CD8" T cells and FOXP3*
regulatory T cells were found, and these cells expressed PD-1 and/or
CTLA-4 in the primary NPC tumors (fig. S4), suggesting that the com-
position of immune cell infiltration is comparable between PDX and
primary tumors.

AssPD-L1 was found in circulation, we also examined its membrane-
bound expression level in the tumors from NSG mice and humanized
mice. It was found that transcriptional and surface protein levels of
PD-L1 were significantly higher in the isolated tumor cells from hu-
manized mice (Fig. 1, H and I). This result was validated by in situ
immunohistochemistry staining of PD-L1 in tumors (Fig. 1J). No-
tably, some of the tumor-infiltrating CD45" immune cells expressed
PD-L1 (fig. S5), and it has been suggested that other nonimmune
epithelial cells and stromal cells could also express the PD-L1 (31, 32).
The increment in the expression level of PD-L1 possibly results in
T cell and NK cell exhaustion in the tumors via PD-1/PD-L1 axis
(33, 34), which have been targeted by respective ICI, such as anti-
PD-1 or anti-PD-L1 monoclonal antibodies. We further explored
the possibility of using cell-mediated therapy to target the elevated
PD-L1 expressed on solid tumor cell surface.

CAR-engineered NK92 cells enhance the killing of
PD-L1-expressing cancers

Third-generation CAR technology was applied in this study to gen-
erate NK cells targeting PD-L1, which consists of an anti-PD-L1

20f17



SCIENCE ADVANCES | RESEARCH ARTICLE

A
¥ oo
2 S o
- - g - |2
Inject stem Collect blood to test ~ Transplant NPC-PDX Harvest tumors Perform RNA sequencing
cells to liver for reconstitution and data analysis
of NSG pups
B == == NSG mice Humice sone C Humice versus NSG mice
= D2
. . . . IL2RB, CCRS,
//LCZSSE Cytoki y receptor ) I CDAOLG
€Dt Cell adhesion molecules-| IPTPRC €Dz, IcOS
D96 T
ITK
— CTLA4 Ch ki ignaling pathway :l ITK, CCRS, PIK3CG
g e e S GPRIN3
e . S ccRs T cell receptor signaling pathway- | PTPRC, ICOS, CD3E
e ——— L GNLY
— GZMA
== ] C i
. —— ————— - and |czac, C3AR1, SERPINB2
lrg | ANKRD1 —TT—
=R — —  THRIL 0 5 10 15
I e —  CDA2R
E— = = LINCO1558 -Log(P value)
NROB2
D
" P I:I LE 3 5 14 *k S 14 *k S 14 *k
g 5 —_— 3 —_— ° —_—
£ - D CXCTi0 8 T3 2
e H 2 4
o o o
g PAI-1 5812 ¥, 12 X 12 .
2 oo * -I:I IL-8 £3 2 £3 T
X &S Lo
59 . 8% . 8%
a6 1.0 s 1.0 4 - 1.0
.o [Jee |: | | g e
i = = =1
st . ] 5 5
£ | | g ool L g L1 g ool 1L
I & &E &L &
.o <& <& &S
oo D & % & & X
E F PD-1 G CD8* T cells CD56* NK cells
- o)
@crias < i Kk *k
El J
- 1 6000 800
@ 500 \ . .
3 Ol 600
< 4000 <
! 2 a ¢ a
@162 9 Blood e 2 400 -
I~ < ™ 0 ™
@roco! g | |1 Tumor = 2000 =
Al + i : 200
[ B I
ik 9
Fold change 38
- 0= T T 0 T T
Expression level S >
p Q>°° < ‘b‘°° <
H 1 J 5x 10x
-
=
g ek 3
< N 4] e X
s 25 Isotype 2 :
H . g €
<20 9 I3
° -~ A N ; = i
S 15 NSG mice
2 I =
H . 8 || Humice 0
© 05 A 3
[ /
o 00 T T = —> §
2 & & Human PD-L1 expression level T
LRI
¢ & A

Fig. 1. TME in humanized mice is distinct from that inimmunocompromised NSG mice. (A) Schematic description showing the methodology to generate humanized
mice and workflow for RNA sequencing using NPC-PDX from humanized mice and NSG mice. (B) Heatmap of DE genes from NPC-PDX between humanized mice (n=3)
and NSG mice (n=3) is shown. (C) Signaling pathway analysis of DE genes. (D) Relative protein expressions of CXCL-10, IL-8, and PAI-1in tumor lysate from NSG mice
(n=4) and humanized mice (n =4). Data are expressed as means + SEM. **P < 0.01, two-tailed unpaired t test. (E) Volcano plot of selected DE genes between humanized
mice and NSG mice is shown. (F and G) Surface expressions of PD-1 on CD3*CD8" T cells and CD3"CD16"CD56 NK cells in circulation (blue histogram) and in tumor (red
histogram) were analyzed by flow cytometry. Data are expressed as means + SEM. **P < 0.01 and ***P < 0.001, two-tailed unpaired t test (n = 4 for both groups). MFI, mean
fluorescence intensity. (H) Relative mRNA expression level of human PD-L1 on tumor cells isolated from NPC-PDX from NSG mice (n = 5) and humanized mice (n = 5). Data
are expressed as means = SEM. ***P < 0.001, two-tailed unpaired t test. (I) Surface expression of human PD-L1 on tumor cells. Isotype control (black histogram), cells
harvested from NSG mice (blue histogram), and humanized mice (red histogram) were analyzed by flow cytometry. (J) Representative photomicrographs showing
immunohistochemical staining of human PD-L1 on NPC-PDX from NSG mice and humanized mice. Scale bars, 100 um. n =3 per group.
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single-chain fragment variable (ScFv), a spleen focus-forming virus
promoter to enhance the gene expression level, a CD8 hinge (H)
and transmembrane (TM) domain, two costimulatory domains
(CD28 and 4-1BB), and a CD3{ activation domain. In addition, an
endogenous green fluorescence protein (eGFP) reporter gene was
inserted, and a puromycin resistance gene allowed us to establish a
stable CAR NK92 cell line for robust validation of its antitumor ef-
ficacy, both in vitro and in vivo (Fig. 2A). Successful transduction
was demonstrated by immunofluorescence staining (fig. S6A), and
expression of CAR on the NK92 cell surface was further confirmed
by flow cytometry (fig. S6B). In the absence of IFN-y, HepG2 cells
expressed a lower level of PD-L1 on their cell surface (Fig. 2B), and
the cytotoxicity of CAR NK92 cells on untreated HepG2 cells was
minimal (Fig. 2C). Pretreatment of the HepG2 cells with IFN-y in-
duced PD-L1 expression, and the killing ability of CAR NK92 cells
on the IFN-y-treated cells was increased drastically (Fig. 2, B and C).
In addition, various human cancer cell lines, including A549, C666-1,
and Panc 08.13 cells that constitutively expressed the PD-L1, were
cocultured with the CAR NK92 cells (Fig. 2B). Our results demon-
strated that the CAR NK92 cells were able to lyse their target cells
more effectively when compared to those nontransduced wild-type
(WT) NK92 cells (Fig. 2C), suggesting that our CAR-NK cells can
target a broad spectrum of cancer types as long as they express PD-L1.
Apart from direct killing, NK cells are also known to lyse their target
cells through apoptosis (35). Without prior stimulation of the IFN-y,
there were no significant changes in the apoptotic rate in the HepG2
cells (Fig. 2D). In contrast, the CAR NK92 cells could induce apop-
tosis in the IFN-y-treated HepG2 cells and other human cancer
cells (Fig. 2D), accompanied by an increase in NK cell CD107a ex-
pression, which indicates a release of cytotoxic granule (Fig. 2E). By
enzyme-linked immunosorbent assay (ELISA), it was further re-
vealed that IFN-y was secreted from the CAR NK92 cells upon
stimulation with those PD-L1-expressing cancer cells (Fig. 2F).

To evaluate in vivo anti-solid tumor efficacy of CAR NK92 cells,
C666-1 cells, and NPC-PDX were inoculated into NSG mice. Upon
the formation of visible tumors, which took approximately 1 to 2 weeks,
the mice received scheduled NK cell-mediated therapy (Fig. 3A).
Compared to saline-injected and WT NK92 cell-injected mice, the
tumor size and weight of C666-1 were diminished in the CAR NK92
cell-treated group (Fig. 3, B to D). Similarly, the in vivo antitumor
effect of CAR NKO92 cells was demonstrated on the PD-L1-expressing
NPC-PDX (Fig. 3, E to G), where the PDX were established from
primary tumors of three patients. Apart from the NPC, it was found
that the CAR NK92 cells could also exhibit growth inhibitory effects
on PD-L1-expressing A549 tumors (fig. S7, A to D) and lung adeno-
carcinoma (LAC)-PDX, respectively, in the NSG mice (fig. S7, A and
E to G). These results demonstrated that the CAR-NK cells are effi-
cient in killing various solid cancer types, both in vitro and in vivo.

HSC-derived primary CAR-NK cells are efficient in killing
PD-L1-expressing solid cancers

Before infusing cells of malignant origin into patients, NK92 cells
need to be irradiated to avoid in vivo proliferation (36). To mini-
mize safety concerns, primary NK cells are preferably used for CAR-
NK cell-mediated therapy in clinics (37). In recent years, it has been
demonstrated that hESCs and iPSCs could be differentiated into NK
cells, which showed similar phenotypes and functions to those ma-
ture NK cells in peripheral blood (38, 39). In the present study,
CD34" HSC in human umbilical cord blood were expanded and
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differentiated into primary NK (pNK) cells in a feeder cell-free sys-
tem (fig. S8, A and B). By flow cytometric analysis, it was found that
the phenotype of HSC-derived pNK cells was similar to that of cord
blood NK (CB-NK) cells (Fig. 4A), despite the expression level of
CD16 of the latter being higher. In terms of their functions, CB-NK
cells and pNK cells exhibited similar cytotoxicity toward K-562 cells
(Fig. 4B) and induced apoptosis of the K-562 cells (Fig. 4C). In addi-
tion, their expression levels of CD107a and release of IFN-y were com-
parable after the coculture (Fig. 4, D and E). Next, CAR pNK cells
were generated by lentiviral transduction. The efficiency varied from
20 to 40%, subject to batch-to-batch variation of the stem cells (fig.
S8, C and D). Notably, the transduction was more efficient than
infecting the CB-NK cells directly (fig. S8D), thus resulting in a much
higher yield of the CAR pNK cells. Apart from killing C666-1 cells,
the CAR pNK cells could also lyse tumor cells isolated from the
NPC-PDX (Fig. 4F) and trigger apoptosis in the tumor cells by in-
creasing the NK cell CD107a expression and IFN-v release (Fig. 4,
G toI). In addition, the CAR pNK cells were capable of killing other
PD-L1-expressing cancer cell lines (fig. S8E).

In vivo function of the CAR pNK cells were then assessed along-
side nontransduced pNK (WT pNK) cells and CAR-expressing
primary T (CAR pT) cells to compare their antitumor efficacy, fol-
lowing the treatment schedule as shown in Fig. 3A. A reduction of
tumor burden was observed in NSG mice treated with the CAR
pPNK cells, but not the CAR pT cells, suggesting that the former
displayed a higher antitumor potency in our NPC-PDX model
(Fig. 5, A to C). The tumors were harvested 2 days after the last
cell-mediated therapy. Fluorescence-activated cell sorting (FACS)
analysis and histological examinations revealed the presence of
tumor-infiltrating NK cells and T cells (Fig. 5, D to F). Despite a
greater number of CAR pT cells persisting in the PDX, the results
from terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling (TUNEL) illustrated that more tu-
mor cells underwent apoptosis after the injection of CAR pNK cells
(Fig. 5, G and H).

As mentioned earlier, the immunosuppressive TME in human-
ized mouse model was found to more closely resemble that in pa-
tients as compared to NSG mice. Therefore, we further assessed the
efficacy and immunotoxicity of CAR-NK cell-mediated therapy in
humanized mice transplanted with NPC-PDX (Fig. 6A). After the
injection of CAR pNK cells and CAR pT cells, there was an increase
in the plasma IFN-y level, and the elevation was more pronounced
in the CAR pT cell-treated mice (fig. S9A). Because the expression
level of PD-L1 could be induced by IEN-y in vitro, we further exam-
ined the modulation of the plasma sPD-L1 level in the mice. Accom-
panied by the increase in IFN-y levels, the sPD-L1 levels in circulation
were increased in both groups, particularly in the CAR pT cell-treated
mice (fig. S9B). To demonstrate that there were no premature death
of the CAR pNK cells and CAR pT cells in circulation, these cells
were treated with human sPD-L1 recombinant protein in vitro. Our
results showed that there were no significant changes in their viabil-
ity (fig. S9C) while increasing their release of IFN-y (fig. S9D), sug-
gesting that these cells might also be activated in the circulation
after binding to the sPD-L1 before reaching the tumor sites in hu-
manized mice. Apart from the plasma IFN-y and sPD-L1, it was also
found that the transcriptome expression levels of IFN-y and PD-L1
were augmented more drastically in the PDX after the CAR pT cell
therapy (fig. S9, E and F). Intriguingly, tumor burden was reduced af-
ter the mice were injected with the CAR pNK cells (Fig. 6, B to D)
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Fig. 2. Enhanced in vitro antitumor activity in CAR-expressing NK92 cells. (A) Design of CAR construct. Puro, puromycin. SFFV, spleen focus-forming virus. (B) Surface
expression of human PD-L1 on HepG2 (untreated or IFN-y-treated), A549, C666-1, and Panc 08.13 cells. Cells stained with isotype control (blue histogram) and anti-PD-L1
antibody (red histogram) were examined by flow cytometry. WT NK92 cells (n = 4) and CAR NK92 cells (n = 4) were cocultured with various human cancer cell lines at the
indicated E:T ratios (C) or at a 10:1 ratio of E:T (D to F). (C) The percentages of NK cell cytotoxicity on different cancer cell lines are shown. (D) The extent of apoptosis as
indicated by enrichment factor. (E) CD107a expression was determined in anti-CD56-labeled NK cells after stimulation by different cancer cell lines. (F) Net release of IFN-y
after stimulation by different cancer cell lines. Data from (D) to (F) are expressed as means + SEM. **P < 0.01 and ***P < 0.001, two-tailed unpaired t test.
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Fig. 3. CAR-expressing NK92 cells exhibit better anti-solid tumor effect in NSG mice. (A) Schematic description of tumor inoculation and cell-mediated therapy in
NSG mice. The mice were either injected with C666-1 cells or transplanted with NPC-PDX, which usually took 1 to 2 weeks to form visible tumors. (B to D) NSG mice were
inoculated with C666-1 cells. After the formation of visible tumors, the mice were injected with saline (n=15), WT NK92 cells (n=15), and CAR NK92 cells (n=18). (B)
Representative image of tumors. (C) Tumor volumes are shown. Data are expressed as means + SEM. *P < 0.05 and **P < 0.01, one-way analysis of variance (ANOVA) fol-
lowed by multiple comparisons, when CAR NK92 cell-injected group is compared to saline-injected group. (D) Tumor weights are shown. Data are combined from two
independent experiments and expressed as means + SEM. *P < 0.05 and **P < 0.01, one-way ANOVA followed by multiple comparisons. (E to G) NSG mice were transplanted
with NPC-PDX. After the formation of visible tumors, the mice were injected with saline (n = 20), WT NK92 cells (n = 20), and CARNK92 cells (n = 21). (E) Representative image
of tumors. (F) Tumor volumes are shown. Data are expressed as means + SEM. **P < 0.01, one-way ANOVA followed by multiple comparisons, when CAR NK92 cell-injected
group is compared to saline-injected group. (G) Tumor weights are shown. Data are combined from three independent experiments using PDX derived from three pa-
tients and expressed as means + SEM. **P < 0.01, one-way ANOVA followed by multiple comparisons.

despite the presence of tumor-infiltrating regulatory T cells and  stating, it was found that some of the tumor-infiltrating CD45" im-

MDSC and the influence of the immunosuppressive niche. Never-
theless, mice injected with CAR pT cells did not show significant
reduction in tumor weight when compared to the saline control
group. Minimal CAR pNK cells and CAR pT cells persisted in the
PDX 2 days after the last injection (fig. S10). Of equal importance,
the in vitro and in vivo safety of CAR pNK cells was evaluated. As
shown in fig. S11A, there was a subtle increase in PD-L1 expression
after PHH were treated with IFN-y, similar to the observation in
HepG2 cells (Fig. 2B). Nevertheless, the CAR pNK cells showed a
limited increase in cytotoxicity, if any, on the IFN-y-treated PHH
in vitro (fig. S11B), while IFN-y-treated HepG2 cells were more sus-
ceptible to the CAR pNK cells (fig. S8E). By immunofluorescence

Liu etal., Sci. Adv. 8, eadd1187 (2022) 23 November 2022

mune cells expressed PD-L1 (fig. S5). Nonetheless, the CAR pNK
cells showed minimal increase in cytotoxicity when they were co-
cultured with the TIL, possibly due to the low expression level of
PD-L1 on the immune cells (fig. S11, C and D). Besides, the CAR
PNK cells only exhibited mild cytotoxicity on the nonimmune stro-
mal cells while showing better killing effects on the tumor cells
(fig. S11, C and D). Recently, it has been reported that the amino acid
sequence between human PD-L1 and mouse PD-L1 is well con-
served, and their structures are almost identical (40). By flow cy-
tometry, we proved that mouse PD-L1 recombinant protein could
bind with our CAR (fig. S12A). As shown in fig. S12 (B and C), the
mouse PD-L1 expression level in liver and lung was up-regulated
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Fig. 4. Phenotypic and functional characterization of CAR-expressing HSC-derived NK cells. (A) Surface expressions of NK cell-specific markers under the gate of
human CD45" and CD56" subset. Cells stained with isotype control (blue histogram) and indicated PE-conjugated antibodies (red histogram) were examined by flow
cytometry. CB-NK cells (n =4) and pNK cells (n = 4) were cocultured with K-562 cells at the indicated E:T ratios (B) or at a 10:1 ratio of E:T (C to E). (B) The percentages of NK
cell cytotoxicity on K-562 cells are shown. (C) The extent of apoptosis as indicated by enrichment factor. (D) CD107a expression was determined in anti-CD56-labeled NK
cells after stimulation by K-562 cells. (E) Net release of IFN-y after stimulation by K-562 cells. WT pNK cells (n =4) and CAR pNK cells (n =4) were cocultured with C666-1
cells or tumor cells isolated from NPC-PDX at the indicated E:T ratios (F) or ata 10:1 ratio of ET (G to I). (F) The percentages of NK cell cytotoxicity on tumor cells are shown.
(G) The extent of apoptosis. (H) CD107a expression on NK cells after stimulation by tumor cells. () Net release of IFN-y after stimulation by tumor cells. Data from (C) to (E)
and (G) to (1) are expressed as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, two-tailed unpaired t test.
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visible tumors, the mice were injected with saline (n =5), WT pNK cells (n =5), CAR pNK cells (n =5), and CAR pT cells (n =5). (A) Representative image of tumors.
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sons. *P < 0.05, when CAR pNK cell-injected group is compared to saline-injected group; #P < 0.05 and ##P < 0.01, when CAR pNK cell-injected group is compared to
CAR pT cell-injected group. (C) Tumor weights are shown. Data are expressed as means + SEM. *P < 0.05 and ***P < 0.001, one-way ANOVA followed by multiple com-
parisons. (D and E) Representative FACS plots showing the infiltration of CD37CD56" NK cells (D) and CD3*CD56™ T cells (E) in tumors. (F) Representative photomicro-
graphs showing immunohistochemical staining in tumors. The presence of NK and T cells was indicated by the expression of NCR1 and CD3, respectively. Scale bars,
100 um. n =5 per group. (G) Representative photomicrographs showing TUNEL in tumors. Apoptotic cells were labeled by red fluorescence. Scale bars, 100 um.n=5
per group. DAPI, 4',6-diamidino-2-phenylindole. (H) Signal intensity of TUNEL is quantified from the images, and data are expressed as means + SEM. ***P < 0.001, one-
way ANOVA followed by multiple comparisons.
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Fig. 6. Evaluation of antitumor efficacy and safety of CAR pNK cells in NPC-PDX-bearing humanized mice. (A) Schematic description of PDX engraftment and
cell-mediated therapy in humanized mice. (B to D) Humanized mice were transplanted with NPC-PDX. After the formation of visible tumors, the mice were injected with
saline (n=9), WT pNK cells (n=10), CAR pNK cells (n=13), and CAR pT cells (n = 7). (B) Representative image of tumors. (C) Tumor volumes are shown. Data are expressed
as means = SEM. (D) Tumor weights are shown. Data are expressed as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA followed by multiple compar-
isons. (E) Survival curve of NSG mice after treatment with saline (n = 36), WT pNK cells (n = 34), CAR pNK cells (n = 38), and CAR pT cells (n = 20). Data are combined from at
least three independent experiments. (F) Survival curve of humanized mice after treatment with saline (n =20), WT pNK cells (n=12), CAR pNK cells (n =28), and CAR pT
cells (n=22). Data are combined from at least three independent experiments. The survival rate of mice between CAR pNK cell-injected group and CAR pT cell-injected
group is compared by Kaplan-Meier analysis via a log-rank test. **P < 0.01. (G to I) Blood samples were collected from humanized mice 2 days after the last treatment with
saline (n =12 for IL-6 and IL-10; n =19 for IFN-y), WT pNK cells (n=11), CAR pNK cells (n=16), and CAR pT cells (n=11). Plasma concentrations of IFN-y (G), IL-6 (H), and
IL-10 (1) were determined by LEGENDplex. Data are expressed as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA followed by multiple comparisons.

after PDX-bearing humanized mice were treated with CAR pNK cells  elevated in the humanized mice treated with the CAR pT cells but
and CAR pT cells. These cells might also bind to the mouse PD-L1-  not CAR pNK cells (Fig. 6, G to I). This suggested that the former
expressing normal cells in the organs. Intriguingly, the survival rate  might elicit CRS in the presence of the humanized immune system.
of NSG mice among different treatment groups was comparable, To confirm whether the T cell-mediated therapy led to organ dam-
while a significant reduction in the survival rate was observed in  age, liver and lungs were subjected to pathological evaluation. From
the CAR pT cell-injected humanized mice (Fig. 6, E and F) butnot  the results, the liver and lungs from saline (fig. S13, A and E) and CAR
in the CAR pNK cell-treated group. Hence, the decrease in surviv-  pNK cell-treated groups (fig. S13, B and F) showed normal histology.
ability of the CAR pT cell-treated mice might also be contributed ~However, after the treatment of CAR pT cells, there were widespread
by the release of soluble mediators. By LEGENDplex, it was found that  multifocal aggregates of mononuclear cells that include lymphocytes
plasma concentrations of IFN-y, IL-6, and IL-10 were significantly  or histiocytes present in hepatic parenchyma. The mononuclear cells
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were mostly confined to perivascular area, and their presence was
associated with multinucleated giant cells exhibiting a granulomatous
inflammation (fig. S13, C and D). Besides, alveoli were mildly hyper-
plastic and infiltrated with the moderate presence of mixed inflam-
matory cells, such as mononuclear cells and, to some extent, few PMN
cells in the lungs (fig. S13, G and H). Together, the surge of various
cytokines under circulation and pathological conditions in the liver
and lung might lead to the reduction in mouse body weight (fig.
S$13I) and survivability after CAR pT cell-mediated therapy.

Combination therapy using CAR pNK cells and nivolumab
shows a synergistic antitumor response in a humanized
mouse NPC-PDX model

To investigate the transcriptomic changes in NPC-PDX after cell-
mediated therapy and identify potential combination regimens, the
tumors were sent for bulk RNA sequencing. Compared to saline-
injected group, there was an up-regulation of NK cell-mediated cyto-
toxicity pathway (TYROBP, KLRD1, and FCERIG), as well as antigen
processing and presentation pathway (CTSL, KLRDI, and CD8A)
after CAR pNK treatment (Fig. 7, A and B). Because T cells were the
predominant immune cell type in the tumors (fig. S1B), we postu-
lated that the presented antigens might be recognized by the tumor-
infiltrating T cells for further antitumor effect. Nonetheless, these
T cells exhibited exhaustion phenotypes (Fig. 1, F and G), which might
impede their functions. To overcome this issue and assay the effect of
combination therapy with different ICI, ipilimumab or nivolumab
was used along with CAR pNK to block the immune inhibitory sig-
nals in TME (Fig. 7C). In line with our previous findings (22) and
paired outcomes from donor patients treated with immunotherapy
(fig. S14), treatments involving these antibodies alone did not re-
duce the tumor burden of NPC-PDX in humanized mice (Fig. 7, D,
F, and G). However, it was found that more CD3" T cells were pres-
ent in the PDX when the mice were treated with ipilimumab, and a
reduction in CD4/CD8 ratio was observed when the mice received
nivolumab treatment (fig. S15). Next, the CAR pNK cells were ad-
ministered into the mice, in combination with the ICI (Fig. 7C).
From our results, the combination of NK cell-mediated therapy
and ipilimumab did not further reduce the PDX burden. In con-
trast, dual therapy using the CAR pNK cells and nivolumab resulted
in a synergistic antitumor response in vivo (Fig. 7, E to G), which
might partially due to the restoration of host T cell function. Collec-
tively, the NK cell-mediated therapy could sensitize the tumors,
increase antigen processing and presentation, and enhance the kill-
ing ability of tumor-infiltrating immune cells after the treatment of
specific ICL

DISCUSSION

Cancer immunotherapy using genetically modified immune effec-
tor cells represents an emerging treatment option for patients. In
particular, CAR expression on NK cells facilitates the recognition of
tumor-associated antigens, thus enhancing NK cell cytotoxicity on
tumor cells (8). Despite their astonishing activity in the treatment of
hematological malignancies, the antitumor efficacy remains unsat-
isfactory in solid cancers (18, 19), likely due to the unique immuno-
suppressive TME. In the presence of a humanized immune system,
our model better simulates the TME in patients when compared to
immunocompromised NSG mice (22). Hence, we aimed to screen
for potential targets for solid cancer treatments based on the TME

Liu etal., Sci. Adv. 8, eadd1187 (2022) 23 November 2022

difference between NSG mice and humanized mice. Our RNA se-
quencing data revealed that the transcriptomic profile of NPC-PDX
in humanized mice is distinct from that in NSG mice, suggesting
that the PDX is influenced by the infiltration of CD45" humanized
immune cells, which is congruent with findings from other studies
(41, 42). Besides, protein expressions of CXCL-10, IL-8, and PAI-1
were found to be increased in PDX lysate. These mediators are re-
sponsible for recruiting tumor-infiltrating regulatory T cells (25, 26)
and MDSC (27, 28). Immunosuppressive cell subsets, such as regu-
latory T cells, PMN-MDSC, and E-MDSC, as well as exhausted T cells
and NK cells, were found in the PDX from humanized mice. This is
reflective of subpopulations that have appeared in the NPC micro-
environment from paired archival tissue of the donor patients and
in patients from other study (43). Besides, it has been proposed that
localized immune responses in the TME cannot exist without con-
tinuous coordination with the peripheral immune system (44). In
addition to the presence of humanized immune cells, various in-
flammatory cytokines (IFN-y, IL-8, and IL-18), chemokine (MCP-1),
and immune checkpoint biomarkers (Gal-9, sPD-L1, sCD25, and
TGF-B1) were found in the circulation in PDX-bearing humanized
mice. These peripheral immune cells and soluble mediators play a
crucial role in tumor development, while these elements were either
absent or minimally detected in the immunocompromised NSG
mice. Because the coordination of the peripheral immune system and
TME more closely resembles that in patients, the humanized mouse
model can improve our understanding of systemic immunity during
tumor progression and provide a more accurate platform to develop
and assess antitumor efficacy and safety of different treatment regi-
mens, particularly immunotherapies.

In our study, we found that sPD-L1 was present in the circulation
of NPC-PDX-bearing humanized mice, and the membrane-bound
PD-L1 expression level in the PDX from humanized mice was sig-
nificantly higher when compared to that from NSG mice, where tu-
mor cells, nonimmune stromal cells, and a minor population of CD45*
TIL expressed the PD-L1 on their cell surface. It is possible that the
presence of IFN-y in humanized mice induces the PD-L1 expres-
sion on the tumor cells (45), which serves as an excellent target for
both cell-mediated therapy and ICI therapy. As a proof of concept,
our third-generation stable CAR NK92 cell line that targets PD-L1
showed superior cytotoxicity and induced apoptosis in various hu-
man cancer cell lines that express the PD-L1, and the results are com-
parable to those aforementioned studies using high-affinity NK92
cells (46-48). Upon coculturing with the PD-L1-expressing cancer
cells, the CAR NK92 cells showed augmented degranulation, as re-
flected by increasing their CD107a expression and releasing more
IFN-y. Besides, the CAR NK92 cells could suppress the growth of
C666-1 cells in NSG mice. Moreover, PD-L1-expressing NPC-PDX
established from different donors were transplanted into the NSG
mice. From our results, it was found that the CAR NK92 cells could
hinder the growth of these PDX more effectively when compared to
WT NK92 cells, suggesting that the antitumor effect of the CAR NK92
cells was not PDX specific. Similarly, the CAR NK92 cells could ex-
hibit growth inhibitory effects on lung cancer A549 cells and LAC-PDX
that express the PD-L1. These results demonstrated that our CAR-NK
cells are efficient in killing different solid cancer types, both in vitro
and in vivo.

To date, NK92 is the only human NK cell line that has been ap-
proved for NK cell-mediated therapy in clinical trials (36). These
cells were derived from a progressive non-Hodgkin’s lymphoma
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(49), and irradiation of these cells is essential to reduce their prolif-  subsequent cell therapy. However, one of the major caveats is that
erative ability before infusing them into patients (36). Apart from  the primary NK cells are resistant to gene transfer, where vesicular
the NK92 cells, primary NK cells from human peripheral blood or  stomatitis virus type G lentiviral vectors that are typically used to
cord blood can be isolated and genetically engineered with CAR for ~ generate CAR-T cells, calcium phosphate precipitation, liposome
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reagents, and electroporation techniques showed a limited gene trans-
duction rate (50). Until more recently, baboon envelope pseudo-
typed lentiviral vectors have been shown to improve the transduction
efficiency (51). Alternatively, primary NK cells can be differentiated
from multipotent progenitor cells and pluripotent stem cells, such
as hESCs, iPSCs, mobilized bone marrow stem cells, and umbilical
cord blood stem cells (17, 39). Compared to mature NK cells, these
progenitor and stem cells demonstrated higher transduction effi-
ciency (52). In the current study, HSC obtained from human cord
blood samples and differentiated into NK cells presents a viable
method to develop CAR-NK cells for clinical use. We first illustrated
that pNK cells showed similar phenotypes and functions when com-
pared to CB-NK cells, despite the latter expressing a higher level of
CD16. In clinic, large numbers of CAR-NK cells, ranging from 2 x
10° to 4 x 10° cells/kg, are needed for single or multiple infusions
into patients (52, 53). Compared to the CB-NK cells, HSC showed a
better expansion capacity and transduction efficiency. Hence, it is
feasible to generate an ample number of CAR pNK cells for single or
multiple adoptive transfers. Apart from the cytotoxicity on PD-L1-
expressing human cancer cell lines, the CAR pNK cells, but not
CAR pT cells, could inhibit the growth of NPC-PDX in NSG mice.
Despite there was a higher number of tumor-infiltrating CAR pT cells,
the CAR pNK cell-mediated therapy could elicit more apoptosis in
the tumors. One of the possibilities is that the NK cells can lyse tu-
mor cells without prior priming, while the T cell function is major
histocompatibility complex (MHC)-restricted (54). Further, we showed
that our current CAR pNK cell-mediated therapy retained its antitumor
potency on NPC-PDX despite the presence of tumor-infiltrating im-
munosuppressive leukocytes and the influence of TME in human-
ized mice. Accompanied by an increase in IFN-y after cell-mediated
therapy, the level of plasma sPD-L1 and membrane-bound PD-L1
expression in the PDX was enhanced, particularly in the mice treated
with CAR pT cells. However, there were no significant changes in the
tumor burden after the injection of CAR pT cells, suggesting that
other factors, such as the release of soluble mediators upon binding
to the PD-L1-expressing tumor cells, might affect their antitumor po-
tency. Minimal CAR pNK cells and CAR pT cells persisted in the PDX
2 days after the last injection. It has been reported that CAR-NK cells
generally had a short life span in vivo (55), while a hypoxia TME might
disturb the cytotoxicity of NK cells and the recruitment of CD8" T cells
into tumor areas (56, 57). Further improvements of CAR design might
be beneficial to the infiltration, cytotoxicity, and persistence of the
CAR-expressing immune cells for better antitumor outcomes.
Administration of ICI targeting PD-1 and other immune check-
points is now an established clinical treatment standard for NPC, as
several exhausted and immunosuppressive cell subsets, including
HAVCR2'PD-1" T cells, CD25"FOXP3*CTLA-4" regulatory T cells,
and CD68" myeloid-derived cells, are found in patient TME (31, 43).
However, the reported objective response rates using anti-PD-1 mono-
clonal antibody and other ICI were around 20% in different single-
arm trials (23). Consistent with the lack of response in donor patients
in the clinic, treatments involving ipilimumab or nivolumab alone
did not reduce the burden of NPC-PDX in humanized mice, although
more CD3" T cells were infiltrated into the PDX after ipilimumab
treatment and CD4/CD8 ratio was reduced after nivolumab treat-
ment when compared to saline-treated group. As demonstrated by our
previous findings, the ICI treatment mainly restored the function of
tumor-infiltrating T cells, which was indicated by an increase in their
activation marker HLA-DR and cytokine production (22). However,
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the restoration of T cell function alone was not sufficient to reduce
the tumor burden. In recent years, it has been proposed that other
modes of cancer therapy, including radiotherapy, chemotherapy,
and gene-targeted therapies, could modulate the immunosuppres-
sive TME and potentially synergize with ICI therapy (58). Our RNA
sequencing data revealed an increment in antigen processing and
presentation pathway after the injection of CAR pNK cells in human-
ized mice, suggesting that the host immune system was also stimu-
lated after the treatment, despite the existence of immunosuppressive
and exhausted tumor-infiltrating immune cells. Thus, blocking inhib-
itory signals in these cells, in combination with the NK cell-mediated
therapy, might further improve their antitumor functions. Encour-
agingly, treatment regimens involving CAR pNK cells and nivolum-
ab, but not ipilimumab, resulted in a synergistic antitumor response
in the humanized mice. It is anticipated that PD-L1-expressing tu-
mor cells were first targeted and lysed by the CAR pNK cells, and
the presented antigens were further recognized by tumor-infiltrating
T cells to regress local tumors, where these cells could respond to
specific ICI and reinvigorate their functions in our model. Further
examinations of mRNA differential expression in NPC-PDX among
different treatment regimens, such as CAR pNK cell-treated group,
nivolumab-treated group, and CAR pNK cell and nivolumab-treated
group, either in synchronous or sequential manner, might provide
insights to identify potential therapeutic targets in the future, and the
sequential administration of CAR pNK cells and nivolumab might
result in different antitumor efficacy. Notably, the CAR pNK cells
might acquire PD-1-expressing exhaustion phenotype when they
infiltrated into the tumors, but considering the strong activation
motifs carried by the CAR pNK cells and their short life span, the
nivolumab treatment might not have remarkable impact on the
tumor-infiltrating CAR pNK cells when compared to the host tumor-
infiltrating T cells.

Apart from antitumor efficacy, the safety of NK cell-mediated
therapy was investigated. After treatment with IFN-v, there was an
increase in PD-L1 expression on both PHH and HepG2 cell surface.
However, CAR pNK cells showed limited in vitro cytotoxicity on
the former, whereas the latter were more susceptible to the CAR
PNK cells. Similarly, the CAR pNK cells exhibited minimal cytotox-
icity on the CD45" TIL when compared to the tumor cells isolated
from the same PDX. One of the possibilities is that NK cells recog-
nize the absence of self-antigens on tumor cells via the interaction
between killer cell Ig-like receptors on NK cell surface and MHC-I
molecules on cancer cell surface. In contrast, normal healthy cells
express MHC-I molecules on their surface, which serve as ligands
for inhibitory receptors on NK cells and contribute to NK cell tolerance
(53). Tumor-bearing humanized mice injected with CAR pT cells re-
sulted in a drastic reduction in their survivability, when compared
to that after CAR pNK treatment. It is conceivable that one of the
side effects of T cell-mediated therapy is the induction of CRS, which
is featured by a massive release of inflammatory cytokines, includ-
ing IFN-y, tumor necrosis factor-a, IL-6, and IL-10 (11, 59). Con-
sistently, we found that plasma concentrations of IFN-y, IL-6, and
IL-10 were significantly up-regulated in tumor-bearing humanized
mice after CAR pT treatment but not in the CAR pNK cell-treated
mice. In particular, the increase in IFN-y might further induce the
expression of mouse PD-L1 in liver and lung. Pathological condi-
tions were observed in these organs, which might partially explain
the reduction in mouse body weight and survivability after the CAR
pT cell-mediated therapy. Notably, it has been suggested that host
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immune cells play a crucial role in the pathogenesis of CRS, and
depletion of macrophages and monocytes might reduce the severity
of the CRS (11). Hence, further use of the humanized mouse model
is warranted to identify mechanisms that lead to CRS and other
irAE and to assess the safety of different cancer treatments, includ-
ing but not limiting to cell-mediated therapy and ICI therapy.

Together, we illustrated that TME in the humanized mouse model
more closely resembles that in patients. This provides a better plat-
form to identify molecular targets, develop therapeutic drugs, and
assess their antitumor efficacy and immunotoxicity in the presence
of the humanized immune system. Pursuing an unmet need in the
treatment of solid cancers, dual therapy using HSC-derived CAR
pNK cells and nivolumab was tested in this study, and we observed
a notable growth inhibitory effect on NPC-PDX in humanized mice.
Besides, the expression levels of other immune checkpoint receptors,
including but not limiting to TIGIT and TIM-3, were also up-regulated
in the tumor-infiltrating T cells and NK cells in humanized mice, and
their signaling is strongly associated with immune-response regula-
tion and tumor progression (60). Hence, further evaluations of com-
bination regimens in the humanized mice are highly warranted to
provide insights for developing next-generation cancer immuno-
therapies and improve clinical outcomes in patients.

MATERIALS AND METHODS

Study design

TIL play a crucial role to shape TME and influence clinical outcomes
of cancer treatments. In the presence of a humanized immune sys-
tem, our model better simulates the TME in patients when com-
pared to immunocompromised NSG mice. Hence, this study aimed
to identify and validate potential targets for solid cancer treatments
based on the TME difference between NSG mice and humanized
mice. Taken as an example, we observe that membrane-bound PD-L1
was highly expressed in the PDX in humanized mice, thus serving
as an excellent target for immune cell therapy. Hence, we established
a CAR NK92 cell line targeting the PD-L1 to investigate in vitro and
in vivo CAR-NK cell-mediated anti-solid tumor effects and the ac-
tion mechanisms, if any. To minimize potential safety concern using
the NKO92 cell line, we further generated HSC-derived CAR pNK cells.
The in vitro cytotoxicity of CAR pNK cells toward human cancer cells,
in vivo anti-solid tumor efficacy and safety, action mechanisms, and
transcriptomic changes were assessed. Notably, the immunosuppres-
sive TME in humanized mice might lead to immune effector cells
exhaustion, which hamper their antitumor functions. Hence, the
anti-solid tumor efficacy of CAR pNK cells, either alone or in com-
bination with different ICI, was evaluated. In our study, mice were
randomly divided into different treatment groups once they showed
tumor growth, and no animals were excluded because of humane
end point. Researchers were not blinded to the treatments.

Mouse strain and generation of humanized mice

NSG mice were purchased from The Jackson Laboratory and bred
in a specific pathogen-free condition at Biological Resource Centre
in Agency for Science, Technology and Research (A*STAR), Singapore.
Humanized mice were generated as described elsewhere (22). Briefly,
human cord blood CD34" HSC (2 x 10° per pup; Lonza Bioscience,
Basel, Switzerland) were inoculated into NSG pups by intrahepatic
injection after the pups were sublethally irradiated at 1 Gy. Ten to
12 weeks after the injection, blood samples were collected from the
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mice, and human immune cell engraftment (chimerism) in the mice
was determined by flow cytometry. The chimerism was calculated
by [% human CD45"/(% human CD45" + % mouse CD45")], and hu-
manized mice with the chimerism between 20 and 50% were used
for subsequent experiments.

SingHealth and National Health Care Group Research Ethics Com-
mittees Singapore specifically approved this study [Institutional Re-
view Board (IRB) number: 2020-040]. All animal experiments were
conducted in strict accordance with the guidelines on Care and Use of
Animals for Scientific Purposes, which are released by the National
Advisory Committee on Laboratory Animal Research, Agri-Food and
Veterinary Authority of Singapore, and International Animal Care
and Use Committee (IACUC) at A*STAR. The IACUC specifically
approved this study (IACUC numbers: 181367 and 191440).

Nasopharyngeal carcinoma and LAC xenografts

Primary tumors of NPC and LAC were collected from National
Cancer Center Singapore (NCCS), with written consent obtained
from patients and in strict accordance with the institutional ethical
guidelines of NCCS. SingHealth and National Health Care Group
Research Ethics Committees Singapore specifically approved this study
(IRB numbers: 2016/2887 and 2007/444/B). NPC-PDX and LAC-PDX
were established in NSG mice as described previously (22).

RNA sequencing and data analysis

NPC-PDX in NSG mice and humanized mice were harvested, and
total RNA was extracted using TRIzol Reagent (Thermo Fisher Sci-
entific, Waltham, MA, USA). The total RNA of each sample was then
quantified and qualified by NanoDrop (Thermo Fisher Scientific)
and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
USA). Next, 1 ug of total RNA was used for library preparations
according to the manufacturer’s protocol (VAHTS mRNA-seq V3
Library Prep Kit for Illumina). The poly(A) mRNA isolation was per-
formed using the Poly(A) mRNA Magnetic Isolation Module. The
mRNA fragmentation and priming were performed using First-Strand
Synthesis Reaction Buffer and Random Primers, where first- and
second-strand cDNAs were synthesized using ProtoScript II Reverse
Transcriptase and Second Strand Synthesis Enzyme Mix, respec-
tively. The double-stranded cDNA was purified by beads and further
treated with End Prep Enzyme Mix. Size selection of adaptor-ligated
DNA was then performed using beads, and fragments of ~400 bp
(with an approximate insert size of 300 bp) were recovered. The sam-
ples were amplified by polymerase chain reaction (PCR) using P5
and P7 primers. Subsequently, PCR products were cleaned up using
beads, validated using a Qsep100 (Bioptic, Taiwan), and quantified by
a Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). Libraries
with different indices were multiplexed and loaded on an Illumina
Novaseq instrument according to the manufacturer’s instructions
(IMlumina, San Diego, CA, USA). Sequencing was performed using a
2 x 150 paired-end configuration. Image analysis and base calling were
conducted by NovaSeq Control Software + OLB + GAPipeline-1.6
(Illumina) on the NovaSeq instrument. After sequencing, the reads
were analyzed on Partek Flow software (Partek Inc., St. Louis, MO,
USA). In essence, the reads were mapped to the hg38 reference ge-
nome using STAR aligner. The aligned reads were quantified and an-
notated based on RefSeq transcripts (version 99). Differential gene
expression analysis was performed using the Partek GSA algorithm, and
overrepresentation enrichment analysis was performed using Kyoto
Encyclopedia of Genes and Genomes Pathways (Homo sapiens).

130f 17



SCIENCE ADVANCES | RESEARCH ARTICLE

Flow cytometric analysis

Before surface marker staining, all cells were stained with a dye pro-
vided in the LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Sigma-
Aldrich, Saint Louis, MO, USA) at room temperature for 15 min. To
examine the presence of CAR on NK cell surface, biotinylated protein
L (GeneScript, Piscataway, NJ, USA) and Allophycocyanin (APC)-
conjugated streptavidin (BioLegend, San Diego, CA, USA) were used.
In essence, the cells were stained with the biotinylated protein L
(10 pg/ml) at 4°C for 15 min. Afterward, the cells were washed with
phosphate-buffered saline (PBS) and incubated with the APC-
conjugated streptavidin (5 pg/ml) at 4°C for 30 min.

To determine the binding between mouse PD-L1 recombinant
protein and CAR on NK cell surface, the cells were incubated with
mouse PD-L1 protein-His tag (10 pg/ml; Sino Biological Inc., China)
at room temperature for 1 hour, followed by an incubation of APC-
conjugated anti-His tag (R&D Systems, Minneapolis, MN, USA) at
4°C for 30 min.

The expression level of human PD-L1 on different cells was ex-
amined using anti-human PD-L1 (clone 29E.2A3) and isotype con-
trol antibodies (mouse IgG2b, clone MG2b-57). AIlFACS antibodies
are purchased from BioLegend, unless otherwise specified. The fol-
lowing antibodies were used in this study: (i) anti-human antibodies:
CD3 (clone UCHT1, BD Biosciences, Franklin Lakes, NJ, USA), CD4
(clone SK3, BD Biosciences), CD8 (clone SK1), CD11b (clone ICRF44),
CD14 (clone HCD14), CD15 (clone W6D3), CD16 (clone 3G8), CD19
(clone HIB19), CD25 (clone 2A3, BD Biosciences), CD33 (clone WM53,
BD Biosciences), CD34 (clone 581), CD45 (clone HI30, BD Biosciences),
CD56 (clone HCD56), CD57 (clone QA17A04), CD94 (clone 18d3),
CD107a (clone H4A3), CD127 (clone A019D5), CD133/2 (clone 293C3,
Miltenyi Biotec, Germany), BTLA (clone MIH16), CTLA-4 (clone BNI3),
HLA-DR (clone 1243, BD Biosciences), LAG-3 (clone 3DS223H,
Thermo Fisher Scientific), NKG2A (clone REA110, Miltenyi Biotec),
NKG2D (clone REA797, Miltenyi Biotec), NKp30 (clone REA823,
Miltenyi Biotec), NKp44 (clone 2.29, Miltenyi Biotec), NKp46 (clone
9E2/NKp46, BD Biosciences), PD-1 (clone EH12.1, BD Biosciences),
TIGIT (clone MBSA43, Thermo Fisher Scientific), and TIM-3 (clone
F38-2E2); (ii) anti-mouse antibody: CD45 (clone A20); (iii) isotype
control antibodies: mouse G1 (MOPC-21) and rat IgG2a (clone
RTK2758).

Flow cytometric analysis was performed on a LSRII flow cytometer
using FACSDiva software (Becton Dickinson, Sparks, MD, USA). Hun-
dred thousand events were collected per sample and analyzed using
Flow]Jo software version 10 (TreeStar, Ashland, OR, USA).

Cytokine array

The relative protein expressions of intratumoral cytokines from NSG
and humanized mice were analyzed using the Proteome Profiler
Human Cytokine Array Kit (R&D Systems) according to the manu-
facturer’s instructions. Briefly, NPC-PDX were harvested and tumor
fragments were digested in radioimmunoprecipitation assay buffer
(Thermo Fisher Scientific). Protein concentration was determined
by Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Lab-
oratories, Hercules, CA, USA), and 200 pg of protein was applied to
each membrane. The cytokines were detected using streptavidin-
horseradish peroxidase and chemiluminescent reagent mix. Subse-
quently, the pixel density of each dot was determined using Image]
software (National Institutes of Health, Bethesda, MD, USA), and
the readout from each sample dot was normalized using the average
reading of six positive control dots.
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Quantification of plasma cytokines, chemokines,

and immune checkpoint molecules

Plasma cytokines and chemokines levels and immune checkpoint
biomarkers from NSG and humanized mice were determined by
LEGENDplex Human CD8/NK Panel, Human Inflammation Panel
1, and HU Immune Checkpoint Panel 1 (BioLegend) according to
the manufacturer’s instructions. The profile was analyzed by flow
cytometry and LEGENDplex data analysis software (BioLegend).

Quantitative real-time PCR

NPC-PDX in NSG mice and humanized mice were harvested. Tu-
mors were first digested into single-cell suspension using the Tu-
mor Dissociation Kit, Human (Miltenyi Biotec). Viable human cells in
the cell suspensions were then selected using the Dead Cell Removal
Kit (Miltenyi Biotec) and the Mouse Cell Depletion Kit (Miltenyi
Biotec), followed by incubating with CD45 (TIL) MicroBeads, Hu-
man (Miltenyi Biotec). The eluted tumor cells were collected. Total
RNA from the tumor cells was extracted using TRIzol Reagent and
subjected to reverse transcription using the QuantiTect Reverse Tran-
scription Kit (Qiagen, Germany). Gene expressions of human PD-L1
and human IFN-y were quantified by real-time PCR using SsoFast
EvaGreen supermix (Bio-Rad Laboratories). The reaction was per-
formed on CFX Connect Real-Time PCR Detection System (Bio-Rad
Laboratories). Relative gene expressions of the human PD-L1 and
human IFN-y were analyzed using the 2°**“Y method and normalized
relative to human B-actin. Primer sequences used are listed as follows:
human PD-L1 forward, 5'-GCTGCACTAATTGTCTATTGGGA-3';
human PD-L1 reverse, 5'-AATTCGCTTGTAGTCGGCACC-3’; hu-
man IFN-y forward, 5'-TCGGTAACTGACTTGAATGTCCA-3'; hu-
man IFN-y reverse, 5'-TCGCTTCCCTGTTTTAGCTGC-3’; human
B-actin forward, 5'-GGGTCAGAAGGATTCCTATG-3'; human B-actin
reverse, 5'-GGTCTCAAACATGATCTGGG-3'.

Similarly, total RNA from liver and lung from PDX-bearing hu-
manized mice was extracted using TRIzol Reagent and subjected to
reverse transcription using the QuantiTect Reverse Transcription
Kit. Gene expression of mouse PD-L1 was quantified by real-time
PCR, and relative gene expression of the mouse PD-L1 was analyzed
as described above. Primer sequences used are listed as follows: mouse
PD-L1 forward, 5-GCTCCAAAGGACTTGTACGTG-3'; mouse PD-L1
reverse, 5'-TGATCTGAAGGGCAGCATTTC-3’; mouse B-actin for-
ward, 5'-ACAGAGCCTCGCCTTTGCC-3'; mouse B-actin reverse, 5'-
GATATCATCATCCATGGTGAGCTGG-3'.

Immunohistochemical staining

Tumors were formalin-fixed (Sigma-Aldrich) at room temperature
for 24 hours, paraffin-embedded (Leica, Germany), sliced into 5-um
sections, and stained for human PD-L1, human CD3, and human NCR1
using their respective antibodies purchased from Abcam (Cambridge,
MA, USA), followed by hematoxylin counterstain (Thermo Fisher
Scientific). The stained images were captured using a ZEN fluorescence
microscope (Zeiss, Germany) with ZEN 2 acquisition software (Zen
Blue Version, Zeiss).

Immunofluorescence staining

Tumors were embedded and frozen. Fixed cryostat sections were
incubated with anti-human CD3 antibody conjugated with Phyco-
erythrin (PE) (Miltenyi Biotec), anti-human CD45 antibody conjugated
with PE (Miltenyi Biotec), anti-human CD56 antibody conjugated
with PE (Miltenyi Biotec), and/or unconjugated anti-human PD-L1
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antibody. After washing, slides were probed with Alexa Fluor 488 dye-
conjugated secondary antibodies (Thermo Fisher Scientific), when-
ever indicated, mounted with ProLong Diamond Antifade Mountant
(Thermo Fisher Scientific), and the signals were examined using an
Eclipse Ti-E fluorescence microscope (Nikon, Tokyo, Japan).

To confirm successful transduction of CAR in NK92 cells, non-
transduced WT NK92 and CAR NK92 cells (1 x 10* cells in 100 pl
of PBS) were seeded onto a microscopic slide by cytocentrifugation
at 500 rpm for 5 min using Shandon Cytospin centrifuge (Shandon
Scientific Ltd., UK). The cells were then air-dried, fixed with 4% para-
formaldehyde for 15 min, and mounted with ProLong Diamond
Antifade Mountant. GFP signal in the cells was examined using an
Eclipse Ti-E fluorescence microscope.

Cell culture
Human non-Hodgkin’s lymphoma NK92 cells were cultured in com-
plete RPMI 1640 medium (Cytiva Life Sciences, Marlborough, MA,
USA) containing human IL-2 recombinant protein (200 IU/ml;
Miltenyi Biotec) and 10% fetal bovine serum (FBS; Gibco, Grand
Island, NY, USA). Human hepatocellular carcinoma HepG2 cells,
human embryonic kidney (HEK) 293T cells, and lung carcinoma
A549 cells were cultured in complete Dulbecco’s modified Eagle’s
medium (Cytiva Life Sciences) containing 10% FBS. Human IFN-y
(Miltenyi Biotec) was supplemented at a concentration of 10 pg/ml
medium, whenever indicated, to induce the expression of PD-L1 on
the HepG2 cells or PHH. Human NPC C666-1 cells, erythroleukemic
K-562 cells, and pancreatic carcinoma Panc 08.13 cells were cultured
in complete RPMI 1640 medium containing 10% FBS. All the cell
lines were purchased from American Type Culture Collection.
Primary NK cells were differentiated from human CD34" HSC
using the StemSpan NK Cell Generation Kit according to the man-
ufacturer’s instructions (STEMCELL Technologies). The purity and
phenotype of the cells were examined by flow cytometry after 28-day
differentiation (fig. S8B). Human sPD-L1 recombinant protein (Thermo
Fisher Scientific) was supplemented at a concentration of 500 pg/ml
medium, whenever indicated, to treat the primary NK cells.
Primary T cells isolated from cord blood (Lonza Biosciences)
were seeded in a 24-well plate and maintained in TexMACS medium
(Miltenyi Biotec) supplemented with human IL-2 (20 IU/ml). Hu-
man sPD-L1 recombinant protein (500 pg/ml medium) and/or T cell
TransAct (20 ul/ml medium; Miltenyi Biotec) was supplemented at
a concentration of 500 pg/ml medium, whenever indicated, to treat
the primary T cells. All the cell lines and primary cells were incubated
in a humidified incubator containing 5% CO; at 37°C and passaged,
whenever necessary, using aseptic technique.

Design of CAR construct and lentiviral transduction

The construct consisted of a ScFv domain, which targeted PD-L1I,
two costimulatory domains (CD28 and 4-1BB), and a CD3{ activation
domain. Lentivirus was obtained from the supernatant of HEK293T
cells, followed by cotransfection of the CAR construct and third-
generation viral packaging plasmids using Lipofectamine 3000 (Life
Technologies, Carlsbad, CA, USA).

To transduce NK92 cells, 5 x 10° cells [in 400 ul of RPMI 1640,
supplemented with polybrene (8 ug/ml)] were seeded in a 24-well
plate, and 100 ul of viral supernatant was added. The plate was centri-
fuged at 2000g at 32°C for 2 hours, and the cells were incubated in a
humidified incubator containing 5% CO, at 37°C. Puromycin (10 pug/ml;
Gibco) was added to the NK92 cells after 3 days of transduction to
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establish a stable CAR-expressing NK92 cell line. For the generation
of CAR-expressing primary NK cells, differentiated NK cells were
transduced similar to NK92. To transduce primary T cells, the cells
were seeded in a 24-well plate and activated in TexMACS medium
containing T cell TransAct (20 pl/ml) and human IL-2 (20 IU/ml)
according to the manufacturer’s instructions. Two days after activa-
tion, lentiviral particle (100 ul) and polybrene (8 ug/ml) were added
to the cells, and the plate was centrifuged at 2000g at 32°C for 2 hours.
The cells were harvested for downstream applications 3 days after
transduction. The expression of CAR was verified by flow cytometry
before each experiment.

Cell lysis assay

To determine NK cell cytotoxicity on their target cells, CytoTox 96
Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA)
was performed according to the manufacturer’s instructions. Briefly,
NK92 cells or primary NK cells (effector cells) were cocultured with
HepG2, A549, C666-1, K-562, and Panc 08.13, isolated cells from
NPC-PDX and PHH (target cells) at the indicated effector cell to target
cell ratio (E:T) ratio at 37°C for 4 hours. After incubation, 50 ul of
the cell-free supernatant was incubated with 50 pl of substrate solution
at room temperature for 30 min, followed by the addition of stop solu-
tion. The absorbance at 490 nm was measured using an Infinite M200
plate reader (Tecan, Switzerland). The percentage of cytotoxicity was
calculated using the following formula: % cytotoxicity = 100 x (cor-
rected reading from test well — corrected reading from untreated well)/
(corrected maximum release of lactate dehydrogenase control).

Measurement of DNA fragmentation

The induction of apoptosis was determined using the Cell Death
Detection ELISAPLUS Kit (Sigma-Aldrich), and the experiments were
conducted according to the manufacturer’s instructions. NK92 cells
or primary NK cells (5 x 10°/ml) were cocultured with HepG2, A549,
C666-1, K-562, and Panc 08.13 cells and isolated tumor cells from
NPC-PDX (5 x 10°/ml) in a flat-bottomed 96-well plate at 37°C for
4 hours. The cell-free supernatant was transferred to a streptavidin-
coated 96-well microtiter plate, and the absorbance at 405 nm was
recorded by an Infinite M200 plate reader. The degree of apoptosis was
expressed as an enrichment factor, which was calculated as follows:
Enrichment factor = Absorbance of the well with CAR-NK cells and
cancer cells/absorbance of the well with WT-NK cells and cancer cells.

CD107a expression on NK cells and ELISA for human IFN-y
NK92 cells or primary NK cells (5 x 10°/ml) were cocultured with
HepG2, A549, C666-1, K-562, and Panc 08.13 cells and isolated tu-
mor cells from NPC-PDX (5 x 10°/ml) in a flat-bottomed 96-well
plate at 37°C for 4 hours. After incubation, the cells and the super-
natant were collected to examine the expression level of CD107a on
the NK cells and the release of IFN-v, respectively. In short, the cells
were stained with anti-human CD16, CD45, CD56, and CD107a
antibodies at 4°C for 15 min before FACS analysis. The supernatant
was centrifuged to remove cell debris, and the release of IFN-y was
quantified by ELISA MAX Deluxe Set Human IFN-y (BioLegend)
according to the manufacturer’s instructions. The absorbance at
450 nm was recorded using an Infinite M200 plate reader.

In vivo NK cell-mediated therapy
To evaluate antitumor efficacy of cell-mediated therapy, 5 x 10°
C666-1 cells or A549 cells, a piece of NPC-PDX or LAC-PDX (3 mm
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by 3 mm fragment) was inoculated into the right flank of NSG mice
and humanized mice. Once the tumor grew, 2.5 x 10° WT NK92,
CAR NK92, WT pNK, CAR pNK, or CAR pT cells and nivolumab
or ipilimumab (5 mg/kg mouse body weight) were injected intrave-
nously into the mice every week for four consecutive weeks. Human
IL-2 (1 x 10* TU per mouse) was administered together with the NK92
cells to promote NK cell survival and maintain their cytotoxicity, as
described in an earlier study (17, 61). Tumor measurement was per-
formed weekly using a caliper as reported previously (22). Two days
after the last injection, tumors were harvested and tumor weight
was measured. Blood samples were collected in EDTA tubes (Greiner
Bio-One, Monroe, NC, USA) through cardiac puncture.

TUNEL assay

Tumors were formalin-fixed, paraffin-embedded, and sliced as de-
scribed above, and the presence of apoptotic cells was visualized us-
ing the In Situ Cell Death Detection Kit, TMR red (Sigma-Aldrich)
according to the manufacturer’s instructions. Briefly, tumor sec-
tions were dewaxed, rehydrated, and incubated with citrate buffer
(pH 6) to achieve heat-induced epitope retrieval. After incubation,
the sections were probed with the TUNEL reaction mixture at 4°C
overnight. The slides were washed with PBS, mounted with ProLong
Diamond Antifade Mountant, and imaged using an Eclipse Ti-E flu-
orescence microscope. The relative intensity of the signal was quanti-
fied with Image] software.

Hematoxylin and eosin staining

Liver and lungs from PDX-bearing humanized mice injected with
saline, CAR pNK cells, or CAR pT cells were harvested 2 days after the
last treatment. The samples were formalin-fixed, paraffin-embedded,
sliced into 5-um sections, and stained with hematoxylin and eosin
(Thermo Fisher Scientific). Pathological evaluations were performed
by an experienced research veterinary pathologist at the Advanced
Molecular Pathology Laboratory from Institute of Molecular and Cell
Biology (IMCB).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 9 (GraphPad Software Inc., La Jolla, CA, USA), and data
are expressed as means * SEs. Unpaired Student’s ¢ test, one-way
analysis of variance (ANOVA) with post hoc Tukey’s multiple
comparisons test and two-way ANOVA were used, whenever
appropriate, and Kaplan-Meier survival curves were analyzed by a
log-rank test. The differences are considered statistically significant
when P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add1187
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