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Chimeric antigen receptor (CAR)-engineered natural killer
(NK) cells are a promising immunotherapy for solid cancers;
however, their effectiveness against pancreatic cancer is limited
by the immunosuppressive tumor microenvironment. In
particular, low NK cell infiltration poses a major obstacle
that reduces cytotoxicity. The current study aimed to enhance
the tumor-homing capacity of CAR-NK cells by targeting the
chemokine-chemokine receptor axis between NK and pancre-
atic cancer cells. To this end, data from a chemokine array
and The Cancer Genome Atlas pan-cancer cohort were
analyzed. Pancreatic cancer cells were found to secrete high
levels of ligands for C-X-C motif receptor 1 (CXCR1) and
CXCR2. Subsequently, we generated anti-mesothelin CAR-
NK cells incorporating CXCR1 or CXCR2 and evaluated their
tumor-killing abilities in 2D cancer cell co-culture and 3D tu-
mor-mimetic organoid models. CAR-NK cells engineered
with CXCR2 demonstrated enhanced tumor killing and strong
infiltration of tumor sites. Collectively, these findings highlight
the potential of CXCR2-augmented CAR-NK cells as a clini-
cally relevant modality for effective pancreatic cancer treat-
ment. By improving their infiltration and tumor-killing capa-
bilities, these CXCR2-augmented CAR-NK cells have the
potential to overcome the challenges posed by the immunosup-
pressive tumor microenvironment, providing improved thera-
peutic outcomes.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is an extremely aggressive
malignancy characterized by delayed diagnosis, primarily owing to its
nonspecific clinical symptoms.” The efficacy of chemotherapies,
such as FOLFIRINOX and gemcitabine, for PDAC remains limited,
failing to significantly improve clinical outcomes.”* This limited effi-
cacy can be attributed to the unique tumor microenvironment (TME)

prevalent in PDAC, characterized by a strong desmoplastic reaction.
This promotes disease progression and contributes to chemotherapy
resistance.” Notably, the highly immunosuppressive properties of the
pancreatic TME restricts the effectiveness of immune cell-mediated
anti-cancer therapies by hindering immune cell infiltration.

Natural killer (NK) cells serve as vital innate sentinels that rapidly
eliminate abnormal cells, such as those infected by viruses or tumor
cells, without needing prior sensitization.® Unlike T cells, NK cells
possess unique cytotoxic capabilities and lack antigen-specific recog-
nition. These attributes are governed by a delicate equilibrium be-
tween stimulatory and inhibitory receptor-mediated signaling,
enabling the recognition of a diverse array of target cell ligands.”
Recently, NK-based adoptive immunotherapy has emerged as a
promising approach with extensive clinical potential.>” An important
advantage of such immunotherapy is the ability to utilize NK cells as
off-the-shelf allogeneic products, independent of the need for specific
gene modifications, thus facilitating large-scale manufacturing,'®"’
Furthermore, the use of chimeric antigen receptor (CAR)-engineered
NK cells is associated with enhanced cytotoxicity and provides
potential clinical applications with minimal adverse toxicities.'>"”
Compared with CAR-T cells, CAR-NK cells offer favorable
clinical benefits by avoiding toxic side effects such as graft-vs.-host
disease,'* acute cytokine release syndrome, or immune cell-associated
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neurotoxicity syndrome.'” Thus, NK cell-based therapies hold
considerable promise as a highly feasible and accessible therapeutic
modality.

CAR-NK cells have been engineered as an attractive therapeutic
option in preclinical studies to redirect their activity toward solid
1718 However, despite these advancements, effectively tar-
geting solid tumors remains challenging, accounting for the subop-
timal outcomes. Notably, inadequate infiltration of NK cells signif-
icantly limits successful clinical outcomes, particularly for solid
tumors.'” > The number and proportion of infiltrating NK cells
are of particular prognostic significance in PDAC. Indeed, enhanced
infiltration of NK cells within the TME correlates with delayed dis-
ease recurrence and serves as a positive prognostic marker.”* Conse-
quently, to improve the effectiveness of PDAC treatment, additional
modifications that facilitate the infiltration of CAR-NK cells into
pancreatic TME are required.

tumors.

Chemokines are small inflammatory mediators with chemotactic
properties critical in attracting immune cells to specific locations.”
Chemokines are classified into four subgroups, namely CXC, CC,
CX3C, and C, based on the position of the first two terminal cysteine
*%*” They bind to specific G-protein-coupled seven-trans-
membrane receptors, facilitating the direct migration of immune cells
to target sites via chemotaxis. This process involves the movement of
cells along chemokine gradients. Recognizing the importance of
increased intratumoral infiltration of NK cells, numerous studies
have explored the possibility of enhancing their trafficking to specific
tumor sites through genetic engineering. To date, specific chemokine
receptors, including CCR5, CCR7, CXCR1, CXCR2, and CXCR4,
have been engineered to enhance NK cell migration against various
tumors including lymphoma, colon cancer, ovarian cancer, renal
cell carcinoma, osteosarcoma, and glioblastoma.'®*®>*
that has been little research on advanced strategies involving CAR-
NK cells that modulate chemokine receptors specific to pancreatic
cancers. Therefore, our aim was to develop pancreatic cancer-directed
CAR-NK cells, augmented with specific chemokine receptors, to
enable tumor infiltration and effective anti-tumor immunity.

residues.

However,

RESULTS

Chemokine secretion profiles of pancreatic cancer cells

To uncover the specific subset of chemokines secreted by pancreatic
cancer cells that could act as mediators for NK cell targeting of tumor
cells, we conducted a comprehensive human chemokine array using
the supernatant collected from three pancreatic cancer cell lines,
Capan-2, AsPC-1, and PANC-1 (Figures 1A, 1B, and S1). Addition-
ally, we compared the chemokine secretion profiles in the human pri-
mary pancreatic stellate cells (HPaSteC) cell supernatant. The pancre-
atic cancer cell lines had high levels of secreted CXCL1, CXCL2,
CXCL3, and CXCLS8, which are chemokine ligands for CXCR1 or
CXCR2.” CXCR1 predominantly binds to CXCL6 and CXCL8
(interleukin-8 [IL-8]) with high affinity, whereas CXCR2 interacts
with seven CXC chemokines, namely CXCL1, CXCL2, CXCL3,
CXCL5, CXCL6, CXCL7, and CXCLS, all of which share an ELR
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motif>® In contrast, the HPaSteC cell culture supernatant had
comparatively lower levels of these chemokines (Figures 1A and
1B). Furthermore, we confirmed the expression of CXCRI1 and
CXCR2 ligands at the RNA and protein levels in pancreatic cancer
cell extracts (Figures 1C and S2).

To gain further insights into the significance of CXCR1 and CXCR2
ligands in pancreatic cancers, we analyzed the gene score distribu-
tion of CXCLI, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and
CXCL8 across various cancer types using The Cancer Genome Atlas
(TCGA) pan-cancer cohort. Notably, pancreatic cancers exhibited
higher scores for CXCR1 and CXCR2 ligands (Figure 1D). Patients
with pancreatic cancer with high scores for CXCLs, including
CXCRI and CXCR?2 ligands, exhibited poorer overall survival rates
than those with low scores (Figure 1E). Taken together, our findings
suggest that augmenting CXCRI or CXCR2 expression in NK cells
may result in promising clinical outcomes with improved anti-tu-
mor activity by enhancing NK cell infiltration into pancreatic tumor
sites.

Generation and characterization of CXCR1- and CXCR2-pNK
cells and their characterization

We evaluated the expression of CXCR1-3 on the surface of resting
PNK cells and ex vivo expanded pNK cells, obtained from peripheral
blood mononuclear cells (PBMCs) collected from healthy donors, via
flow cytometry analysis (Figures 2A, 2B, and S3). Both resting and
expanded pNK cells exhibited relatively low expression of CXCRI1
and CXCR2. However, high CXCR3 expression was observed in
both cell populations. Subsequently, we generated CXCRI- or
CXCR2-overexpressing pNK cells from healthy donor-derived
PBMC:s using lentiviral transduction (Figure 2C). High transduction
efficiencies of 68.09% and 61.96% were achieved for CXCR1 and
CXCR?2, respectively (Figure 2D). These cells underwent a 15-day
expansion period that incorporated a 5-day transduction phase. We
then evaluated the transduction efficacy in long-term expanded NK
cells from various donors (Figure S4). The transduction efficiencies
remained consistent even in NK cells expanded for 22 days, including
12 days post-viral transduction. Subsequently, when examining the
surface expression of NK-activating markers and the in vitro NK-
mediated cancer killing against Capan-2, AsPC-1, and PANC-1 cells,
no significant differences were observed between CXCRI1- and
CXCR2-augmented, and control pNK cells (Figures 2E and 2F).
These findings indicated that the augmentation of CXCR1 or
CXCR?2 in pNK cells did not significantly affect their activity under
in vitro 2D culture conditions.

pNK cells augmented with CXCR1 or CXCR2 exhibited enhanced
chemoattractive capacity

To assess the chemoattractive ability of pNK cells augmented with
CXCRI or CXCR2 toward pancreatic cancer cells, we assessed an
in vitro chemotaxis using a Transwell-mediated cell migration assay
(Figure 3A). To track the migration of NK cells toward pancreatic
cancer cells or HPaSteC cells, each NK cell line was labeled with Vy-
brant DiD dye and incubated in the upper Transwell, whereas target
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from each cell line was quantified and normalized to
standard positive spots by measuring their pixel intensity
using the ChemiDoc software (n = 2). (C) Relative mMRNA
expression of CXCR1 or CXCR2 ligands was determined
using total cell extracts for each cell line. Quantitative data
were obtained from three independent experiments per
group (n = 3). p values were determined using a one-way
ANOVA followed by a multiple comparison test;
**p < 0.0001, ns: not significant. (D) CXCL score
distribution in The Cancer Genome Atlas pan-cancer
cohort. Whisker-box plots were used to represent the
distribution of the CXCL score, including those for CXCL1,
CXCL2, CXCLS3, CXCL5, CXCLB, CXCL7, and CXCLS,
across different cancer types. The red color represents
pancreatic adenocarcinoma. Abbreviations for cancer
types are described in the materials and methods section.
(E) Kaplan-Meier overall survival analysis was performed
on patients with pancreatic cancer (n = 176) using high
vs. low CXCL scores, with a cutoff of 5.336. p values
were calculated using a standard log rank test.

We then sought to confirm the role of CXCR1 and
CXCR?2 ligands secreted by pancreatic cancer cells
in attracting CXCR1- or CXCR2-thethered NK
cells (Figure 3C). To this end, we pre-treated
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cells stained with either DiO or Calcein-AM were seeded in the lower
well (Figures 3B and S5). Both CXCR1- and CXCR2-augmented NK
cells exhibited higher migration toward cancer cells than the mock-
PNK cells, indicating an enhanced chemoattractive response. We
further investigated the chemotactic ability of NK cells augmented
with CXCR1 or CXCR2 toward colorectal cancers (i.e., HT-29 and
SW620) with high expression of CXCL3 and/or CXCL5 (Figure S6).
NK cells overexpressing either CXCR1 or CXCR2 did not exhibit
increased chemoattractive responses to the colorectal cancer cells.
Taken together, these findings suggest that pancreatic cancers, which
secrete a broader range of CXCR1 and CXCR2 ligands, may attract
migrating CXCR1/2-augmented NK cells more effectively than colon
cancer cells, which secrete a limited array of CXCR2 ligands.

4

6 8 with CXCR1 or CXCR2 toward the Capan-2 cells.
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pPNK cells augmented with CXCR1 or CXCR2

exhibit improved in vivo infiltration

To investigate the in vivo homing effect of pNK

cells augmented with CXCR1 or CXCR2 on
pancreatic cancer cells, we monitored the biodistribution of DiD-
labeled engineered NK cells after their intravenous injection into
mice bearing subcutaneous Capan-2 pancreatic tumor xenografts
(Figures 4A and 4B). In vivo fluorescence from DiD-labeled NK cells
was visualized at different time points. CXCR1- and CXCR2-pNK
cells exhibited remarkably high trafficking to the tumor sites (Fig-
ure 4B). Moreover, ex vivo biodistribution analysis revealed signifi-
cantly stronger infiltration of CXCR2-pNK cells than CXCR1-pNK
cells 48 h after administering NK cells (Figure 4C). Consistently,
strong infiltration of CXCR2-pNK cells was observed in the excised
tumor sections (Figure 4D). We further verified the presence of infil-
trated pNK cells throughout the live tumor tissues via flow cytometry
conducted 48 h after pNK cell injection (Figures 4E and S7). Notably,

Molecular Therapy: Oncology Vol. 32 March 2024 3


http://www.moleculartherapy.org

Molecular Therapy: Oncology

A
Resting pNK from PBMC Donor1 Resting pNK from PBMC Donor2
§ 0 . © o 0 © ©
ST I 329% |. 1.98% | 91.5%| | 1 i 137% | 90.0%
7 _— " ) ' "
CXCR1 CXCR2 CXCR3 CXCR1 CXCR2 CXCR3
B Expanded pNK from PBMC Donor1 Expanded pNK from PBMC Donor2

0

0

®

w

7.53% 1‘ 2.84% |

“‘l‘ 12.6% 1.10% 96.6% 97.2%
A ) ' i
CXCR1 CXCR2 CXCR3 CXCR1 CXCR2 CXCR3
(o] F
5LTR gSFFVCXCR1gmw 3'LTR
- _ ~ pNK:Capan-2 pNK:AsPC-1 pNK:PANC-1
S LTR gSFFVCXCR2gw 3" LTR RS
2 ~<+Mock-pNK
D CXCR1-pNK  CXCR2-pNK B 100 100 80 +CXCR1-pNK
T b = +CXCR2-pNK
% . 61.96% 7 50 50 50
= - * —
Y— (0]
O 1 ° e r o+l
R > 3 FE R SN SN
’ ’ o E:T ratio E:T ratio E:T ratio
CXCR2
E NKp44 NKp46 DNAM-1 NKG2C NKG2D
100000 50000 Ns 250000 ns 40000 4000 220000
80000 * o 40000 200000 30000 ns ne 3000 o 15000
LL 60000 30000 150000
20000 2000 10000
20000 10000 50000 10000 1600 3000
[ 0
2 + J | J Mock-pNK
o If 'y CXCR1-pNK
s CXCR2-pNK

Figure 2. Generation and characterization of CXCR1/2-tethered human primary natural killer (pNK) cells

(A and B) Flow cytometry analysis of the endogenous surface expression of chemokine receptor CXCR1-3 in pNK cells. Resting (A) and ex vivo expanded (B) pNK cells were
obtained from peripheral blood mononuclear cells (PBMCs) of two different healthy donors. (C) Lentiviral constructs of CXCR1 and CXCR2 were used for overexpression. (D)
Expanded pNK cells were transduced with lentivirus carrying the CXCR1 or CXCR2 constructs to generate CXCR1-overexpressing (CXCR1-pNK) or CXCR2-overexpressing
(CXCR2-pNK) pNK cells, respectively. The transduction efficacy was analyzed using flow cytometry. (E) Flow cytometry analysis of the expression of activating receptors on
engineered pNK cells. Quantitative data were obtained from three independent experiments per group (n = 3). p values were determined using one-way ANOVA followed by a
multiple comparison test; *p < 0.05, **p < 0.01, **p < 0.001, ns: not significant. (F) Evaluation of cancer-killing efficacy of engineered pNK cells toward pancreatic cancer cells
at indicated effector-to-target (E:T) ratios. Cancer cell viability was assessed by measuring the luciferase activity.
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in the group treated with CXCR2-pNK cells, CD56-and DiD-positive
PNK cells were prominently detected.

CAR-pNK cells augmented with CXCR2 exhibit enhanced
infiltration and anti-cancer capacity

To enhance the anti-cancer activity of pNK cells for effective pancre-
atic cancer treatment, we generated cancer-directed pNK cells by
incorporating a solid tumor-targeting CAR gene along with CXCR1
or CXCR2 (Figure 5A). Mesothelin (MSLN) is a tumor antigen that
is overexpressed in various solid tumors, including pancreatic can-
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Figure 3. Enhanced migration of human primary
natural killer (pNK) cells overexpressing CXCR1 or
CXCR2 toward pancreatic cancer cells
l (A) Schematic illustration of the Transwell-mediated
chemotaxis assay designed to evaluate the migration of
CXCR1-and CXCR2-overexpressing pNK cells. (B) For
visualization of each cancer cell type, Vybrant DiO
fluorescence dye was used to stain Capan-2, AsPC-1, and
PANC-1 cells. Vybrant DiD-labeled pNK cells were
subsequently added to the Transwell insert. Fluorescence
images were captured from the bottom of the lower well
30 min after seeding pNK. The numbers of migrating pNK
cells in the lower well were quantified via live cell imaging
analysis. p-values were determined using a student's t-
xex test; **p < 0.01, **p < 0.001. (C) Migration of CXCR1- and
CXCR2-augmented pNK cells following pre-treatment
of cancer cells with navarixin, a selective CXCR1/2
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s cer.’® Therefore, we combined an anti-MSLN
(SS single chain variable fragment [scFv])
CAR’ with either CXCR1 or CXCR2 in pNK
cells to achieve synergistic anti-tumor activity.
The transduction efficiencies of CAR-NK (SS),
CXCRI-augmented CAR (SS-CXCR1), and
CXCR2-augmented CAR (SS-CXCR2) pNK cells
were approximately 39%-40% (Figure 5B).

Next, we assessed the in vitro cancer-killing effi-

cacy of CXCR1- and CXCR2-augmented CAR-
ns NK cells against MSLN-positive Capan-2 and
MSLN-negative PANC-1 cells (Figures 5C
and 5D). SS-CXCR2-pNK cells demonstrated
improved cancer-killing activity against MSLN-
positive Capan-2 cells (Figure 5D, left panel);
however, these cells did not significantly kill
MSLN-negative PANC-1 cells (Figure 5D, right
panel). These findings indicated that the combi-
nation of MSLN-directed SS CAR-pNK cells
with enhanced tumor infiltrating properties,
achieved through CXCR2 augmentation, specif-
ically enhanced the killing efficacy of MSLN-pos-
itive cancer cells. That is, the presence of CXCR2 facilitated the effi-
cient migration of SS CAR-pNK cells to MSLN-positive tumor
sites, leading to enhanced cancer cell killing.
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Next, to investigate the potential mechanism underlying the synergis-
tic anti-tumor activity of SS-CXCR2-pNK cells, we conducted an
in vitro chemotaxis assay to assess their migratory behavior in the
presence of Capan?2 cells (Figure 5E). Real-time fluorescence images
were obtained at various time points up to 12 h after adding
Hoechst-labeled pNK cells to a Transwell system. SS-CXCR2-pNK
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Figure 4. Biodistribution of human primary natural killer (pNK)
cells augmented with CXCR1 or CXCR2 in Capan-2-bearing
xenograft mice

(A) Experimental design scheme of the in vivo biodistribution analysis of
engineered pNK cells. Vybrant DiD-labeled pNK cells were intravenously
injected into Capan-2-bearing subcutaneous xenograft mice. (B) Visu-
alization of the targeting of DiD-labeled pNK cells to Capan-2 tumor sites
at the indicated time points using the IVIS system. Arrows indicate the
subcutaneously injected tumors. (C) Visualization of infiltrated pNK
cells in excised tumors 48 h after pNK cell injection, with ex vivo
fluorescence imaging using the IVIS system. Quantification of infiltrated
pNK cells. Data represent the means + standard error of the mean
(SEM). **p < 0.001, ***p < 0.0001, ns: not significant; a one-way
ANOVA with a multiple comparison test was used. (D) Tumor sections
were stained with DAPI for counterstaining. Arrows indicate DiD-
labeled pNK cells. (E) Proportion of live infiltrating pNK cells from the
total tumor tissues of two individual mice, assessed by flow cytometry.
CD56 and DiD-positive NK cells were quantified 48 h post-NK cell
injection.
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cells exhibited significant infiltration toward Capan2 cells compared
with other NK cells (Figures 5F and 5G).

Tumor-mimetic organoid-based killing of CAR-pNK cells
augmented with CXCR2

To investigate the synergistic effects of CXCR2-tethered CAR-pNK
cells in a more clinically relevant setting, we evaluated their anti-tu-
mor activity against organoids derived from patients with pancreatic
cancer that closely resemble tumor tissues (Figures 6A, 6B, and S8).
Three different pNK cell populations, SS-pNK, SS-CXCR1-pNK,
and SS-CXCR2-pNK, were co-cultured with SNU-2571-CO and
SNU-213-CO patient-derived organoids, which notably secrete or ex-
press high levels of CXCR1 and CXCR2 ligands (Figures 6C, 6D, S1,

AM-labeled NK cells were used to visualize NK
cell infiltration (Figures 6G and S8F). Consistent
with our in vitro killing assay data, SS-CXCR2-
NK cells exhibited significantly enhanced orga-
noid-killing efficacy compared with SS-pNK or
SS-CXCR2-pNK  cells. However, SS-CXCRI1-
PNK cells did not exhibit any additive or synergistic killing effects
compared with SS-NK cells with MSLN-dependent organoid-killing
abilities. In summary, the observed improvement in the anti-tumor
activity of SS-CXCR2-NK cells highlight their potential as a clinically
relevant modality for the effective treatment of pancreatic cancer. The
enhanced infiltration and tumor-killing capabilities of these engi-
neered NK cells offer promising prospects for improving the thera-
peutic outcomes in patients with pancreatic cancer (Figure 7).

DISCUSSION

The TME in pancreatic cancer is characterized by a dense and restric-
tive architecture that hampers the infiltration of cytotoxic immune
cells, leading to limited anti-tumor immune responses to CAR
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Figure 6. Human primary natural killer (pNK) cell-
mediated killing of patient-derived organoids

(A) Schematic illustration of pNK-organoid co-culture. The
3D organoids and pNK cells were co-cultured using a micro-
pillar system, and the viability of dTomato-overexpressing
organoids was assessed. (B) Representative brightfield
images of patient-derived pancreatic cancer organoid
lines, SNU-2571-CO. (C) Human chemokine array analysis
of total lysates from SNU-2571-CO organoids. (D) Relative
mRNA expression of CXCR1 or CXCR2 ligands from total
organoid extracts. p values were determined using a
Student’s t test; **p < 0.001, “**p < 0.0001, ns: not
significant. (E and F) pNK-mediated kiling of patient-
derived organoids. (E) Representative fluorescence images
of dTomato-expressing SNU-2571-CO organoids co-
cultured with each group of pNK cells at the indicated
effector (NK cells) vs. target (organoids) ratios. (F) Relative
1000 viability of organoids analyzed using mean fluorescence
intensity (MFI) and normalized to the MFI of the organoid-
only group. The graph represents the mean + SEM of
data from quadruplets of each group. p values were
determined using a two-way ANOVA followed by a multiple
comparison test; *p < 0.05, **p < 0.01, **p < 0.001. (G)
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images of the cancer organoids (orange) and infiltrated NK
cells (green).
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ditions, which create NK cell populations with
distinct chemokine receptor expression patterns.
For instance, IL-2 or IL-15 stimulation signifi-
cantly upregulates the expression of CXCR3 in
NK cells, promoting their migration toward
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therapies."’ Thus, the effective homing of CAR-engineered immune
cells to tumor sites is crucial for achieving clinical therapeutic benefits
against pancreatic cancer. To overcome the challenge of low CAR-T/
NK cell infiltrations, the chemokine system has been explored to pro-
vide key migratory signals."' Various strategies have been developed
to harness specific chemokine-chemokine receptor axes, particularly
for NK-mediated immunotherapy. One approach involves ex vivo NK
cell expansion methods using different feeder systems and media con-
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the addition of glucocorticoids in the presence
of IL-15 can further enhance CXCR3 expression
in NK cells.*® Although cytotoxic CD56"™ NK
cells—the main subpopulation in the blood—
lack CCR7, priming CD56%™ NK cells with
IL-18 induces the acquisition of lymph node-
homing properties through increased CCR7
expression.** Notably, the expression of chemo-
kine receptors can be modulated through trogo-
cytosis—a contact contact-dependent process
involving the transfer of membrane fragments
from donor to recipient cells. Co-culturing NK
cells with irradiated CCR7-expressing K562 cells
as donor cells leads to transient but high expression of CCR7 in
NK cells.’® Although these strategies are rapid and effective for clin-
ical-scale manufacturing processes, their effects are often transient
and difficult to sustain. Meanwhile, genetically engineered NK cells
that directly overexpress specific chemokine receptors offer a prom-
ising approach to address the risk of receptor loss. This strategy en-
ables NK cells to exhibit persistent and stable expression of desired
chemokine receptors, facilitating enhanced tumor homing and
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infiltration. In conclusion, the complex TME of pancreatic cancer
poses challenges, including limited immune cell infiltration, for effec-
tive immunotherapy. Harnessing the chemokine system, by modu-
lating chemokine receptor expression or direct genetic engineering,
has considerable potential to enhance the homing and infiltration
of CAR-engineered cells, such as NK cells, and to improve the efficacy
of immunotherapeutic approaches for pancreatic cancers.

In this study, we observed robust secretion of CXCR1 and CXCR2 li-
gands, including CXCL1, CXCL2, CXCL3, CXCL5, CXCL7, and
CXCLS, in pancreatic cancers. Accordingly, we sought to improve
the infiltration and cytotoxicity of anti-MSLN CAR-NK cells in
pancreatic cancer by augmenting their expression of CXCRI and
CXCR2. Using in vitro 2D co-culture and 3D TME-relevant organoid
models, we evaluated the activity of engineered CAR-NK cells against
MSLN-positive cancers. Only CXCR2-augmented anti-MSLN CAR-
NK cells, not CXCR1-augmented CAR-NK cells, demonstrated
significantly improved killing efficacy against MSLN-positive cancers.
Despite the strong secretion of CXCRI1 ligands in pancreatic cancers,
enhanced killing efficacy was not observed in CXCR1-augmented
CAR-NK cells. This discrepancy could be explained by the limited
availability of ligands for CXCR1, i.e., CXCL1 and CXCL8, compared
with the multiple ligands (CXCL1, CXCL2, CXCL3, CXCL5, CXCL6,
CXCL7, and CXCL8) for CXCR2. Therefore, CAR-NK cells
augmented solely with CXCR2 exhibited a more effective cancer
treating effect with enhanced infiltration against pancreatic cancer.
These findings highlight the importance of selecting appropriate che-
mobkine receptors for CAR-NK cell augmentation to achieve optimal
therapeutic outcomes in pancreatic cancer. The selective augmenta-
tion of CXCR2 with multiple ligands appears to be more effective
in improving the activity and infiltration of CAR-NK cells. Further
studies are required to better characterize the underlying mechanisms
and to optimize the CXCR2-augmented CAR-NK approach for effec-
tive treatment of pancreatic cancer.

Herein, we aimed to enhance the therapeutic efficacy of MSLN-tar-
geting CAR-engineered NK cells against pancreatic cancers by
improving their tumor-homing capabilities (Figure 7). We identified
CXCR1 and CXCR2 ligands as potential mediators for guiding CAR-
NK cells to tumor sites based on the chemokine ligand profile of
pancreatic cancer cells. By incorporating CXCR2 into CAR-NK cells,

Anti-MSLN CAR

Figure 7. Working mechanism of anti-MSLN chimeric
antigen receptor (CAR)-engineered natural killer
O (CAR-NK) cells augmented with CXCR2

Pancreatic cancers exhibit strong secretion of CXCR1 and
CXCR2 ligands, such as CXCL1, CXCL2, CXCL3, CXCL5,
CXCL7, and CXCL8. Anti-MSLN CAR-pNK cells were
genetically augmented with CXCR1 or CXCR2. CXCR2-
tethered CAR-NK cells exhibit synergistic anti-tumor
activity against MSLN-positive pancreatic cancer cells,
accompanied by enhanced NK cell infiltration within
in vitro 2D co-cultures and 3D tumor microenvironment
(TME)-mimicking patient-derived model.

we observed enhanced tumor killing and increased infiltration into
tumor sites in 2D and 3D organoid models. Our findings highlight
the potential of CXCR2-augmented CAR-NK cells as a clinically rele-
vant modality for the effective treatment of pancreatic cancer.

MATERIALS AND METHODS

Cell cultures

HPaSteCs were obtained from ScienCell Research Laboratories
(Carlsbad, CA, USA). The pancreatic cancer cell lines, PANC-1,
Capan-2, and AsPC-1, were acquired from the Korean Cell Line
Bank (KCLB, Seoul, Korea). HPaSteC and PANC-1 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Welgene,
Daegu, Korea) supplemented with 10% fetal bovine serum (FBS; Wel-
gene) and 1% antibiotic-antimycotic solution (Welgene). Capan-2
and AsPC-1 cells were maintained in RPMI-1640 medium (Welgene)
supplemented with 10% FBS (Welgene) and 1% antibiotic-antimy-
cotic solution (Welgene). The human colorectal adenocarcinoma
cell lines, HT-29 and SW620, were obtained from the KCLB. Both
HT-29 and SW620 cells were cultured in RPMI 1640 medium (Wel-
gene) supplemented with 10% FBS (Welgene) and 1% antibiotic-anti-
mycotic solution (Welgene).

Isolation and ex vivo expansion of human pNK cells

PBMCs were purchased from Lonza (Morristown, NJ, USA). NK
MACS (Miltenyl Biotec, Bergisch Gladbach, Germany) medium
was used for cell culture. Primary NK (pNK) cells were expanded
and maintained in the presence of IL-2 (200 IU/mL) and IL-15
(10 ng/mL; PeproTech, Cranbury, NJ, USA), and co-cultured with
K562 feeder cells obtained from ATCC (Manassas, VA, USA).
Following 2 weeks of expansion, pNK cells were isolated using an
NK cell isolation kit (Miltenyi Biotec) according to the manufac-
turer’s instructions.

Human chemokine array

The following experimental procedure was performed to assess the
levels of human chemokines in HPaSteC, Capan-2, AsPC-1, and
PANC-1 cells. Each cell type was cultured in serum-free growth me-
dium for 24 h. Subsequently, cell culture media from each cell type
were collected and analyzed for human chemokine levels using the
human chemokine antibody array Cl1 (Raybiotech, Atlanta, GA,
USA). Membranes containing chemokines were detected using the
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ChemiDoc system (Bio-Rad, Hercules, CA, USA). For quantitating
chemokine levels in patient-derived organoids, the SNU-213-CO
cell pellets were lysed, and the lysate was analyzed with the human
chemokine antibody array C1 (Raybiotech).

Quantitative reverse-transcription PCR (qRT-PCR) analysis

Total RNA was extracted from each cell line using a RNeasy Mini Kit
(74104; QIAGEN, Hilden, Germany); ¢cDNA was synthesized
using the iScript cDNA Synthesis Kit (1708891; Bio-Rad) following
the manufacturer’s protocol. qRT-PCR was conducted on a
QuantStudio 1 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) using FastStart Universal SYBR Green Master
(04913850001; Roche, Mannheim, Germany). Specific target primers
were used to obtain amplicons for qRT-PCR analysis (Table S1).

Calculation of CXCL scores

The expression score of seven CXCL genes, namely CXCL1, CXCL2,
CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8, were analyzed in a
pan-cancer context using data from TCGA pan-cancer cohort consist-
ing of 21 cancer types (n = 7932). The mRNA expression data were
downloaded from https://portal.gdc.cancer.gov/ in the available frag-
ments per kilobase per million mapped fragments (FPKM) format.
The FPKM value of each gene was transformed using the Z score,
z = (x — mean value)/standard deviation, across all samples, followed
by further transformation using the t score, t = 10z + 50. The CXCL
score was calculated for each sample using the following formula:
log2(> t-scores of seven genes +1). Each abbreviation in Figure 1D
corresponds to a specific cancer type as follows: BLCA, bladder
urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervi-
cal squamous cell carcinoma and endocervical adenocarcinoma;
COAD, colon adenocarcinoma; GBM, glioblastoma multiforme;
HNSC, head and neck squamous cell carcinoma; KICH, kidney chro-
mophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal
papillary cell carcinoma; LIHC, liver hepatocellular carcinoma;
LUAD, lung adenocarcinoma; LUSC, lung squamous cell carci-
noma; OV, ovarian serous cystadenocarcinoma; PAAD, pancre-
atic adenocarcinoma; PRAD, prostate adenocarcinoma; READ,
rectum adenocarcinoma; SKCM, skin cutaneous melanoma; STAD,
stomach adenocarcinoma; TGCT, testicular germ cell tumors;
THCA, thyroid carcinoma; UCEC, uterine corpus endometrial
carcinoma.

Survival analysis

To analyze the overall survival of pan-cancer patients, the overall sur-
vival data were obtained from https://portal.gdc.cancer.gov/. Specif-
ically, the Kaplan-Meier survival analysis was performed on patients
with pancreatic cancer (n = 176) based on their CXCL scores. The sur-
vival analysis was conducted using the R “survival” package. The
optimal cutoff was obtained using the R “maxstat” package. Statistical
significance was analyzed using the standard log rank test.

Western blot analysis

Cells were lysed using RIPA buffer (ThermoFisher Scientific, Wal-
tham, MA, USA) supplemented with a protein inhibitor cocktail.
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The lysates were incubated on ice for 20 min and collected by centri-
fugation at 14,000 rpm for 20 min. Proteins in the total lysates were
separated using SDS-PAGE and transferred onto a polyvinylidene di-
fluoride membrane. The membranes were blocked with 5% skim milk
in 0.2% Tween 20/TBS and subsequently incubated with a primary
antibody, followed by a secondary antibody. The proteins were
visualized using the ChemiDoc system (Bio-Rad). The following
antibodies were used: anti-CXCL1/CXCL2 antibody (24376; Cell
Signaling Technology [CST], Danvers, MA, USA) and anti-rabbit
immunoglobulin (Ig)G and HRP-linked antibody (7074; CST).

Luminescence-based cancer-killing assay

To evaluate NK-mediated cancer killing, cancer cells were genetically
engineered to overexpress NanoLuc luciferase, as described previ-
ously.” Cancer cells expressing NanoLuc luciferase were then co-
cultured with genetically engineered pNK cells at designated effector:
target (E:T) ratios for 24 h. Following the co-culture period, lumines-
cence signals were measured using the Nano-Glo luciferase assay sys-
tem (N1120; Promega, Madison, W1, USA) in accordance with the
manufacturer’s instructions. This assay system allows the quantifica-
tion of luciferase activity and serves as an indicator of NK cell-medi-
ated cancer cell death.

Generation of genetically engineered pNK cells

To construct the CAR plasmid for overexpressing chemokine recep-
tors, DNA fragments encoding a second-generation CAR containing
the SS scFv (US Patent: US7081518; https://patents.google.com/
patent/US7081518%0q=patent:7081518) and either CXCRI or
CXCR2 were synthesized by Cosmo Genetech (Seoul, Korea). These
DNA fragments were incorporated into the pCDH lentivirus vector
(72266; Addgene, Cambridge, MA, USA) using the NEBuilder HiFi
DNA assembly kit (New England Biolabs, Ipswich, MA, USA).

To generate chemokine receptor-overexpressing CAR-NK cells, len-
tiviruses carrying SS CAR, SS CAR-CXCRI, and SS CAR-CXCR2
constructs were produced. For lentivirus production, HEK293T cells
were seeded at a density of 2 x 10° cells in 100-mm dishes 24 h prior
to transfection. The shuttle vector, psPAX2 packaging vector, and
baboon envelope vector were transfected into the cells using PEI
transfection reagent as described previously.*” Lentivirus-containing
media were collected 24 and 48 h post-transfection. The harvested vi-
ruses were filtered through a 0.45-um filter (Minisart 16533-K; Sarto-
rius, Gottingen, Germany) and subsequently concentrated using the
Lenti-X concentrator (631232; Takara, Tokyo, Japan).

For transduction, pNK cells were first treated with IL-12 (10 ng/mL),
IL-15 (50 ng/mL), and IL-18 (50 ng/mL) 24 h prior to transduction.
Subsequently, 2 x 10° cells were mixed with lentivirus at a multiplic-
ity of infection (MOI) of 10, along with Vectofusin-1 (10 pg/mL)
(130-111-163; Miltenyi Biotec) to enhance the transduction effi-
ciency. The transduction efficiency was evaluated using flow cytom-
etry with APC anti-human CD181 (CXCR1) antibody (320612;
BioLegend, San Diego, CA, USA) and APC anti-human CD182
(CXCR2) antibody (320710; BioLegend) to detect CXCR1 and
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CXCR?2 expression in transduced NK cells. Furthermore, the expres-
sion of anti-mesothelin (MSLN; SS scFv)*® CAR was assessed using
biotinylated human MSLN recombinant proteins and PE-conjugated
streptavidin (554061; BD Pharmingen, San Diego, CA, USA).

Live cell imaging-based chemotaxis assay

For the in vitro chemotaxis assay, Vybrant DiO- (V22886;
ThermoFisher Scientific) labeled cancer cells were seeded at a density
of 0.2 x 10° cells per well in a 24-well plate. Subsequently Vybrant
DiD- (V22887; ThermoFisher Scientific) labeled pNK cells were
added to the 6.5-mm Transwell insert at a density of 0.5 x 10° cells
(3422; Costar, Cambridge, MA, USA). To monitor the chemotaxis
process in real time, the cells were maintained under a humidified at-
mosphere containing 5% CO, at 37°C, and fluorescence images were
captured 30 min after the co-culture of pNK cells using BioTek Lion-
heart FX automated live cell imager (Agilent, Technologies, Santa
Clare, CA, USA). To quantify the chemotactic attraction of pNK cells,
the images were analyzed using the Gen5 software (Agilent, Technol-
ogies, Santa Clare, CA, USA). The software allowed for the calculation
and analysis of the migrated pNK cells toward cancer cells at specific
time points.

To evaluate the effect of navarixin (8506; Selleck Chemicals, Houston,
TX, USA)—a CXCR1/2 inhibitor—on the chemotactic ability of pNK
cells toward Vybrant DiO-labeled Capan-2 cells, Capan-2 cells
(0.5 x 10° cells) were pre-treated with 50 uM navarixin for 24 h prior
to the chemotaxis assay. Following this, Vybrant DiD-labeled pNK
cells were added to the 6.5-mm Transwell insert at a density of
0.5 x 10° cells to conduct the chemotaxis assay as described
previously.

To test the chemotaxis-mediated cancer cell killing and infiltration by
CXCRI- and CXCR2-augmented CAR-NK cells, GFP-expressing
cancer cells were seeded at a density of 0.2 x 10° cells per well in a
24-well plate. Hoechst-labeled (62249; ThermoFisher Scientific)
PNK cells were then added to the 6.5-mm Transwell insert at a density
of 0.5 x 10° cells. Fluorescence images were captured 0, 4, 8, and 24 h
after initiating co-culture with the pNK cells. All images were taken at
these specific time points using the BioTek Lionheart FX automated
live cell imager (Agilent Technologies).

Flow cytometry

Flow cytometric analysis was performed using CytoFLEX (Beckman
Coulter Life Sciences, Brea, CA, USA). The Flow]Jo software (BD Bio-
sciences, San Jose, CA, USA) was used for cytometric data analysis.
The antibodies used were as follows: PE/Cyanine7 anti-human
CD337 (NKp30) (325214; BioLegend), APC anti-human CD336
(NKp44) (325110; BioLegend), PE/Dazzle 594 anti-human CD335
(NKp46) (331930; BioLegend), Brilliant Violet 421 anti-human
CD226 (DNAM-1) (338332; BioLegend), Human NKG2C/CD159¢
Alexa Fluor 700 (FAB138N-100; R&D Systems, Minneapolis, MN,
USA), APC/Cyanine7 anti-human CD314 (NKG2D) (320824;
BioLegend), PE anti-human CD56 (NCAM) (318306; BioLegend),
FITC anti-human CD3 (UCHT1) (11-0038-42; eBioscience, San

Diego, CA, USA), APC anti-human CD181 (CXCR1) (320612;
BioLegend) and APC anti-human CD182 (CXCR2) (320710;
BioLegend). Dead cells were stained with the Fixable Viability Dye
eFluor 506 (65-0866-14; eBioscience).

In vivo mouse experiment
Ethical approval for the animal experiments was obtained from the
Institutional Animal Care and Use Committee of KIST (KIST-
2020-049), ensuring compliance with ethical guidelines and the wel-
fare of the animal involved.

To assess the in vivo chemotaxis of engineered pNK cells, 9 x 10°
Capan-2 cells were mixed with Matrigel (Corning, NY, USA) at a
1:1 volume ratio. The cell-Matrigel mixture was injected subcutane-
ously into BALB/c nude mice to establish a Capan-2-bearing mouse
model. After 10 days of being administered cancer cells, each engi-
neered pNK cell was labeled with DiD at a density of 1 x 107 cells.
The labeled pNK cells were intravenously injected into the tail vein
of mice. The biodistribution of pNK cells was visualized using the
IVIS Spectrum Imaging System (PerkinElmer, Waltham, MA, USA)
0.5, 1, 24, and 48 h after pNK cell injection. The imaging system al-
lowed visualization and quantification of the distribution and accu-
mulation of labeled pNK cells within mice. Following the completion
of the in vivo imaging studies, mice were euthanized 48 h after pNK
cell injection. Capan-2 tumors were harvested for ex vivo distribution
analyses.

To verify the infiltrated pNK cells within tumor tissues, the entire live
tumor tissue from two individual mice was harvested and dissociated
48 h post-injection of DiD-labeled pNK cells. This process utilized
a tumor dissociation kit (130-095-929, Miltenyi Biotec) and
GentleMACS Dissociator (130-093-235, Miltenyi Biotec), following
the manufacturer’s instructions. The digested samples were filtered
through a Falcon 40-pum Cell Strainer (352340, Corning, NY, USA).
Subsequent flow cytometric analysis was performed using the PE
anti-human CD56 (NCAM) antibody (318306; BioLegend) and the
Fixable Viability Dye eFluor 780 (65-0865-14; eBioscience) for precise
identification and viability assessment.

Patient-derived organoid culture and preparation of
fluorescence-expressing cells

The pancreatic cancer organoid line SNU-213-CO was purchased
from KCLB. These cells were embedded in a CultrexBME (3533-
005-02; Bio-Techne, USA) dome and cultured in KCLB organoid me-
dium. The KCLB organoid medium comprised 40% (vol/vol)
Advanced DMEM/F-12 (12634028; ThermoFisher Scientific), 50%
(vol/vol) L-WRN conditioned medium, 1X B27 (17504-044;
ThermoFisher Scientific), 5 ng/mL hEGF (AF-100-15; PeproTech),
10 mM nicotinamide (N0636; Sigma-Aldrich, St. Louis, MO, USA),
1.25 mM N-acetyl-L-cysteine (A9165; Sigma-Aldrich), 500 nM
A83-01 (29-391-0; Tocris Bioscience, Emeryville, CA, USA) and 1%
penicillin/streptomycin (15140122; ThermoFisher Scientific). A lenti-
viral plasmid carrying a dTomato was used to establish stable fluores-
cence-expressing cells.
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Co-culture of organoids and pNK cells and detection of cell
viability

To initiate the co-culture of organoids and pNK cells, organoids
were first digested into single cells and mixed with 70%
basement membrane extract to achieve a final cell concentration of
1 x 10° cells/mL. The mixture (500 cells/0.5 pL per well) was then
carefully spotted onto a 384-well pillar plate (MBD, Cellvitro
384PM) and allowed to solidify at 37°C in a cell culture incubator.
Once gelation was complete, the pillar plate was combined with a
384-well plate filled with KCLB medium and cultured for 5 days to
allow the development of organoids. On the day of co-culture, each
engineered NK cell was added to a new 384-well plate (MBD, Cellvi-
tro 384W) filled with the co-culture medium. The co-culture medium
was prepared by mixing KCLB and pNK cell media at a 1:1 volume
ratio. The pillar plate containing the spotted target cells was trans-
ferred to a plate with the NK cell-containing co-culture medium, fol-
lowed by incubation for 24 h.*” To visualize and detect infiltrated
PNK cells, the cells were stained with Calcein-AM solution (C3099,
ThermoFisher Scientific) prior to co-culture. Brightfield images and
fluorescence signals were captured and analyzed using Image Ex-
Flurer (Live Cell Instrument) to assess cell viability and monitor the
interaction between the organoids and pNK cells.
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