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ABSTRACT

Combining natural killer (NK) cell adoptive transfer with tumor-sensitizing chemotherapy is an attractive
approach against recurrent ovarian cancer (0OC), as OC is sensitive to NK cell-mediated immunity.
Previously, we showed that CD34" hematopoietic progenitor cell (HPC)-derived NK cells can kill OC cells
in vitro and inhibit OC tumor growth in mice. Here, we investigated the potential of HPC-NK cell therapy
combined with chemotherapeutic gemcitabine (used in recurrent OC patients) against OC. We examined
the phenotypical, functional, and cytotoxic effects of gemcitabine on HPC-NK cells and/or OC cells in vitro
and in OC-bearing mice. To this end, we treated OC cells and/or HPC-NK cells with or without gemcitabine
and analyzed the phenotype, cytokine production, and anti-tumor reactivity. We found that gemcitabine
did not affect the phenotype and functionality of HPC-NK cells, while on OC cells expression of NK cell
activating ligands and death receptors was upregulated. Although gemcitabine pre-treatment of OC cells
did not improve the functionality of HPC-NK cells, importantly, HPC-NK cells and gemcitabine additively
killed OC cells in vitro. Similarly, combined HPC-NK cell and gemcitabine treatment additively decreased
tumor growth in OC-bearing mice. Collectively, our results indicate that combination therapy of HPC-NK
cells and gemcitabine results in augmented OC killing in vitro and in vivo. This provides a rationale for
exploring this therapeutic strategy in patients with recurrent OC.
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INTRODUCTION

Ovarian cancer (OC) is estimated to have been diagnosed in
21,410 women in the United States in 2021." OC treatment
encompasses cytoreductive surgery and platinum/taxane che-
motherapy. Nevertheless, the five-year survival is only 49% for
all stages and 30% for advanced stage OC." This is partly due to
tumor recurrence after a median of 1.5-2 years.” Therefore, novel
therapeutic strategies are urgently needed to improve patient
outcome.

As ovarian tumors often downregulate MHC class I and
express natural killer (NK) cell activating ligands, they are
prone to NK cell-mediated immunity.>* However, autologous
NK cells are often dysfunctional,” due to tumor-induced
immunosuppression and remaining self MHC class
I expression on tumor cells. Previously, we demonstrated that
umbilical cord blood (UCB)-derived CD34" hematopoietic
progenitor cell (HPC)-NK cells are capable of killing OC
monolayers and spheroids.® Furthermore, we showed that
intraperitoneal infusion of HPC-NK cells in human OC-
bearing mice significantly limits tumor progression and pro-
longs survival.® Currently, we are investigating the feasibility,
safety, and toxicity of an intraperitoneal HPC-NK cell infusion

in recurrent ovarian cancer patients (NCT:03539406).
However, improvement of HPC-NK cell therapy is warranted
to maximize the killing of OC cells.

Combining HPC-NK cells with gemcitabine could be
a novel option for OC patients. Gemcitabine is
a chemotherapy used in recurrent OC patients,” which inhibits
DNA synthesis and thereby induces apoptosis of proliferating
cells.*” Notably, gemcitabine also increases expression of nat-
ural killer group 2, member D (NKG2D) ligands in various
cancer types, thereby providing activating signals to NK
cells.>!*"'* Moreover, gemcitabine upregulates expression of
death receptors in multiple cancers for which NK cells express
the corresponding ligands, thereby sensitizing tumor cells to
NK cell-mediated apoptosis.'® In mice, gemcitabine was shown
to promote NK cell-mediated immune responses after pan-
creatic tumor resection and to inhibit local recurrence of
tumors."” These results suggest that NK cell therapy in combi-
nation with gemcitabine could be a promising treatment
approach for recurrent OC patients.

The goal of this study was to investigate the phenotypical,
functional, and cytotoxic effects of gemcitabine treatment on
HPC-NK cells and/or OC cells in vitro and in OC-bearing
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mice. Our study showed that gemcitabine upregulates NK cell
activating ligands and death receptors on OC cells. Moreover,
HPC-NK cells and gemcitabine additively killed OC cells
in vitro and in vivo. These data provide a rationale to explore
combination therapy of HPC-NK cells and gemcitabine in
patients with recurrent OC.

MATERIALS AND METHODS
HPC-NK cell culture

Umbilical cord blood was collected in cesarean sections after
informed consent (approved by the Radboud University
Medical Center Committee for Medical Research Ethics CMO
2014/226), in accordance with institutional guidelines and regula-
tions, and the Declaration of Helsinki. CD34* HPCs were isolated,
cryopreserved and thawed for HPC-NK cell generation. CD34"
HPCs were expanded and differentiated into HPC-NK cells
within 5-6 weeks as described previously."® HPC-NK cells
(>70% CD56") were used directly after culture or after cryopre-
servation and 5-8-day re-culture. HPC-NK cells were cultured in
Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco, 21980-
032) supplemented with 10% fetal calf serum (FCS, Corning, 35-
079-CV or Integro, 5-45900) (IMDM10; HPC-NK cell functional
assay) or Roswell Park Memorial Institute 1640 medium (RPMI,
Gibco, 21875-034) with 10% FCS (RPMI10; phenotyping and
killing assay). For experiments >24 h, medium was supplemented
with 5 ng/ml recombinant human interleukin-15 (rhIL-15;
Immunotools, 11340155) to support NK cell survival.

Tumor cell culture

Ovarian cancer (OC) cell lines IGROV-1, SKOV-3, and
OVCAR-3 (RRID:CVCL_1304, RRID:CVCL_0532, and
RRID:CVCL_0465, respectively) were cultured in RPMII10
(IGROV-1 and SKOV-3) or RPMI supplemented with 20%
FCS and 1 pg/ml insulin (Merck, i0516) (OVCAR-3), using
trypsin (Life Technologies, 25300054) for passaging. SKOV-3
was transduced with luciferase and green fluorescent protein
(SKOV-3-luc-GFP) as described previously,6 and used for
mouse experiments. Leukemia cell-line K562 (RRID:
CVCL_0004) was cultured in IMDM10. All cell lines were
cultured for a maximum of 3 months and were mycoplasma
free. SKOV-3 and K562 were purchased from the ATCC, and
IGROV-1 and OVCAR-3 were kindly provided by Prof.
Dr. OC Boerman, Department of Nuclear Medicine,
Radboud University Medical Center, Nijmegen, the
Netherlands. Primary patient-derived OC cell line ASC 009
was generated from ascites material obtained from the
Gynecologic Oncology Biobank of the Radboud University
Medical Center by NTRC in Oss, the Netherlands as
described,'”” and kindly provided by Guido Zaman. This
study was approved by the Radboudumc Committee for
Medical Research Ethics (CMO 2018/4845), and written
informed consent was obtained. ASC 009 was cultured in
advanced RPMI 1640 (Life Technologies, 12633-020) supple-
mented with 10% FCS, 1% pen/strep (Life Technologies,
15140130) and 1% glutamax (Life Technologies, 35050-038).

Tumor nodule dissociation

SKOV-3-luc-GFP tumor nodules from mice were dissociated
using the human tumor dissociation kit (Miltenyi Biotec, 130-
095-929) and a gentleMACS Dissociator. A single-cell suspen-
sion was obtained using a 70 pm filter (Fisher Scientific,
10788201) before staining.

Drug treatment

OC cells were plated in 6-well (Corning, 3506), 24-well (Greiner
CELLSTAR, 662160) cell culture plates, or T75 cell culture flasks
(Greiner Bio-One, 658175). HPC-NK cells were plated in 24-
well plates. Gemcitabine hydrochloride (Actavis/Aurobindo,
104283/104285, 40 mg/ml = 133 mM) was diluted in culture
medium and added (immediately for HPC-NK cells and after
4 h for OC cells to first allow cell adherence) at concentrations
ranging from 0 to 87.5 nM. When HPC-NK cells were co-
cultured with OC cells, HPC-NK cells and gemcitabine were
added 4 h after plating OC cells in 24-well plates. After 48 —72 h,
supernatant was stored at —20°C for enzyme-linked immuno-
sorbent assay (ELISA). HPC-NK cells were harvested by resus-
pending the remaining medium, OC cells were trypsinized
(trypsin: Life Technologies, 25300054; or trypLE: Gibco,
12605028) and collected for further analyses.

Flow cytometry (FCM)-based assays

FCM samples were measured on the FC500, Gallios, or
CytoFLEX (LX) (all Beckman Coulter). To determine percen-
tage positivity, gates were placed based on a maximum of 5%
background staining in a corresponding unstained or back-
bone sample.

HPC-NK cell functional assay

HPC-NK cells were stimulated for 4 h with K562 or SKOV-3
cells that were 48 h pre-treated with/without 8.8 nM gemcita-
bine at an effector-to-target (E:T) ratio of 1.5:1 in the presence
of CDI107a-PE-Cy7 (Biolegend, 328618), and brefeldin
A (added after 1 h, BD Biosciences, 555029). Optionally, anti-
DNAX Accessory Molecule-1 (DNAM-1) (mouse IgGl,
Biolegend, 338302), and/or anti-NKG2D (mouse IgGl,
Biolegend, 320813) blocking antibodies or isotype control
(mouse IgGl, BioXcell, BE0083) were added at 10 pg/ml.
After 4 h, surface staining was performed using CD56-BV510
(Biolegend, 318340), and intracellular staining using anti-
interferon (IFN)y-FITC (BD Biosciences, 554700) and anti-
perforin-PE (Biolegend, 308106) using a fixation/permeabiliza-
tion kit (eBioscience, 00-5521-00) and permeabilization buffer
(eBioscience, 00-8333) following manufacturer’s instructions.
Dead cells were excluded using fixable viability dye eFluor780
(eBioscience, 65-0865-14) staining. Unstimulated cells were
used for gating on CD107a and IFNy positive cells.

Phenotyping

OC cells and HPC-NK cells were immediately stained after
drug treatment, or when staining HPC-NK cells for death-
inducing ligands, after stimulation with K562 for 4 h.



Staining was performed after 5-10 min incubation with nano-
gam (total  human  immunoglobulins; Sanquin,
8717185830262).

Parental OC cell lines, ASC 009, and dissociated SKOV-3-luc-
GFP tumor nodules were stained using viability dye ViaKrome808
(Beckman Coulter, C36628) and the following antibodies: anti-
ULBP2/5/6-PE (R&D Systems, FAB1298P), CD261(TRAII-R1)-
PE-Atto594 (Novus Biologicals, NBP2-31343PEATT594), CD112
(Nectin-2)-PE-Cy7 (Biolegend, 337414), CD262(TRAIL-R2)
-APC (Biolegend, 307407), CDI155(PVR)-BV421 (Biolegend,
337631), and CD95(Fas)-BV785 (Biolegend, 305645); or anti-
MICA/B-PE  (Biolegend, 320906), anti-ULBP1-PE-Atto594
(Novus Biologicals, NBP2-11986PEATT594), anti-ULBP3-APC

(R&D  Systems, FAB1517A), anti-HLA-ABC-APC-Fire750
(Biolegend, 311443), and anti-HLA-E-BV421 (Biolegend,
342611).

HPC-NK cells were stained with CD56-BV510 (Biolegend,
318340), CD253(TRAIL)-APC (Biolegend, 308210), CD178
(FasL)-PE  (Biolegend, 306407), and fixable viability dye
eFluor780; or CD45-BUV395 (BD Biosciences, 563792), CD56-
BV421 (Biolegend, 318328), CD3-BV605 (Biolegend, 300460),
CD159a(NKG2A)-APC (Beckman Coulter, A60797), CD158b-
BV510 (BD Biosciences, 743452), CD158e1-AF700 (Biolegend,
312712), CD69-BUV737 (BD Biosciences, 612818), CD337
(NKp30)-PE-Cy5 (Beckman Coulter, A66904), CD336(NKp44)-
PE-Cy7 (Biolegend, 325116), CD335(NKp46)-PE-Dazzle594
(Biolegend, 331930), CD226(DNAM-1)-PE (Biolegend, 337106),
CD314(NKG2D)-BV785 (Biolegend, 320830), and viability dye
ViaKrome808 (Beckman Coulter, C36628).

Killing assay

After collecting HPC-NK cells and/or OC cells, viability dye
7-Aminoactinomycin D (7-AAD, Sigma, A9400) and, when
measured on the FC500, 10 pL Flow-Count Fluorosphere
Beads (Beckman Coulter, 7547053) were added, and the number
of viable cells was analyzed. Percentage of gemcitabine-mediated
death was calculated as follows: (1 — (number of viable cells
treated with gemcitabine)/(number of viable cells treated with-
out gemcitabine)) x 100%. Combined OC killing (by gemcita-
bine plus HPC-NK cells) compared to no gemcitabine was
calculated as follows: 1 — (number of viable OC cells of an
experimental condition)/(number of viable OC cells without
gemcitabine and HPC-NK cells) x 100%.

ELISA

Supernatants were evaluated for IFNy and granzyme
B secretion following manufacturer’s instructions (IFNy:
Endogen, M700A; granzyme B: Mabtech, 3485-1 H-20).
Absorbance at 450 nm was measured using the FLUOstar
Omega Microplate Reader (BMG Labtech).

In vivo experiments

Animal experiments were approved by the Dutch central com-
mittee of animal experiments (CCD, 2015-0123) and supervised
by the animal welfare committee of the Radboud University
Medical Center, performed in accordance with institutional,
national, and international guidelines, and comply with relevant
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legislation under university permit number 10300. Mice were
inspected daily for general behavior, and weight was monitored
at least twice/week. General humane endpoints were applied,
whereupon mice were sacrificed using cervical dislocation or
CO, inhalation. In all the mouse experiments, 6-20 weeks old
female NOD/SCID/IL2Rynull (NSG) mice (Jackson Laboratories,
in-house breeding) were injected intraperitoneally (ip.) with
0.2 million SKOV-3-luc-GFP cells and divided into treatment
groups based on block randomization after baseline biolumines-
cence imaging (BLI). BLI was performed following i.p. injection of
150 mg/kg D-luciferin (PerkinElmer, 122799), and isoflurane
anesthesia. Images were taken using an In Vivo Imaging System
and Living Image software (PerkinElmer). A region of interest was
drawn around the torsos of the mice, and the integrated flux of
photons  (photons/second/cm*/steradian) ~ was  analyzed.
Researchers involved in the experiments were blinded to treat-
ment after baseline BLL

For the gemcitabine titration, 20 mice (n = 5 per group) were
injected i.p. with 0, 10, 20, or 40 mg/kg gemcitabine hydro-
chloride (diluted in PBS) starting 4 days after tumor injection,
twice weekly for 2 weeks followed by 1-week rest (i.e. one cycle)
for two cycles. For the first combination experiment, 44 mice
(n = 11 per group) were treated with 40 mg/kg gemcitabine
hydrochloride (diluted in PBS) or PBS, starting 4 days after
tumor injection (day 0) for three cycles. Furthermore, i.p. HPC-
NK cells (12 million/mouse/infusion) or PBS were infused
on day 14, 35, 56, in combination with ip. rhIL-15 or PBS
injections between day 14-20, 35-41, 56-70 every other day.
Mice were followed for survival. The second combination
experiment had a similar setup with these adaptations: HPC-
NK cells were infused on day 0, 21, 42 (17, 12, or 7 million/
mouse, respectively); rhIL-15 between day 0-6, 21-27, 42-56;
and gemcitabine from day 7 for two cycles. The gemcitabine
phenotype experiment had a different design: 14 mice (n = 7 per
group) were injected ip. with gemcitabine hydrochloride or
PBS starting 39 days after tumor injection for 2 weeks, where-
upon the mice were sacrificed for tumor nodule assessment.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
software version 5.03 or SPSS. The used statistical tests are
indicated in the figure legends. Significance was defined as
p <.05(*),p<.01(*) and p <.001 (***).

RESULTS

Gemcitabine increases expression of NK cell activating
ligands and death receptors on OC cells

To investigate the phenotypical effects of gemcitabine treatment
on OC cells and HPC-NK cells, we exposed these cells to varying
gemcitabine concentrations for 48 h. Using similar concentra-
tions as previous studies,”'> gemcitabine (8.8 nM) significantly
upregulated expression of activating NKG2D ligand ULBP2/5/6,
activating DNAM-1 ligands CD112 (Nectin-2) and CD155
(PVR), and death receptors CD261 (TRAIL-R1), CD262
(TRAIL-R2) and CD95 (Fas) on OC cells (Figure 1,
Supplementary Figure S1). Similar effects were seen for a lower
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concentration of gemcitabine (4.4 nM). Inhibitory HLA-ABC
expression was upregulated upon gemcitabine treatment on all
OC cell lines, while HLA-E expression was enhanced on SKOV-
3 only (Supplementary Figure S2). These results demonstrate
that gemcitabine enhances both the percentage of OC cells that
express NK cell activating ligands and death receptors, as well as
the expression levels of these molecules.

In contrast, even the highest concentration of gemcitabine
(8.8 nM) did not alter the expression of activating and inhibi-
tory receptors/ligands on HPC-NK cells (Figure 2a-k,
Supplementary Figure S3). Moreover, gemcitabine did not
affect perforin expression, degranulation (CD107a expression),
and IFNy production by HPC-NK cells upon 4 h stimulation
with or without K562 (Figure 2I-n). Together, these data show
that gemcitabine enhances expression of NK cell activating
ligands and death receptors on multiple OC cell lines, while
gemcitabine does not negatively impact HPC-NK cell pheno-
type nor inhibit functionality.

Pre-treatment of SKOV-3 cells with gemcitabine does not
improve HPC-NK cell functionality

Based on the slight increases we found in the expression of NK
cell activating ligands, we next investigated whether gemcitabine
pre-treatment of SKOV-3 cells enhances SKOV-3 sensitivity to

HPC-NK cell-mediated killing. First, we pre-treated SKOV-3
with 0 or 8.8 nM gemcitabine for 48 h. Again, a trend in
upregulation of ULBP2/5/6 and CD112 expression, ligands of
NKG2D and DNAM-1 on NK cells, respectively, was found on
these SKOV-3 cells (Figure 3a-b). Next, we co-cultured HPC-
NK cells with these pre-treated SKOV-3 cells for 4 h. There was
no significant difference between HPC-NK cell degranulation
(Figure 3c) and IFNy production (Figure 3d) after co-culture
with untreated vs pre-treated SKOV-3 cells (mean 40% vs 36%,
and mean 12% vs 10%, respectively) (Supplementary Figure S4).
To investigate whether gemcitabine sensitizes OC cells to
DNAM-1 and/or NKG2D-mediated activation of HPC-NK
cells, we used DNAM-1 and NKG2D blocking antibodies.
First, we confirmed that DNAM-1 and NKG2D were expressed
on HPC-NK cells (>85%, data not shown). Notably, DNAM-1
blockade as well as NKG2D blockade decreased HPC-NK cell
degranulation and IFNy production to a similar extent in
response to untreated or pre-treated SKOV-3 cells. DNAM-1
and NKG2D co-blockade further diminished HPC-NK cell
degranulation and IFNy production to approximately 10-15%
and 1%, respectively, both in untreated and pre-treated SKOV-3
cells. This indicates that NKG2D and DNAM-1 signaling is
involved in SKOV-3-mediated HPC-NK cell activation.
Compared to co-culture with untreated SKOV-3 cells, gemcita-
bine pre-treatment did not increase the percentage inhibition of
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Figure 1. Gemcitabine increases NK cell activating ligand and death receptor expression on OC cells. Phenotype of OC cell lines SKOV-3 (white), IGROV-1 (light
gray) and OVCAR-3 (gray) treated with gemcitabine for 48 h (all n = 4). Delta Geometric Mean Fluorescence Intensity (AMFI) was determined based on the same sample
stained with a live/dead dye only. Protein expression (mean + SD) of NKG2D ligands (a) MICA/B, (b) ULBP1, (c) ULBP2/5/6, (d) ULBP3, DNAM-1 ligands (e) CD112 (Nectin-
2), (f) CD155 (PVR), and death receptors (g) CD261 (TRAIL-R1), (h) CD262 (TRAIL-R2), and (i) CD95 (Fas) is shown. Statistical significances were evaluated per cell line by

One-way ANOVA with Bonferroni correction.
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Figure 2. Gemcitabine does not negatively impact HPC-NK cell phenotype and functionality. A-K. Phenotype of HPC-NK cells treated with gemcitabine for 48 h.
Percentage positivity corrected for background staining in the corresponding control sample is shown. Control samples did not contain the antibodies of interest.
Protein expression of (a) NKG2A on viable CD56"CD3™ cells, or (b) CD158b, (c) CD158e1, (d) NKp30, (e) NKp44, (f) NKp46, (g) DNAM-1, (h) NKG2D, (i) CD69 (all n = 3) on
viable CD56"CD3™NKG2A™ cells, or (j) FasL, (k) TRAIL (both n = 3) on living CD56™ cells is shown. L-N. Functionality of HPC-NK cells treated with gemcitabine for 48 h,
after 4 h stimulation with (white) or without (black) K562 (all n = 3). Percentage positivity as protein expression of (I) perforin on viable CD56" cells, (m) CD107a
(degranulation) and (n) IFNy on viable CD56" perforin* HPC-NK cells is shown. Graphs show individual donors (NK1-6). Statistical significance was tested by repeated-
measures One-way ANOVA for A-K and repeated-measures Two-way ANOVA for L-N, all ANOVAs with Bonferroni correction.



€1981049-6 J. M. R. VAN DER MEER ET AL.

A ULBP2/5/6
MFI A AMF [] SKOV-3 0 nM GEM control
[\ [[] skov-3 0 nM GEM stained
30313 VAL [] SKOV-3 8.8 "M GEM control
79770 | [l SKOV-3 8.8 nM GEM stained
110083 _J(\L
\
l\
41222 \
118831
160053 ‘.‘
Cc CD107a
50+ * *
£ ol o " . = NK8
= a —_— 4 NK9
2 30 - Ao, "
% 20 L -
5 ", L4
5 104 . -
o
F PP STESNS S
& FE .\‘\“*0 ST FE \,\**‘0
Gl &
& &
p——CnMGEM 4 88NMGEM
E cD107a
80
" - = NK8
$ o Nk
E-] 60 L] A
S [ ]
2
£ P —
) w0y R .
g R
8 2" m
&

O o
& & &
& &
& &
s
& &

Blocking antibody and GEM (nM)

B cD112
MFL AMFI| [7] SKOV-3 0 nM GEM control
| L [[] SKOV-3 0 "M GEM stained
414 1\ [] SKOV-3 8.8 nM GEM control
A 64058 | [l] SKOV-3 8.8 "M GEM stained
66472
;232_1"(\
, 72685
75917 ‘
D IFNy
15.0 * %
- . —'?| _"
£ 1254 o ]
'7'3 100 & . _ -
8 —
% 7.5 .,
g = - -
5 25 -
g - o
F NN PSSP
FFF EEITFTE EE
<& A <& N
o o
< <o
—OQOMGEM |, 88IMGEM |
F IFNy
100
5 .
= [ ]
o A
£ 4 N
‘® " [ ] I
g
5
5 20
o

§ & 5
o\y S & ;
S vs“‘\ K
& &

Blocking antibody and GEM (nM)

Figure 3. Pre-treatment of SKOV-3 cells with gemcitabine does not improve HPC-NK cell functionality. A-B. Phenotype of SKOV-3 pre-treated with or without
8.8 nM gemcitabine for 48 h in a representative experiment. Overlay of (a) ULBP2/5/6 and (b) CD112 (nectin-2) expression is shown. The control sample contained a live/
dead dye only. The numbers on the left show the median fluorescence intensity (MFI), the numbers on the right the delta MFI (AMFI), which was determined based on
the control sample. C-F. Functionality of HPC-NK cells after 4 h stimulation with SKOV-3 cells pre-treated 48 h with or without 8.8 nM gemcitabine (GEM, n = 2).
C-D. Percentage positivity of (c) CD107a (degranulation) and (d) IFNy expression on living CD56" perforin* HPC-NK cells is shown in the absence or presence of an
isotype control antibody, DNAM-1 and/or NKG2D blocking antibody. E-F. Percentage inhibition of (e) CD107a (degranulation) and (f) IFNy positivity by blocking
antibodies relative to isotype after 4 h stimulation with pre-treated (8.8 nM GEM) or untreated (0 nM GEM) SKOV-3 cells. Graphs show NK cell donors (NK8-9) with mean
in panel C-F. Statistical significance was tested for C-F by repeated-measures Two-way ANOVA with Bonferroni correction.

HPC-NK cell degranulation and IFNy production by the
respective blocking antibodies relative to isotype control treat-
ment (Figure 3e-f). These results indicate that OC cells can
activate HPC-NK cells via expression of DNAM-1 and
NKG2D ligands, yet upregulation of these ligands by gemcita-
bine does not enhance OC-reactivity of HPC-NK cells.

HPC-NK cells and gemcitabine additively kill OC cells
in vitro

Next, we determined the cytotoxic effects of gemcitabine on
OC cell lines as well as HPC-NK cells after 48 h incubation.
Gemcitabine dose-dependently killed OC cell lines and HPC-
NK cells. A concentration of 2.2 nM gemcitabine induced 58%
(SKOV-3), 43% (IGROV-1), or 20% (OVCAR-3) of OC cell
death, and 24% HPC-NK cell death after 48 h (Figure 4a). We
continued further experiments with SKOV-3 and IGROV-1,

and used 2.2 nM gemcitabine as the highest concentration in
next experiments to have a sufficient window of opportunity to
study the anti-tumor effect of HPC-NK cell addition.

Importantly, HPC-NK cells (E:T ratio 0.3:1) combined with
2.2 nM gemcitabine induced significantly higher killing of
SKOV-3 cells (78%) than monotreatment with 2.2 nM gemci-
tabine (60%) or HPC-NK cells (0.3:1, 39%) (Figure 4b).
Furthermore, combination of HPC-NK cells (E:T 0.3:1) and
2.2 nM gemcitabine killed more IGROV-1 cells (64%), com-
pared to monotherapy with 2.2 nM gemcitabine (49%) or
HPC-NK cells (37%) (Figure 4c). The cell culture supernatant
of HPC-NK and OC cells showed no difference in IFNy and
granzyme B secretion in the presence of gemcitabine
(Figure 3d-g, Supplementary Figure S5).

Next, to confirm these results in primary cells, we per-
formed similar experiments using primary patient-derived
OC cells ASC 009. ASC 009 showed comparable phenotypical



and cytotoxic effects upon 48-72 h exposure to gemcitabine as
48 h treatment of SKOV-3 and IGROV-1. ASC 009 C was
incubated for 72 h in the killing assay because of a longer
doubling time than 48 h (70 h). Gemcitabine (8.8 nM) slightly
increased NK cell activating ligand and death receptor protein
expression after 48 h (Supplementary Figure S6) and 2.2 nM
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gemcitabine killed 38% of OC cells after 72 h (Figure 4h).
Combination therapy of HPC-NK cells (E:T 0.15:1) and
2.2 nM gemcitabine killed more OC cells (64%) than mono-
treatment with 2.2 nM gemcitabine (37%) and HPC-NK cells
(0.15:1, 16%) (Figure 4i). These data demonstrate that gemci-
tabine and HPC-NK cells additively kill OC cells in vitro.
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Figure 4. HPC-NK cells and gemcitabine additively kill OC cells in vitro. (a) Cell killing of OC cell lines (SKOV-3, white; IGROV-1, light gray; OVCAR-3, gray) or HPC-NK
cells (dark gray) 48 h after gemcitabine incubation (n = 3). B-C. (b) SKOV-3 or (c) IGROV-1 cell killing 48 h after treatment with gemcitabine and/or HPC-NK cells (no HPC-
NK cells, white; effector-to-target (E:T) ratio 0.3:1, light gray; 0.6:1/0.4:1, respectively, gray) (n = 3, n = 3-5, respectively). The stars above lines refer to significant
differences as compared to no NK cells at the same gemcitabine concentration, the stars above bars reflect significant differences as compared to no gemcitabine at the
same E:T ratio (ref). D-G. Fold change in HPC-NK cell (d-e) IFNy (both n = 3), and (f-g) granzyme B (n = 2-3 and n = 3, respectively) secretion 48 h after co-culture with
gemcitabine and (d, f) SKOV-3 or (e, g) IGROV-1 at an E:T ratio of 0.3:1 (light gray), or 0.6:1/0.4:1, respectively (gray) compared to 0 nM gemcitabine for each E:T ratio. (h)
Cell killing of primary patient-derived OC cells ASC 009 72 h after gemcitabine incubation (one experiment, triplicates). (i) ASC 009 cell killing 72 h after treatment with
gemcitabine and/or HPC-NK cells (no HPC-NK cells, white; E:T ratio 0.15:1, light gray; 0.3:1, gray; 0.6:1, dark gray) (n = 3 NK cell donors). The stars above lines refer to
significant differences as compared to no NK cells at the same gemcitabine concentration, the stars above bars reflect significant differences as compared to no
gemcitabine at the same E:T ratio (ref). Graphs show mean + SEM for A-G, | and mean + SD for H. Statistical significance was determined by (a) repeated-measures One-
way ANOVA per cell type, (b and i) repeated-measures Two-way ANOVAs, (c) Two-way ANOVAs, (h) One-way ANOVA (all ANOVAs with Bonferroni correction), (f)
a Kruskal-Wallis test with Dunn'’s correction per E:T ratio, and (d-e and g) a Friedman test with Dunn’s correction per E:T ratio.
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HPC-NK cells and gemcitabine additively decrease OC
growth in SKOV-3 bearing NSG mice

To confirm the additive anti-OC effect of gemcitabine and HPC-
NK cells seen in vitro, we next studied the effects of gemcitabine
in NSG mice engrafted with i.p. SKOV-3-luc-GFP tumors. First,
we examined the anti-tumor effect (using BLI) and toxicity of i.p.
gemcitabine treatment. Mice were treated with gemcitabine
twice weekly for 2 weeks followed by 1-week rest, for two cycles,
which is similar to treatment of ovarian cancer patients.'®
Tumor growth dose-dependently decreased in mice receiving
gemcitabine (Figure 5a-b). Since no dosage-related toxicity was
observed, we continued with the highest dosage.

To analyze the phenotype of SKOV-3-luc-GFP tumor
nodules, gemcitabine or PBS treatment was performed in
a high tumor load model. In this model, one cycle of gemcitabine
slightly enhanced the expression of NK cell activating ligands
and death receptors on SKOV-3-luc-GFP tumor nodules, which
is in agreement with our in vitro data (Supplementary Figure S7).

Subsequently, we investigated the combined anti-tumor effect
of i.p. gemcitabine and ip. HPC-NK cell co-treatment in NSG
mice engrafted with i.p. SKOV-3-luc-GFP tumors. Since 40 mg/kg
gemcitabine may be substantially higher than the concentrations
used in vitro (initially 6 mM based on a mouse weight of 22.5 g and
an injection volume of 0.5 ml, vs maximum 8.8 nM in vitro), HPC-
NK cells might be severely harmed by gemcitabine. Hence, we
separated HPC-NK cell and rhIL-15 injections from gemcitabine
treatment, starting with the latter. Gemcitabine treatment signifi-
cantly decreased tumor growth and increased survival compared
to control mice (Figure 5c-d). Surprisingly, no (additional) anti-
tumor effect was seen upon HPC-NK cell treatment, neither in
HPC-NK only nor in gemcitabine plus HPC-NK cell treated
animals. Possibly, the high tumor load at the time of HPC-NK
cell therapy was not effective in killing OC cells. To further
optimize our model, we switched the order of HPC-NK cell and
gemcitabine administration. Here, tumor growth was decreased in
gemcitabine-treated, HPC-NK-treated, and HPC-NK plus gemci-
tabine-treated mice compared to control mice (Figure 5e-g).
Moreover, tumor growth was significantly lower in mice treated
with the combination therapy of HPC-NK cells and gemcitabine
compared to mice treated with HPC-NK cells or gemcitabine
monotherapy, or PBS-treated mice. Survival analysis showed that
the combination therapy slightly prolonged the survival of mice
(median survival 83 days) compared to single treatment with
gemcitabine or NK cells (median survival both 81 days), and that
survival was significantly extended compared to PBS treated mice
(median survival 77 days) (Figure 5h). Furthermore, 25% survival
was reached at 96 days for combination therapy, 95 days for NK
cell monotherapy, 88 days for gemcitabine monotherapy, and
84 days for PBS control therapy. Together, these experiments
demonstrate that HPC-NK cells and gemcitabine additively
decrease OC growth in vivo dependent on the timing of HPC-
NK cell administration.

DISCUSSION

Since many OC patients experience recurrence after standard
therapy, novel therapeutic approaches are urgently needed to
combat and control relapse and improve survival for these

patients. Because OC is prone to NK cell-mediated immunity,
NK cell adoptive transfer could be an interesting therapeutic
option. We previously showed that HPC-NK cells can kill
human OC cells in vitro and in vivo.° However, improvement
of HPC-NK cell therapy is warranted to further enhance anti-
OC reactivity. This might be achieved by combining HPC-NK
cells with gemcitabine, a drug already used in recurrent OC
patients. Gemcitabine has been shown to increase expression of
NKG2D ligands and death receptors in various cancers,>10-14
thereby sensitizing tumor cells to NK cell-mediated killing.
Therefore, we investigated the phenotypical, functional, and
cytotoxic effects of gemcitabine treatment on HPC-NK cells
and/or OC cells in vitro and in vivo.

First, we confirmed that gemcitabine promotes expression
of NK cell activating ligands and death receptors on OC cells.
This is in line with previous studies using various cancer types,
where upregulation of NKG2D ligands (ULBP2/5/6 and
MICA/B) was 1rep0rted.8’1°"14 Moreover, one of these studies
reported a gemcitabine-mediated increase in CD95 and
TRAIL-R2 expression.'® Another study documented enhanced
inhibitory HLA-ABC expression on lung cancer cells due to
gemcitabine.® We show that gemcitabine increases expression
of NKG2D ligand ULBP2/5/6, DNAM-1 ligands (CD112
(Nectin-2) and CDI155 (PVR)), death receptors (CD261
(TRAIL-R1), CD262 (TRAIL-R2) and CD95 (Fas)), and inhi-
bitory HLA-ABC molecules on OC cell lines and primary
patient-derived OC cells. In contrast to other studies, we did
not observe modulation of MICA/B in OC cells. This difference
could be related to used cancer cell type.

Next, we found that gemcitabine did not negatively affect
HPC-NK cell phenotype nor functionality at nanomolar con-
centrations. The literature on the impact of gemcitabine treat-
ment on NK cells is very limited. Markasz et al. reported that
gemcitabine pre-treatment (20 h, 2-250 uM) impaired NK-
reactivity toward K562 cells, using NK cell lines.!” However,
this concentration is much higher than what we used for HPC-
NK cell incubation (max 8.8 nM). For clinical translation, it is
relevant to investigate the impact of higher gemcitabine con-
centrations on HPC-NK cell phenotype and functionality,
since the mean plasma concentration of gemcitabine ranges
between 30 and 85 uM directly after i.v. administration of
1000 mg/m*>."***" However, plasma clearance of gemcitabine
is rapid with a half-life of 5-20 min**** and the gemcitabine
concentration in the peritoneal cavity, the location where we
would like to inject HPC-NK cells, will probably be lower.
Therefore, the concentrations that we investigated are biologi-
cally relevant, especially if NK cells and gemcitabine are not
administered at the same time.

Despite gemcitabine-mediated upregulation of NK cell acti-
vating ligands on OC cells, we did not observe that pre-
treatment of OC cells with gemcitabine improved the function-
ality of HPC-NK cells on single cell level. Apparently, the
increase in ULBP2/5/6 and CD112 expression on SKOV-3
cannot (further) enhance HPC-NK cell activation, which
could be related to upregulated expression of inhibitory HLA
class I (HLA-ABC and HLA-E) molecules on SKOV-3 by
gemcitabine treatment, which may have balanced the activat-
ing and inhibitory effects. Altogether, this combined upregula-
tion of both activating and inhibitory receptors may underly
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Figure 5. HPC-NK cells and gemcitabine additively decrease OC growth in SKOV-3 bearing NSG mice. (a) Radiance (photons/second/cm?/steradian) of tumors
on day 34 after starting treatment (4-5 mice per group, excluding mice that did not show tumor growth over time) in SKOV-3 bearing NSG mice (0.2x10° tumor cells
injected i.p. at day —4) treated i.p. with 0 (PBS), 10, 20 or 40 mg/kg gemcitabine (GEM) twice weekly for two weeks followed by one week rest (one cycle) for two cycles.
(b) BLI images from the experiment depicted in panel A on day —1 (1 day before treatment) and day 34 after starting treatment. (c) Radiance (photons/second/cmz/
steradian) of tumors over time (7-11 mice per group, excluding mis-injections) in SKOV-3 bearing NSG mice (0.2 million tumor cells injected i.p. 4 days before treatment)
treated i.p. with PBS (control, gray) or 40 mg/kg gemcitabine (blue) for three cycles, HPC-NK cells together with rhiL-15 cytokine support (black) or a combination of
gemcitabine, HPC-NK cells and rhiIL-15 (red). HPC-NK cells and rhIL-15 were administered once or every other day, respectively during the weeks the mice were off
gemcitabine. After the last HPC-NK cell injection, rhIL-15 was given for two weeks. All mice could be followed for tumor growth until day 55 due to saturation. (d)
Survival of mice from the experiment depicted in panel C. Mice that were sacrificed solely due to a subcutaneous tumor >1000mm? (n = 6/44) were censored in the
survival analysis. E-F. Radiance (photons/second/cm?/steradian) of tumors over time (11 mice per group) in SKOV-3 bearing NSG mice (0.2 million tumor cells injected i.
p. 4 days before treatment) treated i.p. with PBS (control, gray), 40 mg/kg gemcitabine for two cycles (blue), HPC-NK cells together with rhiL-15 cytokine support (black),
or a combination of HPC-NK cells, rhiL-15 and gemcitabine (red). HPC-NK cells and rhIL-15 were administered (starting) one week before the first gemcitabine cycle and
during the weeks the mice were off gemcitabine, once or every other day per week, respectively. After the last HPC-NK cell injection, rhIL-15 was given for two weeks. All
mice could be followed for tumor growth until day 63 due to saturation. Statistics was performed on data from panel E and significant differences are shown in panel
F. (g) BLI pictures from the experiment depicted in panels E-F on day 63 after starting treatment. (h) Survival of mice from the experiment depicted in panels E-G. Mice
that were sacrificed solely due to a subcutaneous tumor >1000mm? (n = 2/44) were censored in the survival analysis. Graphs show mean + SD for C and E. Statistical
significance was tested for A by one-way ANOVA, for C by two-way ANOVA, for E (shown in F) by repeated-measures two-way ANOVA (all ANOVAs with Bonferroni
correction), and for D and H by Cox regression analysis.
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our observation that pre-treatment of SKOV-3 cells with gem-
citabine did not enhance HPC-NK cell tumor reactivity.
Another explanation might be that our HPC-NK cells are
already highly activated in the presence of OC cells without
gemcitabine treatment (Figure 4).>'®**"?® In previous publica-
tions, we have shown that we can already approach nearly
100% HPC-NK cell-mediated OC cell death in the absence of
gemcitabine using an E:T ratio of 10:1, which is lower com-
pared to the E:T ratio that is needed for peripheral blood (PB)-
NK cells to kill 100% of OC cells.®'® However, to study possible
additive effects of HPC-NK cells and gemcitabine in a more
physiological setting, all combination experiments were per-
formed at low E:T ratios. Furthermore, we previously demon-
strated that our HPC-NK cells produce higher levels of
granzyme B compared to PB-NK cells, and that our HPC-NK
cell population contains serial killers, which kill two or more
OC targets.'® However, we cannot exclude HPC-NK cell
exhaustion and/or OC immune escape because we did not
perform long-term OC outgrowth experiments. Nevertheless,
our results support that our HPC-NK cells are highly activated,
and may therefore reach their maximum capacity already in
the absence of gemcitabine. For gemcitabine monotherapy
escape is a realistic scenario because even with our highest
dose of 87.5 nM we did not reach 100% killing in OC cell
lines. Instead, plateaus of maximum killing were observed. In
contrast to HPC-NK cells, improvement of peripheral blood
(PB)-NK cell functionality has been reported upon increased
MICA/B or ULBP2/5/6 expression on tumor cells mediated by
gemcitabine.*'" Using NKG2D and DNAM-1 blocking anti-
bodies, we show that NKG2D and DNAM-1 are important
receptors for SKOV-3-mediated HPC-NK cell activation.
Moreover, we demonstrate that upregulation of NKG2D and
DNAM-1 ligands on OC cells by gemcitabine does not lead to
increased HPC-NK cell activation.

Notably, in our study, we showed that all our OC cell lines
were susceptible to gemcitabine, with the highest sensitivity for
SKOV-3, followed by IGROV-1 and OVCAR-3. This is in con-
trast to another study showing that OVCAR-3 was most sensi-
tive to gemcitabine, followed by IGROV-1 and SKOV-3.* This
difference might be attributed to different incubation times
(48 h in our study vs 5 days in the other study) or other
differences in experimental conditions. Despite direct effects
on OC survival, gemcitabine also negatively affects HPC-NK
cell numbers. However, this did not lead to decreased IFNy or
granzyme B secretion in combination killing assays. A possible
explanation for this observation might be that remaining HPC-
NK cells treated with gemcitabine still produce substantial IFNg
and granzyme B upon OC cell stimulation. Most importantly,
we found that HPC-NK cells and gemcitabine additively killed
OC cells, both well-established OC cell lines and primary
patient-derived OC cells. Notably, in our view, the additive effect
is not related to the upregulation of NKG2D and DNAM-1
ligands on ovarian cancer cells. Upregulation of NKG2D and
DNAM-1 ligands is mostly found at a concentration higher than
2.2 nM, while the additive effects of gemcitabine and HPC-NK
cells occur at concentrations of 2.2 nM or lower. Higher con-
centrations of gemcitabine were not investigated for additive

effects because 4.4 nM gemcitabine already killed 80% of
SKOV-3 and 68% of IGROV-1 cells, limiting the window of
opportunity for NK cells to kill these cells in vitro.

Finally, we demonstrated that HPC-NK cells and gemcita-
bine additively decrease OC growth in vivo. We show an anti-
tumor effect of i.p. gemcitabine administration in NSG mice
bearing i.p. human OC. Our gemcitabine dosage (40 mg/kg
twice weekly) and administration schedule is comparable to
other studies in mice'>*® and lower than in patients
(human equivalent dose in mg/kg = animal dose in mg/kg/
(Km human/Km mouse) = 40/(37/3) = 3.24 mg/kg,39 corre-
sponding to 120 mg/m” twice weekly (dose in mg/m” = dose
in mg * Km = 324 * 37),> which is ~4-fold lower than the
recommended dosage of 1000 mg/m> once weekly in
patients).18 However, since gemcitabine is administered iv. in
patients, the concentration in the peritoneal cavity of patients
will likely be lower, decreasing the difference between the mouse
and human dosage. We administered gemcitabine i.p. because
the peritoneal cavity is the region of interest in our OC model.
The concentration we injected was approximately 6 mM, which
is considerably higher than our in vitro nanomolar concentra-
tions, and the micromolar concentrations that can be reached in
patients. Notably, gemcitabine injected i.p. rapidly disseminates
to the blood, leading to a decreased ip. concentration.*®
Nevertheless, we decided to separate gemcitabine injections
from HPC-NK cell infusions in time, to avoid potential harmful
effects of high gemcitabine concentrations on HPC-NK cell
numbers, phenotype, and functionality. Since gemcitabine can
enhance expression of NK cell activating ligands and death
receptors, we started with gemcitabine treatment followed by
HPC-NK cell treatment in our first combination experiment.
Although we found that gemcitabine decreased tumor growth,
HPC-NK cells did not unfortunately. This observation is in
contrast to our previously published studies,”'® where HPC-
NK cells established anti-OC effects in vivo. An important
difference between this study and our previous studies is the
timing of HPC-NK cell treatment upon tumor administration,
namely 4 days in previous studies, compared to 18 days in this
study. Hoogstad-van Evert et al. showed that a higher tumor
load decreases the antitumor efficacy of HPC-NK cells.’
Probably, in these 18 days, the tumor mass has grown too
large for HPC-NK cells to effectively kill the tumor cells.
Likewise, combination treatment did not lead to an extra anti-
tumor effect compared to gemcitabine monotherapy, indicating
that even in gemcitabine-treated animals the tumor load was
too high for effective HPC-NK cell tumor reactivity. Therefore,
in the next experiment, we started with HPC-NK cell treatment
4 days after tumor injection followed by gemcitabine treatment.
Here, we observed effective anti-tumor responses in mice trea-
ted with either gemcitabine or HPC-NK cell monotherapy, and
mice treated with both gemcitabine and HPC-NK cells demon-
strated additive killing of OC cells in vivo. The second experi-
ment shows that a combination of gemcitabine and HPC-NK
cells has potential, especially when the tumor load is low, which
resembles the situation in OC patients early during recurrence
when bulk disease is not yet present. This suggests that HPC-
NK cells clear the tumor cells, while or before bulky tumor is



established. In follow-up studies, we will further evaluate the
anti-tumor effect of a single HPC-NK cell injection 4 days after
tumor injection vs. multiple HPC-NK cell injections in the
presence or absence of subsequent gemcitabine cycles for pos-
sible clinical translation to patients. Moreover, additional gem-
citabine and HPC-NK cell cycles or optimizing the treatment
schedule might further improve the anti-OC effect.
Collectively, our data indicate that combination therapy of
HPC-NK cells and gemcitabine improves ovarian cancer killing
in vitro and in vivo. We show that gemcitabine promotes the
expression of NK cell activating ligands and death receptors on
OC cells. Furthermore, we demonstrate that gemcitabine and
HPC-NK cells additively kill OC cells in vitro and in vivo. Based
on our encouraging preclinical data, we provide a rationale for
clinical translation to combine HPC-NK cell adoptive transfer
with gemcitabine in OC patients early during recurrence. In
conclusion, HPC-NK cells and gemcitabine are promising can-
didates for combination therapy in recurrent OC patients.
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