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Abstract

Immune checkpoint inhibitors (ICIs) that target programmed cell death protein 1 (PD-1) and programmed death-ligand 1
(PD-L1) have shown modest activity as monotherapies for the treatment of ovarian cancer (OC). The rationale for using
these therapies in combination with poly (ADP-ribose) polymerase inhibitors (PARP-Is) has been described, and their in vivo
application will benefit from ex vivo platforms that aid in the prediction of patient response or resistance to therapy. This
study examined the effectiveness of detecting patient-specific immune-related activity in OC using three-dimensional (3D)
spheroids. Immune-related cell composition and PD-1/PD-L1 expression status were evaluated using cells dissociated from
fresh OC tissue from two patients prior to and following 3D culture. The patient sample with the greatest increase in the
proportion of PD-L1 + cells also possessed more activated cytotoxic T cells and mature DCs compared to the other patient
sample. Upon cytokine stimulation, patient samples demonstrated increases in cytotoxic T cell activation and DC major
histocompatibility complex (MHC) class-II expression. Pembrolizumab increased cytokine secretion, enhanced olaparib
cytotoxicity, and reduced spheroid viability in a T cell-dependent manner. Furthermore, durvalumab and olaparib combina-
tion treatment increased cell death in a synergistic manner. This work demonstrates that immune cell activity and functional
modulation can be accurately detected using our ex vivo 3D spheroid platform, and it presents evidence for their utility to
demonstrate sensitivity to ICIs alone or in combination with PARP-Is in a preclinical setting.
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TNFa Tumor necrosis factor alpha

Tregs Regulatory T cells
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Introduction

Ovarian cancer (OC) is the leading cause of death for women
with gynecologic cancer in the USA [1]. Surgical debulking
followed by chemotherapy is the current standard of care, yet
most patients become resistant resulting in a five-year sur-
vival rate below 50%. To elicit long-term disease remission,
the incorporation of new therapies into the current treatment
paradigm and personalized testing methods to define patient
therapy usage are under considerable investigation.

Immunotherapies have revolutionized the treatment of
many solid tumors and there exists a rationale for their
use in OC. OC patients with tumor-infiltrating lympho-
cytes (TILs) display a significant improvement in five-year
survival compared to patients without TILs. This positive
correlation between survival and immune cell recruitment
to the tumor provides compelling evidence that antitumor
immune surveillance is an important determinant for OC
clinical outcomes [2—4] and suggests the immunogenic
nature of OC could be exploited as a treatment option by
using immune checkpoint inhibitors (ICIs), such as those
that target programmed cell death protein 1 (PD-1) and pro-
grammed death-ligand 1 (PD-L1). Unfortunately, the reports
of OC patient response to ICI therapy have generally been
underwhelming with response rates less than 10% and no
current FDA approval [5, 6]. It is unclear if this drug class is
simply ineffective against OC or if the preclinical research to
date is hindering the translation of ICI efficacy to the clinic.
This may be remedied by the development of more complex
in vitro models that facilitate better understanding of the
microenvironment and improved drug testing [7].

Despite the evidence against their clinical utility in OC,
both preclinical and clinical studies of ICI combinations
with drugs such as poly(ADP-ribose) polymerase inhibitors
(PARP-Is) continue [8—10]. PARP-Is have shown impressive
clinical activities for OC patients [11]. However, intrinsic
and acquired resistance often limit their effectiveness as
monotherapies [12]. The role PARP-Is play as immune mod-
ulators to enhance checkpoint blockade efficacy has recently
emerged [11, 13, 14]. A phase I/II clinical trial demonstrated
that the PARP-I, niraparib, in combination with pembroli-
zumab produced complete or partial responses in 18% of
patients with recurrent platinum-resistant OC compared to
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less than a 5% response rate with niraparib alone [9]. Fur-
ther understanding of the immune modulatory capacity of
anti-PD-1/PD-L1 inhibitors alone and in combination with
PARP-Is will enhance our knowledge of what drives sensi-
tivity for solid tumor indications, including OC.

To extend immunotherapy research to a broader range
of solid tumors, we have modified an existing ex vivo OC
3D spheroid assay, EV3DT, to detect the potential syn-
ergy between anti-PD-1/PD-L1 inhibitors, pembrolizumab
or durvalumab, in combination with the PARP-I, olaparib
[15]. This work builds upon previous studies through the
inclusion and characterization of autologous immune cells.
Immune composition and function were evaluated prior to
monitoring therapy-related changes in spheroid phenotypes
and viability. Overall patient-specific differences in immune
composition and drug response were examined.

Methods
Generation of 3D spheroids

Written informed consent was obtained from patients in
accordance with the Institutional Review Board (IRB)
approved biology protocols by Prisma Health Cancer Insti-
tute (IRB-Committee C). Live tissue was received within
24 h of surgery and dissociated to single cells via mechani-
cal and enzymatic dissociation performed according to
EV3D™ assay protocols (KIYATEC, Inc., South Carolina,
USA). Briefly, mechanical and enzymatic dissociation pre-
ceded agitation over 1-2 h. The process was completed by
filtration, and, if necessary, red blood cell lysis. Cells were
cryopreserved until ready for use. Spheroids were generated
as previously described [15]. Briefly, cells were seeded in
KIYA PREDICT™ media (KIYATEC, Inc., South Caro-
lina, USA) in 384-well round-bottom, ultra-low attachment
plates (Corning Inc., New York, USA) and centrifuged at
500 x g for five minutes then placed in a 37 °C incubator at
5% CO,. KIYA PREDICT™ media includes DMEM, fetal
bovine serum, and penicillin/streptomycin, without specific
growth factor supplementation.

Spheroid drug response assay

Given the prevalence of drug resistance and altered drug
penetration for 3D cultures [16, 17], tested drug concen-
trations for experiments were in the micromolar or micro-
gram per milliliter range. For pembrolizumab and olaparib
combination studies, 100 pg/mL pembrolizumab (Selleck-
Chem, Texas, USA), 50 pM or 100 pM olaparib (Med-
ChemExpress, New Jersey, USA) for OVC33 or OVC45,
respectively, were added alone or together with KIYA PRE-
DICT™ media as no treatment control or 0.2% DMSO as
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vehicle control. Viability was determined after 48 h. For
durvalumab (Selleckchem, Texas, USA) and olaparib combi-
nation studies, spheroids were treated with olaparib for 48 h,
followed by durvalumab for an additional 72 h. For direct
pembrolizumab treatment of T cells, CD3 4+ cells were sepa-
rated from dissociated bulk tumor cells using the EasySep
CD3 + Selection kit IT (StemCell Technologies, Vancouver,
Canada) and incubated in the presence or absence of 300 pg/
mL pembrolizumab to saturate all PD-1 sites. T cells were
then added to the bulk cells and seeded for 3D spheroid
culture. Viability was determined after 48 h. Viability read-
outs were conducted using CellTiter-Glo® 3D Cell Viability
Assay (Promega, Wisconsin, USA), and relative lumines-
cence units (RLUs) were recorded using a TECAN infinite
M1000pro (TECAN, Mannedorf, Switzerland).

Flow cytometry

Spheroids were resuspended and incubated in ACCUTA
SE™ (StemCell Technologies, Vancouver, Canada) to
facilitate dissociation. Dissociated cells were washed in
PBS and resuspended in FACs buffer (2% FBS, 2 mM
EDTA, in PBS). Antibodies and dilutions used are listed in
Table 1. Antibodies were added and incubated for 10 min at
4 °C. Samples were washed, centrifuged then resuspended
in FACs buffer. DRAQ 7 (BD Pharmingen™, New Jersey,
USA) dead cell dye was added for dead cell detection and
exclusion. Samples were analyzed using the CytoFLEX LX
flow cytometer and software (Beckman Coulter, California,
USA). Percent of parent was graphed and evaluated for sta-
tistics using GraphPad Prism (GraphPad Software, Califor-
nia, USA).

Immunohistochemistry

Upon receipt of fresh tissue, a portion was removed during
mechanical dissociation and immediately fixed in formalin
for 48 h and processed as previously described [15]. The
fixed tissue was embedded in paraffin and 10-um sections
were mounted onto glass slides. Following hematoxylin and
eosin staining, slides were cover-slipped using Permount
medium. According to antibody specifications, rehydration
and antigen retrieval were performed using citrate buffer
pH 6.0 (Abcam, Cambridge, UK) or Tris—EDTA buffer pH
9.0 (Abcam, Cambridge, UK). Antibodies and dilutions
used are listed in Table 1. Antibody staining was visualized
using Mouse and Rabbit Specific HRP/DAB THC Detection
Kit-Micro-polymer (Abcam, Cambridge, UK). Bright-field
images were acquired at 40X using Invitrogen™ EVOS™
M7000 Imaging System (Thermo Fisher Scientific, Mas-
sachusetts, USA).

Immunofluorescence

Spheroids were fixed in 3.7% formaldehyde, washed in
FACs buffer, and cytospun to adhere cells to glass slides.
Cells were permeabilized using 0.3% Triton X-100 in PBS,
incubated in blocking buffer (0.1% bovine serum albumin,
0.2% Triton X-100, 10% goat serum and 0.05% Tween 20)
for one hour followed by primary antibody in a humidifier
at 4 °C overnight. Antibodies and dilutions used are listed
in Table 1. Following primary antibody incubation, cells
were washed with blocking buffer and then incubated with
secondary antibodies in the dark for one hour. Cells were
washed with blocking buffer, nuclei were stained, and slides
were mounted with a cover slip using Fluoroshield mounting
medium with DAPI (Abcam, Cambrdige, UK).

Cytokine stimulation

T cell conditioned media (T cell CM) was used as a source
of cytokines to stimulate immune-related functions. Sepa-
rated CD3 + cells were expanded in ImmunoCult-XF T cell
Expansion Medium (StemCell Technologies, Vancouver,
Canada) according to manufacturer’s recommendations.
Briefly, for the initiation of T cell expansion, ImmunoCult
Human CD3/CD28 T cell Activator (StemCell Technolo-
gies, Vancouver, Canada) was added to growth medium with
10 ng/mL interleukin-2 (IL-2) (Sigma, Missouri, USA).
Expanded T cells were pelleted, and the T cell CM was ali-
quoted and stored at -20 °C. For 3D spheroid stimulation,
spheroids were formed overnight, and the T cell CM was
added at a 1:1 ratio the following day and incubated for 48
or 72 h.

Cytokine detection

Human Discovery Immunotherapy Fixed Panel Magnetic
Luminex performance assay was purchased from R&D Sys-
tems (Minnesota, USA). Supernatant was collected at day
three of spheroid culture and stored at —80 °C. Samples
were processed according to manufacturer’s recommenda-
tions, and the assay plate was run on Bio-Rad Luminex®
BioPLEX200™ System (Bio-Rad Laboratories, California,
USA). Analyte concentrations were determined by interpo-
lation of assay standards using GraphPad Prism (GraphPad
Software, California, USA). Fold change analyte secretions
were determined for pembrolizumab, olaparib, and combina-
tion by comparing them to vehicle control samples.

Statistical analysis
Statistical analysis was performed using GraphPad Prism

software version 8.2.1 (GraphPad Software, Califor-
nia, USA). Results are expressed as the mean + standard
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Table 1 Antibodies used in

Antibody Supplier Catalog Number Application Dilution
present study
CD45-FITC Miltenyi 130-110-769 FCM 1:100
PD-L1-PE BD Biosciences 557,924 FCM 1:20
EpCAM-PerCP-Vio700 Miltenyi 130-111-120 FCM 1:100
CD3-APC Miltenyi 130-113-135 FCM 1:100
CD4-FITC Miltenyi 130-114-531 FCM 1:100
CD8-PerCP-Vio700 Miltenyi 130-110-682 FCM 1:100
CD25-PE Miltenyi 130-115-534 FCM 1:100
CD69-APC-Vio770 Miltenyi 130-112-616 FCM 1:100
PD-1-PE-Vio770 Miltenyi 130-117-698 FCM 1:100
CD11 c-APC-Vio770 Miltenyi 130-114-111 FCM 1:100
HLA-DR-APC Miltenyi 130-111-943 FCM 1:100
CD103-PE Miltenyi 130-111-985 FCM 1:100
REA control FITC Miltenyi 130-113-437 FCM 1:100
mouse IgGlk PE BD Biosciences 555,749 FCM 1:20
REA control (S) PerCP- Miltenyi 130-113-441 FCM 1:100
Vio700
REA control (S) APC Miltenyi 130-113-434 FCM 1:100
REA control (S) FITC Miltenyi 130-113-437 FCM 1:100
REA control (S) PerCP- Miltenyi 130-113-441 FCM 1:100
Vio700
REA control (S) PE Miltenyi 130-113-438 FCM 1:100
REA control (S) APC- Miltenyi 130-113-435 FCM 1:100
Vio770
mouse IgG2b PE-Vio 770 Miltenyi 130-096-825 FCM 1:20
REA control (S) APC- Miltenyi 130-113-435 FCM 1:100
Vio770
REA control (S) APC Miltenyi 130-113-434 FCM 1:100
REA control (S) PE Miltenyi 130-113,438 FCM 1:100
pan Cytokeratin Abcam ab86134 IHC 1:500
CDllc Abcam ab52632 IHC 1:50
PD-1 Abcam ab170190 IHC 1:100
CD8 Abcam ab17147 IHC 1:50
PD-L1 Abcam ab210931 IHC 1:1000
mouse IgG1 kappa Abcam ab91353 IHC 1:50
recombinant rabbit IgG Abcam ab172730 IHC 1:50
mouse IgG1 kappa Abcam ab170190 IHC 1:100
mouse IgG2a kappa Abcam ab18415 IHC 1:1000
CD8 Abcam ab4055 IF 1:100
CDllc Abcam ab254183 IF 1:50
PD-L1 Abcam ab205921 IF 1:200
Alexa fluor 594 Life Technologies A11012 IF 1:500
Alexa fluor 488 Life Technologies A11029 IF 1:500

deviation (SD). Unpaired t tests were used to determine sig- Results

nificance between two groups. Unpaired one-way ANOVA

with multiple comparisons was used to determine signifi- Patient tumor tissues display a non-desert

cance across three or more groups. Combenefit software phenotype

generated concentration responses and Loewe synergy indi-

ces from calculated percent Vlablhty normalized to vehicle Two new]y diagnosed, treatment-naive serous OC patient
control [18]. samples matched in stage (IIIC) and grade (high) were
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chosen for testing. Patient samples were characterized
from tissue resection through 3D spheroid culture. Cells
were characterized following spheroid culture (Post 3D)
and compared back to the original cell composition found
Pre 3D (Fig. 1a). Histological analysis of the tissues veri-
fied the immune composition for both patient samples
tested, OVC45 and OVC33 (Fig. la and supplementary
Fig. 1). Both samples were composed primarily of tumor
cells as identified by pan cytokeratin staining. PD-1 +and
CDS8 + cells were distributed throughout both tissues along
with CD11c + dendritic cells (DCs). While OVC33 stained
more positive for PD-L1 expression compared to OVC45,
the staining in general was very diffuse and faint. Given
detection of both cytotoxic T cells and DCs, both tissues
were classified as non-desert.

An increased proportion of PD-L1 + tumor cells were
detected following ex vivo 3D spheroid culture

To determine patient-specific similarities and the effects of

3D cell culture, the Pre 3D cellular composition was com-
pared to the Post 3D cellular composition. Live tumor cells
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single cells and
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Fig. 1 Tissue processing schematic and characterization. (a) Sche-
matic of tissue processing for characterization. Flow cytometry was
conducted to evaluate cell composition following tissue dissociation
and prior to 3D culture. Immunofluorescence and flow cytometry
were conducted at different timepoints to evaluate 3D spheroid cul-
ture and drug treatment effects on cell populations. (b) Representative

Flow cytometry

were assessed via flow cytometry for EpCAM expression
after dead cell exclusion within a gating region defined as
the “tumor gate” (supplementary Fig. 2¢/d). The percent-
age of EpCAM + cells was normalized to the “tumor gate.”
Thus, the data reveal an abundance of EpCAM- cells present
within the “tumor gate” which could include EpCAM- tumor
cells or other cell types. Importantly, there was no significant
change in the proportion of total EpCAM+ cells Post 3D,
indicating no potentially negative impact on tumor cell pres-
ence within the 3D cultures (supplementary Fig. 3). When
EpCAM +cells were further analyzed for PD-L1 expression,
OVC(C45 had more Pre 3D EpCAM+/PD-L1- cells compared
to OVC33 (Fig. 2a). Interestingly, both patient samples had
significant increases in EpCAM+/PD-L1+4tumor cells fol-
lowing spheroid culture, with OVC33 demonstrating the
greatest increase in this population.

To examine this phenotype further, the impact of T cells
on EpCAM+/PD-L1+ cells was tested by culturing OVC45
and OVC33 following T cell depletion using CD3+ selec-
tion (supplementary Fig. 4). Dual EpCAM+/PD-L1+ cells
were reduced by approximately 50% for OVC33 when cul-
tured without T cells (supplementary Fig. 4b). A decrease

Seed
dissociated bulk
tumor as 3D
spheroids

Pre3D ———— Post 3D

| |

Drug Addition and
Analysis at 24, 48, 72 hr
and/or 7 days

images of formalin-fixed paraffin embedded tissues. Pan-cytokeratin
was used to determine the presence of epithelial cells within the
tumor tissues. Additional immune-related markers selected to assess
infiltration were PD-L1, PD-1, CDS8, and CDllc. Representative
images are from two independent experiments. Scale bar=75 pm
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Fig.2 Characterization of PD-L1 expression Pre 3D and Post 3D.
(a) Representative data of tumor cells assessed using EpCAM as
a marker. Quantification of PD-L1 negative tumor cells and PD-
Ll+tumor cells identified Pre 3D and Post 3D for OVC45 and
OVC33 is shown in the right panel. (b) Representative data of
immune cells assessed using CD45 as a marker. CD45+ cells were
detected within the large gate defined for tumor cells. Quantification
of PD-L1 negative immune cells and PD-L1+ immune cells identified
Pre 3D and Post 3D for both tumor tissues is shown in the right panel.
(c) Representative data of immune cells assessed using CD45 as a
marker within the lymphocyte gate. Quantification of PD-L1 negative

in [FNy levels was also detected Post 3D for OVC33 when T
cells were depleted. This was not observed for OVC45 (sup-
plementary Fig. 4c). These data suggest a T cell-dependent
impact on the microenvironment within the 3D culture
platform.

When evaluating the immune population, after dead cell
exclusion, live CD45+ cells were detected in both the large
gate defined for tumor cells and within the smaller lympho-
cyte gate (supplementary Fig. 2). OVC33 had significantly
more Pre 3D immune cells compared to OVC45 (Fig. 2b).
Approximately 20% of the CD45+ cells within the tumor
gate for OVC33 were also found to be PD-L1+. The major-
ity (greater than 95%) of CD45+ cells within the lympho-
cyte gate were found to be PD-L1- for both patient samples
(Fig. 2¢).

The inter-patient proportion of T cell subpopulations was
determined next. An evaluation of total CD3+- cells revealed
small shifts in relative amounts with spheroid culture
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immune cells and PD-L1+ immune cells identified Pre 3D and Post
3D for both patient samples is shown in the right panel. All percent-
ages are expressed as a portion of the “tumor gate” or “lymphocyte
gate,” respectively. Two independent experiments and three independ-
ent experiments were conducted for Pre 3D and Post 3D, respectively.
Post 3D for all data shown=48 h in 3D culture. Isotype controls
(black events) were subtracted from marker values (OVC45=blue
events; OVC33 =green events). Unpaired t tests were used for sam-
ple comparison using GraphPad. Error bars reflect SD. *p<0.05,
*#p<0.01

(supplementary Fig. 3). However, OVC45 had significantly
more helper T cells (CD3+/CD4+) compared to OVC33 Pre
3D (Fig. 3a) with no significant change following 3D culture
for OVC45, but a significant increase for OVC33. While no
significant change in cytotoxic T cells (CD3+/CD8+) fol-
lowing 3D culture was observed for either patient sample,
OV(C33 did have significantly more CD3+/CD8+T cells
than OVC45 (Fig. 3b). The presence of CD8+T cells in both
tissues following 3D culture was confirmed using immuno-
fluorescence (Fig. 3c). OVC33 had clusters of CD8+cells, a
morphological phenotype associated with activated T cells
[19, 20].

Since T cell activation has been shown to be regulated
by DCs in the tumor immune microenvironment (TIME),
and DCs have been shown to play a critical role in ICI effi-
cacy [21, 22], the presence of tumor-associated CD45+/
CD11c+DCs was examined [23-25]. DCs were detected in
both OVC45 and OVC33 following 3D culture confirming
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Fig.3 T cell and DC populations within the 3D spheroid culture
system. (a) Representative data and quantification of CD4+T cells
(CD3+4/CD4+). (b) Representative data and quantification of CD8+T
cells (CD3+/CD8+). (¢) Representative images verify the presence
of CD8+cells as determined by immunofluorescence following 48 h
in 3D spheroid culture. Scale bars=75 pm. Two independent experi-
ments and three independent experiments were conducted for Pre 3D
and Post 3D, respectively. (d) The presence of DCs following 48 h in
3D spheroid culture was determined via immunofluorescence. Scale
bars =75 pm. Image inset shows a zoomed version of the same mag-

nification. (e) Representative data for DCs defined by dual CD45+/
CD11c+. The percent of dual CD45/CD11c events were determined
for OVC45 and OVC33. Isotype controls (black events) were sub-
tracted from marker values (OVC45=blue events, OVC33=green
events). Expression of MHC-II and CD103 expression was deter-
mined for DC populations across the patient samples. Two independ-
ent experiments were conducted for OVC45, and three independ-
ent experiments were conducted for OVC33. Isotype controls were
subtracted from marker values. Error bars reflect SD. Not signifi-
cant=n.s., *p<0.05, ¥**p<0.01, ***p <0.005
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the ability of the spheroid system to maintain them in cul-
ture (Fig. 3d). OVC33 contained more DCs (Fig. 3e) that
were found to express both higher levels of MHC class-II
(MHC-II), indicating higher antigen-presenting machinery
and CD103 found on DCs with a potent stimulatory impact
on effector T cell priming. These results demonstrate that
immune-related patient-specific differences can be detected
within our spheroid system and may shift through the course
of 3D cell culture in a patient-specific manner.

Differential immune cell populations are detected
within ex vivo 3D spheroids

The presence of different T cell populations and markers of
activation were characterized. OVC45 had greater CD4+/
PD-1+cells and Tregs (CD4+/CD25+) Pre 3D (Fig. 4a)
compared to OVC33 (Fig. 4b). Conversely, OVC33 had
more CD8+/PD-1+ cells and activated cytotoxic T cells
(CD8+/CD69+) (Fig. 4c) compared to OVC45 (Fig. 4d).
The patient-specific T cell populations were proportionally
stable in 3D culture for OVC45, while OVC33 had a sig-
nificant increase in CD4+/PD-1+ cells and Tregs Post 3D.

The presence of cytokines known to be secreted by
immune-related cells was also examined (Fig. 4e). OVC45
secreted significantly greater amounts of IL-2, IL-10, and
IFNy compared to OVC33; however, there was no significant
difference in the amount of IFNy-induced protein 10 (IP-10).
Interleukin-10 (IL-10) is an immune-suppressive cytokine
known to be produced by Tregs [26]. Despite the observed
increase in Tregs in OVC33 Post 3D, the proportion of Tregs
in OVC45 Pre 3D was greater than that of OVC33 (Fig. 4b).
These results suggest the Pre 3D immune composition may
be a better reflection of the detected cytokine secretion.
OVC33 had significantly greater granzyme B compared
to OVC45 potentially reflecting the higher proportion of
activated cytotoxic T cells found in OVC33 throughout 3D
culture (Fig. 4d). The presence of granulocyte—macrophage
colony-stimulating factor (GM-CSF) indicates T cell acti-
vation for both patient samples [27]. Finally, the detection
of macrophage inflammatory protein-1 alpha (MIP-1a) and
tumor necrosis factor alpha (TNFa) in both samples may
provide evidence of the presence of macrophages in the
spheroids [28, 29].

Immune cell function can be enhanced
through cytokine stimulation in ex vivo 3D
spheroids

To demonstrate the ability of the immune cells within the 3D
spheroids to modulate their activation status, spheroids were
cultured after formation in conditioned T cell expansion
medium (T cell CM). Activated T cells rapidly divide and
secrete key cytokines to promote immune responses [30].
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Thus, conditioned medium from the expansion of primary
OC TILs was used as a source of cytokines for stimulation
of the T cells resident in the 3D spheroids. By using this
cytokine cocktail, different cell types and different activation
mechanisms following a single treatment were evaluated.
Treatment with T cell CM induced significant increases in
activated cytotoxic T cells (CD8MCD69™) for both patient
samples (Fig. 5a). T cell CM also resulted in an increase
in MHC-II expression on CD45+/CD11c+ DCs from both
samples (Fig. 5b). Given the detected increases in T cell
activation and DC maturation, PD-L1 expression was exam-
ined. Increased PD-L1+ expression was detected by immu-
nofluorescence for both tissues following T cell CM treat-
ment (Fig. 5¢), and this increase was associated with tumor
cells specifically as an upward trend in dual EpCAM+/
PD-L1+ cells was detected for both tissues (Fig. 5d). These
results demonstrate that the immune cells are active in the
ex vivo 3D spheroid cultures, and their function can be
enhanced through treatment modulation.

Pembrolizumab alters T cell function, enhances
olaparib efficacy, and induces T cell-dependent
reduction in spheroid viability

To determine the effects of checkpoint inhibitors upon the
3D spheroids, pembrolizumab-related changes in cytokine
secretion and cell viability were examined. No changes in
secreted cytokines were detected in OVC45, while OVC33
had increases in granzyme B, MIP-1a, and TNFa (Fig. 6a).
Spheroid viability was tested following treatment with pem-
brolizumab and the PARP-I, olaparib, alone or in combi-
nation. Pembrolizumab treatment alone did not result in
a change in spheroid viability for either sample (Fig. 6b).
OVC33 was more sensitive to olaparib monotherapy com-
pared to OVC45. Reduced spheroid viability for OVC45
occurred only when treated with combination pembroli-
zumab and olaparib, and this was further evident upon sphe-
roid visualization (Fig. 6¢). OVC33 spheroids appeared less
dense with less cell contact following olaparib or combina-
tion treatment (Fig. 6¢). To enhance pembrolizumab efficacy,
direct incubation of the T cells with pembrolizumab prior to
spheroid incorporation was tested via T cell separation from
the Pre 3D bulk cell suspension. For these experiments, all
PD-1 sites were saturated with drug. The maximum testing
concentration of pembrolizumab was selected based upon
pembrolizumab’s relatively high half-life (approximately
27 days) ultimately resulting in a gradual approach to steady
state in vivo. An intravenous dosing frequency of 10 mg/kg
once every two weeks has a predicted pembrolizumab maxi-
mum serum concentration of approximately 200 pg/mL for
advanced solid tumor cancer patients [31]. OVC33 had a sig-
nificant reduction in spheroid viability only when spheroids
were treated with T cells incubated with pembrolizumab
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Fig.4 Characterization of T cell populations Pre 3D and Post 3D.
(a) Representative data of CD4+T cells evaluated for activation and
exhaustion via PD-1 expression. (b) Tregs were identified by dual
CD4+/CD25+. (¢) CD8+ cytotoxic T cells were examined by ana-
lyzing expression levels of PD-1. (d) The activation status of CD8+
cytotoxic T cells was evaluated via CD69 expression. Two independ-
ent experiments were conducted for OVC45 and Pre 3D OVC33, and
three independent experiments were conducted for OVC33 Post 3D.

Post 3D for all data shown="72 h in culture. Isotype controls (black
events) were subtracted from marker values (OVC45=blue events,
OVC33=green events). Unpaired t tests were used for sample com-
parison using GraphPad. (e) Cytokines were evaluated from superna-
tants collected following 72 h in 3D culture from three independent
experiments for OVC45 and OVC33. Unpaired t tests were used for
sample comparison using GraphPad. Error bars reflect SD. Not sig-
nificant=n.s., *p <0.05, **p <0.01, ***p <0.005, ****p <0.001
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Fig.5 Cytokine stimulation enhances immune-related function in 3D
spheroid cultures. (a) Representative data and quantification of the
activation status of cytotoxic T cells was defined by dual CD8 high
and CD69 high positivity following no treatment or T cell CM treat-
ment for 48 h. Quantification of activated cytotoxic T cells from three
independent experiments for OVC45 and two independent experi-
ments for OVC33. (b) Quantification of MHC-II high expression
from two independent experiments. OVC45 and OVC33 is shown
in blue or green, respectively. (¢) Representative images of PD-L1

(Fig. 6d). This result demonstrates that pembrolizumab treat-
ment can reduce spheroid viability and that its efficacy is T
cell dependent.

Durvalumab and olaparib synergistically reduce
0V(C33 spheroid viability

Since enrichment of PD-L1+ tumor cells was detected for
both patient samples, the sensitivity of these samples to the
anti-PD-L1 antibody durvalumab was evaluated. Clinical
study data have suggested some improvement in disease con-
trol rates in OC when treated with combination durvalumab

@ Springer

expression for OVC45 and OVC33 following 48 h of no treatment or
T cell CM treatment. Images were taken at the same exposure. Scale
bars =125 pm. (d) Representative data showing PD-L1 expression on
tumor cells defined by dual PD-L1 and EpCAM positivity. Quanti-
fication of PD-L1+ tumor cells from two independent experiments.
Isotype controls (black events) were subtracted from marker values
(OVC45 =blue events, OVC33 =green events). Unpaired t tests were
used for sample comparison using GraphPad. Error bars reflect SD.
*p<0.05, **p<0.01

and olaparib [32]. Durvalumab in combination with olapa-
rib was tested by sequential dosing to better mimic clinical
dosing strategies and determine if drug order has an impact
on ICI/PARP-I combination studies. OVC33 remained more
sensitive to single agent olaparib than OVC45 (Fig. 7a). Dur-
valumab treatment alone did not result in a dose-dependent
reduction in spheroid viability. The cross dose—response of
both drugs was compared, and whether the percent viability
following treatments was synergistic was examined (Fig. 7b)
[18]. Six combination treatments were deemed significantly
synergistic for OVC33, including 10 uM olaparib and 1 pg/
mL durvalumab (Fig. 7c). Significant changes in spheroid
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Fig.6 Pembrolizumab alters T cell function, enhances olaparib effi-
cacy, and induces T cell-dependent spheroid death. (a) Cytokine
secretion was determined from supernatants collected for both patient
samples following VC or pembrolizumab treatment for 48 h. Super-
natant was collected from three independent experiments. Depicted is
the fold change in cytokine concentrations as determined by normal-
izing pembrolizumab treatment to VC. (b) 3D spheroids were treated
with media (No Tx), VC, olaparib, pembrolizumab, or both olaparib
and pembrolizumab (Combo) for 48 h. (c¢) Representative images of

viability were not detected for OVC45 following this same
drug treatment (Fig. 7d). The half-life of durvalumab is rela-
tively high, resulting in predicted achievable serum concen-
tration levels greater than 10 pg/mL with a twice weekly
intravenous dosing regimen [33]. These data suggest our
findings may be clinically achievable. Representative images
of OVC33 show decreased spheroid density and a loss of
compactness and cell contact following combination ther-
apy (Fig. 7e). Ultimately, synergistic efficacy was detected
between durvalumab and olaparib treatment using our 3D
spheroid culture and the response is patient specific.

Discussion

In this study, we have demonstrated that patient-specific,
non-expanded, autologous tumor cells and immune cells can
be incorporated ex vivo into 3D spheroids and monitored
over the course of a week for changes in immune cell com-
position, activation, cytokine secretion, and drug response.
Significantly, an increase in the EpCAM+/PD-L1+ popula-
tion and shifts in Tregs were observed. When comparing
two patient samples, significant differences in immune cell
composition were also reflected in their cytokine secretion

3D spheroids following 48 h of treatment. Scale bars=650 pm. (d)
Pre 3D bulk T cells were separated and incubated with pembroli-
zumab. Pre 3D bulk cells were then either cultured with or without
treated T cells, and after 48 h, spheroid viability was determined.
Spheroid viability for all experiments was determined using CellTi-
ter-Glo® Glo. Unpaired one-way ANOVA with multiple comparison
was conducted on the mean of three independent experiments. Error
bar=SD. Not significant=n.s., *p <0.05, **p <0.01

profiles and responses to olaparib, pembrolizumab, and dur-
valumab. These data show the ability of our immune adapted
ex vivo 3D spheroid platform, EV3D™, to model patient-
specific response to PARP-I/ICI combination therapy rela-
tive to each patient’s TIME.

Effective immunotherapy requires understanding the
TIME as it often drives therapy response [34]. Taking
advantage of the relationship between the quality and char-
acter of the TIME and response to immunotherapy has been
proposed as a personalized approach for the treatment of
cancer [34-36]. Generally, OC demonstrates low to modest
somatic mutational burden which may explain the overall
limited antitumor activity detected with ICI monotherapy
in the clinic [37-40]. Yet if the OC TIME is immunologi-
cally “hot” or T cell inflammed, there is a moderate to high
probability of response to anti-PD-1/PD-L1 treatment [40].
Recent reports show that OC positive for PD-L1 expres-
sion correlated with higher response to pembrolizumab
[6, 41]. In our study, the patient sample with the highest
PD-L1 expression, OVC33, significantly responded to anti-
PD-1/PD-L1 treatment and in a T cell-dependent manner.
OVC33's TIME composition may reflect T cell exhaus-
tion and dysfunction as it had lower levels of detected
cytokines compared to OVC45, and although OVC33 had

@ Springer
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Fig. 7 Durvalumab and olaparib synergistically reduce OVC33 sphe-
roid viability. (a) OVC45 and (b) OVC33 were treated with a range of
olaparib or durvalumab, and viability was determined. Percent viabil-
ity was determined by normalizing to VC. Dose-response curves and
relative ICy5 or absolute ICs, was determined across two independent
experiments using Combenefit software. (¢) Depicted are the mean
and error of percent spheroid viability following olaparib and dur-
valumab cross dose-response treatment for OVC45 and OVC33 nor-
malized to VC. (d) Loewe synergy and antagonism was determined

more activated cytotoxic T cells, they were predominately
PD-1" expressors. The low levels of cytokine secretion
by OVC33 were found to be reversible by pembrolizumab
treatment. Given its T cell profile, CD103+ DC population,
and PD-L1+ cells, OVC33 may have the “right” immune
composition to be reinvigorated by a PD-1/PD-L1 inhibitor.
More patient samples will have to be evaluated within our
3D model to make any potential correlation between Pre
3D immune composition and response to an ICI.

PARP-Is can induce synthetic lethality in BRCA1/2-
deficient OC. Interestingly, non-BRCA1/2 mutant OCs that
are classified as possessing “BRCAness” qualities respond
to PARP-Is [42, 43]. We did not address the role of BRCA
in these 3D spheroid studies. However, olaparib has been
reported to increase immune cell infiltration [2, 4]. Due to
limited control of self-assembly during spheroid formation
and the alterations in the original distribution of the tumor/
immune landscape, we believe other 3D culture models,
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from the change in spheroid viability following olaparib and dur-
valumab cross dose-response across two independent experiments.
Synergistic combinations (blue) or antagonistic combinations (red)
are only color-coded if there is statistical significance. Synergy and
antagonism heat maps and significance were calculated and gener-
ated by Combenefit software. * p<0.05. (e) A single combination is
highlighted by the circled data set on the synergy heatmap for OVC45
and OVC33. (f) Representative spheroid images of OVC33 are shown
post-treatment. Scale bar=650 pm

such as microtumor models, are more ideal to monitor ther-
apy-induced immune cell infiltration [44]. Yet, we propose it
is the TIME character and functional capabilities, not solely
the spatial arrangement that may be reflective of therapeu-
tic response making a relatively fast and high-throughput
3D spheroid system ideal for both preclinical research and
future, potential clinical applications.

Despite the limitations of 3D spheroids, they provide
compelling advantages for preclinical research. Previous
3D immune cultures have often relied on the incorporation
of allogenic immune cells from healthy donors. The pheno-
type of tumor-associated immune cells has been shown to be
functionally different from those found in the periphery [45],
and the use of allogeneic immune cells incorporates poten-
tial issues related to non-HLA matching. Our model incor-
porates all cells found within a patient’s TIME making the
model system ideal for preclinical research including basic
biology questions and immuno-oncology drug development.
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This study provides evidence for the utility of our 3D
spheroid models for solid tumor immune cell research.
It is our ultimate goal to translate this knowledge of two
patients into a larger study comparing immune-modified
EV3D™ response with clinical response in patients treated
with ICIs to identify patients who will truly benefit from
these often high-cost drugs. Placing a patient’s tumor cells
in direct contact with a selected therapy provides a more
direct response prediction than the use of more detached
biomarkers such as protein expression and mutational
analysis. This study provides proof of concept data for
the ability of our immune-modified EV3D™ platform to
measure response to single agent and combination PARP-I
and ICI through the direct interaction between a patient’s
cells and drug.

Conclusion

This work furthers efforts to expand in vitro testing of
immuno-oncology agents and ex vivo detection methods
of ICI sensitivity in solid tumors. The need for combina-
tion therapies to overcome monotherapy resistance often
limits ICT utility for many tumor types. We hope to harness
the power of patient-specific TIME to identify signatures
relating cell composition and function to therapy response
to find biomarkers that predict drug sensitivity. Ultimately,
the methods developed here will be translated for the per-
sonalized, clinical prediction of ICI response to improve
patient response rates and aid in the enrollment and strati-
fication of patients in future clinical trials.
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