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Abstract: Three-dimensional multicellular tumor spheroids are invaluable due to their ability to recapitulate major
physiological characteristics of solid tumors. The lack of appropriate in vitro models to evaluate the effects of PD-1
blockade has restricted use of PD-1 inhibitors. Here, we established spheroids from a human gastric cell line to
evaluate the cytotoxicity of the PD-1 blockade. Mature spheroids were formed 72 h after seeding tumor cells into
ultra-low attachment microplates. We induced PD-L1 expression of spheroids using IFN-y and TNF-a. Confocal im-
ages showed that PD-1 blockade enhanced T-cell cytotoxicity against PD-L1-expressing spheroids. Mechanistic stud-
ies revealed that PD-1 blockade increased expression of multiple chemokines. Altogether, our study demonstrates
that tumor spheroids provide a novel platform to evaluate the effects of PD-1 blockade and might be further utilized

to develop promising combination therapies.
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Introduction

An important characteristic of solid tumors is
their heterogeneous cellular composition that
includes both cancer cells and stromal cells,
such as infiltrating immune cells, endothelial
cells, and extracellular matrix cells. Another
defining characteristic is their complex bio-
chemical gradient of nutrients, growth factors,
oxygen, and pH. Intercellular interactions and
biochemical gradients determine cell pheno-
types and behaviors, and consequently, also
determine treatment responses [1]. Two-di-
mensional (2D) flat cell cultures, the most com-
monly used in vitro models, do not accurately
mimic in vivo cellular organization and biologi-
cal microenvironment of solid tumors, making
them inadequate for cancer research.

Three-dimensional (3D) in vitro tumor models
are becoming increasingly recognized as more
reliable tumor surrogates. Multicellular tumor
spheroids (MCTSs) are one of the most exten-
sively explored models [2]. MCTSs can recapit-

ulate spatial architecture of different areas,
including the proliferative outer layer, quiescent
intermediate layer, and necrotic inner layer. Me-
anwhile, MCTSs preserve tumor cell interac-
tions with other MCTSs and with extracellular
matrix. MCTSs are also convenient and highly
reproducible, furthering their appeal as a novel
in vitro platform for preclinical study [3]. MCTSs
have been broadly employed to assess drugs
like chemotherapeutics and nanoparticles [4].
With the robust development of cancer immu-
notherapy, MCTSs are also becoming favored
for evaluating cytotoxicity and penetration of
immune cells, such as T cells and NK cells, as
well as for exploring tumor immune escape
mechanisms and screening immunotherapy
agents or combinations preclinically [5-7].

Here, we introduced a 3D tumor model using
ultra-low attachment 96-well plates to test the
tumoricidal effect of PD-1 blockade (Figure 1A).
With this approach, we aimed to extend the
application of PD-1 blockade for use in combi-
nation therapies in future studies.
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Figure 1. Experimental design and methodology. A. Schematic rep-

resentation of the study design: to obtain PD-L1-expressing spher-

.ty oids, HGC27 cells were cultured for 72 h in round bottom ultra-low
attachment microplates with a complete medium containing IFN-y

and TNF-a. The spheroids were then incubated with T cells in the ab-
sence or presence of PD-1 blockade. The cytotoxicity effect in spher-
oids was evaluated using confocal microscopy. B. Dynamic spher-
oid growth was monitored by light microscopy at the indicated time
points after seeding HCG27 cells into microplates. Black circles show
the inner core of spheroids. Scale bar, 100 ym. C. Tumor spheroid
growth is plotted using the diameters of five individual spheroids at
the indicated time points after seeding. Data are mean £ SEM, n =5.
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Materials and methods All donors signed an informed consent for sci-
entific research statement. Peripheral blood
mononuclear cells (PBMCs) were isolated from

samples of healthy volunteers by centrifugation

Cell culture

Human gastric adenocarcinoma cell line HGC-
27 was purchased from the Cell Bank of Shang-
hai Institute of Biochemistry and Cell Biology,
China, cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum (FCS), 100 U/
ml penicillin, and 100 ug/ml streptomycin. The
blood collection procedure was performed ac-
cording to guidelines verified and approved by
the Ethics Committee of Drum Tower Hospital.
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on a Ficoll density gradient and suspended in
AIM-V medium (Gibco, NY, USA) containing 10%
fetal bovine serum (FBS) (Gibco, NY, USA).
PBMCs were cultured for 2 h for adherence.
Non-adherent T lymphocytes were activated
with 1,000 U/ml IFN-y (PeproTech, NJ, USA) on
day 1, 50 ng/ml OKT3 (eBioscience, CA, USA)
and 300 U/ml IL-2 (Peprotech, NY, USA) on day
2. Every 2-3 days, culture medium was replaced
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with fresh complete medium containing IL-2, for
a total 7-10 days. All cells were incubated at
37°Cand 5% CO,, and authenticated by check-
ing morphology by microscopy after plating at
different concentrations.

Muilticellular tumor spheroids

The HGC27 cells (8 x 102 in 100 pl complete
media) were gently added to a 96-well clear
round bottom ultra-low attachment microplate
(Corning, NY, USA) and grown for 72 h to a di-
ameter of about 300 ym. To get PD-L1-ex-
pressing spheroids, HGC27 cells were cultured
in complete media containing IFN-y (25 ng/ml)
and TNF-a (20 ng/ml). MCTSs were monitored
with a light microscope on day O, 1, 2, and 3.
We selected uniform and compact tumor spher-
oids for subsequent studies.

Flow cytometry analysis

We performed flow cytometry analysis using
the following antibodies: PD-L1-PE (M1H4, BD
Bioscience, CA, USA), CD3-FITC (UCHT4, BD Bio-
science, CA, USA), PD-1-PE (EH12.1, BD Bio-
science, CA, USA), and 1gG1 isotype-PE (MOPC-
21, BD Bioscience, CA, USA). All samples tested
were suspended in fluorescence-activated cell
sorting (FACS) buffer and stained with indicat-
ed antibodies for 30 min at 4°C in darks. Then
samples were washed twice and resuspended
in FACS buffer before analysis. Flow cytometry
data were collected on BD Accuri C6 (BD Bio-
science, CA, USA) and analyzed with FlowJo
10.4 software. For chemokines detection, PD-
L1-expressing MCTSs were incubated with T
cells alone (at an E:T ratio of 10:1) or T cells and
PD-1 blockade (10 pg/ml) for 12 h. The super-
natant fluids were harvested for chemokines
quantification using BD CBA Human Chemokine
Kit (BD Bioscience, NZ, USA) according to the
manufacturer’s instructions.

Confocal microscopy

To detect PD-L1 induction on MCTSs, spheroids
were transferred to 1.5-ml Eppendorf tubes
and stained with PD-L1-PE (M1H1, BD Bio-
science, CA, USA) in the dark for 30 min. After
washing and fixing in 4% paraformaldehyde,
spheroids were subjected to ZEN 880 confocal
microscopy (Zeiss, Oberkochen, Germany) and
images were acquired at the mid-height of
spheroids. For the cytotoxicity assay, T cells (at
an ET ratio of 10:1) or T cells with PD-1 block-
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ade (10 pg/ml) were added to PD-L1-express-
ing spheroids and incubated for another 12 h.
Spheroids were then stained using a viability/
cytotoxicity kit (Biotium, CA, USA) in the dark for
45 min. Consecutive images slides were cap-
tured by ZEN 880 confocal microscope using
the Z-stack project from the top to the middle of
spheroids using 5-um intervals. Maximum in-
tensity projection (MIP) images were obtained
in Zeiss processing software. Quantification of
live and dead cell areas was performed by mea-
suring total cell area of each dye in Image J.

Western blot analysis

HGC27 cells were cultured in complete media
with or without IFN-y/TNF-a for 72 h, collected,
and then lysed with cold RIPA buffer containing
protease inhibitors. Equal amounts of protein
samples were subjected to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluo-
ride (PVDF) membranes. Membranes were
blocked with 5% bovine serum albumin (BSA)
for 2 h at RT and incubated with an anti-PD-L1
antibody (ab237726, Abcam, Cambrige, UK) at
4°C overnight. Subsequently, membranes were
incubated with a secondary antibody (ab97051,
Abcam, Cambrige, UK) for 1-2 h at RT. Mem-
branes were washed and examined by the en-
hanced chemiluminescence solution and then
visualized with a ChemiDoc XRS + system (Bio-
Rad, CA, USA).

Statistics

Graphpad Prism 7.0 software was used for all
statistical analysis. Data are presented as
mean + SEM. The Student’s t-test was used to
determine the significances between groups
and values were considered to be statistically
significant if P < 0.05.

Results
Preparation of MCTSs

We generated tumor spheroids by seeding
HGC27 cells into ultra-low attachment 96-well
plates (Figure 1B). HGC27 cells aggregated at
the round bottom of plates as a cell mass at 6
h (day O) after seeding. At 24 h after seeding
(day 1), tumor cells had self-assembled into a
moderately compact spherical appearance.
Cellular reorganization and proliferation increa-
sed the diameter and compactness of the ma-
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Figure 2. PD-L1 induction in HGC27 cells. HGC27 were cultured for 72 h in the absence or presence of IFN-y/TNF-a.
A. Monolayer cells were collected and then subjected to flow cytometry for PD-L1 detection. B, C. PD-L1 expression
of monolayer cells was detected by western blot analysis. -, without IFN-y/TNF-a; +, with IFN-y/TNF-a. D. Confocal
microscopy images of HGC27 MCTSs. Left panel, bright field; right panel, PE channel. PD-L1 was detected by an
anti-PD-L1 antibody conjugated to PE. Scale bar, 100 uym. Data are mean £ SEM, n = 5. ***P < 0.01.

ss on day 2. On day 3, mature spheroids were
of uniform size and morphology and suitable for
use in further experiments (Figure 1C). These
MCTSs had an inner core comprised of quies-
cent and necrotic tumor cells, and were charac-
terized by oxygen and pH gradients similar to
biological conditions of solid tumors in vivo [1].

Induction of PD-L1 expression in HGC27 cells
and MCTSs

Then we examined PD-L1 expression in HGC27
cells and found that these cells had low expres-
sion of PD-L1 at baseline (0.088%). However,
PD-L1 expression was markedly upregulated
(83.5%) after induction with IFN-y and TNF-«
(Figure 2A), which was further validated by
western blot analysis (Figure 2B, 2C). We ob-
served similar results in MCTSs. PD-L1 expres-
sion was detected on the cell membranes of
HGC27 in spheroids after induction, whereas
there was very low expression of PD-L1 in
MCTSs without induction (Figure 2D).

PD-1 blockade enhanced T-cell cytotoxicity in
MCTSs

The above PD-L1-high tumor spheroids were
established to study the effect of PD-1 block-
ade on spheroid viability. PD-1 expression was
found in about 10% of T cells (Figure 3A). We
found that PD-1 blockade dramatically increa-
sed T-cell cytotoxicity, as judged by spheroid mo-
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rphology, volume, and tumor cell death (Figure
3B). Spheroids incubated with T cells alone
maintained integrity, whereas tumor spheroids
in the PD-1 blockade group almost completely
lost spherical shape and compactness. Sphe-
roid destruction also resulted in smaller aver-
age diameters (183.2 ym + 4.042 ym vs 288.2
um £ 4.532 pm) (Figure 3C). Additionally, we
quantified live and dead cells in an assay by
visualizing tumor cell Killing. In this assay, live
cells were indicated by green fluorescence and
dead cells by red fluorescence. We observed a
limited number of dead cells in MCTSs in the
group treated with only T cells. In contrast, the
addition of PD-1 blockade increased the num-
ber of dead cells throughout all layers of spher-
oids, and decreased the number of living cells
(Figure 3D).

PD-1 blockade upregulated expression of che-
mokines

PD-1 blockade can restore the antitumor activ-
ity of T cells and thus improve cytotoxicity in
MCTSs [8, 9]. Given that MCTS destruction also
requires T-cell migration into inner tumor cell
layers, we hypothesized that PD-1 blockade mi-
ght affect T-cell recruitment into MCTSs. Recent
studies report that PD-1 blockade can increase
the expression of chemokines, such as CXCL10
and CXCL9, within the tumor microenvironme-
nt (TME) in mouse models [10, 11]. Here, we
found that expression of chemokines, including
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Figure 3. The effect of PD-1 blockade on T-cell cytotoxicity in MCTSs. A. PD-1 expression in activated T cells was de-
termined by flow cytometry using a PE isotype control (upper) and PE-conjugated anti-PD-1 antibody (lower). B. Rep-
resentative confocal images of MCTSs treated with T cells alone (upper panel) or T cells and PD-1 blockade (lower
panel) for 12 h. The left columns of each panel show the maximum intensity projection (MIP) images of MCTSs.
Dead tumor cells in MCTSs are shown by red fluorescence (EthD-1) and live tumor cells by green fluorescence (cal-
cein AM). The right columns were consecutive slides with 5-um intervals in a Z-stack project, scanned from the top
to the middle of MCTSs. Scale bar, 50 um. C. The diameters of MCTSs in two groups after 12 h treatment. D. The
MCTSs lysis was evaluated by comparing total area of live/dead cells in MIP images. Data are shown as mean *

SEM, n =5. ¥**P < 0.001, ****P < 0.0001. anti-PD-1, PD-1 blockade.

CXCL10, CXCL9, CXCL8, CCL2, and CCL5, were
generally significantly upregulated in the super-
natant after addition of PD-1 blockade (Figure
4A-C). The results suggest that chemokine in-
duction may contribute to a novel mechanism
for the tumoricidal effect of PD-1 blockade in
MCTSs.

Discussion

PD-1/PD-L1 blockades are important strate-
gies to boost cancer therapy in the immuno-

7475

oncology field. Six PD-1/PD-L1 blockades cov-
ering 14 cancer types have been approved
since 2006 [12]. However, satisfactory respon-
ses to treatment using PD-1/PD-L1 blockades
are only observed in a minority of patients and
the resistance mechanisms against PD-1/PD-
L1 blockades is not fully understood. Combi-
nation therapies of PD-1/PD-L1 blockades and
other treatments are promising strategies to
overcome resistance and broaden patient re-
sponses. As of September 2018, there were
1,716 combination trials for treatments that
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Figure 4. PD-1 blockade induced expression of chemokines in supernatant collected from co-culture of T cells and
MCTSs. A. Flow cytometry results showing level of different chemokines without (left) or with (right) PD-1 blockade.
The five clusters indicate CXCL10, CCL2, CXCL9, CCL5, and CXCL8 from top to bottom. Expression level of each che-
mokine is indicated by their PE fluorescence intensity. B. Total PE fluorescence intensity of five chemokines without
(left) or with (right) PD-1 blockade. C. Quantification and analysis of chemokine levels in two groups. Data are mean
+ SEM, n = 3. **P < 0.01, ****P < 0.0001. anti-PD-1, PD-1 blockade.

included PD-1/PD-L1 blockades [13]. Novel in
vitro tumor models may accelerate the identifi-
cation of resistance mechanisms and facilitate
the development of effective combination ther-
apies. In this study, we described an approach
for rapid and functional assessment of PD-1
blockade using PD-L1-induced tumor spher-
oids. MCTSs could be easily obtained 72 h after
seeding tumor cells into ultra-low attachment
plates, and PD-L1 expression in MCTSs in-
creased after stimulation by IFN-y and TNF-c.
Confocal images of spheroids with live/dead
cell staining revealed the Kkilling capacity of
PD-1 blockade. The MCTSs model could be
widely utilized to preclinically evaluate combi-
nation therapies in vitro, providing rationale to
guide prioritization of combination strategies
that could be translated to the clinic.

Compared with 2D cell cultures, spheroids can
simulate in vivo solid tumors more precisely
because of their three-dimensional structure
and ability to maintain tumor cell interactions
with other spheroids and ECM secretions.
Biomedical gradients for nutrients and oxygen
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may also be recapitulated in spheroids with a
diameter > 200 pm [14]. Unlike other 3D tumor
models, including organoid cultures from stem
cells and patient-derived xenografts (PDXs),
MCTSs formation is quickly and easily perfor-
med, taking only 2-3 days to generate mature
spheroids [15]. Recently, some researchers
have demonstrated that MCTSs primarily com-
prise of cultured tumor cells and lack diverse
stromal and immune components within the
TME [16]. Given these findings, the researchers
recommended murine-and patient-derived or-
ganotypic tumor spheroids as ex vivo systems
to evaluate PD-1 blockade, as these models
retained lymphoid and myeloid immune cell
populations and cytokine secretion profiles of
the TME. Sensitivity and resistance to PD-1
blockade in vivo was successfully recapitulated
in these models [16-18]. However, inconsisten-
cies between the murine and human immune
systems, the complexity of obtaining patient-
derived tumor specimens, and the unique re-
quirements for microfluidic culture conditions,
are limitations to using organotypic tumor sp-
heroids in drug assessment. In comparison,
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MCTS models have advantages in speed and
convenience. Moreover, advanced MCTSs have
been developed to better emulate the in vivo
TME by co-culture with immune cells, fibro-
blasts, and endothelial cells [19].

In summary, this study presents a novel in vitro
3D model using human tumor cell lines to eval-
uate response to PD-1 blockade. Future studies
may extend this model to facilitate preclinical
development of effective combination thera-
pies and drive translational research efforts
toward clinical application.
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