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Abstract

Colorectal cancer (CRC) with high-level microsatellite instability (MSI-H) tends to be associated with a better response to
programmed death receptor-1 (PD-1) blockade than does microsatellite stable CRC. However, emerging evidence makes
the use of programmed death ligand-1 (PD-L1) as a biomarker problematic. Here, we sought to characterize the interactions
between PD-L1 expression and the response to PD-1 blockade therapy in BALB/c mice with a subcutaneous tumor challenge.
We further focused on interferon gamma (IFNy)-induced PD-L1 expression in an in vitro setting to evaluate the responsive-
ness to IFNy exposure and the specific signaling of PD-1 in HCT116 and SW480 cell lines. In this study, enhanced PD-L1
expression increased survival in CT26 cells, and PD-1 blockade increased the CTL profile and apoptotic cells in mice with
CRC. Our in vitro findings showed that PD-L1 expression was significantly upregulated by a low-dose IFNy treatment, and
the MSI-H cell line might exhibit hyperresponsiveness to IFNy exposure partly through the JAK-STAT pathway. These
results suggest that intrinsic PD-L1 in cooperation with extrinsic IFNy exposure in CRC may be more responsive to anti-
PD-1 therapy, mainly through the CTL profile in the tumor microenvironment.
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JAK/STAT3 Janus kinase/signal transducer and activator
of transcription 3

MAPK Mitogen-activated protein kinase

MSI-H High-level microsatellite instability

MSS Microsatellite stable

PD-1 Programmed death-1

PD-L1 Programmed death ligand-1

PI3K/AKT  Phosphatidylinositol 3 kinase/protein
kinase B

PTEN Phosphatase and tensin homology deleted
on chromosome 10

RT-PCR Reverse-transcription quantitative polymer-
ase chain reactions

TUNEL TdT-mediated dUTP nick-end labeling

Introduction

Colorectal cancer (CRC) is one of the most common cancers
worldwide and is often considered immunogenic, especially
high-level microsatellite unstable (MSI-H) CRC [1]. This
perception is based on the observation that MSI-H CRCs
have a high burden of neoantigens with collinearity of intra-
tumoral lymphocytic infiltration [2, 3]. A characteristic of
this type of cancer is its ability to escape detection and
destruction by the immune system through genetic or epi-
genetic modifications. This ability mainly involves the pro-
duction of immunosuppressive cytokines [4] and enzymes
[5], favoring conversion of immune effector cells into immu-
nosuppressive cell populations [6] or upregulation of the
tumor cell surface inhibitory B7 costimulatory molecule
programmed death ligand 1 (PD-L1) [7]. After binding to
its receptor, programmed death receptor-1 (PD-1), PD-L1
delivers a suppressive signal to T cells and an anti-apoptotic
signal to tumor cells, leading to T cell dysfunction and tumor
survival. Blockade of PD-1/PD-L1 results in the preferential
activation of T cells with specificity for cancer, restoring
anti-tumor T cell activity [8—10]. In particular, inhibitors
of the PD-1/PD-L1 pathway have led to remarkable clinical
responses in melanoma [8], non-small-cell lung cancer [9],
and renal cancer [10].

PD-1 inhibition is an exciting new frontier and was recently
approved by the US FDA for adults with MSI-H progressive
CRC; however, the response to PD-1 blockade is uniform
across all MSI-H CRC patients. In general, the limited data
[2, 11, 12] from available clinical trials show that patients
with MSI-H CRC have more objective responses to PD-1
blockade than do patients with microsatellite stable (MSS)
tumors. This finding leads to the question of what is differ-
ent between these two subgroups. Recent manuscripts [2, 11,
12] have demonstrated that compared with patients with MSS
tumors, patients with MSI-H tumors have increased expression
of PD-L1 accompanied by a linear increase in the infiltration
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density of activated CD8" cytotoxic T lymphocytes (CTLs).
Although there is a substantial difference in PD-L1 expres-
sion between MSI-H and MSS CRCs, the general evidence
for PD-L1 expression as a responsive mechanism to anti-PD-1
therapy in CRC is less clear. PD-L1 is induced by IFNYy treat-
ment of cancer cells [14]. Therefore, IFNy signaling appears
to participate in the vigorous immune microenvironment of
MSI-H CRC.

IFNYy induces anti-tumor responses with cytostatic, pro-
apoptotic and immune-provoking effects [15]. Nevertheless,
cancer cells can also take advantage of the same IFNy signal-
ing processes as inducers of mediators that inhibit anti-tumor
immune reactions, such as PD-L1 [15, 16]. PD-L1 is expressed
at various levels in cultured cancer cell lines, and the differ-
ent expression levels may be associated with intrinsic cellular
changes, such as Janus kinase-signal transducer and activator
of transcription 3 (JAK-STAT3) and phosphatidylinositol 3
kinase—protein kinase B (PI3K—AKT) activation [17], loss/
deficiency of phosphatase and tensin homology deleted on
chromosome (PTEN) [18], and epidermal growth factor recep-
tor (EGFR) mutations [19]. Tumor-infiltrating lymphocytes
produce IFNy, which drives PD-L1 expression in the tumor
microenvironment; however, the extent of PD-L1 induction
is not uniform [14-16). The rate of PD-L1% expression is sig-
nificantly higher in MSI-H CRC than in MSS CRC [2, 11,
12, 13, 20]. Recent findings [11, 21] also note that PD-L.1
expression in tumor tissue probably indicates possible bio-
markers to predict which patients will most likely benefit from
anti-PD-1 therapy, particularly among those with MSI-H CRC.
This intratumoral immune response induced by IFNy signaling
appears to be more effective in MSI-H tumors, and the distinct
molecular mechanisms of this type of extrinsic IFNy induction
in MSI-H and MSS CRCs may exist. In this regard, clarifying
this paradoxical mechanistic basis is significant.

In the current study, we investigated whether elevated
expression of PD-L1 in tumor tissues had a more objec-
tive response to PD-1 blockade in BALB/c mice with sub-
cutaneous tumors. The average extent of inflammation and
adaptive immunity factors as well as cellular apoptosis in
the specific tumor microenvironment was also investigated.
Distinct molecular mechanisms of IFNy have been proposed
to induce PD-L1 expression in MSI-H and MSS CRC cell
lines. To test this hypothesis, we used HCT116 and SW480
cells in vitro to observe the signaling mechanism of the
adaptive immunity response induced by IFNy.

Materials and methods

Cell lines and cultures

HCT116, SW480 and CT26 cell lines were routinely cul-
tured in DMEM/F12 (Gibco, USA) and supplemented with
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10% fetal bovine serum (Gibco, USA), 100 IU/mL penicil-
lin and 100 pg/mL streptomycin (Gibco, USA) at 37 °C in
5% CO,.

Generation of a stable PD-L1-overexpressing CT26
cell line

The cDNA sequence of the mouse PD-L1 was generated
by PCR using 5'-CCGGAATTC GCCACCATGAGGATA
TTTGCTGGCATTATATTC-3' as the forward primer and
5'-CCGCTCGAG TTACGTCTCCTCGAATTGTGTATC
A-3' as the reverse primer. The plasmid was sequenced with
the primers to confirm the correctness of the constructed
plasmid. Lentiviruses were produced by transient transfec-
tion of 293T cells using PGMLV-GTP-PD-L1. After trans-
fection, virus samples were harvested at 72 h and concen-
trated. The virus titer was measured. Transduction of CT26
cells was performed by 6 h of exposure to dilutions of the
viral supernatant in the presence of polybrene (5 pg/mL).
Stably transfected CT26 cells were selected by culture in
puromycin (2 ug/mL).

Tumor challenge and antibody treatment

The experiments were conducted on female BALB/c mice
weighing 16-20 g. For tumor generation, the animals were
challenged subcutaneously in the right flank with 5x 10’
CT26 in 100 pL PBS (group 1, 2, 5, and 6) or 5 X 107 PD-
L1-overexpressing CT26 cells in 100 uL PBS (group 3 and
4). When the tumor volume reached approximately 80 mm?
(on day 15 after injection), the animal model was success-
fully established. Furthermore, CRC mice were divided into
six groups (six mice per group) treated with PD-1 mono-
clonal antibody (PD-1 mAb, Bio X Cell), IFNy exposure
combined with PD-1 mAb, or saline. Group 1 and group 3
were treated with saline, and group 5 was treated with IFNy
and saline. Group 2 represented mice treated with CT26
cells and PD-1 mAb; group 4 included mice treated with
PD-L1-overexpressing CT26 cells plus PD-1 mAb; group 6
included mice treated with CT26 cells plus IFNy and PD-1
mAb. PD-1 mAb (200 pg) was injected peritumorally into
mice on days 0, 2, 4, 6 and 8 after successful tumor estab-
lishment, and IFNy (100 IU/mL) was administered 2 days
before PD-1 treatment. Following tumor establishment,
tumors were monitored every 3 days. Tumor volume was
calculated according to the following formula: volume = (the
maximum diameter) X (the most trials)?x 0.5 [22]. Mice
were sacrificed on day 30, and tumors were harvested,
weighed and divided into parts for PCR analysis, western
blot analysis, histological analysis and TdT-mediated dUTP
nick-end labeling (TUNEL).

RT-PCR

Total cell RNA was extracted using TRIzol reagent (Thermo,
USA) according to the manufacturer’s protocol. RNA was
then reverse transcribed with a Revert First Strand cDNA
Synthesis Kit (Thermo, USA) according to the manufactur-
er’s instructions. Reverse-transcription quantitative polymer-
ase chain reaction (RT-PCR) was performed using an ABI-
7500 (Applied Biosystems, USA). The primer sequences are
shown in Supplementary Table 1.

IFNy treatment in vitro and quantitative DNA array

To assess PCR array performance, we pretreated HCT116
and SW480 cells with 100 IU/mL IFNy (PeproTech, USA)
or control medium for 12 h, followed by washing and har-
vesting. A total RNA extraction kit was used to extract total
RNA (Qiagen, Maryland, USA). Next, 0.5 pg total RNA
was reverse transcribed. cDNA was mixed with RT?> SYBR
Green/ROX qPCR Master Mix (Qiagen, Maryland, USA),
and the mixture was added to a 96-well RT?> PCR Array
(Qiagen, Maryland, USA) that contained primers for 84
genes associated with the JAK/STAT signal pathway and 5
housekeeping genes according to the manufacturer’s instruc-
tions. Thermal cycling was performed using an ABI-7500.
The cycle threshold (Ct) values obtained during quantifi-
cation were used to calculate the fold changes in mRNA
abundance using the 2722 method.

Western blotting

Cells were harvested in RIPA lysis buffer (Bi Yun Tian,
China) containing 50 uL protease inhibitor (Bi Yun Tian,
China). The cell lysates (80 pg) were separated using 10%
SDS-PAGE gels and then transferred onto PVDF mem-
branes (Millipore, Bedford, MA, USA). Membranes were
blocked with 5% bovine serum albumin for 1 h at room tem-
perature before the addition of 5 mL primary antibody. The
antibodies used in this study included anti-PD-L1 (1:500;
Proteintech) and anti-GAPDH (1:2000; Abmart). The mem-
brane was then washed with PBS and incubated with rabbit
anti-HRP-conjugated secondary antibody (1:2000; Abmart)
for 1 h at room temperature. Bands were visualized using a
chemiluminescence reagent (Millipore, USA).

Flow cytometry

Cell samples were harvested, washed and stained with 5
pL anti-human CD274-PE (clone: MIH1, eBioscience) for
30 min; light exposure was avoided. Cells were washed,
resuspended in 500 pL. PBS and transferred to FACS tubes
for analysis. Cells were analyzed using a Canto II (BD Bio-
sciences) FACS machine. Data analysis was performed using
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CellQuest Pro (BD Biosciences) and FlowJo software (Tree
Star).

Hematoxylin and eosin (HE) staining
and immunofluorescence costaining

Paraffin-fixed tissue samples were cut into sections of 5-um
thickness and stained with HE for histological examination.
Immunofluorescence double staining was further performed
to evaluate the histomorphological expression features of
PD-L1. Sections were incubated with primary anti-PD-L1
(1:300; Proteintech) and anti-CD31 (1:150; Abcam)/anti-
CD8 (1:100; Abcam) antibodies at 4 °C overnight. After the
sections were washed with PBS, they were incubated with
Cy3-labeled goat anti-rabbit IgG antibodies (red, 1:1000;
KPL) and Dylight 488-labeled goat anti-mouse/rat IgG anti-
bodies (green, 1:1000; Abcam) as the secondary antibodies.
Finally, the sections were incubated with 4',6-diamidino-
2-phenylindole (DAPI) to stain the nuclei (blue color) and
were observed by a fluorescence microscope (Olympus).

TUNEL assay and double staining for TUNEL
and CD31

TUNEL staining was performed using an in sifu cell death
detection kit (Roche), and nuclei were stained with DAPI.
For fluorescence double staining, sections were incubated
with primary anti-CD31 (1:150; Abcam) for 1 h at 37 °C.
After the sections were washed with PBS, they were incu-
bated with the TUNEL reaction mixture plus Dylight 488
labeled goat anti-mouse IgG antibody (green, 1:1000;
Abcam). The sections were washed, stained with DAPI, and
observed by a fluorescence microscope.

Statistical analysis

All statistical analyses were performed using SPSS software
version 22.0. Values are presented as the mean + SDs, and
the differences between groups were assessed with two-sided
tests. Statistical significance was set at p values less than
0.05.

Results
Anti-tumor effects of PD-1 blockade

To investigate whether PD-L1 expression influences the
response to PD-1 blockade immunotherapy in vivo, we
examined two different profiles with higher PD-L1 expres-
sion in the subcutaneous tumor tissues of mice with CRC
and PD-L1-transduced CT26 cell challenge with extrinsic
IFNy exposure. As shown in Fig. la, b, PD-L1 expression
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was higher in these two profiles and resulted in obviously
enhanced subcutaneous tumor weights in CRC mice. Fur-
thermore, immunotherapy with PD-1 blockade signifi-
cantly inhibited tumor growth, especially in mice chal-
lenged with PD-L1-transduced CT26 cells (Fig. 1d). Mice
treated with the combination of PD-1 blockade and IFNy
exposure (or PD-L1 transduction) had a slightly larger
tumor weight on day 30; however, no significant differ-
ence was observed.

IFNy exposure induced extensive PD-L1 expression,
and PD-1 blockade caused decreased neoplastic
cells

As shown in Fig. 2a, b, IFNy treatment induced higher
PD-L1 expression in the tumor tissues of BALB/c mice chal-
lenged with CT26 cells subcutaneously, accompanied by a
decreased number of CD8* cells. To investigate whether
higher PD-L1 expression was localized to tumor cells or
tumor-infiltrating CD8* cells, we further performed fluo-
rescence double staining for PD-L1 and CD31/CDS. Fluo-
rescence costaining demonstrated that PD-L1 protein was
extensively expressed on neoplastic cells as well as tumor-
infiltrating CD8* lymphocytes (Fig. 2). However, low-level
IFNYy exposure obviously enhanced the density of PD-L1
expression in both cell types in the tumor microenviron-
ment. PD-1 blockade immunotherapy clearly decreased the
number of CT26 neoplastic cells. However, a simultaneously
increased number of CD8" lymphocytes were also observed,
especially in IFNy-treated mice (Fig. 2c).

PD-1 blockade induced obvious cell apoptosis

To determine the cell apoptosis rate in each group, we per-
formed apoptotic analysis of tumor tissues by TUNEL. A
decreased number of TUNEL-positive cells were detected
in PD-L1-transduced CT26 cell-challenged animals. Treat-
ment with PD-1 blockade significantly increased the rate of
TUNEL-positive cells in all CRC mice; however, no signifi-
cant difference was observed among CT26, PD-L1-trans-
duced CT26 and IFNy exposure plus CT26-injected animals
(Fig. 3). To determine whether apoptosis involved neoplastic
cells, we also used fluorescence double staining for TUNEL
and CD31. As shown in Fig. 3, apoptotic neoplastic cells
were observed in many groups, especially in CRC mice
treated with PD-1 blockade. Importantly, more apoptotic
CT26 cells existed in tumors harvested from CRC mice
exposed to IFNy combined with anti-PD-1 immunotherapy.
However, the number of apoptotic neoplastic cells was lower
in the other groups, and further statistical analysis was not
performed in this experiment.
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CT26

CT26 + PD-1

PD-L1 transduced CT26

PD-L1 transduced CT26
+ PD-1

CT26 + IFNy

CT26 + IFNy + PD-1

Fig.1 Effects of PD-1 blockade in BALB/c mice with subcutane-
ous tumors in each group. When CRC animal models subcutane-
ously injected with CT26 cells (group 1, 2, 5, 6) or PD-L1-trans-
duced CT26 cells (group 3, 4) were successfully established, they
were divided into six groups treated with PD-1 blockade therapy
with IFNy plus PD-1 blockade or saline. PD-1 mAb (200 pg) was
injected peritumorally on days 0, 2, 4, 6 and 8 after the successful
establishment of animal models, and IFNy (100 IU/mL) was adminis-
tered 2 days before PD-1 immunotherapy. Those animal models were

PD-L1 overexpression influenced the adaptive
immunity factors in response to PD-1 blockade

To observe the effect of PD-L1 overexpression on the aver-
age extent of adaptive immunity factors in response to anti-
PD-1 immunotherapy, we performed RT-PCR for selected
genes encoding signature T cell cytokines as well as core
transcription factors for the major T helper subsets, CD4,
Th1/Tcl (TBX21 and IFNy), CTL (CD8A, GZMB, PRFI,
and IL21), Th17 (IL-17A, RORC, and IL23A) and Treg
(FOXP3, IL10, and TGF-p1). Additionally, the sets of genes
associated with immune checkpoints (CTLA-4 and LAG3)
and metabolic enzymes (IDO1, NOS2, and HIF1A) were
analyzed (Fig. 4a, b). In response to immunotherapy with
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sacrificed, and tumors were harvested on day 30. a Tumor sizes of
different groups; b statistics of the tumor weights in the six groups
(**p<0.001, 24p <0.001 vs. CT26, °p <0.05 vs. PD-L1 transduced
CT26); ¢ photo showing PD-L1-overexpressing CT26 cells marked
with green fluorescence protein as shown by fluorescence microscopy
(x40, scale bar is 20 pm); d statistics of the tumor weight changes
induced by PD-1 blockade in three different profiles (**p<0.001,
#p <0.05 vs. PD-L1 transduced CT26)

PD-1 mAb, CD8a and GZMB were prominently enhanced,
especially in tumors harvested from the PD-L1 transduced
CT26 group. The expression of CD8a was clearly decreased
when challenged with PD-L1 overexpression, whereas it
was significantly increased in response to PD-1 mAb
(Fig. 4¢).

IFNy induced a higher intensity of PD-L1 expression
in HCT116 and SW480

In this experiment, we detected the expression of PD-L1 in
HCT116 and SW480 cells induced by IFNy via RT-PCR,
western blot analysis and FCM. Treatment with different con-
centrations of [FNy significantly increased PD-L1 expression
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CT26

CT26 + PD-1

CT26 + IFNy

CT26 + IFNy + PD-1

CT26

CT26 + PD-1

CT26 + IFNy

CT26 + IFNy + PD-1

Fig.2 Effects of IFNy exposure combined with PD-1 blockade
in tumor-infiltrated tissues. To investigate whether PD-L1 expres-
sion was localized to tumor cells or tumor-infiltrating CD8" cells,
we performed fluorescence double staining for PD-L1 and CD31/
CD8, respectively. The nucleus is shown in blue by DAPI. On the
cell membrane, the PD-L1 marker is shown in red, and CD31/CD8
is green in a single stain. Merged staining is shown in yellow/orange
on the membrane, and blue indicates the nucleus, which reveals PD-
L1*CD31" tumor cells or PD-L1*CD8* lymphocytes, respectively. A

in HCT116 and SW480 cells in vitro, especially with 100 IU/
mL IFNy. Moreover, cultured SW480 and HCT116 cells
became round and non-adherent after treatment with 5000 IU/
mL IFNy (data not shown). Interestingly, the PD-L1 expres-
sion observed in HCT116 cells induced by IFNy was sig-
nificantly higher than that induced by the same treatment in
SW480 cells (Fig. 5).
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magnified image of the area marked by the white square is shown in
the leftmost column. Scale bars, 20 um. a Expression of PD-L1 pro-
tein induced by PD-L1 transduced or IFNy exposure in tumor-infil-
trated tissues. b The cell percentage statistics of CD31" CT26 cells
and CD8" lymphocytes in tumors harvested from group 1 and 2 and
group 5 and 6 animal models (“p <0.001, #p <0.05 vs. CT26). ¢ Sta-
tistics of the cell percentage changes induced by PD-1 blockade with
a focus on CD31% CT26 cells and CD8" lymphocytes

Upregulation of PD-L1 by IFNy in HCT116
and SW480 cells was mainly associated with JAK-
STAT but not MAPK or PI3K-AKT pathway activation

To explore the signaling mechanism of PD-L1 expression
induced by a low dose of IFNy (100 IU/mL) in HCT116
and SW480 cells, we evaluated the expression of PD-L1
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PD-L1 transduced CT26

CT26 + IFNy

CT26 + PD-1

PD-L1 transduced CT26
+ PD-1

CT26 + IFNy + PD-1

Fig.3 PD-1 blockade induced cell apoptosis in BALB/c mice with
subcutaneous tumors. Cell apoptosis shown by TUNEL-CD31 dou-
ble staining (the left column, x40, scale bar is 20 pum) and pathologi-
cal changes shown by HE staining (the rightmost column, HE x 200,
scale bar is 50 pm) in the six groups. Shown by fluorescence micros-
copy, red indicates apoptotic cells stained by TUNEL, blue indicates
nuclei stained by DAPI, and green indicates a CD31 marker in a sin-
gle stain. Merged apoptotic cells are shown in pink in the nucleus.
Apoptotic CT26 cells are shown with pink nuclei and green mem-
branes. A magnified image of the area marked by the white square
is shown in the leftmost column. The white arrow denotes apoptotic
CT26 cells, which are shown in green in the membrane and pink in
the nucleus. The number of TUNEL-positive cells (red color) and
total number of cells (blue color) were captured with a fluorescence

in human CRC cells pretreated with the mitogen-activated
protein kinase (MAPK) inhibitor PD98059 (APExBIO,
50 umol/L), PI3K-AKT inhibitor wortmannin (APExBIO,
10 umol/L), or STATI1 inhibitor Fludara (APExBIO,
50 umol/L) by FCM. As shown in Fig. 5c, d, PD-L1

microscope. The rate of cell apoptosis was measured by the number
of red cells divided by the number of blue cells. The apoptotic rate
was (5.23+0.91)% in group 1 (CT26), (3.47+0.35)% in group 3
(PD-L1 transduced CT26), (4.13+0.91)% in group 5 (CT26+IFNy),
(30.67£5.13)% in group 2 (CT26+PD-1), (29.33+4.04)% in group
4 (PD-LI1-transduced CT26+PD-1), and (24.33+5.03)% in group
6 (CT26+IFNy+PD-1). The apoptosis rate of group 3 was sig-
nificantly decreased compared with that of group 1 (p=0.042).
PD-1 blockade significantly induced an increased apoptosis rate in
CT26-injected (p=0.018), PD-L1-transduced CT26 cell-challenged
(»p=0.007) or IFNy-exposed (p=0.026) CRC animal models. No
significant difference was observed among the three PD-1 blockade
groups

expression was significantly downregulated in different
MSI status cell lines pretreated with Fludara. By contrast,
there was no significant alteration in PD-L1 expression
after treatment with PD98059 or wortmannin, which inhib-
ited the MAPK and PI3K-AKT pathways, respectively.
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Fig.4 Immune-related gene expression profiles were assessed
using qPCR for selected genes. Sets of genes were defined by func-
tional relevance. a CD,, Th1/Tcl, CTL, Th17, and Treg; b immune
checkpoint and metabolism. To analyze the different responses to
PD-1 blockade in animal models with CT26 injection (the legend is
“CT26”, blue) or PD-L1 overexpressing CT26 injection (the legend

Different JAK-STAT signaling molecules participated
in low-dose IFNy-induced PD-L1 expression in MSI-H
and MSS colorectal cancer cell lines in vitro

We used a RT? Profiler PCR Array and measured the mRNA
levels of 84 genes associated with the JAK—STAT signaling
pathway. As shown in Supplementary Fig. 1, 19 genes dem-
onstrated a greater than twofold change, and 2 genes were
downregulated in cultured HCT116 cells compared with
those in SW480 cells. As shown in Table 1, after treatment
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is “PD-L1 transduced CT26”, red), we calculated the fold change in
gene expression using the 2724C method. *Statistically significant
differences, p <0.05; **p <0.001. ¢ In this case, the fold change in
CD8a was further analyzed, and the fold change in group 1 (CT26)
was specified as 1. *¥p <0.001 vs. group 1; *p<0.001 vs. group 3
(PD-L1 transduced CT26)

with 100 IU/mL IFNy for 12 h, the most striking result
was the strong upregulation of chemokine (C-X-C motif)
ligand 9 (CXCL9) in HCT116 (68.53-fold) and SW480 cells
(100.19-fold). As expected, STAT1, STAT4, IRF1 and IRF9
were mildly overexpressed with IFNy interference in both
cell lines. However, JAK2 (2.11-fold), as well as SATA2/3
(2.06-fold and 2.04-fold, respectively), was upregulated in
SW480 cells only, and downregulation of JAK3 (2.87-fold)
and STATSA/5B (2.14-fold and 2.06-fold, respectively) was
observed in HCT116 cells only after stimulation with a low
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Fig.5 Effects of IFNy and kinase inhibitors on PD-L1 expres-
sion in the HCT116 and SW480 cell lines. a PD-L1 mRNA relative
expression induced by different concentrations of IFNy was meas-
ured by qPCR. b Expression levels of the PD-L1 protein stimulated
with 100 IU/mL or 500 IU/mL IFNy for 12 h. ¢, d PD-L1 expres-
sion was measured by flow cytometry in SW480 (the upper line) and

level of IFNy. SOCS1 demonstrated higher upregulation in
SW480 cells after treatment with [FNy than in HCT116 cells
(5.84-fold vs. 3.95-fold).

Discussion

Based on data from clinical trials, the US FDA granted
approval for use of pembrolizumab and nivolumab for
treatment for adults with dAMMR and MSI-H metastatic or
progressive CRC. This approval changes the landscape of
cancer immunotherapy but also raises some questions. The
response to PD-1 blockade is not uniform across all MSI
CRC patients. Furthermore, only 5-15% of CRCs display
the MSI-H genotype, leaving the majority of patients with
the MSS profile. If the mechanism of the heterogeneity of
the response to anti-PD-1 therapy is elucidated, it could
guide clinicians to identify potentially targetable factors

HCT116 (the lower line) cell lines 12 h after treatment with 100 U/
mL IFNy, with 1 pmol/L wortmannin, 50 umol/L PD98059, or
50 pmol/L Fludara. DMSO was used as a vehicle and negative control
(*p<0.05, **p <0.001 vs. SW480, 24p <0.001 vs. cells treated with
IFNy and DMSO)

and determine therapeutic strategies to enhance responsive-
ness to PD-1 blockade immunotherapy in most patients with
CRC.

In this study, higher PD-L1 expression contributed to a
higher tumor weight. Here, PD-L1 overexpression in CT26
cancer cells was also concomitant with decreased expres-
sion of CD8a genes and a lower apoptotic rate of tumor
tissue cells. These results are partly in agreement with previ-
ous studies [23, 24] showing that overexpression of PD-L1
in vitro accelerated the proliferation and anti-apoptosis of
cancer cells by facilitating cell cycle progression. Moreover,
extrinsic IFNy treatment induced extensive PD-L1 expres-
sion in neoplastic cells as well as in tumor-infiltrating lym-
phocytes. However, the challenge had no obvious effect on
the rate of cell apoptosis in tumor-infiltrated tissues. The
discrepancy probably demonstrates that PD-L1 expres-
sion induced by low-level IFNy exposure in tumor tissues
reflects the adaptive immune response, whereas PD-L1
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Table1 Gene fold changes associated with the JAK/STAT signal
pathway after treatment of the SW480 and HCT116 cell lines with
100 IU/mL IFNy for 12 h

SW480 HCT116

Gene symbol  Fold regulation ~ Gene symbol  Fold regulation

A2M 4.2 A2M 2.33
CXCL9 100.19 CCND1 —2.06
IL4 -2.24 CEBPB —245
IRF1 9 CXCL9 68.53
IRF9 8.95 EGFR -2.03
ISG15 2.26 FCGR1A 6.38
JAK2 2.11 IL2RA —6.82
OSM -2.12 IL2RG -3.02
SOCS1 5.84 INSR -2.6
SOCS2 -2.79 IRF1 5.81
STAT1 21.83 IRF9 5.45
STAT2 2.06 ISG15 2.05
STAT3 2.04 JAK3 —2.87
STAT4 2.58 LRG1 —2.13
B2M 3.25 PDGFRA —3.47
PTPN11 —2.13
SOCS1 3.95
SOCS2 -2.7
SRC -2.05
STAT1 14.92
STAT4 10.49
STATS5A -2.14
STAT5B -2.06
B2M 3.11

overexpression in CT26 cells represents the intrinsic anti-
apoptotic mechanism. Specifically, PD-1 blockade immu-
notherapy significantly inhibited tumor growth in all CRC
mice in this study. As in other studies [7-10], the enhanced
number of CD8™ cells and decreased neoplastic cells, in
line with increased apoptotic cells in tumor-infiltrated tis-
sues, were observed in this study. Importantly, we observed
apoptotic neoplastic cells after anti-PD-1 immunotherapy.
In a tumor microenvironment, neoplastic cells induced a T
cell response, and consequently, activated T cells released
IFNy, which induced neoplastic cells expressing PD-L1.
After binding to PD-1, PD-L1 delivered a suppressive sig-
nal to CD8* lymphocytes and induced exhaustion of the T
cell immune response. PD-1 mAb treatment reinvigorated
CD8™ cells to maintain their effector function, eliminate
neoplastic cells through GZMB, and secrete cytokines that
recruit other immune cells to participate in the antitumor
response. Interestingly, PD-1 blockade immunotherapy in
those two high PD-L1 expression profiles results in a greater
extent of tumor rejection, in line with the enhanced expres-
sion of CTL genes compared with that in CT26 cell-injected
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models treated with the same blockade. However, higher
expression of PD-L1 did not influence the weight of terminal
tumors harvested on day 30 in animal models administered
PD-1 mAD therapy. All of these data suggest that PD-L1
may mainly be associated with anti-apoptosis of cells in the
tumor microenvironment. However, treatment with PD-1
blockade significantly inhibited tumor growth, accompa-
nied by an obviously enhanced CTL gene profile as well as
a cell apoptosis phenomenon. Consistent with other studies
[8—10], our experiment suggests that PD-1 blockade therapy
plays a remarkable role in tumor rejection, possibly by infil-
trating CTLs, which promote neoplastic cell apoptosis in the
CRC microenvironment.

Alternatively, we also observed that compared with the
SW480 cell line, the HCT116 cell line, which lacks the
MLH]1 protein and usually represents MSI-H CRC, dis-
played higher relative mRNA expression of PD-L1 in vitro
after stimulation by a different concentration of IFNy. This
result is also consistent with most clinical investigations [2,
11, 12] showing that MSI-H patients have a significantly
higher rate of positive PD-L1 expression. Although a recent
study [20] was compelling regarding whether the higher den-
sity of PD-L1 was expressed in tumor cells or in tumor-infil-
trating myeloid cells in the stroma of CRC, we demonstrated
here that PD-L1 was extensively expressed on neoplastic
cells as well as CD8* lymphocytes in tumors harvested from
mice with CRC. All of the aforementioned results suggest
that higher PD-L1 expression in CRC cells is partly asso-
ciated with PD-1 blockade therapy. Most importantly, the
correlation that we observed in this experiment is probably
due to internal genetic or epigenetic modifications that occur
in CRC cells exposed to IFNy, which are mainly produced
by CTLs in the tumor microenvironment. Experimentally,
higher expression of PD-L1 in CT26 cells acted like a high-
level molecular shield, resulting in anti-apoptosis of cells,
decreased numbers of CD8" lymphocytes and decreased
mRNA expression of CTL. With PD-1 mAb therapy, the
positive response that we observed between PD-L1 overex-
pression and increased CTLs in CT26 subcutaneous tumors
suggests a fine-tuned regulation of in situ inflammatory
recruitment, but whether the CTL profile is the cause or
consequence of immune infiltration remains unclear.

IFNYy is considered to have a dual effect on anti-tumor
immunity. A number of studies have pointed to a similar
conclusion; IFNy plays a central role in the recognition
and elimination of transformed cells because of its cyto-
static, pro-apoptotic and immune-provoking effects [15].
We also observed that cultured SW480 and HCT116 cells
partly became round and nonadherent after treatment with
5000 TU/mL IFNy. Nevertheless, stimulation with 100 TU/
mL IFNy led to significant enhancement of PD-L1 expres-
sion, especially in HCT116 cells. In an in vivo setting, low-
level IFNy challenge also decreased the number of CD8”
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cells in the tumor microenvironment. Thus, we conclude that
a large dose of IFNy leads to anti-tumor immunity, whereas
low-level IFNy most likely has an immune modulatory func-
tion. However, we should consider that large doses of IFNy
also induced the expression of PD-L1 in CRC cells, espe-
cially in the MSI-H cell line. Therefore, researchers should
be cautious when using IFNYy as a therapeutic agent for can-
cer treatment.

Moreover, we observed that the upregulation of PD-L1
induced by IFNy was mainly associated with activation of
the JAK-STAT but not the MAPK and PI3K-AKT path-
ways in CRC cell lines in vitro. However, according to
previous studies, PD-L1 expression stimulated by IFNy
is controlled by the MAPK or PI3K-AKT pathways [16,
17]. These results suggest that PD-L1 regulation by IFNy
might be mediated through different pathways depending
on the cell type. PD-L1 expression in CRC cells was mainly
triggered by previously described JAK-STAT signals, but
in some instances, intrinsic cell alteration also contributed
to extrinsic PD-L1 induction. Partial differential molecu-
lar mechanisms associated with the JAK-STAT signaling
pathway might contribute to such hyperresponsiveness to
low doses of IFNy exposure in the MSI-H cell line. Our data
demonstrated that extrinsic [FNy-induced PD-L1 expres-
sion was mainly JAK2—-SATA2/3 dependent in SW480 cells
but JAK3-STATS5A/5B related in HCT116 cells. Notably,
SOCSI, a negative feedback regulator of IFNy/STAT signal-
ing that inhibits JAK tyrosine kinase activity [25], displayed
higher upregulation in SW480 cells treated with IFNy than
in HCT116 cells. However, we also observed downregula-
tion of IL-2RA (6.82-fold) and EGFR (2.03-fold) only in
HCT116 cells stimulated with IFNy. Recently, one study
[26] suggested that loss of IFNy pathway genes in tumor
cells is a mechanism of resistance to anti-CTLA-4 therapy.
Therefore, HCT116, a MSI-H cell line, exhibits selective
hyperresponsiveness to the IFNy pathway, which contributes
to the increased PD-L1 expression and may be a mechanism
of response to anti-PD-1 therapy in CRC.

In conclusion, our study demonstrated that PD-L1 expres-
sion in CRC induced a tumor-shielding response. Combined
with PD-1 blockade immunotherapy, PD-L1 expression
probably caused the higher extent of tumor rejection, in line
with the enhanced expression of CTL genes. PD-L1 expres-
sion was significantly upregulated by low-dose IFNy treat-
ment, and the MSI-H cell line might exhibit hyperrespon-
siveness to IFNy exposure. Furthermore, intrinsic PD-L1
expression in cooperation with extrinsic IFNy exposure
likely participated in the response mechanism to anti-PD-1
therapy, mainly through the CTL profile in the tumor micro-
environment. Although this result provides novel insights
into the mechanism by which anti-PD-1 therapy focuses on
hyperresponsiveness to IFNy, questions remain with respect
to detailed alterations in PD-L1 in neoplastic cells that could

critically affect PD-1 blockade responses in CRCs. Further
work is needed to elucidate the complicated mechanisms.
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