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MUC1-induced immunosuppression in colon cancer can be
reversed by blocking the PD1/PDL1 signaling pathway
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Abstract. Mucinl (MUCI) upregulation in colon cancer has
been linked to poor patient outcomes and advanced stage at
diagnosis. This is partially due to MUCI-mediated inhibition
of T-cell proliferation affecting efficient lysis by cytotoxic
Ilymphocytes, which contributes to escape from immune
surveillance. In the present study, human colorectal cancer
tissues were collected, and MUC1-positive and MUC1-negative
colon cancer mouse models were prepared; subsequently, the
number and function of immune cells in tumor tissues were
measured using flow cytometry. The present study revealed
that MUCI, as a tumor-associated antigen, can recruit more
tumor-infiltrating lymphocytes into the tumor microenviron-
ment compared with MUCI1-negative colon cancer, but that
these cells could not serve antitumor roles. Conversely, the
present study demonstrated that MUC1-positive colon cancer
attracted more regulatory T cells (Treg cells), myeloid-derived
suppressor cells (MDSCs) and tumor-associated macrophages
(TAMs) to the tumor site than MUCI-negative colon cancer.
Furthermore, the data suggested that programmed death
protein 1 (PD1)-programmed death ligand 1 (PDL1) expres-
sion is greater in MUCI1-positive colon cancer. Blocking the
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PD1-PDL1 signaling pathway reduced the percentage of Treg
cells, MDSCs and TAMs in the tumor microenvironment,
enhanced T-cell cytotoxicity and inhibited tumor growth,
prolonging the survival time of MUCI1-positive tumor-bearing
mice. Therefore, the present study elucidated the role of MUC1
in tumor immune escape and provides a foundation for the
application of PDL1 inhibitors to MUCI1-positive colon cancer.

Introduction

Colon cancer is one of the most common types of cancer
and the second leading cause of cancer-related mortality
worldwide (1). The tumor-associated antigen, mucinl (MUCI),
is highly expressed in colon cancer and has been linked to
poor outcomes (2,3). MUCI is a transmembrane molecule
that is expressed by the glandular epithelial cells of the
prostate, stomach, duodenum, pancreas and colon, and is also
found in hematopoietic cells (4). It has a heavily glycosyl-
ated extracellular domain (4,5). The abnormal glycosylation
and upregulation of MUCI in human epithelial carcinoma
has aroused great interest as a candidate tumor marker and
potential tumor-killing target (5). Compared with fully
glycosylated MUC1, hypoglycosylated forms and upregulated
MUCI have pivotal roles in the transcriptional regulation of
genes associated with immune responses, tumor invasion,
apoptosis, angiogenesis, proliferation and inflammation (6).
High expression levels of MUCI are associated with a poor
prognosis in patients with colorectal cancer (7). In a breast
cancer animal model, intravenous injection of MUCI induces
immunosuppression and accelerates tumor-bearing mouse
death (8). Serum MUCI expression levels are also associated
with immunosuppression in patients with metastatic adenocar-
cinoma treated with active specific immunotherapy (8-10). In
addition, MUCI causes apoptosis of activated human T-cells,
which inhibits the proliferation of human T cells and cyto-
toxic lymphocyte-target cell interactions (11,12). However, the
pro-tumor and immunosuppressive roles of MUCI in colon
cancer have not been fully elucidated.

The programmed death protein 1 (PD1)-programmed
death ligand 1 (PDL1) signaling pathway is involved in tumor
immune escape, in which the tumor cells evade host immune
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surveillance by inhibiting the toxicity of T cells via the
PD1-PDL1 signaling pathway (13). Immunogenic tumor cells
might induce anergy of tumor-specific T cells by expressing
PDLI on their surfaces (14). A variety of factors induce PDL1
expression in tumor cells and antigen-presenting cells, which
includes the inflammatory cytokines IFN-y and IL-17A (15).
MUCI, as a tumor-associated antigen, recruits white blood
cells into the tumor microenvironment, which results in the
secretion of inflammatory cytokines (16). However, it is unclear
whether the tumor cells upregulate PDL1 expression via MUCI1
to escape immune surveillance. In the present study, the mech-
anisms underlying PDL1 expression in MUCI-positive tumor
tissue were explored, and the potential of targeting PDLI1 to
inhibit the progression of MUCI-overexpressing colon cancer
in mice was demonstrated. A clearer understanding of this
process may help to define the role of MUCI in promoting
tumor immune escape and provide key information to support
immunotherapy through targeting the PDL1-PDI signaling
pathway in MUCI-positive colon cancer.

Materials and methods

Mice and cell lines. Female BALB/c mice (100 mice; 8 weeks
old; 18-21 g) and female nu/nu mice (40 mice; 8 weeks old;
18-22 g) were purchased from the Animal Experiment Center
of Kunming Medical University. All animals used in the
present study were kept under specific pathogen-free condi-
tions, in a temperature-controlled environment (20-23°C) with
40-60% humidity and with a 12-h light/dark cycle, with food
and water freely available. Colon cancer SW480 (human) and
CT26 (mouse) cells, sourced from the American Type Culture
Collection, were cultured in DMEM supplemented with 10%
FBS and with 2 mM L-glutamine (all Gibco; Thermo Fisher
Scientific, Inc.) at 37°C with 5% CO,.

Patients and sample collection. To study the association
between the survival time of patients with colorectal cancer
and MUCI expression in tumor tissues, a discovery cohort
of 230 patients with colorectal cancer (dataset: Colon and
Rectal Cancer) was obtained from The Cancer Genome Atlas
(TCGA) database available from University of California
Santa Cruz Xena (https://xenabrowser.net/) (17,18). To study
the role of immune cells in colorectal cancer tissues, colon
cancer specimens were collected from 33 male patients
(Table I) who underwent open surgery at The First Affiliated
Hospital of Kunming Medical University (Kunming, China)
between April 2017 and August 2018. The mean age of the
patients was 56 years old. Individuals with primary colon
cancer who had not received any treatment were deemed
eligible for the present study. The clinical diagnosis was
confirmed by histopathological detection. MUCI1 expres-
sion was detected using immunohistochemistry (IHC). The
present study was approved by the Ethics Committee of The
First Affiliated Hospital of Kunming Medical University
(approval no. KMU20160901) and conformed with the ethical
standards of the World Medical Association Declaration of
Helsinki. All patients provided written informed consent.

Establishment ofastable cellline expressing MUC1.The plasm-
id pRP[Exp]-EGFP/Puro-CAG>hMUCI[NM_001371720.1]

was purchased from VectorBuilder, Inc. The human MUCI
gene was amplified and subcloned in-frame between the
Nhel and HindlIlI restriction sites of pcDNA3.1(-)/Myc-His A
(cat. no. V855-20; Invitrogen; Thermo Fisher Scientific, Inc.).
A total of 5x10° CT26 or SW480 cells/well in 500 u1 DMEM
without antibiotics were plated in 6-well plates, and then cells
were transfected for 24 h with pcDNA3.1(-)/Myc-His-mucl
(2 ug) or pcDNA3.1(-)/Myc-His (2 ug) using Lipofectamine™
2000 transfection reagent (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocols. The transfected
cells were cultured in DMEM with 10% FBS containing G418
(I mg/ml; cat. no. 10131027; Thermo Fisher Scientific, Inc.)
to establish stable cell lines expressing hMUCI1. MUC1*CT26
and MUCIT*SW480 tumor cells were sorted using flow cytom-
etry and maintained in medium containing the antibiotic G418
(10% FBS; 1 mg/ml G418). The CT26 and SW480 cells, which
were transfected with pcDNA3.1(-)/Myc-His as aforemen-
tioned, were also maintained in the same medium containing
G418 (10% FBS; 1 mg/ml G418). Human MUCI expression
was confirmed by flow cytometry and western blotting one
month after cells were transfected.

Western blotting. The cells were lysed in RIPA buffer
(Beyotime Institute of Biotechnology) for 10 min on ice,
and then the supernatant was collected by centrifugation
(250 x g; 4°C; 5 min) to remove cell debris. The protein
concentration was measured using a Bradford assay (Bio-Rad
Laboratories, Inc.). Protein samples (20 pg/well) were loaded
on a 10% (w/v) tris-HC1 SDS-PAGE gel for electrophoresis
and transferred to PVDF membranes (cat. no. 3010040001;
Sigma-Aldrich; Merck KGaA), which were blocked in 5%
bovine serum albumin (Sigma-Aldrich; Merck KGaA) for
45 min at room temperature. Subsequently, the membrane
was probed with anti-MUCI1 (1:3,000; cat. no. ab36690;
Abcam), anti-PDL1 (1:1,000; cat. no. ab238697; Abcam) or
anti-f-actin (1:1,000; cat. no. ab8226; Abcam) primary anti-
bodies at 4°C overnight. The signal was detected using a goat
anti-mouse secondary antibody (1:3,000; cat. no. ab205719;
Abcam) conjugated to horseradish peroxidase at room
temperature for 1 h. Band signals were visualized using the
Immobilon Western Chemiluminescent substrate (Merck
KGaA) and detected using the Odyssey CLx (LI-COR
Biosciences). Furthermore, PDL1 expression in tumor
tissues was analyzed using Gel-Pro Analyzer 3.0 (Media
Cybernetics, Inc.).

IHC. The expression levels of MUCI in colon cancer tissues
were determined using IHC. Briefly, 10% formalin-fixed
(8 h at room temperature), paraffin-embedded sections
(4-pm-thick) were cut using a microtome, mounted on
silanized glass slides and dried overnight at 37°C. A graded
alcohol series (100 and 70%) and distilled water were used to
deparaffinize and rehydrate the slides. Slides containing tumor
sections were incubated for 30 min in citrate buffer (pH 6.0)
at 96°C, followed by a 1-h incubation at room temperature
with blocking buffer (10% FBS in PBS). Slides were then
incubated in a humidified chamber at room temperature
for 1 h with rabbit anti-human MUCI monoclonal antibody
(1:1,000; cat. no. ab109185; Abcam), followed by incubation
in a humidified chamber at room temperature for 30 min
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Table I. Demographic data of recruited patients with colorectal
cancer.

Characteristic MUChigh MUC1™
Age range, years 45-72 47-76
Metastasis 10 (30.3)* 9 (27.3)"
Stage

I 8 6

11 10 9

“Numbers inside parentheses are percentages of patients. Tumours
with >90 MUCI1-producing cells (i.e., the mean of the cohort) were
considered as ‘high’; those with <90 infiltrating MUCI1-producing
cells were considered as ‘low’. MUC1, mucinl.

with a horseradish peroxidase-labeled anti-rabbit secondary
antibody (1:3,000; cat. no. ab7090; Abcam). The sections were
developed using 3,3'-diaminobenzidine tetrahydrochloride.
Antibody staining in the tissue sections was observed using
light microscopy (Olympus Corporation). For quantification,
cells stained with MUCI1 were manually counted at a magni-
fication of x400 in five high-power fields of each tumor tissue.
The average number of cells stained with MUCI in each tumor
sample was counted to reflect the number of MUC1-expressing
cells in the tumor. Similarly to PDL1 expression in tumor
tissues of a previous study (15), tumors with >90 and <90
MUCT-expressing cells were considered to have high and low
expression, respectively.

Cytokine-specific ELISA. ELISA assays were used to analyze
IL-10, IL-17A, TNF-a, TGF-p and IFN-y levels in the tumor
microenvironment of mice and patients with colon cancer.
Fresh tumor tissues were isolated from patients with colon
cancer and tumor-bearing mice. The tumor tissues were
homogenized in PBS (0.1 g tissue/ml). The supernatants
were collected by centrifugation (1,200 x g; 4°C; 10 min) for
analysis of cytokine expression levels using mouse IL-10 (cat.
no. 88-7105-22), IL-17A (cat. no. 88-7371-22), TNF-a. (cat.
no. 88-7324-22), TGF-f (cat. no. 88-8350-22) and IFN-vy (cat.
no. 88-7314-22), or human IL-10 (cat. no. KACI1321), IL-17A
(cat. no. BMS2017), TNF-a (cat. no. 88-7346-22), TGF-f (cat.
no. 88-8350-22) and IFN-vy (cat. no. 88-7316-22) ELISA kits
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocols.

Cell proliferation assay. To assess the number of living cells,
1-2x10* CT26/MUCI or SW480/MUCI cells were plated and
cultured with 10% FBS-supplemented DMEM containing
G418 (1 mg/ml) for 7 days. CT26/vector or SW480/vector cells
were cultured as negative controls. Proliferation was measured
using trypan blue exclusion. In brief, the cells were centrifuged
at 4°C for 5 min at 100 x g and then resuspended in 1 ml PBS.
One part 0.4% trypan blue was mixed with one part cell suspen-
sion and incubated for ~3 min at room temperature. A drop of
the trypan blue/cell mixture was applied to a hemocytometer
and the unstained (viable) and stained (nonviable) cells were
counted separately with a binocular microscope using the

hemocytometer. The number of living cells was counted, and
the proliferation of cells was analyzed.

Tumor implantation. CT26/MUCI1 or CT26/vector cells
(1x10° cells/200 pl PBS/body) were transplanted subcutane-
ously into the right flank of BALB/c mice; SW480-MUCI or
SW480/vector cells (2x10° cells/200 ul PBS/body) were trans-
planted subcutaneously into the right flank of nu/nu mice to
establish a mouse model of MUCI1-positive and MUC1-negative
colon cancer. The tumor diameters were measured from day 7
after tumor implantation. The treatment of mice was approved
by the Institutional Animal Care and Use Committee of
Kunming Medical University (approval no. KMU20170121).

For the analysis of survival time of tumor-bearing mice
(the experiments were conducted between January 2017
and November 2019), tumor size (using microcalipers) and
bodyweight were measured every 2-3 days. The volumes
were calculated as: (length x width x depth)/2. Mice in
cages were euthanized by CO, exposure for 5 min (flow rate,
3 I/min; 23% chamber vol/min) when tumor diameters reached
12 mm, according to the Animal Care and Use Committee
Guidelines (19), to minimize the suffering of the tumor-bearing
mice. The mice were considered dead when the respiration,
heartbeat and reflex activity had ceased. The survival rate of
tumor-bearing mice was then evaluated. For surface molecules
and intracellular cytokine analysis (the experiments were
conducted between March 2017 and June 2017), the CT26
tumor-bearing mice were sacrificed on day 26 after tumor cell
inoculation and surface and intracellular cytokine staining
patterns of myeloid-derived suppressor cells (MDSCs) and
T cells were analyzed using flow cytometry.

For the treatment (the experiments were conducted
between April 2018 and August 2018), the tumor-bearing
mice were anesthetized with 2% pentobarbital (45 mg/kg)
via intraperitoneal injection, and then injected intravenously
with an anti-mouse PDLI1 antibody (200 uxg/mouse; BE0101;
Bio X Cell) four times at 3-day intervals, after palpable
tumors (3-5 mm in diameter) had formed. The tumor volumes
and survival rates of tumor-bearing mice were evaluated. In
another experimental set (the experiments were conducted
between April 2018 and June 2018), the tumor-bearing mice
were euthanized on the third day after the end of PDI1 anti-
body treatment. Surface and intracellular staining of cells
was performed, and cytokine-producing T cells, MDSCs and
tumor-associated macrophages (TAMs) were analyzed using
flow cytometry.

In some experiments (conducted between April 2018 and
November 2018) a rat anti-mouse CD8 antibody (500 xg/mouse;
cat. no. BE0223; Bio X Cell) or isotype control rat IgG1
(250 pg/mouse; cat. no. BEOOS8S; Bio X Cell) was injected into
the abdominal cavity of the mouse 3 days before the PDL1
antibody treatment, followed by evaluation of tumor volumes
and survival rates of tumor-bearing mice.

Surface and intracellular molecular staining. Transfected
CT26 and CT26/MUCI cells (2x10° cells/well) were stimu-
lated using IL-17A (10 ng/ml; R&D Systems China Co., Ltd.)
and IFN-y (10 ng/ml; R&D Systems China Co., Ltd.) at 37°C
for 48 h, the cells were then harvested via centrifugation
(250 x g; 4°C; 10 min) and counted. Subsequently, the cells
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Figure 1. Association between MUCI expression and overall survival in patients with colon cancer or tumor-bearing mice. (A) Kaplan-Meier curves of overall
survival of patients with colon cancer in The Cancer Genome Atlas discovery set divided based on MUCI mRNA expression in the total cohort. (B) CT26
(left) and SW480 (right) tumor cells were transfected with pcDNA3.1(-)/Myc-His-MUC]I and the positive cells were sorted by flow cytometry. The purity of the
cells was evaluated by flow cytometry. Briefly, (C) 1x10* CT26/MUCI or (D) 2x10* SW480/MUCI cells were plated and cultured in G418-containing media
for 7 days, and CT26/vector or SW480/vector cells were cultured as negative controls. Cell count was measured using trypan blue exclusion. BALB/c mice
were injected subcutaneously with 1x10® CT26/vector or CT26/MUCI tumor cells. After 7 days, (E) tumor growth and (F) survival rates (n=10) were recorded.
Nu/nu mice were injected subcutaneously with (G) 1x10° CT26/vector or CT26/MUCI tumor cells (n=10), or 2x10° SW480/vector or SW480/MUC1 tumor
cells (n=7). After 7 days (H) tumor growth and (I) survival rates were recorded. Data are representative of three replicate experiments. Error bars represent the
standard error of the mean. ““P<0.001, “P<0.01 and “P<0.05 vs. model control. MUCI1, mucinl.

were stained with PE anti-PDL1 at 4°C for 30 min (1:100;
cat. no. 124308; clone 10F.9G2; BioLegend, Inc.). Fluorescence
data were acquired using a CytoFLEX flow cytometer
(Beckman Coulter, Inc.) and analyzed using Kaluza software
v2.1 (Beckman Coulter, Inc.).

For the surface staining of tumor cells and immune cells,
the tumor tissues from tumor-bearing mice or patients with
colon cancer were weighed, homogenized and digested with
hyaluronidase (2 mg/ml), collagenase type IV (2 mg/ml),
and deoxyribonuclease (25 pg/ml; Sigma-Aldrich; Merck
KGaA) for 50 min at 37°C. Immune cells were enriched
with Ficoll reagent and stained with propidium iodide at
4°C for 5 min. After counting viable cells, the samples were
incubated with an anti-CD16/CD32-blocking Ab (1:100;
cat. no. Ab00123-23.0-BT; Absolute Antibody) at 4°C for
10 min and then stained at 4°C for 30 min with Brilliant
Violet 510™ anti-mouse CD45 (1:100; cat. no. 103138; clone
30-F11; BioLegend, Inc.), Brilliant Violet 510™ anti-human
CD45 (1:100; cat. no. 304036; clone HI30; BioLegend, Inc.),
FITC anti-mouse CD4 (1:100; cat. no. 100509; clone RM4-5;
BioLegend, Inc.), FITC anti-human CD4 (1:100; cat. no. 317408;
clone OKT4; BioLegend, Inc.), FITC anti-mouse CD8a (1:100;
cat.no.100706;clone 53-6.7; BioLegend,Inc.),FITC anti-human
CD8a (1:100; cat. no. 301050; clone RPA-TS; BioLegend, Inc.),
APC anti-mouse CD279 (PD-1; 1:100; cat. no. 109112; clone

RMP1-30; BioLegend, Inc.), APC anti-human CD279 (PD-1;
1:100; cat. no. 329908; clone EH12.2H7; BioLegend, Inc.),
PE anti-mouse/human CD11b (1:100; cat. no. 101207; clone
M1/70; BioLegend, Inc.), FITC anti-mouse Ly-6G/Ly-6C
(Gr-1; 1:100; cat. no. 108406; clone RB6-8C5; BioLegend,
Inc.), FITC anti-human CD66b (1:100; cat. no. 305104; clone
G10F5; BioLegend, Inc.), PerCP/Cyanine5.5 anti-mouse
F4/80 (1:100; cat. no. 123128; clone BMS; BioLegend, Inc.),
PerCP/Cyanine5.5 anti-human CD68 (1:100; cat. no. 333813;
clone Y1/82A; BioLegend, Inc.), APC anti-mouse CD274
(B7-H1, PD-L1; 1:100; cat. no. 124311; clone 10F.9G2;
BioLegend, Inc.), APC anti-human CD274 (B7-H1, PD-L1;
1:100; cat. no. 329708; clone 29E.2A3; BioLegend, Inc.) or PE
anti-human MUCI (1:1,000, cat. no. ab213337; clone EP1024Y;
Abcam). The live cells were gated. Fluorescence data were
acquired using a CytoFLEX flow cytometer and analyzed
using Kaluza software v2.1.

For the intracellular staining of immune cells,
1x106 cells/ml were treated with Cell Activation Cocktail
containing Brefeldin A (1:1,000; cat. no. 423304; BioLegend,
Inc.). After 4 h, the cells were collected and stained with the
aforementioned Brilliant Violet 510™ - or FITC-conjugated
mAbs against mouse or human CD45, CD4 or CD8 mAbs
(BioLegend, Inc) at 4°C for 30 min. The cells were then fixed
with Fixation Buffer (cat. no. 420801; BioLegend, Inc.) in the
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Figure 2. Increased expression levels of inflammatory cytokines in tumor tissues of MUCI-positive tumor-bearing mice and patients with colon cancer
expressing MUCI1"¢", (A) Tumor tissues were harvested from tumor-bearing mice (n=8). The tumor tissues were homogenized in PBS (0.1 g tissue/ml). The
supernatants were collected by centrifugation and the levels of cytokines were analyzed using ELISAs. (B) Representative images of immunohistochemical
staining of MUC1-positive tumor tissues from patients with colon cancer. Magnification, x200. (C) Tumor tissues from patients with colon cancer (n=33)
were harvested. The tumor tissues were homogenized in PBS (0.1 g tissue/ml). The supernatants were collected by centrifugation and the levels of cytokines
were analyzed using ELISAs. The tumors were resected and processed to generate a single-cell suspension. TILs from the tumors were stimulated with
a Cell Activation Cocktail with Brefeldin A for 4 h. Percentages of IL-17* T-cells among CD4*CD45* TILs in (D) mice (n=8) and (E) humans (n=12).
Percentages of IFN-y* T-cells among CD8*CD45* TILs in (F) mice and (G) humans. Percentages of granzyme B* T-cells among CD8*CD45* TILs in (H) mice

and (I) humans. Data are representative of four experiments. Error bars represent the standard error of the mean. *

MUCI, mucinl; TILs, tumor-infiltrating lymphocytes.

dark at room temperature for 20 min. Next, the cells were
permeabilized with 1X intracellular Staining Permeabilization
Wash Buffer (cat. no. 421002; BioLegend, Inc.) and incubated
with PE-conjugated anti-IFN-vy anti-IL-17 or anti-granzyme B
(BioLegend, Inc.) for 30 min at room temperature. For forkhead
box P3 (Foxp3) staining, the fixed cells were treated using the
True-Nuclear™ Transcription Factor Buffer Set (BioLegend,
Inc.). The tumor-infiltrating lymphocytes (TILs) were gated.
Fluorescence data were acquired on a Beckman CytoFLEX
and analyzed using Kaluza software 2.1.

Statistical analysis. The standard two-sample unpaired t-test
was used to compare outcome differences in two-group
experiments. One-way ANOVA followed by Tukey's multiple
comparison test was applied to assess the statistical signifi-
cance of differences among multiple treatment groups. The
survival analysis of tumor-bearing mice was performed with
Kaplan-Meier survival analysis. The log-rank (Mantel-Cox)
test was used to obtain the P-values. Data are representative of
three experiments and are presented as the mean. Error bars
represent standard error of the mean. P<0.05 was considered
to indicate a statistically significant difference.

“P<0.01 and "P<0.05 vs. model control.

Results

Lymphocytes mediating the immune response serve a
pro-tumor role in MUCI-positive colon cancer. High expres-
sion levels of MUCI in tumor tissues are associated with poor
prognosis in patients with breast cancer (5,9). However, to the
best of our knowledge, it is unclear whether this association
exists in colon cancer. The relationship between colon cancer
survival time and MUCI expression was analyzed. In the
TCGA discovery dataset, the copy number of MUCI was
used to determine the cut-off value of expression in tumor
tissues as 0.118 (mean value of copy number). Patients with
high and low expression levels of MUCI were identified for
further analysis as <0.1188 for the low-MUCI group or >0.118
for the high-MUCI group. Kaplan-Meier survival analysis
was performed to compare overall survival according to
MUCI expression. The data suggested that the survival time
in the low-MUCI group was improved compared with the
high-MUCI group (Fig. 1A). To determine whether MUCI1
promotes tumor cell proliferation, mouse CT26 and human
SW480 colon cancer cell lines expressing human MUCI1
were prepared. The MUCI* tumor cells were sorted by
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flow cytometry, and MUCI1 expression in tumor cells was
confirmed (Fig. 1B). Cell counting assays suggested that
MUCI itself did not significantly promote cell proliferation
over 7 days (Fig. 1C and D). In a colon cancer animal model,
MUCl-positive CT26 cells grew faster than MUC1-negative
CT26 cells in murine models with intact immune competence
(Figs. 1E; S1A and B). Additionally, it was found that the
survival time in the MUCI-negative tumor-bearing BALB/c
mice was improved compared with the MUCI-positive
group (Fig. 1F). MUCI expression on tumor cells that were
isolated from the tumor-bearing mice was confirmed again
by flow cytometry (Fig. SIC). However, there was no signifi-
cant difference between the growth of MUCI-positive and
MUCI-negative CT26 tumor cells in nu/nu mice (Fig. 1G).
Furthermore, there was no significant difference between the
growth of MUCI-positive and MUC1-negative SW480 tumor
cells in murine models with lymphocyte deficiency (Figs. 1H;
S1D and E). Additionally, there was no significant difference in
the survival time between MUC1-positive and MUC]1-negative
tumor-bearing mice with lymphocyte deficiency (Fig. 11).
MUCI expression on SW480 tumor cells that were isolated
from the tumor-bearing mice was also confirmed by flow
cytometry (Fig. SIF). This indicated that MUCI might elicit a
pro-tumor immune response. Additionally, no signs of weight
loss were observed in any of the treatment groups (Fig. S1G-I).

Increased accumulation of inflammatory cytokines in
MUCI-positive tumor tissues. Inflammation is known to
be associated with the development of colon cancer (20,21).
ELISA results measuring inflammatory cytokines in
tumor-bearing mice suggested that IL-17A and IFN-vy levels,

but not IL-10, TGF-f and TNF-a levels, were significantly
increased in MUCI-positive tissues compared with in
MUCI-negative tissues (Fig. 2A). Subsequently, the expres-
sion levels of MUCI in tumor tissue samples were assessed
using IHC (Table I; Fig. 2B). High levels of IL-17A and IFN-y
were observed in MUC1Me" tumor tissues, while the levels of
IL-10, TGF-B and TNF-a in MUCI1"" tumor tissues were
not increased compared with those in MUC1'"" tumor tissues
(Fig. 2C). To determine whether MUCI1 augments or inhibits
anti-MUCI1 T-cell responses, tumor tissues from different
groups of tumor-bearing mice or patients were harvested,
weighed and analyzed by flow cytometry. CD45*CD3*CD4*
T-cells, CD45* CD3*CD8* T-cells, CD45*CD11b*F4/80*
cells and CD45*CDI11b*GR1* cells were gated (Fig. S2).
Intracellular cytokine staining analysis demonstrated that
MUCI-positive and MUC1"&" tumor cells induced the produc-
tion of intracellular IL-17A in CD4* T-cells (Fig. 2D and E)
and IFN-y in CD8* T-cells (Fig. 2F and G). Since the killing
of tumor cells by CD8* T cells is the principal mechanism
of immune protection against tumors (22), the present study
detected the number of granzyme B-producing CD8* T cells
in tumor tissues. Notably, there was no significant increase
in granzyme B-producing CD8* T cells in MUCI1-positive
and MUC1"¢" tumor tissues (Fig. 2H and I). These results
suggested that MUCI, as a tumor-associated antigen, does not
enhance the cytotoxicity of cytotoxic T cells (CTLs), although
it promotes an inflammatory response in the tumor microen-
vironment.

Increased accumulation of immune-suppressive cells in
MUCI-positive tumor tissues. Tumor-infiltrating regulatory
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Figure 4. PDL1 expression on MDSCs, TAMs and tumor cells is greater in MUC1"¢" tumor tissues from mice and patients. (A) Tumor cells from tumor-bearing
mice or patients with colon cancer were isolated and PDL1 expression on the surface of tumor cells was assessed using flow cytometry. (B) CT26 and
(C) SW480 tumor cells were transfected with pcDNA3.1(-)/Myc-His-MUCI. Semi-quantitative analysis of western blots of PDLI expression in tumor cells
after the transfection of pcDNA3.1(-)/Myc-His-MUCI using an anti-PDL1 mAb was performed. 3-actin was used as an internal control. (D) CT26/vector and
CT26/MUCI cells were stimulated with mouse IFN-y (20 ng/ml) and IL-17A (10 ng/ml) for 48 h and surface PDL1 expression was assessed. PDL1 expression
on the surface of (E) mouse and (F) human MDSCs and (G) mouse and (H) human TAMs in tumor tissues. PD1 expression on the surface of (I) mouse and
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mucinl; ISO, isotype control.

T cells (Treg cells) are a major immune cell population that
contribute to the establishment of an immunosuppressive
tumor microenvironment, to hamper the development of effec-
tive antitumor immunity, and are often associated with poor
prognosis (23). Significantly more CD4* Foxp3* Tregs were
observed to infiltrate MUC]1-positive and MUCI1"&" tumor
tissues compared with MUC1-negative and MUC1"™" tumor
tissues (P<0.05; Fig. 3A and B). Furthermore, tumor growth is
associated with the accumulation of MDSCs and TAMs, where
these cells facilitate tumor immune escape by inhibiting anti-
tumor immune responses (22). The present results indicated that
significantly more MDSCs (Fig. 3C and D) and TAMs (Fig. 3E
and F) accumulated in MUC1-positive and MUCI1"¢" tumor
tissues (P<0.05).

PDLI expression on MDSCs, TAMs and tumor cells is
greater in MUCI"¢" tumor tissues from mice and patients.
PDLI1 has previously been demonstrated to exhaust CTLs by
binding PDI1 (24,25). PDL1 expression was upregulated on
tumor cells from MUCI-positive and MUC1"&" tumor tissues
(Fig. 4A). However, in CT26 and SW480 cells transfected
with the MUCI1-expressing plasmid, MUCI did not appear
to promote PDLI1 expression on tumor cells (Fig. 4B and C).
These data indicated that PDLI expression in MUCI-positive
and MUCI1"e" tumor tissues was upregulated due to other
mechanisms. Since the present data also indicated that inflam-
matory cytokines were elevated in MUCI™e" tumor tissues,
it is unclear whether high PDL1 expression on tumor cells
was caused by these inflammatory cytokines. IL-17A and



8 ZHANG et al: ANTI-PDL1 ANTIBODY AND COLON CANCER

A ISO o oPDL1
10° 10 EICIN "
o @ ——
= O
5. 5 T+ .
1071 (75.37% 10°1 60.57% g & 601 2
104 e 10° g0 40 .
2 G RS 3 é’ 20
3.
010 G )1207%| 10 ‘@ 2527%| OO O
10 B E— ISO  oPDL1
102 10° 10* 10° 10°  10° 10° 10* 10° 10
CcD8
6. 6
C "z 10749 97% 2 N .
10° 10° 2 23 30 F——
o D0 R
© 10 10* ; :\2‘2{‘, 20 . :
<) LT w ga -
3103 = 10° g* *'_9 tgo 10
5 : -5
10° 2 3 4 5 s 10 8
10° 10> 10* 10° 10° ""10? 10 10* 10° 10°
CD11b
6 6 2
E e 107759 52% 2 0 825
10° 10° iy 2 8k 20
4 T£8 15
5 10° 10 L8510
‘ 3 T 33 5
i 10° et 10 i §°6 ,
102 10° > s ISO  oPDL1
102 10° 10° 10° 10°  10° 10° 10* 10° 10°
CD4
@
3 o
G @0 10.35% 10 30.78% L B 40—
E102 102 B &% 30
> ESA
S1qf 10' R§O 20 ——
g 852 10{ =
[OFT 10° 90'8 0 -
I S ©
8 %5 ISO  oPDL1
I_,1o‘5"1o1 102 10° 10° 10" 102 100 ©
CDs8

Q
g
1ISO £
B 10" 3
65.17% =9
10° ? g380
Qi 60
10° o T
w10Y 4T ,oé4o
o ' TO g
O 104 B E ¥ gs o
102 s s 100 7 =
10> 10° 10* 10° 10 102 10° 10* 10° 10°Q
CD11b ©
D 1000 1000 g
© 500 S 800 38.00% Eg 80] =
X 3 < —
=~ < 600 @ © 60 H
o o0 2240 .
@ 400 400 3820 ——
7] % K
2001 g 200 a5
| 107 7% 70° 105 10° a ISO  oPDL1
CE)OHE)O 10" 10 10% 10° 10* 10° 10° ©
3 3 ©»
10 25.87% 10 40.04% % §
(9]
10? 10? +§’~8”8
L £
1o’ 10’ g &3
i Y
=10° 10° 8 Q.O
s

| '&:05810‘ 10% 10° 10° 10' 10* 10°

. 9
6 -
H 1% les0m 10 33.11% £
o
10° 10° Q_t‘;
[a]
10* 10* 20
— B
a 5 -
a 10° s 10° ] 2
10? 102 % O ISO  oPDL1
102 10° 10* 10° 10°  10% 10° 10* 10° 10° 8
CcD8

Figure 5. Targeting PDL1 influences the immunogenic tumor microenvironment. Mice were subcutaneously challenged with 1x10® CT26/MUCI tumor cells.
After 7 days, the mice were injected intraperitoneally with an anti-PDL1 antibody (200 pxg/mouse; n=4), or control-IgG (200 yxg/mouse; n=4). Antibody
treatments were administered an additional three times every 3 days after CT26/MUCI inoculation. Surface staining patterns of (A) T-cells (CD45*CD4",
CDA45*CD8"), (B) myeloid-derived suppressor cells (CD45*CD11b*Grl*), (C) tumor-associated macrophages (CD45*CDI11b*F4/80%) and (D) myeloid-derived
cells (CD45*CD11b*) in tumor tissues were analyzed using flow cytometry. TILs in tumor tissues from tumor-bearing mice were stimulated with phorbol-12-my-
ristate-13-acetate and ionomycin in the presence of brefeldin A for 4 h. (E) Percentages of IFN-y* T-cells among CD4*CD45* TILs. (F) Percentages of
IFN-y* T-cells among CD8*CD45* TILs. (G) Percentages of granzyme B* T-cells among CD8*CD45* TILs. (H) PD1 expression on the surface of CD8*
T-cells in tumor tissues from tumor-bearing mice. Data are representative of four experiments. Error bars represent the standard error of the mean. “P<0.01
and "P<0.05 vs. model control. GR-1, Ly-6G/Ly-6C; F4/80 (EMR1), mucin-like receptor 1; TIL, tumor-infiltrating lymphocytes; PDL1, programmed death

ligand 1; PDI, programmed cell death 1; ISO, isotype control; MUCI, mucinl.

IFN-y stimulation promoted PDL1 expression on CT26 cells,
as well as CT26/MUCI cells (Fig. 4D), which suggests that
increased inflammatory cytokine levels could promote PDL1
expression on CT26/MUCI cells. Since PDL1 is expressed
on tumor cells and antigen-presenting cells, the present study
assessed whether PDLI1 expression was increased on MDSCs
and TAMs. PDLI1 expression on MDSCs and TAMs was
significantly elevated in MUC1"¢" tumor tissues from mice
and humans (Fig. 4E-H). Since PD1 expression on T-cells is
similarly critical for activation of the PDL1-PD1 signaling
pathway (25), PDI expression on CD8* T-cells was also
measured. PDI staining was analyzed by FACS, and the results
revealed that PDLI1 expression, in both mouse and human
CD8* T-cells, was significantly increased (Fig. 41 and J). This
suggested that more inhibitory immune cells and checkpoint
molecules accumulated in MUC1"&" tumor tissues from mice
and patients.

Targeting PDLI induces an antitumor immune response. Flow
cytometry analysis of TILs in anti-PDL1 antibody-treated
tumors indicated that the ratio of CD4/CD8 T cells was signifi-
cantly decreased after antibody treatment compared with that
in isotype antibody-treated tumors (Fig. SA). Furthermore,

the present study revealed that the proportions of MDSCs and
TAMs were significantly lower in mice treated with anti-PDL1
antibodies than in control-treated mice (Fig. 5B and C).
Notably, the percentage of myeloid-derived cells (CD11b* cells)
was also significantly lower in mice treated with anti-PDL1
antibodies compared with the control-treated mice (Fig. 5D).
Using the PDLI1 antibody to target PDLI led to significantly
greater proportions of IFN-y-producing CD8" T cells, gran-
zyme B-producing CD8* T cells and IFN-y-producing CD4*
T cells compared with those in the controls (Fig. SE-G). The
percentage of PD1* CD8* T cells was also significantly greater
in mice injected with the PDL1 antibody (Fig. SH). These
results indicated that targeting PDL1 reduces the percentage
of inhibitory immune cells and enhances the activity and
cytotoxicity of T cells in MUCI1-positive colon cancer
models; therefore, targeting PDL1 in MUCI1-positive tumor
has the potential to change the tumor immunosuppressive
microenvironment.

Targeting PDLI induces antitumor effects. Since
PDLI1-targeting in MUCI-positive tumor tissues was revealed
to enhance the T-cell response, the present study next aimed
to determine whether antibody treatment with anti-PDLI1
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could strengthen antitumor immunity. The data suggested
that anti-PDL1 antibody treatment could significantly inhibit
the growth of tumors on day 18, 21, 24 and 27 after tumor
implantation, and prolong the survival time of tumor-bearing
mice compared with the control antibody (Figs. 6A and B;
S3A and B). To explore the cellular mechanisms underlying anti-
tumor immunity, CD8* T cells in the mice were depleted during
PDLI antibody treatment. Mice with depleted CDS8* cells lost
the protective antitumor effects induced by the PDL1 antibody
(Fig. 6C and D). These findings suggest that CD8* T cells are
critical for the antitumor immune responses elicited by PDL1
antibodies. Additionally, no signs of weight loss were observed
in any of the treatment groups (Fig. S3C; data not shown for
anti-PDL1+anti-CD8). As more CD8* and CD4* T cells were
attracted to the tumor site in MUCI-positive tumor-bearing
mice (Fig. 2C-G), despite the antitumor immune response
of these immune cells being diminished by the PD1-PDL1
signaling pathway, the present study also determined whether
stronger antitumor immunity in MUCI-positive tumor-bearing
mice could be elicited by anti-PDL1 antibody treatment, as
compared with that in MUCI-negative tumor bearing mice.
Notably, MUCl-positive tumor-bearing mice had larger tumors
and shorter survival times than MUCl-negative tumor-bearing
mice, but MUCI-positive tumor-bearing mice injected with
anti-PDL1 antibodies had smaller tumors and significantly
longer survival times than MUCI-negative tumor-bearing mice
injected with anti-PDLI1 antibodies (Fig. 6E and F). These
data suggest that targeting of PDLI using PDLI1 antibodies in
MUCI-positive tumor-bearing mice is necessary to effectively
elicit an antitumor immune response.

Discussion

The heterodimeric MUCI protein is aberrantly upregulated in
colon cancer and has been used as a candidate target antigen

in peptide, dendritic cell and whole tumor vaccines (6). High
expression levels of MUCI have been linked to poor outcomes
in colon cancer (5,7). However, the relationship between
MUCI upregulation and antitumor immune response in the
tumor microenvironment is unclear. The present study demon-
strated that MUCI has a pro-tumor role in immune-competent
mice, and that Tregs, MDSCs and TAMs accumulate in
MUCI-positive tumor tissues. Furthermore, MUCI1-positive
tumor cells were found to promote PDL1 expression on tumor
cells, MDSCs and TAMs by attracting more inflammatory
cytokines and suppressing the antitumor immune response.
Finally, targeting PDL1 in MUC]-positive tumor-bearing mice
was demonstrated to transform the tumor microenvironment,
enhance the antitumor immune response and inhibit tumor
growth.

Tumor-infiltratingmyeloidcellsand pro-inflammatorycyto-
kines promote the development of colorectal carcinoma (26).
Tumor-associated inflammation, manifested based on I1L-17
expression, is of great importance for the pathogenesis of
colorectal carcinoma (27,28). The present study observed
greater IL-17A production in MUCI-positive tumor tissues
than in MUCI1-negative tumor tissues. Since tumor tissues
tend to attract inflammatory cytokines during an immune
response (29), it is feasible that high expression levels of
IL-17A in MUCI-positive tumor tissues might be specific
to the tumor-associated antigen MUCI, but the mechanisms
responsible for this effect have not been addressed. Notably,
the present data also suggested that the expression levels
of IFN-y and the percentage of IFN-y-producing CD8*
T cells were also greater in MUCI1-positive tumor tissues
compared with in MUCI-negative tumor tissues, although
the percentage of granzyme B-producing CD8* T cells was
unchanged. IFN-y and IFN-y-producing CD8" T cells serve
a pivotal role in the killing of tumor cells, but a high level of
IFN-vy can also impair the cytotoxicity of CD8* T cells and
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result in T-cell exhaustion (30). Immunosuppressive cells
promote tumor immune escape by inducing immunosup-
pression and accumulate in tumors where they exert T-cell
immunosuppression (31,32). When analyzing Treg cells,
MDSCs and TAMs in tumor tissues, more inhibitory immune
cells were found to accumulate in MUCI-positive tumor
tissues than in MUC1-negative tumor tissues, and thus, it was
hypothesized that this might represent a mechanism by which
MUCI-positive and MUCI"&" tumor cells escape immune
surveillance.

MUCTI is a ligand for sialoadhesin, which is a macro-
phage-restricted adhesion molecule, and as such, might be
involved in the recruitment of macrophages to the tumor
site (4). This could be why macrophages are attracted to tumor
sites in colon cancer (5,9). It is also possible that the large
numbers of inhibitory immune cells neutralized the antitumor
immune response of [FN-y-producing CD8* T-cells.

High PDLI1 expression on tumor cells or myeloid cells is
associated with poor prognosis compared with PDL1-negative
tumors (33,34). MUCI can promote PDL1 expression via the
recruitment of MYC and NF-kB p65 to the PDLI promoter
in certain solid tumors, such as triple-negative breast cancer,
where they contribute to an aggressive pathogenesis (35).
Additionally, PDL1 expression is associated with high
expression levels of inflammatory factors, such as IFN-y and
IL-17A, because these cytokines can stimulate tumor cells or
myeloid cells to produce PDL1 and then suppress the cyto-
toxicity of tumor-specific T cells (15,36). The present data
indicates that MUCI1 did not directly promote PDL1 expres-
sion on colon cancer cells, but IL-17A, IFN-y and myeloid
cells were more attracted to MUC1-positive tumor tissues
than MUCI-negative tumor tissues, which emphasizes the
importance of exploring the mechanism through which
these inhibitory immune cells and inflammatory cytokines
promote the growth of MUCI-positive tumor cells. IL-17A
and IFN-y were observed to enhance PDLI1 expression on
CT26/MUCI1 and SW480/MUCI tumor cells more so than
MUCTI itself, and high PDLI1 expression was observed on
MDSCs and TAMs. This might be because MUCI-positive
tumor cells recruit robust inflammatory cytokines and
enhance PDLI expression on tumor cells and myeloid cells.
Overall, MUC1 promoted PDL1 expression on tumor cells
through the recruitment of inflammatory cytokines and then
inhibited the antitumor immune response via the PDL1/PD1
signaling pathway, enabling the evasion of immune surveil-
lance.

Targeting PDL1 on tumor cells, MDSCs and macro-
phages can suppress the growth of tumor cells (37-40).
While it is possible to restore the tumor microenvironment
and suppress tumor cell growth by blocking the PDL1-PDI1
signaling pathway, it was found that this approach in
MUCI-positive tumor-bearing mice promoted the infiltra-
tion of IFN-y-producing CD8* T-cells and inhibited the
infiltration of myeloid cells, MDSCs and TAMs in the tumor
microenvironment. This is pivotal to transform the tumor
immunosuppressive microenvironment and enhance anti-
tumor immune responses in favor of tumor eradication (41),
since the presence of a high number of CD8* T lymphocytes
and fewer MDSCs and TAMs in tumor tissues is associated
with improved prognosis (42,43). Interestingly, the present

findings also suggest that targeting PDL1 in MUCI1-positive
tumor-bearing mice inhibited tumor growth and elicited
a stronger antitumor effect than that in MUCI1-negative
tumor-bearing mice. This provides further in vivo evidence of
the tumor suppressor function of PDL1 (44-46).

Notably, the present study only investigated the status
of immune cells in MUCI-positive and MUCI-negative
tumor tissues, and further studies are required to explore the
mechanism through which MUCI upregulation promotes the
accumulation of suppressive immune cells in MUCI-positive
tumor tissues. In summary, the present study demonstrated
a pro-tumor role of MUC1 with important implications for
MUCI-positive colorectal cancer, and provides a foundation
for the application of PDL1 inhibitors to MUCI1-positive colon
cancer.
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