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Abstract: Programmed cell death protein 1 (PD-1) and its ligands PD-L1 and PD-L2 play critical roles in maintain-
ing an immunosuppressive tumor microenvironment. The purpose of the present study was to assess expression
of PD-1, PD-L1, and PD-L2 in mouse prostate tumors. A total of 33 mouse prostate tumors derived from Pten-null
mice were examined using immunohistochemical staining for PD-1, PD-L1, and PD-L2. The animals were either
with interleukin-17 receptor ¢ (/I-17rc) wild-type or knockout genotype, or fed with regular diet or high-fat diet to 30
weeks of age. We found that II-17rc wild-type mouse prostate tumors had significantly higher levels of PD-1, PD-L1,
and PD-L2 than /I-17rc knockout mouse prostate tumors. High-fat diet-induced obese mice had significantly higher
levels of PD-1, PD-L1, and PD-L2 in their prostate tumors than lean mice fed with regular diet. Increased expression
of PD-1, PD-L1, and PD-L2 was associated with increased number of invasive prostate tumors formed in the II-17rc
wild-type and obese mice compared to the II-17rc knockout and lean mice, respectively. Our findings suggest that
expression of PD-1, PD-L1, and PD-L2 may enhance development of mouse prostate cancer through creating an

immunosuppressive tumor microenvironment.
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Introduction

Prostate cancer remains to be the most com-
mon cancer and the second leading cause of
cancer-related deaths in American men. The
American Cancer Society estimated that app-
roximately 220,800 new cases of prostate can-
cer would be diagnosed and 27,540 deaths
due to prostate cancer would occur in the
United States in 2015 [1]. Although prostate
cancer is frequently curable in its early stage by
surgical or radiation therapies, many patients
with locally advanced or metastatic diseases
still have no cure [2, 3]. It has been recognized
that prostate cancer is a disease involving com-
plex interactions between the neoplastic epi-
thelial compartment and the surrounding stro-
mal compartment in which the cancer cells live.
The tumor microenvironment in which the can-
cer cells evolve towards an aggressive pheno-
type is highly heterogeneous, as it is composed

of different cell populations such as endothe-
lial cells, fibroblasts, and infiltrating inflamma-
tory cells (such as macrophages, dendritic cells,
neutrophils, and lymphocytes) [4]. The infiltrat-
ing inflammatory cells appear ineffective to
initiate antitumor immune responses due to
presence of immunosuppressive factors such
as transforming growth factor B (TGF-B) and
interleukin-10 (IL-10) [5]. Enhancing antitumor
immune responses can prolong patient’s sur-
vival time, which has been demonstrated by
Provenge® (sipuleucel-T) in the treatment of
metastatic castration-resistant prostate cancer
(CRPC) and Yervoy® (ipilimumab) in the treat-
ment of metastatic melanoma [6, 7].

Programmed cell death protein 1 (PD-1) and the
programmed cell death protein 1 ligand 1 and 2
(PD-L1 and PD-L2) form an immunosuppressive
checkpoint. PD-1 was originally identified in
search of programmed cell death genes [8].
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PD-1 gene encodes a protein with 288 amino
acids, which is activated during programmed
cell death. However, PD-1 is found to be a nega-
tive regulator of immune responses because its
mutation causes development of autoimmune
lupus-like arthritis and glomerulonephritis [9,
10]. PD-L1 was later identified [11], which is
identical to B7-H1 [12]. A second PD-1 ligand
PD-L2 was found to be identical to B7-DC [13,
14]. PD-1 is found to be mainly expressed on
the cellular surface of activated T cells [15, 16].
PD-L1 is expressed by tumor cells and tumor-
infiltrating immune cells (macrophages, den-
dritic cells, and T cells) [17]. Both PD-L1 and
PD-L2 mRNAs are found in human heart, pla-
centa, spleen, lymph node, and thymus tissues.
In addition, PD-L2 mRNA, but not PD-L1 mRNA,
is found in human lung, liver, smooth muscle,
and pancreas tissues [13]. In a cohort of 824
non-small cell lung cancer (NSCLC), 23.2% of
patients showed > 50% of tumor cells positive
for PD-L1, 37.6% of patients showed with 1 to
49% of tumor cells positive for PD-L1, and
39.2% of patients showed with <1% of tumor
cells positive for PD-L1 [18]. In the tumor mic-
roenvironment, the PD-1-PD-L1/L2 axis is up-
regulated, resulting in immune evasion of the
tumor cells [13, 19]. It has become clear that
binding of PD-1 by PD-L1 and PD-L2 inhibits T
cell receptor-mediated lymphocyte prolifera-
tion and cytokine secretion, thus suppressing
immune responses [20]. Therefore, the anti-
bodies against PD-1, PD-L1, and PD-L2 can
block the immune evasion and induce tumor
regression. The objective response rate to
pembrolizumab (anti-PD-1 antibody, also called
lambrolizumab or MK-3475) treatment is posi-
tively correlated with the percentage of tumor
cells with membranous PD-L1 staining [18].
Subsequent clinical trials showed that anti-
PD-1 antibody (lambrolizumab) had a respon-
se rate of approximately 38% in melanoma
patients with or without prior ipilimumab treat-
ment [21]. A combination of anti-PD-1 antibody
(nivolumab) and ipilimumab showed a 53%
objective response in the patients with ad-
vanced melanoma [22]. A phase lll trial showed
that pembrolizumab had a significantly better
response rate (approximately 33%) than ipi-
limumab (11.9%, P<0.001) in the treatment
of advanced melanoma [23]. Therefore, the
United States Food and Drug Administration
(FDA) has approved pembrolizumab (Keytruda®,
Merck & Co., Inc., Whitehouse Station, NJ, USA)
for the treatment of patients with unresectable

or metastatic melanoma and disease progres-
sion following ipilimumab and, if B-Rapidly
Accelerated Fibrosarcoma (BRAF) V600 mu-
tation positive, a BRAF inhibitor. FDA also
approved nivolumab (Opdivo®, Bristol-Myers
Squibb Company, Princeton, NJ, USA) for the
treatment of patients with unresectable or met-
astatic melanoma and disease progression fol-
lowing ipilimumab and, if BRAF V600 mutation
positive, a BRAF inhibitor, and for the treatment
of patients with metastatic squamous NSCLC
with progression on or after platinum-based
chemotherapy. Anti-PD-L1 antibody (MPDL32-
80A, Genentech, Roche, South San Francisco,
CA, USA) produced responsive rates of 13% to
26% in solid tumors [17]. Thus, FDA granted
MPDL3280A a breakthrough therapy designa-
tion for the treatment of PD-L1-positive NSCLC
that has progressed during or after platinum-
based chemotherapy, as well as a targeted
therapy for patients with epidermal growth fac-
tor receptor (EGFR)-positive or anaplastic lym-
phoma kinase (ALK)-positive tumors. MPDL-
3280A is undergoing phase Il and lll trials to
obtain FDA approval [24].

Recently, Martin et al. [25] reported that hu-
man prostate cancer cell lines PC3 and DU145
constitutively express PD-L1 and interferon-y
induces PD-L1 expression in PC3, DU145,
VCaP, CWR22Rv1, and EOOGAA cell lines.
However, LNCaP and LAPC-4 cell lines do not
express PD-L1, nor can interferon-y induce
PD-L1 expression in these cell lines. On the
other hand, bicalutamide does not induce
PD-L1 expression in any cell lines [25]. In 20
whole-mount human primary prostate cancer
samples, three (15%) were found positive for
PD-L1 staining (defined as 5% cells with mem-
brane staining) [25]. In another recent study,
Bishop et al. [26] reported that PD-L1/2" den-
dritic cell frequency in the blood was increased
in CRPC patients who did not respond to
Enzalutamide treatment, compared to the res-
ponders or untreated patients. PD-L1 expres-
sion in LNCaP-derived Enzalutamide-resistant
prostate cancer cell lines (prostate-specific
antigen-negative) was significantly increased,
compared to the Enzalutamide-sensitive cell
lines [26]. Xenografted Enzalutamide-resistant
PSA" prostate cancer cells increased the fre-
quency of PD-L1/2* dendritic cells in the blood,
but decreased the frequency of PD-L1/2* den-
dritic cells in the tumors [26]. Together, these
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findings suggest that PD-L1 expression may be
increased in a subpopulation of CRPC. However,
so far the PD-1/PD-L1/2 axis has not been
investigated in any mouse models of spontane-
ous prostate cancer. The purpose of the pres-
ent study was to assess expression of PD-1,
PD-L1, and PD-L2 in the prostate tumors from
Pten-null mice.

Material and method
Animals

Animal study was approved by the Animal Care
and Use Committee of Tulane University. I-17rc
and Pten double knockout mice were describ-
ed previously [27]. Briefly, II-17rc traditional
knockout mice were crossbred with Pten condi-
tional knockout mice [crossbreeding between
Pten'>®/o mice (strain C;129S4-Ptent™itwu/J)
and PB-Cre4 mice (strain B6.Cg-Tg(Pbsn-
cre)4Prb)] [27, 28]. lI-17rc wild-type (n=8) and
II-17rc knockout (n=8) male mice were fed with
regular diet to the age of 30 weeks. A total of
sixteen prostates were obtained from II-17rc
wild-type (n=8) and lI-17rc knockout (n=8) male
mice, which were collected from our previous
study [27]. In a separate study starting at 3
weeks of age, II-17rc wild-type male mice with
Pten conditional knockout genetic background
were either fed with regular diet (13.2% calo-
ries by fat, cat# 5053, LabDiet, Brentwood,
MO) or high-fat diet (60% calories by fat, cat#
D12492, Research Diets, New Brunswick, NJ)
to the age of 30 weeks. A total of 17 mouse
prostates were obtained from lean mice (n=9,
fed with regular diet) and obese mice (n=8, fed
with high-fat diet).

Immunohistochemical staining

Mouse prostate tumors were fixed in 10% for-
malin, embedded in paraffin, and cut into 4-um
thick tissue sections. The tissue sections were
baked at 60°C for 60 min, deparaffinized in
xylene, and rehydrated through graded ethanol
solutions to water. The antigens were retrieved
by heating the tissue sections in 0.01 M ethyl-
enediamine tetra acetic acid buffer at 95°C for
5 min and then cooling down to room tempera-
ture in 20 min. Endogenous peroxidase activity
was blocked in 0.3% H,0, for 5 min. Non-
specific binding was blocked with 1.5% normal
serum (VECTASTAIN Elite ABC Kit, Vector
Laboratories, Burlingame, CA, USA). The tissue
sections were incubated with primary antibod-

ies in a humid chamber at 4°C overnight. Rab-
bit anti-PD-L1 polyclonal antibodies (Abcam,
Cambridge, MA, USA; catalogue# ab58810,
used at a dilution of 1:400), rabbit anti-PD-L2
polyclonal antibodies (Sigma-Aldrich, St. Louis,
MO, USA; catalogue# SAB3500395-100UG,
used at a dilution of 1:600), and rabbit anti-
CD279 (PD-1) affinity-purified and validated
polyclonal antibodies (Fisher Scientific, Pitts-
burgh, PA, USA; catalogue# PIPA520351, used
at a dilution of 1:400) were used as the primary
antibodies. After being washed 3 times in
phosphate buffered saline, the tissue sections
were incubated with secondary antibodies
(VECTASTAIN Elite ABC Kit, Vector Laboratories,
Burlingame, CA, USA) for 2 hours. The color was
developed using 3,3’-diaminobenzidine (DAB)
substrate kit (Vector Laboratories, Burlingame,
CA, USA) following the manufacturer’s protocol.
The sections were then counter stained with
hematoxylin. The tissue sections previously
stained positively were used as positive con-
trols and the tissue sections stained with non-
immune serum served as negative controls.
Positive staining showed brown particles at the
cytoplasmic membrane and/or in the cyto-
plasm. Under a microscope, five representative
high-power fields (x400 maghnification) per tis-
sue section were randomly selected and evalu-
ated by an investigator (S.Y.) who was blinded to
the grouping of animals. We used a two-score
system based on a proportion score and an
intensity score described by Allred et al. [29].
The proportion scores represented the portion
of positive staining: O, none; 1, less than one-
hundredth; 2, one-hundredth to one-tenth; 3,
one-tenth to one-third; 4, one-third to two-
thirds; and 5, greater than two thirds. The inten-
sity scores represented the estimated average
staining intensity of positive staining: 0, none;
1, weak; 2, intermediate; and 3, strong. The
overall scores (Allred scores) were the sum of
the proportion score and intensity score of
each sample (range, 0-8).

Statistical analysis

The median, lower quartile (defined as the mid-
dle number between the smallest number and
the median), and upper quartile (defined as the
middle value between the median and the high-
est value) of Allred scores per group were pre-
sented. Statistical analysis was performed
using Mann-Whitney U test. P<0.05 was con-
sidered as statistical significant.
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1I-17rc knockout

Il-17rc wild-type

Figure 1. Representative photomicrographs of immunohistochemical staining of /I-17rc wild-type and knockout
mouse prostate tumors. Original magnification, x200. In highlighted frames, original magnification, x400; arrows
indicate the positively stained cells.

Table 1. PD-1, PD-L1, and PD-L2 expression in the prostate
tumors of Pten-null mice with or without /I-17rc knockout

Protein Group Lowgr edian Uppgr Pvalue
quartile quartile

PD-1  [I-17rc wild-type (n=8) 5.1 6.0 6.8 0.043
II-17rc knockout (n=8) 2.0 3.0 5.8

PD-L1  [I-17rc wild-type (n=8) 5.3 6.0 6.8 0.001
II-17rc knockout (n=8) 2.0 3.8 4.0

PD-L2  [I-17rc wild-type (n=8) 6.0 6.0 6.0 0.002
II-17rc knockout (n=8) 1.6 2.8 4.8

Results

The expression levels of PD-1, PD-
L1, and PD-L2 are higher in ll-17rc
wild-type mouse prostates than I
17rc knockout mouse prostates

II-17rc wild-type and knockout mou-
se prostates developed prostate
tumors due to Pten knockout as pre-
viously described [27]. There were
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PD-1

PD-L1

Figure 2. Representative photomicrographs of immunohistochemical staining of lean and obese mouse prostate
tumors. Original magnification, x200. In highlighted frames, original magnification, x400; arrows indicate the posi-

tively stained cells.

Table 2. PD-1, PD-L1, and PD-L2 expression in the
prostate tumors of Pten-null mice with or without
high-fat diet-induced obesity

Lowe_zr Median Upper
quartile

 Pvalue
quartile

Protein Group

PD-1  Obese (n=8) 5.0 5.0 6.6 0.011
Lean (n=9) 2.0 4.0 5.0

PD-L1 Obese (n=8) 5.8 6.0 6.9 0.002
Lean (n=9) 1.0 3.0 4.5

PD-L2 Obese (n=8) 6.0 6.5 7.0 0.002
Lean (n=9) 1.0 2.0 4.8

more inflammatory cells infiltrating the pros-
tatic stroma in II-17rc wild-type mouse pros-
tates than /I-17rc knockout mouse prostates
[27]. We found that PD-1 was expressed
mainly in the infiltrating inflammatory cells,
rather than in the neoplastic epithelial cells
(Figure 1). There were significantly more
PD-1-positive cells in lI-17rc wild-type mouse
prostates than II-17rc knockout mouse pros-
tates (Table 1). On the other hand, PD-L1
and PD-L2 were expressed mainly in the
neoplastic epithelial cells, rather than in the
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infiltrating inflammatory cells (Figure 1). There
were significantly more PD-L1-positive and
PD-L2-positive cells in I-17rc wild-type mouse
prostates than [I-17rc knockout mouse pros-
tates (Table 1).

The expression levels of PD-1, PD-L1, and PD-
L2 are higher in obese mouse prostates than
lean mouse prostates

II-17rc wild-type and Pten-null mice were fed
with high-fat diet to 30 weeks of age and
became obviously obese. The body weight of
the obese mice was approximately 52% more
than the mice fed with regular diet (named as
lean mice), and invasive (or microinvasive) pros-
tate adenocarcinomas were significantly more
in obese mice (42% of the prostatic glands)
than lean mice (23% of the prostatic glands)
(Sen Liu, Qiuyang Zhang, and Zongbing You,
unpublished data). Again, we found that PD-1
was expressed mainly in the infiltrating inflam-
matory cells, rather than in the neoplastic epi-
thelial cells (Figure 2). There were significantly
more PD-1-positive cells in obese mouse pros-
tates than lean mouse prostates (Table 2). In
contrast, PD-L1 and PD-L2 were expressed
mainly in the neoplastic epithelial cells, rather
than in the infiltrating inflammatory cells (Figure
2). There were significantly more PD-L1-positive
and PD-L2-positive cells in obese mouse pros-
tates than lean mouse prostates (Table 2).

Discussion

Only two CRPC cases were included in the
Phase | trial, in which both cases were negative
for PD-L1 and did not respond to anti-PD-1
treatment [30]. Ongoing clinical trials are using
anti-PD-1 antibody or a combination of anti-
PD-1 antibody and other therapies to treat
CRPC [31, 32]. Only a few studies have been
published regarding PD-1/PD-L1/2 axis in
human prostate cancer [25, 26]. At least a 15%
positive rate was reported in human primary
prostate cancer [25]. It is possible that some
non-responders to certain therapies may pres-
ent with increased PD-L1 expression [26].
Therefore, it is worth investigating PD-1/
PD-L1/2 axis in prostate cancer.

In the present study, we found that the expres-
sion levels of PD-1, PD-L1, and PD-L2 are high-
er in l-17rc wild-type mouse prostates than
II-17rc knockout mouse prostates. We have pre-

viously reported that II-17rc wild-type mice
developed more invasive prostate adenocarci-
nomas than /I-17rc knockout mice in Pten-null
background [27]. This suggests that increased
PD-1/PD-L1/2 expression may enhance immu-
nosuppression in the tumor microenvironment,
thus promoting prostate cancer formation.
Similarly, we found that the expression levels of
PD-1, PD-L1, and PD-L2 are higher in obese
mouse prostates than lean mouse prostates,
which coincidentally matches the increased
prostate cancer formation in obese mice com-
pared to lean mice. Taken together, these
results suggest that expression of PD-1, PD-L1,
and PD-L2 may enhance development of
mouse prostate cancer through creating an
immunosuppressive tumor microenvironment.
A previous study proposed a notion that loss
of Pten is potentially associated with PD-L1
expression [33]. However, a recent study pro-
vided evidence to nullify that notion; rather, it
proposed that acute inflammation driven by
androgen ablation may increase PD-L1 expres-
sion [25]. Characterization of PD-1/PD-L1/2
expression in this Pten-null mouse model of
prostate cancer may provide a rationale to use
this mouse model in future studies of PD-1/
PD-L1/2 in cancer immunology and immuno-
therapy.
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