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Abstract

Program death receptor-1 (PD-1) and T-cell immunoglobulin and mucin domain-containing protein-3 (Tim-3)
play an important role in tumor immune evasion. PD-1 blockade could produce an effective anti-tumor effect
but the response rate was low due to lacking of tumor infiltrating lymphocytes (TILs) and existing of other
negative regulatory pathways. Streptavidin(SA)-GM-CSF surface-anchored tumor cells vaccine could induce
specific anti-tumor immune response. However, this vaccine failed to induce regression of established tumor
because it also up-regulated PD-1 expression on tumor cells dependent on IFNy and up-regulated PD-1/Tim-3
expression on CD8* TlLs. Subsets of CD8* TlLs assay showed that PD-1 expression was closely associated
with CD8* TILs exhaustion, and Tim-3 expression was closely correlated with secretion function but not
proliferation of CD8* TILs. Sequential administration of anti-PD-1 and anti-Tim-3 could further improve the
efficacy of SA-GM-CSF-anchored vaccine therapy, and tumor regression was noted in over 50%. This triple
therapy improves the specific cytotoxic activity and decreased the apoptosis of CD8* TILs. These findings
indicated that this triple therapy could induce a more robust anti-tumor immune response.

Key words: program death receptor 1, T cell immunoglobulin and mucin domain-containing protein-3, bladder
cancer, vaccine, immunotherapy

Introduction

Bladder cancer is a common malignancy of the
urinary tract and is characterized by high rates of
recurrence and progression [1]. Routine chemo-
therapy cannot effectively improve the outcome for
metastatic urothelial cancer [2]. With the development
and innovation of immunotherapy, therapeutic
vaccines have been demonstrated to be effective in
enhancing the endogenous tumor-reactive immune
response [3]. In our previous studies, based on the
unique property of streptavidin (SA) to bind rapidly
and almost irreversibly to any biotin-linked molecule

and the outstanding ability of biotin to be easily
incorporated into proteins on the cell surface [4], we
developed a protein anchor platform to immobilize
SA-tagged bioactive molecules on the surface of
biotinylated MB49 bladder cancer cells. We also
confirmed that cytokine-modified MB49 bladder
cancer cell vaccines could effectively induce a specific
antitumor immunity that inhibited the growth of
bladder cancer in an MB49 mouse model [5].
However, we also found that the majority of the
vaccine-treated tumors slowly regrew over long-term
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observation. A possible reason may be that immune
resistance exists in the tumor microenvironment
(TME).

As reported by several studies, program death
receptor-1 (PD-1)/program death ligand 1 (PD-L1)
signaling constitutes a major tolerance mechanism [6].
The PD-1/PD-L1 interaction could result in
exhaustion of antitumor effector T cells. Exhausted T
cells are routinely characterized by sustained
expression of the inhibitory molecule of PD-1 and
failure to proliferate and exert effector functions in
response to antigen stimulation [7]. The clinical
efficacy of blocking PD-1/PD-L1 was recently shown
in several advanced malignancies [8,9]. However,
several clinical studies of bladder cancer have
demonstrated that targeting the PD-1 pathway does
not always result in reversal of T cell exhaustion, and
the response rate was unsatisfactory [10]. Possible
reasons for this result were associated with a lack of
initial tumor-infiltrating lymphocytes (TILs) and the
involvement of other negative regulatory pathways in
exhaustion of effector T cells.

T-cell immunoglobulin and mucin domain
protein-3 (Tim-3) is one of the members of the Tim
family and is selectively expressed on Th1/Tcl T cells
[11]. The role of Tim-3 in the immune regulation of
tumors has been confirmed by many studies.
Interaction between Tim-3 and its ligand galectin-9
can trigger cell death in Thl cells and induce
peripheral tolerance [12]. Recently, several studies
have found that Tim-3 is overexpressed in several
types of human tumors, such as prostate [13], gastric
[14] and bladder cancer [15], and its overexpression is
negatively correlated with the prognosis of these
cancers. Concurrent Tim-3 blockade could enhance
the effect of PD-1 blockade in restoring TIL
functionality [16].

Until now, whether PD-1 and Tim-3 are
expressed by SA-granulocyte-macrophage
colony-stimulating factor (SA-GM-CSF)-anchored
vaccine-induced tumor antigen-specific CD8* TILs
and whether they play a role in regulating the
proliferation and cytokine secretion functions of the
CD8* TILs in bladder cancer remain unknown. Based
on the roles of the SA-GM-CSF-anchored vaccine in
antigen-specific CD8* T cell activation [5] and the fact
that activated T cells express a variety of inhibitory
receptors, we speculated that PD-1 blockade may
synergize with the SA-GM-CSF-anchored vaccine to
enhance the tumor antigen-specific CD8* T cell
response, and sequential administration of PD-1 and
Tim-3 blockades in SA-GM-CSF-anchored vaccine
therapy may hold greater potential for eliciting an
immune response to eliminate bladder cancer. In this
study, we sought to detect the expression of PD-1 on

CD8* TILs and PD-L1 in the TME during SA-GM-
CSF-anchored vaccine treatment and explored the
functional exhaustion status of CD8* TILs based on
PD-1 and Tim-3 expression. Furthermore, we
evaluated the efficacy of sequential administration of
PD-1 and Tim-3 blockades in SA-GM-CSF-anchored
vaccine therapy (triple therapy) in an MB49 model.

Materials and Methods

Animals and cells

C57BL/6 mice (6-8 weeks) were purchased from
the experimental animal center of Southern Medical
University (Guangzhou, China). The MB49 cell line
was a carcinogen-induced transitional cell carcinoma
derived from C57BL/6 male mice. The MB49 cells
were cultured in RPMI 1640 containing 10% fetal
bovine serum and 1% penicillin/streptomycin in a 5%
CO; humidified incubator. MycoplasmaOUT
(Genloci, Nanjing, CHN) was used to protect the cells
against mycoplasma contamination. The MB49 cells
were authenticated and tested for mycoplasma
contamination every 6-12 months. All animal studies
were performed in accordance with the university
guidelines for experimental animals (ethical number:
L2016045). The SA-GM-CSF fusion protein and
SA-green fluorescent protein (SA-GFP) were prepared
by our laboratory.

Vaccine preparation and bioactivity assay

According to our previous studies [5], MB49 cells
in the exponential growth stage were fixed in 30%
ethanol (volume/volume) for 30 minutes and then
incubated with 10 mM EZ-Link® Sulfo-NHS-LC-
Biotin (Pierce Biotechnology, Rockford, USA) for 1
hour at room temperature and washed 3 times with
PBS containing 100 mM glycine. Then, the
biotinylated MB49 cells were incubated with
SA-GM-CSF at 100 ng /106 cells for 1 hour and washed
3 times with PBS. The percentage of SA-GM-CSF
expression on the surface of MB49 cells was assayed
by flow cytometry. The bioactivity of SA-GM-CSF
immobilized on the surface of MB49 cells was
assessed by bone marrow cell proliferation, and
SA-GFP was used as a negative control.

Establishment of the tumor model and
treatment assay

A total of 1x10°MB49 cells suspended in 100 pl
of PBS were injected subcutaneously into the hind leg
of C57BL/6 mice to establish subcutaneous models.
This part of the study was divided into three stages.
The first stage was to evaluate the efficacy of the
SA-GM-CSF-anchored vaccine. In this stage, when
analyzing the expression of PD-L1 in the TME, an
anti-IFNy antibody (XMG1.2, Biolegend, San Diego,

http://lwww.jcancer.org



Journal of Cancer 2021, Vol. 12

2002

USA) was added. The second stage was to evaluate
the efficacy of PD-1 blockade in treatment with the
SA-GM-CSF-anchored vaccine. The third stage was to
evaluate the efficacy of sequential administration of
anti-PD-1 (J43, eBioscience, San Diego, USA) and
anti-Tim-3 (F38-2E2, eBioscience, San Diego, USA) in
treatment with the SA-GM-CSF-anchored vaccine.
The treatment was started once palpable tumors
developed (8 days after MB49 cells injection). The
detailed information of grouping and treatment is
shown in Figure 1.

Subcutaneous tumor growth was measured
every three days, and the volume was calculated by
the formula [11/6(w1xw2xw2)], where w1 represents
the largest and w2 represents the smallest tumor
diameter [5]. Mice were sacrificed when the tumor
size was larger than 20 mm in its greatest dimension.

Maturation analysis of dendritic cells (DCs)
after SA-GM-CSF-anchored vaccine treatment

After SA-GM-CSF surface-anchored vaccine
treatment was finished, splenocytes were isolated and
red blood cells were lysed. The splenocytes were
stained with FITC-labeled anti-mCD11lc (IN418,
eBioscience) and PE-labeled anti-mCD80 antibodies
(16-10A1, eBioscience). The detailed step could be
found in our previous research [17].

Tumor-infiltrating lymphocyte isolation

Fresh tumors in each group were whittled into
small pieces and then transferred to 70-pm cell
strainers (BD, New Jersey, USA) and separated using

the plunger of a 5-ml syringe. The cells passing
through the cell strainer were collected and subjected
to Ficoll-Hypaque gradient centrifugation. After
centrifugation, TILs were recovered.

Tim-3 expression analysis and CD8* T cell
subset sorting

The TILs were purified by using CDS8
Microbeads (Miltenyi Biotec, Auburn, CA). For the
analysis of Tim-3 expression, CD8* TILs were stained
with a PE-labeled anti-Tim-3 antibody (B8.2C12,
Biolegend) and assessed by flow cytometry. For CD8*
TIL subset sorting, after staining with APC-labeled
anti-PD-1 (29F.1A12, Biolegend) and PE-labeled anti-
Tim-3 antibodies (B8.2C12, Biolegend), PD-1+*Tim-3*,
PD-1*Tim-3-, PD-1-Tim-3* and PD-1Tim-3- CD8* T
cells were sorted using a Beckman Coulter MoFlo
Astrios instrument.

Proliferation and secretion functional analysis

For the analysis of proliferation function, CD8* T
cell subsets were collected and stained with an
antibody against Ki67 (11F6, Biolegend) after
permeabilization. For the analysis of secretion
function, CD8* T cell subsets were independently
cocultured with anti-CD3-biotin (17A2, Biolegend)
and anti-CD28-biotin (37.51, Biolegend). After
permeabilization, these CD8* T cells were
independently stained with antibodies against IFNy
(XMG1.2, Biolegend) and TNFa (MP6-XT22,
Biolegend). Then, cells were analyzed by flow
cytometry.
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Figure 1. Detailed information of grouping and treatment. (A) Detailed diagram of tumor therapy. (B, C, D) The grouping at different stages. The dosage and frequency
of treatment: SA-GM-CSF-anchored vaccine: 1x10¢ cells/100 pl for each dose, once every 4 days for 5 doses. Soluble SA-GM-CSF: 100 ng/100 pl for each dose, once every 4 days
for 5 doses. Ethanol-fixed MB49 cells: 1x10¢ cells/100 ul for each dose, once every 4 days for 5 doses. PBS: 100 ul for each dose, once every 4 days for 5 doses. Anti-IFNy
antibody: 100 g for each dose, once every 3 days for 6 doses. Anti-PD-1 antibody (eBioscience): 100 pg for each dose, once every 3 days for 6 doses. IgG antibody (eBioscience):
100 pg for each dose, once every 3 days for 6 doses. Anti-Tim-3 antibody (Invitrogen): 100 pg for each dose, once every 3 days for 6 doses. The routes of administration for the
SA-GM-CSF-anchored vaccine, soluble SA-GM-CSF, ethanol-fixed MB49 cells, and PBS: intracutaneous injection; for the anti-IFNy antibody, anti-PD-1 antibody, IgG antibody,
and anti-Tim-3 antibody: intraperitoneal injection. *: when analyzing the expression of PD-L1 in the TME, anti-IFNy antibody treatment was added.
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Cytotoxicity assay

Splenocytes were isolated from each group and
stimulated by MB49 cells in the presence of
interleukin-2 (IL-2) for 5 days as effector cells. MB49
cells served as target cells seeded in 96-well plates. A
different number of effector cells were added to the
target cells at the desired effector-to-target ratios. The
supernatant was collected after 4 hours of incubation.
Lactate dehydrogenase (LDH) activity was measured
by the CytoTox 96® nonradioactive cytotoxicity assay
(BD, New Jersey, USA). The experiment was repeated
with RM-1 prostate cancer cells (for specificity
analysis).

Immunohistochemistry (IHC)

After the treatment was finished, subcutaneous
tumor tissues were collected from each group and
fixed with 4% paraformaldehyde and then embedded
in paraffin. Paraffin sections (4-5 pm) were
deparaffinized, rehydrated and treated with
hydrogen peroxide, followed by antigen retrieval.
After blocking for 10 minutes, the sections were
incubated with anti-mCD8 (45M16, eBioscience)
according to instructions of the Rabbit-specific HRP/
DAB (ABC) Detection IHC Kit (Abcam, Cambridge,
UK) and restained with hematoxylin and eosin.

Immunofluorescence staining

After antigen retrieval for 10 minutes as in the
above procedure, the sections were incubated with
rabbit anti-mPD-L1 (MIH6, Abcam) for 60 minutes.
Then, an Alexa Fluor 647-labeled goat antirabbit
secondary antibody (Abcam) was used. Slides were

washed three times and mounted with a Vectashield
DAPI containing kit (Vectorlabs, Shenzhen, CHN).
The expression of PD-L1 in the TME was observed
through a fluorescence microscope (Nikon, JPN).

Enzyme-linked immunosorbent assay (ELISA)

After the treatment was finished, 100 pl
peripheral blood was collected from each group and
congealed at room temperature for 20 minutes. The
supernatants were harvested by centrifugation at 3000
r.p.m. for 5 minutes. The concentrations of IL-6 and
progranulin (PGRN) were measured by ELISAs
(Abcam).

Statistical analysis

All experimental group values were analyzed
from representative experiments. The differences in
tumor volume between groups were compared using
a repeated measures design. Statistical analyses of
flow cytometry, ELISA, IHC and immunofluorescence
data were performed by one-way ANOVA. Statistical
analysis was performed using SPSS (version 19.0).
P<0.05 was considered statistically significant.

Results

SA-GM-CSF-anchored vaccine increased
cytotoxic T lymphocyte (CTL) response but
failed to induce regression of established
tumors

Flow cytometry revealed that SA-GM-CSF could
be efficiently anchored on the surface of MB49 cells
(Figure 2A) and retain bioactivity (Figure 2B).
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Figure 2. Anchored-GM-CSF vaccine induced an antitumor response. (A) The presence of SA-GM-CSF on the surface of MB49 cells was assayed by flow cytometry.
Unbiotinylated MB49 cells served as a negative control. (B) The proliferative activity of membrane-conjugated GM-CSF on bone marrow cells was assessed, with SA-GFP as a
negative control (*P<0.05, **P<0.01). OD: optical density. (C) All mice were injected subcutaneously with 1x10¢ MB49 cells, and the tumor volume was recorded. The
SA-GM-CSF-anchored vaccine effectively reduced the tumor growth compared with the other control groups but still failed to induce regression of established tumors (*P<0.05).
(D) After SA-GM-CSF-anchored vaccine treatment, CD8* T cell expression in the TME from each group was analyzed by IHC. The sections are presented as the percentages of
the total vital tumor tissue (200x; **P<0.01). (E) After SA-GM-CSF-anchored vaccine treatment, splenocytes were isolated and stimulated by IL-2. MB49 cells served as target
cells. Supernatants were collected for a nonradioactive cytotoxicity assay (**P<0.01). All the experiments were replicated 3 times.
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Figure 3. Expression of PD-1 on CD8* TILs and PD-L1 expression in the TME after Anchored-GM-CSF vaccine treatment. (A) After treatment, TILs were
isolated from tumor tissues of each group and purified by CD8a (Ly-2) MicroBeads. The sorting rate of CD8* TILs was detected by flow cytometry. (B) The CD8* TILs were
stained with antibodies against PD-1, and PD-1 expression was assessed by flow cytometry (**P<0.01). (C) Tumor tissues from each group were harvested and stained with an
anti-mPD-L1 antibody. Then, a goat antirabbit secondary antibody was used to assess PD-L1-positive cells. Blinded quantitation was performed in 10 different fields at 40x

magnification (**P<0.01). All the experiments were replicated 3 times.

We evaluated the antitumor effect of the
SA-GM-CSF-anchored  vaccine in  established
subcutaneous models. The results showed that the
SA-GM-CSF-anchored vaccine effectively reduced
tumor growth but still failed to induce regression of
established tumors (Figure 2C).

In our previous study, we confirmed that the
SA-GM-CSF-anchored vaccine significantly increased
the mature DC population [17]. CD8* T cells in the
TME were detected by IHC. The number of CD8* T
cells in the SA-GM-CSF-anchored vaccine group was
obviously increased compared to that in the other
groups (Figure 2D).

To further investigate the antitumor immunity
induced by SA-GM-CSF-anchored vaccine therapy,
LDH activity was used to assess the cytotoxicity of
CTLs. The results showed that the SA-GM-CSF-
anchored vaccine effectively improved the cytotoxic
activity (Figure 2E).

SA-GM-CSF-anchored vaccine upregulated
PD-1 expression on CD8* TILs and PD-LI
expression in the TME

Immune checkpoint receptors expressed by T
cells can negatively control their activation, expansion
and effector functions through inhibitory signals
generated by interacting with their cognate ligands.
Many researchers hold the view that high expression
of immune checkpoint receptors is a feature of T cell
exhaustion [18]. In this study, to evaluate the
expression of PD-1 on CD8* TILs, CD8* T cells were
first isolated from tumor tissues, and the isolation rate

was 98.1% (Figure 3A). Then, the frequency of PD-1
expression on CD8* TILs was assessed by flow
cytometry, and the results showed that the SA-GM-
CSF-anchored vaccine significantly upregulated the
expression of PD-1 on CD8* TILs (Figure 3B).

In our previous study, we confirmed that the
SA-GM-CSF-anchored vaccine significantly increased
the secretion of IFNy in CD8*T cells and serum [19].
To confirm the adaptive immune resistance in SA-
GM-CSF-anchored vaccine treatment, in this study,
we performed an in vivo experiment and found that
the SA-GM-CSF-anchored vaccine significantly
upregulated the expression of PD-L1 in the TME by
staining the tumor tissue, but this increase in PD-L1
expression was significantly diminished when treated
with an IFNy-neutralizing antibody (Figure 3C).

PD-1 blockade reversed the associated
adaptive immune resistance of the SA-GM-
CSF-anchored vaccine in the form of a low
response rate due to upregulated Tim-3
expression

In this study, an anti-PD-1 antibody was used to
reverse the adaptive immune resistance in SA-GM-
CSF-anchored vaccine treatment. The results revealed
that this combination therapy had synergistic effects
and further reduced the tumor growth when
compared to the SA-GM-CSF-anchored vaccine or
anti-PD-1 antibody alone, and even the regression of
established tumors was observed (Figure 4A).
However, tumor regression occurred in only a few
mice (20% regression), and this increased antitumor
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effect was significantly diminished when the mice
were treated with an IFNy-neutralizing antibody. The
majority of the mice exhibited tumor progression
eventually. This result was consistent with a recent
clinical study of bladder cancer, which found that
targeting the PD-1 pathway did not always result in
the reversal of T cell exhaustion [10]. Several studies
have demonstrated that PD-1 blockade could
upregulate Tim-3 expression in head and neck cancer
[20] and lung cancer [21]. In addition, the level of
upregulated Tim-3 expression was closely related to
the function of CD8* T cells [18]. To explore the reason
for the low response rate to the combination therapy
with PD-1 blockade and the SA-GM-CSF-anchored
vaccine, we focused on the checkpoint expression of
Tim-3 on CD8* TILs when the treatment was finished.
CD8+T cells were isolated from tumor tissues, and the
frequency of Tim-3* CD8* TILs was assessed by flow
cytometry. The results showed that Tim-3 expression
on CD8* TILs was significantly increased in the
anti-PD-1+SA-GM-CSF-anchored group and the
anti-PD-1 group. No difference in Tim-3 expression
on CD8* TILs was observed between the SA-GM-CSF-
anchored+IgG and IgG groups (Figure 4B).

PD-1 expression alone was associated with
CD8* TIL exhaustion, while Tim-3 expression
alone was associated with low secretory
function of CD8* TILs

Many studies have shown that the inhibitory
receptors of PD-1 and Tim-3 are upregulated by
dysfunctional tumor antigen-specific CD8* T cells
[22]. To further evaluate the functional exhaustion
status of CD8* TILs based on PD-1 and Tim-3
expression, in our series, CD8* TIL subsets were first
isolated from bladder cancer-bearing mice by a Flow
Cell Sorter into the following subsets: PD-1*Tim-3-,
PD-1-Tim-3*, PD-1*Tim-3*, and PD-1-Tim-3. To
analyze the proliferation function, these CD8* TIL
subsets were stained with an antibody against Ki67
after permeabilization. Then, Ki67 production in each
CD8* TIL subset was detected by flow cytometry. The
results showed that the PD-1*Tim-3* CD8* TILs

A —=— Anchored-GM-CSF+Anti-PD-1 B
== Anchored-GM-CSF+IgG

—— AiPD Anchored-GM-CSF+Anti-PD-1

Anti-PD-1

appeared to be less proliferative (Figure 5A). In
contrast, the PD-1-Tim-3* and PD-1-Tim-3- CD8* TIL
subsets showed similar proliferation compared to the
PD-1*Tim-3- CD8* TIL subset (Figure 5A). Moreover,
we detected the capacity of cytokine secretion in
different CD8* TIL subsets after stimulation with
anti-CD3/CD28 beads and protein transport inhibitor
for 6 hours. PD-1*Tim-3* and PD-1-Tim-3- CD8&* TILs
showed the least and most IFNy and TNF-a
production, respectively, among all CD8* TIL subsets
(Figure 5B). Thus, PD-1*Tim-3* TILs were considered
to be the most dysfunctional TIL subset, with low
proliferation and cytokine secretion functions.
Interestingly, PD-1Tim-3* TILs were highly
proliferative but defective in cytokine production, so
we could consider that PD-1 expression was closely
associated with CD8* TIL exhaustion, and Tim-3
expression was closely correlated with secretion
function but not proliferation of CD8* TILs.

Sequential administration of anti-PD-1 and
anti-Tim-3 improved the efficacy of
SA-GM-CSF-anchored vaccine therapy

After subcutaneous tumors were established on
day 8, SA-GM-CSF-anchored vaccine, anti-PD-1 and
anti-Tim-3 treatments were given at certain time
points (Figure 2). As shown in Figure 6A, sequential
administration of anti-PD-1 and anti-Tim-3 combined
with the SA-GM-CSF-anchored vaccine (triple
therapy) significantly suppressed tumor growth, and
tumor regression was noted in over 50% of the treated
mice.

To investigate the antitumor immunity, the
percent of cytotoxicity in each group was determined
as the LDH activity of each well, and RM-1 prostate
cancer cells were used to further confirm specific
antitumor immunity (Figure 6B, C). Sequential
administration of PD-1 and Tim-3 blockade in
combination with SA-GM-CSF-anchored vaccine
treatment effectively improved the cytotoxic activity
of CTLs and established tumor-specific T cell
immunity.
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Figure 4. PD-1 blockade further reduced the tumor growth in the form of a low response rate due to upregulated Tim-3 expression. (A) The combination
therapy of the Anchored-GM-CSF vaccine and PD-1 blockade further reduced the tumor growth compared to control groups (*P<0.05), but tumor regression occurred in only
a few mice. (B) After the treatment was finished, CD8* T cells were isolated from tumor tissues of each group and stained with a PE-labeled anti-Tim-3 antibody. Then, Tim-3+*
expression on CD8* TlLs was assessed by flow cytometry (*P<0.05). All the experiments were replicated 3 times.
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Figure 5. Analysis of proliferation and cytokine secretion functions in CD8* TILs from bladder cancer-bearing mice. CD8* TIL subsets were isolated from
bladder cancer-bearing mice by a Flow Cell Sorter. (A) CD8* TIL subsets were stained with an anti-Kié7 antibody, and the proliferation functions in each subset were detected
by flow cytometry (*P<0.05). (B) After stimulation with anti-CD3/CD28 beads and protein transport inhibitor for six hours, CD8* TIL subsets were stained with anti-IFNy and
anti-TNFa antibodies and the cytokine secretion functions in each subset were detected by flow cytometry (‘P<0.05).

—— IgG +Anti-Tim-3 —— IgG +ANtTim-3 B 1gG HARTim-3
=  Anchored-GM-CSF+IgG+ Anti-Tim-3 === Anchored-GM-CSF+IgG+Anti-Tim-3 €8 Anchored-GM-CSF+IgG+ Anti-Tim-3
=~ Anti-PD1+Anti-Tim-3 === Anti-PDi+AntTim-3 B3 Aat-PDI+Anti-Tim-3
- hored-GM-CSF- s G === Anchored-GM-CSF+Anti-PD-1+1gG O Anchored-GM-CSF+ Anti-PD-1 +1gG
Anchared-GM-CS ‘-"" D1+t ’_ —+—  Anchored-GM-CSF+Anti-PD-1+Anti-PD- 1 —a— RM-1 cells B Anchored-GM-CSF+Ant-PD-1+Anti-PD-1
- Sl e e i R i 40 @ Anchorod-GM-CSF+ABI-PD-1+Ant-Tim-3 40~ —=— MB49 cells 200 Anchored-GM-CSF-+Anti-PD-1 + Anti-Tim-3
=@~ Anchored-GM-CSF+Anti-PD- 1+ Anti-Tim-3
£ 1 i - & 175
é 32 30 ]- = 30 == 150
Z % - 2 125
21 T £ 20 g 2 e E‘ s
£ 1s E 15 £ 75
&1 S 10 E s
o« e 5 5 § =
+ [} SIS
8 11 14 17 20 23 26 29 32 35 38 12.5:4 261 50:1  100:1 12.8:1 281 s50:1  100:1 s 2 P peen =
Days After Tumor Challenge Effector of target radio Effector of target radio

Figure 6. Sequential administration of anti-PD-1 and anti-Tim-3 improved the efficacy of SA-GM-CSF-anchored vaccine therapy. (A) All mice were injected
subcutaneously with 1x106 MB49 cells, and the tumor volume was recorded. Sequential administration of PD-1 and Tim-3 blockade with SA-GM-CSF-anchored vaccine treatment
further inhibited the tumor growth compared with the other control groups (*P<0.05). (B) After the treatment was finished, splenocytes from each group were isolated and
stimulated by IL-2. MB49 cells served as target cells. Supernatants were collected for a nonradioactive cytotoxicity assay (*P<0.05). (C) After the treatment was finished,
splenocytes from mice treated with the sequential administration of PD-1 and Tim-3 blockade and the SA-GM-CSF-anchored vaccine were isolated and stimulated by IL-2. MB49
or RM-1 cells served as target cells. Supernatants were collected for a nonradioactive cytotoxicity assay (*P<0.05). (D) After the treatment was finished, peripheral blood was
collected from each group and congealed and then the supernatants were harvested by centrifugation. The concentrations of IL-6 and progranulin (PGRN) were measured by
ELISA (*P<0.05). All the experiments were replicated 3 times.

Some studies had found that checkpoint
blockade can affect immune suppressive cytokine
production in the TME [21,23]. In this study of the
MB49 model, we found that the concentrations of IL-6
and PGRN were significantly reduced with sequential

enhance the cytotoxicity of specific antitumor CD8* T
lymphocytes but also decrease the levels of
tumor-promoting cytokines.

Discussion

treatment of anti-PD-1 and anti-Tim-3 (Figure 6D).
IL-6 has been recognized as a pleiotropic cytokine
with an obvious tumor-promoting effect [24]. PGRN
is a regulator of tumorigenesis because it stimulates
cell proliferation, migration, invasion, angiogenesis,
malignant transformation, resistance to anticancer
drugs, and immune evasion [25]. These results
suggested that Tim-3 blockade might not only
increase the infiltration of CD8* TILs in the TME and

Immunotherapy is an effective approach to
enhance the antitumor immune response. The
preexisting antitumor T cells in the TME are necessary
for the efficacy of immunotherapy [26]. Increasing
effector T cell infiltration is closely correlated with
longer survival [27]. In our study, we found that
SA-GM-CSF-anchored vaccine treatment alone could
induce DC activation, enhance effector T cell
infiltration into the TME and effectively improve the
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cytotoxic activity, but the vaccine was insufficient to
inhibit tumor growth in established subcutaneous
models of bladder cancer. Activated tumor-specific T
cells usually produce inhibitory receptors, which can
engage coinhibitory ligands on some tumor cells. This
engagement induces negative regulatory pathways
that limit normal immune responses, thus allowing
the tumor to evade or dampen the immune response
[28].

To confirm this phenomenon, we detected the
expression of PD-1 on CD8* TILs and PD-L1 in the
TME in our MB49 model and found that this
inhibitory receptor and ligand expression was
upregulated in treatment with the SA-GM-CSF-
anchored vaccine. Then, we used an anti-PD-1
antibody to prevent the binding of PD-L1 to PD-1 and
found that the combination therapy with PD-1
blockade and the SA-GM-CSF-anchored vaccine
synergistically induced antitumor immune responses,
which greatly inhibited tumor growth, and even
induced regression of established tumors. Moreover,
to directly explore the associated adaptive immune
resistance mechanism, in the in vivo experiment, we
found that an anti-IFNy antibody effectively inhibited
PD-L1 expression in the TME. Because in our previous
studies we confirmed that the SA-GM-CSF-anchored
vaccine significantly increased the level of IFNy [19],
we considered that upregulated PD-L1 expression in
the TME was dependent on IFNy. Moreover, we also
found that an anti-IFNy antibody effectively
abrogated the tumor regression. A previous study
confirmed that sustained low-level expression of IFNy
could promote tumor development [29], so we could
consider that IFNy is a “double-edged sword” in
antitumor efficacy in the MB49 model.

Although the combination therapy with PD-1
blockade and the SA-GM-CSF-anchored vaccine
induced a better antitumor immune response than
PD-1 blockade or the SA-GM-CSF-anchored vaccine
alone, some of the mice still exhibited eventual tumor
progression, the tumor regression rate was too low
(20% regression). This finding was consistent with
those of others who had suggested that a
“checkpoint” blockade alone could not completely
reverse the immune resistance because compensatory
pathways were activated when a “checkpoint” was
blocked [10,21]. In this study, we found that Tim-3
expression was significantly upregulated in the
anti-PD-1+5A-GM-CSF-anchored and  anti-PD-1
groups, but not in the SA-GM-CSF-anchored group.
This finding was consistent with recent research
showing that Tim-3 positivity was significantly
correlated with the duration of PD-1 blockade [21].
This compensatory upregulation of Tim-3 expression
may be a specific adaptive response to sustain the

dysfunction of CD8* TILs.

Several studies have shown that the differences
in expression of inhibitory receptors (PD-1 and Tim-3)
might result in different functions of tumor-specific
CD8* T cells [20,30]. Therefore, it was necessary to
evaluate the functions of T cells expressing different
immune checkpoint receptors. We further studied
CD8* TIL subsets to provide a more precise
phenotypic and functional profile of TILs. After ex
vivo T cell receptor (TCR) stimulation of each sorted
TIL subset, we found that PD-1*Tim-3* CD8* TILs
were the most dysfunctional in terms of Th1 cytokine
production  and  proliferation.  Interestingly,
PD-1-Tim-3* CD8* TILs were highly proliferative but
defective in cytokine production. Because the
characteristics of T cell exhaustion are failure to
proliferate and exert effector functions in response to
antigen stimulation [31], we considered that PD-1
expression was intensely associated with CD8* TIL
exhaustion and that Tim-3 expression was closely
correlated with secretion but not proliferation of CD8*
TILs. Therefore, Tim-3 expression did not imply
exhaustion of CD8* TILs. This result was different
from the traditional concept that Tim-3 expression
was a biomarker of CD8* TIL exhaustion [29,32].

Our studies found that Tim-3 expression on
CD8* TILs was upregulated via treatment with an
anti-PD-1 antibody. In addition, Tim-3 expression
decreased the secretory function of CD8* TILs. Then,
we  combined SA-GM-CSF-anchored  vaccine
treatment with blockade of PD-1 and Tim-3 in an
established subcutaneous bladder cancer model and
found that this combination therapy significantly
suppressed tumor growth, and tumor regression was
increased in over 50% of the mice. The improvement
of specific cytotoxic activity, together with a reduction
in tumor-promoting cytokines, indicated that
sequential administration of anti-PD-1 and anti-Tim-3
in treatment with the SA-GM-CSF-anchored vaccine
induced a more robust antitumor immune response.

Anti-PD-1 immunotherapy is clinically effective
in some bladder cancer patients. However, this
promising immunotherapy still lacks a complete
response despite the high frequency of PD-1* effector
T cells in the TME [10]. The limited efficacy of PD-1
blockade to reinvigorate dysfunctional T cells could
be partly explained by the presence of Tim-3 on a
subset of the PD-1* CD8* TILs. PD-1*Tim-3* CD8* TILs
may represent a negative prognostic biomarker of
anti-PD-1 therapy unless the function of these cells
can be restored with Tim-3 blockade. Our studies
have demonstrated that dual blockade of PD-1 and
Tim-3 induced a more robust antitumor immune
response. Therefore, we conclude that the clinical
response of anti-PD-1 immunotherapy should not
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only be evaluated in the context of PD-L1 expression
in the TME but also in the frequency of PD-1*Tim-3
CD8*TILs, which may represent a positive prognostic
biomarker of anti-PD-1 therapy.

Our study has some limitations that should be
taken into account when interpreting our results.
First, we focused on overcoming the vaccine-induced
CD8* TIL exhaustion/dysfunction in a model of
bladder cancer (MB49 model). T cell exhaustion/
dysfunction is double-edged and is promoted mainly
by tumors. Therefore, the most accurate approach is to
verify the results in multiple tumor cell lines. Second,
in our study, we found the Tim-3 expression on CD8*
TILs was upregulated in response to PD-1 blockade.
Tim-3 expression was detected following the PD-1
blockade, but the specific relationship between Tim-3
expression on CD8* TILs and PD-1 blockade and the
best time point of treatment via Tim-3 blockade in
bladder cancer (MB49 model) needs to be further
studied.

In summary, these results provide us with
insight into understanding the dysfunction of CD8* T
cells induced by PD-1 and Tim-3 in the TME, as well
as provide a rationale to combine SA-GM-CSF-
anchored vaccine therapy with the blockade of PD-1
and/or Tim-3 to improve clinical outcome for bladder
cancer patients.
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