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Abstract

Background Immune checkpoint inhibitors induce robust and durable responses in advanced bladder cancer (BC), but only
for a subset of patients. Xenovaccination has been proposed as an effective immunotherapeutic approach to induce anti-tumor
immunity. Thus, we proposed a novel intravesical xenogeneic urothelial cell immunotherapy strategy to treat advanced BC
based on the hypothesis that implanted xenogeneic urothelial cells not only provoke xeno-rejection immune responses but
also elicit bystander anti-tumor immunity.

Methods Mouse advanced bladder cancer models were treated with vehicle control, intravesical xenogeneic urothelial cells,
cisplatin + gemcitabine, or the combination and assessed for tumor responses to treatments. Tumors and spleens samples
were collected for immunohistological staining, cellular and molecular analysis assessed by antibody staining, ELISA,
cytotoxicity, and flow cytometry, respectively.

Results The combination treatment of xenogeneic urothelial cell immunotherapy with chemotherapy was more efficacious
than either single therapy to extend survival time in MBT-2 graft bladder tumor model and to suppress tumor progression
in murine carcinogen BBN-induced bladder tumor model. The single-cell immunotherapy and combined therapy increased
more tumor-infiltrating immune cells in MBT-2 graft tumors compared to vehicle control and chemotherapy treatment groups.
The activated T-cell proliferation, cytokine production, and cytotoxicity capacities were also higher in mice with xenogeneic
urothelial cell immunotherapy and combination treatments.

Conclusions Our results suggest the potential for a novel xenogeneic urothelial cell-based immunotherapy alone and synergy
with chemotherapy in the combination therapy. Therefore, our study supports developing xenogeneic urothelial cells as an
immunotherapeutic agent in combination with chemotherapy for BC treatment.
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Introduction

Bladder cancer (BC) is a major disease with estimated
549,393 cases and 199,922 deaths annually worldwide
[1]. Cisplatin-based systemic chemotherapy remains the
mainstay of treatment in the first-line setting for advanced
urothelial BC patients, with a median overall survival
(OS) of 14-15 months and only approximately 5% of
these patients have a 5-year survival [2, 3]. The thera-
peutic approach for advanced BC with antibodies against
the immune checkpoint programmed death-ligand 1/pro-
grammed death-1 (PD-L1/PD-1) is effective, but only a
subset of patients [4-6]. However, an update clinical study
failed to show its survival benefit over chemotherapy in
platinum-treated locally advanced or metastatic BC with
PD-L1 expression > 5%, further indicating the limited
responses and effects of PD-L1/PD-1 checkpoint inhibitors
and the need to develop novel strategies [7]. Intravesical
bacillus Calmette—Guérin (BCG) immunotherapy using
a live attenuated form of Mycobacterium bovis to treat
high-risk superficial bladder carcinoma has been a stand-
ard therapeutic approach for decades to prevent recur-
rence by eliciting anti-bacteria inflammation that triggers
a bystander anti-tumor immune responses [8, 9]. Based
on the therapeutic concept of intravesical BCG immuno-
therapy, we have proposed a novel therapeutic hypothesis
[10] and developed an innovative intravesical xenoge-
neic urothelial cell immunotherapy that could elicit the
graft rejection mechanism to remove non-self xenogeneic
urothelial cells, which could induce bystander anti-tumor
immunity.

The direct intravesical transplantation of xenogeneic
urothelial cell into bladders in clinic is a practice of
xenogeneic cell therapy or cellular xenotransplantation
[10, 11]. Xenotransplantation has long been proposed as
a promising solution for donor shortage in transplanta-
tion, but it faces enormous immunological barriers from
hyperacute, acute vascular rejection to delayed xeno-
graft rejection sequentially [12]. However, xenogeneic
cell therapy is more achievable as a clinical treatment,
because no vascular tissues are involved and only cells are
transplanted. Furthermore, xenogeneic vaccination which
uses homologous antigens derived from different species
(xenoantigens) were proposed as a cancer immunotherapy
strategy by eliciting xenogeneic immune reaction to over-
come immune ignorance and tolerance induced by tumor
cells [13, 14].

We conjectured that intravesical implantation of xeno-
geneic urothelial cells would induce bystander anti-tumor
effects and the combined xenogeneic urothelial cell immu-
notherapy and chemotherapy would most effectively treat
advanced BC. In this study, we assessed the anti-tumor and
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immunologic effects of intravesical xenogeneic urothelial
cell immunotherapy in single treatment and in combina-
tion with chemotherapy cytotoxic agents in two immuno-
competent bladder tumor mouse models. We showed that
xenogeneic urothelial cell immunotherapy alone extended
survival and repressed tumor progression and in combina-
tion with chemotherapy cytotoxic agents can further pro-
mote longer survival and higher tumor reduction. Closer
examination revealed that xenogeneic urothelial therapy
promoted the infiltration and activation of T lymphocytes.
Thus, we identified a role for xenogeneic urothelial cells
in triggering rejection T-cell activation for anti-tumor
activity.

Materials and methods
Mice

CH3/He and C57BL/6 mice were purchased from Bio-
LASCO (Taipei, Taiwan). All mouse experiments and pro-
cedures were approved by the Institutional Animal Care and
Use Committee (IACUC) review board at the China Medical
University (Approval NO. CMUIACUC-2018-130).

Xenogeneic urothelial cell isolation and culture
from porcine source

Porcine urinary bladders for urothelial cell isolation were
obtained from a local abattoir. Bladder tissues was dissected
into 1- to 2-cm? tissue pieces and treated with diapase II
dissolved in HBSS (Gibco, Carlsbad, CA, USA) to strip
the urothelium. The stripped urothelium was minced into
small pieces and incubated in a cell isolation solution with
type VI collagenase (Worthington, Lakewood, NJ, USA) in
Hanks’ balanced salt solution (100 U/ml) to disaggregate the
cells. Porcine epithelial cells were isolated and grown in the
DMEM/Ham’s F12 medium supplemented with antibiotics
(penicillin 100U/mL, streptomycin 100 mg/mL, and ampho-
tericin B 5 mg/mL) and 10% FBS following the previously
reported mouse urothelial cell culture protocol [15]. Passage
2-10 cells were used in the experiments. Cells were tested
negative for mycoplasma, bacteria, yeast, and fungi before
use.

Orthotopic mouse MBT-2- luc graft bladder tumor
model

Orthotopic MBT-2-luc graft bladder tumor murine model
was generated according to the procedures in the pre-
vious study [15]. MBT-2 cells are murine BC cells with
epithelial characteristics established from the blad-
der tumor induced by the administration of FANFT
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(N-[4-(5-nitro-2-furyl)-2-thiazolyl] formamide) to C3H/
He mice [16]. Tumor growth was monitored by biolumines-
cence imaging (BLI) every 7 days after tumor inoculation
by Xenogen IVIS 200 (Xenogen, Alameda, CA, USA). The
tumor-bearing mice were divided into four treatment groups:
(i) vehicle control, (ii) xenogeneic urothelial cell: intravesi-
cal instillation of xenogeneic urothelial cells (1x 10° cells
in normal saline), once a week, day 3 for 4 weeks, (iii) gem-
citabine plus cisplatin (GC) chemotherapy: intraperitoneal
injection (IP) of gemcitabine (6 mg/mouse, day 1 and cis-
platin (0.12 mg/mouse, day 2) once a week, for 4 weeks,
and (iv) combined treatment. Treatment procedures were
performed using sterile techniques. The responses of mice
are analyzed on BLI total flux intensity changes from the
baseline. The progress free survival (PFS) is defined at the
time over than 20% increase in BLI total flux intensity of
tumors compared with baseline and OS is defined at the time
of death or the humane endpoint). Tumors were harvested
and weighed when mice died, reached human endpoint or at
the end of experiments.

Mixed lymphocyte proliferation assay

For carboxyfluorescein diacetate succinimidyl ester (CFDA-
SE) proliferation assay, lymphocytes from spleens of MBT-
2-luc tumor-bearing mice with different treatments were
incubated for 15 min in the darkness with 5 pM CFDA-SE
(Thermo Fisher Scientific, Waltham, MA, USA) in PBS
and then washed. The assay was performed by co-culturing
1 x 10° target xenogeneic urothelial cells or MBT-2-luc cells
together with 5x 10° CFDA-SE-labeled lymphocytes from
spleens (E/T ratio 5:1) for 2 days. The intensity of CFDA-SE
fluorescence in lymphocytes was measured by FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA) and
analyzed with FlowJo Software.

Cytotoxicity assay

Target xenogeneic urothelial cells or MBT-2-luc cells were
labeled with CFDA-SE which were plated for 24 h and then
co-cultured with effector lymphocytes isolated from the
spleens of mice with different treatments at effector/target
(E:T) ratio=10. After 4 h incubation, effector cells were
removed, the fluorescent intensity of remaining adherent
CFDA-SE labeled targets cells was measured by a fluorim-
eter. The intensity of CFDA-SE-labeled target cells without
co-culturing effector cells was set as the baseline. Relative
cytotoxic activity of effector lymphocytes from mice of
different treatment was calculated from triplicate samples
as [(Baseline intensity—experimental intensity)/(Baseline
intensity)] and expressed as a percentage.

Immunohistochemistry

MBT-2-luc tumors removed from the mice of different
treated groups were fixed in formalin and embedded in
paraffin and paraffin sections were stained with antibod-
ies for CD4(GTX85525, GeneTex, Irvine, CA, USA), CD8
(GTX53126, GeneTex), CD56 (108577-T08, Sino Biologi-
cal, Wayne, PA, USA), CD68 (ab125212, Abcam, Cam-
bridge, MA, USA), and myeloperoxidase (MPO) (ab9535,
Abcam) by the standard manufacturer’s procedures using
automated Leica Bond III-autostainer (Leica Biosystems,
Wetzlar, Germany). Numeration of staining positive cells
was performed in four random high-power fields (HPF) of
the tumor sections X 400 magnification, and expressed as
average cell number per field.

TUNEL assay

DNA fragmentation in apoptotic cells was detected by ter-
minal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick end labeling (TUNEL), following the manufacturer’s
protocol. (TUNEL BrightGreen Apoptosis Detection Kit,
Vazyme Biotec, Nanjing, Jiangsu, China). All images were
obtained using a microscope (Nikon Eclipse 80i) with an
attached CCD camera.

IFN-y quantification by ELISA

IFN-y level in culture medium of effector lymphocytes iso-
lated from the MBT-2-luc tumor-bearing mice of different
treated groups, stimulated by the co-culture of target xenoge-
neic cells or MBT-2-luc cells for 2 days, was evaluated using
an enzyme-linked immunosorbent assay kit (Biolegend, San
Diego, CA, USA) according to the manufacturer’s protocol.
Effector cells with co-culture served as a baseline control.
Relative IFN-y activation of effector cells stimulated by co-
cultured target cells was calculated as follows: ([IFN-y] co-
culture — [IFN-y] baseline)/([IFN-y] baseline) x 100.

BBN-induced bladder tumor mode

For N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN)-induced
bladder tumor formation, a 0.05% concentration of BBN
(TCI America, Portland, OR, USA) was dissolved in drink-
ing water, and BBN-containing water in a dark bottle was
provided to 8—10 week old female C57BL/6 mice ad libitum
for 10-20 weeks until hematuria score is over 2+ (Aution
Sticks urine strip, Arkray, Nakagyd-ku, Kyoto, Japan) as a
sign of bladder tumor formation. BBN-induce tumor-bearing
mice were treated according to the experimental scheme in
MBT-2-luc tumor-bearing mice. Pathologic evaluation was
performed on hematoxylin/eosin-stained paraffin sections of
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bladders, defined as follows: hyperplasia, carcinoma in situ
(CIS), and invasion.

Statistical analysis

Statistical analysis was performed using PASW Statistics 18.
Graphs represent mean values + standard error of the mean.
P values were calculated using Student’s 7 test for comparing
two groups. Survival analysis was determined by the log-
rank test. P <0.05 was considered statistically significant.

Results

Intravesical xenogeneic urothelial cell
immunotherapy and GC chemotherapy combined
treatment had a synergistic anti-tumor effect

in the orthotopic MBT-2-luc graft bladder tumor
mouse model

Currently, the regime of gemcitabine plus cisplatin (GC)
chemotherapy is a standard first-line therapy for patients
with metastatic urothelial cancer of the bladder and urinary
tract [17, 18]. However, most patients eventually experi-
ence disease progression or relapse after chemotherapy [19].
Thus, we first used the orthotopic graft urothelial bladder
tumor mouse with MBT-2-luc cells to determine whether
there are anti-tumor effects for xenogeneic urothelial cells
as a single therapy as well as in combination with standard
cytotoxic chemotherapy. We have successfully isolated and
expanded xenogeneic urothelial cells from porcine bladders
and demonstrated their ability to protect and repair damaged
bladder urothelium [10]. The tumor-bearing mice treated
with either xenogeneic urothelial cells, GC, or combination
treatments all were shown effectively in suppressing tumor
growth compared to the vehicle control group (Fig. 1b) and
further prolonged progression free survival (median sur-
vival=21, 16, and 34 days for xenogeneic urothelial cells,
GC and combination treated groups, respectively, vs. 7 days
for the vehicle control group) (Fig. 1c) and OS (median sur-
vival=34, 18 and 67 days for xenogeneic urothelial cells,
GC, and combination treated groups, respectively, vs. 9 days
for the vehicle control group) (Fig. 1d). The cause of death
in tumor-bearing mice was due to tumor progression that
probably resulted in deteriorated kidney function and uri-
nary congestion. And those treated with xenogeneic urothe-
lial cells or combination showed about 30 and 40% durable
response in PFS, respectively, and 45 and 60% in OS, respec-
tively. At the end point, lower tumor weights were found
in all treated group compared to control mice with average
weights of 4443, 1456, 2027, and 444 mg for the vehicle
control, xenogeneic urothelial cell, chemotherapy, and com-
bination treated groups, respectively. Combined treatment
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showed lowest tumor weight among all groups (Fig. le, f).
And the remnants of xenogeneic cells were detected by the
presence of porcine mitochondrial cytochrome-b (Cyt-b) and
D-Loop686 genes in tumors using real-time qPCR and the
results showed that porcine mitochondrial DNA was still
detectable 14 days after last injection (Supplementary Fig.
S1). Although xenogeneic urothelial cell immunotherapy
or gemcitabine and cisplatin chemotherapy alone all have
anti-tumor activity, mice treated with both xenogeneic cell
immunotherapy and GC chemotherapy exhibited a signifi-
cant increase in tumor progressive free survival and total
survival and combined treatment has highest survival.

Intravesical xenogeneic urothelial cell
immunotherapy, GC chemotherapy, and combined
treatment decrease tumor cell proliferation

and increased tumor cell apoptosis

To determine the impact of xenogeneic urothelial cell immu-
notherapy on the anti-tumor effects, we first assessed the
changes of tumor cells MBT-2-luc graft bladder tumor-bear-
ing mice with the different treatments. During the period
of responses, animals from each group were sacrificed and
tumors were fixed and sectioned for Ki67 immunohisto-
chemistry (IHC) staining to examine the cell proliferation
and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay for cell death. There were sig-
nificantly fewer Ki67-positive tumor cells in the all treated
groups compared with untreated control and the combi-
nation treatment had lowest number of proliferating cells
(Fig. 2a, b). On the other hand, the TUNEL assay exhibited
that apoptotic cells in tumor tissues were increased in all
treatment group, but xenogeneic urothelial cell treatment
showed higher number of apoptotic cells in the tumors
than GC treatment. Additionally, a significant increase in
the number of apoptotic cells was noted in the combined
treatment group compared with each single treatment group
(Fig. 2c, d).

Intravesical xenogeneic urothelial cell
immunotherapy, GC chemotherapy, and combined
treatment enhanced immune cell infiltration

in tumors

To evaluate the impact of different treatments on intratu-
moral immune cell composition, we analyzed T-cell, NK-
cell, monocyte, and neutrophil infiltration in tumors by
IHC after treatments (Fig. 3a—e). Tumor T-cell infiltration
(CD4 + and CD8 + effector T cells) was observed in both
xenogeneic cell and GC treatment and the combined therapy
further increased T-cell population, which reflects effective
immunotherapy. Quantitative result showed that, compared
to the vehicle-treated group tumors, xenogeneic urothelial
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Fig. 1 The anti-tumor effect of intravesical xenogeneic urothelial cell
immunotherapy, GC chemotherapy and combined therapy in MBT-
2-luc orthotopic graft bladder tumor model. a The tumor-bearing
mice were enrolled when tumor bioluminescent signal reached 105
total plex and treated according to the treatment scheme. b The rep-
resentative IVIS imagines of tumor-bearing mice before and after
treatments were shown. ¢ Kaplan—Meier progressive free survival

curve (*p<0.05 versus control) and d total survival curve. *p <0.05;
**p<0.01; ***p<0.001 versus chemotherapy treatment group.
Kaplan—Meier survivor analysis with log-rank tests was performed by
SigmaPlot 13. e Tumor morphology and f tumor weights of tumor-
bearing mice with different treatments. Error bars represent SD.
*p <0.05; **¥*%p <0.001, by Student’s ¢ test
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Fig.2 The effects of intravesical xenogeneic urothelial cell immu-
notherapy, GC chemotherapy, and combined therapy on tumor cell
proliferation and survival in MBT-2-luc orthotopic graft urothelial
bladder tumor model. a Tumors from mice of different treatment
groups were harvested, processed, and sectioned for tumor cell Ki67
immunohistochemistry (IHC) and terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay. Tumor sections were
evaluated for cell proliferation with Ki67 IHC staining. b Ki67-posi-
tive cells on tumor sections were counted and quantified from mice of

cell-treated tumors from single and combined treatment
groups were found to have a significant increase in both
effector CD4 + T-cell (Fig. 3f) and CD8 + T-cell (Fig. 3g)
infiltration in tumors and GC treatment also increased
both effector T-cell infiltration. In the other hand, the
increased NK-cell infiltration was only observed in tumors
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three independent experiments. Scale bar, 100 pm. ¢ Tumor sections
were stained with TUNEL and observed under a fluorescent micro-
scope. Scale bar, 50 pm. d The apoptotic nuclei are stained; green
DAPI dye was used for nuclear staining (blue). TUNEL-positive cells
on tumor sections were counted and quantified from mice of three
independent experiments. Values are expressed as means = stand-
ard deviation (SD) of the mean (n=3). Error bars represent SD.
*p <0.05; ¥*¥p<0.01; ***p <0.001, by Student’s ¢ test

with xenogeneic urothelial cell single or combined treat-
ment (Fig. 3h). Maker proteins for monocytes and neutro-
phils were also stained and results showed higher mono-
cyte (Fig. 31) and neutrophil (Fig. 3j) infiltration was also
found in xenogeneic urothelial cell-treated group. To know
whether the treatment was associated with tumor PD-L1
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Fig.3 The changes in tumor-infiltrating lymphocytes and innate
immune cells of MBT-2- luc tumor-bearing mice with different treat-
ments. Tumors from mice given different treatments were analyzed
by immunohistochemistry for lymphocyte and NK-cell infiltration.
Representative images of a anti-CD4, b CDS8, ¢ CD56, d CD 68,
and e MPO immunohistochemistry (IHC) staining on tumor sec-
tions. Scale bar, 100 pm. f Quantification of CD4+T lymphocytes, g

CD8+T lymphocytes, h CD56 + NK cells, i CD 68 +monocytes, and
j MPO + neutrophils in tumors for each treatment group by count-
ing the positive cells in 4 HPFs that were randomly selected among
three mice per group in each group, and data were expressed as the
means +SD. Error bars represent SD. *p <0.05; **p<0.01, by Stu-
dent’s 7 test
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status, we performed PD-L1 IHC and found that tumors
were stained weakly for PD-L1 expression in all groups and
the expression level was not affected by different treatments
(Supplementary Fig. S2).

Intravesical xenogeneic urothelial cell
immunotherapy, GC chemotherapy, and combined
treatment activated immune responses

Since we hypothesized that xenogeneic cell immunotherapy
could induce immune response due to xeno-rejection and
collaterally increase anti-tumor immune responses, we tested
whether T cells from mice treated with xenogeneic cells
could exhibit enhanced proliferative responses when co-
cultured with xenogeneic urothelial cells or bladder tumor
cells by mixed lymphocyte reaction (MLR) using carboxy-
fluorescein diacetate succinimidyl ester (CFDA-SE)-based
proliferation assay. To carry out this experiment, spleens
were harvested and lymphocytes were isolated and labeled
with CFDA-SE in PBS and then washed. The assay then
was performed by culturing attached xenogeneic urothelial
cells or tumor cells together with CFDA-SE-labeled lym-
phocytes isolated from the spleens of MBT-2-luc tumor-
bearing mice with different treatments (effector/ target cells
ratio 5:1) for 2 days. After that, lymphocytes were then har-
vested and analyzed by flow cytometry analysis to measure
the intensity of CFDA-SE fluorescence in lymphocytes for
measuring the proliferation of immune cells. We found that
the CFDA-SE-labeled effector lymphocytes stimulated by
co-culturing with xenogeneic urothelial cells showed that
the proliferating proportion of lymphocytes (CFDA-SE
low) from mice treated with xenogeneic urothelial cells was
higher than that of mice treated with vehicle control, indicat-
ing that xenogeneic urothelial cell-treated mice developed
immune response to xenogeneic cells (Fig. 4a, b). Moreover,
CFDA-SE-labeled effector lymphocytes from mice treated
xenogeneic urothelial cells also showed higher proliferating
proportion when stimulated with MBT-2-luc bladder tumor
cells (Fig. 4c, d). Increased lymphocyte proliferation was
also found in combination treated mice, indicating that xeno-
geneic urothelial cell treatment induces immune responses in
tumor-bearing mice to both implanting xenogeneic urothelial
cells and tumor cells (Fig. 4a—d).

Intravesical xenogeneic urothelial cell
immunotherapy, GC chemotherapy, and combined
treatment increased effector immune cell functions

We next evaluated the production of effector cytokine, inter-
feron y (IFNYy), in immune cells, which play an essential role
in anti-tumor immunity [20]. Lymphocytes isolated from
the spleens of tumor-bearing mice with different treatments
were co-cultured with either xenogeneic urothelial cells or
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MBT-2-luc cells, and co-cultured conditioned medium were
collected assayed for IFNy activation in by ELISA. IFNy
activation when co-cultured with xenogeneic urothelial cells
was higher in lymphocytes from xenogeneic urothelial cell-
treated mice in both monotherapy and combined therapy
groups (Fig. 5a). When co-cultured with MBT-2-luc cells,
IFNYy activation was also higher in lymphocytes from xeno-
geneic urothelial cell-treated mice in both monotherapy and
combined therapy groups (Fig. 5b). The increase in effec-
tor cytokine production by treatments correlated with the
changes in effector cell proliferation, indicating that the
implantation of xenogeneic urothelial cells regulates effec-
tor cell function. In addition, higher IFNYy activation react-
ing to co-culture of both xenogeneic urothelial cells and
MBT-2-luc cells was also observed in lymphocytes from
GC-treated mice, but its IFNy activation reacting to co-cul-
tured xenogeneic urothelial cells is less than the activation
of the lymphocytes from xenogeneic urothelial cell-treated
mice (Fig. 5a, b). Moreover, since CD8 + T cells’ cytotoxic
activity is responsible for rejection the anti-tumor effects
of cancer immunotherapy, we therefore asked whether
xenogeneic urothelial cell immunotherapy could affect T
cells’ cytotoxic activity function by determining immune
effector cell-mediated target cell cytotoxicity. To examine
the T-cell cytotoxic activity, we used lymphocytes isolated
from spleens of mice with different treatment as effector
cells. Using xenogeneic urothelial cells or MBT-2-luc cells
as target cells, these cells were labeled with CFDA-SE and
then in co-culture with effector cells isolated from spleens
of mice of different treatment groups. After incubation, the
cells were washed and the fluorescent intensity of remained
CFDA-SE-labeled cells was measured. The highest cyto-
toxic activity (57%) to target xenogeneic urothelial cells was
noted in the group of mice receiving combined treatment
(Fig. 5c, d). Xenogeneic urothelial cell treatment had sig-
nificant activation of cytotoxic cells and GC treatment also
increased the cytotoxicity to target xenogeneic urothelial
cells. When targeted on MBT-2-luc cells, the effectors cells
from xenogeneic urothelial cell treatment and GC treatment
mice increased the cytotoxicity to target MBT-2-luc cells
and the cells from combination treated mice demonstrated
more pronounced anti-MBT-2-luc cell cytotoxicity than the
effector cells isolated from vehicle-treated mice (Fig. Se, f).

Intravesical xenogeneic urothelial cell
immunotherapy and GC chemotherapy combined
treatment synergistically delay tumor progression
in the BBN-induced bladder tumor mouse model

To test the anti-tumor effects of intravesical xenogeneic
urothelial cell therapy in combination with chemotherapeu-
tic agents in delaying tumor progression, we used the mouse
BBN-induced tumor model, which simulates the human
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Fig.4 The immune activation on reactive T-cell proliferation in
MBT-2-luc-tumor-bearing mice by different treatments. The mixed
lymphocyte reaction was performed using lymphocytes isolated from
the spleens of mice with different treatments. Lymphocytes were
labeled with CFDA-SE and co-cultured with xenogeneic urothelial
cells or MBT-2-luc cells. Proliferation of CFDA-SE-labeled cells was
measured by FACS analysis after 2 day culture. CFDA-SE-labeled
lymphocyte division was monitored with CFDA-SE labeling on

cells to 5x 10° lymphocyte effector cells cultured with 1x 10 target
xenogeneic cells or tumor cells. Flow cytometry analysis profiles of
CFDA-SE-labeled lymphocytes after 2 day culture with a xenogeneic
urothelial cells or b MBT-2-luc cells. ¢ Percentage of proliferating
lymphocytes responding to xenogeneic urothelial cells harvested on
day 2 after treatment initiation. d Percentage of proliferating lym-
phocytes responding to MBT-2-luc cells. Error bars represent SD.
*p <0.05; ¥**¥*%p <0.001, by Student’s ¢ test
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«Fig.5 The stimulatory activity on reactive T-cell cytokine production
and cytotoxicity in MBT-2-lu-tumor-bearing mice by different treat-
ments. IFNy level in supernatants collected after 2 days of co-culture
of lymphocytes isolated from spleens of mice with different treat-
ments with xenogeneic urothelial cells or MBT-2-luc cells was meas-
ured by ELISA. The supernatants of lymphocytes culture alone were
used as the baseline control. Relative stimulatory activity of a xeno-
geneic urothelial cells and b MBT-2-luc on IFNy production by lym-
phocytes from mice of different treatment group was calculated as the
following: ([IFNy]co-cultured—[IFNy baseline)/ ([IFNy ]baseline).
IFNy level in the supernatant of lymphocytes culture alone was used
as the baseline. Effector lymphocytes (1 x 10°) from spleens of mice
of different treatment groups were added into the plate seeded with
1x10°/well of target CFDA-SE-labeled effector xenogeneic urothe-
lial cells (c&d) or MBT-2-luc (e&f) and co-cultured for 4 h. At the
end of co-culture, suspension effector cells in the wells were washed
out and the intensity of CFDA-SE-labeled target cells was measured.
Representative fluorescent images of wells added with lymphocytes
from mice with different treatments targeting ¢ xenogeneic urothelial
cells and e MBT-2-luc cells. The relative cytotoxic activity of lym-
phocytes was determined following the formula with measured rela-
tive fluorescence units (RFU) of each sample: (RFUexp-RFUctrl)/
RFUctrl. The intensity of CFDA-SE-labeled target without adding
lymphocytes was set as controls. Quantitation of effector lymphocyte
cytotoxicity to target, d xenogeneic urothelial cells and f MBT-2-luc
cells. Error bars represent SD. *p <0.05; **p <0.01; ***p <0.001, by
Student’s ¢ test. Scale bar, 10 pm

bladder tumorigenesis from hyperplasia, carcinoma in situ
(CIS) to invasive carcinoma [21]. Our results demonstrated
that intravesical xenogeneic urothelial cell immunotherapy
alone or in combination of chemotherapy reduced the tumor
weight and delayed tumor progression (Fig. 6b, ¢). When
xenogeneic urothelial cells were used as monotherapy, there
was significant reduction in tumor weight compared with
vehicle-treated mice. GC treatment also repressed tumor
progression by decreasing tumor weight. In addition, the
combined treatment achieved highest decrease in tumor
weight. Consistently with this macroscopic difference,
histopathological analysis also showed significantly lower
proportion of mice progressed to invasive carcinoma in the
xenogeneic cell and GC-treated group and only a small por-
tion of CIS (13%) and most hyperplasia were observed in
combination treated mice (Fig. 6d, e).

Discussion

In this study, we evaluated the therapeutic effects of xen-
ogeneic urothelial cells as a monotherapy and the com-
bined therapy with standard of care GC chemotherapy for
advanced BC in two bladder tumor murine models. And
we observed that intravesical xenogeneic urothelial cells
could extend survival and suppress tumor progression in
monotherapy and higher anti-tumor activity in the combined
treatment. Thus, the data presented here demonstrate that
the anti-tumor effects of xenogeneic urothelial cell immu-
notherapy and GC chemotherapy in combination enhanced

anti-tumor activity over either treatment alone in two pre-
clinical tumor murine models.

Tumor cells have many strategies to evade immunity
either by downregulating the expression of tumor-specific
or tumor-associated antigens on the cell surface, or induc-
ing cells in the tumor microenvironment such as myeloid-
derived suppressor cells or T regulatory cells to release
cytokines, such as transforming growth factor beta (TGF-f),
that suppress immune responses while promoting tumor cell
proliferation and survival [22]. Our xenogeneic cell immu-
notherapy is able to activate a variety of innate and adap-
tive cytokines and immune cells, causing increased immune
cell infiltration, cytokine production antigen spreading to
eliminate tumor cells like a combination immunotherapy
that is explored an approach to improving the efficacy of
cancer immunotherapy [23]. Additionally, it is proposed
that there is tremendous potential for synergistic combina-
tions of immunotherapy agents and for combining immu-
notherapy agents with conventional cancer treatments like
chemotherapy as a promising strategy to eradicate tumors
[24]. Chemotherapy has been considered to be immune sup-
pressive by repressing bone marrow function, but it is now
accepted that certain chemotherapies can augment tumor
immunity by inducing immunogenic cell death, releasing
tumor antigens, and disrupting strategies that tumors use to
evade immune recognition [25, 26].

In ex vivo studies, the result revealed that intravesical
administration of xenogeneic urothelial cells could trigger
T-cell activation to xenogeneic urothelial cells in cell pro-
liferation and cytotoxicity as well as cytokine stimulation of
IFNy, which enable T-cell responses to reject tumors [27].
Furthermore, we also observed that IFNy activation and
cytotoxic activity of lymphocytes isolated from GC-treated
mice not only reacted to graft MBT-2-luc cells but also to
xenogeneic urothelial cells, suggesting that GC chemo-
therapy worked as cytotoxic agents and immune boosters
to trigger anti-tumor immunity to reject tumor cells, which
increased the body immunological rejection capacity to
react to xenogeneic urothelial cells. Activation of Natural
killer (NK) cells through cytokine production and/or direct
or antibody-dependent cytotoxic lysis has been implicated in
xenograft rejection in rodent and pig-to-nonhuman primate
models [28, 29]. NK cells are also shown to act as immune
effectors with their ability to “spontaneously” kill tumor
cells for tumor surveillance and control [30]. Interleukin-
2-(IL-2) activated tumor-infiltrating NK cells were demon-
strated to have anti-tumor activity to shrink tumors in the
murine tumor model [31]. Both innate and adaptive immu-
nity induced by xenogeneic cells could all induce bystander
immune action to anti-tumor immunity.

In xenotransplantation, activated T cells recognize
xenoantigens through pre-existing xenoreactive T cells or
indirect fashion that pro-inflammatory T cells reacting to
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xenoantigens indirectly by following recognition of xeno-
geneic peptides presented on recipient’s antigen-presenting
cells in an autologous MHC-restricted fashion [32]. Tumors
accumulate mutations through tumor development and these
tumor-specific somatic mutations derived neoantigens [33].
These neoantigens recognized by activated anti-tumor T-cell
repertoire have been shown to correlate with response to
PD-L1/PD-1 antibodies in a range of advanced solid tumors,
including advanced BC carcinoma and could be explored
for novel immunotherapy approaches [34]. Since the rejec-
tion and anti-tumor immunity in humans share similarities,
associating with the presence of activated T cells targeting
xenoantigens or neoantigens respectively, xenogeneic cells
with xenoantigens could in a bystander manner expand pre-
existing neoantigen-specific T-cell populations, indicating
the possibility of antigen spreading. The antigen spread-
ing of an anti-tumor T-cell response to truly tumor-specific
antigens has been proposed to contribute decisively to
tumor regression [35]. We postulated that due to molecu-
lar mimicry, neoantigens share homology to xenoantigens.
For example, TP53, whose mutations present in half of BC,
differs in several amino acids cross-species (Supplementary
Fig. S3), and thus, xenogeneic TP53 peptides of xenogeneic
cells could be recognized by the host T-cell receptor (TCR)
repertoire and serve as a partial surrogate for spreading dif-
ferential neoantigen immunogenicity, leading to “bystander
activation” of anti-tumor activity. Xenoantigens are immu-
nogenic, but preserving an optimal homology range with
host self proteins, and thus, xenogeneic vaccination has been
tested in preclinical mouse models and several clinical stud-
ies. In mouse melanoma model, immunization with human
tyrosinase-related protein 1 (hTRP1) (or gp75) elicited
antibody or cytotoxic T-cell responses to gp75 and immu-
nized mice rejected metastatic melanomas and developed
patchy depigmentation in their coats [36]. Xenogeneic DNA
immunization with xenogeneic human TRP-2 (hTRP2) DNA
immunization prevented local recurrence and the develop-
ment of metastases in a mouse model of minimal residual
melanoma by a mechanism requiring CD4(+) and CD8(+)
T cells [37]. Xenogeneic human tyrosinase plasmid DNA
vaccination of dogs with advanced malignant melanoma
showed potentially therapeutic activity [38]. In human clini-
cal trials on malignant melanoma patients, DNA vaccines
encoding xenogeneic melanosomal antigens (tyrosinase,
gp100) induced CD8(+) T-cell responses [39] and epitope
spreading of CD8 + T-cell response was observed [40].
Our novel intravesical xenogeneic urothelial immuno-
therapy is a local therapy with intravesical delivery of cells
which enables local administration with minimal systemic
exposure and efficient route to tumor sites, reducing the risk
of potential severe immune reactions of systemic immuno-
therapy [41]. As a result, it could be applied in primary
bladder tumors of locally advanced and metastatic BCs in

monotherapy or combination with chemotherapy and even
extended to non-muscle invasive BC and there has been a
trial for patients with high-risk non-muscle invasive bladder
cancer (NMIBC) unresponsive to bacillus Calmette—Gué-
rin (BCG) treated with PD-1 inhibitors [42]. Yet, the risk
of xenozoonotic (cross-species) infections such as porcine
endogenous retroviruses poses another concern for the suc-
cessful use of xenogeneic cell therapy in treating human
diseases. However, the mitigation of xenozoonotic risks can
be achieved through the use of donor pigs from designated
pathogen-free (DPF) herds [43] and precisely removing por-
cine endogenous retrovirus genes anywhere in the genome of
pigs with CRISPR/Cas9 genome editing technology [44] to
reduce the risk of xenozoonotic infection for more possible
clinical uses.

In conclusion, using two immunocompetent bladder
tumor mouse models that recapitulates immune-tumor inter-
action to test our novel xenogeneic urothelial cell immu-
notherapy strategy, significant anti-tumor efficacy has been
shown that therapeutic intravesical administration of xeno-
geneic urothelial cells facilitated T-cell activation and pro-
voked vigorous anti-tumor immunity in monotherapy and
had higher activity in combined treatment with standard of
care chemotherapy. Thus, our preclinical study supports its
evaluation for the treatment of BC in humans.
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