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Abstract.
BACKGROUND: Bladder cancer is the fourth most common cancer for men. However, women are often diagnosed with later
stage disease and have poorer outcomes. Whether immune-based sex differences contribute to this discrepancy is unclear. In
addition, models to investigate tumor-specific immunity in bladder cancer, in the context of tumor development or response
to therapy, are lacking.
OBJECTIVE: To address this specific unmet need, we incorporated a commonly used model antigen, ovalbumin, into two
well-established models of bladder cancer; the orthotopic MB49 cell line model and the carcinogenic BBN bladder cancer
model.
METHOD: We tested the utility of these models to investigate tumor-specific immunity in the context of immunotherapy in
both sexes.
RESULTS: We found that BCG vaccination, prior to weekly BCG instillation does not impart an immune-specific benefit to
tumor-bearing mice in the context of multiple BCG instillations. Furthermore, tumors developed in the testes in male mice,
precluding the use of the MB49 model to directly investigate sex-based immune differences. In the BBN model, we observed
that more tumor antigen-specific CD8+ T cells infiltrated male bladders compared to female bladders in the context of BCG
immunotherapy whereas regulatory T cells had higher levels of the exhaustion marker PD-1 in female mice.
CONCLUSIONS: We propose our modified BBN model will contribute to our understanding of how tumor-specific immunity
arises in bladder cancer. Additionally, the BBN bladder cancer model may help to uncover sex differences in tumor-specific
immunity, which would provide valuable information for the development of new treatments or combination therapies for
bladder cancer in women and men.
Keywords: Bladder cancer, preclinical model, antigen-specific, sex differences, T cell immunity, myeloid cell immunity,
mouse model, BCG
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INTRODUCTION
Bladder cancer is an exceedingly common disease comprised of diverse clinical and molecular
subgroups that is approximately three times more
prevalent in men than women [1]. At initial diagnosis, ∼75% of cancers are nonmuscle invasive with
different grades, stages and risk levels [2]. Nonmuscle invasive bladder cancer (NMIBC) has highly
variable five year recurrence and progression rates
following transurethral tumor resection, however
these rates are mitigated by Bacillus CalmetteGuérin (BCG) immunotherapy [3, 4]. Intravesical
administration of BCG, a passage-attenuated strain
of Mycobacterium bovis, has been the standard
of care for NMIBC since Morales and colleagues
demonstrated in 1976 that it reduces tumor recurrence [3, 5]. Subsequent clinical studies show that
patients with NMIBC have better clinical outcomes and progression-free survival when BCG
immunotherapy follows transurethral tumor resection
[3, 4].
Although BCG immunotherapy has been used to
treat NMIBC for more than 40 years, the mechanism by which it mediates tumor immunity is still
incompletely understood [3, 6]. It is clear, however, that BCG induces a complicated interplay of
innate and adaptive immune responses and crosstalk among many cell types. Lasting protection
requires CD4+ and CD8+ T cells, as the absence
of these populations, either individually or together,
abolishes BCG-mediated anti-tumor immunity [7,
8]. These effector T cell responses are shaped by
innate immunity. For example, neutrophils, which
mediate acute inflammation, induce T cell migration, and neutrophil depletion significantly impairs
CD4+ T cell trafficking to the bladder, abrogating the antitumor activity of BCG [9]. Infiltrating
monocyte-derived cells encounter a suppressive
tumor microenvironment that induces their polarization to alternatively-activated macrophages, which
may favor tumor development [10, 11]. These M2like cells contribute to an immunosuppressive type
2 immune response, which in turn shapes T helper
(Th ) cell bias. This is particularly relevant in bladder
cancer, as the Th 1:Th 2 ratio, and more specifically,
the bias of CD4+ T cells towards a Th 1 profile, is
crucial for BCG-mediated tumor immunity. Indeed,
BCG immunotherapy is ineffective in mice deficient
for the Th 1 cytokines IFN␥ and IL-12, but is improved
in mice lacking the Th 2 cytokine IL-10 [12].

BCG immunotherapy induces long lasting immunity, however the antigens recognized by the immune
system, particularly in early stages, are largely
unknown. BCG immunotherapy induces immunity
to the bacteria themselves, which may contribute to
its efficacy as patient seroconversion during BCG
therapy is correlated with better outcomes [13, 14].
Pre-existing immunity to BCG from childhood vaccination may also enhance response to therapy [15].
This can be modeled in animals by vaccination
prior to tumor induction. For example, compared to
control-treated animals, rats pre-sensitized to BCG
have reduced tumor progression after BCG intralesional injection. BCG-vaccinated dogs have a greater
inflammatory response including increased immune
cell infiltration into the bladder following BCG instillation [16, 17]. In mice, BCG vaccination induces
accelerated T cell infiltration into the bladder following a single intravesical instillation of BCG and;
confers a survival advantage to vaccinated mice over
non-vaccinated mice in an orthotopic tumor model
[15]. Humans with pre-existing BCG immunity have
improved outcomes, such as longer recurrence-free
survival intervals, following immunotherapy [14, 15].
BCG immunity is, however, an imperfect surrogate
for tumor immunity in preclinical models and in
patients.
As additional immunotherapeutic approaches,
including checkpoint inhibition, demonstrate some
success in the treatment of bladder cancer [18], it
is vital to understand how tumor antigen-specific
immunity is influenced by immunotherapy, particularly to dissect why these therapies are not always
successful [19]. Critically, models and tools to investigate tumor-specific immunity in bladder cancer are
lacking. Our goal for this study was to develop
an optimized preclinical bladder cancer model in
which we could assess the influence of immunotherapy on tumor-specific immunity in both sexes. As
bladder cancer is approximately three times more
common in men than in women, and innate bladder mucosal responses differ between the sexes in
infection, we used female and male mice in both
models to uncover potential sex-based differences
in tumor immunity [20, 21]. To develop these models, we incorporated a known model antigen into two
well-established models of bladder cancer. We measured immune responses, including tumor-antigen
specific responses, following BCG and checkpoint
inhibition in female and male mice. We found that
immunity differs depending upon the model used, and
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that immunotherapeutic approaches may impact the
adaptive immune responses differently in male and
female mice.
MATERIALS AND METHODS
Ethics statement
Experiments were conducted at Institut Pasteur in accordance with approval of protocol
number 2016–0010 by the Comité d’éthique en
expérimentation animale Paris Centre et Sud (the
ethics committee for animal experimentation), in
application of the European Directive 2010/63 EU.
Mice were anesthetized by injection of 100 mg/kg
ketamine and 5 mg/kg xylazine and sacrificed by carbon dioxide inhalation. Groups were determined by
partitioning of animals into cages upon their arrival
to the animal facility.
BCG substrain stocks
BCG Connaught, Tice, Danish, China, Japan, and
RIVM were expanded from commercial preparations. For preparation of stocks used for vaccination
and intravesical instillation, BCG strains were grown
shaking (100 RPM) at 37◦ C in 7H9 Middlebrook medium (Sigma-Aldrich), complemented with
ADC supplement (Sigma-Aldrich) and 0.2% glycerol (Sigma-Aldrich) for 10 days when BCG reached
exponential growth phase. The BCG was pelleted,
washed with PBS, and pelleted again. Pellets were
resuspended in 5 ml PBS and BCG aggregates disassociated in GentleMACS M tubes using two cycles
of the RNA01.01 setting on a GentleMACS machine
(Miltenyi Biotech). The OD600 was determined, cultures diluted with PBS to 3 × 107 colony forming
units (CFU)/ml, and 1 mL stocks were aliquoted into
cryovials (Nunc) and stored at –80◦ C until use. The
number of viable BCG in stocks was determined
by serial dilution and plating on 7H11 Middlebrook
plates (Sigma-Aldrich), containing OADC supplement (Sigma-Aldrich) and 0.25% glycerol, at the time
of each use (vaccination or intravesical instillation).
Plates were incubated at 37◦ C for 2–4 weeks and
colonies counted.
Cell culture and MB49 transduction
Plat-E cells (Cell Biolabs), a retroviral packaging cell line [57], were thawed, cultured in
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D10 medium (DMEM (Life Technologies SAS),
10% fetal calf serum, 1 mM HEPES buffer (Life
Technologies SAS), 1 mM sodium pyruvate (Life
Technologies SAS), 1% 100X non-essential amino
acids (Life Technologies SAS)) at 37◦ C, 5% CO2 ,
for 2 days, then passaged 1:2 and cultured overnight
in R10 medium (1X Roswell Park Memorial Institute (RPMI, (Life Technologies SAS), 10% fetal calf
serum, 1 mM HEPES buffer, 1 mM sodium pyruvate,
1% 100X non-essential amino acids) plus 1 g/ml
puromycin and 10 g/ml blasticidin (Invitrogen)).
Plat-E cells were transfected with a plasmid encoding
mCherry-ovalbumin fusion [58] with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s
instructions, and incubated for 2 days. The culture
supernatant was removed, centrifuged for 4 minutes
at 1500 g, 4◦ C, and stored at –80◦ C. MB49 cells
expressing luciferase [59] were cultured in a 6-well
plate in R10 medium for 3 days before transduction. For transduction, media was removed from the
MB49 cells, the virus-containing supernatant was
thawed, mixed with polybrene (Sigma-Aldrich) at
a concentration of 0.1%, added to the MB49 cells,
and incubated at 37◦ C, 5% CO2 for 1 hour. Following incubation, the plate was centrifuged at room
temperature for 1½ hours at 1000 g, incubated for 2
hours at 37◦ C, 5% CO2, and then resuspended in R10
medium. mCherry positive cells were sorted using a
BC FACSAria II cell sorter. mCherry expression was
confirmed by flow cytometry. R10 medium was used
to grow MB49 and MB49mCh−ova cells. Cells were
expanded and then frozen in bulk in 50% fetal calf
serum, 10% DMSO, 40% R10 medium and stored
in liquid nitrogen until use. Cells were allowed to
recover at 37◦ C and 5% CO2 2–4 days before tumor
implantation.
In vivo animal experiments
Mice: Male and female OT1 and URO-OVA transgenic mice [24, 25, 35] were bred at the Institut
Pasteur. URO-OVA mice were a kind gift from Yi
Luo, University of Iowa. Male and female C57BL/6J
mice were purchased from Charles River, France.
BCG vaccination: Animals were vaccinated subcutaneously at the base of the tail with 3 × 106 colony
forming units (CFU) of BCG Connaught in 100 L
PBS. Mock treated mice were injected with 100 L
PBS.
BCG-specific T cell determination: Spleens were
passed through 70 m filters (Miltenyi Biotech) into
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FACS buffer (PBS, 2% fetal calf serum, 0.2 mM
EDTA), washed with PBS, and resuspended in 1X
BD Pharm lyse buffer (BD Biosciences) for red blood
cell lysis. Washed and pelleted splenocytes were
resuspended in 1 mL FACS buffer, and 200 L of
splenocytes were mixed with fluorophore-conjugated
BCG-specific tetramers (Db -restricted GAP (GAPINSATAM) peptide 100 g/sample, produced in
house) and ␣-CD16/CD32 FcBlock (BD Bioscience)
for 20 minutes. Cells were subsequently stained with
antibodies to CD3, CD4, CD8 for 30 minutes. Samples were acquired on a BD LSRFortessa using DIVA
software and data were analyzed by FlowJo software
(Treestar).
Preparation of OT1 T cells: Spleens from transgenic OT1 transgenic mice were pressed through a
70 m filter (Miltenyi Biotech), washed with PBS,
and resuspended in 1X BD Pharm lyse buffer for red
blood cell lysis. In the BBN model, at week 12, 106
OT1 T cells in 100 L of PBS were transferred to
mice intravenously.
Orthotopic model: MB49 cell stocks were thawed
and cultured for 2–4 days in R10 medium before
implantation. For tumor implantation, mice were
anaesthetized and bladders drained of urine by pressure to the lower abdomen. Bladders were pre-treated
by transurethral instillation of 25 L poly-L-lysine
(0.1 mg/ml in PBS (Sigma-Aldrich)) for 20 minutes.
Poly-L-lysine was then aspirated and 2 × 105 MB49
or MB49mCh−ova cells (resuspended in 50 L PBS)
were instilled into the bladder. Cells were retained
in the bladder for 20 minutes before catheter withdrawal.
Bioluminescence imaging: Both MB49 or
MB49mCh−ova cells express luciferase. In all mice
instilled with tumors, tumor take was verified using
the IVIS Spectrum In Vivo Imaging System on
day 4 and day 7 post tumor instillation. The lower
abdomen was shaved and animals were injected
intraperitoneally (IP) with 150 l of luciferin salt
solution (33.3 mg/ml) (Synchem) in PBS. After 5
minutes, mice were anesthetized by inhaled isoflurane and bioluminescence (total photons acquired)
from tumor cells was visualized using the IVIS
machine. Importantly, although treatments were
begun on day 2 and/or day 3 post-tumor implantation, any animal that did not have a positive signal
at day 7 post-tumor instillation was excluded from
analysis.
Chemical induction model: Mice were given drinking water containing BBN (TCI America) at a
concentration of 0.05%. BBN-containing water bot-

tles (protected from light) were changed once per
week until the end of the experiment.
Immunotherapy protocols: For therapeutic BCG
intravesical instillation, MB49 tumor-bearing mice
were anaesthetized at 2, 9, and 16 days post-MB49
implantation and BBN-treated mice were anaesthetized at weeks 12, 13, and 14 after the start of
BBN administration. Their bladders were emptied
and 5 × 106 CFU of BCG Connaught was instilled
intravesically in 50 L PBS. Three instillations were
used to avoid the necessity of sacrificing animals with
obstructive tumors due to the rapid growth of MB49.
Three instillations were maintained for the BBNtreated animals. For checkpoint inhibition, 200 g of
anti-PD-L1 antibody (clone 10F.9G2) were injected
into the mouse IP. 24 hours after the last BCG treatment, mice were euthanized, and bladders collected,
weighed, and analyzed by flow cytometry.
Flow cytometry
Bladders were dissected, minced with scissors,
and digested in 0.34 U/ml Liberase TM (0.06 mg/ml,
Roche) as previously described for 60 minutes at
37◦ C with manual agitation every 15 minutes [32].
Cell suspensions were passed through a 100 M filter
(Miltenyi Biotech), and washed with PBS. Cell suspensions were stained with the Zombie Red fixable
viability kit (Biolegend) prior to cell surface protein
labeling according to the manufacturer’s instructions.
Finally, cells were resuspended in FACS buffer (PBS,
2% fetal calf serum, 0.2 mM EDTA), incubated with
1% Fc block (CD16/CD32), and stained with the antibodies shown in Table 1. Cells were enumerated using
AccuCheck counting beads (Invitrogen), according to
the manufacturer’s instructions.
Statistical analysis
To plot graphs and determine statistical significance, GraphPad Prism V8 was used. The
non-parametric Mann-Whitney test (2 groups) and
Kruskal-Wallis test (3 or more groups) were used
to determine statistical significance. In the case
that more than 2 groups were being compared or
to correct for comparisons made within an entire
analysis or experiment, calculated p-values were
corrected for multiple testing with the false discovery
rate (FDR) method, (https://jboussier.shinyapps.io/
MultipleTesting/), to determine the false discovery
rate adjusted p-value. All calculated p-values are
shown in the figures, and those that met the criteria
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Table 1
Antibodies used for flow cytometry
Antibody
CD3
CD3
CD11c
CD25
Gr1 (Ly6C/Ly6G)
NK1.1
CD4
CD4
CD8
CD11b
CD45
CD45.1
CD45.2
CD103
SiglecF
CD274
CD279
FR4
MHCII
F4/80
CD64

Clone

Company

145-2C11
500A2
HL3
PC61
RB6-8C5
PK136
RM4-5
GK1.5
53–6.7
M1170
30-F11
A20
104
M290
E50-2440
MIH5
J43
eBio12A5
M5/114.15.2
MCA497A488
X54-5/7.1

BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Horizon
eBioscience
BD Horizon
BD Horizon
BD Horizon
BD Pharmingen
BD Horizon
BD Horizon
BD Horizon
BD OptiBuild
BD OptiBuild
eBioscience
eBioscience
Serotec/BIORAD
Biolegend

for statistical significance (p < 0.05) are denoted with
red text.
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CD8+ T cell priming in C57BL/6 mice compared to
BCG Tice, and correlates with superior protection in
bladder cancer patients [22]. To determine whether
other substrains induce variable BCG-specific T cell
priming, we vaccinated 6 week old tumor-free female
C57BL/6 mice subcutaneously with PBS or BCG
strains Connaught, Tice, Danish, China, Japan, or
RIVM (Medac). We analyzed splenocytes after 15
days using Db -Mtb32 tetramers, which bind the TCR
of CD8+ T cells specific for the Mycobacterium
epitope GAPINSATAM [23]. BCG Connaught and
Danish substrains were the only strains to significantly induce BCG-specific CD8+ T cell priming
over PBS-treated mice (Fig. 1). BCG substrains Tice,
China, Japan, and RIVM did not induce the development of BCG-specific T cells over the proportion or
number of specific T cells observed in PBS-treated
animals (Fig. 1). Notably, BCG Connaught induced
the greatest number of BCG tetramer-positive T cells,
and as such, we chose to use this strain to investigate
the induction of BCG-mediated tumor immunity in
this study.
BCG vaccination does not induce BCG-speciﬁc
T cell inﬁltration into bladders

RESULTS
BCG Connaught and BCG Danish induce robust
T cell priming in vivo
Previously, we demonstrated that the BCG Connaught substrain induces more robust BCG-specific

In BCG-vaccinated mice, T cell infiltration into
the bladder following a single intravesical instillation of BCG is equivalent to the level of T cell
infiltration observed in unvaccinated mice instilled
three times with BCG [15]. As patient populations,
naı̈ve or not to BCG, receive more than one intrav-

Fig. 1. BCG Connaught and Danish induce robust T cell priming in vaccinated mice. Six week old tumor-free female C57BL/6 mice
were vaccinated subcutaneously with PBS or 3 × 106 CFU of BCG substrains Tice, Connaught, Danish, China, Japan or RIVM (Medac).
BCG-specific CD8+ splenic T cells were identified by flow cytometry using Db -Mtb32 tetramers 15 days post-vaccination. Graphs depict
the percentage and number of BCG-specific CD8+ T cells in mice vaccinated with each strain. Each dot represents one mouse, lines are
medians. Data are pooled from three independent experiments. ****p < 0.0001, Kruskal-Wallis test comparing each strain to the PBS control
group with Dunn’s post-test to correct for multiple comparisons.
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esical BCG instillation in the context of an induction
cycle, we tested whether multiple BCG instillations
would induce even greater T cell infiltration in vaccinated animals. We subcutaneously injected 6 week
old female C57BL/6 mice with PBS or BCG and,
2–3 weeks later, treated all animals with intravesical
BCG once per week for three weeks (Fig. 2A). We
analyzed bladder-associated antigen-presenting and
effector cell populations by flow cytometry 24 hours
after the final instillation. BCG vaccination did not
alter the total cellularity or the number of CD45+
immune cells in the bladder (Fig. 2B). Resident
macrophage and dendritic cell (DC) populations were
not different between PBS and BCG-vaccinated mice
treated three times with intravesical BCG (Fig. 2B).
Vaccinated animals had a significant increase in the
number of mature (i.e. MHC II+ ) monocyte-derived
cells recruited from circulation compared to PBStreated mice (Fig. 2C). Finally, while there were no
differences in total CD3+ T cell recruitment, CD4+ T
cells were significantly increased in BCG-vaccinated
mice compared to the PBS-treated group (Fig. 2C).
We next considered whether vaccination would
also improve effector cell infiltration in the context
of a tumor. Six week old female C57BL/6 mice
were subcutaneously injected with PBS or BCG and
2–3 weeks later, orthotopically implanted with the
syngeneic tumor cell line MB49, which expresses
luciferase. Tumor implantation was verified by bioluminescent imaging at day 7 post-implantation.
PBS control-treated and BCG-vaccinated mice were
treated intravesically with BCG 2 days after tumor
implantation, and then once per week for a total of
three treatments (Fig. 2D). A third group, which was
injected with PBS at the start of the experiment, was
implanted with MB49 but not treated with intravesical therapy. Similar to tumor-naı̈ve mice in Fig. 1C,
we were unable to identify differences in total CD3+
T cell infiltration between tumor-bearing PBS-treated
and BCG-vaccinated mice receiving BCG intravesical therapy, and, surprisingly, we observed no
differences between these groups and tumor-bearing
animals receiving no treatment at all (Fig. 2E). In
addition, there were no differences in CD4+ or CD8+
T cell infiltration among the three groups, suggesting
that in this model, effector cell infiltration is tumordriven, rather than induced by BCG (Fig. 2E). We
hypothesized that although total T cell numbers were
not different, BCG-specific T cell infiltration may differ among the groups. Using Db -Mtb32 tetramers, we
identified a very small population of BCG-specific
CD8+ T cells in bladder tissue that was not differ-

ent among the groups. Furthermore, the number of
tetramer+ CD8+ T cells in bladders was more than
1000 times lower than the number of tetramer+ T
cells in the spleens of vaccinated animals (Fig. 2E,
compare red dots to black). This finding suggests that
T cells in the bladder are not BCG-specific T cells.
The specificity of these T cells, in particular towards
tumor antigens however, is unclear.
A model antigen-containing MB49 cell line,
MB49mCh−ova , induces immune cell inﬁltration
One limitation of the MB49 orthotopic tumor
model is that it cannot be used to directly investigate
tumor-specific immunity because antigens arising
from the tumor are not known. We transduced an
MB49 cell line to express mCherry red fluorescent protein (mCh) fused to ovalbumin (ova), a
widely-used model antigen, which can be followed
using transgenic mouse tools [24, 25]. The resultant strain, MB49mCh−ova , also expressed luciferase,
permitting tumor detection in live mice by in vivo
imaging (Fig. 3A). Red fluorescent protein was
easily detected by flow cytometry (Fig. 3B). To
test whether modification of MB49 altered its ability to induce inflammation or form tumors, we
assessed tumor implantation and immune cell infiltration in mice using either the parental MB49 strain
or MB49mCh−ova . We calculated the implantation
rates (percentage of success) by dividing the number of mice with tumors by the total number of mice
implanted per experiment. Implantation was more
variable in MB49mCh−ova -implanted mice compared
to mice receiving the parental MB49 cell line. However, as these experiments were always performed by
two investigators working together, the differences
in implantation rate likely reflect variation in investigator experience rather than true differences in the
tumor implantation rate between the cell lines, which
is supported by improved MB49mCh−ova implantation over time (Fig. 3C, the order of experiments
is shown). Importantly, to overcome this technical
challenge, in all analyses, we only included animals
with tumors verified by in vivo imaging at 7 days
post-tumor instillation, because it cannot be determined whether an immune response eradicated the
small tumor burden prior to day 7 or tumor implantation failed in these animals. With respect to immune
cell populations, we observed no differences between
MB49 and MB49mCh−ova -implanted mice in total
CD45+ cells; resident macrophage and DC populations; infiltrating myeloid cells, such as mature (MHC
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Fig. 2. BCG-specific T cells do not infiltrate the bladder. (A) Schematic of the experiment depicted in B and C. Briefly, six week old
female C57BL/6 mice were vaccinated subcutaneously with PBS or 3 × 106 CFU of BCG Connaught. Two to three weeks later the mice
received 5 × 106 CFU of BCG Connaught intravesically once a week for three weeks. 24 hours after the last instillation, the bladders are
analyzed by flow cytometry. (B and C) Graphs depict total specified immune cell populations. (D) Schematic of the experiment depicted in
E, which is the same as shown in A, except two to three weeks post-vaccination mice received 2 × 105 MB49 cells by intravesical instillation.
PBS or BCG Connaught administration was started two days after tumor implantation. One group received no injections or intravesical
instillations. 24 hours after the last instillation, the bladders are analyzed by flow cytometry. (E) Graphs depict total specified immune cell
populations. Red dots denote the total number of BCG-specific CD8+ T cells found in the spleens of vaccinated mice. Data are pooled
from 2–3 experiments, n = 5–7 mice per experiment. Each dot represents 1 mouse, lines are medians. Significance was determined using the
nonparametric Mann-Whitney test to compare vaccinated to unvaccinated mice for each immune population shown, and the p-values were
corrected for multiple testing using the false discovery rate (FDR) method. All calculated/corrected p-values are shown and those meeting
the criteria for statistical significance (p < 0.05) are depicted in red.
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Fig. 3. The MB49mCh−ova cell line induces immune cell infiltration. Six week old female C57BL/6 mice were instilled with 2 × 105 MB49
or MB49mCh−ova cells. Presence of a tumor was verified by in vivo imaging and immune cell populations were quantified by flow cytometry
on day 14. (A) Representative image of tumor detection in vivo using the IVIS Spectrum In Vivo Imaging System on day 7 post tumor
instillation. (B) Dot plots depict mCherry fluorescent protein expression in the parental MB49 cell line and the MB49mCh−ova cell line. (C)
Graph shows the implantation rate for MB49 or the MB49mCh−ova on day 7 post tumor instillation in C57BL/6 female mice. The numbers
indicate the order in which the experiments were performed. (D) Graphs depict total specified immune cell populations. Graphs are pooled
from 2 experiments, n = 5 mice per experiment, animals without tumors by day 7 were excluded from analysis. Each dot represents 1 mouse,
lines are medians. In (D), significance was determined using the nonparametric Mann-Whitney test to compare immune cell populations
between the parental and the modified MB49 implanted mice, and p-values were corrected for multiple testing over all analyses using the
FDR method.

II+ ) and immature (MHC II− ) monocyte-derived
cells, eosinophils, or neutrophils; or T lymphocytes
(Fig. 3D), indicating the mCherry-ova transgene did
not impact MB49-induced immune cell infiltration.
BCG vaccination increases immune cell
inﬁltration in combination with checkpoint
inhibition
As we did not observe differences in effector cell
infiltration in the presence or absence of BCG vac-

cination in tumor-bearing mice (Fig. 2E), we tested
whether vaccination would alter immune cell infiltration in combination with checkpoint inhibition.
Six week old female C57BL/6 mice were vaccinated or not with BCG Connaught, and 2–3 weeks
later MB49mCh−ova cells were instilled into the bladder. Two days post-tumor implantation, all mice
received BCG intravesically and day 3 post-tumor
implantation, all mice received anti-programmed
death-ligand 1 (␣-PD-L1) antibody intraperitoneally,
similar to the dosing schedule in humans (Fig. 4A).
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Fig. 4. BCG vaccination combined with checkpoint immunotherapy increases innate immune cell, and CD8+ T cell infiltration. (A) Schematic
of experiment depicted in B-E. Six week old female C57BL/6 mice were vaccinated with PBS or 3 × 106 CFU of BCG Connaught and
instilled with 2 × 105 MB49mCh−ova cells 2–3 weeks later. All mice received 5 × 106 CFU of BCG Connaught intravesically two days
post-tumor instillation and then once a week for a total of 3 instillations. On day 3, 6, and 9 post tumor instillation, all the mice received
␣-PD-L1 immunotherapy (indicated as CPI in the X-axes) by intraperitoneal injection. 24 hours after the last BCG instillation. Bladder
immune cell populations were analyzed by flow cytometry. (B-E) Graphs depict total specified immune cell populations. (F) Representative
image of in vivo tumor detection in female and male mice 7 days post-tumor implantation. In B-E, data are pooled from 2 experiments,
n = 4–5 mice per experiment, animals without tumors by day 7 were excluded from analysis. Each dot represents 1 mouse, lines are medians.
Significance was determined using the nonparametric Mann-Whitney test to compare vaccinated to unvaccinated mice for each immune
population shown, and the p-values were corrected for multiple testing using the FDR method. All calculated/corrected p-values are shown
and those meeting the criteria for statistical significance (p < 0.05) are in red.
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As above, mice without luminescent tumors on day
7 were excluded. BCG intravesical therapy was
continued on days 9 and 16 post-tumor implantation and ␣-PD-L1 antibody was given on days
6 and 9 post-tumor implantation for a total of
three treatments with each therapy (Fig. 4A). We
analyzed bladders 24 hours after the final BCG treatment by flow cytometry. There were no differences
in the number of CD45+ immune cells between
vaccinated and unvaccinated mice (Fig. 4B). We
also observed no changes in the quantity of cells
with antigen-presenting capabilities, such as resident macrophages, DC subsets, or mature MHC II+
monocyte-derived cells between unvaccinated and
vaccinated mice (Fig. 4C). Infiltrating CD4+ T cell
numbers were not different between the two groups,
however there were significantly more CD8+ T cells
in the vaccinated group (Fig. 4D). Surprisingly, we
found that in the context of intravesical BCG and
␣-PD-L1 antibody treatment, vaccinated mice had
greater myeloid cell infiltration, including immature
MHC II− monocyte-derived cells, eosinophils, and
neutrophils, into the bladder compared to unvaccinated mice (Fig. 4E), suggesting that vaccinated mice
have a more pro-inflammatory bladder microenvironment.
Typically, only female mice are used for the
MB49 mouse model as catheterization of male
mice is reported to be unattainable by many preclinical bladder studies [26–30]. Given that more
men than women develop bladder cancer, and that
sex differences contribute to this bias in incidence
[31], we used a male mouse intravesical instillation
protocol that we previously optimized to measure
sex-specific differences in innate immunity to urinary tract infection [20, 32]. We implanted female
and male mice with MB49 to determine whether sex
differences impact immunity or response to BCG.
We monitored tumor growth by in vivo luminescence imaging. To our great disappointment, while
tumors were detected in the bladders of female mice,
in male mice, luminescence was detected exclusively in the testes (Fig. 4F). In summary, our
results suggest that the MB49 model is inappropriate to address sex differences, and that while
it may be that BCG vaccination enhances BCG
immunotherapy in combination with checkpoint inhibition, it is difficult to easily assess these subtle
differences as the rapid tumor growth of MB49 or
MB49mCh−ova renders this orthotopic model of limited utility.

The BBN model permits study of sex-speciﬁc
immune responses to immunotherapy
As we eliminated the MB49mCh−ova model as
a means to investigate potential sex-specific differences in response to immunotherapy, we turned to
the N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN)
bladder cancer model. BBN, a carcinogen that specifically promotes the development of bladder cancer,
has been used to investigate tumor development for
more than 50 years [33, 34]. Notably, this model
has not been extensively exploited for investigation
of the immune response to tumor development. To
follow tumor-specific immunity, we used the transgenic URO-OVA mouse, which expresses ovalbumin
from the bladder-specific uroplakin II promoter [35].
Importantly, in the absence of activated transgenic
CD8+ OT1 T cells, which recognize ovalbumin,
the URO-OVA mouse develops normally [35]. We
reasoned that BBN-treated URO-OVA mice would
develop tumors expressing an endogenous “tumor”
antigen, ovalbumin. By adoptively transferring CD8+
OT1 T cells, we could follow development of tumorspecific immunity in the context of immunotherapy
(Fig. 5A). Additionally, this model can be used to
investigate sex differences. To validate this approach,
we recapitulated the finding that BBN treatment
induces larger tumors in male mice compared to
female mice given BBN for the same period of time.
(Fig. 5B) [31, 33].
Immune cell inﬁltration is not altered in
BCG-vaccinated BBN tumor-bearing URO-OVA
mice
Having established that BBN induces tumor
growth in the URO-OVA mouse, we tested whether
immunity to BCG would impact immune cell infiltration in the BBN model, as, to the best of our
knowledge, this has not been previously reported. Six
week old female and male URO-OVA mice were vaccinated or not with BCG and given 0.05% BBN in
the drinking water for 12 weeks. At week 12, 1 × 106
CD8+ OT1 transgenic T cells were adoptively transferred into all mice and at 12, 13, and 14 weeks, mice
were treated with BCG intravesically (Fig. 5A). This
timepoint was chosen to favor smaller tumors that are
not yet muscle-invasive [33, 34]. Mice were sacrificed
for analysis by flow cytometry 24 hours after the final
BCG instillation. Surprisingly, we detected no statistically significant differences between unvaccinated
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Fig. 5. BCG vaccination does not impact immune cell infiltration in the BBN model. (A) Schematic of the experiments for data shown in
this figure, Fig. 6, and Fig. 7. Six week old female (red dots) and male (blue dots) URO-OVA mice were injected subcutaneously with PBS
or 3 × 106 CFU of BCG Connaught and given 0.05% BBN in the drinking water for the duration of the experiment. OT1 splenocytes were
transferred by intravenous injection at week 12 and mice were treated with 5 × 106 CFU of BCG Connaught intravesically once a week for
three weeks. 24 hours after the last BCG instillation bladder immune cell populations were analyzed by flow cytometry. (B) Graph displays
the bladder weight of naı̈ve or tumor bearing female and male URO-OVA mice. (C, D, E, and F) Graphs depict total specified immune
cell populations. Graphs are pooled from 4 experiments, n = 1–6 mice per experiment. Each dot represents 1 mouse, lines are medians.
Significance was determined using the nonparametric Kruskal-Wallis test to compare vaccinated to unvaccinated mice for each immune
population shown, and the p-values were corrected for multiple testing using the FDR method. All calculated/corrected p-values are shown
and those meeting the criteria for statistical significance (q < 0.05) are depicted in red.
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and vaccinated mice of either sex in the number of
CD45+ immune cells (Fig. 5C). We also observed no
changes in antigen-presenting cells (APCs), including resident macrophages, DC subsets, or mature
MHC II+ monocyte-derived cells between unvaccinated and vaccinated mice (Fig. 5D). The number
of infiltrating immature MHC II− monocyte-derived
cells, eosinophils, and neutrophils was not different between the two groups in either sex (Fig. 5E).
Finally, there were no differences in total T cells,
or CD4+ and CD8+ T cell subsets (Fig. 5F). In
these analyses, we included an antibody against folate
receptor 4 (FR4), which is highly expressed on natural regulatory T cells [36], and while we detected
a large number of CD4+ regulatory T cells, there
were no differences between unvaccinated and vaccinated mice in either sex (Fig. 5F). As statistical
analysis supported that these data did not arise from
different distributions (range of p values = 0.43–0.96
for all populations measured) in any immune cell
populations investigated, we combined the data from
unvaccinated and vaccinated animals for further analysis.
CD4+ and CD8+ T cells upregulate PD-1 in
tumor bearing mice
Checkpoint inhibition immunotherapy in bladder
cancer has already shown great potential, [37–39].
As checkpoint molecules are upregulated during
immune responses, particularly in chronic inflammation and during checkpoint inhibition immunotherapy
in humans [40], we first compared the expression of
PD-L1 on innate immune cells and PD-1 on effector T cells from the mice in Fig. 5 to naı̈ve age
and sex matched animals. We observed that PD-L1
was increased on neutrophils, but not eosinophils or
immature monocytes, in BBN-treated mice compared
to naı̈ve mice in both sexes (Fig. 6A). Among APCs,
cells likely to engage effector T cells in the tumor
environment, PD-L1 expression was significantly
elevated on mature MHC II+ monocyte-derived cells
only in female mice, whereas resident macrophages
and both subsets of DCs in BBN-treated mice had
increased PD-L1 levels compared to naı̈ve animals
in both sexes (Fig. 6B). In addition, we observed that
PD-1 expression was elevated on CD4+ and CD8+ T
cells in both sexes of mice exposed to BBN compared
to naı̈ve mice (Fig. 6C). We were surprised to observe
PD-1 expression was higher on regulatory T cells only
in female BBN-treated mice compared to naı̈ve animals (Fig. 6C). Finally, OT1 T cells expressed the

highest levels of PD-1 of all T cell populations measured (Fig. 6D). As these cells were handled ex vivo,
we questioned whether these cells had upregulated
PD-1 prior to adoptive transfer. We measured PD-1
expression on CD8+ OT1 T cells just prior to transfer,
observing that their PD-1 expression was lower than
that observed on CD8+ OT1 T cells in BBN-treated
mouse bladders (Fig. 6D). Finally, although these
checkpoint molecules were significantly increased on
a number of immune cell populations, no differences
were observed in their expression between female and
male mice exposed to BBN (Fig. 6A–D).
More tumor antigen-speciﬁc T cells inﬁltrate
male bladders than female bladders
Finally, we analyzed immune cell infiltration and
potential sex differences between female and male
mice given BBN for 12 weeks and treated with BCG
immunotherapy. Naı̈ve age- and sex- matched animals were included to determine the magnitude of the
immune cell infiltrate. Compared to naı̈ve animals,
statistically significant CD45+ immune cell infiltration was readily apparent in both female and male
BBN-treated mice (Fig. 7A). Innate immune cells,
including neutrophils, eosinophils, and immature
MHC II− monocyte-derived cells were all significantly increased 10–100 times over naı̈ve mice in
both sexes (Fig. 7B). Interestingly, there were no differences in infiltration of these populations between
the sexes, in contrast to what we reported in the context of urinary tract infection, in which female mice
have a significantly greater number of immune cells
present in their bladders during infection [20]. APCs,
including MHC II+ monocyte-derived cells, resident
macrophages, and both subsets of DCs were significantly increased over numbers in naı̈ve mice in both
sexes (Fig. 7C). Effector immune cell infiltration,
including total CD3+ T cells, CD4+ T cells, CD8+
T cells, and CD4+ regulatory T cells were increased
over naı̈ve levels in both sexes (Fig. 7D). Remarkably, the only sex-specific difference with respect to
immune cell infiltration was in the number of tumor
antigen-specific CD8+ OT1 T cells, in which male
mice had greater numbers of these cells in their bladder (Fig. 7D).
DISCUSSION
Our aim in this study was to develop optimized
bladder cancer models in which tumor antigenspecific immunity can be studied during tumor
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Fig. 6. PD-L1 and PD-1 expression increases in male and female tumor-bearing mice. Mice were treated as shown in Fig. 5A. (A, B) Graphs
depict the geometric mean fluorescent intensity (gMFI) of PD-L1 or (C) PD-1 on the surface of the specified immune cell populations in
naı̈ve or tumor bearing female (red dots) and male (blue dots) URO-OVA mice. Graphs are pooled from 10 experiments, n = 1–7 mice per
experiment. Each dot represents 1 mouse, lines are medians. In 6D, “pre-ADT” = pre-adoptive transfer. Significance was determined using
the nonparametric Kruskal-Wallis test to compare naı̈ve to BBN-treated mice for each immune cell population and to compare female to
male BBN-treated mice. p-values were corrected for multiple testing using the FDR method. All calculated/corrected p-values are shown
and those meeting the criteria for statistical significance (p < 0.05) are in red.

development and treatment with known and novel
therapeutic agents and combinations. After incorporation of the same model antigen, ovalbumin, into
the MB49 orthotopic model and the BBN carcinogen model, we compared immune responses in these
two different, but commonly used bladder cancer
mouse models. These models are intended to help the
bladder cancer research community to dissect how
features of the tumor, including infiltrating immune
cells and associated microenvironment, contribute to
and are impacted by therapeutic approaches to support tumor immunity. With this knowledge, there
is the potential to rationally design combination
therapeutic approaches to reduce the incidence of

BCG unresponsiveness or tumor recurrence, specifically in women and men. In sum, we found that
using the URO-OVA mouse in the BBN carcinogenic model permitted the measurement of relevant
cell surface molecules and immune cell infiltration
in both female and male mice, leading to the identification of potential sex-influenced mechanisms
impacting tumor immunity, including the upregulation of checkpoint-associated markers on infiltrating
antigen presenting cells and T regulatory cells in
female animals and increased infiltration of antigenspecific T cells in male mice.
We began by investigating the impact of BCG
vaccination on the immune response to BCG ther-
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Fig. 7. More CD8+ tumor-specific T cells infiltrate male bladders than female bladders. Mice were treated as shown in Fig. 5A. Graphs
depict the total number of specified immune cell populations in naı̈ve or tumor-bearing female (red dots) and male (blue dots) URO-OVA
mice. Graphs are pooled from 10 experiments, n = 1–7 mice per experiment. Each dot represents 1 mouse, lines are medians. Significance
was determined using the nonparametric Kruskal-Wallis test to compare naı̈ve to BBN-treated mice for each immune cell population and
to compare female to male BBN-treated mice. p-values were corrected for multiple testing using the FDR method. All calculated/corrected
p-values are shown and those meeting the criteria for statistical significance (p < 0.05) are depicted in red.

apy. Whether to include BCG vaccination as a part
of bladder cancer patient treatment is debated. Vaccination was included in the original BCG therapy
protocol because purified protein derivative (PPD)
seroconversion, from PPD- to PPD+, correlated with
positive clinical outcomes [13, 41]. BCG vaccination
was abandoned, however, when it was demonstrated that percutaneous vaccination concurrent
with intravesical therapy did not impart additional
benefit to patients [60]. We found increased infiltration of monocyte-derived cells and CD4+ T cells
when BCG-vaccinated nontumor-bearing mice were
instilled with BCG three times, however CD8+ T cell
infiltration was not different from that observed in
the control PBS-injected, tumor-naı̈ve mice instilled
with BCG three times, suggesting that benefits from
vaccination may be overcome by repeated instillation. BCG vaccination did not impact the infiltration
of total CD4+ or CD8+ T cells into MB49 tumorbearing mice treated with BCG three times, nor did

it alter infiltration of any immune cell subset measured in the BBN tumor model. As BCG-vaccinated
mice survive MB49 orthotopic bladder tumor challenge better than nonvaccinated mice when treated
intravesically with BCG [15], our findings suggest
that the mechanism of survival in this model is not a
result of improved immune cell infiltration, but may
be due to differences in the type or quality of the
immune response induced.
It was disappointing that it was not possible to use
male mice in the MB49 orthotopic model, as this is a
commonly used model with tumors developing over
weeks, rather than months as in the BBN model. We
did recapitulate historical findings that BBN induces
tumor growth at a faster rate in male mice compared
to female mice [31, 33] in the URO-OVA transgenic
mouse, permitting use of this model to specifically
explore sex differences in the immune response to
immunotherapy in the BBN model. Greater understanding of the influence of sex and gender are needed
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in bladder cancer as men make up the majority of
bladder cancer patients, although women are often
diagnosed with more advanced disease and have
poorer outcomes [42, 43]. Sex hormone receptors
play a role in bladder cancer, as transgenic androgen
receptor expression in the bladder increases tumor
development in male and female mice, whereas mice
deficient for the androgen receptor, specifically in the
urothelium, are protected from BBN-induced tumorigenesis [44, 45]. In addition to sex hormone influence,
higher expression of the X-linked gene KDM6A
(lysine-specific demethylase 6A) is correlated with
reduced risk of bladder cancer in female mice and
women [31].
Whether specific differences in the immune
response to tumor growth or therapy exist between
the sexes is largely unknown. We had anticipated
finding differences in innate immune cell infiltration
in the BBN model, as we reported that neutrophils,
eosinophils, and monocytes infiltrate to a greater
extent in female mice with bladder infection compared to infected male mice [20]. While these cell
types robustly infiltrated bladders of BBN-treated
mice, they did so equally well in both sexes in this
model. Intriguingly, female mice had higher levels of
the checkpoint molecule PD-1 on infiltrating regulatory T cells, suggesting that these cells may be more
suppressive in female animals. An additional sexspecific difference that we measured was a greater
number of tumor antigen-specific CD8+ OT1 T cells
in male mice compared to female mice. Together,
these observations may provide some clues as to
why men experience fewer tumor recurrences compared to women [43]. Certainly, additional sex-based
immune-mediated differences are likely involved,
such as cytokine expression or T cell polarization, and
the BBN URO-OVA model will be useful to explore
these possibilities in future studies.
The MB49 orthotopic model and the BBN carcinogenesis model have been used to study bladder
cancer for more than 50 years. Each has its strengths
and weaknesses. Tumors in the MB49 model develop
rapidly, however MB49 cell lines vary considerably from lab to lab and in some cases, display
a rapid aggressive growth rate that precludes studies of adaptive immunity [28, 46]. In addition, the
tumor that develops is homogeneous, likely not accurately reflecting human bladder cancers [46]. The
induction of bladder cancer by BBN leads to more
heterogeneous tumors, which reflect human disease
[47, 48]. However, tumors require months to develop
and it is challenging to easily discern the stage and
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grade of tumors without sacrificing animals. With the
introduction of the same antigen, the impact of different interventions on tumor-specific immunity can
be directly compared between these models, potentially revealing additional important advantages or
disadvantages in these models.
Given that NMIBC accounts for approximately
75% of bladder tumors, of which 30–50% will not
respond to BCG therapy for unknow reasons; and that
a BCG shortage has been in existence since 2012 [49],
new therapies are urgently needed [6, 50–52]. Novel
immunotherapeutic approaches, such as checkpoint
blockade, that show considerable promise in muscle
invasive bladder cancer, are currently being tested to
determine whether they will also positively impact
NMIBC patient response, particularly in the subset
of individuals who do not derive benefit from BCG
therapy [37, 39, 53–55]. Indeed, improved immunity may only be possible with combination therapy,
targeting different aspects of the immune response
(e.g., trafficking, priming) or the tumor (e.g., stroma,
infiltrating cells). For example, ␣-PD-1 antibody
treatment slows tumor growth and extends survival
compared to untreated or control isotype antibody
treated mice in an MB49 subcutaneous tumor model,
however, all mice except one developed tumors by the
end of the experiment [56]. In this same study, ␣-PD1 antibody treatment reduced bladder weight and in
vivo radiance of MB49 luciferase-expressing tumors
in mouse bladders, however, 50% of treated mice
still died [56]. Interestingly, additional decreases in
radiance and bladder weight were not observed when
BCG was used in combination with ␣-PD-1 antibody
treatment. Here, we did not observe an increase in
overall T cell infiltration upon BCG therapy in BCG
vaccinated MB49 tumor-bearing mice. However, we
did observe a significant increase in CD8+ T cell
infiltration, which is critical for antitumor activity, in
vaccinated mice with combination BCG and ␣-PDL1 therapy, suggesting ␣-PD-1 therapy and ␣-PD-L1
therapy may synergize differently.
Our intention is that these models be used by the
bladder cancer research community to help establish
a rational basis for therapeutic intervention, such as
targeted depletion of specific immune cells or inhibition of immunosuppressive cytokines as alternative
or combination treatments. Understanding how resident and recruited immune cell populations, such as
macrophages, DCs, and T cells modulate response
to therapy and identification of suppressive pathways
will aid development of novel combination strategies
to improve patient response. Moreover, these mod-
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els will provide valuable information to understand
sex-differences in bladder cancer immunity, as well
as evidence to help development of new treatments
for muscle invasive bladder cancer as an alternative
to surgical resection and chemotherapy.

[3]

[4]

[5]

ACKNOWLEDGMENTS
We gratefully acknowledge insightful discussions,
technical support, and/or critical reading of the
manuscript by Dr John Taylor and Livia Lacerda Mariano. We thank our spouses and partners for being
supportive of our work-at-home efforts during the
COVID-19 pandemic.

[6]

[7]

[8]

CONFLICT OF INTEREST
The authors have declared that no conflict of interest exists.

[9]

FUNDING
MAI was supported by funding from The Leo &
Anne Albert Institute for Bladder Cancer Care and
Research, LabEx ImmunoOnco (ANR 10-LABX0015), and a Projets Fondation ARC award. We also
thank the Erasmus + programme and the University
of Glasgow, and in particular, Drs Simon Milling and
Robert Nibbs, for the academic opportunity offered
through the integrated Masters (MSci) program with
work placement in Life Sciences, which supported
the research visits of COB, EA, and HZ.

[10]

[11]

AUTHOR CONTRIBUTIONS
Conceptualization: MR, COB, EA, HZ, DC, MAI;
Methodology: MR, COB, EA, HZ, DC, TC, AZS,
MAI; Experimentation and data analysis: MR, COB,
EA, HZ, DC, TC, AZS, MAI; Writing - Original
Draft: COB, EA, HZ, DC, MAI; Writing - Review
& Editing: MR, COB, EA, HZ, DC, TC, AZS, MAI;
Funding Acquisition: MAI; Supervision: MR, MAI.

[12]

[13]

[14]

REFERENCES
[1]

[2]

Felsenstein KM, Theodorescu D. Precision medicine for
urothelial bladder cancer: update on tumour genomics and
immunotherapy. Nat Rev Urol. 2018;15(2):92-111.
Sanli O, Dobruch J, Knowles MA, Burger M, Alemozaffar M, Nielsen ME, Lotan Y. Bladder cancer. Nat Rev Dis
Primers. 2017;3:17022.

[15]

Pettenati C, Ingersoll MA. Mechanisms of BCG
immunotherapy and its outlook for bladder cancer. Nat Rev
Urol. 2018;15(10):615-25.
Brandau S, Suttmann H. Thirty years of BCG immunotherapy for non-muscle invasive bladder cancer: a success
story with room for improvement. Biomed Pharmacother.
2007;61(6):299-305.
Morales A, Eidinger D, Bruce AW. Intracavitary Bacillus Calmette-Guerin in the treatment of superficial bladder
tumors. J Urol. 1976;116(2):180-3.
Kamat AM, Li R, O’Donnell MA, Black PC, Roupret
M, Catto JW, Comperat E, Ingersoll MA, Witjes WP,
McConkey DJ, Witjes JA. Predicting Response to Intravesical Bacillus Calmette-Guerin Immunotherapy: Are We
There Yet? A Systematic Review. Eur Urol. 2018;73(5):73848.
Ratliff TL, Gillen D, Catalona WJ. Requirement of a thymus
dependent immune response for BCG-mediated antitumor
activity. J Urol. 1987;137(1):155-8.
Ratliff TL, Ritchey JK, Yuan JJ, Andriole GL, Catalona WJ. T-cell subsets required for intravesical BCG
immunotherapy for bladder cancer. The Journal of Urology.
1993;150(3):1018-23.
Suttmann H, Riemensberger J, Bentien G, Schmaltz D,
Stockle M, Jocham D, Bohle A, Brandau S. Neutrophil
granulocytes are required for effective Bacillus CalmetteGuerin immunotherapy of bladder cancer and orchestrate
local immune responses. Cancer Research. 2006;66(16):
8250-7.
Sjodahl G, Lovgren K, Lauss M, Chebil G, Patschan O,
Gudjonsson S, Mansson W, Ferno M, Leandersson K, Lindgren D, Liedberg F, Hoglund M. Infiltration of CD3(+) and
CD68(+) cells in bladder cancer is subtype specific and
affects the outcome of patients with muscle-invasive tumors.
Urol Oncol. 2014;32(6):791-7.
Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K,
Wang Y, Kadel EE, III, Koeppen H, Astarita JL, Cubas R,
Jhunjhunwala S, Banchereau R, Yang Y, Guan Y, Chalouni
C, Ziai J, Senbabaoglu Y, Santoro S, Sheinson D, Hung J,
Giltnane JM, Pierce AA, Mesh K, Lianoglou S, Riegler J,
Carano RAD, Eriksson P, Hoglund M, Somarriba L, Halligan DL, van der Heijden MS, Loriot Y, Rosenberg JE,
Fong L, Mellman I, Chen DS, Green M, Derleth C, Fine
GD, Hegde PS, Bourgon R, Powles T. TGFbeta attenuates tumour response to PD-L1 blockade by contributing
to exclusion of T cells. Nature. 2018;554(7693):544-8.
Riemensberger J, Bohle A, Brandau S. IFN-gamma and IL12 but not IL-10 are required for local tumour surveillance
in a syngeneic model of orthotopic bladder cancer. Clinical
and Experimental Immunology. 2002;127(1):20-6.
Kelley DR, Ratliff TL, Catalona WJ, Shapiro A, Lage
JM, Bauer WC, Haaff EO, Dresner SM. Intravesical bacillus Calmette-Guerin therapy for superficial bladder cancer:
effect of bacillus Calmette-Guerin viability on treatment
results. The Journal of Urology. 1985;134(1):48-53.
Lamm DL, Thor DE, Winters WD, Stogdill VD, Radwin
HM. BCG immunotherapy of bladder cancer: inhibition of
tumor recurrence and associated immune responses. Cancer.
1981;48(1):82-8.
Biot C, Rentsch CA, Gsponer JR, Birkhauser FD,
Jusforgues-Saklani H, Lemaitre F, Auriau C, Bachmann A,
Bousso P, Demangel C, Peduto L, Thalmann GN, Albert
ML. Preexisting BCG-Specific T Cells Improve Intravesical
Immunotherapy for Bladder Cancer. Science Translational
Medicine. 2012;4(137):137ra72.

M. Rousseau et al. / Antigen-Speciﬁc Immunity in Bladder Cancer Models
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Lamm DL, Harris SC, Gittes RF. Bacillus Calmette-Guerin
and dinitrochlorobenzene immunotherapy of chemically
induced bladder tumors. Invest Urol. 1977;14(5):369-72.
Bloomberg SD, Brosman SA, Hausman MS, Cohen A, Battenberg JD. The effects of BCG on the dog bladder. Invest
Urol. 1975;12(6):423-7.
Ghatalia P, Zibelman M, Geynisman DM, Plimack E.
Approved checkpoint inhibitors in bladder cancer: which
drug should be used when? Ther Adv Med Oncol.
2018;10:1758835918788310.
Philip EJ, Wright F, Kim DM, Kwon D, Ho H, Ho S, Cheung
E, Chan E, Porten SP, Wong AC, Borno H, Desai A, Chou
J, Oh DY, Aggarwal RR, Fong L, Small EJ, Friedlander
TW, Koshkin VS. Efficacy of immune checkpoint inhibitors
(ICIs) in rare histological variants of bladder cancer. Journal
of Clinical Oncology. 2020;38(6 suppl):502.
Zychlinsky Scharff A, Rousseau M, Lacerda Mariano L,
Canton T, Consiglio CR, Albert ML, Fontes M, Duffy
D, Ingersoll MA. Sex differences in IL-17 contribute to
chronicity in male versus female urinary tract infection. JCI
Insight. 2019;5.
Antoni S, Ferlay J, Soerjomataram I, Znaor A, Jemal
A, Bray F. Bladder Cancer Incidence and Mortality: A
Global Overview and Recent Trends. Eur Urol. 2017;71(1):
96-108.
Rentsch CA, Birkhauser FD, Biot C, Gsponer JR, Bisiaux
A, Wetterauer C, Lagranderie M, Marchal G, Orgeur M,
Bouchier C, Bachmann A, Ingersoll MA, Brosch R, Albert
ML, Thalmann GN. Bacillus Calmette-Guerin strain differences have an impact on clinical outcome in bladder cancer
immunotherapy. Eur Urol. 2014;66(4):677-88.
Irwin SM, Izzo AA, Dow SW, Skeiky YA, Reed SG,
Alderson MR, Orme IM. Tracking antigen-specific CD8
T lymphocytes in the lungs of mice vaccinated with the
Mtb72F polyprotein. Infect Immun. 2005;73(9):5809-16.
Barnden MJ, Allison J, Heath WR, Carbone FR. Defective TCR expression in transgenic mice constructed using
cDNA-based alpha- and beta-chain genes under the control
of heterologous regulatory elements. Immunol Cell Biol.
1998;76(1):34-40.
Hogquist KA, Jameson SC, Heath WR, Howard JL, Bevan
MJ, Carbone FR. T cell receptor antagonist peptides induce
positive selection. Cell. 1994;76(1):17-27.
Oliveira PA, Pires MJ, Nobrega C, Arantes Rodrigues R,
Calado AM, Carrola J, Ginja M, Colaco A. Technical
Report: Technique of Bladder Catheterization in Female
Mice and Rats for Intravesical Instillation in Models of Bladder Cancer. (Conference Title)39th Scand-LAS and ICLAS
Joint Meeting. 2009;36:5-9.
Seager CM, Puzio-Kuter AM, Patel T, Jain S, CordonCardo C, Mc Kiernan J, Abate-Shen C. Intravesical delivery
of rapamycin suppresses tumorigenesis in a mouse model
of progressive bladder cancer. Cancer Prev Res (Phila).
2009;2(12):1008-14.
El Behi M, Krumeich S, Lodillinsky C, Kamoun A,
Tibaldi L, Sugano G, De Reynies A, Chapeaublanc E,
Laplanche A, Lebret T, Allory Y, Radvanyi F, Lantz O,
Eijan AM, Bernard-Pierrot I, Thery C. An essential role for
decorin in bladder cancer invasiveness. EMBO Mol Med.
2013;5(12):1835-51.
Hagberg L, Engberg I, Freter R, Lam J, Olling S, Svanborg
Eden C. Ascending, unobstructed urinary tract infection
in mice caused by pyelonephritogenic Escherichia coli of
human origin. Infect Immun. 1983;40(1):273-83.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

523

Olson PD, Hruska KA, Hunstad DA. Androgens Enhance
Male Urinary Tract Infection Severity in a New Model. J
Am Soc Nephrol. 2016;27(6):1625-34.
Kaneko S, X Li. X chromosome protects against bladder cancer in females via a KDM6A-dependent epigenetic
mechanism. Sci Adv. 2018;4(6):eaar5598.
Zychlinsky Scharff A, Albert ML, Ingersoll MA. Urinary
Tract Infection in a Small Animal Model: Transurethral
Catheterization of Male and Female Mice. J Vis Exp.
2017;(130).
Bertram JS, Craig AW. Specific induction of bladder cancer in mice by butyl-(4-hydroxybutyl)-nitrosamine and the
effects of hormonal modifications on the sex difference in
response. Eur J Cancer. 1972;8(6):587-94.
Druckrey H, Preussmann R, Ivankovic S, Schmidt CH, Mennel HD, Stahl KW. [Selective Induction of Bladder Cancer in
Rats by Dibutyl- and N-Butyl-N-Butanol(4)-Nitrosamine].
Z Krebsforsch. 1964;66:280-90.
Liu W, Evanoff DP, Chen X, Luo Y. Urinary bladder epithelium antigen induces CD8+T cell tolerance, activation, and
autoimmune response. J Immunol. 2007;178(1):539-46.
Yamaguchi T, Hirota K, Nagahama K, Ohkawa K, Takahashi
T, Nomura T, Sakaguchi S. Control of immune responses
by antigen-specific regulatory T cells expressing the folate
receptor. Immunity. 2007;27(1):145-59.
Rosenberg JE, Hoffman-Censits J, Powles T, van der Heijden MS, Balar AV, Necchi A, Dawson N, O’Donnell PH,
Balmanoukian A, Loriot Y, Srinivas S, Retz MM, Grivas P,
Joseph RW, Galsky MD, Fleming MT, Petrylak DP, PerezGracia JL, Burris HA, Castellano D, Canil C, Bellmunt
J, Bajorin D, Nickles D, Bourgon R, Frampton GM, Cui
N, Mariathasan S, Abidoye O, Fine GD, Dreicer R. Atezolizumab in patients with locally advanced and metastatic
urothelial carcinoma who have progressed following treatment with platinum-based chemotherapy: a single-arm,
multicentre, phase 2 trial. Lancet. 2016;387(10031):190920.
Sharma P, Callahan MK, Bono P, Kim J, Spiliopoulou P,
Calvo E, Pillai RN, Ott PA, de Braud F, Morse M, Le DT,
Jaeger D, Chan E, Harbison C, Lin CS, Tschaika M, Azrilevich A, Rosenberg JE. Nivolumab monotherapy in recurrent
metastatic urothelial carcinoma (CheckMate 032): a multicentre, open-label, two-stage, multi-arm, phase 1/2 trial.
Lancet Oncol. 2016;17(11):1590-8.
Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C,
Bellmunt J, Burris HA, Petrylak DP, Teng SL, Shen X, Boyd
Z, Hegde PS, Chen DS, Vogelzang NJ. MPDL3280A (antiPD-L1) treatment leads to clinical activity in metastatic
bladder cancer. Nature. 2014;515(7528):558-62.
Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer. 2012;12(4):252-64.
Winters WD, Lamm DL. Antibody responses to Bacillus
Calmette-Guerin during immunotherapy in bladder cancer
patients. Cancer Res. 1981;41(7):2672-6.
Marks P, Soave A, Shariat SF, Fajkovic H, Fisch M, Rink
M. Female with bladder cancer: what and why is there a
difference? Transl Androl Urol. 2016;5(5):668-82.
Uhlig A, Strauss A, Seif Amir Hosseini A, Lotz J, Trojan L, Schmid M, Uhlig J. Gender-specific Differences
in Recurrence of Non-muscle-invasive Bladder Cancer: A
Systematic Review and Meta-analysis. Eur Urol Focus.
2018;4(6):924-36.
Hsu JW, Hsu I, Xu D, Miyamoto H, Liang L, Wu XR, Shyr
CR, Chang C. Decreased tumorigenesis and mortality from

524

[45]

[46]

[47]

[48]

[49]
[50]

[51]
[52]

[53]

M. Rousseau et al. / Antigen-Speciﬁc Immunity in Bladder Cancer Models
bladder cancer in mice lacking urothelial androgen receptor.
Am J Pathol. 2013;182(5):1811-20.
Johnson DT, Hooker E, Luong R, Yu EJ, He Y, Gonzalgo
ML, Sun Z. Conditional Expression of the Androgen Receptor Increases Susceptibility of Bladder Cancer in Mice.
PLoS One. 2016;11(2):e0148851.
Saito R, Smith CC, Utsumi T, Bixby LM, Kardos J,
Wobker SE, Stewart KG, Chai S, Manocha U, Byrd
KM, Damrauer JS, Williams SE, Vincent BG, Kim WY.
Molecular Subtype-Specific Immunocompetent Models
of High-Grade Urothelial Carcinoma Reveal Differential
Neoantigen Expression and Response to Immunotherapy.
Cancer Res. 2018;78(14):3954-68.
Fantini D, Glaser AP, Rimar KJ, Wang Y, Schipma M,
Varghese N, Rademaker A, Behdad A, Yellapa A, Yu Y, Sze
CC, Wang L, Zhao Z, Crawford SE, Hu D, Licht JD, Collings
CK, Bartom E, Theodorescu D, Shilatifard A, Meeks JJ. A
Carcinogen-induced mouse model recapitulates the molecular alterations of human muscle invasive bladder cancer.
Oncogene. 2018;37(14):1911-25.
Sfakianos JP, Daza J, Hu Y, Anastos H, Bryant G, Bareja
R, Badani KK, Galsky MD, Elemento O, Faltas BM, Mulholland DJ. Epithelial plasticity can generate multi-lineage
phenotypes in human and murine bladder cancers. Nature
Communications. 2020;11(1):2540.
Messing EM. The BCG Shortage. Bladder Cancer.
2017;3(3):227-8.
Botteman MF, Pashos CL, Redaelli A, Laskin B, Hauser
R. The health economics of bladder cancer: a comprehensive review of the published literature. Pharmacoeconomics.
2003;21(18):1315-30.
Witjes JA. Management of BCG failures in superficial bladder cancer: a review. Eur Urol. 2006;49(5):790-7.
Fernandez-Gomez J, Madero R, Solsona E, Unda M,
Martinez-Pineiro L, Gonzalez M, Portillo J, Ojea A, Pertusa
C, Rodriguez-Molina J, Camacho JE, Rabadan M, Astobieta A, Montesinos M, Isorna S, Muntanola P, Gimeno A,
Blas M, Martinez-Pineiro JA. Predicting nonmuscle invasive bladder cancer recurrence and progression in patients
treated with bacillus Calmette-Guerin: the CUETO scoring
model. J Urol. 2009;182(5):2195-203.
Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian
SL, Hwu P, Drake CG, Camacho LH, Kauh J, Odunsi K,
Pitot HC, Hamid O, Bhatia S, Martins R, Eaton K, Chen S,

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Salay TM, Alaparthy S, Grosso JF, Korman AJ, Parker SM,
Agrawal S, Goldberg SM, Pardoll DM, Gupta A, Wigginton
JM. Safety and activity of anti-PD-L1 antibody in patients
with advanced cancer. N Engl J Med. 2012;366(26):245565.
Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith
DC, McDermott DF, Powderly JD, Carvajal RD, Sosman
JA, Atkins MB, Leming PD, Spigel DR, Antonia SJ, Horn L,
Drake CG, Pardoll DM, Chen L, Sharfman WH, Anders RA,
Taube JM, McMiller TL, Xu H, Korman AJ, Jure-Kunkel M,
Agrawal S, McDonald D, Kollia GD, Gupta A, Wigginton
JM, Sznol M. Safety, activity, and immune correlates of antiPD-1 antibody in cancer. N Engl J Med. 2012;366(26):244354.
Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford R, Wolchok JD, Hersey P, Joseph RW, Weber JS,
Dronca R, Gangadhar TC, Patnaik A, Zarour H, Joshua
AM, Gergich K, Elassaiss-Schaap J, Algazi A, Mateus C,
Boasberg P, Tumeh PC, Chmielowski B, Ebbinghaus SW,
Li XN, Kang SP, Ribas A. Safety and tumor responses with
lambrolizumab (anti-PD-1) in melanoma. N Engl J Med.
2013;369(2):134-44.
Vandeveer AJ, Fallon JK, Tighe R, Sabzevari H, Schlom
J, Greiner JW. Systemic Immunotherapy of Non-Muscle
Invasive Mouse Bladder Cancer with Avelumab, an AntiPD-L1 Immune Checkpoint Inhibitor. Cancer Immunol Res.
2016;4(5):452-62.
Morita S, Kojima T, Kitamura T. Plat-E: an efficient and
stable system for transient packaging of retroviruses. Gene
Ther. 2000;7(12):1063-6.
Yatim N, Jusforgues-Saklani H, Orozco S, Schulz O, Barreira da Silva R, Reis e Sousa C, Green DR, Oberst A,
Albert ML. RIPK1 and NF-kappaB signaling in dying
cells determines cross-priming of CD8(+) T cells. Science.
2015;350(6258):328-34.
Summerhayes IC, Franks LM. Effects of donor age on neoplastic transformation of adult mouse bladder epithelium in
vitro. J Natl Cancer Inst. 1979;62(4):1017-23.
Luftenegger, W. et al. Intravesical versus intravesical plus
intradermal bacillus Calmette-Guerin: a prospective randomized study in patients with recurrent superficial bladder
tumors. J Urol. 1996;155:483-7.

