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ABSTRACT

Background Intravesical BCG is the gold-standard
therapy for non-muscle invasive bladder cancer (NMIBC);
however, it still fails in a significant proportion of patients,
so improved treatment options are urgently needed.
Methods Here, we compared BCG antitumoral efficacy
with another live attenuated mycobacteria, MTBVAC, in an
orthotopic mouse model of bladder cancer (BC). We aimed
to identify both bacterial and host immunological factors to
understand the antitumoral mechanisms behind effective
bacterial immunotherapy for BC.

Results We found that the expression of the BCG-absent
proteins ESAT6/CFP10 by MTBVAC was determinant in
mediating bladder colonization by the bacteria, which
correlated with augmented antitumoral efficacy. We
further analyzed the mechanism of action of bacterial
immunotherapy and found that it critically relied on the
adaptive cytotoxic response. MTBVAC enhanced both
tumor antigen-specific CD4* and CD8* T-cell responses, in
a process dependent on stimulation of type 1 conventional
dendritic cells. Importantly, improved intravesical bacterial
immunotherapy using MBTVAC induced eradication of
fully established bladder tumors, both as a monotherapy
and specially in combination with the immune checkpoint
inhibitor antiprogrammed cell death ligand 1 (anti PD-L1).
Conclusion These results contribute to the understanding
of the mechanisms behind successful bacterial
immunotherapy against BC and characterize a novel
therapeutic approach for BCG-unresponsive NMIBC cases.

BACKGROUND

Bladder cancer (BC) is one of the most
frequently occurring types of cancer at a
global level." Established more than four
decades ago, intravesical administration of
the mycobacterium BCG is still a first-line
therapy for intermediate and high-risk non-
muscle-invasive bladder cancer (NMIBC) to
prevent progression and recurrence after
transurethral tumor resection.?® However,
there are a significant number of patients
who are resistant to BCG therapy and develop
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Intravesical BCG is nowadays the gold-standard
therapy for high-risk non-muscle invasive bladder
cancer (NMIBC), although it fails in a substantial pro-
portion of patients. The therapeutic options for BCG-
refractory cases are limited, with radical cystectomy
being the most probable outcome. Therefore, there
is an urgent need to develop new treatments for
high-risk NMIBC, especially for those patients who
do not respond to BCG.

WHAT THIS STUDY ADDS

= Here, we demonstrate that MTBVAC, a live attenu-
ated mycobacterial vaccine currently under clinical
evaluation for preventing tuberculosis infection, can
reject established bladder tumors in a preclinical
orthotopic model which is unresponsive to BCG.
Intravesical MTBVAC efficacy was further improved
by administration of the immune checkpoint inhib-
itor antiprogrammed cell death ligand 1, and we
show that its mechanism of action relied on the
stimulation of adaptive immune responses.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE, OR POLICY

= Our results provide a solid rationale for further eval-
uation of intravesical MTBVAC for the treatment of
BCG refractory NMIBC.

tumor recurrence episodes, especially those
ones who must interrupt the treatment due
to severe adverse events.® Currently, there
are no established or effective therapies
for BCG-unresponsive patients, with radical
cystectomy being the standard of care in
this setting. In 2020, antiprogrammed cell
death 1 (PD-1) checkpoint blockade immu-
notherapy (pembrolizumab) was approved
for BCG-unresponsive NIMBC, although its
efficacy remains modest in this setting, with
only 20% of all treated patients in remission
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at lyear (Food and Drug Administration (FDA) Advi-
sory Committee Briefing Document 2019 at www.
fda.gov/media/133542/download). Apart from this
therapy, the only other available option is intravesical
administration of valrubicin, which offers only a modest
16% 12-month disease-free rate. Thus, there is an urgent
need for developing therapeutic approaches for BCG-
unresponsive disease, as well as alternatives to BCG for
NMIBC, to avoid extirpation of the bladder, an interven-
tion which is associated with a high incidence of post-
operative complications, as well as a significant loss of
quality life. Considering its historical success in treating
patients with NIMBC, conceivably bacterial immuno-
therapy could still be improved, either in monotherapy
or in combination with immune checkpoint blockade-
based treatments.

Despite the long history of BCG as BC immunotherapy,
the exact immunological pathways behind its therapeutic
efficacy are not completely understood. However, there
is a consensus about the need of a competent immune
system and the implication of both innate and adaptive
arms in the process.6 Less is known about the bacterial
factors behind the antitumoral effect of BCG in BC,
although it is believed that a close contact of BCG with
the bladder epithelium is needed, in a process shown to
involve fibronectin-attachment proteins.7

MTBVAC is a live attenuated mycobacterium based on
the rational attenuation of a Mycobacterium tuberculosis clin-
ical isolate, by deletion of the virulence genes phoP and
fadD26.8 Intradermal MTBVAC is currently under clinical
evaluation as tuberculosis vaccine, demonstrating to be
safe and immunogenic both in human newborn and adult
populations,” '’ and it is expected to start efficacy trials
as BCG replacement strategy in 2022 (NCT04975178).
Our previous data described that intravesical MTBVAC
is effective in an experimental mouse model of BC."
Even though MTBVAC and BCG present a high degree of
genetic homology (>99%), the differences between both
strains are mostly defined and have a significant impact in
the differential immunogenicity of both vaccines.'

In the present study, we conducted a head-to-head
comparative study of BCG with MTBVAC, a relevant
live attenuated mycobacterium in the context of tuber-
culosis vaccines, in an orthotopic BC mouse model, to
identify whether bacterial genetic differences could
influence the antitumoral potential of the bacteria.
Our data revealed profound differences between both
vaccines, showing an improved capacity of MTBVAC
to potentiate CD4" and CD8" T-cell tumor-specific
responses, which induced rejection of bladder tumors
in a setting in which BCG did not confer any survival
advantage compared with untreated controls. Impor-
tantly, we found that the presence of BCG-absent
genes esat6 and ¢fp10 in MTBVAC results is crucial for
the bacteria to colonize more efficiently the bladder
following intravesical instillation, and to induce an effi-
cient therapeutic response.

METHODS

Mouse strains

All mice were housed and maintained in specific
pathogen-free conditions and observed for any sign of
disease. Female C57BL/6]JR mice 8-10 weeks old were
purchased from Janvier Biolabs. Mouse strains deficient
in Ragl (RaglKO) and interferon gamma (IFN—yKO) bred
on the B6 background were purchased from Jackson
Laboratories. The mouse strains deficient in perforin
(Perf*?) and Batf3 (Batf3"°) were bred in the CIBA
animal facilities.

Cell lines

MB49 BC cells and B16F10 melanoma cells were
purchased from the American Type Culture Collec-
tion (ATCC). MB49-cells expressing green-fluorescence
protein (GFP) were provided by Denise Nardelli-
Haefliger."” MB49-ZsGreen-Luc cells were constructed in
the laboratory by transfection with a lentivirus encoding
ZsGreen and firefly luciferase. For the generation of
MB49-B2m*°  cells, parental MB49 cells were trans-
fected with plasmids targeting the B2m gene (Santa Cruz
Biotechnology) and cells were selected with puromycin
and then sorted based on lack of major histocompatibility
complex type I (MHC-I) expression after staining with an
antibody directed to H2Kb/ D’ (Miltenyi Biotech). Cells
were cultured with complete Dulbecco's Modified Eagle
Medium (DMEM), containing 10% inactivated fetal
bovine serum (FBS), Glutamax (Sigma) and penicillin/
streptomycin (Sigma) and were always used with less than
10 passages from thawing.

Bacterial strains
Mycobacterial strains used in this study were grown at
37°C in Middlebrook 7H9 broth (BD Difco) supple-
mented with 0.05% Tween 80 (Sigma) and 10% Middle-
brook albumin dextrose catalase enrichment (ADC, BD
Biosciences) or on solid Middlebrook 7H10 agar (BD
Difco) supplemented with 10% ADC (BD Biosciences).
BCG Tice was obtained and cultured from a commercial
vial of OncoTICE. BCG Pasteur 1173P2 and BCG::RD1
were a kind gift from Roland Brosch (Institut Pasteur,
France). GFP-expressing MTBVAC and BCG Tice strains
were generated in the laboratory by transformation
with the pJKD6 plasmid (a kind gift from Luciana Leite,
Butantan Institute, Brazil). The MTBVAC strain lacking
ESAT6 and CFP10 (MTBVAC AE6C10) was constructed
and characterized in our laboraltory.12

Orthotopic implantation of MB49 cells

For the MB49 orthotopic BC model, female mice 8-10
weeks old were anesthetized with isoflurane and intraves-
ically instilled with 50 pL. of a 0.01% poly-L-lysine (Sigma)
solution using a 24-gage catheter (BD Insyte) attached to
asyringe. The poly-L-lysine solution was maintained in the
bladder for 20min, and then the catheter was removed
and the bladder was emptied by manually applying
gentle pressure. Then 50pL of a solution containing
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4x10°MB49 cells was intravesically instilled and retained
in the bladder for 1hour, after which the bladder was
emptied and the mice were allowed to recover from anes-
thesia. The mice were observed and weighted every 2 days
and scored based on weight loss, presence of haematuria,
visible signs of growing tumor, and general behavior,
and were euthanized when reaching the predefined and
approved endpoint criteria.

Intravesical bacterial treatments

Mice were anesthetized and intravesically instilled using a
24-gage catheter with 50 pL. of a solution containing 5x10°
bacteria diluted in phosphate buffered saline (PBS) and
maintained in the bladder for 2hours. Then the bladder
was manually emptied and the mice were allowed to
recover from anesthesia.

Subcutaneous and intravenous tumor challenges

MB49 or B16F10 cells resuspended in serum-free DMEM
were injected subcutaneously in the flank of mice (5x10°
cells) or intravenously (7x10° cells). The size of subcuta-
neous tumors was measured with a caliper and determined
by using the following formula: [(tumor width)*x(tumor
length)]/2. Mice were sacrificed when tumor volume
exceeded 1cm”,

Antibody-based cell depletion and treatments

For CD4 and CDS8 depletion, mice were injected intra-
peritoneally with 300 pg of anti-CD4 (clone GKI1.5, BioX-
Cell) or 300 pg of anti-CD8a (clone 2.43, BioXCell) 3 days
before tumor challenge or the day before intravesical
treatment. Repeated doses were administered to achieve
continuous depletion if needed. For antibody-based treat-
ment, 200 pg of aPD-L1 (clone 10F.9G2, BioXCell) was
injected intraperitoneally two times a week.

Bacterial load determination in tissues

Bladders and bladder draining lymph nodes (dLLNs) were
harvested and homogenized using a GentleMacs disso-
ciator (Miltenyi). Serial dilutions were prepared in PBS,
plated in solid 7H10 medium supplemented with 10%
ADC, and 3 weeks later colony-forming units (CFUs) were
counted.

Preparation of single-cell suspensions

Bladder cell suspensions were prepared by manual disso-
ciation using scissors and a scalpel, followed by digestion
in Roswell Park Memorial Institute (RPMI) medium
containing 0.17U/mL Liberase (Roche), 2mg/mL Colla-
genase D (Roche) and 40 U/mL DNAse I (ApplyChem)
for 45 min at 37°C, followed by filtration through a 70 pM
cell strainer (MACS SmartStainers, Miltenyi Biotec). Red
blood cells (RBCs) were lysed in 1 mL RBC lysing buffer
(Sigma-Aldrich) for I min. Spleens and lymph nodes were
mashed with the back of a syringe in RPMI with 2mg/
mL Collagenase D and 40 U/mL Dnase I, incubated for
20 min at 37°C and strained through a 70 pM cell strainer
before lysing erythrocytes with RBC lysing buffer for

1 min. Single cells were resuspended in PBS with 2% FBS
and stained for surface and intracellular markers.

Flow cytometry

Single cells were incubated with mouse Fc receptor
blocking reagent (Miltenyi) for 20min at 4°C, washed,
and stained with fluorochrome-conjugated antibodies for
20min at 4°C. Cells were acquired using a Gallios flow
cytometer (Beckman Coulter).

The following antibodies were used (from Miltenyi
unless  otherwise noted): CD45-Vioblue, clone
REA737; CD45-PerCP-Vio770, clone REA737; CD11b-
PerCP-Vio700, clone REA592; CDI11c-PerCP-Vio700,
clone REA754; CD11c-PE, clone REA754; F4/80-PE, clone
REA126; XCRI1-APC, clone REA707; MHCII-Vioblue,
clone REA813; H2K’/D"APC, clone REA932; CD3-
PerCP-Vio700, clone REA641; CD4-FITC, clone REA604;
CDS8-PE, clone REA 601; CD8-APC, clone REA601; PD1-
APC, clone J43 (BD); CD86-VioBright, clone REA1190;
CD86-PE, clone REA1190; CD1720-APC-Vio-770 (Sirpa),
clone REA1201; CD223-FITC (LAG-3), clone C9B7W;
NKp46-PE, clone REA815, PD-L1-PE, clone MIH5 (BD).

Restimulation and intracellular cytokine staining

Single-cell suspensions were stimulated with phorbol-12-
myristate 13-acetate (PMA) (50ng/mlL, Sigma-Aldrich)
and ionomycin (1pg/mL, Sigma-Aldrich) in the pres-
ence of brefeldin A (eBioscience) for 4hours at 37°C
before cell surface and intracellular staining with FoxP3
staining set (Miltenyi). After fixation and permeabiliza-
tion, the following antibodies from Miltenyi were used:
IFN--APC, clone REA638.

IFN-y ELISPOT

Splenocytes (5x10%) were seeded in 96-well ELISPOT
plates (MSIP PVDF-plates, Millipore) precoated with
primary anti-mouse IFN-y antibody (Mouse IFN-y ELIS-
pot®¥¢ kit HRP, Mabtech) and incubated overnight with
either only media or 10 pg/mL of Dby HY I-Ab restricted
peptide (NAGFNSNRANSSRSS) or the H-2D" Uty HY
peptide (WMHHNMDLI). The next day, IFN-y-producing
colonies were detected using a biotinylated anti-mouse
IFN-y detection antibody. Spot-forming units were auto-
matically counted using AID Elispot Reader (GmbH).

Cytotoxicity assay

MB49-ZsGreen-Luc cells were seeded in 96 well-plates
as target cells. Splenocytes from MB49 tumor-bearing
animals were isolated as described and seeded at a 100:1
ratio over the target cells for 24 hours. Then, 150 pg/mL
of Xenolight D-luciferin Potassium Salt (PerkinElmer)
was added to the wells, incubated for 15min at 37°C,
and luminescence was measured in an Epoch Micro-
plate reader (BioTek). Percent cytotoxicity was calculated
with reference to the cytotoxicity exerted by splenocytes
isolated from a naive non-tumor-bearing animal using the
following formula: [100—(experimental luminescence/
naive luminescence)x100].
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Data analysis

Tumor-bearing mice were randomized into different
treatment groups. To avoid cage-associated variability,
each cage contained mice from every experimental
groups. The number of biological replicates and repeti-
tions for each experiment is indicated in figure legends.
Animal monitoring and data analysis were not blinded.
Flow cytometry data were analyzed using Weasel software
V.3.0.2 following gating strategies shown in online supple-
mental figure S1. GraphPad Prism software V.8 was used
for graphical representation and statistical analysis. Data
were analyzed using the Grubb’s test for statistical outliers
using an o value of 0.01. All tests applied were two-sided.
The group means for different treatments were compared
by analysis of variance with Bonferroni’s multiple compar-
isons test, or by a two-sided Student t-test. Survival was
analyzed by the log-rank (Mantel-Cox) test. P values of
<0.05 were considered significant.

RESULTS

Bacterial bladder colonization correlates with better
antitumoral efficacy

BCG attachment and internalization within the bladder
epithelium have been reported to be crucial for bacte-
rial antitumoral effect in animal models.” * First, we
wanted to assess whether bacterial bladder colonization
ability was distinctive in each of the strains tested. We
compared BCG and MTBVAC in a well-accepted orthot-
opic BC model, based on the instillation of syngeneic
murine MB49 bladder tumor cells. Tumor-bearing mice
were treated with BCG Tice or MTBVAC as indicated in
figure 1A, and bladders and the corresponding dLNs
were harvested to determine bacterial load. We found a
higher amount of viable MTBVAC bacilli both in bladder
(figure 1B) and dLNs (figure 1C) compared with BCG.

We then studied whether BCG and MTBVAC were
differentially internalized by bladder cells. To assess
this, we treated MB49 tumor-bearing mice with GFP-
tagged vaccines, and 2hours after the second instilla-
tion, we analyzed GFP™-infected cells by flow cytometry
(figure 1D,E). The percentage of GFP" cells was signifi-
cantly higher in the case of MTBVAC compared with BCG
(figure 1F), confirming the results obtained by bacterial
load determination. In addition, around 95% of the
infected cells were found CD45", both in the case of BCG
and MTBVAC (figure 1G), demonstrating that under
in vivo conditions, bacterial internalization is mainly
restricted to immune cells. Altogether, these results
revealed that different live attenuated mycobacteria
present disparate ability to colonize the bladder following
intravesical instillation.

Then we tested whether bacterial bladder colonization
correlated with antitumoral efficacy, evaluating survival
progression in the different experimental groups. In
agreement with previous studies, we found that in this
model, the length of the interval between tumor cell chal-
lenge and the first BCG instillation is highly determinant

for vaccine antitumoral efficacy."" "7 When BCG instil-
lation regime started the day after tumor engraftment,
bacteria provided better protection compared with PBS-
treated mice (figure 1H), whereas treatment efficacy
was abrogated when the first vaccine instillation was
performed 3days after tumor challenge (figure 1I). To
assess whether intravesical BCG immunotherapy could
be improved by MTBVAC, we compared them initiating
the treatment regime 3 days after tumor challenge, under
conditions that could mimic BCG-unresponsive tumors.
Under these settings, intravesical MTBVAC immuno-
therapy provided a strong protection against MB49
tumors, with 75% of the mice surviving at the end of the
70-day follow-up, compared with 22% in the case of BCG
(figure 1I). These results indicated that bacterial bladder
colonization might be a key factor behind antitumoral
efficacy.

esat6 and cfp10 genes absent in BCG are crucial for improved
bladder colonization and antitumoral efficacy

Next, we wanted to explore the genetic differences
between BCG and MTBVAC that could explain their
distinctive  bladder colonization ability. MTBVAC
conserves the genes esat6 and ¢fp10, which are contained
in the RD1 genomic region absent in BCG,'® and whose
absence represents the main cause of attenuation for
BCG." ESAT6 and CFP10 proteins have been described
to participate in bacterial attachment to the lung epithe-
lium.** Thus, to test a possible contribution of these
proteins to bacterial bladder colonization, we made use of
an esat6/cfp10 double mutant MTBVAC strain (MTBVAC
AE6C10), previously generated and characterized in our
laboratory." The enhanced capacity of MTBVAC over
BCG to colonize the bladder and migrate to dLNs on intra-
vesical instillation was abolished in the AE6C10 mutant,
both in tumor-bearing (figure 2A,B) and tumor-free mice
(figure 2C,D). Interestingly, an RD1-complemented BCG
strain, which expresses ESAT6 and CFP10, recovered the
ability of the bacteria to colonize the bladder (figure 2E),
strongly suggesting an important contribution of these
proteins in mediating bacterial bladder internalization.
The lower colonization and dLN dissemination observed
with BCG and the MTBVAC AE6C10 strain concurred with
a lower infiltration of total CD45" leukocytes (figure 2F)
and CD4" and CD8" T lymphocytes (figure 2G) into the
bladders of mice compared with the MTBVAC-treated
group. We also found a significant correlation between
the number of viable bacilli found in the dLN from the
different animals instilled with bacteria and the number
of bladder-infiltrating CD4" and CD8" T lymphocytes
(figure 2H), suggesting a direct connection between the
efficacy of the bacteria to colonize the bladder and the
local inflammatory response.

Finally, MTBVAC AE6C10 therapeutic efficacy in the
MB49 model was substantially reduced to levels compa-
rable to those observed with BCG, and only 9% of the
mice survived at the end of the follow-up (figure 2I). Thus,
our results indicated that the differential expression of
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enumerated (n=8 mice per group, pooled from two independent experiments). (D) Mice were treated as in (A) with GFP-
expressing bacteria and euthanized 2 hours after the second instillation, at day 10. Bladder tumors were extracted; single-
cell suspensions were generated; and infected GFP™* cells were identified by flow cytometry. (E) Representative density plots
of GFP* cells. (F) Percentage of GFP* infected cells (n=4-5 mice per group, pooled from two independent experiments).
(G) Representative density plots and distribution of GFP* infected cells in CD45~ and CD45" subsets in bladder tumors.
(H) Survival of mice bearing MB49 bladder tumors treated with intravesical PBS or BCG at days 1, 8 and 15 post tumor
implantation (n=20 PBS, n=18 BCG, pooled from two independent experiments). (I) Survival of mice bearing MB49 bladder
tumors treated as in (A) (=22 PBS, n=18 BCG, n=16 MTBVAC, pooled from two independent experiments). Graphs represent
mean+SEM. *P<0.05, **P<0.01, ***P<0.0001, unpaired t-test (B,C,F), or log-rank test (H,l). CFU, colony-forming unit; LN, lymph
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mice were intravesically instilled with the indicated bacteria, and 24 hours later bladders were extracted and total CFUs were
enumerated (n=6 mice MTBVACAE6C10 group, n=12 BCG and MTBVAC groups, pooled from two independent experiments).
(D) Tumor-free mice were intravesically instilled at days 0, 7, and 14, and at day 15, dLNs were extracted and total CFUs were
enumerated (n=6 mice MTBVACAE6C10 group, n=12BCG and MTBVAC groups, pooled from two independent experiments).
(E) Mice were treated as in (C) with intravesical BCG Pasteur or RD1-recomplemented BCG Pasteur, and total CFUs were
enumerated in the bladder 24 hours later (n=5 mice per group, from one experiment). (F-H) Mice were treated as in (D), and

at day 15, bladders were extracted; single-ell suspensions were generated; and CD45*, CD4", and CD8" cells were identified
by flow cytometry (n=6 mice MTBVACAE6C10 group, n=16 BCG and MTBVAC groups, n=10 PBS group, pooled from three
independent experiments). (H) Correlation between CD4* and CD8" T cells infiltrated in the bladder and bacterial CFUs in

the draining LN, analyzed by linear regression. () Survival curve of mice implanted with orthotopic MB49 bladder tumors

and treated intravesically with PBS, MTBVAC or MTBVACAEGC10 at days 3, 10, and 17 (n=5 PBS, n=13 MTBVAC, n=22
MTBVACAEG6C10, pooled from two independent experiments). Graphs represent mean+SEM. *P<0.05, **P<0.01, ***P<0.001,
one-way analysis of variance with Bonferroni post-test (A-D,F,G), unpaired t-test (E), or log-rank test (l). CFU, colony-forming
unit; dLN, draining lymph node; LN, lymph node.
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ESAT6/CFP10 by MTBVAC might explain the improved
antitumoral efficacy of this strain compared with BCG.

Adaptive immune system drives MTBVAC antitumoral effect
We next aimed to study the immune pathways involved in
MTBVAC-driven antitumoral response. First, we assessed
MTBVAC immunotherapy efficacy in Ragl®® mice
(figure 3A), which lack T and B cells. Vaccine efficacy was
abrogated in these mice, suggesting a critical contribution
of the adaptive immune system. However, we observed a
minimal survival advantage in the treated group, which
suggested a small contribution of innate immune cells.
Further confirming a key role of the cytotoxic cellular
immune response for therapeutic efficacy, we found that
mice lacking perforin (Perf*®) or interferon gamma
(IFN-Y*?) treated with bacterial immunotherapy did
not survive more than PBS controls (figure 3B,C), indi-
cating that these two molecules are needed for MTBVAC-
induced tumor rejection.

These results suggested a crucial role of cytotoxic T cells
(CTLs) for MTBVAC therapeutic efficacy. To confirm this
finding, we used a variant of the MB49 cells in which we
previously disrupted the B2m gene using CRISPR-Cas9,
which abolished MHC-I cell surface expression (online
supplemental figure S2), and therefore were unrecogniz-
able by CTLs. MTBVAC immunotherapy extended survival
of mice bearing MB49-B2m"*° bladder tumors (figure 3D),
but to a much lesser extent than on MB49-WT tumors,
since no treated mice survived until day 20, a time point
in which all MTBVAC treated MB49-WT tumor-bearing
mice were still alive (figures 11 and 2E).

To assess whether bacterial treatment could be favoring
tumor cell recognition by CTLs, we analyzed MHC-I
surface expression over GFP-expressing MB49 cells
following vaccine instillation (figure 3E,F). At day 12 post
tumor cell inoculation, tumor weights in the MTBVAC
group were significantly reduced compared with controls
(figure 3G), confirming an early vaccine antitumoral
effect. At this time point, bacterial immunotherapy
upregulated MHC-I expression on tumor cells compared
with controls (figure 3H). This effect was abrogated in
IFN-Y*? mice (figure 3H), showing that MHC-I upregu-
lation was not due to a direct interaction of the bacteria
with tumor cells, but to an indirect mechanism mediated
by immune cell-derived IFN-y. Our data revealed that
CD4" and CD8" T cells, both well-known IFN-y-producing
cells, were needed for MHC-I upregulation on tumor
cells after bacterial immunotherapy, with CD4" T cells
appearing as the most important subset (figure 3I). Alto-
gether, these results reflect that bacterial immunotherapy
induces MHGC-I upregulation on the tumor cell surface
in an IFN-y- dependent manner, an event that might be
crucial to enhance tumor cell recognition by CTLs.

Improved bacterial immunotherapy boosts T cell-mediated
antigen-specific immunity

Although the implication of T cells in the BCG antitu-
moral mechanism has been described, it is not clear

whether BCG induces tumor-specific immunity, or
its efficacy is a collateral effect of the vaccine-specific
response.'” '® Trying to address this question, we studied
the tumor-specific responses to endogenous antigens. We
took advantage of the fact that MB49 cells are of male
origin and express antigens contained in the HY chro-
mosome, which are immune reactive when implanted
on female hosts.”’ Importantly, T-cell epitopes for the
H-2" haplotype derived from the HY chromosome have
been described, and CD4" and CD8" T cells specific for
these epitopes recognize and eliminate MB49 cells in
vitro.?2 Therefore, we induced MB49 bladder tumors
and the systemic immune response against the HY-de-
rived peptides Dby and Uty (CD4- and CD8- restricted,
respectively) was measured in the spleen at day 12, after
two vaccine instillations. Measured by ELISPOT assay,
MTBVAC immunotherapy triggered a higher proportion
of Dby and Uty-specific IFN-y-secreting cells compared
with BCG and untreated groups (figure 4A).

To confirm the functionality of this tumor-specific
response, we showed first that splenocytes derived from
MTBVAC-treated mice were more cytotoxic against MB49
cells in vitro than those from untreated mice (figure 4B).
This cytotoxicity was abolished in the absence of CD8"
T cells (figure 4B), demonstrating that tumor-specific
CTLs were responsible for this effect. Then, we rechal-
lenged MTBVAC-treated survivor mice (which had previ-
ously eliminated bladder tumors) with MB49 cells by the
subcutaneous route to evaluate the capacity of the pre-
established specific response to reject distal tumors. No
MB49 tumor growth was observed in any of the animals
previously treated with MTBVAC, in comparison to control
naive mice (figure 4C). Depletion of CD4" and CD8" T
cells (online supplemental figure 3A,B) reverted resis-
tance of survivor mice against rechallenge (figure 4C),
confirming the critical role of these cells in driving long-
term tumor-specific immune memory. As an additional
control, we inoculated another cohort of MTBVAC-
treated survivors with non-antigenically related B16F10
melanoma cells in the contralateral flank. Unlike MB49,
B16F10 cells induced tumors both in naive and MTBVAC-
treated survivor mice (figure 4D), demonstrating that
MB49 tumor rejection relied on a tumor-specific immune
memory response. It has been reported that intrave-
nous MB49 cell inoculation generates lung metastasis,.”
Thus, we also found that MTBVAC-treated surviving mice
rejected the intravenous MB49 rechallenge (figure 4E),
showing that immune memory generated by bacterial
immunotherapy was also effective against disseminated
disease.

We then depleted separately CD8" or CD4" T lympho-
cytes (online supplemental figure 3C-E) in MTBVAC-
treated mice to study the particular contribution of these
cells to bacterial immunotherapy. Bladder weights were
significantly higher in CD8" and CD4" cell-depleted mice
compared with controls (figure 4F), underscoring the
importance of adaptive immunity for MTBVAC thera-
peutic effect. Vaccine-induced CD8" T-cell infiltration
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independent experiments). (H) Flow cytometry analysis of MHC-I expression on GFP* CD45™ tumor cells in vivo (n=4-5 mice per
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mean+SEM. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001 one-way analysis of variance with Bonferroni post-test (G-I) or log-
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Figure 4 Intravesical MTBVAC augments CD4* and CD8* T-cell tumor antigen-specific immunity. MB49 bladder tumors

were implanted orthotopically and mice were treated with PBS, BCG or MTBVAC at days 3 and 10. (A) At day 12 post tumor
implantation, IFN-y- producing splenocytes were assessed by ELISPOT following stimulation with 10 ug/mL of the Dby or Uty
peptides. Numbers below the representative images indicate the numbers of spots (n=8-9 mice per group, pooled from two
independent experiments). (B) In vitro cytotoxic activity of splenocytes against MB49 cells (n=12 mice PBS, n=14 MTBVAC, n=6
MTBVAC oCD8, pooled from three independent experiments). (C) MTBVAC-treated survivors were subcutaneously rechallenged
with MB49 cells in the flank, and tumor growth was measured over time. One group of surviving mice was given CD4 and CD8
depleting antibodies 3 days before the rechallenge and 3days after. Naive mice were used as controls (n=8-10 mice per group,
from two independent experiments). (D) Mice were subcutaneously rechallenged with MB49 cells in one flank and B16F10 in
the contralateral flank, and tumor growth was measured over time. Naive mice were used as controls (n=5-6 mice per group,
from one experiment). (E) MTBVAC-treated surviving mice were intravenously rechallenged with MB49 cells. Naive mice were
used as controls (n=6-7 mice per group, from one experiment). (F-I) MB49 tumor-bearing mice treated with MTBVAC were
given CD4 or CD8 depleting antibodies and euthanized at day 12. (F) Bladder weights at day 12 post tumor cell inoculation
(n=10 mice MTBVAC, n=4 MTBVAC+0CD4, n=6 MTBVAC+0.CD8, pooled from two independent experiments). (G) Number of
tumor-infiltrating CD8* T cells per milligram of tumor, identified by flow cytometry in bladder single cell suspensions (n=4 mice
per group, one experiment). (H,l) IFN-y -producing splenocytes after stimulation with the Uty (H) or Dby (I) peptides measured by
ELISPOT assay (n=10 mice MTBVAC, n=4 MTBVAC+0CD4, n=6 MTBVAC+0.CD8, pooled from two independent experiments).
(J-L) Tumor-infiltrating T cells were analyzed by flow cytometry at day 12 in PBS or MTBVAC-treated mice (n=8-9 mice per
group, pooled from two independent experiments). (J) Representative density plots of PD-1 and LAG-3 expression by CD8" T
cells. (K) Quantification of CD8* cells expressing PD-1 and LAG-3. (L) Quantification of tumor-infiltrating CD4" and CD8" T cells
expressing IFN-y after ex vivo restimulation with PMA/ionomycin. Graphs represent mean+SEM. *P<0.05, **P<0.01, **P<0.001,
one-way analysis of variance with Bonferroni post-test (A,B,FH,I) or unpaired T test (G,K,L). IFN-y, interferon gamma; ns, not
significant; PD-1, programmed cell death 1; PMA, phorbol-12-myristate 13-acetate.
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in the bladder (figure 4G), as well as the Uty-specific
response (figure 4H), was abrogated in the absence of
CD4" T lymphocytes. Dby-specific CD4 response was still
present in CD8 depleted mice (figure 4I), which indi-
cates that the initiation of tumor-specific CD4 responses
is independent of CD8" T cells. Collectively, these results
suggest that MTBVAC bacterial therapy potentiates a
tumor-specific CD4 response that is necessary for the
generation of tumor-specific CD8" T cells and their infil-
tration into MB49 bladder tumors.

We also assessed whether MTBVAC treatment trig-
gered phenotypical alterations in tumor-infiltrating
CDS8" T lymphocytes. After two intravesical treatments, a
significant reduction in the proportion of CD8" T cells
expressing PD-1 and LAG-3 was observed in the MTBVAC
group (figure 4],K), a phenotype associated with T-cell
exhaustion.” Concomitantly, a higher proportion of
tumor-infiltrating CD8" and CD4" T cells expressed the
effector cytokine IFN-y on PMA/ionomycin restimula-
tion in MTBVAC-treated mice (figure 4L.), demonstrating
improved functionality of these cells induced by intraves-
ical therapy.

Intravesical bacterial immunotherapy relies on type 1
conventional dendritic cells (cDG1s)

c¢DCls are responsible for the processing and cross presen-
tation of tumor antigens and are crucial for the genera-
tion of tumor-specific CD4" and CD8" T cells.” Here we
assessed the contribution of cDCls to MTBVAC-induced
tumor-specific response and therapeutic efficacy. First,
we identified cDCls in the bladder 12 days after tumor
cell inoculation (figure 5A). As expected, XCR1" SIRPor”
¢DCls were selectively absent in bladders from Batf3"°
mice, which have been described to lack this cell popu-
lation.”® Intravesical MTBVAC induced the recruitment
of XCR1" ¢DCls to the bladder (figure 5A), and ¢DCls
of treated mice expressed higher levels of the costimula-
tory molecule CD86 both in the tumor and in the dLNs
(figure 5B). Next, we inoculated mice intravesically with
ZsGreen-expressing MB49 cells, which allowed us to track
immune cells that had engulfed tumor-associated mate-
rial (figure 5C). We focused on tumor-draining LNs,
where antigen presentation to CD4" and CD8" T cells
occurs, and found that ZsGreen positivity was mostly
restricted to the cDCI compartment (figure 5D). Our
results indicated a higher percentage of ZsGreen" cells
in cDCls, and not in other cellular compartments, from
mice receiving intravesical MTBVAC (figure 5D). Alto-
gether these findings suggested that intravesical MTBVAC
is favoring the migration of tumor-antigen loaded and
activated cDCls from the tumor to the LNs, which could
explain the enhanced tumor-specific response observed
in these mice.

To confirm the functional role of ¢DCls in driving
the therapeutic response to MTBVAC, we evaluated the
survival of Batf3"® mice bearing MB49 bladder tumors.
MTBVAC therapeutic efficacy was abrogated in Batf3"°
mice (figure 5E), and these animals presented significantly

higher bladder weights at day 12 after tumor cell inoc-
ulation compared with MTBVAC-treated wild-type mice
(figure 5F). Furthermore, CD8" Tcell infiltration into the
bladder was completely abolished in the absence of cDCls
(figure 5G), and concurrently, Batf3*° mice were unable
to mount both CD4 and CD8 tumor-specific responses on
MTBVAC treatment (figure 5H), as well as to upregulate
MHC-I on tumor cell surface (figure 5I).

Rejection of established bladder tumors by bacterial
immunotherapy

We finally explored the ability of MTBVAC to eliminate
fully established bladder tumors. For this, we chose to
start MTBVAC intravesical treatment at day 6 post tumor
cell engraftment, since at this timepoint haematuria, one
of the first signs of BC detected by patients, started to be
apparent. We confirmed that at this timepoint tumors
were visible macroscopically on necropsy, and undoubt-
edly established as demonstrated by histological analysis
(figure 6A). In addition, we assayed the combination of
intravesical BCG or MTBVAC with antiprogrammed cell
death ligand 1 (PD-LI) targeting antibodies since immu-
notherapy against PD-1/PD-L1 axis has been proven
successful in the clinic to treat BCG-unresponsive NMIBC,
as well as metastatic muscle-invasive bladder tumors.
Supporting this combination, we found an IFN-y-depen-
dent upregulation of PD-L1 expression on CD45" SSCh
immune cells following intravesical MTBVAC therapy
(figure 6B). We administered six instillations delivered
lweek apart (figure 6C), mirroring the induction phase
regime used with BCG in the clinic. Our data revealed
that intravesical MTBVAC given as monotherapy was
successful in inducing tumor regression in this treatment
setting, with 9 out of 15 mice found tumor-free by macro-
scopic visualization at day 70, confirming the capacity of
MTBVAC to induce eradication of established tumors
(figure 6D). Strikingly, combination of intravesical
MTBVAC with systemic oPD-L1 induced complete tumor
rejection in all of the mice tested across the three inde-
pendent experiments conducted, significantly improving
MTBVAC given as a monotherapy (figure 6D). In contrast,
intravesical BCG or oPD-L1 alone did not provide any
significant advantage compared with untreated mice,
whereas BCG+aPDLI-induced efficacy resulted better
than PBS or BCG alone, but substantially lower than the
MTBVAC+aPDLI combination (figure 6D). Altogether
these results provide evidence that intravesical bacterial
treatment of BC can be improved with systemic PD-L1
blockade.

DISCUSSION

Intravesical BCG, the first cancer immunotherapy ever
approved by the FDA, has been the gold-standard therapy
against NMIBC for more than four decades. Despite its
success, there is a wide margin for improvement and the
mechanism of action of this treatment remains incom-
pletely understood, both from the point of view of the
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Figure 6 Improved bacterial immunotherapy rejects established bladder tumors. (A) Representative histology (H&E staining) of
bladders 6 days after MB49 tumor cell inoculation. Tumor area is outlined in yellow. Letters denote the bladder lumen (L), lamina
propia (LM), tumor (T) and muscle layer (M). (B) Representative histograms and quantification of PD-L1 MFI on the indicated
cell type of mice bearing bladder tumors, treated intravesically on days 3 and 10 and analyzed on day 12. Graph shows PD-

L1 expression fold change versus the control PBS of each mouse strain (n=5-9 mice per group, pooled from two independent
experiments). (C) Schedule of intravesical treatments of mice bearing orthotopic MB49 bladder tumors with PBS or MTBVAC
and intraperitoneal treatments with aPD-L1. (D) Survival of mice treated as in (C), (h=9-15 mice per group, pooled from three
independent experiments). *P<0.05, **P<0.01, **P<0.001, ***P<0.0001, log-rank test in (D), one-way analysis of variance

with Bonferroni post-test in (B). IFN-y, interferon gamma; MFI, mean fluorescence of intensity; ns, not significant; PD-L1,
programmed cell death ligand 1; WT, wild type.

bacterial determinants of protection and the host immu-  withdrawals due to severe adverse events, which represent
nological mechanisms. This treatment fails in up to 50% of ~ approximately 10% of BC cases.”” Around 70% of the
patients, considering recurrence episodes and treatment  patients who suffer recurrence episodes following BCG
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treatment undergo progression to T2 muscle-invasive
disease, with radical cystectomy being the only thera-
peutic option in the clinical practice.”® Moreover, BCG is
not a unique strain but a diverse family of substrains with
genetic heterogeneity. As a result, there are phenotypical
differences among BCG substrains with respect to anti-
genicity and reactogenicity.” In fact, some studies have
reported differences between the BCG strains Connaught
and Tice in preventing BC recurrence and progres-
sion.”” *' In this regard, MTBVAC represents a unique
well-characterized vaccine strain which we have shown
to induce a more potent antitumoral response in mice
compared with BCG. Importantly, use of MTBVAC for BC
treatment might translate in a reduction of bacterial dose
and/or number of instillations, which could likely have
an impact in the number of adverse effects produced
currently by BCG.

It is well accepted that close contact between BCG and
bladder epithelium is needed to achieve an optimal ther-
apeutic effect.’” Indeed, in vivo blocking of BCG bladder
attachment in mouse models impairs treatment efficacy.’
A lower antitumoral potency of heat-killed BCG has also
been reported,” suggesting that bacteria do not bind
passively to bladder epithelium, but that instead they
employ active mechanisms to execute this process. Our
results indicate that, compared with BCG, MTBVAC has
an intrinsic better ability to colonize the bladder epithe-
lium compared with BCG, in a process that seems to be
mediated by ESAT6/CFP10 proteins. We have not charac-
terized yet the molecular mechanisms by which ESAT6/
CFP10 could be mediating bacterial attachment, but
previous studies suggested a role for these proteins in M.
tuberculosis attachment to lung epithelial cells through the
extracellular matrix protein laminin.** Thus, we could
speculate that mycobacteria-expressing ESAT6/CFP10
could bind to bladder epithelial cells through laminin in
a similar manner as the described in the lung. Indeed,
laminin is also present in bladder epithelial interstitium,
with an augmented expression associated with bladder
tumor development.”*

Our studies demonstrate that MTBVAC treatment
induces a tumor-specific response, and lack of therapeutic
efficacy in Perf*” and Rag1*° mice suggested that CD8" T
cells mightbe ultimately responsible for treatment success,
a conclusion that is supported by the impaired treatment
efficacy observed in mice challenged with B2m"°-MB49
cells. Importantly, our rechallenge experiments confirm
that therapy-induced tumor-specific immune memory is
durable and functional against both localized and dissem-
inated tumor cell rechallenge. A previous study reported
that MHC-II neoantigens are required for efficient anti-
tumor immunity, which implies a role for CD4" T cells.”
In this regard, here we describe that bacterial immuno-
therapy enhances the CD4 tumor-specific response, and
CD4" Twell depletion completely abrogates the CD8
tumor-specific response and the vaccine therapeutic
effect. More studies are needed to elucidate mechanisms
by which CD4" T cells prime the CD8" response, but it is

likely that the CD40/CD40L axis could have a role, since
previous work identified that CD40 agonists eliminated
bladder tumors by inducing a CTL response.'” Moreover,
CD4" T cellsecreted IFN-y can upregulate MHCI on
tumor cells but could also have antiproliferative effects,”
or enhance tumor cell sensitivity to cell death-inducing
stimuli such as tumor necrosis factor (TNF) or Fas.”’

Our work conducted in Batf3"° mice indicates that
c¢DCls result crucial in the initiation of the tumor-specific
CD4" and CDS8" responses during MTBVAC therapy, as
well as the infiltration of CD8" T cells into tumors. This
DC subset is essential in cancer immune surveillance and
is required for the response to other immunotherapies
such as checkpoint blockade or aCD40."” *** Our data
indicate that bacterial immunotherapy induces activa-
tion of cDCI, based on CD86 expression, and triggers a
higher capacity of this cellular subset to acquire tumor-
derived material and to carry it to the tumor dLNs, where
antigen presentation and induction of tumor-specific
responses are expected to occur. We could speculate a
different hypothesis to explain how tumor cell material
is initially generated and loaded into DCs. One is that
bacteria themselves are inducing some degree of direct
cytotoxicity over tumor cells. Indeed, our previous work
described that MTBVAC was cytotoxic when incubated in
vitro with different bladder tumor cell lines.!! However,
we must be cautious with this argument, since the condi-
tions used in vitro, with dramatically higher multiplicities
of infection and longer incubation time points, are very
different from the settings applied here in vivo. Moreover,
our present work indicates that the interaction between
bacteria and non-immune cells (including tumor cells)
in the bladder is very limited, and therefore it is unlikely
that direct vaccine-induced toxicity over tumor cells has a
major contribution in providing tumor-derived antigens
to DCs. Conversely, we consider more plausible a main
role of certain immune cells in this process, such as macro-
phages, neutrophils or natural killer (NK) cells, that may
be activated by intravesical bacteria, kill a small portion of
tumor cells and provide tumor-derived antigens to cDCls,
facilitating the initiation of adaptive immune responses.
Our current data do not allow discernment of the exact
mechanisms behind this process, and therefore more
studies are needed to unravel the initial steps that occur
after vaccine instillation.

Remarkably, we show that MTBVAC triggers rejection of
fully established tumors in which BCG results are ineffec-
tive, which suggests that this improved bacterial therapy
might be efficient against BCG-unresponsive tumors, for
which few therapeutic options exist besides radical cystec-
tomy. Interestingly, the antitumoral effect of MTBVAC
was enhanced by blocking PD-L1, a therapeutic target
that has been studied for BC with promising results.*’
Of note, our data demonstrated that MTBVAC induced
PD-L1 upregulation in bladder immune cells. Several
studies have correlated high levels of PD-L1 expression
in tumor infiltrating immune cells with a better prog-
nosis in different cancer types,* evidencing the existence
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of a functional antitumor immune response. Indeed,
it has been shown that IFN-y produced by CD8" T cells
upregulates the immunosuppressive mechanisms driven
by indoleamine-2,3-dioxygenase and PD-L1 in the tumor
microenvironment.*” Our data suggest that the higher
level of PD-L1 expression found on tumor-infiltrating
immune cells is a consequence of enhanced IFN-y
production induced by bacterial treatment, and there-
fore it could be acting as surrogate marker of the vaccine-
induced antitumoral response and sensitizing the tumor
to checkpoint blockade immunotherapy.

Altogether, our data expand our understanding about
how bacteria activate the immune system and induce
efficient curative antitumor responses. In addition, they
describe for the first time the proteins ESAT6 and CFP10
as determinants of intravesical bacterial immunotherapy
efficacy against bladder tumors. These findings could be
helpful in the future to develop more effective bacterial-
based treatments against BC, either based on M. tubercu-
losis attenuated strains or improved versions of BCG, and
provide a rationale for further evaluation of intravesical
MTBVAC for NMIBC treatment.
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