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A significant proportion of non-muscle invasive bladder cancer
cases will progress to muscle invasive disease. Transurethral
resection followed by Bacillus Calmette Guerin immuno-
therapy can reduce this risk, while cystectomy prior to muscle
invasion provides the best option for survival. Currently, there
are no effective treatments for Bacillus Calmette Guerin refrac-
tory disease. A novel oncolytic vesicular stomatitis virus con-
taining the human GM-CSF transgene (VSVd51-hGM-CSF)
was rescued and tested as a potential bladder-sparing therapy
for aggressive bladder cancer. The existing variant expressing
mouse GM-CSF was also used. Measurement of gene expres-
sion and protein level alterations of canonical immunogenic
cell death associated events on mouse and human bladder can-
cer cell lines and spheroids showed enhanced release of danger
signals and immunogenic factors following infection with
VSVd51-m/hGM-CSF. Intravesical instillation of VSVd51-
mGM-CSF into MB49 bladder cancer bearing C57Bl/6 mice
demonstrated enhanced activation of peripheral and bladder
infiltrating effector immune cells, along with improved sur-
vival and reduced tumor volume. Importantly, virus-mediated
anti-tumor immunity was recapitulated in bladder cancer pa-
tient-derived organoids. These results suggest that VSVd51-
hGM-CSF is a promising viro/immunotherapy that could
benefit bladder cancer patients.

INTRODUCTION
Bladder cancer (BC) is the fourth most common cancer for men1,2

and is the most expensive solid cancer to treat due to the requirement
for specialized monitoring equipment and highly trained
personnel.3,4 At initial diagnosis, approximately 75% of the cases
are non-muscle-invasive bladder cancer (NMIBC) with a significant
proportion that will progress to muscle-invasive disease.2 Transure-
thral resection (TUR) followed by intravesical chemotherapy or Bacil-
lus Calmette Guerin (BCG) immunotherapy can reduce this risk,1,5,6
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while cystectomy prior to muscle invasion provides the best option
for survival.7,8 However up to 84% of patients are unable to complete
the 3-year BCG regimen due to local or systemic toxicity and experi-
ence BCG refractory disease.9 There are currently no effective treat-
ments for patients who fail BCG and are ineligible or refuse
cystectomy.

Recent studies have shown that BCG and interferon (IFNa) combina-
tion therapy may be useful as salvage regimen in BCG failures.9,10

However, various tumors acquire defects in their ability to respond
to IFNs as they evolve, and many aggressive BC cell lines are highly
resistant to IFN treatment.10 IFN-resistance confers a growth advan-
tage for cancer cells over normal tissues, but simultaneously compro-
mises their antiviral response. To exploit this vulnerability, Zhang
et al. used oncolytic vesicular stomatitis virus (VSV) that possesses
the ability to selectively replicate in and kill IFN-resistant BC cells,
but is strongly suppressed in IFN-responsive normal tissues.11,12

The tumor specificity of wild-type VSV has been further enhanced
in an attenuated strain (VSVd51) with a point mutation in the matrix
protein, which has a defect in its ability to inhibit production and anti-
viral activities of IFNs. This provides enhanced protection in normal
tissues, while maintaining oncolytic ability.13 Importantly, the lack of
pre-existing neutralizing antibodies in human populations, a major
hurdle that impedes the in vivo delivery of many other oncolytic vi-
ruses (OV), warrants the development of oncolytic VSV for clinical
applications.14,15 In vivo experiments using IFN-resistant BC cell lines
implanted in athymic nude mice demonstrated significantly reduced
tumor growth following intravesical instillation with VSVd51.12
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Despite these promising preclinical results, the absence of the im-
mune microenvironment is a significant limitation of these xenograft
models. There is strong evidence to suggest that the immune system
plays a critical role in determining the outcome of oncolytic VSV
therapy.16 We and others have shown that manipulating host immu-
nity can both improve and impede the success of virotherapy.16–18 It
is not known how the presence of a functional immune system affects
the response to OV treatment in mouse models of BC and its efficacy
in human BC patients.

VSV-based virotherapy is in several phase I trials for solid tumors.
Administration of VSV-hIFNb-NIS monotherapy and in comb-
ination with avelumab (NCT02923466) or pembrolizumab (NCT0
3647163) is currently underway in patients with refractory solid tu-
mors to determine the safety, maximum tolerated dose, pharmacoki-
netics, and tumor biomarkers. For late-stage melanoma patients, a
phase III/IV study using VSV-hIFNb-TYRP1 is currently testing
both intravenous and intratumoral administration (NCT03865212).
In BC, many different OVs have been examined in preclinical and
early phase clinical studies for their oncolytic properties. Annels
et al. demonstrated the immunogenic potential of coxsackie virus
CVA21 by measuring immunogenic cell death (ICD) biomarkers
following infection in cell lines and tissue slices, but immune func-
tional assays were not conducted.19 Ramesh et al. reported preclinical
BC results using oncolytic adenovirus (CG0070), which encodes hu-
man granulocyte macrophage colony stimulating factor (GM-CSF).
GM-CSF, an important myelopoietic growth factor, has attracted
great interest as an immune stimulatory transgene to boost the ther-
apeutic efficacy of OVs.20–22 GM-CSF exerts its antitumor activity
through enhancing conventional dendritic cell (cDC) activation and
antigen presentation, in addition to improving T cell functions indi-
rectly, in an interleukin 1 (IL1)–dependent manner.23 While CG0070
showed significant tumor killing in xenograft mouse models, the hu-
man GM-CSF encoded by this adenovirus is species specific. There-
fore, the antitumor effects observed in mice were solely attributed
to the oncolytic activity of the virus.22 Most recently, in a phase 3
study, a replication-deficient adenovirus that delivers human IF-
Na-2b into the bladder epithelium was tested in BCG-unresponsive
NMIBC patients. In early reports, approximately, 53% of 103 patients
with carcinoma in situ had a complete response within 3 months of
the first dose, and half of these patients maintained their response
at 12 months. Similar to previous studies, the underlying
immune response was not evaluated.24 Although the viral candidates
described above have shown promising preclinical and early clinical
results, the antitumor immune response has not been sufficiently
characterized in either immunocompetent mouse models or human
studies. Therefore, there is uncertainty in the ability of OV to provoke
an antitumor immune response and have improved efficacy over
frontline therapies for BC.

We, therefore, engineered a VSVd51 variant containing human GM-
CSF (VSVd51-hGM-CSF) that has not been previously reported. Of
note, several VSVd51 variants containing mouse GM-CSF have
been previously described in preclinical models of melanoma and
508 Molecular Therapy: Oncolytics Vol. 24 March 2022
breast tumors where immune-activating properties of the recombi-
nant virus accentuated viral oncolysis.25,26 Using both the human
and the existing mouse variant (VSVd51-mGM-CSF, Auer group),
we evaluated their ability to treat BC. BC cell lines were assessed for
susceptibility to viral lysis and expression of ICD markers and im-
mune gene signatures. We hypothesized that VSVd51 containing
mouse or human GM-CSF could enhance ICD signatures in mouse
or human BC cells, respectively. Furthermore, we investigated the
immunogenicity and therapeutic efficacy of VSVd51-mGMCSF in
the C57Bl/6-MB49 syngeneic model to understand the underlying
in vivo immune contributions of this OV. Using human BC pa-
tient-derived organoids, we measured the immune-stimulating effects
of VSVd51-hGM-CSF on autologous patient immune cells to estab-
lish greater predictive power of this novel virotherapy.
RESULTS
Characterization of a VSVd51 oncolytic virus encoding human

GM-CSF

Due to the therapeutic potential of GM-CSF, a human GM-CSF
transgene was incorporated into the backbone of the oncolytic
VSVd51 variant to create VSVd51-hGM-CSF (Figure 1A). This repli-
cation-competent OV could infect human BC cell lines with an effi-
ciency comparable to parental VSVd51, and expression of hGM-
CSF did not negatively affect viral replication (Figures 1B and 1C).
Human GM-CSF was quantified in the culture media of 5637 and
UM-UC-3 cell lines infected with VSVd51-hGM-CSF (Figure 1D).
The mouse variant, VSVd51-mGM-CSF, was also able to infect and
replicate in a mouseMB49 BC cell line (Figures S1A–S1C). Therefore,
VSVd51-hGM-CSF could successfully infect human BC cells, the vi-
rus could replicate, and GM-CSF was secreted, resulting in a func-
tional VSVd51-hGM-CSF.
The GM-CSF transgene in VSVd51 induces enhanced

immunogenic cell death and associated gene signature in the

MB49 mouse bladder cancer cell line following infection

There is strong evidence to suggest that the immune system plays a
critical role in determining the outcome of VSV therapy. We first
characterized the immunogenic potential of VSVd51 and VSVd51-
mGM-CSF to treat BC. Given the importance of the mode of tumor
cell death in initiating anti-tumor immune responses,27,28 we assessed
ICD following infection of the mouse MB49 cell line with VSVd51 or
VSVd51-mGM-CSF. We measured high-mobility group box 1
(HMGB1) protein (Figure 2A) and adenosine triphosphate (ATP)
(Figure 2B) in the supernatant of infected cells at various time points
post-infection. Both HMGB1 and ATP are important biomarkers of
ICD. We observed increased ATP release following 24 h of infection
and similar HMGB1 levels by the VSVd51-mGM-CSF compared with
controls. Another feature of necrosis is the presence of cell surface
externalized calreticulin. Following virus infection, we observed an
increase in the percentage of calreticulin+ cells in VSVd51-mGM-
CSF-treated cells at 48 h post-infection (Figure 2C). Together, the
presence of these heightened danger-associated molecular patterns
(DAMPs) suggest a greater induction of ICD by VSVd51-mGM-CSF.
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Figure 1. Characterization of a VSVd51 oncolytic virus encoding human GM-CSF

(A) A schematic of the VSVd51-hGM-CSF genome. (B) Cytotoxicity of VSVd51 and VSVd51-hGM-CSF was assessed in UM-UC-3 and 5637 BC cells at the indicated MOIs

48 h after infection. (C) Viral titers produced from VSVd51- and VSVd51-hGM-CSF-infected BC cells. (D) The amount of hGM-CSF secreted from infected cells was examined

24 h after infection and reported as ng/mL of GM-CSF per cell. n = 3 for biological replicates, ***, p < 0.001; ****, p < 0.0001; (n.s., no significance).
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Next, we determined if virus-induced necrosis is immunogenic in na-
ture. To accomplish this, we examined a panel of genes related to pro-
inflammatory, anti-inflammatory, antigen presentation, and immune
differentiation markers by qPCR. 24 h following infection with the vi-
ruses, we detected a general upregulation of genes related to immune
cell recruitment and activation in MB49 cells. Notably, mouse CCL5,
CXCL10, and GM-CSF transcripts showed an increase in expression
in MB49 cells following VSVd51-mGM-CSF infection compared
with VSVd51 and non-infected controls (Figure 2D). These data sug-
gest enhanced immunogenic gene expression in MB49 cells following
VSVd51-mGM-CSF-induced ICD.
Enhanced immune cell activation following VSVd51-mGM-CSF

treatment in the syngeneic C57Bl/6-MB49 mouse model

To determine if the observed in vitro ICD and immune gene signa-
tures in mouse BC cells translate to improved immune function
in vivo, we compared VSVd51 and VSVd51-mGM-CSF in the treat-
ment of C57Bl/6 mice bearing orthotopic MB49 tumors (Figure 3A).
MB49 is one of the most-used murine BC cell lines and shares pivotal
immunological and cell surface characteristics with aggressive human
BC.19,29 At early and late time points following intravesical VSVd51-
mGM-CSF treatment, we observed significantly increased propor-
tions of CD69+ (early lymphocyte activation), IFNg+ (cytokine
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Figure 2. The GM-CSF transgene in VSVd51 induces enhanced immunogenic cell death and associated gene signature in the MB49 mouse bladder cancer

cell line following infection

(A) Western blot analysis of HMGB1 from cell-free supernatants, (B) luminometry measurement of ATP from cell-free supernatants, and (C) measurement of cell surface

calreticulin of the mouse MB49 BC cell line infected with VSVd51 and VSVd51-mGM-CSF at indicated MOI and following indicated time points. (D) Fold change in gene

expression of MB49 cells following infection with VSVd51 and VSVd51-mGM-CSF at 10 MOI for 24 h. Quantitative PCR was performed using mRNA pooled from three

independent experiments. All data are representative of at least three similar experiments where n = 3 for biological replicates, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <

0.0001; (n.s., no significance).
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production), and granzyme B+ (cytotoxicity) peripheral blood NK
cells compared with treatment with VSVd51 or PBS (Figure 3B).
Similar results were observed with CD11c+ cDC in terms of their acti-
vation status (CD80+/CD86+) (Figure 3C). Analysis of peripheral
blood CD3+/CD8+ T cells showed increased IFNg, and granzyme B
in VSVd51-mGM-CSF-treated mice over controls (Figure 3D). How-
ever, the proportion of NK, DC, and CD8+ T cell numbers in the pe-
riphery remained constant across treatments (Figures 3B–3D, first
panel).

In contrast, both the proportion and function of bladder-infiltrating
NK and CD8+ T cells were significantly increased in VSVd51-
mGM-CSF-treated mice (Figures 3E and 3F). In addition to immune
effector cells, we assessed the proportion of regulatory cells, specif-
ically in the tumor microenvironment (TME) of dissociated bladders.
We did not observe any differences in T regulatory cell proportions
across treatment groups (Figure 3G). However, we observed a signif-
icant decrease in granulocytic cells (CD11b+/Ly6Ghigh) in VSVd51-
treated groups compared with controls, while mice treated with
VSVd51-mGM-CSF had reduced granulocytic cell proportions
compared with PBS control, but had a higher proportion compared
510 Molecular Therapy: Oncolytics Vol. 24 March 2022
with VSVd51 (Figure 3H). In contrast, we did not observe any differ-
ences between VSVd51- and VSVd51-mGM-CSF-treated groups for
monocytic cells other than a general decrease compared with PBS
mice (Figure 3H). Lastly, we examined the functional suppressive ca-
pacity of granulocytic cell populations by examining arginase 1+

(ARG1+) and detected a greater proportion in VSVd51-mGM-CSF-
treated mice compared with VSVd51 (Figure 3H). Taken together,
these results suggest that while VSVd51 treatment diminished both
myeloid regulatory cell population levels, treatment with VSVd51-
mGM-CSF conversely enhanced the population of ARG1+ granulo-
cytic regulatory cells.

Increased T cell and myeloid cell populations detected by

multiplex IF following VSVd51-mGM-CSF treatment in the

syngeneic C57Bl/6-MB49 mouse model

Next, we wanted to determine the distribution of immune effector cell
populations in the bladder tumor. Parallel to the flow cytometry ex-
periments, bladders were harvested and stained for CD3, CD8,
CD11b (myeloid cells), and CD208 (mature DC) with IF (Figure 4A).
We were able to detect higher numbers of total CD8+ and CD11b+

cells in VSVd51-treated mice compared with controls (Figures 4C–



Figure 3. Enhanced immune cell activation following VSVd51-mGM-CSF treatment in the syngeneic C57Bl/6-MB49 mouse model

(A) Timeline of in vivo C57Bl/6-MB49 experiment. B6 mice bladders were instilled with 1 � 106 MB49 cells. Two days later, each group of mice received via intravesical

instillation 50 mL of 5 � 108 PFU of VSVd51 or VSVd51-mGM-CSF or vehicle for control groups. Innate immune cells (B and C) were assessed via peripheral blood at day 4

post tumor implantation. Adaptive and regulatory immune cells (D–G) were assessed peripherally or in the bladder on day 8 post tumor implantation. Immune cell suspensions

(legend continued on next page)
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4E). However, we detected significantly higher numbers of CD3+,
CD8+, CD8+/CD3+, CD11b+, and CD208+ cells following VSVd51-
mGM-CSF treatment compared with untreated mice (Figures 4B–
4F). In particular, we observed higher levels of CD3+, CD8+, CD8+/
CD3+, and CD208+ cells in VSVd51-mGM-CSF-treated mice
compared with VSVd51 treatment (Figures 4B–4D and 4F). Overall,
these IF findings support our flow cytometry results and illustrate the
potent immune-stimulating capacity of VSVd51-mGM-CSF as intra-
vesical therapy for BC.

Diminished bladder tumor burden and improved survival in the

C57Bl/6-MB49 model following VSVd51-mGM-CSF treatment is

dependent on both immune effector and regulatory cells

To investigate whether the improved immune function of treated
mice results in better disease outcome, we monitored mice for sur-
vival and measured tumor volume by small animal ultrasound. We
observed reduced tumor volume and improved survival in
VSVd51-mGM-CSF-treated mice compared with controls or
VSVd51 (Figures 5A–5C). To confirm the critical role of NK and
CD8+ T cells after virus administration, we monitored for survival
in VSVd51-mGM-CSF-treated mice that were pharmacologically
depleted singly or of both immune cell populations (Figure 5D). In
support of the in vivo data showing enhanced NK (Figure 3) and
CD8+ T cell function (Figures 3 and 4), the protective effect of treated
mice with VSVd51-mGM-CSF was partially removed upon depletion
of NK cells, but completely abrogated upon depletion of CD8+ T cells
or combination of NK and CD8+ T cells (Figure 5E). These results
suggest that the therapeutic benefit of VSVd51-mGM-CSF treatment
is dependent upon both NK and CD8+ T cells, but likely more depen-
dent on CD8+ T cells. To follow up on the granulocytic cell expansion
and ARG1+ results upon VSVd51-mGM-CSF administration, we
questioned whether depletion of this suppressive myeloid cell subset
could further improve survival. Following depletion with anti-Ly6G,
we observed a modest, but significant improvement in survival in
VSVd51-mGM-CSF-treated mice (Figure 5F). These in vivo results
suggest that improved survival of mice following VSVd51-mGM-
CSF treatment is positively associated with effector immune cells
and negatively associated with myeloid regulatory cells.

Enhanced immunogenic cell death and activation of innate and

adaptive immune cells following exposure of human BC

spheroids to VSVd51-hGM-CSF

To test the translational potential of VSVd51-hGM-CSF, we exam-
ined its anti-cancer effect on human BC cell lines and primary hu-
man immune cells. We propagated the human 5637 and UM-UC-3
BC cell lines as 3D spheroids instead of 2D monolayers to better
mimic the physiology of the bladder urothelium. Using these spher-
oids, we examined biomarkers of ICD including secreted HMGB1
and ATP following infection. In the cell-free supernatants of
from the peripheral blood (B–D) or dissociated bladders (E–H) of mice following indicat

granzyme B+, IFNg+), (C) DC markers (CD11c+, CD80+, CD86+), (D and F) T cell marke

Foxp3+), (H) myeloid derived suppressor cells (CD11b+, Ly6G+, ARG1+), and analyzed

where n = 5–9 mice/treatment, *, p < 0.05; **, p < 0.01; ***, p < 0.001; (n.s., no signific
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VSVd51-hGM-CSF-infected 5637 spheroids, we observed increased
levels of HMGB1, while similar HMGB1 levels were observed in
UM-UC-3 spheroids (Figure 6A). Increased ATP levels (Figure 6B)
at both 24 and 48 h post-infection compared with VSVd51 and
non-infected controls was detected in 5637 spheroids, while higher
ATP levels in UM-UC-3 spheroids were detected at earlier time
points (4 h, 16 h) due to the stability of the spheroid structures
in culture. Similar to our mouse data, the presence of these DAMPs
suggests a greater induction of ICD in human BC spheroids by
VSVd51-hGM-CSF.

In co-culture experiments with CD14+ human monocytes incubated
with cell-free lysates from infected 5637 spheroids, we observed po-
larization of these monocytes toward an M1-like phenotype express-
ing higher levels of CD80, CD86, HLA-DR, and PD-L1, which has
been previously suggested30,31 to promote anti-tumor immune re-
sponses (Figure 6C). To examine the immune consequences of
VSVd51-hGM-CSF infection on immune effector cells, we measured
humanNK and CD8+ T cell migration.We observed increasedmigra-
tion of CD3-/CD56+ NK and CD3+/CD8+ T cells toward conditioned
media (CM) of VSVd51-hGM-CSF-infected 5637 spheroids (Fig-
ure 6D). Taken together, these data using human cells demonstrate
the immune-activating potential of VSVd51-hGM-CSF.

VSVd51-hGM-CSF enhances biomarkers of ICD and autologous

immune cell activation in human BC patient-derived organoids

To test the clinical potential of VSVd51-hGM-CSF, we questioned
whether it could elicit an immunogenic signature in human BC pa-
tient tissue. We, therefore, enrolled BC patients in the observational
oVSV-bladder study (Ethics protocol #2018-2414). To better model
the physiological structures of the bladder urothelium, we propagated
these BC patient-derived tissues as 3D organoids ex vivo (Figures S2A
and S2B). Organoids from patients 34 and 38 were infected with
VSVd51 or VSVd51-hGM-CSF and ICD assays were conducted.
HMGB1 release for both patients was detected at higher levels in
VSVd51-hGM-CSF-infected organoids (Figure 7A), while ATP
release was detected at higher levels in VSVd51-hGM-CSF-infected
organoids for patient 34 (Figure 7B). Importantly, we looked at autol-
ogous immune cell activation following treatment of matched BC or-
ganoids with VSVd51-hGM-CSF (Figures 7C–7F). We observed
enhanced CD107a degranulation in NK and CD8+T cells following
co-culture with autologous CD11c+ DC incubated with CM from
VSVd51-hGM-CSF-infected organoids compared with controls in
both patients (Figures 7C and 7E). Additionally, we detected
enhanced CD80, CD86, and HLA-DR expression on CD11c+ autolo-
gous cDCs of patient 38 following incubation with CM fromVSVd51-
hGM-CSF-treated organoids compared with controls (Figure 7F).
These human data demonstrate that an ICD signature is present in
patient BC organoids following VSVd51-hGM-CSF infection, and
ed treatments were stained with (B and E) NK cell markers (NK1.1+, CD3-, CD69+,

rs (CD3+, CD8+, granzyme B+, IFNg+), (G) T regulatory cells (CD3+, CD4+, CD25+,

by flow cytometry. All data are representative of at least three similar experiments

ance).



Figure 4. Increased T cell and myeloid cell populations detected by multiplex IF following VSVd51-mGM-CSF treatment in the syngeneic C57Bl/6-MB49

mouse model

Representative images (A) and quantification (B–F) of CD3+, CD8+, CD8+/CD3+, CD11b+, and CD208+ cells in PBS, VSVd51-, and VSVd51-mGM-CSF-treated mice. The

percentage of positive cells was enumerated as averages from five to six regions of interest from three tissue slices each. Original magnification�20. The scale bar is 200 mm.

All data are representative of at least three similar experiments where n = 5–9 mice/treatment *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; (n.s., no significance).
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this phenotype has the capacity to activate autologous immune cells
ex vivo.

DISCUSSION
For patients who fail frontline therapies and who refuse or are not
candidates for surgery, there is an urgent medical need for addi-
tional bladder-sparing treatments. The urinary bladder is an ideal
organ to evaluate local virotherapy. First, the urethra permits
easy intravesical instillation of OV providing cancer cells exposure
to large viral titers. For safety considerations, the bladder is an iso-
lated organ and the trilaminar unit membrane limits potential sys-
temic viremia outside of the bladder walls. Finally, the success of
Molecular Therapy: Oncolytics Vol. 24 March 2022 513
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Figure 5. Diminished bladder tumor burden and improved survival in the C57Bl/6-MB49model following VSVd51-mGM-CSF treatment is dependent on both

immune effector and regulatory cells

(A) Timeline of in vivo C57Bl/6-MB49 experiment. B6 mice bladders were instilled with 1 � 106 MB49 cells. Two days later, each group of mice received via intravesical

instillation 50 mL of 5� 108 PFU of VSVd51 or VSVd51-mGM-CSF or vehicle for control groups. (B) Tumor volume assessment at days 2 and 6 following indicated treatments

was performed via small animal ultrasound. (C) Kaplan-Meier survival analysis of C57Bl/6 mice bearing MB49 bladder tumors and treated with indicated therapies. (D)

Timeline of immune cell depletion in the C57Bl/6-MB49 in vivo model. One day before virus treatment, NK cells, CD8+ T cells, and NK + CD8+ T cells were depleted using

antibodies to GM1, CD8, GM1 + CD8, and Ly6G and continued every 3 days for a total of six doses. On days 2 and 3 following tumor implantation, all mice received VSVd51-

mGM-CSF. (E and F) Kaplan-Meier survival analysis of C57Bl/6 mice bearing MB49 bladder tumors and receiving VSVd51-mGM-CSF and indicated antibody depletion or

vehicle control. n = 10–12 mice/group. *, p < 0.05; **, p < 0.01; (n.s., no significance), log rank test.
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BCG and adenovirus therapy for NMIBC demonstrates the sensi-
tivity of BC to viro-immunotherapy.24,29,32 Thus, in this report,
we provide preclinical and translational immune response evi-
dence for the use of oncolytic VSVd51-hGM-CSF for the treatment
of BC.

From in vitro experiments, we determined that infection of mouse
and human BC cells with VSVd51-mGM-CSF and VSVd51-hGM-
CSF, respectively, results in higher ICD compared with VSVd51-in-
fected and non-infected cells. We observed enhanced release of
514 Molecular Therapy: Oncolytics Vol. 24 March 2022
intracellular HMGB1 and ATP and increased calreticulin+/DAPI+

tumor cell populations (Figures 2 and 6). In these in vitro cultures,
we postulate that the secreted GM-CSF is exerting an effect on can-
cer cells through known and unknown receptors and likely inducing
endoplasmic reticulum stress and the unfolded protein response.
The simultaneous virus infection and replication may dramatically
increase cellular and oxidative stress, leading to increased bladder
tumor cell death.33,34 This novel role of virus-secreted GM-CSF in
further amplifying ICD and its underlying mechanism is under
investigation in our lab.



Figure 6. Enhanced immunogenic cell death and activation of innate and adaptive immune cells following exposure to VSVd51-hGM-CSF in human BC

spheroids

(A) Western blot analysis of HMGB1 (V:VSVd51; G:VSVd51-hGM-CSF) and (B) luminometry measurement of ATP from cell-free supernatants of human BC 5637 and UM-

UC-3 spheroids infected with VSVd51 and VSVd51-mGM-CSF at indicated MOI and following indicated time points. (C) Polarization of purified human monocytes in the

presence of CM from human BC 5637 spheroids infected with VSVd51 or VSVd51-hGM-CSF at indicated MOI and time points. (D) Migration assay of human CD3–/CD56+

NK cells and CD3+/CD8+ T cells following exposure to CM from human BC 5637 spheroids infected with VSVd51 or VSVd51-hGM-CSF at indicated MOI and time points.

CCL2 as positive control. All data are representative of at least three similar experiments where n = 3 for biological replicates. *, p < 0.05; **, p < 0.01; ***, p < 0.001; (n.s., no

significance).
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(legend on next page)
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Previous studies have demonstrated that VSVd51 robustly recruits
cDCs and activates effector NK cells to the site of tumor cell lysis
through the release of HMGB1, exposure of calreticulin, and death re-
ceptor FasR-FasL expression.35 In a separate report, VSVd51
increased the surface expression of MHC-I molecules in B16 mela-
noma cells following infection, which improved recognition by
CD8+ T cells.36 From our in vivo experiments, we observed that treat-
ment ofMB49 tumor-bearingmice with two doses of VSVd51-mGM-
CSF significantly augmented both systemic and tumor-infiltrating
innate and adaptive immune cell functionality, resulting in reduced
bladder tumor burden and improved survival compared with treat-
ment with parental VSVd51. Both NK and CD8+ T cells were impor-
tant in contributing toward VSVd51-mGM-CSF-mediated treatment
efficacy as shown in depletion studies. However, CD8+ T cells appear
to play a more important role in mediating therapeutic efficacy as evi-
denced by shortened survival in CD8+ T cell-depleted mice, singly or
in combination with NK cells. While the overall survival in VSVd51-
mGM-CSF-treated mice was improved, we observed accumulation of
ARG1+ granulocytic myeloid regulatory cells in the bladder tumor tis-
sue of these mice (Figure 3H). These regulatory cells have been shown
to expand in the tumor microenvironment and exert suppression on
innate and adaptive immunity through production of regulatory
enzymes.37 While enhancing cDC proliferation and activation,
GM-CSF may indiscriminately increase myeloid regulatory cell popu-
lations.37–39 Therefore, the counter-regulatory activities of GM-CSF
overexpression by VSVd51-mGM-CSF may be reducing its therapeu-
tic efficacy by expanding granulocytic myeloid regulatory cells and
subsequent inhibition of effector immune cells. Depletion studies
with anti-Ly6G in the context of VSVd51-mGM-CSF treatment signif-
icantly improved survival in these cohorts (Figure 5F).While VSVd51-
mGM-CSF significantly improves survival compared withVSVd51, we
speculate that these regulatory cells, which resemble myeloid-derived
suppressor cells, along with other regulatory mechanisms in the
TME, may be contributing toward suboptimal VSVd51-mGM-CSF ef-
ficacy. The counter-regulatory activity of GM-CSF is an important lim-
itation highlighted by our findings that could reduce the therapeutic
efficacy of other OVs expressing GM-CSF, such as the FDA-approved
oncolytic herpes simplex virus (HSV) for the treatment of end-stage
melanoma.40 Therefore, combination treatment with OV and immu-
nomodulators to remove TME immune suppression may improve
overall survival. These studies are underway in our lab.

In translational studies, we demonstrated that an analogous mecha-
nism of VSVd51-hGM-CSF-induced immune activation is occurring
in human BC spheroids and patient-derived organoids. VSVd51-
hGM-CSF infection of human BC spheroids resulted in the enhanced
release of immunogenic DAMPs and polarization of human mono-
cytes toward an M1-like phenotype and lead to greater NK and
Figure 7. VSVd51-hGM-CSF enhances biomarkers of ICD and autologous imm

ICD and immune activation of BC patient-derived organoids from patients 34 and 38 as m

CSF); (B) luminometry measurement of ATP; (C–F) functionality of autologous human CD

autologous human cDCs in the presence of CM from infected human BC patient-derive

with VSVd51 or VSVd51-hGM-CSF at 10 MOI for 24 h. Data are pooled from biologica
CD8+ T cell migration (Figure 6). In two BC patient-derived organo-
ids (Figure S2A), evaluation of ICD biomarkers showed augmented
release of DAMPs. The direct effect of GM-CSF on BC patient orga-
noids in amplifying ICD is currently being explored in our lab.
Importantly, autologous patient immune cells incubated with CM
from VSVd51-hGM-CSF-infected matched organoids demonstrated
enhanced innate and adaptive immune cell activation (Figure 7). Spe-
cifically, we observed increased activation of DCs via upregulation of
costimulatory molecules CD80/CD86 in patient 38 along with an in-
crease in CD107a degranulation marker on NK and CD8+ T cells,
which was also observed in patient 34. The DC are likely up-taking
both viral and tumor-associated peptides in the supernatant of tumor
cells infected by virus. The increased amounts of GM-CSF produced
by VSVd51-hGM-CSF is enhancing the maturation/differentiating
status of the DCs, which increases their capacity for viral/tumor an-
tigen presentation to immune effector cells. Tumor-specific antigen
responses in transgenic bladder tumor models in the context of viro-
therapy is a future focus of our lab.

Although only two patient BC tissues were tested, their permissive-
ness to VSVd51-hGM-CSF infection and resultant activation of
autologous immune cells, despite patient 38 receiving systemic
chemotherapy pre-surgery (Figures S2B and 7), justifies further
testing of this novel virotherapy for BC. Previous studies have
described the association between IFN responsiveness of bladder tu-
mor cell lines and patient-derived tissues and sensitization to VSV-
induced cell death.11,12 Interestingly, higher-grade tumors (grades II
and III) did not respond to IFN therapy, but responded well to
VSV infection. Separate studies describe the expression of the low-
density lipoprotein receptor (LDLR) in BC and its correlation with
patient survival.41 LDLR is the surface receptor used by VSV to
gain entry into cells and appears to be highly expressed in high-grade
tumors, BC included. These studies suggest the potential of selecting
BC patients for VSV-based therapy based on IFNAR and/or LDLR
expression on patient tissue. Taken together, these translational re-
sults demonstrate the feasibility of developing a VSVd51-hGM-
CSF-based immunogenic virotherapy to treat BCG failed and high-
risk patients.

MATERIALS AND METHODS
Cell lines and viruses

The murine BC cell line MB49 was maintained in DMEM; the human
BC cell lines 5637 in RPMI and UM-UC-3 in EMEM, all supple-
mented with 10% HI FBS + 100 U/mL penicillin and 100 mg/mL
streptomycin (complete media). 5637 and UM-UC-3 cell lines
(both of male origin) were purchased from ATCC and MB49 cell
line from Millipore-Sigma and were verified to be mycoplasma free
and show appropriate microscopic morphology. All three BC cell
une cell activation in human BC patient-derived organoids

easured through (A) western blot analysis of HMGB1 (V:VSVd51; G:VSVd51-hGM-

8+ T and NK cells following co-culture with autologous treated-cDC and activation of

d organoids (patient 34 [C and D]; patient 38 [E and F]). All organoids were infected

l replicates, n = 3, *, p < 0.05; **, p < 0.01; ***, p < 0.001; (n.s., no significance).
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lines were chosen due to their invasive nature and their ability to
assemble into 3D spheroid cultures. VSV-hGM-CSF was cloned
from parental VSVd51. Briefly, polymerase chain amplification was
used to amplify hGM-CSF from the pUNO1-hGM-CSF plasmid (In-
vivogen) and the cDNA was subcloned into VSVd51 via the restric-
tion sites XhoI/NheI. This plasmid was used to rescue a recombinant
VSVd51-hGM-CSF as previously described.42 VSVd51 and VSVd51-
mGM-CSF were obtained from the Ottawa Hospital Research Insti-
tute (Ottawa, Canada). All viruses were propagated on Vero cells
and purified using Opti-Prep purification methods. Viral titers were
determined by a standard plaque assay as previously published.42

Viral cytotoxicity was assessed on the indicated cell lines, and cell
viability using the non-radioactive MTT assay (Promega) was carried
out as described previously.42

Mice

Female C57Bl/6 mice (6–8 weeks old, 20–25 g) were purchased from
Charles River (Quebec). Animals were housed in pathogen-free con-
ditions at the Central Animal Facility of the Université de Sherbrooke
with access to food and water ad libitum. Animals were euthanized by
cervical dislocation under anesthesia. All studies were conducted in
accordance with university guidelines and the Canadian Council on
Animal Care, and protocols were approved by the Faculty Animal
Care Committee.

C57Bl/6-MB49 syngeneic mouse model of bladder cancer

For orthotopic implantation of BC cells, mice were anesthetized and
chemical lesions were induced by intravesical instillation of trypsin
(Wisent) 1:1 in DMEM. During this procedure, all mice were kept
under anesthesia (3% induction, 1.5% maintenance of isoflurane
with 2% O2). Subsequently, 1 � 106 MB49 bladder tumor cells
were instilled. Mice were randomized according to weights. Two
days later, each group of mice received via intravesical instillation
50 mL of 5 � 108 PFU of VSVd51 or VSVd51-mGM-CSF or vehicle
control. Screening of tumor-bearing mice prior to the initiation of
virus treatment was conducted by ultrasound to ensure equal tumor
burdens. For the in vivo depletion of immune cells, six doses of
depletion antibodies (1 dose 24 h after tumor instillation, followed
by five additional doses 3 days apart) were administered by intra-
peritoneal injection of 250 mg/dose for anti-mouse Ly6G (1A8; Bio-
XCell); 20 mg/dose for anti-Asialo (GM1, Life Technologies), and
250 mg/dose for anti-CD8a (53-6.7, BioXCell). Bladder tumor
growth was monitored biweekly by small animal ultrasound
(Vevo3100, VisualSonics).

Mouse bladder tumor dissociation

Following euthanasia, bladders were immediately placed in cRPMI
and processed using the mouse tumor dissociation kit (Miltenyi bio-
tec). Briefly, bladders were cut into small pieces (<2 mm3), then
treated with dissociation enzymes and placed into the gentle MACS
OctoDissociator (Mitenyi biotec). Following dissociation, macro-
scopic pieces were removed using a 70-mm nylon cell strainer. Single
cell suspensions were washed twice in cRPMI and proceeded to flow
cytometry acquisition as described below.
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Flow cytometry

Antibodies are listed in Table S1. To analyze mouse blood and tumor
dissociated lymphocyte populations, an initial incubation was done in
ACK lysis buffer for 5 mins to lyse red blood cells. 1 � 106 cells were
then added to each tube. Fc block was added prior to antibody stain-
ing for 10 min at room temperature. Samples were washed twice with
flow cytometry buffer (PBS, 2% FBS, 1 mM EDTA) and acquired on a
CytoFLEX 30 (Beckman Coulter). Data was analyzed with CytExpert
software. For assessment of NK and T cell functionality, cells were
cultured with PMA/ionomycin (Sigma) for 4 h in the presence of bre-
feldin A (1 mL/mL) at 37�C. After 4 h, cells were washed twice with
PBS, and then stained for NK and T cell markers. Cells were then fixed
and permeabilized using BD Cytofix/Cytoperm kit, according to the
manufacturer’s protocol, and intracellular staining for granzyme B
and IFNg was performed. The CD107a antibody was added to cells
alongside PMA/ionomycin stimulation.

Multiplex immunofluorescence

FFPE tissue sections (4 mm) were processed manually. Briefly, slides
were heated at 37�C overnight, deparaffinized, and then fixed in
neutral-buffered 10% formalin. The presence of T cells (CD3), CD8
cells, myeloid cells (CD11b), or mature DC (CD208) were assessed
using a serial same-species fluorescence-labeling approach that em-
ploys tyramide signal amplification and microwave-based antigen
retrieval and antibody stripping in accordance with the manufac-
turer’s instructions (Opal Multiplex IHC, PerkinElmer). Antibodies
are listed in Table S1. Staining was visualized using the Vectra3 imag-
ing system (Akoya Biosciences). Following whole slide scan, areas of
interest on tissue sections were annotated using Phenochart for 20x
multispectral images.

Immunogenic cell death assays

For monolayer cultures, CM was obtained by seeding 5 � 105 cells in
12-well plates in their corresponding media for 24 h followed by
infection with VSVd51 and VSVd51-m/hGM-CSF at the indicated
PFU for the indicated time points. For 5637 spheroids, CM was ob-
tained by resuspending 2.5 � 104 5637 cells in 20 mL of Matrigel
(Corning) per well of a 48-well (Thermo Fisher Scientific) plate for
6 days followed by infection with VSVd51 and VSVd51-hGM-CSF.
Calreticulin, HMGB1 and ATP measurements were conducted as
previously described.43 Briefly, calreticulin exposure was measured
by flow cytometry, and HMGB1 and ATP protein levels were
measured by western blot and luminometry, respectively (Table S1
for all antibodies).

Quantitative PCR

Total RNA was extracted from fresh virus-infected or mock-infected
cells or organoids using Trizol (Invitrogen) according to the manu-
facturer’s protocol. Quantitative PCR was performed using RNA
pooled from three independent experiments. RNA was then used
for reverse transcription and qPCR, which was performed, vali-
dated, and analyzed by the RNomics Platform at the Université
de Sherbrooke (Bio-Rad CFX RealTime system) according to the
protocols previously established by Hellemans et al.44 and
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Vandesompele et al.45 RNA integrity was assessed with an Agilent
2100 Bioanalyzer (Agilent Technologies). All forward and reverse
primers are listed in Table S2.
ELISA

Culture supernatants were diluted 5-fold. ELISA kits (Peprotech) for
detecting mouse and human GM-CSF were performed according to
manufacturer’s instructions.
Human immune cell polarization and migration assays

Monocyte polarization

Human monocytes were isolated from peripheral blood (Human
CD14+ isolation kit, STEMCELL). 5 � 105 monocytes were seeded
in 24-well plates in complete RPMI and incubated overnight at
37�C and 5% CO2. 24 h later, the monocyte media was replaced
with the CM of infected human cell lines. Controls were used as pre-
viously published.43 Antibodies are listed in Table S1.

Immune cell migration

200 mL of CMwas placed in the lower well of Boyden chambers, sepa-
rated from the top well by 5-mm-pore polycarbonate filters (Neuro
Probe). 6 � 105 human PBMC was added to the top chamber, fol-
lowed by incubation at 37�C, 5% CO2 for 45 mins. Next, the media
in the top of the chamber was aspirated and the membrane removed
with forceps. This was followed by harvesting of media in the bottom
chamber and quantification of migrated cells by flow cytometry for
CD3, CD8, and CD56 extracellular markers. CCL2 was used as a pos-
itive control.
BC patient tumor dissociation

Bladder tumor tissue from patients 34 and 38 was collected after sur-
gery (Human protocol #: 2018-2465, approved by the human ethics
review board of the CIUSSS de l’Estrie CHUS) and placed in cDMEM.
Tumors were dissociated using the human tumor dissociation kit with
the gentle MACS OctoDissociator (Miltenyi biotec) as described for
mouse bladder dissociation. Cells were viably frozen down or freshly
used for downstream experiments.
Human bladder cancer organoids

Viably frozen or freshly dissociated cells (1 � 105) were collected
by centrifugation and resuspended in 20 mL of Matrigel (Corning)
and plated in a prewarmed 48-well plate. Following Matrigel solid-
ification, human bladder organoid media was added (Adv.
DMEM/F-12, 100 ng/mL FGF10, 25 ng/mL FGF7, 12.5 ng/mL
FGF2 [Peprotech], 1x B27 supplement [ThermoFisher], 5 mM
A83-01, 1.25 mM N-acetylcysteine, and 10 mM nicotinamide
[sigma]). Human BC organoids were passaged biweekly by disso-
ciation using TrypLE (ThermoFisher). 10 mM ROCK inhibitor (Y-
27632) was added to the media after passaging to prevent cell
death. Organoids were frozen in freezing media (90% FBS, 10%
DMSO) and could be recovered efficiently. OV infection of orga-
noids was performed as described for 5637 and UM-UC-3 spher-
oids in ICD assays.
Ex vivo human T, NK, and dendritic cell activation

Immature DCs were obtained by CD14 positive selection (STEM-
CELL) according to manufacturer’s guidelines from frozen human
PBMCs. Sorted cells were incubated for 6 days with 500 U/mL of re-
combinant human IL-4 and 50 ng/mL of recombinant human GM-
CSF (Bio Basic). For DC:PBMC co-culture assays, matched PBMCs
were thawed and incubated for 24 h with 100 U/mL of recombinant
human IL-2 (Bio Basic). Then, DCs and lymphoid cells were incu-
bated an additional 24 h with CM from infected autologous organoids
and acquired by flow cytometry for CD80/86 and HLA-DR on
CD11c+/CD1a+ cDCs. T and NK cell CD107a degranulation assess-
ment was done by flow cytometry following co-culture with autolo-
gous DCs. Antibodies are listed in Table S1.

Statistical analysis

All analyses were conducted using Prism 7 (GraphPad). Unpaired
two-tailed t tests were used for comparing cell cultures and mice ex-
periments that included two treatment groups. To determine statisti-
cally significant differences between response levels amongmore than
two treatment groups, we applied two-way ANOVA and Tukey’s
post-hoc tests. Survival studies were assessed using Kaplan-Meier
curves and analyzed by log rank testing. P < 0.05 was considered sta-
tistically significant.
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