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ABSTRACT
Prostate cancer (PCa) was estimated to have the second highest global incidence rate for male non-skin
tumors and is the fifth most deadly in men thus mandating the need for novel treatment options. MG1-
Maraba is a potent and versatile oncolytic virus capable of lethally infecting a variety of prostatic tumor
cell lines alongside primary PCa biopsies and exerts direct oncolytic effects against large TRAMP-C2
tumors in vivo. An oncolytic immunotherapeutic strategy utilizing a priming vaccine and intravenously
administered MG1-Maraba both expressing the human six-transmembrane antigen of the prostate
(STEAP) protein generated specific CD8C T-cell responses against multiple STEAP epitopes and resulted in
functional breach of tolerance. Treatment of mice with bulky TRAMP-C2 tumors using oncolytic STEAP
immunotherapy induced an overt delay in tumor progression, marked intratumoral lymphocytic
infiltration with an active transcriptional profile and up-regulation of MHC class I. The preclinical data
generated here offers clear rationale for clinically evaluating this approach for men with advanced PCa.
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Introduction

In 2012 it was estimated that prostate cancer (PCa) had the sec-
ond highest global incidence rate for male non-skin tumors
accounting for approximately 1,100,000 cases and claiming
over 250,000 lives that year.1 Over the last decade immunother-
apy has been assessed in patients with PCa. Trials using autolo-
gous cell vaccines (sipuleucel-T) and poxvirus (rilimogene
galvacirepvec) based therapies (targeting the PCa tumor
associated antigens (TAAs) prostatic acid phosphatase (PAP)
and prostate-specific antigen (PSA) respectively) have
increased median survival times in PCa patients.2,3 These
vaccine-based studies alongside clinical evidence of CTLA4
blockade activity4 have fuelled interest in the potential for
immunotherapy to treat patients with advanced PCa.

Despite recent progress, a significant opportunity remains to
optimize PCa immunotherapeutics.5 A major obstacle to cancer
immunotherapy is the immunosuppressive tumor microenvi-
ronment (TME) resulting in exclusion of tumor infiltrating
lymphocytes (TIL),6,7 in PCa low TIL numbers have been asso-
ciated with poor outcomes.8 When compared to benign nodu-
lar prostatic hyperplasia, the density of immune infiltrate is

decreased in prostatic adenocarcinoma samples consistent with
immunosuppression in more advanced disease.9 Genomic
analysis of metastatic tumors revealed that PCa was weakly
infiltrated by leukocytes, compared to the majority of other his-
totypes.10 Therapeutically in late stage PCa patients treated
with salvage radiotherapy, high CD8C TIL scores predicted
increased progression free and overall survivals.11 Thus con-
verting an immunologically cold prostatic TME to one that is
heavily infiltrated by TIL is a desirable property for prospective
medical interventions.

Oncolytic viruses (OVs) may be beneficial in targeting PCa
as they induce pro-inflammatory changes within the TME
amongst a variety of other anti-neoplastic actions.12 Numerous
OVs including vesicular stomatitis virus (VSV), adenovirus,
vaccinia and herpes simplex virus (HSV) have been investi-
gated pre-clinically emphasizing the potential of these biologics
for PCa. MG1-Maraba virus is a versatile OV that exerts direct
oncolytic effects as well as having the capacity to express trans-
genes, including TAAs resulting in specific anti-tumor T cell
immunity as part of a robust heterologous prime: boost plat-
form.13-15 Direct oncolytic effects of MG1-Maraba have been
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demonstrated in multiple human and murine cell lines, synge-
neic and xenografted murine models as well as primary tumor
biopsies.13,15,16 Oncolytic vaccination using MG1-Maraba
expressing HPV and melanoma TAAs induces specific CD8C
T cell immunity and is efficacious in pre-clinical models of
HPV-associated cancer and melanoma,14,15 however in depth
analyses of the effects exerted by this therapeutic platform in
the TME have not been reported. MG1-Maraba represents an
unexplored therapy for patients with advanced PCa.

We predicted that MG1-Maraba virus would exert oncolytic
activity against PCa and by engineering MG1 to express six-
transmembrane antigen of the prostate (STEAP) (a human.17

and murine.18 prostatic TAA) we would be able to break
immunologic tolerance against this antigen, transform an
immunologically cold prostatic cancer TME and extend
survival in an advanced model of PCa. Data presented here
reveal MG1-Maraba is cytotoxic to a range of PCa cell lines
and productively infects primary human PCa biopsies. Further-
more the use of an engineered OV, namely MG1-STEAP, as
part of a potent heterologous prime: boost vaccination strategy
targeting PCa, is described in this study. Treatment of immu-
nocompetent mice bearing large TRAMP-C2 tumors with
oncolytic STEAP vaccination resulted in a marked influx of
TIL and prolonged survival. Collectively these data introduce a
therapeutic approach for prostate cancer supporting future
clinical assessment of this strategy.

Methods

Recombinant viruses

A codon-optimized transgene was manufactured encoding
human STEAP (GensScript, Piscataway, NJ). Ad-BHG and Ad-
STEAP are human serotype 5 replication deficient (E1/E3
deleted) adenoviruses. Ad-BHG contains no transgene Ad-
STEAP encodes human STEAP. The GFP and STEAP trans-
genes were inserted between the G and L viral genes of the
attenuated MG1 strain of Maraba virus to produce MG1-GFP
and MG1-STEAP respectively.

Cell lines

DU145 and LNCaP were a gift from Dr Dimitroulakos
(University of Ottawa, Canada) in 2015. L929 and PC3 cells
were a gift from Dr Bell (University of Ottawa, Canada) in
2007 and 2015 respectively. Vero 76 and TRAMP-C1 were pur-
chased from the American Type Culture Collection (ATCC
Manassas, VA) in 2012 and 2015 respectively. TRAMP-C2
were a gift from Dr Graham (Queens University, Canada) in
2013. TRAMP-C1 and TRAMP-C2 cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning Cell-
gro, Tewksbury, MA) supplemented with 10% fetal bovine
serum (FBS) (ThermoScientific, Waltham, MA), 2mmol/l L-
glutamine (Invitrogen, Waltham, MA), 0.005 mg/ml human
recombinant zinc insulin (Gibco, MA) and 10 nm dehydroi-
soandrosterone (MP Biomedicals, Santa Ana, CA). DU145,
LNCaP, PC3 and Vero76 cell lines were cultured in DMEM
supplemented with 10% FBS. L929 cells were cultured in
aMEM containing 8% FBS and 2mmol/l L-glutamine. All cell

lines were incubated at 37�C in a 5% CO2 humidified
incubator. All cell lines were tested for Mycoplasma using
Hoescht, TLR2 and PCR assays between 2011 and 2017.
TRAMP-C2 had epithelial morphology, grew in adherent
monolayers and were positive for murine STEAP at a transcrip-
tional and protein level. L929 had fibroblastic morphology,
grew in adherent monolayers and were responsive to type I
IFN. Vero 76 had epithelial morphologic features and grew in
adherent monolayers exhibiting viral plaques and cellular
cytopathia following rhabdoviral infection. TRAMP-C1,
DU145, LNCaP and PC3 had epithelial morphology and grew
in adherent monolayers.

In vitro cytotoxicity screen

PCa cells were plated in 24-well plates to a confluency of 95%.
These cells were infected at various multiplicities of infection
(MOIs) (0.00001–10 PFU/cell) with MG1-GFP. Following a
48-hour incubation, 10% alamarBlue� (AbD Serotec, Raleigh,
NC) was added. After a 3-hour incubation, absorbance was
read at wavelength of 575 nm using Fluoroskan AscentTM

Microplate Fluorometer (ThermoFisher Scientific, Waltham
MA). Viability was expressed as the % viable cells in infected
wells cf. viable cells in mock treated wells.

Interferon b response test

L929 were plated alongside TRAMP-C2 cells in a 96-well plate
and when confluent treated with a dilution series of murine
IFNb overnight. The following day the cells were infected with
5 £ 105 PFU per well of wild type VSV expressing GFP. Viral
proliferation was determined by detecting fluorescence 24 hours
post-infection using a Typhoon Trio Variable Mode Imager
(GE Healthcare, Buckinghamshire, U.K.). Fluorescence was
quantified with ImageQuant TL software (GE Healthcare,
Buckinghamshire, U.K.).

Immunofluoresence

TRAMP-C2 cells were fixed with 4% paraformaldehyde on cov-
erslips (Electron Microscopy Sciences, Hatfield, PA) at 37�C for
10 minutes. Cells were blocked at room temperature with 1%
BSA (Equitech-Bio, Kerrville, TX) in PBS. The polyclonal rab-
bit anti-STEAP antibody (Santa Cruz, Dallas, TX) was applied
overnight at 4�C. Secondary fluorescent-conjugated donkey
anti-rabbit (Thermo Fisher Scientific, Waltham, MA) was
applied for 1 hour at room temperature prior to staining with
DAPI (Molecular Probes, Eugene, OR) for 10 minutes. Images
were captured using EVOS FL Cell Imaging System (Thermo
Fisher Scientific, Waltham, MA).

Patient biopsy samples

Patients with non-metastatic palpable prostate tumors
consented for the study. In the operating room multiple core
biopsy samples were obtained from prostatectomy specimens
using an 18-gauge Tru-cut biopsy needle (approved by the
Ottawa Hospital Research Ethics Board Protocol# 20120559-
01H). Samples were placed in a 24-well plate containing 1 mL
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of DMEM supplemented with 10% FBS and 1% penicillin
streptomycin and 250 ng/ml amphotericin B (Sigma-Aldrich,
St Lois, MO). Samples were treated with MG1-GFP (3 £ 104

PFU/core). After 1-hour incubation, cores were washed with
DMEM three times and incubated in 1 mL of DMEM (10%
FBS and antimicrobials) for 24 hours. Bright field and fluores-
cent images were captured with EVOS FL Cell Imaging System
(ThermoFisher Scientific, Waltham, MA) 24 and 48 hours
post-infection. At 48 hours post-infection, samples were
collected for standard plaque assay performed on Vero 76 cells
to determine ex vivo infectivity and for immunohistochemistry.

Mice

Six to eight week old C57BL/6 mice were purchased from
Charles River (Wilmington, MA) and housed in specific
pathogen-free conditions. Animals were euthanized when
tumor volumes reached 1500 mm.3 Animal studies were
approved by McMaster University’s Animal Research Ethics
Board and complied with Canadian Council on Animal Care
guidelines.

In vivo efficacy and vaccination studies

Male mice were engrafted with 2.5 £ 106 TRAMP-C2 cells sub-
cutaneously on the left flank under gaseous anesthesia. For
direct oncolysis studies tumors were first treated when mean
volume reached 500mm3 with three doses, given every 48 hours,
of 5 £ 108 PFU MG1-GFP in a total volume of 75 mL and 200
mL of 0.9% NaCl (Hospira, Lake Forest, IL) for intra-tumoral
and intravenous administration respectively. For prime: boost
studies treatment began when mean tumor volumes were
250mm.3 Adenovirus was administered under gaseous anesthe-
sia at a dose of 2 £ 108 plaque-forming units (PFU) in 100 mL
of 0.9% NaCl for injection, the dose was split in 2– 50 mL was
injected intramuscularly in each hind limb. Initial tumor-free
immune analysis was performed on female mice boosted with 2
doses of 1 £ 109 PFU of MG1-STEAP in 200 mL of 0.9% NaCl
given intravenously at 13 and 16 days post-prime. For all other
experiments male mice were boosted IV with the same dose of
MG1 at 8 and 11 days post-prime.

Intracellular cytokine staining

Blood samples were taken for prime analysis on the day of the
first boost. Analyses of boost vaccinations were performed
6 days after the first MG1 dose. Peripheral blood mononuclear
cells and splenocytes were incubated in complete RPMI (con-
taining 10% FBS and 2mmol/l L-glutamine) with peptide. Incu-
bations were performed for 5 hours total in a 37�C, 5% CO2

incubator at 95% humidity, 1 mg/ml of brefeldin A (GolgiPlug,
BD, Franklin Lakes, NJ) was added for the last 4 hours. Cells
were then incubated with anti CD16/CD32 (clone 2.4 G2,
Mouse BD Fc Block, BD, Franklin Lakes, NJ). T cell surface
staining was performed with antibodies against CD8a (clone
53–6.7, eBiosciences, Inc., SanDiego, CA) and CD4 (clone
RM4-5, eBiosciences, Inc., San Diego, CA). Cells were subse-
quently fixed and permeabilized (Cytofix/Cytoperm, BD,
Franklin Lakes, NJ). Intracellular cytokine staining was then

performed using anti-IFNg (clone XMG1.2, BD, Franklin
Lakes, NJ). Data were acquired using an LSRFortessa cytometer
(BD, Franklin Lakes, NJ) and analyzed with FlowJo Mac soft-
ware (Treestar, Ashland, OR).

Peptides for immune analyses

Peptides were synthesized by Biomer Technologies (San Fran-
cisco, CA) in crude form. The following specific short peptides
were used to re-stimulate PBMCs at 5 mg/ml: muSTEAP 5–13
(KDITNQEEL), muSTEAP 186 (RSYRYKLL), muSTEAP 327
(VSKINRTEM) and huSTEAP 327 (VTKINKTEI).

Ex-vivo infection of TRAMP-C2 tumors

Volume endpoint tumors were harvested from untreated male
mice. 2 mm cores were obtained using a sterile biopsy punch
and were further dissected by scalpel to obtain approximately
2 £ 1 mm slices. Individual slices were cultured in a 96-well
plate containing 200 mL media and 1 £ 106 PFU of MG1-GFP
per well. A column of wells contained uninfected tumor in
media as a negative control. Fluorescence was detected 24 hours
post-infection using a Typhoon Trio Variable Mode Imager
(GE Healthcare, Buckinghamshire, U.K.). Fluorescence was
quantified with ImageQuant TL software (GE Healthcare,
Buckinghamshire, U.K.).

Immunohistochemistry and histopathology

TRAMP-C2 tumors were snap frozen in O.C.T. Compound
(Sakura Finetek, Torrance, CA) for MHCI staining, all other
immunohistochemical samples were paraffin embedded follow-
ing formalin fixation. TRAMP-C2 tumors were collected 6 days
after the first MG1-STEAP dose for peak-boost and tumors
were harvested at the same time point from untreated mice,
tumors were also harvested from STEAP vaccinated mice upon
reaching end-stage volume. Human core sections were stained
using polyclonal anti-VSV rabbit serum (generated at the
University of Ottawa, Canada). Staining was visualized with
DAB substrate chromogen (Vector Laboratories, Burlingame,
CA). The rabbit EnVision system (Agilent, Santa Clara, CA)
was used as per the manufacturers instructions after primary
incubation with polyclonal anti-Maraba rabbit serum (gener-
ated at McMaster Immunology Research Centre, Canada) for
detection of MG1 following ex vivo infection of TRAMP-C2
tumors using AEC substrate chromogen (Sigma-Aldrich, St
Lois, MO). Antibodies against CD3 (clone SP7, Abcam,
Cambridge, U.K.), CD8a (clone 4SM15, eBiosciences, Inc., San
Diego, CA), MHCI (clone ER-HR 52 Abcam, Cambridge, U.
K.) and STEAP (rabbit polyclonal, Santa Cruz, Dallas, TX)
were used with the Bond RX IHC auto-stainer (Leica, Wetzlar,
Germany) and the Bond Polymer Refine Detection system (uti-
lizing DAB substrate chromogen and hematoxylin) (Leica,
Wetzlar, Germany) as per manufacturers instructions. For
assessment of immunopathology 4 male mice received Ad-
STEAP IM followed by 2 doses of MG1-STEAP IV and were
sacrificed 6 weeks after the first dose of MG1-STEAP. As con-
trols 5 untreated mice and 5 mice receiving Ad-BHG and
MG1-GFP were included. Mice were perfused under anesthesia
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with 10% neutral-buffered formalin (Sigma-Aldrich, St Lois,
MO). Prostate, testes, lungs, kidneys and bladder were
removed, paraffin-embedded and stained with hematoxylin
and eosin. Human biopsy slides ere scanned using ScanScope
XT (Aperio Technologies, Visa, CA). Slides for quantification
of TRAMP-C2 tumors for CD3, CD8a, STEAP and MG1 stain-
ing were scanned using an Aperio Slide Scanner (Aperio Tech-
nologies, Visa, CA). Staining was quantified using ImageScope
software (Aperio Technologies, Visa, CA). Mouse tissues dis-
played in Figs. were scanned using an Olympus VS120 Slide
Scanner (Olympus, Tokyo, Japan). Contrast and brightness
were adjusted uniformly only for displayed STEAP IHC images
in Adobe Photoshop CC2017 (Adobe, San Jose, CA). MHCI
staining was quantified utilizing an H-score as previously
described.19 Immunohistochemical (IHC) staining for MHCI
intensity was classified as negative (0), weakly positive (1),
moderately positive (2) or strongly positive (3) (supplementary
Fig 1).

NanoString analysis

RNA was extracted from formalin-fixed paraffin-embedded
TRAMP-C2 tumors used for TRAMP-C2 IHC with RNeasy
FFPE kit (Qiagen, Hilden, Germany) and a QIAcube robotic
workstation (Qiagen, Hilden, Germany) as per the manufac-
turers instructions. The nCounter� Mouse Immunology panel
was used to examine differential expression of mRNAs. 50 ng
of total RNA was hybridized at 65�C for 21 hours and data
were acquired using nCounter� Max Analysis System. Each
tumor contributed 1 sample. Profiled data were pre-processed
following the manufacturer’s recommendations, specifically
background was subtracted by using geometric mean of nega-
tive controls, normalization was performed using positive con-
trols and housekeeping genes using nSolver� software.
Obtained values were Log2 transformed. To visualize sample
distribution, whole profiles were used for hierarchical clustering
(Euclidean distance, complete linkage) and for principal com-
ponent analysis (PCA). Profiles were analyzed for differential
expression by using limma package in R.20

Statistical analyses

Data were displayed and analyzed utilizing GraphPad Prism
(GraphPad Software, San Diego, CA). Mean ex vivo tumor fluo-
rescence intensities, tumor volumes, fold changes, immune
analyses and IHC quantification were compared using ordinary
one-way ANOVA tests. Fluorescence intensities from IFNb
were compared using multiple t tests with Holm-Sidak correc-
tion. Survival times were plotted using Kaplan-Meier curves
and median survivals were compared using the log-rank test.
Statistical significance was defined as p � 0.05 (�p � 0.05,
��p � 0.01, ���p � 0.001, ����p � 0.0001).

Results

MG1-Maraba lethally infects and replicates in PCa

To test the oncolytic potential of MG1 in PCa we used a
variety of human and murine PCa cell lines and primary

PCa biopsy tissues. In culture monolayers, MG1-Maraba
was markedly cytotoxic to 3 well-studied human PCa cell
lines DU145, PC3 and LNCaP. Cytotoxicity was also
observed against the syngeneic murine cell lines TRAMP-
C1 and TRAMP-C2 with the latter being more sensitive to
oncolysis at lower MOIs (Fig 1a). The ability of MG1-Mar-
aba to replicate in primary human PCa was assessed by
infecting core biopsies (Fig 1b) from 10 patients with 3 £
104 MG1-GFP ex vivo. Productive infections as determined
by plaque assay were demonstrated in 90% of biopsies with
virus output greatly exceeding input (Fig 1c). Transgene
expression was confirmed by fluorescence (Fig 1d). When
quantified immunohistochemically MG1 was present in a
mean of 13.2% (range 7–21.8%) of all cells within biopsy
specimens (Figs 1eCf). MG1 therefore exhibits oncolytic
properties in a wide variety of PCa cell lines and primary
biopsies.

MG1-Maraba exerts oncolytic activity against large
TRAMP-C2 tumors

Immunocompetent male mice bearing large subcutaneous
TRAMP-C2 tumors (mean volume of 500mm3 at first treat-
ment) were used to assess the in vivo efficacy of direct viral
oncolysis, 3 doses of 5 £ 108 PFU MG1-GFP were given
48 hours apart administered either intratumorally (IT) or
intravenously (IV). IT dosing with MG1-GFP significantly
impeded tumor progression compared to untreated mice
(Figs 2aCb) and whilst no statistically significant overall
effect was observed, subtle but repeatable changes to the
trajectory of the tumor volume curves were documented
after the first IV treatment with MG1-GFP at the 5 £ 108

PFU dose level (Figs 2a, supplementary Fig 2). End-stage
TRAMP-C2 tumors were collected from mice and infected
ex vivo with MG1-GFP, fluorescence was documented after
24 hours (Figs 2cCd.). MG1-GFP infection was confirmed
immunohistochemically (supplementary Fig 3). Pre-treat-
ment of TRAMP-C2 cells in a monolayer with murine IFN-
b led to only partial protection from rhabdoviral infection
compared to IFN responsive L929 cells (Figs 2eCf). These
results are consistent with TRAMP-C2 tumors being sus-
ceptible to MG1-Maraba infection and displaying deficient
innate anti-viral protection. Direct oncolytic treatment of
mice bearing advanced TRAMP-C2 tumors resulted in sig-
nificant but transient anti-neoplastic activity after IT
delivery.

Oncolytic vaccination with the xenoantigen STEAP induces
CD8C immunity

In order to target a PCa antigen as part of an oncolytic
vaccination regimen replication-deficient human serotype-
5 adenovirus (administered intramuscularly) and MG1-
Maraba (given IV) were manufactured encoding human
STEAP1 (supplementary Fig 4). For initial screening, 2
groups of tumor-free female mice were vaccinated with the
STEAP vectors. ICS was performed on PBMCs re-stimu-
lated with STEAP peptides from blood obtained 13 days
after priming and 6 days after the first dose of MG1.
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Specific CD8C T cell responses were documented against
all 4 STEAP peptides in vaccinated mice with the largest
magnitude observed for the human specific epitope (h327)
(Figs 3aCb). Tumor-free male mice were subsequently vac-
cinated with the STEAP vectors alongside a group of con-
trol-vaccinated mice. Only STEAP vaccinated mice had
specific immunity and the largest responses were again
directed against h327. Responses were observed against the

other conserved and murine epitopes with the exception of
the 5–13 epitope (Figs 3cCd). Four STEAP vaccinated
tumor-free male mice underwent post-mortem examina-
tion 6 weeks post-MG1 for assessment of immunopathol-
ogy. Mice receiving Ad-BHG: MG1-GFP (n D 5) and
untreated mice (n D 5) were included as controls. No
gross pathology was identified in any mouse. Histologic
examination of H&E sections revealed no evidence of

Figure 1. MG1-Maraba lethally infects prostatic cancer. Relative viability of multiple PCa cell lines was assessed using alamar blue 48 hours after infection of PCa cells in
monolayer over a range MOIs (mean and SEM displayed, assays performed in triplicate) (A). Representative image of PCa core biopsies being obtained following prosta-
tectomy for the treatment of a patient diagnosed with advanced PCa (B). Plaque assays following ex vivo infection from 10 patient’s PCa core biopsies with MG1-GFP
(mean and SEM displayed, assays performed in duplicate) (C). Representative bright field, fluorescent and overlaid images following infection of a core biopsy with MG1-
GFP (4x magnification) (D). Immunohistochemical quantification of % cell positivity for MG1-Maraba following ex vivo infection of PCa biopsy cores with MG1-GFP (mean
and SEM displayed, all sections stained at least in duplicate except patient #7 where biopsy material was limited) (E). Representative image of immunohistochemical
staining for MG1-Maraba using DAB substrate chromogen and hematoxylin counterstain (F) (scale bar D 900 mm).
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Figure 2. MG1-Maraba is oncolytic against TRAMP-C2 tumors. Treatment of male mice with established TRAMP-C2 tumors with 3 intravenous doses of 5 £ 108 PFU MG1-
GFP (n D 5) results in transient decreases in tumor volumes (A) (arrows denote timings of MG1 treatments, mean tumor volumes and SEM displayed) whereas intra-
tumoral (n D 5) dosing (5 £ 108 PFU MG1-GFP) exerts a significant anti-neoplastic effect (B) (mean fold change of tumor volume and SEM displayed, comparison per-
formed using ANOVA, �p�0.05) compared to untreated control mice (n D 5). TRAMP-C2 tumors were harvested from mice (nD 4), processed into uniform cores (biologic
replicates nD 8), maintained in tissue culture and infected with MG1-GFP ex vivo, infection was demonstrated by fluorescence as depicted by black signal (C) and fluores-
cence was quantified (mean and SEM displayed, comparison performed using ANOVA, �p � 0.05, ��p � 0.01, ���p � 0.001) (D). Monolayers of TRAMP-C2 and the type I
IFN responsive control L929 cells were pre-treated with murine IFN-b (excluding 0 IFN control columns) prior to infection with a WT VSV expressing GFP and infection
was demonstrated by black signal indicative of fluorescence (E) and fluorescence was quantified (mean and SEM displayed, comparison performed using multiple t tests
with Holm-Sidak correction, �p � 0.05, ��p � 0.01, ���p � 0.001) (F).
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architectural change representative of primary pathology in
the testes, lungs, bladder or kidneys of any mouse. No
pathology was identified in the genito-urinary tract of
untreated and Ad-BHG: MG1-GFP mice. All 4 STEAP
vaccinated mice had histologic changes within the prostate
ranging from mild polymorphic cellular infiltrate within
the glandular lumen to severe pleocellular infiltrate with
accompanying epithelial dysplasia and epithelial hypertro-
phy consistent with prostatic inflammation (Fig 3e). Prom-
inent lymphoid follicles were noted within the bladder
wall of the mouse with the most marked prostatic changes
and this was consistent with local reactive lymphoid
hyperplasia secondary to prostatic inflammation. No
pathology was noted in the healthy control mice (Fig 3f)
and STEAP expression was confirmed on the luminal epi-
thelial surface of healthy murine prostatic tissue (Fig 3g).

These data support the ability of oncolytic STEAP vaccina-
tion to break immune tolerance resulting in target organ
specific inflammation.

Oncolytic STEAP vaccination prolongs survival in mice
bearing advanced TRAMP-C2 tumors

Male mice were engrafted subcutaneously with TRAMP-C2
and treatment was instigated at a mean tumor volume of
approximately 250 mm.3 Immunofluorescence (Fig 4a) and
RT-PCR (Supplementary Fig 5) confirmed STEAP expres-
sion in TRAMP-C2 cells. Groups of mice received Ad-
BHG: MG1-GFP or Ad-STEAP: MG1-STEAP and an
untreated group of mice were included as controls. Immune
analysis by ICS on PBMCs re-stimulated with pooled
murine STEAP peptides was undertaken after priming and

Figure 3. Oncolytic vaccination breaches immune tolerance. Tumor-free female C57BL/6 mice were treated with oncolytic vaccination against STEAP (n D 3) to assess the
induction of specific immune responses against known STEAP peptide epitopes as indicated by IFNg production from CD8C T cells collected after the prime (A) and boost
(B) (mean and SEM displayed). Tumor-free male mice were treated with oncolytic vaccination against STEAP (n D 5) as well as a control group of mice treated with Ad-
BHG: MG1-GFP (n D 5). ICS was performed after prime (C) and boost (D) (mean and SEM displayed). Prostatic inflammation was observed following STEAP vaccination (E)
(hematoxylin and eosin)- note the heavy pleocelluar luminal infiltrate compared to healthy prostatic tissue (F) (hematoxylin and eosin). Luminal epithelial STEAP expres-
sion was confirmed immunohistochemically in the healthy prostate (G) (DAB substrate chromogen and hematoxylin counterstain) (scale bars D 100 mm).
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MG1 boosting. Vaccination with the STEAP vectors exerted
clear antineoplastic activity (Figs 4 bCc, Supplementary
Fig 6) and resulted in a significant survival advantage
(Fig 4d). Although treatment with the Ad-BHG: MG1-GFP
did not improve survival, significant tumor volume
responses were observed 48 hours after IV administration
of MG1-GFP at a dose of 1 £ 109 PFU (Supplementary
Fig 7). Compelling and specific circulating CD8C immunity
was only noted in TRAMP-C2 bearing mice following vac-
cination with STEAP vectors (Fig 4e). Maraba virus has
oncolytic activity against an established murine prostatic

carcinoma and oncolytic vaccination against STEAP induces
CD8C immunity and prolongs survival in this model.

STEAP vaccination induces an active T cell gene signature
in the TME

RNA was extracted from TRAMP-C2 tumors 6 days after the
first dose of IV MG1-STEAP was given (n D 4), untreated con-
trol tumors (n D 4) from age-matched mice were collected con-
currently and tumors were also collected from mice treated with

Figure 4. STEAP vaccination prolongs survival in a prostate cancer model. Immunofluorescence of TRAMP-C2 cells was performed using a polyclonal STEAP anti-
body followed by a fluorescent-conjugated secondary antibody and nuclei were stained with DAPI. Images were captured on the DAPI and Texas Red channels
and a composite overlay image was made (A) (white bar represents 100mm). Male mice with established TRAMP-C2 tumors were treated with Ad-BHG: MG1-
GFP (n D 8), Ad-STEAP: MG1-STEAP (n D 16) and compared to a control group of untreated mice (n D 18) (data combined from 2 experiments). Tumor vol-
umes are plotted for each group from a single experiment (B) (arrows denote timings of MG1 treatments, mean and SEM displayed) and tumor volume fold
change was calculated for all mice (mean fold change of tumor volume and SEM displayed, comparison performed using ANOVA, ��p � 0.01, ���p � 0.001)
and collective median survival times were calculated from the initiation of treatment (C) (log rank test used to compare survival times, ����p � 0.0001). ICS on
peripheral blood cells following re-stimulation with pooled murine STEAP peptides was performed at the time of peak-boost responses (E) (mean and SEM dis-
played, comparison performed using ANOVA, ����p � 0.0001).
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IV MG1-STEAP vaccination after these tumors had progressed
to end-point (n D 4). NanoString analysis using a murine
immune panel was performed on all tumors. Unsupervised anal-
yses of peak-boost samples compared to both untreated and
end-stage tumors resulted in clustering of peak-boost samples,
whereas untreated and end-stage tumor expression profiles
exhibited overlap (Fig 5). Amongst the genes up-regulated at
peak-boost were T cell surface genes Cd2, Cd3, Cd5, Cd7 and
Cd8 as well as CXCR3- a chemokine receptor expressed primar-
ily on activated T cells. Down-stream markers of T cell activa-
tion and effector function including Nfat, Zap70, Lck and Fasl
also had increased expression levels as did checkpoint-encoding
genes Icos, Tigit, Pdc1 and Klrc1, with the latter having an

approximate 40 fold induction at peak-boost over untreated.
However, combining oncolytic STEAP vaccination with PD1
blockade did not enhance anti-neoplastic activity (Supplemen-
tary Fig 6). A number of H2 antigen-processing genes were also
increased at peak-treatment. When looking at genes that were
only significantly increased when comparing peak-boost to
untreated time points Cxcl9 (a gene encoding for CXCR3 ligand)
was increased as were genes encoding for granzyme effector
molecules (Table 1). Expression of the class-I processing associ-
ated genes Ciita, H2-K1 and Tap1 was significantly increased at
peak-boost compared to untreated tumors (Table 1), when com-
paring peak-boost to end-stage tumors there were non-signifi-
cant trends for decreased fold changes of expression in these

Figure 5. Oncolytic vaccination induces an active T cell gene signature. Sample distribution (principal component analysis (PCA) plot). Visualization of the first 3 compo-
nents of PCA. The analysis was performed based on all 561 genes profiled on the NanoString platform (A). Genes differentially expressed within TRAMP-C2 tumors. mRNA
was isolated from TRAMP-C2 tumors of 4 mice receiving STEAP vaccination at peak-boost (6 days after the first dose of MG1-STEAP) and compared to 4 mice with
untreated tumors at the same point. Peak-boost tumors were also compared to 4 end-stage tumors that were previously treated with STEAP vaccination. NanoString anal-
ysis using a murine immunology panel was undertaken and genes with significantly altered expressions between groups (adjusted p�0.05) are displayed using a heat
map with increased and decreased expressions depicted by red and blue respectively. Unsupervised clustering was performed based on genes that were significantly dif-
ferentially expressed in both comparisons (B).
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three genes (¡2.62, adjusted p D 0.072; ¡1.91, adjusted p D
0.074 and ¡1.66, adjusted p D 0.079 respectively). A number of
genes including Ifnar1 had decreased expression only when end-
stage tumors were compared to peak-boost. Reactome pathway
analysis revealed significant increases in multiple pathways asso-
ciated with T cell signaling in peak-boost compared to both
untreated and end-stage samples (Supplementary Table 1).
Overall, significant expansion of circulating anti-STEAP CD8C

T cell responses in the blood was mirrored by an active intra-
tumoral T cell transcriptional profile.

Oncolytic vaccination results in T cell infiltration and
up-regulation of MHCI

TRAMP-C2 tumors that were analyzed by NanoString also
underwent IHC staining. All sets were stained for CD3 and

Table 1. Alterations to the immune transcriptome after STEAP vaccination. List of all significant differentially expressed genes (adjusted p�0.05) between peak-boost (n
D 4) and untreated (n D 4) TRAMP-C2 tumors and a separate analysis between peak-boost and end-stage (n D 4) STEAP vaccinated tumors using a murine immunology
NanoString panel. Increased and decreased expressions depicted by red and green respectively and mean fold change is displayed numerically.
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CD8a cell surface antigens. A marked CD3C (Fig 6a) and
CD8aC (Fig 6b) cell infiltrate consistent with an influx of TILs
was noted at peak-boost vaccination relative to a sparse popula-
tion of such cells in untreated controls, end-stage tumors exhib-
ited intermediate TIL numbers. Tumors were also stained for

MHCI (Fig 6c) variable expression was seen in untreated tumors
and increased MHCI intensity was noted at peak-boost, end-
stage MHCI staining was patchy and less intense. Quantification
of IHC revealed significantly increased staining when comparing
peak-boost samples to both untreated and end-stage tumors

Figure 6. Oncolytic vaccination converts the tumor microenvironment. Immunohistochemical staining for CD3 (A), CD8a (B) and MHCI (C) of untreated tumors (n D 4),
peak-boost (n D 4) (6 days after first dose of MG1-STEAP) and end-stage (STEAP vaccinated) tumors (n D 4). Tumors stained immunohistochemically for the CD3 and
CD8a cell surface antigens using DAB substrate chromogen and for MHCI using AEC substrate chromogen, nuclei were counterstained with hematoxylin (scale bars D
100mm). Immunohistochemical quantification of CD3, CD8a and MHCI staining from untreated (n D 4), peak-boost (n D 4) and end-stage (n D 4) TRAMP-C2 tumors (D)
(mean and SEM displayed, comparison performed using ANOVA, �p � 0.05, ��p � 0.01,).
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(Fig 6d). Finally tumors were stained for STEAP expression and
although the highest intensity staining was observed in untreated
tumors and areas of low intensity staining were seen in treated
tumors, significant changes in STEAP staining were not docu-
mented following vaccination (Supplementary Fig 8). These
results are consistent with oncolytic STEAP vaccination inducing
pronounced intra-tumoral lymphocytic infiltration and immuno-
logic transformation of the TME.

Discussion

Heterologous prime: boost vaccination strategies are a relatively
new potential therapeutic option for men suffering from
advanced PCa. PROSTVAC is the best characterized example
and uses a vaccinia prime and fowlpox boost encoding PSA
and induces targeted immunity against PSA and enhancement
in overall survival.21 Although such results are promising,
much room for improvement exists as treatment with PROST-
VAC alone does not improve progression free survival and
most patients succumb to disease within 5 years of vaccination
(2). Here we report the use of an oncolytic virus as part of a het-
erologous prime: boost vaccination strategy in the setting of
prostate cancer. The ability of this multi-faceted combination
therapy to induce marked, specific anti-tumor immunity and
significantly enhance survival in an immunocompetent murine
model of advanced prostate carcinoma supports the future clin-
ical evaluation of this approach.

Incorporating an OV into a vaccination strategy broadens
the anti-neoplastic mechanisms of the treatment over conven-
tional vaccine platforms. Infection of tumors by OVs induces
pro-inflammatory changes to the TME12 resulting in a tumor
that is more likely to respond to immunotherapy.22 All cell lines
tested were susceptible to killing by MG1-Maraba and ex vivo
infection of 90% of human PCa samples resulted in MG1 repli-
cation. Debate exists as to whether systemic or intra-tumoral
administration will best facilitate OV delivery, however sys-
temic delivery is advantageous as it enables potential infection
of multiple distant lesions with a single OV dose.23,24 Intravas-
cular viral dilution, viral sequestration in phagocytic cells and
restricted intra-tumoral vascular permeability all potentially
limit delivery of systemically administered OVs to the tumor
compared to IT treatment.24 In the TRAMP-C2 direct oncoly-
sis studies, IT delivery resulted in significant anti-neoplastic
activity against large neoplasms, and although IV delivery of
MG1-GFP was not effective at the equivalent IT dose of 5 £
108 PFU, MG1-GFP given IV at a dose of 1 £ 109 PFU induced
significant but transient tumor volume responses. These find-
ings support the theory that high-level viremia is required for
effective systemic OV therapy(24). Early phase clinical trials
determining maximal tolerated doses will be fundamental for
the success of OVs.

Defects in type I IFN are frequently encountered in
tumors.25 We demonstrated that TRAMP-C2 cells have defec-
tive type I interferon responses and are susceptible to infection
in monolayer and in a heterogeneous ex vivo setting from
advanced neoplasms. Defects in IFN responses have been dem-
onstrated in human PCa predicting susceptibility to oncolysis
by MG1, in normal diploid cells oncolytic rhabdoviruses are
exquisitely sensitive to interferon and therefore selectively

infect tumors.25,26 Such defects in interferon signaling have also
been recognized in tumor-associated endothelial cells facilitat-
ing infection of tumor vasculature mediated by VEGF signal-
ing.27 Multiple tumor suppressor genes are also key players in
type I IFN pathways.28 PTEN mutation is frequently encoun-
tered in PCa.29 and enhances oncolytic apoptosis induced by
another rhabdovirus, VSV, by exploiting IFN defects in a
murine PCa model30 Clinically we anticipate that MG1-Maraba
will exert significant oncolytic activity against PCa.

By designing an oncolytic vaccination strategy to express a
human xenoantigen we were able to break tolerance against the
murine form of the protein as demonstrated by responses
against multiple CD8C epitopes. In the context of the prime:
boost, direct infection of splenic follicular B cells following IV
MG1-Maraba facilitates antigen transfer to DCs in the follicular
region of the spleen.31 In the case of a primed immune response
central memory (TCM) cells specific for the TAA against which
they were primed reside in these follicles, however effector T
cells are absent from this niche(31). This key functional and
anatomic feature affords IV MG1-STEAP the privilege of
directly boosting STEAP-specific TCM cells (via follicular DCs
that are unimpeded by T effector cells) resulting in boosting of
specific anti-tumor CD8C T cells(31). By encoding the entire
antigen we induced responses against various conserved,
human and murine epitopes in vivo. Predicting immunogenic
epitopes in silico is becoming more popular however, such
approaches rely on complex bioinformatic procedures and as
yet are not universally reliable.32 Utilizing a vaccine platform
that encodes an entire antigen is of potential therapeutic value
to all individuals irrespective of MHC haplotype.

Post-mortem examination of tumor-free mice vaccinated
against STEAP detected only expected, on-target inflammation
and provided preclinical evidence of safety and specificity. Nor-
mally murine STEAP expression is highest in prostatic tissue
with low level expression reported in the kidneys and testes.33

Concordant with this we observed the induction of prostatic
inflammation reminiscent of prostatitis following STEAP vacci-
nation. No gross or microscopic pathology was noted at six
weeks post-vaccination in the kidneys, testes, lungs or urinary
bladder. Prostatic inflammation following STEAP vaccination
highlights the potency of our platform, as indicated by a func-
tional breach in immune tolerance. STEAP is over-expressed in
various human malignancies including but not limited to pros-
tatic, lung, renal and urinary bladder cancers.34-38 Early stage
clinical trials of oncolytic vaccination using MG1-Maraba will
provide further information regarding the safety of this
approach for PCa and other indications. Oncolytic STEAP vac-
cination generates specific immunity leading to prostatic
inflammation and this coupled with the absence of any other
documented pathology emphasizes the potential utility of
directing cancer immunotherapies capable of inducing anti-
STEAP CD8C immunity.

In advanced TRAMP-C2 tumors oncolytic STEAP vacci-
nation impeded tumor progression. Other groups have
employed adenoviral STEAP primes followed by boosting
with either DCs pulsed with tumor cell lysates(39) or a
modified vaccinia Ankara (virus)(40) and were able to dem-
onstrate therapeutic efficacy in the TRAMP-C1 prostate
model once tumors became palpable. Here TRAMP-C2
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tumors were treated at a more advanced stage (mean tumor
volume of 250mm3) and we documented larger peripheral
blood immune responses and more extensive TIL infiltrate
than the alternative STEAP based prime: boost plat-
forms.39,40 Boosting with MG1-STEAP compares favorably
with other vaccines targeting STEAP, as not only is MG1
oncolytic but immune responses of a greater magnitude
than previously described approaches are generated.

The exclusion of CD8C T cells from the TME is considered
a roadblock to immunotherapy in many solid tumors including
prostatic cancer(7). Marked and widespread CD8C infiltration
of TRAMP-C2 tumors following oncolytic STEAP vaccination
supports the ability of our therapeutic strategy to overcome this
barrier. Low expression of MHCI by TRAMP-C2 cells act as a
mechanism for evasion of immune attack by cytotoxic T cells
in this model.41 and approaches to recover loss of tumor MHCI
expression are sought after42 Oncolytic STEAP vaccination
therefore exhibits two highly desirable properties for prospec-
tive cancer immunotherapeutics.

A variety of possible explanations exist for tumor progres-
sion in the TRAMP-C2 model. Decreased Ifnar1 expression
was detected in our NanoString analysis and intra-tumoral loss
of the type I interferon receptor (IFNAR1) has been implicated
in tumor progression.43 By treating advanced tumors that had
been engrafted at least 5 weeks prior to treatment it is expected
that such tumors had undergone significant immune remodel-
ing and escape mechanisms.44 Significant loss of STEAP was
not seen following treatment suggesting immunoediting and
antigenic loss following vaccination was not a major factor in
tumor progression. Patchy and decreased MHCI protein
expression in end-stage tumors is incompatible with complete
CD8C mediated tumor clearance and may depict a significant
selection pressure exerted on TRAMP-C2 tumors by CD8C T
cells. Native STEAP is primarily expressed within plasma mem-
branes therefore generation of humoral immunity may also
exert anti-neoplastic activity(37,38). STEAP targeted antibodies
have demonstrated anti-PCa activity in human trials.45 Future
studies of combination therapies that target STEAP both
humorally and via the induction of CD8C immunity are
indicated.

The lack of improvement in therapeutic efficacy when PD1
blockade was combined with oncolytic vaccination could indi-
cate that anti-STEAP T cells were not functionally exhausted
and another group has demonstrated that combining check-
point blockade does not necessarily enhance the function of
anti-tumor T cells induced by OVs.46 Increased transcript levels
of immune checkpoints do not always indicate functionally
exhausted T cells because such transcriptional changes can sim-
ply reflect increased numbers of infiltrating CD8C T cells,47 a
similar phenomenon for PD1 may be at play here given our
Reactome pathway data. Alternatively combination with multi-
ple checkpoint blocking agents may improve anti-tumor T cell
activity as demonstrated in other murine models.48 A signifi-
cant increase in the Klrc1 gene expression encoding for the
inhibitory NGK2A receptor was documented at peak-boost.
Increased NKG2A expression on CD8C T cells has been associ-
ated with suppression of effector function therefore NKG2A
can be considered an immune checkpoint.49 A humanized
NKG2A blocking antibody has documented immune-mediated

anti-neoplastic activity when used in combination with PD1
blockade.50 Future studies characterizing the role of NKG2A in
the TRAMP-C2 model and the potential blockade of this
checkpoint alongside oncolytic STEAP vaccination are war-
ranted. Oncolytic STEAP vaccination is ideally placed for
future combinatorial investigations with other
immunotherapeutics.

Current clinical and preclinical data support the value of
vaccine-based strategies for the treatment of PCa but optimiza-
tion of such modalities are required to improve efficacy(5).
This study reports the use of a replicating oncolytic virus in a
prime: boost regimen with a relevant prostatic antigen. MG1-
Maraba is able to boost CD8C T cell immune responses, con-
vert an immunologically “cold” TME to a “hot” TME as well as
exerting direct oncolytic activity against multiple PCa models.
Oncolytic STEAP vaccination represents a readily translatable
medical avenue worthy of clinical appraisal in the on-going
quest to develop safe and effective therapies for aggressive pros-
tate cancer.
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