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To expand our current array of safe and potent oncolytic
viruses, we screened a variety of wild-type (WT) rhabdo-
viruses against a panel of tumor cell lines. Our screen
identified a number of viruses with varying degrees of
killing activity. Maraba virus was the most potent of these
strains. We built a recombinant system for the Maraba
virus platform, engineered a series of attenuating muta-
tions to expand its therapeutic index, and tested their
potency in vitro and in vivo. A double mutant (MG1)
strain containing both G protein (Q242R) and M pro-
tein (L123W) mutations attenuated Maraba virus in nor-
mal diploid cell lines, yet appeared to be hypervirulent
in cancer cells. This selective attenuation was mediated
through interferon (IFN)-dependent and -independent
mechanisms. Finally, the Maraba MG1 strain had a
100-fold greater maximum tolerable dose (MTD) than
WT Maraba in vivo and resulted in durable cures when
systemically administered in syngeneic and xenograft
models. In summary, we report a potent new onco-
lytic rhabdovirus platform with unique tumor-selective
attenuating mutations.
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INTRODUCTION

Replicating viruses are being evaluated in the lab and the clinic as
therapies against cancer (reviewed in ref. 1). Our interest was to
identify new oncolytic agents that could be used to complement
our existing arsenal of viruses, and to use as a tool to better under-
stand the oncolytic effect with relation to immunology, host and
viral genetics.

There are >250 known rhabdoviruses currently divided into
six genera;* all classically identified by their bullet shaped virion.
The archetypal rhabdoviruses are rabies and vesicular stomati-
tis virus (VSV), the most studied of the virus family. Although
these viruses share similar morphologies, they are very different
in their life cycle, host range, and pathology. In fact members of

the rhabdovirus family have been shown to infect all organisms
except bacteria (i.e., mammals, reptiles, fish, insects, fungi,
and plants).? However, with the exception of lyssaviruses such
as rabies, rhabdoviruses are rarely associated with disease in
humans. These relatively simple viruses have a number of prop-
erties that make them attractive as potential oncolytic agents. For
example, antibodies to these rhabdoviruses will be rare in most
populations of the world. Humoral immunity is known to be a
limiting factor in administering viral therapeutics.’ Thus a lack
of pre-existing antibody may improve the efficacy of the initial
dosing, as well as allow for serial dosing with antigenically dis-
tinct strains. Many rhabdoviruses replicate very rapidly and to
high titer in mammalian cells. Their small virion size is ame-
nable to filtration through 0.2-um pore. These two properties
together significantly ease production and purification challenges
commonly faced with virus-based therapeutics. Rhabdoviruses
are amenable to genetic manipulation allowing for transgene
insertion, structure/function guided mutagenesis to engineer
improvements, or introduction of reporter genes to help track
virus in vivo. Finally, the rhabdovirus life cycle occurs entirely
within the cytoplasm of infected cells and never proceeds via a
DNA intermediate so there is no opportunity for genotoxicity.
Based on these properties, we propose that the Rhabdoviridae are
a compelling oncolytic virus platform.

We therefore embarked on a search through the rhabdo-
virus family for strains with favorable safety and efficacy profiles.
We have tested a subset of the rhabdoviruses available from the
World Reference Center for Emerging Viruses and Arboviruses
at the University of Texas Medical Branch, for their ability to kill
tumor cells of the NCI 60 cell panel. Our findings demonstrate
that several of these wild-type (WT) rhabdoviruses are efficient
at killing cancer cell lines. These data also demonstrate that not
all rhabdoviruses are effective at tumor cell killing, and that sig-
nificant variation in killing activity is evident across the members
of the rhabdovirus family of viruses. We subsequently engineered
mutations into our best candidate virus and demonstrated tumor
selectivity in vitro, and safety and efficacy in syngeneic and
xenograft mouse models of cancer.
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RESULTS

Maraba virus demonstrates potent oncolytic
properties in vitro

The rhabdovirus family is vast and genetically and geographically
diverse. To initiate our screen, we selected a panel of 20 rhabdo-
viruses with a previously documented capacity to replicate in
mammalian cells. In preliminary experiments using a handful
of malignant and normal cell lines, we defined a subset of seven
rhabdoviruses with extreme phenotypes, either highly lytic on
tumors cells or profoundly attenuated on normal cells for fur-
ther evaluation. These seven candidates were tested in cell kill-
ing assays in 96-well format on cell lines from the NCI 60 tumor
cell panel and an assortment of mouse tumor lines (Table 1 and
Supplementary Figure S1). Several species were highly lytic on
human tumor lines with EC, scores of <0.1 multiplicities of infec-
tion (MOIs) by plaque-forming units (pfu) for the majority of
cell lines tested. In particular, Maraba®*, Carajas,* and Farmington
virus® appeared to be very effective at killing human tumor lines
from all cancer indications represented in the cell panel (with the
exception of Farmington virus on colon tumor lines). Interestingly,
not all rhabdoviruses possess the capacity to efficiently kill cancer
cells. Viruses such as Muir Springs,® Bahia Grande,® Ngaingin,”
and Tibrogargan® showed activity in a very small proportion of
tumor cells. Presently, the mechanism(s) governing the restriction
of these viruses remains unknown.

To further characterize these lytic viruses, we performed
single-step growth curves on both a susceptible cell line (SNB19),
as well as a relatively resistant cell line (NCI H226), to monitor
the kinetics of replication and to quantify virus burst sizes. We
were unable to detect virus following infection of NCI H226 cells
with Bahia Grande virus, which is consistent with our observa-
tion that Bahia Grande is only poorly cytolytic on this cell line.
However, Bahia Grande was able to replicate to a similar degree
as Farmington and Carajas on the SNB19 cells, again correlating
with its cytolytic capacity. Both Farmington and Carajas produced
progeny with similar kinetics and with equivalent burst sizes when
assayed on NCI H226 cells. Farmington appeared to replicate to
higher titers than Carajas on SNB19 cells although both clearly
produced sufficient progeny to result in rapid killing of this sus-
ceptible cell line (Figure 1). Maraba produced virus with equal or
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faster kinetics than the other three strains, and to a much higher
titer than the other viruses on both SNB19 and NCI H226 cells.

Maraba virus demonstrated good cytolytic activity against
tumor lines, rapid virus production, and large burst size. These
are all properties we speculate may contribute to good oncolytic
activity. We therefore elected to proceed with Maraba as a poten-
tial oncolytic candidate.

Maraba virus is a vesiculovirus related to VSV

As a prelude to genetically manipulating Maraba virus, we
employed a “shot gun” sequencing approach to obtain the full-
length genomic sequence for this strain. Subsequent phylogenetic

NCI H226

1010 -
5
>
& =@~ Maraba
‘5 —4— Carajas
El =©= Farmington
o
g_ =i~ Bahia Grande
e
£

T -
0 20 40 60 80

Time post infection (h)

SNB19

Maraba
Carajas
Farmington
Bahia Grande

Virus production (pfu/ml)

10° T T T 1
0 20 40 60 80

Time post infection (h)

Figure 1 Maraba demonstrates high viral productivity in cancer
cells. One-step growth curve to assess the viral productivity of Maraba,
Carajas, Farmington, and Bahia Grande in (a) NCI H226 and (b) SNB19
cells.

Table 1 Strains of uncharacterized rhabdoviruses are highly lytic on NCI 60 cell panel

MS BG NGG TIB FMT CRJ MRB Vsv VVDD
Breast (5) 0 0 0 0 100 80 100 100 100
CNS (8) 25 38 0 13 100 100 100 100 100
Colon (5) 0 20 0 0 40 80 100 100 80
Melanoma (5) 0 0 0 0 100 60 100 100 100
Lung (5) 0 0 0 0 100 80 100 80 100
Ovarian (3) 0 33 0 33 67 100 100 100 100
Prostate (2) 0 0 0 0 100 50 100 100 100
Renal (4) 0 0 0 0 75 50 100 100 100
Total (37) 6 14 0 5 86 78 100 97 97

Abbreviations: BG, Bahia Grande; CR], Carajas; FMT, Farmington; MRB, Maraba; MS, Muir Springs; NGG, Ngaingin; TIB, Tibrogargan; VSV, vesicular stomatitis virus;

VVDD,? double-deleted vaccinia.

2Percent of NCI 60 panel cell lines by tumor type deemed highly sensitive to virus infection. Bracketed numbers denote the number of cell lines tested within each
cancer indication grouping. Virus was scored as highly lytic to a cell line with an EC,; <0.1 MOI following 96 hours of infection.
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analysis was performed by aligning the amino acid sequence of
the Maraba L protein to members of the six known genera of the
rhabdovirus family (Figure 2a). This finding showed Maraba virus
to indeed be a vesiculovirus as previously predicted from comple-
ment fixation serology.* The virus has the expected genomic struc-
ture common to other vesiculoviruses, with five discrete cistrons
separated by transcriptional stop/start sequences responsible for
delineating the virus's N, P, M, G, and L genes (Figure 2b; sequences
submitted to National Center for Biotechnology Information).

Engineered Maraba virus mutants show improved
cancer cell selectivity

We developed a recombinant system to genetically manipu-
late Maraba virus using a strategy that has been successful in
developing reverse genetic systems for several negative strand
RNA viruses.”> We next sought to introduce mutations into
our recombinant Maraba backbone (rMaraba WT) that might
improve the tumor-selective killing properties of WT Maraba

© The American Society of Gene & Cell Therapy

virus. One strategy was to engineer mutations that had previously
been demonstrated to be attenuating for VSV, a close relative of
Maraba, with the expectation that they may be similarly attenuat-
ing for Maraba virus. For example, we had reported that a dele-
tion of methionine 51 in the M protein of VSV rendered the virus
defective for blocking the interferon (IFN) response in infected
cells.” Similarly, we had shown that a double mutation in VSV M
protein at amino acids V221F and S226R also rendered the virus
unable to block nuclear cytoplasmic transport of host mRNAs
and thereby allowed the host cell to propagate an IFN response.**
Considering the Glasgow strain of VSV also has an S226R varia-
tion in its matrix protein, we hypothesized that the attenuating
phenotype for the V221F S226R double mutant may arise from
the mutation at V221F alone. Thus, we constructed and rescued
the AM51 Maraba recombinant virus, and V221Y Maraba mutant
strain as possible attenuated variants (Figure 2b).

Alternatively, we explored two previously identified muta-
tions that reportedly improved the replication of VSV on BHK-21
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Figure 2 Recombinant Maraba virus variants. (a) Based on the amino acid sequence of their L protein, Maraba and Carajas are characterized
as species in the genus: vesiculovirus. Line lengths are proportional to genetic distance. (b) lllustration of the Maraba genome outlining the vari-
ous mutation sites for our single mutants (L123W, V221Y, Q242R) and double mutant (Q242R L123W). (c) One-step growth curves were used to

characterize viral productivity of our engineered Maraba mutants.
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cells (M protein L123W and L protein H242R)."* We anticipated
that these mutations, once engineered into Maraba virus either
alone or together, might improve the virus’s ability to replicate
in tumor cells. Aligning the Maraba sequence to VSV, we identi-
fied the corresponding mutations to be L123W and Q242R in the
Maraba sequence of the M and G proteins, respectively, and con-
structed recombinant Maraba viruses with the M protein L123W
or the G protein Q242R single mutations, or both L123W and
Q242R (hereafter referred to as Maraba MG1) (Figure 2b). All
mutant viruses were subsequently fully sequenced from rescued
virus stocks to confirm these engineered mutations as well as the
absence of any unexpected sequence alterations.

Single-step growth assays were performed for these new
Maraba mutants to assess their growth kinetics and burst size
in several different cell cancer cell lines (Figure 2¢). In general,
the growth kinetics and burst size were similar for all recom-
binant Maraba variants. However, we did notice that Maraba
MGT1 appeared to replicate more quickly during the early phase
of infection, producing 1-3 logs more progeny within the first
4 hours of infection when compared to the other mutant strains
(Figure 2c).

We next tested the cytotoxicity of our rMaraba WT and mutant
strains on primary human skin fibroblasts (GM38 cells) to detect
and quantify any attenuation resulting from our engineered muta-
tions (Figure 3a). As expected, the Maraba AM51 virus is greatly
attenuated on these primary cells (EC,; >> 10 MOI) compared to
rMaraba WT (EC,_ = 0.01 MOI). The V221Y was also attenuated,
although to a slightly lesser degree than the AM51 (EC_ = 3 MOI).
Surprisingly, both the L123W and the Q242R single mutants were
also highly attenuated (EC,, = 3 MOI). Furthermore, the double
mutant combining both L123W and Q242R mutations was equally
attenuated as compared to the single mutants, resulting in a 100-
fold increase in EC, after 72-hour infection of primary human
fibroblasts (EC,, = 3 MOI). These results were surprising given
that both mutations were expected to improve replication, not
attenuate the virus. These phenotypes correlated with plaque for-
mation as well. Following infection of GM38 fibroblasts, detect-
able plaques became visible 1 week after infection with rMaraba
WT. However, no plaques were visible over the same time frame
for the various Maraba single mutants or Maraba MG1. This again
highlighted the severely attenuated nature of V221Y, L123W, and
Maraba MG1 on normal primary fibroblasts. In contrast, large
plaques formed on tumor cells (SNB19) following just 24 hours
of infection with either rMaraba W'T, V221Y, L123W, or Maraba
MG]1 (Figure 3c). The Q242R mutant, however, produced smaller
plaques as compared to the other strains, suggesting that this
mutation may slightly impair replication of this strain in tumor
cells. Interestingly, however, the double mutant that contains the
Q242R mutation clearly demonstrated no such impairment on
malignant cells (Figure 3c).

In contrast to our observations on normal fibroblasts, all of the
mutant strains remained highly lytic when assayed on a panel of
malignant cell lines (Figure 3b). The L123W strain appeared to be
as cytolytic as the rMaraba WT on tumor cells and thereby demon-
strated an improved in vitro therapeutic index compared to the WT
strain. Maraba Q242R was very cytolytic on all three tumor lines,
albeit less so than its parental WT virus and in line with our plaque
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Figure 3 Maraba mutants retain their killing potency in cancer cells
yet are attenuated on normal cells. (a) Mutations in the M and G pro-
tein attenuate the ability of Maraba to kill GM38 cells. Viability assays were
performed in GM38 cells at 72 hours postinfection with Maraba, and the
indicated Maraba mutants. (b) Maraba and Maraba variants are highly
lytic in a variety of tumor cell lines. Cells infected with rMaraba WT and the
Maraba variants were assayed for viability using resazurin. (c) Engineering
L123W mutation into Q242R Maraba mutant reverts plaque sizes to a
wild-type phenotype on tumor cells. (d) Time course of viral protein
induction. Immunoblots of OVCAR4 mock-infected and MR, rMaraba wild
type, Q242R-, L123W-, and MG1-infected cells. WT, wild type.

size observations. The double mutant, however, demonstrated an
interesting reversal of this phenotype as it showed no impairment in
cytotoxicity due to the Q242R mutation it harbors. In fact, Maraba
MGT1 consistently appeared to be the most lytic strain on cancer
cell lines (Figure 3b), even more cytolytic than rMaraba WT. It
appears that the combination of L123W and Q242R gives rise to a
Maraba strain that is selectively hypervirulent only on cancer cells
yet remains attenuated on normal fibroblasts (compare Figure 3a
to Figure 3b). This was also evident when viral protein production
was assayed over time in OVCAR4 human ovarian carcinoma cells
(Figure 3d). rMaraba WT and the L123W strains showed rapid
viral protein induction, whereas the Q242R mutant lagged behind.
Here, again the Q242R L123W double mutant Maraba showed no
impairment in viral protein kinetics.

Having established Maraba MGl as a promising new oncolytic
virus candidate, we were interested in seeing how it compared to
the well-characterized oncolytic rhabdovirus AM51 VSV by com-
paring their cytolytic activity in normal human fibroblast and
cancer cell lines. Although both viruses were equally attenuated
on GM38 cells, Maraba MG1 was significantly more virulent in
several cancer cell lines when compared to AM51 VSV (*P < 0.05,
Supplementary Figure S2). These results suggest that the in vitro
therapeutic index of Maraba MG1 may be greater than that of our
previously developed AM51 VSV virus.
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Figure 4 Maraba mutants vary in their ability to block interferon
production. (a) IFN-B protects Vero cells from Maraba-mediated cell
killing. Cells were infected with the rMaraba WT or the Maraba vari-
ants (MOI = 10) or pretreated with IFN-B (100 U) followed by infection.
Viability was assessed by crystal violet assay. (b) The L123W mutant,
V221Y mutant, Maraba AM51, and the double mutant L123W-M/
Q242R-G allow IFN to be produced following infection of PC3 cells.
Enzyme-linked immunosorbent assay was used to assess human IFN-f
production 48 hours postinfection. (c) rMaraba WT blocks nuclear/cyto-
plasmic transport of IFN-B. IFN-$ mRNA induction is not detected in the
cytoplasmic fraction after infection with rMaraba WT or Maraba Q242R
as determined by qRT-PCR. Cells infected with Maraba A51M, L123W,
and MG1 show IFN-B mRNA induction in the cytoplasm following infec-
tion. IFN, interferon; MOI, multiplicity of infection; qRT-PCR, quantita-
tive reverse transcriptase-PCR.

Maraba mutants are variably defective in blocking
host IFN antiviral responses

To examine the interaction of our Maraba variant viruses with host
IFN signaling, we first established that Maraba virus and each of
the engineered mutants were susceptible to IFN-mediated antivi-
ral responses by observing robust protection of Vero cells follow-
ing pretreatment with IFN-f3 (Figure 4a). Because Maraba mutant
strains are selectively attenuated in normal primary fibroblasts, we
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Table 2 Intravenous single-dose toxicity of rMaraba virus strains

Intravenous LD, (log,))  MTD" (log, )
rMaraba WT 8.45 7
rMaraba MG1 9.45 9
rMaraba V221Y 9.5 9

Abbreviation: MTD, maximal tolerable dose.

*Single dose LD, assayed in Balb/C mice (5- to 8-week-old female) and calculated
using the Spearman-Karber method. "MTD is equal to the highest dose not
resulting in durable morbidity as measured by behavior and weight.

sought to understand whether this attenuation was due to defects
in innate immune blockade. For example, AM51 and V221 muta-
tions had previously been shown in VSV to render the virus
unable to block nuclear/cytoplasmic mRNA transport, thereby
inhibiting the host IFN transcriptional cascade.”” We anticipated
these mutations to function in the same way when introduced
into Maraba virus. When PC3 cells were either mock-infected, or
infected with rMaraba W, we could detect very little IFN-f pro-
duction, consistent with the ability of the parental virus to block
innate immune responses (Figure 4b). As expected, the AM51
and V221Y mutants did show defects in the ability to block IFN
production as measured in our IFN-f enzyme-linked immuno-
sorbent assay (Figure 4b). The L123W mutant also demonstrated
a defect in its ability to block IFN production (Figure 4b). The
Q242R mutant, however, was similar to the WT virus in its abil-
ity to block cytokine production in PC3 cells, indicating that this
mutant has no defect in IFN blockade. Therefore, the profound
attenuation of the Q242R mutant appears to be unrelated host
IEN responses. When the two single mutations are combined in
the Maraba MG1 variant, the resulting virus was similarly defec-
tive in blocking IFN production as the L123W single mutant
(Figure 4b).

Finally, we observed that IFN-§ mRNA transport from the
nuclear compartment to the cytoplasm was blocked follow-
ing infection with either rMaraba WT or the Q242R mutant
(Figure 4c). These results are consistent with previous reports that
indicate vesiculoviruses rely on their matrix proteins to inhibit
the IFN transcriptional cascade by several mechanisms includ-
ing blocking mRNA transport to the cytoplasm.'*!>!¢ These data
suggest Maraba virus may employ this same strategy. In contrast,
Maraba AM51, the L123W strain, and Maraba MG1 all showed
a “leak” of IFN-3 mRNA detectable in the cytoplasm following
virus infection, and this deficiency in mRNA blockade correlated
with the viruses™ ability to block IFN responses as measured by
enzyme-linked immunosorbent assay (Figure 4b).

Maraba MGT1 in less toxic in vivo

We determined the LD, and maximum tolerable doses (MTDs)
for Maraba WT and several attenuated strains. Because our
desired therapeutic route of administration to treat disseminated
tumors would likely be intravenous, we treated mice at a range
of doses intravenously with either WT virus, or two of our most
promising mutant strains. We observed that Maraba virus is well-
tolerated following intravenous injection of immunocompetent
Balb/C mice. As predicted from the in vitro data (Figure 3a),
Maraba MG1 was attenuated in vivo with an MTD 2 logs higher
than the parental Maraba WT strain (Table 2). Animals that
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received lethal doses of rMaraba W'T, V221Y, or Maraba MG1
display signs of central nervous system infection and had sig-
nificant titers of virus in their brains (data not shown). At doses
below the MTD, mice generally showed transient weight loss,
dehydration, and piloerection consistent with a virus infection.
These symptoms resolved within 3-4 days postinfection and
no virus was detected in the brains of these mice killed 12 days
postinfection.

Maraba MG1 is efficacious in syngeneic

and xenograft tumor models

We engineered Maraba MG1 strains expressing GFP or firefly
luciferase and examined their replication in subcutaneous CT26
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tumors following systemic administration. We observed Maraba
MGl virus to be delivered to tumor beds and to replicate in tumor
tissue using both bioluminescent imaging in whole animals, and
fluorescent microscopy in tumor explants (Figure 5a). We then
examined the efficacy of Maraba MG1 on a bilateral CT26 sub-
cutaneous tumor model (Figure 5b,c). Five days after the first
treatment, control animals treated with saline reached end point
with tumors reaching a size of 2750 mm?®. However, animals that
received six systemic doses of Maraba MGI responded to treat-
ment with complete tumor regression by day 35 and durable
cures in 100% of the animals (**P = 0.01, Figure 5b,c). Finally,
intravenous Maraba MGI treatment was well tolerated in the
animals, with no mortality and minimal morbidity. Piloerection,
mild dehydration, and transient weight loss was observed but all
these symptoms resolved within 2 weeks of the first treatment
(Figure 5d).

We also sought to determine the utility of Maraba MGI to
reduce tumor burden in a disseminated disease model. CT26
cells were injected intravenously into Balb/C mice to induce dis-
seminated lung tumors. Although saline [phosphate-buffered
saline (PBS)]- and Carajas-treated animals had a massive tumor
burden, Maraba MG1 animals showed little to no tumor burden
and exhibited a normal lung phenotype (Figure 5e). Moreover,
Maraba MG1 led to a significant prolongation in survival when
administered systemically thrice weekly for 2 weeks (**P = 0.0023;
Figure 5f). These findings demonstrate the potency of Maraba
MGI1 to effectively treat an aggressive, disseminated syngeneic
tumor model.

Having established the effectiveness of Maraba MG1 in the
previously characterized CT26 model, we next sought to deter-
mine how Maraba MG1 compared to our previous best onco-
Iytic virus, AM51 VSV,” in the same model. As both viruses
are effective oncolytic agents, we made the current model more
stringent by commencing treatment when tumors reached a size
of 300 mm’. With a tumor of this size, we were able to better
delineate the limits of these viruses with respect to efficacy. Both
viruses reduced the tumor burden; however, only Maraba MG1
was able to eradicate all treated tumors (Figure 5g). Moreover,
Maraba MGl led to durable cures in 100% of the treated animals

Figure 5 Systemic delivery of Maraba MG1 is efficacious in the
syngeneic CT26 mouse tumor model. (a) Maraba MG1-GFP and
Maraba MG1-FLUC replicate selectively at the tumor site 24 hours after
intravenous injection of 5 x 10% pfu. (b) Durable survival of Balb/C mice
with bilateral subcutaneous CT26 tumors after Maraba MG1 treatment.
“n" denotes number of animals in the experimental group; P = 0.0224.
() Tumor volumes were calculated on a biweekly basis. Error bars denote
SEM. (d) Mouse weights measured before and after treatment with
Maraba MG1 and control. Error bars denote SEM. (e) Systemic treat-
ment of disseminated CT26 lung tumors. Tumors were treated intra-
venously with either PBS, Carajas virus, or Maraba MG1 at day 10 after
tumor implantation. At day 17, animals were killed and lung images
were captured. (f) Effective lung tumor treatment with six intravenous
doses (5 x 108pfu/dose) of Maraba MG1. “n” denotes the number of
animals in the experimental group; P =0.0023. (g) Maraba MG1 is more
effective at treating large CT26 subcutaneous tumors as compared to
VSV A51. Error bars denote SEM. (h) Durable survival of all Balb/C ani-
mals with CT26 subcutaneous tumors after Maraba MG1 treatment (six
doses of 5 x 108 pfu/dose). “n” denotes the number of animals in the
experimental group, **P < 0.01, P = 0.0091. PBS, phosphate-buffered
saline; VSV, vesicular stomatitis virus.
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Figure 6 Maraba MG1 demonstrates enhanced efficacy in an ovarian
xenograft mouse tumor model. (a) IVIS images demonstrating a rapid
tumor regression following virus treatment. ES2 human ovarian tumor
cells adapted for bioluminescent imaging were injected intraperitoneally
into athymic mice (CD-1 nude) followed by treatment with Maraba MG1
10 days after tumor injection. (b) Bioluminescent flux plot quantifying
tumor in response to virus treatment from a. (c) Maraba MG1 s effica-
cious in a human ovarian ES2 xenograft model (5 intraperitoneal doses of
1 x 10*pfu/dose); *P < 0.05, P = 0.0177. (d) Kaplan-Meier plot demon-
strates enhanced survival after virus treatment. Maraba MG1 is superior
to VSV A51 in treating ES2 xenograft tumors with either 5 intravenous
injections of 1 x 10° (left panel) or 1 x 107 pfu/dose (right panel). “n”
denotes the number of animals in each experimental group; *P = 0.0265
(1 x 10°pfu dose) and *P = 0.0169 (1 x 10”pfu dose). CTRL, control;
PBS, phosphate-buffered saline; VSV, vesicular stomatitis virus.

as compared to only 30% in the AM51 VSV-treated group
(Figure 5h). This result demonstrates the enhanced nature of
Maraba MG1 in successfully treating sizeable, aggressive synge-
neic tumors.

To complement these studies in immunocompetent animals,
we tested Maraba MG1 using a bioluminescent human ES2
ovarian xenograft model. Even at very low doses (1 x 10* pfu),
animals treated with Maraba MGI had a significant decrease in
tumor burden (*P = 0.0177, Figure 6a—-c). In contrast, control-
treated mice rapidly developed ascites with increasing tumor
burden until reaching end point. Systemic treatment of ES2
tumor-bearing mice using low and high doses of virus demon-
strated a dose-dependent tumor response (Figure 6d). Again,
when tested against AM51 VSV, Maraba MG1 showed better effi-
cacy at both the high (*P = 0.0169) and low doses (*P = 0.0265,
Figure 6d).
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DISCUSSION

In this report, we sought to identify a new oncolytic virus to serve
as a platform on which to build effective virus-based cancer thera-
pies for the clinic. Several factors led us to focus our attention on
the rhabdovirus family (summarized in the introduction). Our
approach was to screen the Rhabdoviridae for a virus with prop-
erties we felt contributed to strong oncolytic effects. Because we
anticipate systemic delivery will be an imperative in treating dis-
seminated cancers in the clinical setting, our intent was to develop
a virus that could be delivered intravenously, and initiate an infec-
tion at disparate tumor sites. We postulate that one of the in vivo
limitations to effective therapy could be that virus delivery to the
tumor bed may be limiting. In fact, we have previously seen dose
thresholds, below which, virus is not effectively delivered to the
tumor in mouse models, and these doses were not efficacious."
Thus, we were interested in finding viruses able to kill tumor cells
at low MOI, replicate quickly, and to produce large numbers of
progeny to potentially maximize the probability and magnitude of
tumor bed infection. These experiments identified Maraba virus
as the most promising candidate in our screens.

We subsequently derived the full genome sequence of Maraba
and Carajas, the first sequence data for these viruses, and per-
formed phylogenetic analysis using the L protein amino acid
sequences to align to Rhabdoviridae members. Previous serologi-
cal data at the time of identification of Maraba virus predicted
it to be a vesiculovirus.* Our sequence analysis confirmed that
Maraba and Carajas are indeed vesiculoviruses closely related
to VSV Indiana and VSV New Jersey, respectively. Its interest-
ing that after screening a number of disparate rhabdoviruses, that
vesiculoviruses like VSV, Carajas, and Maraba appear to be most
well suited to killing human cancer cells and that not all rhabdo-
viruses are equal in this regard. This is perhaps not surprising
given the complexities that govern host range. However, because
poorly oncolytic rhabdoviruses such as Ngaingin, Tibrogargan,
and Bahia Grande can infect mammalian cells, seroconvert
animals and can productively infect diverse permissive cells from
monkey (Vero) and hamster (BHK),*® it would seem unlikely that
surface receptor restrictions are at play. Perhaps instead, intracel-
lular constituents and responses are determinants, with the most
prominent candidate being IFN signaling. However, most of the
tumor cell lines in the NCI60 panel display type-I IFN defects,"
yet these viruses do poorly on these cells. This finding suggests
other unknown intracellular restrictions to rhabdovirus repli-
cation and/or cytolysis of cancer cells may be responsible, and
warrant further exploration.

Once we identified Maraba virus as a suitable genetic back-
ground, we sought to improve its tumor selectivity through
engineered mutations. Two interesting mutations we tested were
originally identified in an experiment to monitor RNA virus fit-
ness in changing environments.' Both L123W and H242R (Q242R
in Maraba) were individually able to increase VSV replication in
BHK-21 cells. Additionally, the authors reported that the combi-
nation of the two mutations retained this fitness phenotype. We
reasoned that BHK-21 cells might be similar to many tumor cells
in that they are highly permissive to virus infection and devoid of
an IFN response. If these mutations could increase VSV fitness in
BHK-21 cells, perhaps they might improve Maraba virus replication
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in tumor cells. Although we could not detect any improvement in
tumor cell killing of the individual mutants engineered into Maraba
virus, it appeared that the combination of L123W and Q242R muta-
tions does improve virulence of Maraba MG1 virus on the tumor
cell lines tested. Importantly, the L123W/Q242R mutations do not
increase Maraba virus cytolysis of primary human fibroblast cells,
thereby creating a significant therapeutic index of at least 3 logs
(EC,, < 10 MOI on some tumor cells; EC,, = 3 MOI on GM38
fibroblasts). To our surprise, each of the Q242R and L123W muta-
tions were in fact attenuating on normal fibroblasts. The L123W
mutation seems to function much the same as AM5I, resulting
in a deficit in the ability to block nuclear/cytoplasmic transport
thereby inhibiting the host IFN transcriptional cascade. To our
knowledge, this is the first demonstration of a role for this region
of the matrix protein in mitigating host innate immune defenses.
Previously, mutations in this region have been reported to affect
translation of virus mRNA." Although the Q242R mutation also
severely reduces Maraba virus cytolysis of normal cells, it does so
in an IFN-independent manner. Presently, we do not understand
how Q242R attenuates Maraba virus on GM38 fibroblasts, nor do
we appreciate how the combination of two mutations that indi-
vidually attenuate Maraba virus on normal cells, result in a more
virulent phenotype on tumor cells. The mechanisms underlying
these observations are currently being investigated. Nonetheless,
these properties form the basis of a potent tumor selectivity that
results in a significant increase in therapeutic index for this newly
described Maraba-based oncolytic virus platform.

As predicted from our in vitro results, the Maraba MG1 vari-
ant was significantly less toxic than the WT virus when deliv-
ered intravenously into Balb/C mice. The MTD was 100-fold
greater than the WT virus. This allowed us to dose well below
the MTD to achieve significant tumor regressions in both tumor
models. In the CT26 model for example, six doses of Maraba
MG virus were sufficient to provide complete durable cures in
all mice. Particularly important for the clinical setting, Maraba
MG1 was effective at treating both human xenograft tumors and
an immunocompetent syngeneic tumor model by systemic deliv-
ery. Virus replication was demonstrated at the tumor site in the
CT26 tumor model following intravenous injection, consistent
with viral mediated oncolysis as a contributor to efficacy. In fact,
Maraba MG1 appeared to be more effective than our previous
best candidate VSV AM51 in the CT26 syngeneic and ES2 xeno-
graft models. This is consistent with the in vitro data demonstrat-
ing Maraba MG1 to be more effective at killing tumor cells than
AMS51 VSV or even rMaraba WT virus.

Several studies have definitively demonstrated that the host
immune response plays a positive and negative role in oncolytic
virus efficacy.’®?! It will be interesting to determine how Maraba
MGT interacts with the host immune response, both antiviral and
antitumor, and to compare and contrast this with effects from
other oncolytic viruses.

In conclusion, we describe here a newly described oncolytic
platform and a recombinant system to genetically manipulate
the virus. We introduce the engineered mutant, Maraba MG1,
and demonstrate the strain to be safe and efficacious by systemic
delivery in multiple tumor models, both immunocompetent and
human xenograft.
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MATERIALS AND METHODS

Cell lines. Human A549 lung carcinoma, human HeLa cervical carcinoma,
human ES2 ovarian carcinoma, murine CT26 colon carcinoma (American
Type Tissue Collection), human GM13030 melanoma cells, human GM38
primary fibroblasts (National Institute of General Medical Sciences Mutant
Cell Repository, Camden, NJ), and cell lines from the NCI 60 cell panel
obtained from the Developmental Therapeutics Program, National Cancer
Institute (Bethesda, MD)were propagated in Dulbeccos modified Eagles
medium (Hyclone, Logan, UT) supplemented with 10% fetal calf serum
(Cansera, Etobicoke, Ontario, Canada).

In vitro cytotoxicity screen. Cells from the NCI 60 cell panel were plated
in 96-well plates to a confluency of 90%. These cells were infected at log
dilutions with various rhabdoviruses, as indicated. After 96 hours postin-
fection, the monolayers were washed, fixed, and stained with 1% crystal
violet solution. Stained monolayers were subsequently solubilized in 1%
sodium dodecyl sulfate in water to create homogenous lysates. Absorbance
was read at 595 nm to score for viable cells.

Single-step growth curves. Cells were infected with the indicated viruses
at an MOI of 5 pfu/cell for 1 hour. Cells were then washed with PBS and
incubated at 37°C. Aliquots (100 ul) were taken at time 0, 4, 8, 12, 24, and
48 hours postinfection and titers assessed with a standard plaque assay.

Viability assays. The indicated cell lines were seeded into 96-well plates
(1 x 10* cells/well). The next day cells were infected with the indicated
viruses at various MOIs (0.0001-10 pfu/cell). Following a 48-hour incuba-
tion, Alamar Blue (Resazurin sodium salt; Sigma-Aldrich, St Louis, MO)
was added to a final concentration of 20 ig/ml. After a 6-hour incubation,
the absorbance was read at a wavelength of 573 nm.

Plaque assays. GM38, SNB19, or Vero cells were seeded into 6-well plates
(5 x 10° cells per/well). The next day 100l of serial viral dilutions were
prepared and added for 1 hour to Vero cells. After viral adsorption, 2ml of
agarose overlay was added (1:1, 1% agarose:2x Dulbecco’s modified Eagle’s
medium and 20% FCS). Plaques were counted the following day. Where
applicable, diameters were measured and plaque area calculated using the
following formula Area = 77,

Phylogenetic analysis. Phylogenetic relationships between rhabdoviruses
based on a muscle alignment of L protein amino acid sequences, and
using the paramyxovirus Measles Edmonston strain as the outgroup. The
tree was generated by the neighbor-joining method and bootstrap values
(indicated for each branch node) were estimated using 1,000 tree replicas.
Branch lengths are proportional to genetic distances. The scale bar corre-
sponds to substitutions per amino acid site.

Recombinant Maraba rescue system. A549 lung carcinoma cells seeded
at 3.0 x 10° cells/well in 6-well plates were infected 24 hours later with vac-
cinia virus (MOI = 10) expressing the T7 RNA polymerase® in OptiMeM
medium for 1.5 hours. Following removal of the vaccinia virus, each well
was transfected with LC-KAN Maraba (2ug) together with pCI-Neo
constructs encoding for Maraba N (1ug), P (1.25ug), and L (0.25ug)
with lipofectamine 2000 (5ul per well) according to the manufacturer’s
instructions. The transfection reagent was removed 5 hours later and
replaced with Dulbeccos modified Eagle’s medium containing 10% fetal
bovine serum. At 48 hours following the transfection, medium was col-
lected (pooled from two plates), filtered (0.2um) to remove contaminat-
ing vaccinia virus, and 1 ml was used to infect SNB19 glioblastoma cells
in each well of a 6-well plate. Cytopathic effects visible 24-48 hours later
were indicative of a successful rescue, which was confirmed by purifying
viral RNA and reverse transcriptase (RT)-PCR with Maraba-specific prim-
ers. All viruses underwent three rounds of plaque purification (on SNB19
cells), before scale up, purification on sucrose cushion, and resuspension in
PBS containing 15% glucose.
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Mutagenesis and Maraba variants. Single phosphorylated mutagenic
primers (45-55bp) were used with the high-fidelity Phusion enzyme (NEB,
Pickering, ON, Canada) to create the panel of LC-KAN Maraba mutants
described within. Briefly, a PCR reaction was carried out with 100ng of
mutagenic primer and 100ng DNA template with Hot Start addition of
enzyme (98°C—2min, 80°C hold—add enzyme) and typical PCR setup
(98°C—10 seconds, 55°C—30 seconds, 72°C for 7 minutes for 30 cycles).
Dimethyl sulfoxide was added in the range of 0-6% in increments of 2%.
The parental plasmid was digested with Dpnl (NEB) (37 °C for 1 hour) and
4l of the 25l Dpnl-digested PCR mixture was used to transform TOP-10
competent cells (Invitrogen, Carlsbad, CA). Positive clones were screened
by introduction of noncoding change restriction site changes (adding or
removing) followed by sequencing. The different attenuated mutants
described here include deletion of Met-51 in the M protein (AM51), Leu-123
to Trp in the M protein (L123W), Val-221 to Tyr in the M protein (V221Y),
GIn-242 to Arg in the G protein (Q242R), and double mutant Leu-123 to
Trp in the M protein, and GIn-242 to Arg in the G protein (Maraba MG1).

IFN treatment. To assess the ability of recombinant IFN-3 to protect Vero
cells from infection and killing by rMaraba WT and the Maraba variants,
we incubated cells with either control media or IFN-f (100 U) for 18 hours
followed by viral infection (MOI = 10). Cell viability was assessed using
crystal violet assay. Briefly, cells were incubated with 1% crystal violet solu-
tion, washed, dried, resuspended in 1% sodium dodecyl sulfate, and read
at a wavelength of 595 nm.

IFN enzyme-linked immunosorbent assay. IFN-3 levels were measured
using the VeriKine Human IFN-f enzyme-linked immunosorbent assay
kit (PBL Interferon Source, Piscataway, NJ). Briefly, PC3 cells were infected
(MOI = 5) with AM51 VSV, rMaraba WT, and the Maraba mutants AM51,
V221Y, Q242R, L123W, and MGI. Culture media (1 ml) was collected
48 hours postinfection and incubated along side standards provided by the
manufacturer.

Sequencing and cloning of Maraba rhabdovirus. Maraba rhabdovirus
was amplified on Vero cells and RNA was isolated from purified virus by
standard techniques (Trizol+RNeasy; Invitrogen). With the exception of
the 5" and 3’ terminal ends, the virus sequence was obtained using the
mRNA Complete cloning kit (Invitrogen). The 3’- and 5’-end sequencing
was completed following T4 RNA ligase-mediated ligation of T7 DNA
primers to either end followed by RT-PCR and cloning into pCR2.1-
TOPO (Invitrogen). The viral complementary DNA was amplified in a
single RT-PCR reaction (yielding a >11kbp fragment) and cloned into a
modified LC-KAN vector (Lucigen, Middleton, WT) carrying a T7 pro-
moter upstream of the 5’-antigenomic leader sequence and immediately
downstream of the 3’-terminator a modified hepatitis delta virus ribozyme
and T7 polymerase termination signal sequence.

Quantitative RT-PCR to detect nuclear and cytoplasmic IFN. Nuclear and
cytoplasmic RNA was separated as described previously." Briefly OVCAR4
cells either mock treated or infected with rMaraba WT, AM51, L123W,
Q242R, or Maraba MG1 were harvested in PBS, pelleted, and resus-
pended in 200 ul of lysis buffer (25 mmol/l Tris: pH 7.4, 15 mmol/l NaCl,
12.5mmol/l MgCl, 5% sucrose, and 1% NP-40). The lysates were incubated
at 4°C for 10 minutes with occasional vortexing. Nuclei were collected by
centrifugation at 1000g for 3 minutes. The supernatant (cytoplasmic frac-
tion) was collected while nuclear fraction was washed once with 250 ul of
lysis buffer followed by total RNA extraction using the Qiagen RNeasy kit
(as per manufacturer’s instructions; Qiagen, Almeda, CA). Quantitative
RT-PCR of IFN-B mRNA was performed using the Quantitect SYBR
Green RT-PCR kit from Qiagen with previously described primers. IFN-
was assayed from nuclear and cytoplasmic fractions and normalized to
hypoxanthine-guanine phosphoribosyltransferase mRNA from the same
compartment. Normalized values were normalized again to values from
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uninfected nuclear and cytoplasmic fractions, respectively, to determine
fold induction values in each compartment, following virus infection.
Plotted values indicate the ratio of normalized mRNA induction from the
cytoplasmic to nuclear compartments. All quantitative PCR values were
calculated using the ACT method.

Determination of in vivo toxicity. Groups of 3—-5Balb/C mice (6-8 weeks
old) were injected once intravenously in half log increments of virus rang-
ing from 3 x 10° to 3 x 10° pfu. The animals were monitored for signs of
distress including weight loss, morbidity, piloerection, hindlimb paraly-
sis, and respiratory distress. All experiments were conducted with the
approval of the University of Ottawa Animal Care and Veterinary Service
in concordance with guidelines established by the Canadian Council on
Animal Care.

CT26 subcutaneous tumor model. Subcutaneous tumors were established
by injecting 3 x 10° murine CT26 colon cancer cells” were injected in
the right and/or left flanks of 6-8 week old female Balb/C mice. Palpable
tumors (10-600 mm?) were treated with six intravenous injections (thrice
weekly) of either 51VSV or Maraba MG1 (5 x 10® pfu/dose). Animals were
monitored for piloerection, weight loss, morbidity, hind leg paralysis, and
respiratory distress. When tumor burden exceeded a size of 750 mm?® ani-
mals were killed. Tumor volumes were calculated using (L x W?)/2, where
L = tumor length and W = tumor width.

Imaging Maraba MG1 virus in a subcutaneous tumor model. Maraba
MG1 was adapted for fluorescent or bioluminescent imaging by genetically
engineering in eGFP or firefly luciferase (FLUC), respectively. MG1-GFP
and MG1-FLUC was injected IV (1 x 10°) into Balb/C animals bearing
subcutaneous CT26 tumors. At 24 hours postinfection MG1-GFP-infected
animals were killed and their tumors were extracted and imaged under a
Nikon fluorescent microscope (Nikon Instruments, Melville, NY). Animals
infected with MG1-FLUC were injected with luciferin and underwent
live imaging using the IVIS Xenogen 200 system (Caliper Life Sciences,
Hopkinton, MA).

CT26 lung tumor model. Lung tumors were established by a single intra-
venous injection of 3 x 10° CT26 colon cancer cells into 6- to 8-week-old
female Balb/C animals.** Generally, mice develop severe respiratory distress,
piloerection, and hunched phenotype at day 16-18 at which point they are
killed. Mice were either intravenously treated with PBS, Carajas, or Maraba
MG1 (5 x 10° pfu/dose) treated at day 10, 12, 14, 17, 19, and 21. Some
animals were killed at day 17 and images were captured on a Nikon dissect-
ing microscope. The remaining animals were monitored for survival.

Ovarian xenograft model. Human ovarian ES2 cells were adapted for
bioluminescent imaging at which time 1 x 10° ES2 cells were injected intra-
peritoneally into 6- to 8-week-old athymic CD-1 nude mice. Untreated
CD-1 animals develop ascites at about day 15-17. Intraperitoneal and
intravenous injections were performed on day 8, 9, 12, 14 and 16 with 1 x
10* to 1 x 107 pfu/dose of Maraba MG1 or VSV A51. Tumor imaging was
captured with a Xenogen 200 IVIS system (Caliper Life Sciences).

Statistics. For plaque size determinations, one-way analysis of variance
was performed using the Bonferroni multiple comparison’s test to derive a
P value (Graphpad Prism; Graphpad Software, La Jolla, CA). For Kaplan—
Meier plots, we compared survival plots using Mantel-Cox log-rank analy-
sis (Graphpad Prism). We compared titers and viability using a two-tailed
unpaired Student’s T test to derive a P value (Graphpad Prism).

SUPPLEMENTARY MATERIAL

Figure S1. Rhabdovirus mediated cell killing on the NCI 60 cell
panel.

Figure $2. Maraba-MG1 demonstrates both enhanced cytolytic
capability as compared to A51VSV.
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