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Abstract

Vesicular stomatitis virus (VSV) shows potential for targeting and killing cancer cells, but can be
dangerous in the brain due to its neurotropic glycoprotein. Here we test a chimeric virus in which
the VSV glycoprotein is replaced with the Chikungunya polyprotein E3-E2-6K-E1 (VSVAG-
CHIKY). Control mice with brain tumors survived a mean of 40 days after tumor implant.
VSVAG-CHIKY selectively infected and eliminated the tumor, and extended survival substantially
in all tumor-bearing mice to over 100 days. VSVAG-CHIKY also targeted intracranial primary
patient derived melanoma xenografts. Virus injected into one melanoma spread to other
melanomas within the same brain with little detectable infection of normal cells. Intravenous
VSVAG-CHIKYV infected tumor cells but not normal tissue. In immunocompetent mice, VSVAG-
CHIKY selectively infected mouse melanoma cells within the brain. These data suggest VSVAG-
CHIKYV can target and destroy brain tumors in multiple animal models without the neurotropism
associated with the wild type VSV glycoprotein.
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1. Introduction

Vesicular stomatitis virus (VSV) is an enveloped, negative-sense, single-strand RNA virus in
the Rhabdoviridae family. While rarely causing disease in humans, the virus can pose a
potential threat to livestock including cattle, horses, and pigs (Lyles and Rupprecht, 2007).
In recent years, recombinant altered versions of VSV have shown considerable potential as
the molecular basis for live vaccines engineered to express antigenic proteins from other
viruses (Kurup et al., 2015; Clarke et al., 2006; Geisbert et al., 2008, 2009). VSV has also
shown promise as an oncolytic virus (Wongthida et al., 2011; Obuchi et al., 2003; Ozduman
et al., 2008; van den Pol and Davis, 2013; Wollmann et al., 2005). However, a substantive
limitation of VSV is that the VSV glycoprotein is highly neurotropic, and upon entering the
brain, can lead to deleterious neurological consequences, including death (Huneycutt et al.,
1993; Lundh et al., 1987, 1988; van den Pol et al., 2002).
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Although substitution of glycoprotein genes from other viruses can reduce VSV
neurotropism (Wollmann et al., 2015; van den Pol et al., 2017a), the attenuation of
neurotropism is not necessarily a universal attribute of chimeric VSVs. Glycoproteins from
some viruses that have been substituted for the VSV glycoprotein can be maladaptive and
enhance neurotropism; for example the replication competent Nipah-VSV chimera is lethal
in the brain (van den Pol et al., 2017a). Even for the potential treatment of non-brain cancers
with oncolytic viruses, the importance of attenuating or eliminating the neurotropism of
VSV is suggested by data showing that metastatic myeloma cancer cells can form a bridge
from outside the brain across the meninges into the brain, potentially serving as a conduit
through the blood brain barrier for a neurotropic virus to enter the brain (Yarde et al., 2013).

Chikungunya virus (CHIKYV) is a positive-sense single-strand RNA virus of the alphavirus
genus and Togavirus family. Prior to 2013 it was primarily found in Asia, Africa, and
Europe; starting in 2013 the virus has been spread by mosquitoes through most of South
America and parts of North America with primates as a potential reservoir (https://
www.cdc.gov/chikungunya/geo/index.html; Vignuzzi and Higgs, 2017; Vu et al., 2017).
There is currently no approved vaccine available; a number of different experimental
vaccines are being tested (Chattopadhyay et al., 2013; Powers, 2018; Yang et al., 2017).
CHIKYV has generally been associated with fever and joint pain, but can also cause
headache, muscle ache, and rash (Hua and Combe, 2017; Amdekar et al., 2017). The joint
pain can persist for many months or longer. Chikungunya may bind to one of several surface
proteins which have been suggested to include cholesterol transporters, prohibitin and others
(Wichit et al., 2017; Wintachai et al., 2012) and appears to be internalized in clathrin coated
pits (Bernard et al., 2010; Schwartz and Albert, 2010; Hoornweg et al., 2016). VSV has been
proposed to utilize the LDL receptor as an entry port (Finkelshtein et al., 2013).

Here we test a CHIKV-VSV chimeric virus containing a portion of the CHIKV structural
polyprotein that includes the E3-E2-6K-E1 glycoprotein sequence substituted for the VSV
glycoprotein (Chattopadhyay et al., 2013). CHIKV E2 underlies receptor binding, and E1 is
responsible for the low pH membrane fusion activity after endocytotic entry (Voss et al.,
2010; Solignat et al., 2009). Together E2 and E1 constitute spike-like trimers on the virus
surface. E3 is postulated to prevent premature virus fusion (Uchime et al., 2013), and 6K
enhances virion release and titer (Taylor et al., 2016). VSV in which the normal glycoprotein
gene G has been deleted and replaced by genes coding for the CHIKV envelope
glycoprotein (VSVAG-CHIKV) appears safe within the brain and, as tested in rodents, did
not evoke neurological dysfunction or substantive negative consequences (van den Pol et al.,
2017a).

Here we address the question of whether this VSVAG-CHIKYV chimera can selectively infect
and cytolytically kill brain tumor cells without substantive damage to normal cells in the
brain.
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2. Results

2.1. Human cancer cells have high susceptibility to CHIKV

A CHIKV-VSV chimera VSVAG-CHIKYV was used in which the VSV glycoprotein was
replaced with the glycoprotein sequence from CHIKV (Fig. 1A). To determine whether
VSVAG-CHIKYV displayed a preferential infection of cancer cells, we compared a variety of
different cell types including both cancer and non-cancer normal control cells. The cells
used included human glioma U373, U118 and U87 and the mouse glioma CT-2A, along with
normal human glia and normal mouse glia. Additional cancer types included the human
melanoma cells YUMAC and 501mel, and the breast cancer cells MDA-MB-436, MDA-
MB-231 and BT-549. Cells were inoculated using an MOI of 0.02 and VSVAG-CHIKV
infection was determined by immunostaining at 3 days post-infection (dpi). The percentage
of infected human glioma cells (n = 6 samples/group) was substantially greater than that of
normal human glia (U373 p < 0.001; U118 p < 0.01; U87 p < 0.01; ANOVA) (Fig. 1B,D).
Additionally, the percentage of infected human melanoma and breast cancer cells was also
significantly greater than control normal human cells (glia) (ANOVA) (Fig. 1C and D).
Mouse glioma CT-2A cells also showed a greater percentage of infected cells than normal
mouse glia, but displayed less infection than human gliomas (Fig. 1B,D).

To compare relative levels of infection and replication of VSVAG-CHIKYV in different cell
types, we compared virus plaque size on glioma, melanoma, breast cancer and normal
human brain cells at 3 days (Fig. 2A). All human glioma cell lines yielded large plaques (n =
20 plaques/group p < 0.001 vs normal human glia, ANOVA), whereas on normal human glia
VSVAG-CHIKYV displayed significantly smaller plaques (Fig. 2B,D). Both mouse glioma
(CT-2A) and normal mouse glia appeared less susceptible to VSVAG-CHIKV. In
comparisons of breast cancer cells, BT-549 displayed a significantly larger (n = 20 plaques;
p < 0.001; ANOVA) plaque size than MDA-MB-231 or MDA-MB-436 cells. YUMAC and
501 human melanoma cells also yielded larger plaques than normal human cells (Fig. 2C,D).
Infected cells ultimately showed a lethal response to virus infection as corroborated with
ethidium homodimer labeling.

2.2. VSVAG-CHIKV selectively infects a broad range of human glioma

In order to examine further the susceptibility of human glioma cells to VSVAG-CHIKV
infection, a panel of different glioma with different growth characteristics and mutational
defects were infected with VSVAG-CHIKYV at a low MOI of 0.02. 24 h later, VSVAG-
CHIKYV not only infected the inoculated cells (Fig. 3A, left) but additionally showed
significant replication (Fig. 3A, right) after secondary inoculation (24 h) of fresh cultures
with media collected from infected cultures, as suggested above in the plaque analysis. In
contrast to the human glioma cells, normal human astrocytes showed attenuated infection
and little evidence of virus replication. Similarly, normal mouse glia supported little
infection or replication of VSVAG-CHIKV whereas mouse CT-2A glioma cells displayed
both infection and replication (Fig. 3B,D).
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2.3. Comparison of recombinant VSV infection of glioblastoma

To determine the susceptibility of glioma cells to VSVAG-CHIKYV infection, two additional
recombinant VSVs, one wild-type (VSVwt) and another chimeric VSV, VSV-LASV-GPC
(VSVAG-LASV) were compared with VSVAG-CHIKYV for their ability to infect and kill
either mouse (CT-2A) or human (U118) derived glioma cells (Fig. 4A-D). Twenty-four
hours after inoculation (MOI =1) all three viruses showed good infection levels at 24 hpi
(Fig. 4A,B) and evoked cell death at 48 hpi as determined with ethidium homodimer (Fig.
4C,D) in both mouse and human glioma cells. VSVwt showed greater infection and cell
death than VSVAG-CHIKYV or VSVAG-LASV. Non-infected control tumor cells showed no
infection and little cell death.

To compare the relative propagation of these 3 viruses, viral plaque size was measured using
monolayer cultures of human (U118, U87) and mouse (CT-2A) glioma (Fig. 4E, F). Forty-
eight hours after infection both human glioma cell lines yielded robust large plagues; mouse
CT-2A yielded smaller plaques for all 3 viruses. As expected the VSVwt plaques were larger
than those generated by VSVAG-CHIKV or VSV LASV-GPC.

2.4. Type | interferon actions on VSVAG-CHIKYV infection of human glioma

Interferons (IFNs) are cytokines that play a critical role in the induction and maintenance of
innate and adaptive immunity, and dys-functional IFN signaling has been suggested as a key
mechanism contributing to enhanced infection of cancer cells (Stojdl et al., 2000). To test
whether type | interferon might play a role in the selectivity of VSVAG-CHIKYV infection of
cancer cells, glioma cells and normal cells were cultured and pre-treated with 1 or 10 1U of a
recombinant hybrid type | interferon (IFN-a.A/D that activates both mouse and human type
1 IFN receptors) for 12 h prior to infection with VSVAG-CHIKYV at an MOI of 0.02 (Fig. 5).
Twenty-four hours later, immunostaining was used to quantify the number of cells showing
VSVAG-CHIKYV infection. IFN-a (1 IU, n = 6 samples/group) almost completely blocked
VSVAG-CHIKYV infection of normal astrocytes compared to no IFN (p < 0.01 vs. control)
(Fig. 5A,C). In contrast to IFN’s block of infection in normal human astrocytes, viral
infection of human glioma U118, U87, and U373 was attenuated but not completely blocked
by IFN-a at 1 IU (U118, p = 0.37; U87, p = 0.37; U373, p = 0.058; vs no-IFN controls). As
expected, a greater effect was observed at 10 IU in a dose-dependent manner (p < 0.001 vs
control) (Fig. 5A,C). VSVAG-CHIKYV showed only modest inhibition by IFN-a in mouse
CT-2A glioma (Fig. 5B,D).

2.5. VSVAG-CHIKYV targets glioma

To examine whether VSVAG-CHIKYV can act in vivo, the mouse brain was injected with
glioblastoma rU118, and rU373 cells. Nine days after tumor injection into the striatum of
SCID mice, VSVAG-CHIKV (7 x 108 PFU) was injected intracranially in the area of the
tumor. Mice were euthanized 4, 7, and 15 days later (Fig. 6A). Four days after VSVAG-
CHIKYV administration (13 days after injection of cancer cells), the virus showed selective
infection of all types of glioma including U118 (n = 3) (Fig. 6B—F) and U373 (n = 4) (not
shown). At 7 and 15 dpi, a greater number of tumor cells were selectively infected (Fig. 6B—
F). In contrast to the infection of glioma (Fig. 6B—F), little infection was detected in the
normal host brain.
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2.6. VSVAG-CHIKV enhances survival in brain tumor bearing mice

In the experiments above, we show that VSVAG-CHIKYV selectively targets gliomas in vitro
and in vivo. Here we address the hypothesis that VSVAG-CHIKYV will improve the survival
of tumor-bearing mice. Human U87 glioma were implanted into the brains of SCID mice (n
= 22). After the tumors had expanded for 8 days, VSVAG-CHIKYV was injected into the
tumor (n = 10); other mice (n = 10) served as tumor bearing controls with no virus. As a
positive control, we also used VSV-LASV-GPC (n = 2) which had been previously shown to
enhance survival in tumor-bearing mice (Wollmann et al., 2015).

VSVAG-CHIKYV greatly enhanced the survival of tumor-bearing mice. All tumor-bearing
mice (n = 10) not treated with virus showed a lethal response to the expanding tumor with a
mean survival of 38 days post-tumor implantation, and a maximum survival of 44 days post-
tumor implantation (Fig. 7). A photomicrograph of an untreated brain shows substantial
tumor expansion and encroachment into the adjacent normal brain (Fig. 8A). In striking
contrast, all tumor-bearing mice (n = 10) treated intracranially with VSVAG-CHIKV
showed a statistically significant extended long-term survival of 100 days post-tumor
implantation (Fig. 7) (p < 0.001; log-rank test). At that point, one or two mice were
euthanized by anesthetic overdose every few days up to 120 days. None of the tumor-bearing
mice treated with VSVAG-CHIKYV showed a lethal response either to tumor-mediated brain
dysfunction or to the presence of VSVAG-CHIKYV within the brain. Histological verification
in the brains of tumor-bearing mice treated with VSVAG-CHIKYV show an apparent absence
of tumor, and an absence of detectable virus in an additional mouse euthanized 108 days
after tumor implant and treated with intratumoral VSVAG-CHIKYV (Fig. 8D-E). The tumor-
bearing mice (n = 2) treated with the positive control VSV-LASV-GPC also showed
extended survival (Figs. 7, 8C, 9C,D) as previously reported (Wollmann et al., 2015). Fig.
9A shows large red tumors in the brains of 5 mice that did not receive VSVAG-CHIKYV, and
the absence of detectable tumor in the brains of 5 other mice that did receive VSVAG-
CHIKV (Fig. 9B).

2.7. VSVAG-CHIKYV infects human melanoma

In the paragraphs above, we focus on the potential of VSVAG-CHIKYV to infect glioma
within the brain. Here we test the hypothesis that VSVAG-CHIKYV can selectively infect
other types of brain cancer cells. Nine days after injection and expansion of primary human
rYUMAC melanoma into the SCID mouse brain, VSVAG-CHIKYV was injected into the
brain (n = 3) (Fig. 10A). Strong green viral immunofluorescence was found in the tumors
with little infection outside the melanoma cells at the different time points examined. At 4
dpi many, but not all, tumor cells showed infection (Fig. 10B). At 7 dpi (Fig. 10C) and 15dpi
(Fig. 10D), the percentage of infected cells increased, and the cells showed additional signs
of viral infection.

2.8. VSVAG-CHIKV migrates to multiple tumors in a model of metastatic brain cancer

The current standard clinical treatment of brain tumors is surgical resection of the malignant
tissue, combined with radiotherapy and chemotherapy (Wei et al., 2015; Wollmann et al.,
2012). However, in patients with high grade brain tumors, neurosurgical removal or focused
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radiation may eliminate the main tumor body but is generally unable to eliminate the large
number of tumor cells that have migrated into the surrounding brain tissue.

To evaluate the efficacy and safety of selective tumor reduction by VSVAG-CHIKYV and its
impact on melanoma, we implanted the left and right side of the SCID mouse brain with
human primary rYUMAC melanoma (in striatum or cortex) (Fig. 11A). 8 days later,
VSVAG-CHIKYV was stereotactically injected unilaterally only into the tumor on the right
side of the brain. Eight days later, the animals were euthanized and the brains were
examined. VSVAG-CHIKV completely destroyed the inoculated tumor on the right side of
the brain (Fig. 11B and D). Additionally, the virus migrated to the contralateral left tumor
(striatum and cortex) and began the process of infection and destruction without infecting
the intervening normal brain (Fig. 11C and E). These results suggest that VSVAG-CHIKV
can selectively infect multiple brain tumors after injection into a single tumor.

To further confirm VSVAG-CHIKYV selectively infected melanoma in vivo, we implanted
both sides of the SCID mouse brain (n = 3) with human primary rYUMAC melanoma cells
(in striatum). 10 days later, VSVAG-CHIKYV was stereotactically injected into the dorsal
region of the tumors on both sides of the brain. Two days later the tumors, along with control
samples of cerebellum, were harvested, dissociated, and used to inoculate Vero cells. Nearly
all of the Vero cells were infected by the extracted tumor tissue (99.1% = 0.6), whereas none
of the cultured cells receiving normal cerebellar tissue from the same brain became infected
(Fig. 11F-H). In additional experiments conducted at 10 dpi, we found a similarly robust
infection of Vero cells (77.5% =+ 3.0) after inoculation with dissociated tumor samples and
no detectable infection conferred by normal cerebellar tissue.

2.9. Mouse melanoma in immunocompetent mouse brain

2.10.

To test the ability of VSVAG-CHIKYV to target tumor cells in an immunocompetent animal
model, B16 mouse melanoma cells were tested. VSVAG-CHIKYV showed strong infection of
cultured mouse melanocytes (Fig. 12A,B) and generated large plaques indicating infection,
replication, and release. B16 melanoma cells were injected into the brains of normal
C57/BI6 mice (n = 3). Seven days later after the tumor cells had expanded, VSVAG-CHIKV
(2.25 x 10° PFU in 0.75 pl) was injected directly into the brain in the area of the tumor.
Three and four days later, brains were harvested. The mouse melanoma cells could be
distinguished from the host brain by the dark coloration of the melanosomes within the
mouse melanoma in contrast to the absence of such a dark coloration in the host brain cells.
Green virus immunofluorescence was found primarily in the mouse melanoma cells, with
the virus immunofluorescence overlapping with the dark- colored melanoma cells (Fig.
12D,E).

Intravenous VSVAG-CHIKYV selectively infects subcutaneous melanoma

To study the potential of the virus to infect distant tumors, eleven days after subcutaneous
implant of rYUMAC human melanoma, VSVAG-CHIKYV was injected into the tail vein, and
4 days later mice (n = 5) were euthanized. VSVAG-CHIKYV was found only in the
melanoma, (Fig. 13A-C). We also asked whether the virus would infect other tissue in these
immunodeficient SCID mice. We found no VSVAG-CHIKYV immunoreactivity in lung,
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colon, bladder, kidney, heart, stomach, testis, brain, liver (Fig. 13D), or spleen. These data
suggest that the virus shows considerable selectivity to tumors and not to any of the other
organs studied.

3. Discussion

Here we show that a chimeric virus, VSVAG-CHIKY, consisting of 4 genes (N,P,M,L) from
VSV, and genes coding for the CHIKYV glycoprotein sequence (E3-E2-6K-E1) substituted
for the VSV glycoprotein gene (G) in the 4th genomic position of VSV results in an
oncolytic virus that can safely and selectively target, infect, replicate in, and destroy both
glioma and melanoma within the brain. The substitution of the CHIKV glycoprotein for the
VSV glycoprotein improves safety in the brain dramatically. Whereas the native VSV
glycoprotein is strongly neuro-tropic and can lead to a lethal response in the brain, the
elimination of the VSV G and substitution of the CHIKV glycoprotein not only improves
safety in the brain (van den Pol et al., 2017a), but results in a chimeric virus that can
selectively target tumors within the brain and dramatically improve survival of brain-tumor
bearing mice.

Although wild-type VSVs and VSVs with modest genetic mutations that attenuate the virus
can target a number of different cancer cells (Wollmann et al., 2005) by several mechanisms
(Cary et al., 2011), a key limitation of VSV is the neurotropism of the virus with the normal
viral glycoprotein which can lead to adverse consequences including a lethal response
(Huneycutt et al., 1993; Lundh et al., 1987, 1988; van den Pol et al., 2002). Although CNS
complications of VSV can be attenuated by peripheral vaccination (Ozduman et al., 2009),
various antiviral drugs or strong type 1 interferon expression (Wollmann et al., 2015),
avoiding a neurotropic phenotype may constitute a safer and better approach, as we
demonstrate here. Importantly, VSVAG-CHIKYV is not only safe in the brains of normal
mice, it is also safe in the brains of immunocompromised SCID mice with little T and B cell
systemic immunity, as we show here, suggesting that the innate immune system within the
brain has the potential to block virus replication in normal neurons and glial cells.

Attenuated VSVs retaining the VSV glycoprotein demonstrate the potential to target cancer
cells, including glioma outside the brain (Lun et al., 2006; Cary et al., 2011) and inside the
brain (Ozduman et al., 2008). A VSV expressing beta-interferon is being used in clinical
tests against liver cancer and has shown an very good safety profile outside the brain (Zhang
et al., 2016a, 2016b; Naik et al., 2015), but can still be problematic inside the brain
(Wollmann et al., 2015). VSV targeting tumors within the brain may show attenuated
neuropathic actions due to possible upregulation of innate immunity in the brain due to the
presence of nearby foreign cells (the surgically implanted tumor) and by potential low level
IFN signaling from the infected tumor to surrounding brain. Interferon stimulated genes may
be upregulated even by distant interferon signaling within the brain (van den Pol et al.,
2014).

Although here we focus mostly on one resident type of brain tumor, gliomas, and one
metastatic brain tumor, melanoma, VSVAG-CHIKY also infects a number of other types of
cancer cell. In addition to gliomas and melanomas, we also show infection of breast cancer
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in vitro. We find that VSVAG-CHIKYV selectively targets a type of cancer cell that originates
from melanocytes in the skin and metastasizes into the brain. For these experiments we
employed primary patient derived melanoma xenografts after minimal expansion in vitro.
We show with four different animal models that VSVAG-CHIKYV selectively targets tumors.
These models include glioma cell line experiments, patient derived (melanoma) xenografts
(PDX) with direct intratumoral injection and with intravascular injection leading to selective
tumor infection, and mouse tumors in immunocompetent mice. Although cancer cell lines
can accumulate mutations over extended periods in culture, the PDX cells had minimal time
in culture, suggesting that VSVAG-CHIKYV targeting to tumor cells was not dependent on
excessive culture-evoked mutational accumulations.

In addition to select infection of tumor cells within the brain, VSVAG-CHIKYV has the
potential to target and selectively infect cells that have migrated away from the main tumor
body. In a model of brain metastasis, multiple melanoma tumor sites were initiated within
the brain. Subsequent to selective infection of one tumor (melanoma), the virus migrated
away from the injected tumor to selectively infect another experimental tumor within the
same brain. This was true both when the secondary tumor was situated in the mirror
contralateral striatum, and also when the secondary tumor was situated in the contralateral
cerebral cortex and the primary tumor was in the striatum. Infection of multiple tumors in a
single brain was accomplished with little detectable infection in the normal brain between
the two tumors.

We previously showed that a chimeric virus consisting of VSV and the Ebola glycoprotein
substituted for the VSV glycoprotein could also target brain tumors, but importantly, the
VSV-EBOV-GP did not completely eliminate the tumors, as shown both by histological
verification of incomplete tumor infection, as well as the generation of only a modest
improvement in survival of mice with brain tumors when treated with VSV-EBOV-GP
(Wollmann et al., 2015). The modest anti-brain tumor response of VSV-EBOV-GP contrasts
with the much more robust VSVAG-CHIKYV data here showing complete elimination of
brain tumors and substantial (complete) increase in survival, at least for the duration of the
survival experiments of several months. The mechanism behind this difference is not clear,
but may relate to some enhanced innate or systemic immune block of the VSV-EBOV-GP
compared with VSVAG-CHIKY; although the SCID mice used in these experiments are
attenuated in T- and B- cell and other adaptive immune responses, they still retain innate
immune potential and may show some reduced adaptive immune responses.

The success of VSVAG-CHIKYV in destroying brain tumors raises the question of whether it
might have clinical potential. Recombinant VSVs are currently being tested in humans. The
chimeric VSV-EBOV-GP has shown substantial potential as a vaccine in central Africa
against Ebola virus (Banadyga and Marzi, 2017) and with greater anti-Ebola efficacy than
other vaccine platforms; the results in humans were consistent with earlier data showing
substantial anti-Ebola efficacy in non-human primates (Geisbert et al., 2008, 2009; Marzi et
al., 2015, 2016). In addition, the VSV-EBOV-GP was found to be safe when injected into the
non-human primate brain (Mire et al., 2012). A recombinant VSV with the native VSV
glycoprotein that expresses a type 1 interferon is also being tested in human clinical trials for
liver cancer (Zhang et al., 2016a, 2016b).

Virology. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 9

Other viruses, for instance some strains of measles virus (Allen et al., 2008, 2013) may be
able to safely target brain tumors, and in conjunction with immunomodulators, show
promise in the brain (Hardcastle et al., 2017). In addition to its direct oncolytic action
(Wollmann et al., 2005; Cary et al., 2011), VSV is also immunogenic, and can enhance an
immune attack on cancer cells that have been infected, generalizing to other similar non-
infected cancer cells (Galivo et al., 2010).

In addition to the CHIKV glycoprotein sequence, two other VVSVs with different
glycoproteins used in place of VSV G have been described, including lymphocytic
choriomeningitis virus glycoprotein (Muik et al., 2011) and Lassa fever virus glycoprotein
(Wollmann et al., 2015). This raises the question of whether the use of multiple chimeric
VSVs may have some benefit. In successive uses of an experimental VSV vaccine with the
same VSV glycoprotein, on repeated immunizations the immune system targeted the VSV
glycoprotein rather than the accompanying HIV antigen of interest, thereby defeating the
potential for vaccination against AIDS. However, the use of three different VSV
glycoproteins in successive vaccinations enhanced the immune response to the HIV protein
of vaccine interest (Rose et al., 2001). This points at the possible advantage of potentially
employing different glycoproteins if more than one treatment with an oncolytic virus may be
needed to generate a directed immune response against an infectible tumor.

Despite improved safety for these chimeric viruses, one cannot assume safety simply by
substitution of alternate viral glycoproteins. In contrast to the improved safety within the
brain of the viruses above, substitution of the influenza glycoprotein for VSV G retained
neurotropism in early stages of brain development, or worse, substitution of Nipah virus F
+G glycoproteins resulted in a recombinant virus that was even more lethal than wild-type
VSV within the brain (van den Pol et al., 2017a). VSV that expressed only Nipah F or Nipah
G was replication-restricted and as such was safe in the brain (van den Pol et al., 2017a) and
retained a capacity for immunization against Nipah virus (Chattopadhyay et al., 2013).

In a minority of cases, particularly in neonates, infection with wild-type CHIKV has been
linked to neurological complications including external facial palsy, Guillain-Barré
syndrome, menigoencephalitis, myelitis, myeloneuropathy, optic neuritis, and sensorineural
deafness (Chandak et al., 2009; Das et al., 2010; Pinheiro et al., 2016; Gasque, 2013). That
association with neurological complications in the parent CHIKV virus may not lead to
negative consequences in the related chimeric virus is suggested by findings with a chimeric
virus where the neurotropic rabies virus glycoprotein gene was substituted for the VSV
glycoprotein gene. Whereas rabies virus itself is lethal in the brain, the chimeric VSVAG-
RABYV was not lethal and was substantially safer than either VSV or rabies virus in the brain
(Beier et al., 2011, 2013). In animal models, some strains of CHIKV were found to evoke
neurological infection and dysfunction in mouse brain, and similar to a number of other
viruses was most problematic in the developing brain (Das et al., 2010; Ziegler et al., 2008;
Powers and Logue, 2007; van den Pol et al., 2002, 2017a, 2017b). In contrast, the VSVAG-
CHIKYV tested here did not show the same spread within the brain and did not appear to lead
to negative consequences. Even in immunocompromised SCID mice, after intracranial
injection VSVAG-CHIKYV showed little spread in the brain and no lethal actions.
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Together, these data suggest that VSVAG-CHIKV merits further consideration as a virus that
can safely target, infect, and kill both resident (glioma) and metastatic (melanoma) cancer
cells within the brain in multiple animal models.

4. Materials and methods

4.1. Virus and cells

VSVAG-CHIKYV was generated by replacing the VSV G gene with the genes coding for the
entire CHIKYV envelope polyprotein (E3-E2-6K-E1) derived from the prototypic African
strain CHIKV S27, as described previously (Chattopadhyay et al., 2013). This CHIKV-VSV
chimera incorporated functional CHIKYV glycoproteins into the viral envelope resulting in a
replication competent virus. To demonstrate that this chimeric virus showed the proper
incorporation of CHIKV glycoproteins, VSVAG-CHIKV was tested with 35S labeling of
CHIKYV envelope poly-protein and measurements of replication kinetics (one-step growth
curves) comparing VSVAG-CHIKYV and the parental recombinant wild-type VSV (VSVwt)
(Chattopadhyay et al., 2013). Stocks of VSVAG-CHIKYV were grown and harvested using
BHK-21 cells and titers of harvested viral stocks were determined by plaque assay using
Vero cells. VSV-LASV-GPC used in vivo is a VSV chimera with the Lassa fever virus
glycoprotein gene replacing the VSV glycoprotein gene (gift of Drs. C.Cepko, S.Whelan,
Harvard University, Boston, MA) (Wollmann et al., 2015; Jae et al., 2013). VSV-LASV-GPC
used in vitro was kindly provided by Dr. H. Feldmann (NIH Rocky Mountain Laboratories,
Hamilton, MT) (Wollmann et al., 2015; Garbutt et al., 2004). VSVwt is a recombinant wild-
type VSV (from Dr. J.K. Rose, Yale Univeristy) (Lawson et al., 1995).

Human glioma U87 and U118 cells were obtained from ATCC (Manassas, VA). Mouse
glioma CT-2A cells (gift of Dr.T.Seyfried; Boston College). We complement widely used
cell lines where cell identity can become uncertain with recent local patient-derived tumor
samples. YUMAC and 501mel human melanoma cells and mouse B16F1 melanoma cells
were supplied by the Yale University Skin Cancer SPORE. Normal human glia were derived
from human temporal lobectomies, as previously described (Ozduman et al., 2008). Stably
transfected cancer cells expressing red fluorescent protein (RFP) (rU87 and rYUMAC) were
generated as described previously (Wollmann et al., 2013). rU373 and rU118 cells were
generated using a lentiviral vector expressing RFP, then selected using G418. Vero cells
were obtained from Dr. C. Cepko (Harvard University) and BHK-21 cells from Dr. J.K.
Rose (YYale University). Mouse glia were isolated and cultured as previously described (van
den Pol et al., 1992; van den Pol and Spencer, 2000). U87, 501mel, YUMAC, Vero, and
mouse glia were maintained in MEM. BHK-21, U373, U118, CT-2A and human glia were
maintained in DMEM. MDAMB-436, MDA-MB-231and BT-549 human breast cancer cells
(from Dr.L.Pusztai, Yale University) were maintained in RPMI 1640. All culture media
(MEM, DMEM, RPMI 1640; Gibco, Life Technologies, Grand Island, NY) was
supplemented with 10% fetal bovine serum (Gibco) and 1% pen-strep solution (Gibco). All
cells were maintained at 37 °C in an atmosphere supplemented with 5% CO5.
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4.2. Viral plaque-size assay

We used a number of different cells including human glioblastoma U373, U118, U87 and
mouse glioblastoma CT-2A, human normal glia, mouse glia, human melanoma YUMAC and
501mel, breast cancer MDAMB-436, MDA-MB-231 (Drs.L.Pusztai, V.Wali), BT-549 cells
(ATCC, Manassas,VA) to study virus infection and replication.

To compare plaque sizes of VSVAG-CHIKYV on normal and multiple cancer cell types, cell
monolayers were infected at an MOI of 0.02. Two hours later, inoculum was removed and
cultures were washed 3 times with PBS before the addition of CMC in MEM, which was
used as overlay. Three days later, plaques were determined by immunostaining. Plaque size
was measured (n = 20 plaques/cell type/virus) and means and standard errors of the means
(SEMs) were determined as an approach to compare infection and replication of VSVAG-
CHIKV.

To assess the capability of VSVAG-CHIKYV to propagate in glioblastoma cells, monolayer
cultures of the cells were infected with CHIKV at an MOI of 0.02 (primary inoculation).
Two hours later, virus inoculum was removed and cells were washed 3 times. After 24 h
infection, all tumor lines showed infection as indicated by immunostaining with antisera
against VSV. To test for viral propagation in these cells, supernatant was filtered (0.22 um)
and transferred to un-infected tumor dishes (secondary inoculation). Twenty-four hours later,
positive immunofluorescence indicates transfer of viral progeny produced by tumors
infected during primary inoculation. A recombinant hybrid type-I interferon IFN-a A/D
(Sigma-Aldrich; catalog no. 14401) was used in some experiments.

4.3. Mouse procedures

Six- to seven-week-old immunodeficient adult CB17 SCID mice (Taconic Farms;
Germantown, NY) were used for xenograft brain tumor models and postoperative care was
performed in accordance with the institutional guidelines of the Yale University Animal
Care and Use Committee. Tumors were established by unilateral striatal injection of 2 pl of
cell suspension containing 2.5 x 10% cells/ul while mice were deeply anesthetized using a
combination of ketamine and xylazine (100 and 10 mg/kg of body weight, respectively).
Stereotactic intracerebral injections of tumor cells were made into the right striatum (2 mm
lateral and 0.5 mm rostral to the bregma at 3 mm depth) using a micro-syringe (Hamilton
Co., Reno, NV) controlled by a stereotactic injector (Stoelting Co., Wood Dale, IL). Eight
days after tumor placement, mice received virus via intratumoral injection (3.0 x 108 PFU in
2 ul). For bilateral tumor implants, tumor cells were injected into the striatum or cortex
(cortical coordinates: 2 mm lateral and 0.5 mm rostral to the bregma at 0.5 mm depth). For
some histologic analyses of early states of viral infection, mice were sacrificed after viral
inoculation by an anesthetic overdose followed by intracardiac perfusion with 4%
paraformaldehyde. In some experiments, mice bearing tumors infected by VSVAG-CHIKV
were euthanized and tissue samples of tumor and control cerebellum were harvested. Tissue
samples were dissociated into small pieces and the preparation was used to inoculate
cultures of Vero cells to determine the presence or absence of viable virus.
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Mice were monitored daily and euthanized if any of the following conditions were observed:
(i) weight loss of 25% or more, (ii) im-mobility, (iii) occurrence of adverse neurological
symptoms, or (iv) reaching the end of the observation period of the survival study. Animal
experiments were approved by and performed in accordance with the institutional guidelines
of the Yale University Animal Care and Use Committee.

4.4. Immunocytochemistry

At the indicated time points, cells and brains were harvested and incubated in 4% (wt/vol)
paraformaldehyde at 4 °C for 24 h. Brains were subsequently transferred into 30% (vol/vol)
sucrose. In preparation for immunofluorescent labeling, brain sections were fixed in 4%
paraformaldehyde, rinsed with phosphate-buffered saline (PBS), and permeabilized by
washing 3 times for 10 min in PBS with 1% bovine serum albumin (BSA) and 0.4% Triton-
X, blocked in washing buffer containing 2% normal horse serum (NHS), then exposed to
primary antibody in blocking solution. A primary rabbit anti-wild type VSV antibody
(Johnson et al., 1997) or rat anti-VSV antibody was used (overnight incubation; dilution
1:3000) to immunostain the sections. The VSV antibody binds to multiple VSV proteins,
allowing detection of chimeric VSV viruses expressing non-VSV glycoproteins. After
multiple washes to eliminate free primary antibody, a secondary goat anti-rabbit antibody
conjugated to a green fluorescent molecule (Alexa Fluor 488; A11008; Invitrogen) or anti-
rat secondary (2 h; dilution 1:1000) was used to localize the virus in infected cells. Finally,
cells were incubated in nuclear stain Hoechst33342 (5 mg/ml in PBS) or, for cell death
experiments, ethidium homodimer 1 (EthD-1; cat no. 40010; Biotium Inc, Fremont, CA) 2
UM in PBS for 20 min in the dark. Images were captured using a fluorescent microscope
(Olympus IX71, Tokyo, Japan) fitted with a SPOT-RT camera (Diagnostic Instruments,
Sterling Heights, MI). Contrast and brightness were corrected with universal application to
the entire photograph using Adobe Photoshop.

4.5, Statistics

Statistical significance was analyzed by ANOVA,; a p-value < 0.05 was considered
significant. Kaplan-Meier survival curves and log-rank test were used to compare survival
rates. Analysis was facilitated with the use of SPSS 19.0. The data are expressed as the mean
+ SEM for each group.
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Fig. 1. Chimeric VSVAG-CHIKYV infects glioblastoma, melanoma, and breast cancer cells.
A. Schematic illustration (top) showing genomes of wild-type VSV and chimeric VSVAG-

CHIKYV in which the VSV glycoprotein G gene (blue) has been replaced with the
chikungunya glycoprotein sequence from the CHIKV structural polyprotein (pink). The
diagram below illustrates this replacement in assembled viral particles. B. VSVAG-CHIKV
(MOI 0.02) was used to infect a collection of glioma cell lines from human (U373, U118,
U87) and mouse (CT-2A) along with primary cultures of human glia and mouse glia. 3 days
post infection (3 dpi), cells were visualized by immunolabeling with a primary antibody
against VSV together with a secondary fluorescent antibody; cells were also stained with
blue Hoechst33342 nuclear stain. Arrows indicate infected (red arrow) and uninfected (white
arrow) cells. C. Infection of human melanoma (YUMAC, 501mel) and breast cancer (MDA-
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MB-436, MDA-MB-231, BT-549) cells 3 dpi. Scale bars 50 um. D. VSVAG-CHIKV (MOI
0.02) was used to test infection of human glioma cells (U373, U118, U87), mouse glioma
(CT-2A), primary cultures of normal human glia and mouse glia, human melanoma
(YUMAC, 501mel) and human breast cancer (MDA-MB-436, MDA-MB-231, BT-549)
cells, 3 days post infection (3 dpi). Uninfected cells are identified with phase contrast
microscopy. Statistical comparisons are between tumor cells and the normal human cells
(glia). Values are reported as the mean £ SEM; n = 6. *p < 0.05, * *p < 0.01, * **p < 0.001
one-way ANOVA with repeated measures.
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Fig. 2. Glioblastoma cells generate larger VSVAG-CHIKYV plaques than cultures of normal
human glia.

A. Representative immunofluorescent images of viral plaques that developed 3 days post
infection of monolayer cultures of human glioma (U373, U118, U87), mouse glioma
(CT-2A), human melanoma (YUMAC, 501mel), human breast cancer cells (MDA-MB-436,
MDA-MB-231, BT-549), and normal human glia (H glia) and mouse glia (M glia). Scale bar
0.5 mm. B. Plaque size was measured as an indicator of viral propagation in human and
mouse glioma. Each black circle shows the mean size of 20 randomly selected plaques with
the SEM indicated by the black line on the upper right of each circle. C. Plaque sizes
measured in human melanoma and breast cancer cells. Scale bar 0.6 mm. D. The bar graph
shows the mean plaque size. Values are reported as the mean +/—= SEM; n = 20. ***p <
0.001, one-way ANOVA with repeated measures.
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Fig. 3. VSVAG-CHIKY replicates in mouse and human glioblastoma cells.
A. Monolayer cultures of human glioblastoma cells were infected with VSVAG-CHIKYV at

an MOI of 0.02 (primary inoculation). Two hours later, virus inoculum was removed and
cells were washed 3 times with PBS. 24 hrs later, all glioblastoma cell types were robustly
infected, as indicated by immunofluorescent labeling with the VSV antibody. Cell nuclei are
labeled blue with Hoechst33342 dye. To test for viral propagation, media was collected from
these cultures and filtered (0.22 um filter) before transferring to fresh cultures of uninfected
cells (secondary inoculation). 24 hrs later, immunofluorescent labeling indicates infectious
transmission of viral progeny generated by cultures during the primary inoculation. B. The
same experiment performed using mouse CT-2A cells and primary mouse glia. Scale bar
100 pm. C. and D. The bar graph shows the percentage of infected cells. Values are reported
as the mean = SEM; n = 6. *p < 0.05, * *p < 0.01 vs. normal cells; one-way ANOVA with
repeated measures.
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Fig. 4. Comparison of VSVAG-CHIKYV with two additional recombinant VSVs. A-D.
VSVAG-CHIKYV, VSVwt and VSV-LASV-GPC (MOI 1) were used to infect glioma cells

derived from human (U118) and mouse (CT-2A). A,B. One day post-infection, cells were
visualized by immunolabeling (green) with a primary antibody against VSV together with a
secondary fluorescent antibody. C,D. Prior to immunolabeling, dead cells were labeled (red)
using ethidium homodimer 1 (EthD). Bar graphs display mean percentage + SEM of
indicated cell counts; n = 6 and * **p < 0.001 one-way ANOVA with repeated measures. E.
Diagram showing the relative size of viral plaques that developed 48 h post-infection on
monolayer cultures of human (U118, U87) and mouse (CT-2A) glioma cells using VSVAG-
CHIKYV, VSVwt and VSV-LASV-GPC. Each circle depicts the mean plaque size of 20
randomly selected plaques; the SEM is indicated by the black line projecting from each.
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Scale bar 0.55 mm. F. Bar graph shows mean plaque sizes in mm?2 + SEM; n = 20. **p <
0.01, ***p < 0.001, one way ANOVA with repeated measures.
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Fig. 5. Type | IFN-a inhibits VSVAG-CHIKYV.

A. Human cells were pretreated with a recombinant hybrid type-1 interferon, IFN-a. A/D
(Sigma-Aldrich 14401), at different concentrations (0, 1 and 10 1U/ml) for 12 h prior to
infection with VSVAG-CHIKYV at an MOI of 0.02. Despite IFN-a treatment, strong viral
infection was seen in glioma cells at 24 hpi. Infected cells were visualized by
immunofluorescent labeling with VSV immunostaining. Scale bar 0.1 mm. B. The same
experiment was also performed with mouse CT-2A cells compared with primary mouse glia.
C. and D. The bar graph shows the percentage of infected cells. Values are reported as the
mean + SEM; n = 6. ns, not significant, * *p < 0.01, * **p < 0.001 vs. control; ANOVA with

repeated measures.
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Fig. 6. VSVAG-CHIKY targets additional U118 glioma in brain.
CB17 SCID mice with unilateral striatal xenografts of human RFP-expressing rU118 glioma

(n = 3) were treated with a single intracranial injection of VSVAG-CHIKYV 9 days after
tumor placement. Mice were euthanized 4, 7 and 15 days later. A. Schematic illustration
outlining the in vivo experimental procedure. The glioma rU118 expresses red fluorescent
protein reporter. VSVAG-CHIKYV was detected by green immunofluorescent labeling. B.-F.
Infection. Arrows (white) indicate infected cells. The virus selectively infected the red
glioma cells at all stages from 4 to 15 dpi. Scale bar, (B) 1 mm, and (B merge,C,D,E,F) 0.1
mm.
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Fig. 7. Intracranial VSVAG-CHIKY destroys brain glioma and enhances survival.
CB17 SCID mice with unilateral striatal xenografts of human rU87 glioma expressing RFP

were treated with a single intracranial injection of either VSVAG-CHIKYV, VSV-LASV-GPC
(2 pl of 3.0 x108 PFU for each) or saline (control) 8 days after tumor implantation. VSVAG-
CHIKV-treated mice (n = 10) showed complete survival throughout the observation period
(100 days) compared to untreated control (n = 10 each), and there was no obvious difference
between VSVAG-CHIKV-treated mice and VSV-LASV-GPC-treated mice.
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Fig. 8. VSVAG-CHIKY selectively infects glioma within the brain.

The panel displays representative brain sections for U87 tumor-bearing controls (n = 10) and
virus-treated tumor-bearing mice (n = 10) from brains in Fig. 7. A. Brains from untreated
control mice showed massive expansion of the tumor mass (red), causing a significant
midline shift of the longitudinal cerebral fissure. Number of days after tumor implantation is
indicated. No green fluorescence was detected. B. VSVAG-CHIKYV eliminated tumors, as
shown by the lack of red tumor cells. Histological analysis showed no residual viable tumor
mass, only scar tissue and a tumor cavity, indicating successful oncolysis. C. Intracranial
VSV-LASV-GPC eliminated tumors. No green fluorescence was detected in B or C
indicating the absence of detectable virus immunofluorescence. D. Mouse treated with
VSVAG-CHIKYV showed selective infection in tumor when euthanized at 12 dpi. Red tumor
on left, green immunofluorescence showing VSVAG-CHIKYV in middle, merge of the two
images on the right. Scale, 150 um. E. Higher magnification of an area within the white

rectangle in D. VSVAG-CHIKYV caused widespread oncolysis in the central portions of
glioma tumors with dead or dying cells. Infection was restricted to the tumor.
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Fig. 9. VSVAG-CHIKY destroys brain glioma.
(A, B, and C) Analysis for expression of red U87 glioma fluorescence revealed a

consistently bright fluorescent signal on the injected side. Images show a dorsal view of
uncut brains of mice taken with an Olympus fluorescence microscope from brains related to
Fig. 7A. Untreated control mice (n = 5). B. Mouse brains after treatment with VSVAG-
CHIKYV show no detectable red tumor from dorsal view. B—C. Two brains from tumor-
bearing mice treated with VSV-LASV-GPC do not show detectable red tumor. D. The panel
displays representative brains for each group. Brains from untreated control mice showed
large expansion of the tumor mass (pink, pink arrow) causing a midline shift of the
longitudinal cerebral fissure. In contrast, brains from VSVAG-CHIKYV or VSV-LASV-GPC-

Light

red glioma
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treated mice showed no visible expansion of the brain at the end of the observation period.
These observations suggest successful tumor oncolysis compared to untreated control.
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Fig. 10. VSVAG-CHIKY targets melanoma in brain.
A. Schematic shows time course of in vivo experiments (n = 3). VSVAG-CHIKYV (green)

was detected by immunostaining. B-D. Selective Infection of red human melanoma cells
(YUMAC) within the brain at 4 dpi (B), 7 dpi (C), and 15 dpi (D). Scale bar, 1 mm, 0.5 mm
and 0.1 mm.
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Fig. 11. VSVAG-CHIKY infects distant brain tumors in metastasis model.
A. CB17 SCID mice (n = 5) received bilateral xenografts of rYUMAC melanoma cells

expressing RFP. 8 days later, only the tumor on the right side was injected stereotactically
with 1 pl (7 x 10° PFU) of VSVAG-CHIKYV. Brains were harvested 8 days later. B, C. Both
red (tumor) and green (virus infection) fluorescence were detected in the injected right
striatum (C) and in the non-injected left cortex (B). D, E. Analysis of expression of RFP
(tumor) and virus immunofluorescence revealed strong viral fluorescence in the right
injected striatal tumor (E) and also showed fluorescence associated with the left non-injected
striatal tumor in the side of the brain contralateral to the virus injection (D). Scale bar, 0.1
mm. F—H. CB17 SCID mice (n = 3) received bilateral xenografts of rYUMAC melanoma
cells expressing RFP. 10 days later, 0.5 pl VSVAG-CHIKYV (7 x 108 PFU) was
stereotactically injected on the top of the tumor on both sides of the brain. Tumor (G) and
control cerebellum (F) tissue samples were harvested and dissociated 2 and 10 days later and
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used to inoculate cultures of Vero cells. VSVAG-CHIKYV infection of Vero cells was
determined by immunostaining (scale bar, 0.5 mm) and percentages of infected cells are
shown in the bar graph (H). Only tumor tissue generated infection on the underlying cells.
***p < 0.001.
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Fig. 12. VSVAG-CHIKY targets mouse melanoma in immunocompetent mouse brain.
A. VSVAG-CHIKYV shows strong green infection of mouse B16F1 melanoma in vitro.

Scale, 100 um. B. Phase contrast image of melanoma cells from A. C. VSVAG-CHIKV
makes plaques (3 dpi) in cultured mouse melanoma. Scale 130 um. D. Mouse melanoma
B16F1 cells were implanted into the brain (n = 3); 7 days later VSVAG-CHIKV was
injected intracranially after the tumor expanded. At 4 dpi mice were euthanized.
Immunostained green VSVAG-CHIKYV selectively infected the region where the dark (E)
melanoma cells were found, with little infection of the normal brain on the right side of the
micrograph. D and E show the same microscope field, with (D) showing virus
immunofluorescence and (E) showing the dark melanoma on the left side of micrograph.
The lighter color in (E) is normal brain tissue. Scale, 30 um.
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Fig. 13. Intravenous VSVAG-CHIKY targets melanoma, but shows little infection of normal
tissue.

CB17 SCID mice (n = 5) received subcutaneous injection of human rYUMAC melanoma
cells (1 x 106 cells) expressing RFP. 11 days later, tail vain (i.v) injected 100 pl (8 x 108
PFU) of VSVAG-CHIKYV. Skin, brain, liver, spleen, lung, colon, bladder, kidney, heart,
stomach and testis were harvested 4 days later. A. VSVAG-CHIKYV was found only in one
location, identified as the implanted melanoma. B. Only the red YUMAC melanoma was
infected, as shown by the red tumor and colocalization of the green immunostained virus. C.
Higher magnification of (B). Arrows show a few remaining red cells as the virus appears to
be moving toward the center of the tumor, and beginning to eliminate tumor cells at the
periphery. D. No virus was detectable in normal tissue, as shown here in an immunostained
section from liver. Scale bar, 0.5 mm (B) and 50 pm (D).
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