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ABSTRACT Given that the Ebola virus (EBOV) infects a wide array of organs and
cells yet displays a relative lack of neurotropism, we asked whether a chimeric vesic-
ular stomatitis virus (VSV) expressing the EBOV glycoprotein (GP) might selectively
target brain tumors. The mucin-like domain (MLD) of the EBOV GP may enhance vi-
rus immune system evasion. Here, we compared chimeric VSVs in which EBOV GP
replaces the VSV glycoprotein, thereby reducing the neurotoxicity associated with
wild-type VSV. A chimeric VSV expressing the full-length EBOV GP (VSV-EBOV) con-
taining the MLD was substantially more effective and safer than a parallel construct
with an EBOV GP lacking the MLD (VSV-EBOVΔMLD). One-step growth, reverse
transcription-quantitative PCR, and Western blotting assessments showed that VSV-
EBOVΔMLD produced substantially more progeny faster than VSV-EBOV. Using im-
munodeficient SCID mice, we focused on targeting human brain tumors with these
VSV-EBOVs. Similar to the findings of our previous study in which we used an atten-
uated VSV-EBOV with no MLD that expressed green fluorescent protein (GFP) (VSV-
EBOVΔMLD-GFP), VSV-EBOVΔMLD without GFP targeted glioma but yielded only a
modest extension of survival. In contrast, VSV-EBOV containing the MLD showed
substantially better targeting and elimination of brain tumors after intravenous de-
livery and increased the survival of brain tumor-bearing mice. Despite the apparent
destruction of most tumor cells by VSV-EBOVΔMLD, the virus remained active within
the SCID mouse brain and showed widespread infection of normal brain cells. In
contrast, VSV-EBOV eliminated the tumors and showed relatively little infection of
normal brain cells. Parallel experiments with direct intracranial virus infection gener-
ated similar results. Neither VSV-EBOV nor VSV-EBOVΔMLD showed substantive infec-
tion of the brains of normal immunocompetent mice.

IMPORTANCE The Ebola virus glycoprotein contains a mucin-like domain which may
play a role in immune evasion. Chimeric vesicular stomatitis viruses with the EBOV
glycoprotein substituted for the VSV glycoprotein show greater safety and efficacy in
targeting brain tumors in immunodeficient mice when the MLD was expressed
within the EBOV glycoprotein than when EBOV lacked the mucin-like domain.
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Ebola virus (EBOV) is considered one of the most dangerous viruses, with a lethality
approaching 90% in some outbreaks (1). One factor contributing to the ability of

EBOV to evoke lethal infections is the mucin-like domain (MLD) contained in the GP1

subunit of the EBOV glycoprotein (GP). This domain (amino acids 309 to 489) is rich in
proline, serine, and threonine residues, is heavily glycosylated, and is one of the most
variable regions in the EBOV GP (2–4). Expression of this domain constitutes one of
several mechanisms by which EBOV successfully evades and delays activation of the
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host immune system (5–7). The MLD is thought to function like a glycosylated umbrella,
shielding the viral GP from neutralization by the adaptive immune response (4, 8, 9).

In recent years, there have been large outbreaks of EBOV disease, particularly in
West Africa (2013 to 2016) and more recently in the Democratic Republic of the Congo
(2018 to the present). In both outbreaks, a live-attenuated vaccine (rVSV-ZEBOV),
consisting of a recombinant vesicular stomatitis virus (VSV) with its glycoprotein gene
replaced by the Zaire EBOV GP gene, has been used and has shown efficacy and safety
in the protection of men, women, and children (10–12). Furthermore, this chimeric VSV
expressing the full-length EBOV GP (VSV-EBOV) was found to be safe even after direct
injection into the brains of nonhuman primates (13).

We recently tested a chimeric VSV-EBOV which included a green fluorescent protein
(GFP) reporter gene in the first genomic position before the nucleoprotein gene and
which carried a replacement of the VSV glycoprotein with an EBOV GP lacking the MLD
(VSV-EBOVΔMLD-GFP) (14, 15). This VSV-EBOVΔMLD-GFP construct showed only mod-
est efficacy compared with that of another VSV chimera, VSV-LASV, in which the Lassa
virus (LASV) glycoprotein replaced the VSV glycoprotein (15, 16). VSV-LASV was safe in
the mouse brain and displayed a substantial potential for targeting and cytolytically
attacking brain tumors (15). Here, we address the question of whether different
chimeric VSV-EBOV constructs, which either have or do not have the MLD in the EBOV
GP and which lack the GFP reporter gene, might enhance the ability of the virus to
target brain tumors.

RESULTS
Oncolytic targeting of VSV-EBOVs in vitro. Here we compared chimeric VSV-

EBOVs expressing different versions of the EBOV GP. The MLD, which constitutes part
of the EBOV GP, has been found to vary among EBOV isolates both within and
between EBOV outbreaks and can enhance immune shielding/evasion (17–19).
We compared the safety and efficacy of three chimeric VSV-EBOVs in which the
neurotropic VSV glycoprotein was replaced by the EBOV GP (with or without the
MLD sequence) (Fig. 1A and B).

Two of these VSV-EBOVs (VSV-EBOV and VSV-EBOVΔMLD) expressed recombinant
VSV genes derived from a VSV genome common to both (20), whereas the third
(VSV-EBOVΔMLD-GFP) expressed VSV genes derived from a different source (21). A
comparison of the amino acid sequences of the VSV N, P, M, and L proteins showed
differences in all four viral genes, (Fig. 1C; see the details in Materials and Methods).
VSV-EBOVΔMLD-GFP was constructed using a VSV backbone (21) different from that
used for VSV-EBOV and VSV-EBOVΔMLD (20); its inclusion here provides a basis for
comparing its previously described modest oncolytic efficacy (15) with the oncolytic
activity of other VSV-EBOV chimeras.

To compare the safety and efficacy of these chimeric viruses, we first tested two
viruses, one with the MLD (VSV-EBOV) and another without the MLD (VSV-EBOVΔMLD),
in normal primary human melanocytes (harvest 865 and harvest 871) and melanocyte-
derived human melanoma YUMAC cells. Both VSV-EBOV and VSV-EBOVΔMLD dis-
played a much greater infection of cancerous melanoma cells than of the normal
precursor melanocytes, as determined by a cell infectivity assay and plaque-size
assay (Fig. 2A to D).

We compared these chimeric VSVs with a control VSV that retained the native VSV
glycoprotein (glycoprotein from nonchimeric wild-type recombinant VSV [VSVwt])
using two mouse glioma cell lines (GL261 and CT-2A glioma cells) as well as control
normal mouse glia at a multiplicity of infection (MOI) of 1. At 24 h after infection, only
small numbers of normal mouse glia cells were infected with any of the chimeric
VSVs (VSV-EBOV, 0.3% � 0.0%; VSV-EBOVΔMLD, 2.0% � 0.0%; VSV-EBOVΔMLD-GFP,
4.8% � 0.1%; n � 9 samples/group; Fig. 2E and F). In contrast, substantial numbers
of infected mouse CT-2A glioma cells were found (VSV-EBOV, 65.5% � 0.0%; VSV-
EBOVΔMLD, 72.4% � 3.3%; VSV-EBOVΔMLD-GFP, 60.4% � 3.4%; VSVwt, 77.7% � 2.4%;
n � 9 samples/group). Although VSVwt displayed a robust infection of GL261 glioma
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cells (82.3% � 1.5%), these cells showed greater resistance to infection with the VSV-
EBOVs (VSV-EBOV, 0.8% � 0.0%; VSV-EBOVΔMLD, 4.9% � 0.09%; VSV-EBOVΔMLD-GFP,
5.2% � 0.02%).

Potential of chimeric VSVs to infect and kill human glioma cells. To test the
oncolytic activity and safety of chimeric VSVs, we compared the relative levels of
infection for each of the three viruses with the level for a control VSVwt on human
glioma or normal human glia cells at an MOI of 1 at 24 h postinoculation (hpi) (Fig. 3).
All three chimeric VSVs showed strong infection of the different human glioma cells,
including ATCC87 glioma cells (VSV-EBOV, 87.6% � 1.9%; VSV-EBOVΔMLD, 99.1% � 0.5%,
VSV-EBOVΔMLD-GFP, 58.8% � 1.3%; Fig. 3B). On normal human glia cells, VSV-EBOV
and VSV-EBOVΔMLD showed only modest infection and less than that of VSVwt
(VSV-EBOV, 8.3% � 0.0%; VSV-EBOVΔMLD, 1.6% � 0.2%).

Using the same cells, a plaque-size assay was performed and plaques were mea-
sured at 1 to 3 days postinfection (dpi) (Fig. 4). This assay reflects both viral infection
and replication within particular cell types. Representative images of viral plaques at
2 dpi (Fig. 4A) and graphs (Fig. 4B) show viral plaque-size development over time. All
three chimeric viruses showed larger plaque sizes in ATCC87 glioma cells (2 dpi;

FIG 1 Genomic composition of chimeric VSV-EBOVs and control VSVs used in the present study. VSV sequences are
shown in gray and white, the EBOV GP sequence is in violet, and GFP is in green. VSV genes (gray) consist of the
original recombinant VSV sequence used by Lawson et al. (20), whereas the VSV-EBOVΔMLD-GFP genes (white)
derive from a second recombinant VSV sequence used by Whelan et al. (21). (A) The schematic shows the gene
order, relative gene size, and the replacement of the VSV glycoprotein gene (VSV G) with the Ebola virus
glycoprotein gene (EBOV GP). The EBOV GP mucin-like domain (MLD) sequence is indicated (yellow) in VSV-EBOV,
and its deletion is identified (ΔMLD) in VSV-EBOVΔMLD and VSV-EBOVΔMLD-GFP. (B) Illustration depicting
chalice-shaped trimers of EBOV GP with (left) and without (right) the MLD, based on cryo-electron tomography (47).
(C) Comparison of the amino acid sequences of four VSV proteins (N, P, M, L) expressed by all chimeric VSV-EBOVs
examined here. Red lines indicate amino acid differences between the two sets of VSV genes originating from
Lawson et al. (20) (GenBank accession number FJ478454) and Whelan et al. (21) (Addgene plasmid number 31833).

VSV Expressing EBOV Glycoprotein Targets Brain Tumors Journal of Virology

April 2020 Volume 94 Issue 8 e01967-19 jvi.asm.org 3

https://www.ncbi.nlm.nih.gov/nuccore/FJ478454
https://jvi.asm.org


FIG 2 Chimeric VSV-EBOV and VSV-EBOVΔMLD selectively infect a human melanoma and mouse glioma. (A) Two chimeric VSV-EBOVs
(VSV-EBOV, VSV-EBOVΔMLD) were used to infect (MOI � 1) monolayer cultures of human melanoma YUMAC cells and normal primary

(Continued on next page)
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VSV-EBOV, 13.5 � 0.02 mm2; VSV-EBOVΔMLD, 16.6 � 0.04 mm2; VSV-EBOV-ΔMLD-GFP,
4.7 � 0.02 mm2; n � 60 plaques/condition) and U251 glioma cells (VSV-EBOV, 1.9
mm2 � 0.0 mm2; VSV-EBOVΔMLD, 2.2 � 0.01 mm2; VSV-EBOVΔMLD-GFP, 1.4 � 0.0
mm2; n � 60 plaques/condition) than in normal human glia cells. However, the largest
plaques were generated by VSVwt-GFP (ATCC87, 35.1 � 0.04 mm2; 3 dpi; positive
control).

To compare the propagation of VSV-EBOV with that of VSV-EBOVΔMLD, we used an
analysis of one-step growth curves. This was done on normal mouse brain cells, which
included both glia and neurons. We also examined ATCC87 human glioblastoma and
Vero cells. In all cases, we found substantially greater virus production (�10-fold) of
VSV-EBOVΔMLD than of VSV-EBOV. In addition, VSV-EBOVΔMLD began to release
progeny at a slightly earlier time point (1 h faster) than VSV-EBOV. These data are
shown in Fig. 4C and D. We also measured VSV RNA expression (Fig. 4E) by reverse
transcription-quantitative PCR (RT-qPCR) and protein expression (Fig. 4F) by Western
blotting in Vero cells at 3, 6, or 12 h postinfection. Consistent with the results of the
one-step growth assay, VSV-EBOVΔMLD displayed a faster accumulation of both VSV
RNA and protein in the infected cells than VSV-EBOV. Taken together, these results
suggest that VSV-EBOVΔMLD replicates faster and yields a larger amount of infectious
viral progeny than VSV-EBOV.

Efficacy and safety in immunocompetent mice. To test whether VSV-EBOV and
VSV-EBOVΔMLD were safe in vivo, viruses were injected into the striatum of normal
immunocompetent adult Swiss Webster mice. Neither group of injected animals dis-
played weight loss or signs of toxicity, and all mice survived (Fig. 5A and B). For
histological analysis, additional brains were harvested at 4, 14, and 60 dpi, and the
viruses were identified in coronal brain sections by fluorescent immunocytochemistry.
As shown in Fig. 5C and D, both chimeric VSVs were detectable in mouse brains 4 days
after intracranial (i.c.) administration. However, no infected cells were found at 14 dpi or
thereafter, indicating clearance of the virus from the brain (Fig. 5C and D). Mice were
euthanized after 2 months, and no detectable virus was found in brain sections of any
of the brains from passage 14 (P14) or later (Fig. 5C and D).

VSV-EBOVs target tumors in vivo. Red fluorescent human glioma ATCC87 cells
were injected into the right striatum of CB17 SCID mice. Eight days after the implan-
tation of glioma cells, mice were given an intravenous (i.v.) injection through the tail
vein of 75 �l containing 1 � 108 PFU/ml of VSV-EBOV, VSV-EBOVΔMLD, or VSV-
EBOVΔMLD-GFP. Infected cells could be detected in mouse tumors as soon as 3 dpi
(data not shown). By 7 dpi, mice displayed a strong tumor infection, and the tumor
mass was less in virus-treated mice brains than in the control brains (Fig. 6A). Little
infection was found outside the tumor area, demonstrating a rapid and selective
antitumor targeting of the viruses at this point (Fig. 6B).

VSV-EBOV enhances survival in glioma-implanted SCID mice. To corroborate
further the therapeutic potential of these viruses, tumor-bearing mice treated with
chimeric VSVs were examined with a Kaplan-Meier survival analysis (Fig. 7A and 8A). At
8 days after the implantation of red fluorescent human glioma into the SCID mouse
brain (right-side striatum), viruses were administered i.v. by tail vein injection using

FIG 2 Legend (Continued)
melanocytes (harvest 865, harvest 871). Cells were fixed at 24 h postinfection (hpi) and visualized by fluorescent immunolabeling using a
primary antibody against VSV and a secondary green fluorescent antibody. (B) Images of immunolabeled viral plaques from a plaque assay
2 days postinfection (dpi) with the same viruses and cells for which the results are shown in panel A. (C) Bar graphs of the percentage of
infected cells measured in the cultures shown in panel A. Bars indicate the means for 9 microscopic fields sampled from 3 wells, and error
bars are �SE. (D) Graphs showing viral plaque size development over time. Parallel cultures of cells shown in panel A were infected and
overlaid in a plaque assay and then allowed to develop for 1, 2, or 3 days prior to fixation and immunolabeling. Plaques were visualized using
fluorescence microscopy, and an area of 60 plaques was measured for each condition (mean � SE). (E) Monolayer cultures of mouse glioma
cells (GL261, CT-2A) and primary glia cells were infected (MOI � 1) using three chimeric VSV-EBOVs (VSV-EBOV, VSV-EBOVΔMLD, VSV-
EBOVΔMLD-GFP) and one nonchimeric wild-type recombinant VSV (VSVwt). Cells were fixed at 24 hpi and immunolabeled. Bars, 0.5 mm (A,
B, and E). (F) Bar graphs of the percentage of infected cells measured in the cultures shown in panel E. Bars indicate the means for 9
microscopic fields sampled from 3 wells, and error bars are �SE. ***, P � 0.001; n.s., not significant.
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75 �l at 1 � 108 PFU/ml (Fig. 7) or intracranially (i.c.) using 0.5 �l at 1 � 108 PFU/ml (Fig.
8); control mice with tumors received an equal volume of saline instead of virus.

All three chimeric viruses improved the survival of tumor-bearing mice. Of interest,
with both i.v. and i.c. inoculation, VSV-EBOV-treated mice showed the longest mean
survival time compared with the survival times of the mice treated with the other

FIG 3 Chimeric VSV-EBOV and VSV-EBOVΔMLD selectively infect human glioma cells. (A) Three chimeric VSV-EBOVs (VSV-EBOV, VSV-EBOVΔMLD, VSV-
EBOVΔMLD-GFP) and wild-type recombinant VSV (VSVwt) were used to infect a collection of human glioma cells (ATCC87, U118, U251, A172) and normal glia.
The cells were fixed at 24 hpi, fluorescently immunolabeled with VSV antibody, and imaged. Bar, 0.5 mm. (B) Bar graphs showing the percentage of infected
cells for which the results are shown in panel A. Statistical comparisons are between glioma and normal glia cultures. Bars indicate the means for 9 microscopic
fields sampled from 3 wells, and error bars are �SE. *, P � 0.05; ***, P � 0.001; n.s., not significant.
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FIG 4 Glioblastoma cultures yield larger plaques than normal human glia. (A) Representative images of viral plaques at 2 dpi after
fixation and fluorescent immunolabeling in cultures of human glia, human glioblastoma (ATCC87, A172, U1118, U251), and mouse
glioma (CT-2A) cells. Three chimeric VSV-EBOVs (VSV-EBOV, VSV-EBOVΔMLD, VSV-EBOVΔMLD-GFP) and the attenuated nonchimeric
VSV (VSVwt-GFP) were tested. Bar, 1 mm. (B) Graphs showing viral plaque size development over time. Parallel cultures of the cells
shown in panel A were infected and overlaid in a plaque assay and then allowed to develop for 1, 2, or 3 days prior to fixation and
immunolabeling. Plaques were visualized using fluorescence microscopy, and an area of 60 plaques was measured for each condition
(mean � SE). (C) One-step growth curves comparing VSV-EBOV (black) and VSV-EBOVΔMLD (red) performed on cultures of mouse
primary brain, human glioma ATCC87, and Vero cells. Each curve represents the mean from duplicate experiments, with the titers at
the indicated time points being determined by plaque assay on Vero cells. (D) Summary bar graph of one-step viral titers from panel
C measured at 10 h. (E) Bar graph comparing the relative levels of intracellular VSV N RNA from VSV-EBOV- and VSV-EBOVΔMLD-

(Continued on next page)
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VSV-EBOVs (Fig. 7A [P � 0.001] and Fig. 8A [P � 0.001]). Although VSV-EBOVΔMLD-GFP
targeted the brain tumors and modestly enhanced survival (Fig. 7A; P � 0.001), mice
treated i.c. with this virus experienced only a minimally extended life (median survival
time, 35 days; n � 8) compared with that for the controls, and all mice died by day 62
post-tumor implantation.

Histological analysis of mice that died before 60 days post-tumor implantation (dpti)
yet that received viral treatment by i.v. injection showed that some mice had remaining
tumors without evidence of viral infection (VSV-EBOV, n � 13; VSV-EBOVΔMLD, n � 15;
VSV-EBOVΔMLD-GFP, n � 3; Fig. 7). Interestingly, in the time interval after 57 dpti, in the
VSV-EBOV-treated group, the mice were tumor free, but some of the mice without
tumors in both the VSV-EBOVΔMLD- and VSV-EBOVΔMLD-GFP-treated groups still died.
In contrast to the findings for mice in which virus was delivered i.v., none of the mice

FIG 4 Legend (Continued)
infected Vero cell cultures (MOI � 10). RNA was harvested from cells at 3, 6, and 12 h postinfection, and VSV RNA was measured using
RT-qPCR. (F) SDS-PAGE Western blots comparing the relative amounts of intracellular VSV N and M proteins using conditions similar
to those used for the RNA analysis for which the results are shown in panel E. Results from triplicate infections are shown. **, P � 0.01;
***, P � 0.001; n.s., not significant.

FIG 5 Safety after intracranial injection of VSV-EBOV and VSV-EBOVΔMLD into normal immunocompetent mice.
Swiss Webster mice were intracranially injected with either VSV-EBOV or VSV-EBOVΔMLD (0.5 �l of 1.8 � 108

PFU/ml for each). (A) Kaplan-Meier plot showing the survival of all animals after injection with either virus
throughout the entire course of the observation period (60 days). (B) Graph showing the body weights (group
mean � SE) of animals injected in the experiment whose results are presented in panel A. Neither group of injected
animals displayed weight loss. (C and D) Fluorescent immunolabeled coronal brain sections from injected animals
sacrificed at 4, 14, and 60 dpi. At 4 dpi, viral infection was found surrounding the injection site in both VSV-EBOV-
injected mice (C) and VSV-EBOVΔMLD-injected mice (D) (n � 2 in each group). At 14 dpi and later, no infected cells
were found in either injected group. Bar, 1 mm. Ab, antibody.
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FIG 6 VSV-EBOV, VSV-EBOVΔMLD, and VSV-EBOVΔMLD-GFP target glioma cells in brain. Brain sections from CB17
SCID mice implanted with unilateral striatal xenografts of human rATCC87 glioma (1 �l 5 � 105 cells/�l) expressing
RFP are shown. At 8 days post-tumor implantation (dpti), mice were treated by tail vein injection (75 �l of 1 � 108

PFU/ml) using either VSV-EBOV (n � 4), VSV-EBOVΔMLD (n � 4), VSV-EBOVΔMLD-GFP (n � 4), or saline as a control
(n � 4). At 3, 7, and 15 dpi, mice were sacrificed and brains were fixed, sectioned, and immunolabeled using a
primary antibody to VSV and a green fluorescent secondary antibody. (A) At 15 dpti and 7 dpi, virus-treated mice
in all three groups displayed partial and highly selective infection of implanted tumors. (B) At 23 dpti and 15 dpi,
the tumors were eliminated in both the VSV-EBOV- and VSV-EBOVΔMLD-injected groups. Bar, 1 mm.
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treated by i.c. virus injection showed tumors. No mouse either in the VSV-EBOVΔMLD-
treated group or in the VSV-EBOVΔMLD-GFP-treated group survived (at 120 dpti),
whereas 5 mice in the VSV-EBOV-treated group were still alive. The VSV-EBOV-treated
mice displayed a statistically significant difference from the other two groups (for
VSV-EBOV-treated mice versus VSV-EBOVΔMLD-treated mice, P � 0.05; for VSV-EBOV-
treated mice versus VSV-EBOVΔMLD-GFP-treated mice, P � 0.05; Fig. 8). Analysis of

FIG 7 Intravenous injection of VSV-EBOV, VSV-EBOVΔMLD, and VSV-EBOVΔMLD-GFP targets human glioblastoma and enhances survival.
CB17 SCID mice were implanted with unilateral striatal xenografts of human rATCC87 glioma cells (1 �l at 5 � 105 cells/�l). At 8 days
post-tumor implantation (dpti), the mice were treated by tail vein injection (75 �l of 1 � 108 PFU/ml) with either VSV-EBOV (n � 32),
VSV-EBOVΔMLD (n � 32), VSV-EBOVΔMLD-GFP (n � 11), or saline as a control (n � 28). (A) Kaplan-Meier plot showing the survival of
glioma-implanted mice after injection with the indicated chimeric VSV-EBOV or saline (control). VSV-EBOV and VSV-EBOVΔMLD injections
yielded 16 and 6 survivors, respectively, at 100 dpti; VSV-EBOVΔMLD-GFP injection produced no survivors at 100 dpti, yet it enhanced the
survival beyond that of the control animals. (B) Graph showing the body weights (group mean � SE) of animals injected in the experiment
whose results are shown in panel A over the course of the observation period. (C) Whole-brain fluorescent imaging of two brains from
each group for which the results are shown in panel A. (Top rows) Outline of brain under normal light; (bottom rows) the same brain
shown in the top rows under fluorescent illumination. Tumor-bearing mice treated with VSV-EBOV (100 dpti) and VSV-EBOVΔMLD (74, 100
dpti) displayed no detectable red tumors; tumor-bearing mice treated with VSV-EBOVΔMLD-GFP (30, 32 dpti) showed small residual tumor
masses (red) and infected cells (green). d, day. (D) Representative collection of brains from each treatment group for which the results are
shown in panel A. The arrowheads indicate the large expansion of the tumor mass. All brains from the untreated group of control mice
developed large tumors. In contrast, the brains from the survivors in the VSV-EBOV and VSV-EBOVΔMLD treatment groups displayed little
or no observable tumor mass by the end of the observation period.
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other organs from i.v. inoculated mice, including lung, heart, spleen, liver, and intestine,
which were immunostained, showed no detectable infection by the VSV-EBOVs.

VSV-EBOV infection has little impact on SCID mouse body weight. Mice were
observed for neurological symptoms and weighed several times each week. Both i.v.
and i.c. administration of VSV-EBOV to ATCC87-derived xenografts targeted and de-
stroyed a number of tumors (Fig. 7C and 8C) and generally had no negative effect on
overall body weight (Fig. 7B and 8B). Although VSV-EBOVΔMLD showed some oncolytic
activity (Fig. 7C and 8D), the body weight of i.c.-treated mice began to decline after 40
dpi (Fig. 8B). VSV-EBOVΔMLD-GFP targeted brain tumors after i.v. inoculation (Fig. 7C),
but the body weight also declined in these mice as well (Fig. 7B).

VSV-EBOV displays the highest tumor specificity. To further assess the therapeu-
tic potential of these chimeric VSVs, we examined the brains of the infected and the
control animals histologically. Immunostaining was done with anti-VSV antisera. Wide-
spread infection by VSV-EBOVΔMLD and VSV-EBOVΔMLD-GFP was found throughout
the brains of injected animals (Fig. 9C and 10C and D). Robust infection was found not
only at the striatal site of injection but also in the contralateral striatum, hippocampus,
hypothalamus, and cortex (Fig. 9C and 10C and D). Even as early as 32 dpi, mice treated
i.v. with VSV-EBOVΔMLD-GFP showed a strikingly wide distribution of infected
neurons within the brain (Fig. 9C). In contrast, brain cells were only rarely infected
with VSV-EBOV (Fig. 9B).

Quantification of brain infection after i.v. and i.c. administration of VSVs was per-
formed by counting the number of infected neurons and glia in coronal brain sections
(n � 3 animals/group) (Fig. 11 and 12). Infected neurons and glia were detected
throughout the brain; some brains showed stronger infection in subregions of the
brain, and different mice infected with the same virus showed variability in brain
infection patterns. For instance, some VSV-EBOVΔMLD-infected mice showed stronger
infection in the septum (Fig. 11B, left), whereas others infected with the same virus

FIG 8 Intracranial injection of VSV-EBOV, VSV-EBOVΔMLD, and VSV-EBOVΔMLD-GFP targets human glioblastoma and
enhances survival. CB17 SCID mice with unilateral striatal xenografts of human rATCC87 glioma (1 �l of 5 � 105 cells/�l)
were treated with an intracranial injection (0.5 �l of 1 � 108 PFU/ml) of either VSV-EBOV (n � 8), VSV-EBOVΔMLD (n � 8),
VSV-EBOVΔMLD-GFP (n � 8), or saline as a control (n � 8) at 8 days post-tumor implantation (dpti). (A) Kaplan-Meier plot
showing the survival of glioma-implanted mice after injection of virus or saline (control). (B) Graph showing the body
weights (group mean) of animals injected in the experiment whose results are shown in panel A over the course of the
observation period. (C and D) Whole-brain fluorescent imaging of two brains from each group for which the results are
shown in panel A. (Top row) Outline of brain under normal light; (bottom row) the same brain in the top row under red
(glioma) fluorescent illumination. Mice treated with VSV-EBOV, VSV-EBOVΔMLD, or VSV-EBOVΔMLD-GFP displayed no
detectable tumors on the indicated days post-tumor implantation (dpti).
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showed little septal infection (Fig. 11B, right), suggesting some variability in relative
infection in different brain regions. SCID mice treated with VSV-EBOVΔMLD and VSV-
EBOVΔMLD-GFP displayed far more infected cells than VSV-EBOV-treated mice (Fig. 11D
[P � 0.001, n � 3] and Fig. 12D [P � 0.001, n � 3]), irrespective of the route of virus
administration.

To compare the two viruses without the confounding variable of tumor presence,
we injected each virus intracranially into SCID mice. After 4 weeks, the mice were

FIG 9 VSV-EBOV displays the highest selectivity for targeting glioma relative to the other chimeric VSV-EBOVΔMLDs tested. The coronal
brain sections shown here are from mouse brains harvested and shown in Fig. 7. (A) Section from an untreated control mouse bearing
a red fluorescent rATCC87 tumor. Brain was harvested at 28 dpti, and tumor expansion displaced a large volume of brain tissue. (B) Section
from a tumor-implanted mouse (100 dpti) 92 days after treatment with VSV-EBOV. The tumor implant was completely eradicated, with no
residual infection of normal brain tissue. (C) Sections from tumor-implanted mice treated with VSV-EBOV (top row), VSV-EBOVΔMLD
(center row), and VSV-EBOVΔMLD-GFP (bottom row). Little infection was found in VSV-EBOV-treated animals. In contrast, sections from
VSV-EBOVΔMLD- and VSV-EBOVΔMLD-GFP-treated mice displayed a wide distribution of infected cells, including striatum, cortex,
hippocampus, and hypothalamus.
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euthanized and immunostained brain sections were generated. In mice that received
intracranial VSV-EBOV, virus-immunoreactive cells were found at late stages of infec-
tion, with the cellular structure being suggestive of strong deterioration (Fig. 12G and
H). In contrast, the brains of mice injected with VSV-EBOVΔMLD showed more infected
cells, particularly neurons, with the cell structure being suggestive of recent infection;
these cells showed a morphology typical of newly infected cells, with robust dendritic
trees and little cell deterioration (Fig. 12E and F). All mice that received VSV-EBOVΔMLD
showed multiple sites of hippocampal/dentate gyrus and hilus infection with strong
labeling of infected excitatory granule cell neurons and their dendrites; we did not see
substantive infection of the hippocampus/dentate gyrus in mice that received VSV-
EBOV (P � 0.001) (Fig. 12I).

A critical question here is, why did the tumor-bearing mice that were treated with
virus die? First, all the tumor-bearing control mice not treated with virus showed large
expanded tumors that resulted in a lethal response to the tumor. The tumor-bearing
mice treated with VSV-EBOVΔMLD-GFP showed a modest extension of survival, but all
died. Histological analysis of these mice revealed brain tumors, some with incomplete
virus infection. Tumor-bearing mice treated with VSV-EBOVΔMLD were found to have
tumors with a histology similar to that of tumors from the VSV-EBOVΔMLD-GFP-treated

FIG 10 VSV-EBOV targets intracranial glioma. The brains shown here are from mice injected in the experiment for which the results are
shown in Fig. 12. A representative collection of brains harvested from each group is shown (top), with the arrow indicating the brain used
for coronal sections (bottom two rows) imaged using phase (1st square), red fluorescent (2nd square), and green fluorescent (3rd square)
illumination. (Bottom row) Higher-magnification images of the middle row under green fluorescence are of features indicated in the
lower-magnification images (a, b, c). (A) Sections from a control mouse obtained at 28 dpti, showing substantial red glioma tumor
expansion. (B) Sections from a VSV-EBOV-treated mouse (obtained at 120 dpti), showing complete eradication of the tumor and little
remaining viral infection. (C and D) Sections from VSV-EBOVΔMLD-treated mice (obtained at 81 dpti) and VSV-EBOVΔMLD-GFP-treated
mice (obtained at 27 dpti) showing no remaining tumor and a wide distribution of infected cells.
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group but displayed a greater extension of survival. A critical benefit of VSV-EBOV was
the relative lack of host brain infection over longer intervals. The collateral infection of
normal host brain cells by the other two viruses contributed to the reduced survival
that they provided.

VSV-EBOVs upregulate ISGs, DCs, and NK cells. Although CB17 scid/scid (SCID)
mice contain an autosomal recessive mutation in the prkdc gene, resulting in a
deficiency of mature T and B lymphocytes, normal antigen-presenting cells, my-
eloid, natural killer (NK) cell, and interferon (IFN) functions are still present

FIG 11 VSV-EBOV, VSV-EBOVΔMLD, and VSV-EBOVΔMLD-GFP infection of tumor-bearing mouse brain after intravenous inoculation. Illustrations of the brain
sections shown here are based on mouse brains that were examined and for which the images and results are shown in Fig. 6 and 7. For each immunolabeled
section shown, multiple overlapping fluorescent images were stitched together and examined for infected neurons (red dots) and glia (blue dots). The days
post-tumor implantation are indicated to the left of each section. (A to C) Illustrations of the brain sections from VSV-EBOV-infected mice (A), VSV-EBOVΔMLD-
infected mice (B), and VSV-EBOVΔMLD-GFP-infected mice (C). (D) Bar graphs showing the number of neurons (red) and glia (blue) counted in each section.
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FIG 12 VSV-EBOV and VSV-EBOVΔMLD-GFP propagation in the mouse brain after intracranial inoculation. The illustrations
of brain sections shown here are based on mouse brains that were examined and for which the images and results are
shown in Fig. 8 and 10. For each immunolabeled section shown, multiple overlapping fluorescent images were stitched
together and examined for infected neurons (red dots) and glia (blue dots). The days post-tumor implantation are
indicated to the left of each section. (A to C) Illustrations of the brain sections from VSV-EBOV-infected mice (A),
VSV-EBOVΔMLD-infected mice (B), and VSV-EBOVΔMLD-GFP-infected mice (C). (D) Bar graphs showing the number of
neurons (red) and glia (blue) counted in each section. (E) To avoid complications due to the presence of tumor cells, the
brains in which either of the two viruses was injected intracranially in mice with no tumors were studied. Typical of brains
infected with VSV-EBOVΔMLD, strong infection of the dentate granule cells (arrows) was found. (F) Some granule cells show

(Continued on next page)
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(https://www.jax.org/strain/001303). To determine whether VSV-EBOVΔMLD and VSV-
EBOV have similar capacities to induce innate IFN-mediated antiviral responses, we
investigated whether intracranial infection with these viruses leads to different levels of
interferon-stimulated gene (ISG) expression. Compared to the findings for uninfected
control brains, expression of the representative ISGs 2=,5=-oligoadenylate synthetase 1A
(OAS) and IFN-induced protein with tetratricopeptide repeats 3 (IFIT3) in the brains of
both VSV-EBOVΔMLD- and VSV-EBOV-infected mice showed similar significant in-
creases at 2 days following infection (Fig. 13).

To examine the response of innate immune cells to VSV-EBOVs in this immunocom-
promised mouse, we investigated conventional dendritic cells (cDCs) and natural killer
(NK) cells using flow cytometry. Seven- to 8-week-old SCID mice were intravenously
injected with 75 �l of 1 � 108 PFU/ml VSV-EBOV or VSV-EBOVΔMLD-GFP or with an
equal volume of saline (control). Spleens were collected at 3 and 7 dpi (Fig. 14A). Both
VSV-EBOV and VSV-EBOVΔMLD-GFP increased the number of cDCs (Fig. 14B to D) and

FIG 12 Legend (Continued)
punctate strong labeling (arrowheads). (G) In contrast, little infection of the same area was found in the brains of mice
infected with VSV-EBOV. (H) Infection with VSV-EBOV was suggestive of a late-stage infection, with poor cell morphology
remaining. (I) Neurons were counted in the dentate gyrus of the hippocampus in sections of 4 dentate gyri in mice infected
with either VSV-EBOV (n � 3 mice) or VSV-EBOVΔMLD (n � 3 mice) by intracranial inoculation. The bar graph shows the
mean � SEM. ***, P � 0.001.

FIG 13 Equivalent activation of ISG expression by VSV-EBOVΔMLD and VSV-EBOV. (A) Representative
RT-qPCR measurement of OAS and IFIT3 mRNA expression in uninfected brains (control) and in mice
infected with VSV-EBOVΔMLD and VSV-EBOV. On the y axis, ΔRn is normalized reporter fluorescence
minus baseline. (B) Quantification of OAS and IFIT3 expression, shown as the fold change relative to the
results for one uninfected control mouse. Bar graphs indicate means, and error bars indicate the standard
deviation (n � 4). P values indicate the results of Student’s t test.
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FIG 14 DC and NK cells in the spleens of VSV-EBOV- and VSV-EBOVΔMLD-GFP-infected mice. (A) VSV-EBOV (n � 5;
75 �l of 1 � 108 PFU/ml), VSV-EBOVΔMLD-GFP (n � 7; 75 �l of 1 � 108 PFU/ml), or saline (control) was injected into

(Continued on next page)
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NK cells (Fig. 14E to H) compared with that in the control mice (3 dpi; VSV-EBOV-treated
mice, P � 0.05; VSV-EBOVΔMLD-GFP-treated mice, P � 0.05). We further analyzed and
quantified the mean fluorescence intensity of the DC activation marker CD86; mature
cDCs upregulate the CD86 coreceptor to provide help to CD4 T cells (22). At days 3 and
7 postinfection, CD86 expression was significantly increased in the cDCs of both
VSV-EBOV- and VSV-EBOVΔMLD-GFP treated mice (VSV-EBOV-treated mice, P � 0.05;
VSV-EBOVΔMLD-GFP-treated mice, P � 0.05) (Fig. 14D).

DISCUSSION

We compared three different chimeric VSV-EBOV recombinants in xenotransplant
immunodeficient mouse models carrying human brain tumors and found that VSV-
EBOV with the Ebola virus MLD displayed a substantially enhanced safety and efficacy
profile relative to VSV-EBOVΔMLD and VSV-EBOVΔMLD-GFP, both of which lack the
mucin-like domain of their respective EBOV GPs.

Consistent with our previous report (15), VSV-EBOVΔMLD-GFP was ineffective at
rescuing tumor-bearing animals from lethality after either i.v. or i.c. injection of virus
and was the least effective of the three chimeric VSV-EBOVs tested. Whereas VSV-
EBOVΔMLD-GFP did target the brain glioma after injection, it did not completely infect
the tumor and produced only a modest prolongation of survival. The presence of a GFP
reporter gene in the first genomic position of VSV-EBOVΔMLD-GFP attenuates viral
propagation relative to the propagation of the same genomic construct without the
GFP reporter, as previously observed with other recombinant VSVs (23, 24), and likely
accounts for at least some of the reduction in efficacy of this recombinant relative to
that of VSV-EBOVΔMLD.

Interestingly, while both VSV-EBOVΔMLDs (with and without GFP) enhanced tumor-
bearing animal survival, they also propagated throughout the brain, yielding a wide-
spread infection of normal brain cells. Infected cells consisted of both neurons and glia,
with the number of infected neurons being approximately 50-fold greater than the
number of infected glia. In contrast, VSV-EBOV infected very few brain cells, with little
apparent preference between neurons and glia. This was true both in mice that had
brain tumors and in control mice with no tumor in the brain. This suggests that removal
of the MLD sequence may substantially enhance the ability of VSV-EBOVΔMLDs to
propagate among normal cells in the SCID mouse brain. Deletion of the MLD does not
impair the fundamental function of viral entry and receptor binding to host cells in vitro
and has been reported to yield an enhancement of viral propagation (2, 25–28).
Consistent with these previous reports, our one-step growth analyses showed that
VSV-EBOVΔMLD generated more than a 10-fold greater release of infectious viral
progeny than VSV-EBOV in both human glioblastoma and mouse brain cells. This result
was further recapitulated in Vero cells, which also demonstrated an increased produc-
tion of VSV RNA and VSV protein during the early period of infection. Vero cells carry
a homozygous chromosomal deletion of their entire type I interferon gene cluster, thus
knocking out type I interferon expression (29). Whereas interferon effects may contrib-
ute to some of the differences observed between VSV-EBOV and VSV-EBOVΔMLD in
normal cells, this would not be true of Vero cells and suggests that interferon effects on
innate cellular immunity may not be the primary mechanism underlying greater

FIG 14 Legend (Continued)
the tail vein of CB17 SCID mice, and spleens were harvested at 3 dpi or 7 dpi. PE, phycoerythrin; FITC, fluorescein
isothiocyanate; APC, allophycocyanin; BV510, Brilliant Violet 510. (B and C) Representative flow plots showing
CD11C� major histocompatibility complex class II-positive DC cells (gated on live CD45� cells). (D) (Left) Amounts
of DCs in live CD45� splenocytes at 3 and 7 dpi after virus infection, expressed as a percentage of the total number
of live CD45� cells. (Right) Quantification of the mean fluorescence intensity of CD86 (CD86 MFI) in DCs. The
mean of the control value in each group was set at 1. Two-way ANOVA with Tukey’s multiple comparisons between
all data sets was used in one representative of two independent experiments (*, P � 0.05; ***, P � 0.001). (E and G)
Representative flow plots showing DX� NK cells (gated on live CD45� cells). SSC, side scatter. (F and H) Percentage
of DX5� NK cells in live CD45� splenocytes. Data are means � SEM. The mean of the control value in each group
(3 dpi and 7 dpi) is set at 0.1. The significance of differences was determined by two-way ANOVA with Tukey’s
multiple comparisons between all data sets using one representative of two independent experiments (*, P � 0.05).
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VSV-EBOVΔMLD propagation relative to that of VSV-EBOV with the MLD. It has been
suggested that, after infection, wild-type glycoprotein is typically retained in the Golgi
apparatus of the host cell until all the serine and threonine residues in the MLD are
modified through glycosylation and that deletion of the MLD may permit more rapid
transit through the Golgi system, yielding higher levels of glycoprotein processing and
greater surface expression (2). As suggested by these studies and our one-step growth
experiments, similar mechanisms might underlie the enhanced propagation of VSV-
EBOVΔMLDs among normal brain cells in SCID mice lacking a functional adaptive
immune system. Another factor that may contribute to the higher lethality associated
with the VSV-EBOVΔMLD-GFP is the VSV backbone, which was slightly different from
the VSV from the non-GFP-bearing viruses (20, 21); the VSV-EBOVΔMLD-GFP genome
encoded a number of amino acid differences in all four VSV proteins that may have
altered virus behavior, even with the expected attenuation due to the insertion of a GFP
reporter gene in the first genomic position, as delineated in the Results section (Fig. 1C).

Additionally, the few infected normal cells observed in these mice after VSV-EBOV
injection indicate that the activity of the innate immune system, which remains
functional in SCID mice, is sufficient to curtail the widespread propagation of this virus
throughout the brain. Injections of VSV-EBOVΔMLD and VSV-EBOV into the brains of
immunocompetent Swiss Webster mice produced only a short-lived local infection of
cells surrounding the injection site, indicating that the combined activity of the innate
and adaptive immune system in these animals is fully capable of terminating the spread
of both viruses within the brain. Taken together, these results suggest that while the
innate immune system may not be sufficient to limit the infection of normal cells by
VSV-EBOVΔMLD, innate immunity alone appears to be capable of curtailing the wide-
spread propagation of VSV-EBOV within the brain. Furthermore, the combined activity
of both the innate and the adaptive immune systems terminates the continued
infection of normal cells by both viruses and underlines the importance of normal
systemic immunity, including the presence of the T- and B-cell responses that are
attenuated in the SCID mouse brain.

We examined several cells and the responses of both the systemic and the innate
immune systems. VSV-EBOVs with and without the MLD both enhanced spleen NK cells
and increased the number and the CD86 upregulation of dendritic cells, but no
difference was found between viruses with or without the MLD. Similarly, both viruses
greatly enhanced the expression of interferon-stimulated genes OAS and IFIT3 in the
brain, but no differences in enhanced expression were detected between the two
genotypes. Although we found no differences, it is possible that at longer exposure
intervals, differences might be detectable. Innate immunity, including type I interferon
responses, can enhance the immune system-mediated destruction of infected tumor
cells (30). These results indicate that the influence of the MLD on VSV-EBOV tumor
destruction and spread within the brain appears to occur independently of the innate
and adaptive immune responses to the virus and is likely a consequence of differences
in virus infectivity, replication, or spread. This conclusion is supported by the one-step
growth curves, RT-qPCR, and Western blot analyses, all of which showed the greater
replication of VSV-EBOVΔMLD than of VSV-EBOV.

Intravenous and direct intracranial injections of the viruses were compared. Al-
though i.v. inoculation was successful in several cases, tumor-bearing mice with
intracranial virus delivery showed a greater degree of tumor infection and tumor
elimination. These results suggest that intracranial delivery may be a more reliable
approach than i.v. administration for treating brain tumors in vivo. We did find that the
VSV-EBOVs also selectively targeted mouse melanoma; further studies of mouse tumor
cells in the immunocompetent mouse brain may therefore be beneficial. Intravenous
inoculation may retain some advantage in selectively infecting small or undetected
peripheral melanomas, similar to the findings seen with some attenuated VSVs retain-
ing the VSV glycoprotein (31).

Here we focused our experiments on human cancer cells within the brain, particu-
larly human glioblastoma, and found that VSV-EBOV does a good job in targeting and
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eliminating the tumor in many SCID mice. These results suggest that the virus merits
further testing in additional models of brain tumors. Previous work has shown that
VSV-EBOVs are safe in the primate brain (13); additionally, the use of VSV-EBOV in over
a quarter of a million humans in vaccinations against Ebola virus in Africa (12) supports
the perspective that this chimeric virus is relatively safe in humans and certainly safer
than either of the parent viruses (VSV or Ebola virus). Although VSV-EBOV appears to be
substantially safer than VSV-EBOVΔMLD in SCID mice, in primates, including humans,
with normal immune responses, both viruses merit further testing for their oncolytic
potential in humans.

MATERIALS AND METHODS
Cells. The human glioblastoma cell line ATCC87 was originally obtained from the American Type

Culture Collection (ATCC; Manassas, VA) as U87MG cells. The U87MG cells distributed by ATCC have
recently been reported (32) to differ in genotype from the original U87MG line established at the
University of Uppsala (33). Based on the mRNA expression profile of these cells, it was concluded that the
cell line is of human central nervous system origin and likely to be from a glioblastoma derived from an
unknown patient (32). We genotyped our U87MG cells from ATCC and confirmed that they match the
ATCC-specific genotype that was previously reported (32). We refer to these cells as ATCC87 cells. The
U251 human glioblastoma line was also originally obtained by us (via R. Matthews, Yale University, New
Haven, CT) from ATCC as U373MG cells. These cells have recently been reported to be misidentified U251
cells that were widely distributed by ATCC (34). We genotyped our cultures of these cells and found that
they match the previously reported U251 genotype (34). The U118 and A172 human glioblastoma cell
lines were also kindly provided by R. Matthews (Yale University, New Haven, CT), and genotyping of these
lines confirmed their identity. Stably transfected recombinant ATCC87 (rATCC87) cells expressing DsRed
fluorescent protein (RFP) have been described previously (31). Normal human glial cells were established
from tissue derived from patients undergoing epilepsy surgery, as previously described (35–37). The
mouse glioma cell lines GL261 and CT-2A were obtained from T. Seyfried (Boston College, Chestnut Hill,
MA). Primary mouse glial cultures were generated by dissociating brain tissue from P1 mice as previously
described (15). Human melanoma cells were supplied by the Yale University Skin Cancer SPORE, and
normal human melanocytes were obtained from the cell culture facility of the Yale Skin Disease Research
Core Center (YSDRCC). Human cells were collected consistent with HIPAA policy, and use of the tissue
was approved by the Yale University human investigation committee. Vero cells (used in the propagation
and harvesting of VSV) were a kind gift from Connie Cepko (Harvard Medical School, Boston, MA). BHK-21
(WI-2) cells (38, 39) were a gift from Jack Rose (Yale University School of Medicine, New Haven, CT).
Human and mouse glioma cells and normal glial cells were maintained in Dulbecco modified Eagle
medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (pen-strep) solution (Invitrogen). BHK-21 (WI-2) cells were maintained in Glasgow
minimal essential medium (MEM; Invitrogen) supplemented with 10% FBS, 2% MEM amino acids
(MEMAA), 1% tryptose phosphate broth (TPB), and 0.5% pen-strep solution (40). Melanoma cells were
maintained in Opti-MEM with 5% FBS and 1% pen-strep (Invitrogen), and melanocytes were maintained
in medium containing additional supplements, listed elsewhere (31). Vero cells were maintained in MEM
with 10% FBS and 1% pen-strep (Invitrogen). All cell cultures were incubated in a humidified atmosphere
containing 5% CO2 at 37°C. Micrographs were taken on an Olympus IX70 fluorescence microscope;
contrast and brightness were corrected with Adobe Photoshop software, treating the entire image
simultaneously.

Viruses. Five recombinant VSVs were used in this study (Fig. 1A). VSV-EBOV is a chimeric VSV in which
the normal Indiana serotype VSV glycoprotein has been replaced with the full-length glycoprotein (GP)
from the Mayinga strain of EBOV (40). VSV-EBOVΔMLD was engineered in a similar manner; however, the
EBOV GP carries a deletion of the mucin-like domain (ΔMLD) (Fig. 1A and B). VSV-EBOV and VSV-
EBOVΔMLD were generated as previously described (40, 41). Both viruses were generated using
recombinant VSV plasmids derived from those described by Lawson et al. (20). VSV-EBOVΔMLD-GFP is an
attenuated version of VSV-EBOVΔMLD that carries a gene for GFP inserted into the first genomic position
of the VSV genome (14, 15). VSV-EBOVΔMLD-GFP was obtained from Sean Whelan (Harvard Medical
School, Boston, MA) and was generated using recombinant VSV plasmids derived from those described
by Whelan et al. (21). VSVwt is a recombinant VSV described previously (20), and VSVwt-GFP is an
attenuated version of the same virus that has been engineered to express GFP from the first genomic
position (23). VSVwt and VSVwt-GFP were kind gifts from Jack Rose (Yale University School of Medicine,
New Haven, CT) and were generated using recombinant VSV plasmids derived from those used in the
study of Lawson et al. (20). Comparisons between VSV genes derived from Lawson et al. (20) and Whelan
et al. (21) were performed using sequences obtained from GenBank (accession number FJ478454) and
Addgene (plasmid number 31833), respectively. All VSVs were propagated and harvested using Vero
cells, as described previously (15), and viral titers were determined by plaque assay on Vero cells using
crystal violet counterstaining prior to the experiments.

Viral infection and plaque-size assays. Cells to be tested were plated overnight in 24-well dishes
at a density of 50,000 cells per well. After 24 h, 1 ml of medium containing VSV was added to yield a final
concentration with an MOI of 1. After 24 h, the cells were fixed with 4% paraformaldehyde and then
visualized by immunolabeling with a primary antibody against VSV (42), together with a secondary
fluorescent antibody, as described previously (43). To determine the relative number of cells infected for

Zhang et al. Journal of Virology

April 2020 Volume 94 Issue 8 e01967-19 jvi.asm.org 20

https://www.ncbi.nlm.nih.gov/nuccore/FJ478454
https://jvi.asm.org


each particular virus, the total number of cells and the number of infected cells were counted based on
the numbers from at least three culture dishes inoculated with each of the four viruses.

Plaque-size assays were used to compare the propagation of VSVs by normal cells and multiple
cancer cell types, as described previously (24, 31). Briefly, 12-well cultures of cell monolayers were
inoculated with serial dilutions of virus and then overlaid with a nonsolid viscous 1% solution of
methylcellulose (catalog number M0512; Sigma-Aldrich, St. Louis, MO) in DMEM. After 1, 2, and 3 days,
infected cultures were fixed using 4% paraformaldehyde. The viscous overlay was removed, and plaques
were visualized by fluorescent immunostaining. Plaque sizes were measured (n � 60 plaques/condition)
using fluorescence microscopy.

One-step growth curves. One step-growth curves (44, 45) were performed for VSV-EBOV and
VSV-EBOVΔMLD in a manner similar to that previously described (24, 46). Briefly, primary mouse brain,
ATCC87, and Vero cells were grown in 35-mm wells (1.2 � 106 cells/well; duplicate wells per condition)
of a 6-well plate and then infected with each of the viruses to be tested (MOI � 10) and allowed to
incubate for 1 h. After incubation, the inoculum was removed and each well was washed twice with
phosphate-buffered saline (PBS) to remove unadsorbed virus and then replenished with 3 ml of medium
and returned to the incubator. At the indicated time points (Fig. 4C), 100 �l of medium was removed and
stored at �80°C for subsequent measurements of the viral titer. At each time point, after the samples
were drawn, the medium in each well was returned to its initial volume using 100 �l of fresh medium.
Plaque assays using Vero cells counterstained with crystal violet were subsequently used to determine
the viral titer of each sample. The resulting duplicate sample titers for each condition at each time point
were averaged.

Mouse procedures. Seven- to 8-week-old immunodeficient homozygous CB17 SCID mice (The
Jackson Laboratory, Bar Harbor, ME) were used for xenograft brain tumor models. Mice were pretreated
(intraperitoneally) with meloxicam (Metacam; 0.3 mg/kg of body weight) and buprenorphine HCl
(0.05 mg/kg). After 2 h, the mice were anesthetized using a combination of ketamine and xylazine (100
and 10 mg/kg, respectively), applied intraperitoneally. rATCC87 glioblastoma cells (expressing a red
fluorescent reporter gene) were harvested in the logarithmic growth phase, resuspended in saline, and
injected intracranially (1 �l; 5 � 105 cells/�l) into the striatum (2 mm lateral and 0.5 mm rostral to bregma
at a 3-mm depth) using a microsyringe (Hamilton Co., Reno, NV) controlled by a stereotactic injector
(Stoelting Co., Wood Dale, IL).

At 8 days after tumor placement, the mice received saline (control) or virus via intracranial (i.c.) or
intravenous (i.v.) injection. For the i.c. injection, viruses (0.5 �l at 1 � 108 PFU/ml) were injected in the
vicinity of the tumor. For the i.v. injection, mice were administered virus (75 �l at 1 � 108 PFU/ml) by tail
vein injection. In some experiments, normal immunocompetent adult Swiss Webster mice were i.c.
injected into the left striatum with virus (0.5 �l at 1.8 � 108 PFU/ml) during transient anesthesia.

The animals were monitored daily with measurements of body weight, food and water consumption,
and overall health. During the survival studies, mice were euthanized if either of the following conditions
were observed: weight loss of 25% or more or the development of adverse neurological symptoms,
including immobility and impaired movement. All surviving mice were euthanized at the end of the
observation period of a survival study. For histologic analysis of early stages of viral infection, some mice
were euthanized at earlier time points. Mice were euthanized using an anesthetic overdose and perfused
transcardially with saline followed by freshly prepared 4% paraformaldehyde (PFA) solution. Brains were
fixed overnight with 4% PFA, dehydrated using a 30% sucrose solution for at least 1.5 days, frozen in 7.5%
gelatin plus 15% sucrose, and cut into 35- to 50-�m coronal sections using a cryostat. All experiments
using mice were approved by the Yale University Animal Care and Use Committee (IACUC; approval
number 10117). Mice were maintained in a biosafety level 2 (BL2)/BL2� containment room.

RT-qPCR. RT-qPCR was used for analysis of interferon-stimulated gene (ISG) expression in SCID mice
and VSV RNA in Vero cells. For the SCID mouse experiment, 6- to 7-week-old immunodeficient homozy-
gous CB17 SCID mice underwent stereotactic i.c. injections, using 4 �l of virus (1 � 108 PFU/ml) or PBS
(control), into both sides of the striatum. Forty hours later, the animals were euthanized and the brains
were harvested, diced into small pieces, and then stabilized using the RNAlater reagent (Qiagen, Valencia,
CA) and stored at 4°C. For the cell culture experiments, Vero cells were infected at an MOI of 10,
harvested at 3, 6, or 12 h after infection, and lysed in RLT buffer (Qiagen). Total RNA was isolated from
the mouse brain tissue or Vero cells using an RNeasy midi- or minikit (Qiagen). cDNA was prepared using
equal amounts of total RNA from each sample with a high-capacity cDNA reverse transcription kit
(Applied Biosystems, Waltham, MA). Gene expression was measured by quantitative PCR using a
StepOnePlus real-time PCR system (Applied Biosystems) with SYBR green reagents, and data were
analyzed using StepOne software (v2.3). Gene expression was normalized to that of glyceraldhehyde-
3-phosphate dehydrogenase (GAPDH) and quantified by the ΔΔCT threshold cycle (CT) method. The
primer sequences for RT-qPCR were as follows: mouse GAPDH, 5=-TCT GGA AAG CTG TGG CGT G-3=
(forward) and 5=-CCA GTG AGC TTC CCG TTC AG-3= (reverse); human/monkey GAPDH, 5=-AAG TAT GAC
AAC AGC CTC AAG ATC-3= (forward) and 5=-CTG TGG TCA TGA GTC CTT C-3= (reverse); VSV N, 5=-GAT AGT
ACC GGA GGA TTG ACG ACT A-3= (forward) and 5-TCA AAC CAT CCG AGC CAT TC-3= (reverse);
2=,5=-oligoadenylate synthetase 1A (OAS), 5=-GAT GTC AAA TCA GCC GTC AA-3= (forward) and 5=-AGT
GTG GTG CCT TTG CCT GA-3= (reverse); and IFN-induced protein with tetratricopeptide repeats 3 (IFIT3),
5=-GGG AAA CTA CGC CTG GAT CTA CT-3= (forward) and 5=-CAT GCT GTA AGG ATT CGC AAA C-3=
(reverse).

SDS-PAGE and Western blot analysis. Vero cells infected with VSV-EBOV or VSV-EBOVΔMLD were
lysed with radioimmunoprecipitation assay buffer (Sigma), and the protein concentration was quantified
using a bicinchoninic acid protein assay kit (Thermo Scientific Pierce). For each sample, 5 �g of total
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protein was separated by 10% SDS-PAGE. Separated proteins were transferred to nitrocellulose mem-
branes, which were blocked with PBS, 0.05% Tween 20, and 5% nonfat dry milk for 1 h at room
temperature. Blocked membranes were incubated overnight with a 1:1,000 dilution of rabbit polyclonal
anti-VSV antibody (kindly provided by Jack Rose, Yale University) at 4°C. Secondary antibody incubation
was carried out with anti-rabbit immunoglobulin horseradish peroxidase-labeled antibody at room
temperature for 1 h. Following detection, the blots were stripped for 45 min in stripping buffer (62.5 mM
Tris-HCl, 2% SDS, 0.8% �-mercaptoethanol) at 50°C, washed with water, reblocked, and reprobed with
primary goat anti-actin (I-19) antibody (catalog number sc-1616; Santa Cruz Biotechnology). Secondary
antibody incubation was carried out with anti-goat immunoglobulin horseradish peroxidase-labeled
antibody. The Clarity Western enhanced chemiluminescence reagent (Bio-Rad) was used for protein
detection with a ChemiDoc MP imaging system (Bio-Rad). Images were acquired using Image Lab
software.

Flow cytometry. Spleens were harvested from 6- to 7-week-old immunodeficient homozygous CB17
SCID mice 3 or 7 days after i.v. injection of virus (75 �l at 1 � 108 PFU/ml). To prepare single-cell
suspensions, spleens were cut into small fragments and digested for 30 min at 37°C with mixing in 10 ml
Hank’s buffer containing 5-mg/ml type II collagenase (Invitrogen). At the end of digestion, 200 �l of the
cell suspension was filtered through nylon mesh to remove undigested fibrous material. Digested cells
were further treated with red blood cell lysis buffer (150 mM ammonium chloride, 10 mM potassium
bicarbonate, 0.1 mM EDTA). Single-cell suspensions (2 million cells) were preincubated with Fc blocking
antibody (monoclonal antibody 2.4G2) and stained with LIVE/DEAD fixable yellow dye to discriminate
dead cells (Invitrogen). Cells were surface stained with the antibodies described below for 30 min at 4°C.
Flow cytometry was performed on a fluorescence-activated cells sorter (LSR II flow cytometer; Becton,
Dickinson, Franklin Lakes, NJ), and the results were analyzed with FlowJo software (TreeStar, Portland,
OR). The monoclonal antibodies used were fluorescein isothiocyanate-conjugated anti-CD86, phyco-
erythrin (PE)-conjugated CD45, allophycocyanin-Cy7-conjugated CD11C, peridinin chlorophyll protein-
Cy5.5-conjugated CD11b, Brilliant Violet 510-conjugated IA/B, and PE-Cy7-conjugated DX5 (BioLegend,
San Diego, CA).

Statistics. Statistical analysis was performed by using SPSS (v13.0) software (IBM, Armonk, NY). The
experimental and control data were analyzed by one-way analysis of variance (ANOVA) followed by the
two-sided Dunnett’s test. Kaplan-Meier survival curves were generated using GraphPad Prism (v5.0)
software (GraphPad Software, San Diego, CA). Statistical significance between groups was determined
using the log-rank test. In all studies, a P value of �0.05 was considered statistically significant.
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