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Faster Replication and Higher Expression Levels of Viral
Glycoproteins Give the Vesicular Stomatitis Virus/Measles Virus
Hybrid VSV-FH a Growth Advantage over Measles Virus
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ABSTRACT

VSV-FH is a hybrid vesicular stomatitis virus (VSV) with a deletion of its G glycoprotein and encoding the measles virus (MV)
fusion (F) and hemagglutinin (H) envelope glycoproteins. VSV-FH infects cells expressing MV receptors and is fusogenic and
effective against myeloma xenografts in mice. We evaluated the fusogenic activities of MV and VSV-FH in relationship to the
density of receptor on the target cell surface and the kinetics of F and H expression in infected cells. Using a panel of cells ex-
pressing increasing numbers of the MV receptor CD46, we evaluated syncytium size in MV- or VSV-FH-infected cells. VSV-FH is
not fusogenic at low CD46 density but requires less CD46 for syncytium formation than MV. The size of each syncytium is larger
in VSV-FH-infected cells at a specific CD46 density. While syncytium size reached a plateau and did not increase further in MV-
infected CHO cells expressing =4,620 CD46 copies/cell, there was a corresponding increase in syncytium size with increases in
CD46 levels in VSV-FH-infected CD46-expressing CHO (CHO-CD46) cells. Further analysis in VSV-FH-infected cell lines shows
earlier and higher expression of F and H mRNAs and protein. However, VSV-FH cytotoxic activity was reduced by pretreatment
of the cells with type I interferon. In contrast, the cytopathic effects are not affected in MV-infected cells. In summary, VSV-FH
has significant advantages over MV as an oncolytic virus due to its higher viral yield, faster replication kinetics, and larger fuso-
genic capabilities but should be used in cancer types with defective interferon signaling pathways.

IMPORTANCE

We studied the cytotoxic activity of a vesicular stomatitis/measles hybrid virus (VSV-FH), which is superior to that of measles
virus (MV), in different cancer cell lines. We determined that viral RNA and protein were produced faster and in higher quanti-
ties in VSV-FH-infected cells. This resulted in the formation of larger syncytia, higher production of infectious particles, and a
more potent cytopathic effect in permissive cells. Importantly, VSV-FH, similar to MV, can discriminate between low- and high-
expressing CD46 cells, a phenotype important for cancer therapy as the virus will be able to preferentially infect cancer cells that

overexpress CD46 over low-CD46-expressing normal cells.

he Edmonston strain of measles virus (MV) has been used as a

vaccine since the 1960s and has proven to be safe, with millions
of doses given worldwide to protect children from infection by
wild-type measles (1). Engineered versions of Edmonston lineage
MYV are being used as an oncolytic agent in human clinical trials
against ovarian cancer, glioblastoma, multiple myeloma, meso-
thelioma, and head and neck cancer (2, 3). The data from preclin-
ical rodent studies and human clinical trials show that oncolytic
MV is a safe virus, with low toxicity and restricted tropism to
cancer cells. To produce a more potent virus with a similar tro-
pism, we generated a new hybrid virus by deleting the G glycopro-
tein from the full-length infectious cDNA clone of a potent onco-
lytic virus, vesicular stomatitis virus (VSV), and replacing it with
the fusion (F) and hemagglutinin (H) envelope glycoproteins of
MV. While parental VSV is neurovirulent when inoculated exper-
imentally into research rodents, this new oncolytic VSV-FH virus
shows reduced neurotoxicity and increased efficacy against plas-
macytomas compared to parental MV and VSV-M51, which has a
deletion in the matrix protein (4).

The MV-F and MV-H proteins are responsible for the attach-
ment and entry events of the virus through either one of the three
measles cellular receptors, CD46, signaling lymphocyte activa-
tion molecule (SLAM), or nectin-4 (5-9). Hence, both MV and
VSV-FH use the same cellular receptors to infect target cells.
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SLAM is expressed on activated T cells, B cells, or dendritic cells
(10). Nectin-4 (PVRL-4), recently identified as a receptor impor-
tant for shedding and transmission of wild-type MV, is found on
epithelial cells but is overexpressed in breast, lung, and ovarian
cancer (11-13). CD46, a negative regulator of complement acti-
vation, is expressed at low levels on all nucleated cells but is over-
expressed on numerous malignancies, including B cell malignan-
cies, hepatocellular carcinoma, and head and neck cancer (14). In
contrast to wild-type VSV that is not fusogenic, VSV-FH is also
able to induce fusion between infected and uninfected neighbor-
ing cells to form multinucleated structures (syncytia) due to ex-
pression of F and H proteins on the infected cells. The fusogenic
activity increases the bystander killing ability of this hybrid virus
and may help to enhance its intratumoral spread and oncolytic
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activity. We previously showed that the extent of MV-induced
intercellular fusion is in part controlled by numbers of CD46 re-
ceptors found on the target cells (15). Thus, at low CD46 receptor
density, minimal infection and syncytia were observed but both
were increased significantly above a threshold level of CD46 on the
target cells. Since expression of F and H proteins in VSV-FH is
driven by VSV elements, it is possible that syncytium formation
will occur at a different threshold level of CD46 receptor density
than in MV. To further characterize this newly described virus as a
potential oncolytic agent for clinical testing, we compared the
phenotypes, fusogenic activities, and expression kinetics of VSV-FH
and MV in a panel of cancer cellsand CHO cells expressing increasing
levels of CD46 in this study.

MATERIALS AND METHODS

Cells and viruses. Recombinant CHO cells stably expressing the human
CD46 receptor (C1 isoform) have been previously described (15). Cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) plus 1 mg/ml G418. Vero
(ATCC CCL-81), LoVo (ATCC CCL-229), SW480 (ATCC CCL-228),
SW579 (ATCC HTB-107), and SW620 (ATCC CCL-227) cells were pur-
chased from the American Type Culture Collection (ATCC, Manassas,
VA). The MV Edmonston strain was used for all of the experiments, while
the parental virus for VSV-FH is the VSV Indiana serotype.

To rescue VSV-FH tagged with enhanced green fluorescent protein
(eGFP), Mlul and AvrlI restriction sites were introduced by PCR into
MV-H (from pCGH plasmid). The VSV-G gene was deleted from pVSV-
MCI11-eGFP (16) by Mlul-AvrII digestion, and then MV-H was ligated
into this plasmid. Sphl restriction sites were introduced into MV-F (from
pCGF plasmid) and ligated into the Sphl site of pMC11-VSV-MV-H-
eGFP. The resulting plasmid, pMC11-VSVFH-eGFP, was used to rescue a
replication-competent virus, as previously described (4).

Syncytium analysis. For CHO cells, 1.5 X 10° or 4 X 10° cells (for MV
or VSV-FH infections, respectively) were plated in a 10-cm dish. Cells
were infected for 2 h with MV or VSV-FH at a multiplicity of infection
(MOI) of 0.01 in OptiMEM. Medium was then replaced with 8 ml of
complete medium with 1% methyl cellulose. At 1 or 2 days postinfection
(for VSV-FH or MV, respectively), cells were fixed with 4% paraformal-
dehyde (PFA) for 30 min. Fixed cells were observed under the microscope
to count the total number of syncytia per plate. Pictures of the infected
cells were used to calculate the size of the syncytia using the NIH Image]J
software (17).

For human cell lines, the following numbers of cells were plated (half
of the amount was plated for MV infections): 1 X 10° for LoVo, SW480,
and SW620 cells; 2 X 10° for SW579 cells. Cells were infected with
VSV-FH (MOI of 0.0001) or MV (MOI of 0.01) for 3 h. Medium was
replaced with 8 ml of complete medium with 1% methylcellulose. At 24 or
48 h postinfection (hpi), pictures were taken, and the sizes of the syncytia
were calculated.

Cell susceptibility. MV and VSV-FH stocks were diluted in OptiMEM
to get a titer of around 1 X 10° 50% tissue culture infective doses
(TCIDs,)/ml. Virus titers were determined in 96-well plates seeded with
the following amounts of cells: for Vero cells, 7,500 cells/well; for LoVo,
SW480, and SW620 cells, 15,000 cells/well; for SW579 cells, 6,000 cells/
well. The viral titer of each cell line was calculated as previously described
(18).

Cell viability and IFN sensitivity assays. Ninety-six-well plates were
seeded with the same number of cells as for the cell susceptibility assays.
Cells were infected with MV or VSV-FH at MOIs of 1, 0.1, 0.01, and 0.001.
For interferon (IFN) sensitivity assays, cells were treated with universal
type Linterferon (PBL Interferon Source, Piscataway, NJ) 16 h prior to the
infection. At 72 hpi, cells were washed once with phosphate-buffered sa-
line (PBS), trypsinized, and resuspended in 40 ml of complete medium.
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TABLE 1 Number of CD46 molecules per cell of the recombinant CHO
cells

CHO cell line No. of CD46 molecules/cell
CHO 0

Clone 64 395

Clone 41 788

Clone 78 4,260

Clone 25 12,629

Clone 42 11,935

Clone 62 17,244

Clone 63 46,392

Cell viability was measured using a CellTiter 96 AQueous Assay (Pro-
mega, Fitchburg, WI), according to the manufacturer instructions.

Kinetics of viral production. A total of 2.5 X 10° (Vero cells), 2 X 10°
(LoVo, SW480, and SW620 cells), or 5 X 10° (SW579 cells) cells in six-
well plates were infected with MV or VSV-FH at an MOI of 0.03 for 3 h in
OptiMEM. Medium was replaced with 2 ml of complete medium, and
samples were incubated at 37°C. At 24, 48, and 72 hpi, cells and superna-
tant were collected and subjected to two freeze-thaw cycles. Numbers of
infectious particles were calculated as described above.

Analysis of viral RNA and protein accumulation. A total of 5 X 10°
(LoVo and SW620 cells) or 2.5 X 10° (SW480 and SW579 cells) cells per
well of a 24-well plate were infected with MV or VSV-FH at an MOI of 0.5
for 3 hat 37°C. Virus inoculum was then removed, complete medium was
added, and the cells were incubated at 37°C. At 6, 12, 24, and 48 hpi,
medium was removed, and cells were harvested using buffer RLT (Qiagen,
Venlo, Netherlands) or Laemmli buffer (Bio-Rad, Hercules, CA). For
RNA analysis, RNA was purified using an RNeasy kit (Qiagen, Venlo,
Netherlands), and 250 ng of total RNA was reverse transcribed using a
SuperScript III kit and oligo(dT) primer (Life Technologies, Carlsbad,
CA). A semiquantitative PCR (26 cycles, optimized to stop the PCR within
the logarithmic phase) was done using Tag DNA polymerase (Life Tech-
nologies, Carlsbad, CA) according to the manufacturer’s protocol. The
primers used have been previously described (19, 20).

PCR products were analyzed in 1% agarose gels. For protein analysis,
samples in Laemmli buffer were fractionated by PAGE in Criterion 10%
Tris-HCI gels (Bio-Rad, Hercules, CA). Proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA).
Membranes were blocked with 5% powdered milk in Tris-buffered saline
buffer with Tween 20 (TBST) for 1 h. MV-H or MV-F proteins were
detected using specific antibodies as previously described (18); a goat
polyclonal actin-specific horseradish peroxidase-conjugated antibody (I-
19) was used to detect actin (Santa Cruz Biotechnology, Inc., Dallas, TX).
Signal was developed using a Pierce ECL Western blotting substrate kit
(Thermo Scientific, Waltham, MA).

RESULTS

VSV-FH induces larger syncytia than MV at a specific CD46 re-
ceptor density. We previously generated a panel of CHO clones
stably expressing 395 to 46,392 copies of human CD46 on the cell
surface (Table 1) and showed that a threshold number of CD46
copies is required for syncytia to form (15). The panel of CHO-
CD46 clones was infected with MV and VSV-FH at a low multi-
plicity of infection (MOI). An MOI of 0.01 was chosen to prevent
syncytia from merging into each other. Methylcellulose was added
to the complete medium to restrict viral release and formation of
new syncytia at later time points postinfection. The number and
size of syncytia present at 24 h (VSV-FH) or 48 h (MV) per plate
postinfection were determined and plotted. An earlier time point
was chosen for VSV-FH as the virus was much faster in its repli-
cation, and all cells in the monolayer were dead by 48 h (data not
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shown). Minimal syncytia or infection was seen at low CD46 den-
sity. The number of syncytia in low-density CD46 clones (395 or
788 CD46 copies/cell) was not different from that in parental
CHO cells in both MV and VSV-FH infections (Fig. 1A). From
CHO cells expressing 4,260 CD46 copies/cell, there was a signifi-
cant increase in the numbers of syncytia induced by both viruses.
From a density of 12,629 CD46 copies/cell onwards, syncytium
numbers reached a plateau and did not significantly increase even
in the clone expressing 46,392 CD46 copies/cell. Importantly,
these results indicate that the two viruses, with very different mor-
phologies (pleiomorphic measles and bullet-shaped VSV) but
bearing the same F and H envelope glycoproteins, require a simi-
lar minimum receptor density to infect receptor-positive target
cells.

It was observed that syncytia induced by VSV-FH appeared
sooner (24 hpi versus 48 hpi for MV) and covered a larger area
than MV-induced syncytia (representative images are shown in
Fig. 1B). Measurements of syncytium size (area) in VSV-FH-in-
fected cells show that as the CD46 levels increased from 395 copies
per cell, the area covered by the syncytia increased significantly
until a plateau was reached at 11,935 CD46 copies/cell. Syncytium
size in the clone that expresses 46,392 CD46 copies/cell was not
significantly larger than at 11,935 CD46 copies/cell. In contrast,
no syncytia were seen at a low CD46 density in MV-infected cells,
but they became apparent when CD46 levels reached 4,260 copies/
cell. There was no significant increase in syncytium size thereafter
with the increase in CD46 levels (Fig. 1C).

Extensive intercellular fusion is induced by VSV-FH in hu-
man cancer cell lines. The studies on the panel of CHO cells in-
dicate that syncytium formation of both viruses is differentially
affected by receptor density even though both viruses express the
same surface glycoproteins. We expanded the evaluation in a
panel of human cancer cell lines, which not only express different
numbers of CD46 and nectin-4 receptors (Table 2) but also are
likely to be differentially permissive to the viruses as a result of
their transformed state. Four human cancer cell lines (LoVo,
SW480, SW579, and SW620) were chosen to study the different
phenotypes of MV and VSV-FH, with the aim of evaluating rela-
tive syncytium sizes and viral fusogenic abilities.

First, the permissivity of these cell lines to VSV-FH and MV
was analyzed. Cells were infected with the viruses at an MOI of
0.03, and the total number of intra- and extracellular infectious
particles produced over 24, 48, and 72 h was determined (Fig. 2A).
The progeny titers obtained for VSV-FH were approximately 2
logs higher than for MV in all the cell lines tested (Fig. 2A). The
cell-killing abilities of both viruses were tested at various MOIs.
Cell viability assays show that even though both MV and VSV-FH
were effective at killing cancer cells, VSV-FH induced more cell
death at lower MOIs than MV for most of the cell lines tested
(Fig. 2B).

Syncytium size was determined in VSV-FH or MV-infected
cell lines at 24 hpi (for VSV-FH and MV) or 48 hpi (for MV only
as VSV-FH-induced syncytia were no longer attached to the plates
at this time) in the human cancer cell lines. Representative images
used to calculate the syncytium size are shown in Fig. 2C, along
with the results of the measurements (Fig. 2D). VSV-FH is clearly
more fusogenic than MV; VSV-FH is capable of inducing large
syncytia within 24 h and inducing them to a size that is not reached
or feasible with MV even at 48 hpi (Fig. 2C, bottom panel, and D).
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FIG 1 Characterization of MV- or VSV-FH-induced syncytia in a panel of
CHO-CD46 cells. A total of 1.5 X 10° (for MV infection) or 4 X 10° (for
VSV-FH infection) CHO cells expressing increasing levels of the MV receptor
CD46 were infected with MV or VSV-FH at an MOI of 0.01. (A) The numbers
of syncytia per plate were counted at 24 hpi (VSV-FH) or 48 (MV) hpi. (B)
Representative photographs of syncytia present in CHO-CD46 clones at 24 or
48 hpi. (C) Average size of MV- or VSV-FH-induced syncytia was measured
using NTH Image] software. In all panels, CHO clones are arranged according
to CD46 expression levels, starting from the left with the negative control
(CHO) and finishing with the highest CD46-expressing clone; numbers below
each bar or above each photograph indicate the number of CD46 molecules
per cell. Scale bar, 100 pm. Bars represent averages = standard deviations of
three independent experiments. **, P = 0.005; ***, P = 0.0005; ****, P <
0.00005.
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TABLE 2 Amount of CD46 and nectin-4 on the cell surface of the tested
cancer cells

No. of receptormolecules/cell for:*

Cell line CD46 Nectin-4
HCT-116 40,791 383
LoVo 53,923 196
SW480 62,037 ND
SW579 1,063 1,886
SW620 51,364 ND

“ ND, nondetectable level.

The sizes of VSV-FH-induced syncytia were 1.5 to 6 times larger
than those of MV.

VSV-FH expresses high levels of protein and RNA for the
foreign MV glycoprotein genes. The formation of larger syncytia
by VSV-FH could be the result of a higher production of MV-F
and MV-H proteins than produced by MV. To gain more under-
standing of the kinetics of viral transcription and translation of
VSV-FH and MV, the levels of MV-F and MV-H proteins in in-
fected cells were determined. The panel of human cancer cells was
infected with MV or VSV-FH at an MOI of 0.5, and the cells were
harvested at early (6 and 12 h) and late times (24 and 48 h) postin-
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fection. The accumulation of glycoproteins was determined by
Western blot analysis using specific antibodies. Cells infected by
VSV-FH expressed higher levels of F and H proteins than MV and
expressed them at earlier times than MV (Fig. 3). MV-H protein
expression in VSV-FH-infected cells is easily detectable at 12 hpi,
with a slight increase at 24 hpi. MV-F protein is detectable in
VSV-FH-infected cells at 24 hpi for most of the cell lines except for
SW579 and SW620, where it is visible at 12 hpi. In MV-infected
cells, MV-H is detected at 24 hpi while the maximum accumula-
tion of this protein is observed at 48 hpi. MV-F accumulation is
barely detectable under these conditions at 48 hpi. Overall, F and
H proteins were translated earlier and accumulated to higher lev-
els in VSV-FH-infected cells than in MV-infected cells.

We hypothesized that the high levels of viral protein transla-
tion in VSV-FH are related to a higher production of mRNA due
to faster and higher VSV viral replication and/or transcription. In
parallel to the previous experiment, another set of cells was har-
vested at the same time to quantify the levels of mRNA for MV-F
and MV-H genes. Results in Fig. 4 show that the mRNAs of MV-F
and MV-H encoded by VSV-FH are detectable by 6 hpi, with a
peak at 12 hpi. In contrast, F and H mRNAs in MV-infected cells
did not appear until 12 hpi, with a peak at 24 hpi. In addition,
MV-F and MV-H mRNAs accumulated about 2-fold more in
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FIG 2 Phenotypic characterization of MV and VSV-FH in a panel of human cancer cell lines. (A) Viral particle production. Representative experiment
measuring viral progeny in cells infected with MV (M) or VSV-FH (V) at 24, 48, and 72 hpi. (B) Cytotoxicity of MV and VSV-FH. Cells were infected with MV
or VSV-FH at different MOIs. At 3 days postinfection, cell viability was determined by MTS assay. The amount of cells alive after each treatment is expressed as
a percentage of the noninfected wells (100% cells alive). (C) Representative images of syncytia in cells infected with VSV-FH or MV at 24 and/or 48 hpi. (D)
Syncytium area was determined by NIH Image] software and plotted. Scale bar, 100 pm. Bars represent averages *+ standard deviations of three independent

experiments.
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FIG 3 Kinetics of viral translation of F and H proteins in infected cells. Cells were infected with MV (M) or VSV-FH (V) at an MOI of 0.5. At the indicated hours
cells were harvested. Proteins were fractionated by PAGE and detected by immunoblotting. Locations and molecular weights (in thousands) of the molecular

weight markers are indicated at the right of each panel.

VSV-FH-infected cells than in MV-infected cells, which led to a
large difference in protein expression levels by the two viruses
(Fig. 3).

MYV cytopathic effect is not severely affected by IFN. Data
obtained so far indicate that VSV-FH is a potent cytotoxic virus, is
able to kill permissive cells at alow MOI, and is capable of forming
large syncytia that in turn might help viral spread within tumors.
However, previous reports suggest that some tumors exist in an
interferon (IFN)-activated antiviral state that limits the cell-kill-
ing activity of IFN-sensitive viruses such as VSV (21). We thus
proceeded to evaluate the cytotoxic activity of MV and VSV-FH in
interferon-treated cells. The panel of human cancer cell lines was
incubated with a low or high dose of IFN (10 or 100 units, respec-
tively), and the cells were infected with VSV-FH or MV at an MOI
of 1.0. The percentage of live cells was measured at 3 days postin-
fection by an MTS [3,4-(5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxy phenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt] cell prolif-

MV-F
MW[M VM V|IM V|M MW|M V
6h 12h 24h 48 h 6h
—
HCT-116
- -
LoVo -, - -
e -
SW480 ; - -
— —_—
SW579 - - -
— —
SW620 — —_ - —

eration assay (Fig. 5). In general, MV was able to kill at least 70% of
cells even at higher doses of IEN, except in SW579 cells, where MV
cytotoxicity was impaired. In contrast, the cell-killing activity of
VSV-FH was significantly compromised if the cell lines were pre-
treated with 10 or 100 units of IFN. Interestingly, the cell line
HCT-116 was resistant to VSV-FH infection even without IFN
treatment, and IFN-treated SW579 cells were resistant to MV but
not to VSV-FH infection.

DISCUSSION

Use of fusogenic membrane glycoproteins as therapeutic genes to
increase virus potency has been performed in different viruses.
For instance, oncolytic herpes simplex virus has been engineered
to express the constitutively fusogenic protein of the gibbon ape
leukemia virus (GALV). The killing activity of this fusogenic virus
was improved, as shown in a panel of tumor cell lines in vitro and
against solid tumors (22, 23). VSV is another virus whose onco-

MV-H GAPDH
M V|IM V|M MWIM V| M V|M V|M
12h | 24h | 48h 6h | 12h |[24h |48h

L

FIG 4 Kinetics of F and H mRNA production in infected cells. MV (M)- or VSV-FH (V)-infected cells were harvested at 6, 12, 24, or 48 hpi. Semiquantitative
PCR was done to detect the levels of F, H, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA present at these times. Molecular weight band

(MW) corresponds to the 250-nucleotide band.
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FIG 5 Impact of IFN pretreatment on MV and VSV-FH cytotoxicity. [FN-
pretreated cells (10 or 100 units) or nontreated control (Ctrl) cells were in-
fected with MV or VSV-FH at an MOI of 1, and cell viability was calculated at
72 hpi by MTS assay. The amount of cells alive is expressed as a percentage of
live cells in the noninfected wells (100% cells alive). Bars represent averages
standard deviations of three independent experiments.

Cells alive (%)

lytic activity was improved by inserting a fusogenic gene; for this,
its genome was engineered to express the gene for the fusion pro-
tein of Newcastle disease virus (NDV-F; with the mutation L289A
to render it fusogenic without the expression of the hemaggluti-
nin-neuraminidase protein). Compared to parental virus, the
mutant showed increased oncolytic activity and increased overall
mouse survival against hepatocellular carcinoma, squamous cell
carcinoma of the head and neck, and murine orthotropic floor-
of-mouth squamous cell carcinoma (24, 25).

Recombinant VSV used in cancer therapy is often designed to
express or induce the expression of IFN in infected cells as a mech-
anism to allow preferential virus replication in cancer cells but not
in normal cells. However, a number of tumor types are not totally
defective in their IFN responses and can still respond to the pro-
tective effects of IFN. As a result, the oncolytic activity of IFN-
inducing VSV can often be blunted in IFN-responsive cancers. We
recently generated VSV-FH as an alternative strategy to redirect
virus tropism to cancer cells. Oncolytic measles virus has shown
excellent safety in numerous phase I clinical trials in patients with
recurrent ovarian cancer, glioma, and relapsed myeloma. Of the
three receptors that can be used by MV to infect cells, CD46 has
the broadest expression profile since it is ubiquitously expressed
on all nucleated cells to protect them from self-lysis by the com-
plement system. Interestingly, CD46 is overexpressed on numer-
ous cancer types, and high expression of CD46 on cancer cells
contributes in part to the extensive fusion seen in oncolytic MV-
infected cancer cells compared to nontransformed cells.

The in vitro fusogenic properties of MV are correlated to the
density of receptor expressed on the target cells. Using parental
MV or HER-2 receptor-specific MV, we showed that syncytium
size and the extent of cytopathic effects increase as a function of
receptor (CD46 or HER-2) density. Importantly, there is a thresh-
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old receptor density below which cell fusion does not occur and
above which syncytium size does not increase further (15, 26).
With regard to VSV-FH, we were intrigued by the possibility that
the hybrid virus might not be subject to the same rules of engage-
ment in relation to receptor density as VSV has much faster rep-
lication kinetics and drives a higher level of gene expression. MV
and VSV-FH cannot infect CHO cells as the cells do not express
any of the measles receptors. Using a panel of CHO cells geneti-
cally engineered to express CD46, we compared the fusogenic
properties of MV and VSV-FH, and it was clear that VSV-FH-
infected cells can fuse at a lower CD46 level (at 788 CD46 copies)
than MV-infected cells (at 4,620 CD46 copies). The size per syn-
cytium was also different; syncytia in VSV-FH-infected cells were
generally larger those of MV-infected cells in the same CHO-
CD46 clone. The same result was seen on human cancer cells;
VSV-FH-induced syncytia were between 4 and 6 times larger than
those of MV in the corresponding cell line and occurred about
24 h earlier.

Since the panel of CHO recombinant cell lines is based on the
same CHO cell type, we can reasonably attribute the differences in
syncytium size to the differences in receptor density. These results,
however, cannot be easily extrapolated to human cancer cells,
where the intrinsic transformed characteristics of each cell line
would play a role in modulating the fusogenic properties and cy-
topathic effects of the viruses. We selected cancer cell lines from
the same malignancy (LoVo, SW480, and SW620 are all from
colorectal carcinoma) to observe the differences in cytotoxic ac-
tivity of VSV-FH or MV in a specific cancer type. Results showed
that LoVo, SW480, and SW620 cells were all similarly susceptible to
VSV-FH and MV infections. Cell-killing abilities and production of
viral particles were different between VSV-FH and MV. Peak produc-
tion of infectious MV viral particles was 1 to 2 logs less than that of
VSV-FH. MV requires a significantly higher MOI (2 to 3 logs higher)
to achieve cell killing similar to that of VSV-FH.

One of the most striking differences between VSV-FH and MV is
rate of syncytium formation and the speed at which syncytia grow
and coalesce. Close monitoring of the kinetics of transcription and
translation of F/H mRNA and proteins revealed that these processes
were much more rapid in VSV-FH-infected cells. Both F and H pro-
teins were detected as early as 12 hpi in VSV-FH-infected cells,
whereas F and H expression by MV were detected only at 24 hpi, even
in the highly susceptible cell line SW579. In this cell line, VSV-FH
grows at high titers and induces the formation of large syncytia (Fig.
2). This phenotype might be due to higher viral translation, particu-
larly F translation, as it has been demonstrated that an increment in
the translation of MV-F does not affect viral replication but enhances
MYV cytopathogenicity (27).

In addition to the different viral polymerases, an important
factor in play here is that the Edmonston strain of MV does not
induce a shutoff of host protein translation (28, 29). In contrast,
VSV induces a rapid shutoff of cellular translation, usurping the
cellular machinery for synthesis of VSV proteins and virions (30,
31). Overall, high levels of viral transcription and translation com-
bined with a rapid shutoff of viral proteins contribute to the en-
hanced formation of syncytia in VSV-FH-infected cells.

VSV is highly sensitive to the antiviral effects of IFN, and the
blocking of nuclear transport of cellular mRNA by the matrix
protein of VSV prevents the induction of IFN-responsive genes in
the infected cell. As such, VSV sensitivity to IFN is a trait that was
exploited to target the parental virus to cancer cells presenting
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defects in the IFN pathway (32). Unfortunately, it is becoming
more evident that some cancer cell lines retain some of this IFN
responsiveness and in some cases play an important role in ob-
structing oncolytic activity of VSV (21). When the cytopathic ef-
fects of VSV-FH and MV were analyzed in IFN-treated cells, we
found that MV, but not VSV-FH, was able to kill the cells even at
the highest dose (100 units) of IFN tested. In HCT-116 cells,
VSV-FH cell killing was low even in nontreated cells, perhaps due
to a preexisting antiviral state making it constitutively resistant to
VSV infection, as observed for other cell lines (33). In contrast,
MV cytotoxicity was not severely affected in most of the IFN-
treated cells, probably due to the expression of the viral proteins P,
V, and C. These proteins have a role in preventing the activation of
the IFN pathway by a mechanism such as preventing the activa-
tion of NF-kB, blocking the phosphorylation of Jakl, or down-
regulating IFN-f transcription (34). Unexpectedly, IFN-treated
SW579 cells are MV resistant but VSV-FH sensitive, suggesting
that activation of the IFN response and of the response to viral
infection is different among the tested cell lines.

These experiments utilizing pretreatment of cancer cells with
IFN show that some cancer cells exist in a constitutively activated
antiviral state or have intact IFN antiviral response pathways,
highlighting one of the major limiting factors in VSV virotherapy.
There is an ongoing search for clinically viable drugs, such as
Jak1/2 inhibitors (e.g., ruxolitinib), that could be combined with
VSV virotherapy such that cellular antiviral resistance to VSV
could be reversed (20).

In summary, the fast replication machinery of VSV combined
with fusogenic MV-derived F/H proteins results in a virus with
increased cytotoxicity and production of viral particles and with
better intracellular spreading. Although the heterogenic nature of
cancer makes it difficult to predict the behavior of the oncolytic
viruses in the different types of tumors, the results in this report
show the potential of VSV-FH as a promising cancer therapeutic.
Future experiments are needed to determine the cancer type in
which VSV-FH could be applied for clinical testing.
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