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ABSTRACT

Live-attenuated strain of measles virus (MV) has oncolytic effect. In this study, the antitumor effect of rMV-
Hul91, a recombinant Chinese Hul191 MV generated in our laboratory by efficient reverse genetics system, was
evaluated in gastric cancer (GC). From our data, rMV-Hul91 induced cytopathic effects and inhibited tumor
proliferation both in vitro and in vivo by inducing caspase-dependent apoptosis. In mice bearing GC xenografts,
tumor size was reduced and survival was prolonged significantly after intratumoral injections of rMV-Hu191.
Furthermore, lipid rafts, a type of membrane microdomain with specific lipid compositions, played an important
role in facilitating entry of rMV-Hu191. Integrity of lipid rafts was required for successful viral infection as well
as subsequent cell apoptosis, but was not required for viral binding and replication. CD46, a MV membrane
receptor, was found to be partially localized in lipid rafts microdomains. This is the first study to demonstrate
that Chinese Hu191 MV vaccine strain could be used as a potentially effective therapeutic agent in GC treatment.
As part of the underlying cellular mechanism, the integrity of lipid rafts is required for viral entry and to exercise

the oncolytic effect.

1. Introduction

Oncolytic virotherapy is a cancer therapeutic platform established
and extensively studied in the past two decades. In 2005, Oncorine was
approved by SFDA in China as the first oncolytic virus medicine in the
world to treat nasopharyngeal carcinoma [1]. Later, other strains have
been approved in the US and Europe and registered in anticancer
treatment [2,3]. The advantageous property of oncolytic viruses is their
selective replication in tumor cells over the normal cells, especially the
genetically modified strains. Measles virus (MV) is one of the oncolytic
viruses, and its antitumor efficiency has been evaluated and demon-
strated in more than twelve different cancer types [4]. Phase I/1I clin-
ical trials using Edmonston strain MV are currently underway,

recruiting patients with relapsed or recurrent cancers including breast
cancer, ovarian cancer, multiple myeloma, mesothelioma, and glioma
[5,6].

MV is a negative strand RNA paramyxovirus [7]. Its genome en-
codes six structural proteins, the fusion protein MV-F, the haemagglu-
tinin MV-H, a phosphoprotein MV-P, the nucleoprotein MV-N, the
matrix protein MV-M, and an RNA polymerase MV-L. Two non-struc-
tural proteins, MV-V and MV-C, are not present within the virion [8].
The Chinese measles vaccines are widely used in China for more than
50 years, and have an outstanding safety record [9]. The oncolytic ef-
fect of the rMV-Hu191 vaccine strain against lung carcinoma has been
reported [10]. Recently in our laboratory, an efficient reverse genetics
system has been successfully established [11], and will allow further
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modification of the virus for enhanced selectivity and higher antitumor
potency. This MV vaccine strain may serve as a promising candidate for
oncolytic virotherapy.

Gastric cancer (GC) is the fifth most common malignancy world-
wide, and the overall mortality rate of GC is the third highest of all
types of cancers [12]. Although conventional treatment procedures
including surgery and chemotherapy have made significant improve-
ments in survival of GC patients, less than 25% of cases are actually
eligible for surgery [13]. In patients undergoing chemotherapy, drug
resistance and tumor recurrence frequently occurs [14,15]. With the 5-
year survival rate as low as 30.6%, GC remains a threatening type of
cancer [13]. Thus, efforts to develop new, efficient drugs for the
treatment of GC are constantly ongoing. Many different classes of
viruses with natural or modified specificity have been explored as
therapeutics for GC, such as herpes simplex virus (HSV) type 1, ade-
novirus echovirus 1, Newcastle disease virus, reovirus, and vaccinia
virus [16-20]. However, whether or not the live-attenuated MV strain
Chinese Hu-191 strain can target GC remains unknown. To mediate
viral entry, there are three identified host-cell receptors of MV vaccine
strains, nectin-4, signaling lymphocyte-activation molecule (SLAM) or
CD150, and CD46 [21]. Both CD46 and nectin-4 was expressed in
human GC cells [22,23]. This study evaluated the potential antitumor
activity of the generated rMV-Hul91 against human GC cell lines and
xenografts and investigated the underlying mechanism that facilitates
viral entry.

Cell membranes are not heterogeneous but are dynamically orga-
nized in microdomains. Cholesterol and sphingolipid-rich membrane
domains termed as ‘lipid rafts’ were identified from biomembranes
several decades ago, and have been shown to play functional roles in
protein endocytosis and signaling pathways [24,25]. Lipid rafts are
involved in both viral entry [26,27] and exocytosis [28] in host cells.
Interestingly, in lipid rafts, both CD46 [29] and structural proteins of
MV [30,31] have been found. In the literature, there is lack of evidence
showing that lipid raft integrity is required for MV viral binding or
entry; however, the intracellular assembly of MV might require lipid
rafts [32]. In GG, lipid rafts were proved to mediate caspase-dependent
apoptosis [33,34]. Thus we hypothesize that rMV-Hul91 may require
lipid rafts to exhibits its oncolytic effects.

2. Materials and methods
2.1. Cell lines and culture

African green monkey kidney Vero cells purchased from the
American Type Culture Collection (ATCC, USA) were cultured in
Dulbecco's modified Eagle's medium (DMEM, Life Technologies, USA)
supplemented with 10% fetal bovine serum (FBS, Life Technologies,
USA). The BGC-823 and SGC-7901 cells were both purchased from the
Cell Bank of the Chinese Academy of Sciences, Shanghai, China, and
maintained in RPMI 1640 medium (Life Technologies, USA) supple-
mented with 10% FBS and 100 U/ml penicillin-streptomycin (Life
Technologies, USA). All cells were cultured in a humidified atmosphere
of 5% CO, at 37 °C.

2.2. Virus strain, titration and infection assays

The construction of recombinant MV (rMV-Hul91) was carried out
by efficient reverse genetics system in our laboratory. The sequence of
rMV-Hul91 is identical with the published Hul91 sequence (GenBank
accession No. FJ416067). Propagation and purification of rMV-Hul91
was previously described [11]. The tissue culture infective dose (TCID
50) was determined by 50% end point dilution assays on Vero cells
according to the Reed and Muench method [35] to calculate the titers of
viral stocks and other virus-containing samples. For virus infection as-
says, 2 X 10° cells were seeded on 6-well culture plates (Corning, USA)
and cultured for 24 h, then incubated with rMV-Hul91 at a certain
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multiplicity of infection (MOI) in Opti-MEM medium (Life Technolo-
gies, USA) for 2 h at 37 °C. At the end of the incubation period, medium
containing virus was removed, the cells were washed by phosphate
buffered saline (PBS, Jinuo, China), and then fresh maintenance media
was added. The cells were then subjected to viability assays etc as de-
scribed below. To determine the amount of virus unbound to cells, after
2’ incubation with virus to allow sufficient time for binding, the virus-
containing medium was collected and titration was determined by TCID
50. To determine the titer of total virus, cells and supernatant were
collected. Samples were subjected to two cycles of freezing and thawing
between —80°C and 37°C, centrifuged at 3600xg (Allegra 6R,
Beckman Coulter, USA) for 15 min and stored at —80 °C. The super-
natant was used to titrate for measles virus by TCID 50 assay on Vero
cells as described above.

2.3. Cell viability assay

BGC-823 Cells and SGC-7901 cells were plated at 4 x 103 cells or
3 x 103 cells per well in 96-well plates cultured for 24h before in-
cubation with rMV-Hul91 at different MOI for different time periods.
To induce or to inhibit caspase-dependent apoptosis, staurosporine
(STS) and Z-VAD (both from Apexbio Technology, USA) were ad-
ministered respectively. The maintenance media were then removed
and the cells were then incubated with 10 pl of commercially available
CCK-8 reagent (Dojindo Molecular Technologies, Japan) and 100 pl
RPMI 1640 medium for 1h at 37 °C. The relative absorbance at OD
450 nm was measured, and cell viability was calculated based on
standard curves.

2.4. Flow cytometry analysis

After the desired treatments, BGC-823 and SGC-7901 cells were
collected, fixed and stained as instructed by an apoptosis detection kit
(BD Biosciences, USA). Briefly, cells were trypsinized, washed by PBS,
and resuspended at the density of 1 x 10°cells/ml in 1 X binding
buffer, then incubated with Annexin V-fluorescein isothiocyanate
(FITC) and propidium iodide (PI) reagents. Cells were analyzed on a
flow cytometer (Navios, Beckman Coulter, USA), and the data were
processed by Flowjo 10.0 software (Tree Star Inc, USA).

2.5. Evaluation of cytopathic effects (CPEs) in vitro

The BGC-823 and SGC-7901 cells were cultured in 24-well plates at
a density of 2 x 10° or 1 x 10° cells per well. The cells were infected
with rMV-Hul91 at a MOI of 0.1 or 1 for 2 h. The virus suspension was
then removed, and 1 ml of fresh medium was added to each well. After
48, 72 or 96 h of viral infection, the cells were gently washed with PBS
and the remaining cells were fixed in 4% (v/v) paraformaldehyde (PFA)
in PBS for 2h, and stained with 0.05% (w/v) crystal violet (Solarbio,
China). Remaining attached cells were photographed under light mi-
croscope (Zeiss, Germany) with companion software.

2.6. Immunofluorescence (IF)

Lipid rafts microdomains were visualized by cholera toxin subunit B
(CTB) that binds to ganglioside GM1, a “raft”-specific lipid species [36].
For colocalization analysis, BGC-823 and SGC-7901 cells after desired
treatment were incubated with Alexa 488-conjugated CTB (C-34775,
Invitrogen, USA) for 120 minat 37 °C in fresh maintenance media,
followed by fixation by 4% PFA for 30 min on ice, permeation by 0.1%
TritonX-100, blocking by 2% BSA, then incubated with anti-measles
virus phosphoprotein (MV-P, ab43820, Abcam, UK), or with anti-CD46
(AA2102N, Thermofisher, USA) at 4 °C overnight, followed by Alexa
Fluor’ 594 conjugated secondary antibodies (#1596064 and
#1608644, Life Technologies, USA), and then with DAPI (Beyotime,
China) in the dark. Unspecific bindings have been excluded in other
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mock rMV-Hu191 mock rMV-Hu191 Fig. 1. The infectivity and oncolytic effect of
A gy : " i rMV-Hul91 in human GC cells. (A) Morphological
changes of BGC-823 and SGC-7901 cells after viral
24hours infection at different time points. Scale
bar = 100 um. Arrows indicate syncytia induced by
rMV-Hul91. (B) Viability of BGC-823 and SGC-
7901 cells after viral infection with different MOIs at
48hours different time points. Data were presented as
mean * SE from three repeated experiments with
five parallel repeats in each experiment. (C) Analysis
of virus-induced CPE by crystal violet staining. (For
interpretation of the references to color in this figure
72hours legend, the reader is referred to the Web version of
this article.)
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samples using primary or secondary antibodies only. Slides were pho-
tographed using an Olympus BX61WI-FV1200MPE confocal laser
scanning microscope and companion software. For IF imagining of MV-
P only, cells were fixed, permeated, blocked and incubated with anti-
MV-P (ab43820, Abcam, UK) and secondary antibody, then photo-
graphed by Zeiss cLSM780 confocal laser scanning microscope and
companion software.

2.7. Disruption and solubilization of cholesterol-rich ‘lipid rafts’

The cholesterol-rich lipid rafts allows solubilization by non-ionic
detergents such as Triton X-100 [37] and extraction from biomem-
branes by methyl-pB-cyclodextrin (MBCD) [38], allowing its functional
roles to be investigated in cultured cells. To disrupt lipid rafts in cul-
tured cells, cells were incubated with culture medium containing
5mM MBCD at 37 °C for 2 h before maintenance in fresh medium.

To obtain ‘lipid rafts’ membrane fractions, BGC-823 and SGC-
7901 cells after desired treatments were resuspended in ice-cold

SGC-7901

110

solubilization buffer supplemented with protease inhibitors, and solu-
bilized by non-ionic detergent TritonX-100 as previously described
[39]. Cells were homogenized by passing through 26G needle with
syringe for 30 times. Nuclei were pelleted at 500 x g at 4 °C for 5min
(Allegra 6R, Beckman Coulter, USA). The supernatant was collected and
the protein concentration was determined by commercial assay kit
(Beyotime, China). The membrane preparations were adjusted with
solubilization buffer to a final protein concentration of 5mg/ml, and
mixed with equal volume of TritonX-100 (Solarbio, China) with the
concentration of 0.5% (w/v, in solubilization buffer). Solubilization
was carried out at 4 °C for 20 min. Solubilized membrane fractions were
diluted 1:1 with 80% sucrose and loaded at the bottom of the centrifuge
tubes. Density gradients made of 5-35% sucrose were layered on top,
then centrifuged with a swing bucket rotor at 200,000 x g for 14 h at
4°C (Optima ultracentrifuge, Beckman Coulter, USA). Afterwards, 10
serial aliquots with equal volume were collected from the top to the
bottom of the sucrose gradient, labelled as 1 to 10, and each was mixed
with 5 X loading buffer. Pellets were resuspended in equal volume of
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1 x loading buffer. All fractions underwent Western blotting as de-
scribed below, and lipid rafts fractions were identified by enrichment of
a marker protein flotillin 1 [40].

2.8. Western blotting

After desired treatments, cells were lysed in RIPA buffer (Beyotime,
China) supplemented with protease and phosphatase inhibitors for
15min on ice. The pellet was discarded after centrifugation and the
protein concentration from the supernatant was determined by com-
mercial kit. A total of 30 ug of protein was loaded onto each well of the
SDS-PAGE gel. Page Ruler Prestained Protein Ladder (Thermo Fisher
Scientific, USA) was loaded in a separate well together with the samples
onto the gel and underwent electrophoresis, followed by transferring
onto Immuno-Blot PVDF membrane (Bio-Rad Laboratories, USA). The
membranes were blocked in defat milk at room temperature (RT) for
1 h, then incubated with primary antibodies at 4 °C overnight, followed
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by secondary antibodies at RT for 1 h. The bands were detected using
enhanced chemiluminescence detection kit (Biological Industries,
Israel). The following primary antibodies were used: anti-MV-P
(ab43820, Abcam, UK), anti-CD46 (ab108307, Abcam, UK), anti-
nectin-4 (AF2659, R&DSystems, USA), anti-flotillin 1 (ab133497,
Abcam, UK), and anti-p-actin (#4970S), anti-caspase-3 (#9665S), anti-
PARP (#9542S) antibodies (all from Cell Signaling Technology, USA).
Secondary antibodies include HRP-conjugated anti-rabbit IgG (#7074S)
and anti-mouse IgG (#7076S) (both from Cell Signaling Technology,
USA), and anti-goat IgG (# RAGO007, Multi Sciences, China). Each ex-
perimental condition was repeated for at least 3 times and re-
presentative blots were presented. ImageJ 1.45S software (National
Institutes of Health, USA) was used to analyze the densitometry of the
blots.
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2.9. In vivo GC tumor model

The animal experiments were approved by the animal ethical
committee of Zhejiang University. Male nude mice aged 3-5 weeks
were purchased and housed under standard conditions in the animal
center of Zhejiang Chinese Medical University, Hangzhou, Zhejiang,
China. GC tumor models were established in mice by subcutaneous
injection of SGC-7901 cell suspensions at 2 x 10° cells in 100 pl PBS in
the right flank.

The tumor dimensions were recorded by vernier caliper, and the
volume was calculated as V = 0.5 x (length X width?). On post-im-
plantation day 7, the average volume reached 50-100 mm?, mice were
randomly divided into two groups, 10 in each group. From this day,
mice from the rMV-Hul91 treatment group received intratumoral in-
jections of 1.4 x 107 (TCID 50) of virus suspension in 100 pl Opti-MEM
6 times on post-implantation days 7, 8, 9, 11, 13 and 15, while the mice
from the mock treated group were injected with equal volume of Opti-

MEM. On post-implantation day 15, 3 mice from each group were sa-
crificed to collect tumor tissues for detection of in situ apoptosis and
virus replication. Proteins were also extracted from fresh tissues and
subjected to Western blotting. The other 7 mice from each group were
housed till day of death or euthanasia. Tumor volumes and weight were
monitored every third day on the first 16 days after tumor implantation,
and daily after day 16, and tumor-bearing mice were euthanized when
over 20% body weight loss occurred, or when tumor diameter exceeded
15 mm.

Tumor tissues were fixed in 4% PFA, embedded in paraffin, sec-
tioned into 4 pm slices (HM-340E, Microm, Germany), and stained by
hematoxylineosin (HE). For immunohistochemistry analysis, sectioned
paraffin-embedded tumor tissues were stained using anti-cleaved cas-
pase 3 antibody (#9664, Cell Signaling Technology, USA) for 60 min at
37 °C. After being rinsed in PBS twice, the slides were incubated with
HRP polymer at 37 °C for 30 min, followed by counterstaining with
hematoxylin for 1 min, rinsing in tap water for 1 min. The slides were
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Fig. 4. The oncolytic effect of rMV-Hu191 required lipid raft integrity prior to infection. (A) Expression of apoptosis markers in BGC-823 and SGC-7901 cells
infected by rMV-Hu191 (MOI = 1) for 48 h with or without MBCD treatment (5 mM, 2 h) prior to infection. (B-C) Cell apoptosis rate in BGC-823 and SGC-7901 cells
infected by rMV-Hu191 for 48 h with or without MBCD treatment prior to infection. (D) MBCD (5 mM, 2 h) was added to cells after 2 h' infection by rMV-Hu191
(MOI = 1), cell apoptosis rate in GC cell lines 48 h after infection. *:P < 0.05, **:P < 0.01, ***:P < 0.001.

observed for color change under light microscope before DAB chro-
mogen was added. Two slides incubated with PBS instead of the pri-
mary antibody were used as the negative control. Sectioned tumor
tissues were stained by In situ Apoptosis Detection Kit (TUNEL, Takara,
Japan) following the manufacturer's instructions to analyze the pre-
sence of apoptotic cells in vivo. Tissue slides were observed and pho-
tographed under light microscope with companion software (Leica,
Germany). For immunofluorescence analysis of MV-P, sectioned tumor
tissues were incubated with anti-MV-P antibody (ab43820, Abcam, UK)
for 30 min at RT, followed by Alexa Fluor 594 conjugated donkey anti-
mouse IgG (H + L) (#1608644, Life Technologies, USA), and then
DAPI (Beyotime, China) in the dark. Slides were photographed using a
Zeiss cLSM780 confocal laser scanning microscope and companion
software.
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2.10. Statistical analysis

Each experiment was repeated at least three times, with 3-5 parallel
repeats, and data were presented as mean *+ SE. Statistical significance
between any two groups was analyzed by Student's t-test in GraphPad
Prism software (v5.0, GraphPad Software, USA). Survival data was
analyzed by the Kaplan-Meier method, and the log-rank test was used to
test for significance between all the groups. P value of < 0.05 was
considered statistically significant. P value of < 0.01 was considered
highly significant.
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Fig. 5. Localization viral particle and CD46 in lipid raft microdomains. (A)
Measles virus P protein (MV-P) is partly localized in lipid rafts domains labelled
with cholera toxin B (CTB) 120 min after infection revealed by immuno-
fluorescence in BGC-823 and SGC-7901 cells. Arrows indicate areas with colo-
calization of the two probes. Scale bar = 2um. (B) CD46 is partly localized in
lipid rafts domains labelled with CTB 120 min after infection revealed by im-
munofluorescence in BGC-823 and SGC-7901 cells. Arrows indicate areas with
colocalization of the two probes. Scale bar = 2 um. (C) BGC-823 and SGC-
7901 cells were solubilized by 0.5% TritonX-100 for 20 min on ice. The dis-
tribution of CD46 and lipid raft marker flotillin 1 in the sucrose gradient
(fractions labelled 1 to 10 from top to bottom) and the insoluble pellet (P) is
shown. Circled area indicates the location of lipid rafts in the density gradient.

2.11. Key resources table

Resource Source Identifier

Antibodies

Alexa Fluor 594 conjugated donkey anti-mouse IgG
anti-caspase-3

anti-CD46

anti-cleaved caspase 3
anti-flotillin 1

anti-goat IgG

anti-measles virus phosphoprotein
anti-mouse IgG

anti-MV-P

anti-nectin-4

anti-PARP

anti-B-actin

HRP-conjugated anti-rabbit IgG
CellLine

BGC-823

SGC-7901

Vero cells

Chemical

crystal violet
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DAPI

fluorescein isothiocyanate
hematoxylin
methyl-B-cyclodextrin
penicillin-streptomycin
phosphate buffered saline
staurosporine

STS

Protein

Alexa Fluor 594 conjugated cholera toxin subunit B
ProteinPeptide

Annexin V

N/A N/A

3. Results
3.1. The oncolytic effect of rMV-Hul91 virus in human GC cells lines

After BGC-823 and SGC-7901 cells were incubated with rMV-
Hul91, binding of virus onto the cells reached saturation within 2h
(Fig. S1A). Thus incubation time of rMV-Hu191 with GC cells was set at
2h in the following experiments to allow viral binding. Furthermore,
rMV-Hul91 replicated in both cell lines, reaching a peak titer at 48 h
after infection in BGC-823 cells, and 72 h in SGC-7901 cells (Fig. S1B).
At 24 h after infection, successful infection was also proved by pre-
sentation of virus particles in the cytosol visualized by MV-P protein
(Fig. S1C), and oncolytic effect could be observed by formation of
syncytia. For cell viability after viral infection (Fig. 1A-B), in both cell
lines, reduction of viability was first observed within 48h after infec-
tion, and the antitumor potency of rMV-Hul91 demonstrated dose and
time dependent manners. Infection of rMV-Hul91 at MOIs of 0.1 and 1
elicited dramatic CPEs in dose and time dependent manners in both
BGC-823 and SGC-7901 cells (Fig. 1C).

3.2. rMV-Hu191 induced caspase-dependent apoptosis in human GC cell
lines

After BGC-823 and SGC-7901 cells were infected with rMV-Hul91
at a MOI of 0.5, the proportion of apoptotic cells was significantly in-
creased in a time-dependent manner (Fig. 2A). In BGC-823 cells, the
apoptotic rate after rMV-Hul91 infection was 3%, 23%, 28% and 43%
at 24, 48, 72 and 96 h respectively; however, the apoptosis rate at the
mock treated group was only 2%. In SGC-7901 cells, the apoptotic rate
after rMV-Hu191 infection was 1%, 6%, 19% and 26% at 24, 48, 72 and
96 h respectively, while the rate was only 1% in mock treated group. To
examine whether apoptosis induced by rMV-Hul91 was a caspase
cascade, the expression of caspase 3 and PARP was examined (Fig. 2B,
for repeated analysis of apoptotic markers by Western blotting, see Fig.
S2). Upon infection with rMV-Hu191, the activation of caspase 3 and
PARP, indicated by the expression of the cleaved forms, was sig-
nificantly increased in time and dose-dependent manners. Moreover,
co-treatment with Z-VAD for 72h suppressed activation of caspase 3
and PARP in both cell lines (Fig. 2C). Densitometry analysis confirmed
highly significant decrease of caspase 3 activation (P < 0.01), and
significant decrease of PARP activation (P < 0.05) in both cell lines
(Fig. 2D). Flow cytometry revealed that the increase in apoptosis was
partially reversed in the presence of Z-VAD (Fig. 2E). In summary, it
was shown that rMV-Hul91 induced caspase-dependent apoptosis in
human GC cells.

3.3. Integrity of lipid rafts was required for rMV-Hul91 viral entry, but not
for binding or replication

Validity of MBCD treatment to impair lipid raft integrity by dissol-
ving cholesterol from the plasma membranes was verified by lack of
flotillin 1 recovered in the buoyant density fractions after solubilization
by non-ionic detergent (Fig. S4). After lipid rafts were disrupted by
MBCD before viral infection, expression of MV-P in cell lysates was
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decreased in both BGC-823 and SGC-7901 cells (Fig. 3A-B). Con-
sistently, titers of viral particles were significantly reduced (Fig. 3C).
However, from titration of the virus-containing culture medium after
2 h’ incubation, the amount of unbound virus remained the same either
with or without MBCD treatment (Fig. 3D). Consistently, the amount of
MV-P recovered in the cell lysates did not vary with or without pre-
treatment of MBCD (Fig. 3E-F). In Fig. 3G, cells were incubated with
virus for 2 h, then cultured for another 4 h. MBCD was added at 6 h after
infection to exercise possible effect on viral replication only. Viral titer
was determined at 8, 12 and 24h after infection. The above data
showed there was no significant difference in viral titers detected at
24 h either with or without MBCD treatment when MBCD was added 6 h
after infection.

3.4. rMV-Hul91-induced apoptosis was dependent on lipid raft integrity
prior to viral binding

MpCD treatment was applied in GC cells either 2h before incuba-
tion with rMV-Hul91, or after 2h’ incubation to allow viral binding.
When lipid raft integrity was impaired by MBCD prior to viral infection,
the expression of apoptotic marker proteins was decreased (Fig. 4A).
Consistently, the ratio of apoptotic cells decreased from 35% to 7% in
BGC-823, and from 22% to 3% in SGC-7901 cells when pre-treated with
MBCD (Fig. 4B-C). On the other hand, if MBCD was administered after
rMV-Hul91 incubation for 2h, allowing sufficient time for viral
binding, the ratio of apoptotic cells was not decreased by lipid raft
disruption in both GC cell lines (Fig. 4D). In fact, the ratio of apoptotic
cells was increased when lipid raft integrity was impaired after viral
binding. Taken together, the data suggested that lipid raft integrity
prior to viral binding was required for rMV-Hu191-induced apoptosis in
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GC cells, while lipid raft disruption after viral binding did not impair
apoptosis induction.

3.5. Viral particles and CD46 were both partially localized in lipid rafts

CTB conjugated to fluorescent probe was used to visualize lipid
rafts. After 2 h’ incubation, MV-P was found to be associated with CTB
in part (Fig. 5A). CD46, a MV receptor expressed in both cell lines, was
also found to be partially colocalized with CTB (Fig. 4B). More fluor-
escent images showing colocalization of MV-P and CD46 with CTB are
shown in Fig. S3. Furthermore, lipid rafts were extracted from homo-
genized cell membrane preparations as detergent-resistant membranes
and were identified by a common lipid raft marker, flotillin 1, which
were mostly recovered in the buoyant density in the solubilized mem-
brane preparations in both BGC-823 (fractions 3-5) and SGC-7901
(fractions 2—-4) cells (Fig. 5C). Consistent with colocalization revealed
by immunofluorescence, a small fraction of CD46 was recovered in the
buoyant density fractions together with flotillin 1 (Fig. 5C). On the
other hand, nectin-4, another membrane MV receptor expressed in GC
cell lines, was not recovered in fractions containing detergent-resistant
membranes (Fig. S5).

IF images also revealed the distribution patterns of MV-P at different
time points of viral infection. In Fig. 3A, at 120 min of viral incubation,
most MV-P were located on the cell surface. However, at 24h (Fig.
S1C), most MV-P were observed in the cytosol.

3.6. Intratumoral administration of rMV-Hu191 induced tumor regression
and apoptosis in GC xenografts

Human GC xenografts were successfully established in nude mice.
The in vivo tumor-suppressive effect of rMV-Hu191 was first detected
on days 10 after tumor implantation, which was 3 days after treatment
(Fig. 6A). The therapeutic efficacy increased over time, resulting in
effective suppression of tumor growth from post-implantation day 10 to
day 16 (Fig. 6A), and most significantly on day 16 after 6 injections
(Fig. 6B). rMV-Hul91 treatment resulted in a significant increase in the
survival rate (Fig. 6C). The median survival of rMV-Hul91 treated
group was 30 days, as compared with 17 days in the mock treated
group. The median survival of rMV-Hul91-treated animals, with a
1.76-fold increase, was significantly longer than that of the mock
treated group (P < 0.01) (Fig. 6C). Moreover, no significant difference
in body weight between the two groups was observed (Fig. 6D). MV-P
protein was detected in the tumor sections treated with rMV-Hul91,
but not in the mock treated group (Fig. 6E). The CPE manifested by
formation of syncytia was detected only in rMV-Hu191-treated tumors
(Fig. 6F, ab). Thus rMV-Hu191 inhibited tumor growth and increased
survival in mice with SGC-7901 GC xenografts. Furthermore, induction
of apoptosis in tumor tissues was confirmed by analysis of both cleaved
caspase 3 expression (Fig. 6F, cd) and in situ apoptosis (Fig. 6F, ef).
Increase of cleaved caspase 3 expression was also confirmed in protein
extracts from tumor tissues and quantitative analysis (Fig. 6G).

4. Discussion

There is a wide variety of oncolytic virus strains under clinical trials,
including MV, HSV, adenovirus, and poliovirus, etc [41]. The MV Ed-
monston B vaccine strain is one the most intensively investigated drug
candidate. MV vaccines have the advantage of being replicative and
disseminating in the tumor tissues to achieve enhanced therapeutic
effects [6,42]. With the same advantage, the Chinese Hul91 strain
derivatives have been proved to be highly safe in the application of
vaccination in China. Our study is the first to show that MV strains
could serve as an oncolytic virotherapy candidate for GC.

From our data, the amount of rMV-Hul91 bound onto the cells
reached saturation level after 2 h. Viral replication and oncolytic effect
could be observed by measuring viral titer and by formation of syncytia
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from 24 h after infection, peaked at 48h after infection, then subdued
perhaps due to decrease of viable cells. Consistently, by IF imaging, the
majority of MV particles was found on the cell surface after 2h’ in-
cubation. However, after 24 h, most viral particles were present in the
cytosol. All suggesting viral binding mostly occurred in the first 2h,
viral entry and replication happened afterwards. The two human GC
cell lines were both susceptible to the cytotoxic effect of rMV-Hul91,
but to different extent. The virus eliminated the BGC-823 cells more
readily, whereas its cytotoxic effect on SGC-7901 cells was exhibited at
later time. The characteristics of each cell line that render differences in
susceptibility are yet to be discovered by molecular profiling.

From our data, rMV-Hu191 viral particles most bound to cell surface
after 2 h’ incubation with colocalization with lipid raft marker CTB, and
were mostly present in the cytosol after 24 h. TCID 50 curves also in-
dicate that most viral replication took place between 6 and 24 h after
initial infection. Lipid raft integrity prior to viral binding was required
for the subsequent production of rMV-Hul91 viral particles, as well as
induction of apoptosis. After disruption of lipid rafts, the amount of
viral particles bound to cells was not decreased, however, decrease in
the amount of virus produced in the cells exhibited after 24 h. By dis-
solving lipid rafts between 6 and 24 h after initial viral infection, when
viral entry had occurred and the viruses were undergoing replication, it
was found that lack of lipid raft integrity did not affect actual viral
replication, thus lipid raft is only important at early stage of viral entry.
In other experiments, we also found that rMV-Hu191 infectivity in BGC-
823 and SGC-7901 cells was inhibited after treatment by chloroquine, a
drug that disrupts the endocytic pathway by increasing the normally
acid pH in subcellular organelles including endosomes and lysosomes
(Fig. S6). Such discovery is consistent with literature reports suggesting
lipid rafts could serve as the platform for virus endocytosis [28]. In-
tracellular assembly of MV may also require lipid rafts [32], however,
our data suggested otherwise since viral replication did not require lipid
raft integrity.

In vivo studies confirmed that intratumoral rMV-Hul91 injection
resulted in a significant reduction in tumor growth, as well as dramatic
enhancement in survival time in mice bearing human SGC-7901 xe-
nografts. No significant toxicity resulting in difference in body weight
was observed between the mock treated group and rMV-Hul91 treated
group. It is known that MV does not grow well in mice due to lack of
expression of viral receptors [43]. Side effect induced by rMV-Hul91
should be evaluated in transgenic mice or squirrel monkeys by future
studies.

Apoptosis is a form of programmed cell death orchestrated by ac-
tivation of caspases and can occur either via mitochondria-mediated
pathway (intrinsic signaling) or via the ligation of the cell death re-
ceptor (extrinsic signaling) [44,45]. The MV vaccine strain Edmonston
B could induce apoptosis [46]. In this study, we found that rMV-Hu191
exhibited significant antitumor effect against GC through induction of
caspase-dependent apoptosis both in vitro and vivo. In rMV-Hul91
infected GC cells, ratio of apoptotic cells was increased, and activation
of caspase 3 and PARP was identified in time and dose dependent
manners. Furthermore, the pan-caspase inhibitor Z-VAD could partially
reverse the induction of apoptotic cell death after rMV-Hu191 infection.
In SGC-7901 xenografts, induction of caspase-dependent apoptosis was
approved by in situ caspase 3 immuno-detection and TUNEL assay.
Same as many other oncolytic virus strains, the capability to induce
caspase-dependent apoptosis seems to be the major mechanism for
rMV-Hul91 to inhibit GC.

Our data suggested that CD46 was localized in the lipid rafts in a
small fraction. In literature reports, whether CD46 is recruited to the
lipid raft domains lack consistency, and seems to be determined by the
nature of the experimental model [29,31,47]. It was reported that ex-
pression of CD46 could be down-regulated following persistent MV
infection [48]. We have also found that the amount of CD46 associated
with lipid rafts was decreased after rMV-Hul91 infection (data not
shown). CD46 might be recruited to the lipid rafts and endocytosed in
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order to facilitate MV viral entry. It should be noted that nectin-4, the
other MV receptor on GC cells, was not localized in lipid rafts, thus viral
entry through lipid raft-independent mechanism could not be excluded.
A lot more details needs to be clarified before the mechanism of rMV-
Hul91 viral entry can be revealed completely.

In conclusion, our findings suggested that recombinant Chinese
Hul91 MV vaccine strain has potent therapeutic efficacy against human
GC both in vivo and in vitro. rMV-Hul91-induced apoptosis in GC cells
is dependent on caspase activation, and requires lipid raft integrity.
Lipid rafts serve as a platform to facilitate entry of rMV-Hul91 into the
GC cells at least in part, and CD46 could be involved. The character-
ization of the underlying mechanism may provide a theoretical basis for
utilizing this attenuated virus as a novel oncolytic agent against human
GC.
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Abbreviations
MV measles virus

GC gastric cancer
rMV-Hul91 recombinant Chinese Hu191

MBCD  methyl-B-cyclodextrin

SFDA state food and drug administration
MV-F measles virus fusion protein

MV-H measles virus haemagglutinin
MV-P measles virus phosphoprotein
MV-N measles virus nucleoprotein

MV-M  measles virus matrix protein

MV-L measles virus RNA polymerase

MV-V and MV-C measles virus two non-structural proteins

SLAM  signaling lymphocyte-activation molecule
CD150 cluster of differentiation 150

CD46 cluster of differentiation 46

ATCC American Type Culture Collection
DMEM  Dulbecco's modified Eagle's medium
TCID 50 tissue culture infective dose

PBS phosphate buffered saline

MOI multiplicity of infection

STS staurosporine

Z-VAD  Z-VAD-FMK

CCK-8  Cell Counting Kit-8

PFA paraformaldehyde

RT room temperature

IF immunofluorescence

CPEs cytopathic effects
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HE hematoxylineosin

PARP poly-ADP-ribose polymerase
FITC fluorescein isothiocyanate
PI propidium iodide

CTB cholera toxin subunit B

CcQ chloroquine
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.canlet.2019.06.010.
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