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ABSTRACT Mammalian reovirus (MRV) strain type 3 Dearing (T3D) is a naturally oc-
curring oncolytic virus that has been developed as a potential cancer therapeutic.
However, MRV treatment cannot be applied to cancer cells expressing low levels of
junctional adhesion molecule A (JAM-A), which is the entry receptor of MRV. In this
study, we developed a reverse genetics system for MRV strain T3D-L, which showed
high oncolytic potency. To modify the cell tropism of MRV, an arginine-glycine-as-
partic acid (RGD) peptide with an affinity to integrin was inserted at the C terminus
or loop structures of the viral cell attachment protein o1. The recombinant RGD o1-
modified viruses induced remarkable cell lysis in human cancer cell lines with mar-
ginal JAM-A expression and in JAM-A knockout cancer cell lines generated by a
CRISPR/Cas9 system. Pretreatment of cells with anti-integrin antibody decreased cell
death caused by the RGD o1-modified virus, suggesting the infection to the cells
was via a specific interaction with integrin aV. By using mouse models, we assessed
virulence of the RGD ¢1-modified viruses in vivo. This system will open new avenues
for the use of genetically modified oncolytic MRV for use as a cancer therapy.

IMPORTANCE Oncolytic viruses kill tumors without affecting normal cells. A variety
of oncolytic viruses are used as cancer therapeutics. Mammalian reovirus (MRV),
which belongs to the genus Orthoreovirus, family Reoviridae, is one such natural on-
colytic virus. The anticancer effects of MRV are being evaluated in clinical trials. Un-
like other oncolytic viruses, MRV has not been genetically modified for use as a can-
cer therapeutic in clinical trials. Here, we used a reverse genetic approach to
introduce an integrin-affinity peptide sequence into the MRV cell attachment protein
ol to alter the natural tropism of the virus. The recombinant viruses were able to in-
fect cancer cell lines expressing very low levels of the MRV entry receptor, junctional
adhesion molecule A (JAM-A), and cause tumor cell death while maintaining its orig-
inal tropism via JAM-A. This is a novel report of a genetically modified oncolytic
MRV by introducing a peptide sequence into o1.
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ncolytic virotherapy is an approach to treat tumors using viruses that replicate in

and kill tumor cells. Viruses belonging to a number of families, including Adeno-
viridae, Herpesviridae, Paramyxoviridae, Parvoviridae, Picornaviridae, Poxviridae, Reoviri-
dae, and Retroviridae have been used to develop cancer therapeutics (1-3). To improve
the cancer therapeutic efficacy and reduce potential toxic effects of oncolytic viruses,
reverse genetics systems have been used to manipulate the viral genome of many
oncolytic viruses. For example, talimogene laherparepvec (or T-VEC, trade name Imly-
gic), an oncolytic herpesvirus, was generated by deleting the viral ICP34.5 and ICP47
genes, which are involved in tumor-specific replication, in addition to inserting GM-CSF
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(granulocyte/macrophage colony-stimulating factor) into the ICP34.5 locus (4). GM-CSF
amplifies antitumor immune responses induced by the virus. Another example is
recombinant adenovirus Tasadenoturev (trade name DNX-2401, formerly known as
AdA24-RGD); in this case, a high-affinity integrin-binding (arginine-glycine-aspartic
acid [RGD]) peptide was introduced into the fiber protein to alter virus tropism (5).
Adenovirus binds to the coxsackievirus adenovirus receptor (CAR) via the cell attach-
ment fiber protein (6). The recombinant adenovirus (harboring an RGD peptide within
the fiber protein) was able to infect endothelial cells and smooth muscle cells, both of
which express low levels of CAR (7).

Mammalian reovirus (MRV; genus Orthoreovirus, family Reoviridae) possesses a 10-
segment double-stranded RNA (dsRNA) genome that is classified according to size: L,
M, and S (8). Three prototypic serotypes of MRV (serotypes 1 [T1], 2 [T2], and 3 [T3])
have been identified by hemagglutination inhibition and neutralization tests (8). Three
MRV strains, type 1 Lang (T1L), type 2 Jones, and type 3 Dearing (T3D), have been
characterized in vitro and in vivo, providing insight into the molecular mechanisms
underlying replication and pathogenesis of this family (8). T3D strains from different
laboratories show different capacities for replication in cell culture, pathogenesis in
vivo, and oncolysis due to nucleotide polymorphisms (9-13). Among the strains, a T3D
strain with oncolysis has been studied for use as a cancer therapeutic. In humans, MRV
infection is normally asymptomatic; however, the T3D strain replicates effectively in
cancer cells in which the Ras signaling pathway is activated, thereby triggering tumor
cell death (14-20). Thus, the effects of oncolytic virotherapy using the wild-type T3D
strain (Pelareorep; trade name Reolysin) have been studied, or are currently being
evaluated in clinical trials (21). Reolysin was granted orphan drug registration by the
U.S. Food and Drug Administration and the European Medicines Agency for treatment
of gastric cancer, ovarian cancer, and pancreatic cancer (22).

Entry of MRV into cells is initiated by the interaction between cell attachment
protein o1 and the host cell surface sialic acid (SA) and junctional adhesion molecule
A (JAM-A) (23-26). The o1 protein, encoded by the S1 gene segment, comprises an
N-terminal tail, body, and C-terminal head domains (27-29). After low-affinity binding
to SA via the body domain, o1 binds to JAM-A via the head domain (25, 26). This
interaction is followed by an internalization of the virion by endocytosis. Proteolytic
disassembly of the outer capsid releases the infectious subvirion particle into the
cytoplasm, where the virus replicates (8). Since JAM-A plays a critical role in MRV entry,
very low/lack of JAM-A expression is a potential barrier to cancer therapy using MRV.
To overcome this problem, previous studies identified mutations in the tail domain of
o1 that confer SA-dependent infection to cells (30, 31). In addition to altering tropism,
the mutation facilitated the introduction of exogenous genes into the C-terminal head
domain of o1, which is required for its binding to JAM-A. By employing the mutation
in the tail domain, replication-competent MRV-expressing iLOV, UnaG, E4orf4, or GM-
CSF in place of the o1 head domain have been generated (32-35). Infection by these
MRVs relies on the expression of SA on the cell surface. Interestingly, reovirus o1 and
the adenovirus fiber protein share structural similarities even though these viruses
belong to different families. Both proteins form homotrimers with a fibrous tail and a
head containing triple B-spiral motifs (28, 36). The receptors for MRV and adenovirus,
JAM-A and CAR, respectively, are immunoglobulin superfamily-like proteins that form
homodimers (37-39). This similarity indicates that genetic modification of o1 may allow
us to modify the cellular tropism of MRV for cancer cells, as demonstrated for recom-
binant adenoviruses encoding genetically modified fiber proteins (5). Introduction of an
RGD peptide into the o1 protein would provide another means to modify tropism of
reovirus; however, generation of reovirus harboring RGD in o1 have not been reported.

Here, we developed an reverse genetics system for highly oncolytic MRV strain T3D
(T3D-L) and then modified its tissue tropism. To expand the utility of MRV as a cancer
therapeutic, we attempted to generate recombinant T3D-L that can infect cancer cells
in a JAM-A-independent manner via cell surface molecules. An integrin aV-binding RGD
peptide was introduced into the cell attachment protein o1 to increase reovirus-
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FIG 1 Comparative analysis of the oncolytic activity of different MRV strains in cancer cell lines. (A) A253, DLD1, and
HCT15 cells were infected with T1L, T3D-D, and T3D-L (MOI = 30 PFU/cell). Cells were then collected and stained
with propidium iodide (PI) prior to flow cytometry analysis. Cell viability was determined by calculating the ratio
of Pl-negative cells to total cells. Each value represents an average from triplicate samples. The error bars indicate
the standard deviation (SD). Representative results from three independent experiments are shown. Significant
differences were determined using two-way ANOVA; ***, P < 0.001. (B and C) Oncolytic activity of T3D-D/T3D-L
monoreassortant viruses in cancer cell lines. DLD1 (B) and HCT15 (C) cells were infected with T3D-D/T3D-L
monoreassortant viruses at an MOI of 10 PFU/cell. The cells were collected 3 days after infection and viability was
measured after Pl staining. Each value represents an average from triplicate samples. The error bars indicate the
standard deviation. Representative results from two independent experiments are shown. Significance differences
were determined by one-way ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

mediated gene transduction into tumors lacking JAM-A. Analysis of several RGD
o1-modified MRVs revealed that they infected and killed reovirus-resistant cancer cells
lacking JAM-A much more efficiently than the wild-type virus. In addition, these
mutants may be useful oncolytic agents that can be used to treat tumors inaccessible
to wild-type reoviruses. The data suggest that genetically modified oncolytic MRV
systems can be used as effective cancer therapeutics.

RESULTS

Oncolytic activity of MRV strains T1L, T3D-D, and T3D-L against human cancer
cell lines. All tested reovirus serotypes show oncolytic activity in tumor cells (40, 41).
Among them, a T3D strain has been evaluated in clinical trials as a potential oncolytic
agent (42-48). Recent studies show that laboratory strains of T3D have different
phenotypes with respect to viral replication and pathogenesis (9-13). Therefore, we
assessed the oncolytic activity of T3D-D (obtained from Terence S. Dermody labora-
tory), T3D-L (obtained from Patrick W. K. Lee), and T1L strains. Human cancer cell lines
A253, DLD1, and HCT15 were infected with T1L, T3D-D, or T3D-L at a multiplicity of
infection (MOI) of 30 PFU/cell and cell viability was monitored for 4 days postinfection.
Oncolysis caused by T3D-L was significantly higher than that caused by T1L or T3D-D
(Fig. TA). These results suggest that T3D-L has stronger oncolytic activity than other
MRYV strains, and that viral gene segment(s) derived from T3D-L play a role in increased
oncolysis. Previously, we developed reverse genetics systems for the T1L and T3D-D
strains (49, 50), but not for the T3D-L strain. First, we sequenced the entire viral genome
of the T3D-L strain. Comparison of this sequence with that of T3D-D revealed 44
nucleotide substitutions in the genome of T3D-L. Importantly, these amino acid sub-
stitutions were observed in only eight of the gene segments (none were found in the
S2 and S3 gene segments) (Table 1). These results suggest that certain amino acids play
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TABLE 1 Nucleotide and amino acid differences between T3D-L and T3D-D

Nucleotide Amino acid
Gene segment
(protein) Position (nt) T3D-D T3D-L Position (aa) T3D-D T3D-L
L1 (A3) 9-14 TTCCAC deletion
1440 G A
2205 A G
2959 A C 979 M L
2973 A G 1045 S R
3159 A C 1048 N S
3167 A G
3237 T G
L2 (A2) 7 A T
1524 G A 504 G E
1538 G C 509 G R
2251 C T
3079 C T
L3 (A1) 1512 T G 500 | S
2347 T C
2569 T 852 Q H
M1 (12) 247 A G
462 A G 150 Q R
635 T C 208 S P
985 G T
1038 G A 342 R Q
1228 T C
1454 C T
1595 G T 528 A S
2284 A G
M2 (1) 248 A C 73 E D
1173 T C
1808 T C
M3 (uNS) 357 T C
556 A G 180 K E
1908 T C
2133 C T 705 A \Y
2139 G A 707 G D
S1 (o) 77 T C 22 \' A
438 C T
504 A G
1234 A G 408 T A
S1 (o1s) 77 T C 3 Y H
S2 (02) 702 @ T
S3 (oNS)@
S4 (03) 74 G A
206 C T
429 T C 133 w R
624 G A 198 G K
625 G A
719 G T 229 E D

aNucleotide substitution was not observed in the S3 gene segment.

a critical role in the higher oncolytic activity of T3D-L, and that the S2 and S3 gene
segments are unlikely to be involved. We also compared whole-genome sequence of
T3D-L with that of Reolysin, which is a derivative of T3D-L and is being evaluated in
clinical trials (51). Sequencing results revealed seven nucleotide substitutions between
strain T3D-L and Reolysin; only one of these nucleotide substitutions is a nonsynony-
mous change (Table 2). To construct rescue plasmids for generation of recombinant
strain T3D-L (rsT3D-L), each of the 10 gene segment cDNAs derived from T3D-L were
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TABLE 2 Nucleotide and amino acid differences between T3D-L and Reolysin

Nucleotide Amino acid
Gene segment
(protein) Position (nt) Reolysin T3D-L Position (aa) Reolysin T3D-L
L1 (A3) 3071 A T 1018 Q L
L2 (A2)@
L3 (A1)
M1 (u2) 247 A G
2284 A G
M2 (u1) 1808 T C
M3 (uNS) 357 T C
1908 T C
S1 (o1)@
S1 (o1s)@
S2 (02) 1306 A C
S3 (oNS)@
S4 (o3)?

aNucleotide substitution was not observed in the L2, L3, S1, S3, nor S4 gene segments.

flanked by the T7 promoter and hepatitis delta virus (HDV) ribozyme sequences (49). To
identify the viral gene segment(s) responsible for the increased oncolysis demonstrated
by strain T3D-L, we generated monoreassortant viruses by introducing one gene
segment from strain T3D-L into the genetic background of strain T3D-D (rsT3D-D/L-L1,
-L2, -L3, -M1, -M2, -M3, -S1, -52, and -S4), and then infected DLD1 and HCT15 cancer cell
lines with either T3D-D or monoreassortant viruses. We then examined cell viability at
3 or 4 days postinfection. Among the monoreassortant viruses tested, rsT3D-D/L-S2
showed higher oncolytic activity than rsT3D-D in HCT15 cells, and rsT3D-D/L-54 showed
increased oncolytic activity in DLD1 and HCT15 cells (Fig. 1B and C). Collectively, these
data suggest that S4 gene segment plays a role in highly oncolysis by T3D-L in both
cancer cell lines.

Generation of rsT3D-L from cloned viral cDNAs. Since oncolysis by the T3D-D-
based monoreassortant viruses was not as high as that by the T3D-L strain, we
generated a complete rsT3D-L using the cDNAs derived from the T3D-L strain. The
rsT3D-L was recovered by transfection of 10 rescue plasmids, each coding 10 gene
segments of the T3D-L in L929 cells infected with vaccinia virus rDls-T7pol expressing
T7 RNA polymerase. To confirm whether rsT3D-L viruses have the same phenotype as
wild-type T3D-L, we infected human cancer cell lines A253, DLD1, and HCT15 with
either wild-type or recombinant virus. We then monitored cell viability for 3 or 4 days
postinfection. We found that the oncolytic activity of rsT3D-L in these three tumor cell
lines was similar to that of native T3D-L (Fig. 2A). These data suggest that rsT3D-L
retains the oncolytic activity of the parent strain (T3D-L) in vitro. Next, we examined the
oncolytic activity of native T3D-L and rsT3D-L in vivo. A253 cells were subcutaneously
transplanted into BALB/cAJcl-nu nude mice, followed by intratumoral injection of either
T3D-L or rsT3D-L (5 X 107 PFU). Injections were repeated every 2 to 3 days, and changes
in tumor size were monitored for 3 weeks. The results showed that tumors injected with
either T3D-L or rsT3D-L did not grow, although mock-injected tumor cells did (Fig. 2B
and C). These results indicate that the oncolytic activity of rsT3D-L is indistinguishable
from that of native T3D-L in a mouse xenograft model. To identify which viral gene
segment(s) is irrelevant to increased oncolysis by T3D-L, we generated monoreas-
sortant viruses on the genetic background of strain T3D-L. rsT3D-L/D-L1, -L3, -M1, and
-M2 showed reduced oncolytic activity in DLD1 cells, and rsT3D-L/D-L3, -M1, -M2, and
-S4 showed reduced oncolytic activity in HCT15 cells, indicating that the L1, L3, M1, M2,
and S4 gene segments play a role in the reduced oncolytic activity of T3D-D (Fig. 2D
and E). Taken together, the results suggest that replacement of a single gene does not
fully explain differences between the oncolytic activity of T3D-L and T3D-D, implying
that a combination of several gene segments is critical for oncolytic activity.

Generation of RGD o1-modifed viruses showing altered cell tropism. MRVs use
JAM-A as an entry receptor. An interaction between cell attachment protein o1 and
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FIG 2 Reverse genetics approach for T3D-L. (A) Oncolytic activity of T3D-L and rsT3D-L in A253, DLD1 and HCT15 cells. Cells were
infected with viruses at an MOI of 10 PFU/cell for A253 and 30 PFU/cell for DLD1 and HCT15, then collected and stained with
propidium iodide (Pl), and subjected to flow cytometry analysis. Cell viability was determined by calculating the ratio of Pl-negative
cells to total cells. Each value represents an average from triplicate samples. The error bars indicate the standard deviation.
Representative results from three independent experiments are shown. (B) Oncolytic activity of T3D-L and rsT3D-L in a mouse
xenograft model. A253 cells were transplanted into 4-week-old BALB/cAJcl-nu nude mice. After tumors developed, mice received an
intratumoral injection of T3D-L (n = 6), rsT3D-L (n = 6), or the same volume of DMEM (n = 6), every 2 to 3 days. Tumor growth was
monitored for 23 days. Each value represents the average volume (six tumors). (C) Representative images showing tumor size at
14 days. (D and E) Oncolytic activity of T3D-L/T3D-D monoreassortant viruses in cancer cell lines. DLD1 (D) and HCT15 (E) cells were
infected with T3D-L/T3D-D monoreassortant viruses at an MOI of 10 PFU/cell. The cells were collected 3 days after infection. Cell
viability was determined by PI staining. Each value represents an average from triplicate samples. The error bars indicate the standard
deviation. Representative results from two independent experiments are shown. The significance of differences was determined by
one-way ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

JAM-A is required for MRV entry (25). While MRVs exhibit oncolytic activity in various
cancer cell lines, some cell lines (including human glioblastoma U118MG) are resistant
because they express low levels of JAM-A; thus, receptor-dependent MRV infection
limits its clinical application as an oncolytic MRV (30, 52). Therefore, to increase the
infection efficiency of MRV in tumor cell lines lacking JAM-A, we attempted to use a
reverse genetics approach to generate a recombinant T3D-L reovirus with altered cell
tropism and high oncolytic capacity. Reovirus o1 protein forms a homotrimer with
head-and-tail morphology. The crystal structure of the o1 protein shows that the
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C-terminal globular head domain contains a receptor-binding domain comprising a
Greek key motif composed of eight B-sheets and loop structures (28). To generate cell
tropism-modified MRVs, we introduced an RGD motif, which binds integrins expressed
on the cell surface, into the o1 protein (53). Based on a previous study that reported the
generation of recombinant viruses harboring an exogenous peptide sequence in the C
terminus of o1 (54), we introduced the RGD sequence into the C terminus of o1 to
yield RGD-Cterm virus (Fig. 3A and B). In addition, we attempted to introduce the RGD
peptide into the loop regions that connect B-sheet structures to avoid disrupting the
native structure of 1. The RGD peptide was inserted within either of four candidate
loops: the AB, CD, EF, or GH loops, exposed to the surface of the head domain, to yield
RGD-AB, RGD-CD, RGD-EF, and RGD-GH viruses, respectively (Fig. 3A and B). Gel
electrophoresis revealed that ST gene segments purified from RGD viruses migrated
more slowly than those from rsT3D-L due to addition of the RGD peptide (Fig. 3C). The
nucleotide sequence of the S1 gene segment of the RGD viruses was confirmed by
direct sequencing. Next, we compared the growth kinetics of RGD o1-modified viruses
with those of rsT3D-L in L929 cells. Replication of RGD viruses was comparable with that
of rsT3D-L (Fig. 3D), suggesting that insertion of the RGD peptide into the loops or C
terminus of o1 does not disrupt propagation of the modified viruses. We were
concerned that addition of an RGD motif might increase virulence in vivo by inducing
nonspecific infection; therefore, we assessed the virulence of the RGD o-1-modified virus
in newborn and adult mice. Newborn mice were orally inoculated with rsT3D-L,
RGD-AB, or RGD-EF and monitored for survival (Fig. 3E). Mice infected with rsT3D-L
succumbed to infection and all the mice died 15 days postinfection. In contrast, both
RGD-AB (mortality 66.7%) and RGD-EF (mortality 25%) showed attenuated pathogenic-
ity in newborn mice (Fig. 3E). Adult mice infected intranasally with rsT3D-L, RGD-AB, or
RGD-EF showed no sign of illness, although they gained weight more slowly than
uninfected mice (Fig. 3F). There were, however, no significant differences in body
weight between mice infected with rsT3D-L and RGD-AB or RGD-EF. Both the experi-
mental infections of RGD viruses in newborn and adult mice indicate that insertion of
the RGD peptide did not increase pathogenicity, but rather caused it to be attenuated.

Generation of cancer cell lines lacking expression of JAM-A. To assess oncolytic
activity of RGD o1 modified viruses in cancer cell lines lacking JAM-A, we generated
JAM-A knockout (KO) cell lines (DLD1 JAM-A-KO and HCT15 JAM-A-KO) using the
CRISPR/Cas9 system (55). Nucleotide deletions within the JAM-A coding region were
confirmed by DNA sequencing. KO of JAM-A in established DLD1 JAM-A-KO and HCT15
JAM-A-KO cell lines was confirmed by immunoblotting with mouse antiserum against
JAM-A. The antiserum recognized JAM-A expressed by 293T cells (Fig. 4A). Western
blotting with anti-JAM-A antibody did not detect expression of JAM-A in lysates of
DLD1 JAM-A-KO and HCT15 JAM-A-KO cells, and no cell surface JAM-A protein was
detected by flow cytometry (Fig. 4B to D). These data demonstrate that both DLD1
JAM-A-KO and HCT15 JAM-A-KO cell lines lack functional expression of JAM-A on the
cell surface.

Oncolytic activity of RGD o1-modified viruses in cancer cell lines lacking
JAM-A. Next, we used the JAM-A-KO cell lines to examine the oncolytic activity of RGD
o1-modified viruses. We found that rsT3D-L, RGD-AB, and RGD-EF showed effective
oncolytic activity in wild-type DLD1 and HCT15 cells (Fig. 5A). RGD-CD, RGD-GH, and
RGD-Cterm viruses showed lower oncolytic activity than rsT3D-L in DLD1 cells, and
RGD-CD and RGD-GH viruses showed impaired oncolytic activity in HCT15 cells, sug-
gesting that insertion of the RGD motif into the CD and GH loops had negative effects
on oncolytic activity (Fig. 5A). Taken together, the data showed that RGD o1-modified
viruses (except RGD-CD and RGD-GH) retain RGD sequence activity and possess a
functional o1 protein. DLD1 JAM-A-KO and HCT15 JAM-A-KO cells were completely
resistant to infection by rsT3D-L, indicating that JAM-A is a critical virus entry factor for
wild-type T3D (Fig. 5B). In contrast, RGD-AB, RGD-EF, RGD-GH, and RGD-Cterm showed
higher oncolytic activity than rsT3D-L in DLD1 JAM-A-KO cells. Although RGD-AB,
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of o1. (A) Schematics of the plasmids used to generate RGD o1-modified viruses. The ORFs of the o1 and o1s proteins are shown as
blue boxes (top). Each number indicates a nucleotide position. The eight B-sheet structures (A to H) are indicated by arrows. The RGD
peptide sequence is represented by the white boxes. (B) Structure of the monomeric head domain of o1 (PDB code 3EQY). The eight
B-sheet structures are colored as in Fig. 3A. The RGD peptide insertion sites are represented by white circles (left panel). The amino
acids contacting JAM-A (distance cutoff 4 A) are orange (right panel). (C) Electrophoretic analysis of RGD ¢1-modified viruses. Viral
dsRNA was extracted from virions and separated by SDS-PAGE, followed by ethidium bromide staining. The different gene segments
are indicated. (D) Growth kinetics of RGD o'1-modified viruses in L929 cells. Cells were infected with viruses at an MOI of 0.01 PFU/cell.
Samples were collected every day. The virus titer in the cell lysate was determined in a plaque assay. Each value represents an average
from triplicate samples. The error bars indicate the standard deviation. Representative results from two independent experiments are
shown. (E) Survival curves of newborn mice after infection with RGD viruses. Two-day-old mice (n = 12 per group) were orally
inoculated with 1.0 X 103 PFU of rsT3D-L, RGD-AB, or RGD-EF viruses. Mice were monitored for 21 days postinoculation. (F) Body
weight changes in adult mice infected with RGD viruses. Four-week-old ICR mice were infected intranasally with rsT3D-L (n = 5),
RGD-AB (n = 4), RGD-EF (n = 4), or DMEM (n = 5), and changes in body weight were monitored for 15 days. Each value represents an
average score. The error bars indicate the standard deviation. Significant differences at 14 days postinoculation were determined using
two-way ANOVA; ns, not significant. The experiment was repeated twice.
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FIG 4 Generation of JAM-A knockout cell lines. (A) Detection of JAM-A protein expression using mouse
antiserum. Human 293T cells were transfected with pCXN2-JAM-A-FLAG and pCXN2-JAM-A. The cells
were lysed with RIPA buffer and the lysates were centrifuged to remove cell debris. Proteins were
separated by SDS-PAGE, followed by immunoblotting with antiserum against JAM-A and antibodies
specific for FLAG and B-actin. The molecular weights of the proteins are shown in kilodaltons (kDa). (B)
Expression of JAM-A in JAM-A-KO cell lines. Cells were lysed with RIPA buffer and centrifuged to remove
cell debris. Proteins were separated by SDS-PAGE, followed by immunoblotting with antiserum against
JAM-A and with an anti-B-actin antibody. The molecular weights of the proteins are indicated in kDa. (C
and D) Cell-surface expression of JAM-A by wild-type and JAM-A-KO cell lines. DLD1 (C) and HCT15 (D)
cells were collected in a nonenzymatic solution and then stained with mouse antiserum against JAM-A
and an Alexa488-conjugated secondary antibody, followed by flow cytometry analysis.

RGD-EF, RGD-GH, and RGD-Cterm killed HCT15 JAM-A-KO cells, oncolytic activity was
weaker than that against DLD1 JAM-A-KO cells. Notably, the RGD-EF virus showed the
highest oncolytic activity in both DLD1 JAM-A-KO and HCT15 JAM-A-KO cells (Fig. 5B).
To confirm whether RGD o1-modified viruses infect cells in an integrin-dependent
manner, we infected wild-type DLD1 and DLD1 JAM-A-KO cells with rsT3D-L, RGD-AB,
or RGD-EF viruses following treatment with an antibody specific for integrin aVp5.
Infectivity of rsT3D-L, RGD-AB, and RGD-EF did not decrease in wild-type DLD1 cells in
the presence of the anti-integrin VB35 antibody (Fig. 5C). However, virus infectivity of
RGD-AB and RGD-EF did fall in DLD1 JAM-A-KO cells in the presence of the anti-integrin
aVB5 antibody, and the effect was dose-dependent (Fig. 5D and E). These data show
that treatment with an anti-integrin «VB5 antibody is effective against infectivity of
RGD viruses in DLD1 JAM-A-KO cells. Furthermore, we assessed whether treatment with
an antibody specific for integrin «VB5 inhibits oncolytic activity of the RGD-AB and
RGD-EF viruses. Oncolysis of DLD1 JAM-A-KO cells treated with the antibody was less
evident than that in mock-treated cells (Fig. 5F). These data suggest the RGD peptide
sequence allows viruses to infect cells in a JAM-A-independent manner.

Oncolytic activity of RGD o1-modified viruses harboring multiple RGD se-
quences. To test whether insertion of multiple RGD motifs into RGD o1-modified
viruses leads to a synergistic increase in JAM-A-independent infectivity, we gener-
ated RGD-Cterm viruses harboring an additional RGD motif in the AB, EF, and GH
loops (RGD-AB/Cterm, RGD-EF/Cterm, and RGD-GH/Cterm viruses, respectively) (Fig.
6A). Electrophoretic analysis of viral dsSRNA genomes demonstrated that the S1

December 2020 Volume 94 Issue 23 e01703-20

Journal of Virology

jviasm.org 9


https://jvi.asm.org

Kawagishi et al.

DLD1 Wild-type HCT15 Wild-type DLD1 JAM-A-KO HCT15 JAM-A-KO
*
100+ _ ¥ 100~ % 1004 _ ns 100- ns
- : ™ * = * ¥
7 —_ — — *
X 801 & 804 X 80 $ X 80 * 3
> > > 4 >
£’ 601 rx = 601 % = 604 * £ 60- .
3 i3 X 3 $ 3 ]
S 40 ns| [ns 8 404 S 40 S 404
= 40 s 40 5 40 B 40
T 4. T 90l | o 1S ns T o0l T 0l
IS) 20 H o 20 “ * o 20 § 5] 20
Yo mauwze o-:c-lmol:-l:cg O-Z-Icuoi:-lj:g Y s S maowze
éo'i((,)‘-'r'wa éo‘ﬁtqwoa éo'ﬁfﬂ,)‘-'ﬂwq“, éo'ﬁ((?“.-'@q“,
[l aYaYaNa¥s [ aYaYaNa¥s! [l aYayaNa¥s [l aYayaWals
b0E0@ R bOo0@ R 00002 000
SryxgyQ SryxgyQ SryxyQ SryxgyQ
0] (0] o 0]
x x x ©
DLD1 Wild-type DLD1 Wild-type DLD1 Wild-type DLD1 JAM-A-KO
+rsT3D-L +RGD-AB +RGD-EF +RGD-EF
50~ 601 50 50-
© ns ® ns © o
8 40 3 8 40 e § 40
279 29 401 2739 295 "
2 £ 30 28 2 g 30 > O 307 )
g2 ER TR S Q
— oy —_— —_— oy Y ol
2 101 ° 2 101 o 107 - i
i i oA
E ¥ 9 0 T ¥ 9 0 T 0¥ 9 0 05 5 50
] <] o e} o <] a-Integrin antibod /ml
g S % g 2 % g S >tj g y (Mg/ml)
2 £ 8 £ g £
- ) - (o)) - j=
] 2 ] 2 ] L
z = =z < =z =
S S S
DLD1 JAM-A-KO DLD1 JAM-A-KO DLD1 JAM-A-KO DLD1 JAM-A-KO
+RGD-AB +RGD-EF +RGD-AB +RGD-EF
251 __ 304 100+ 1004
1] 0 P * =
3 = 3 = o = = %
20 20 204 > >
S 9 15 S e 2 = 60 £ 60
= o * 2o o) a
O O Q O © o]
O = O = = _ = 4
€ .E 107 € £ 10l % > 40 S 40
-5 -5 0 2 8 2
5 : J
3 3 © ©
0- 0- 0- 0

Mock
Mock
Mock
Mock

- -
c c
7} o
£ E
= =]
© [
19} )
o 2
= =]
e} o
=z =z

No treatment
a-Integrin-aVR5
No treatment
a-Integrin-aVR5
a-Integrin-aVR5
a-Integrin-aVR5

FIG 5 Integrin-dependent oncolysis of JAM-A knockout cell lines by RGD o1-modified viruses. (A and B) Oncolytic activity of RGD
o1-modified viruses in cell lines. Wild-type (A) and JAM-A-KO (B) cells were infected with wild-type and RGD o1-modified viruses at
an MOI of 10 PFU/cell. Cells were collected every 24 h and cell viability was measured by propidium iodide staining. Each value
represents an average from triplicate samples. The error bars indicate the standard deviation. Representative results from three
independent experiments are shown. Significant differences were determined using one-way ANOVA; *, P < 0.05; ***, P < 0.0001; ns,
not significant. (C and D) Infection of cancer cells by RGD o1-modified viruses following treatment with anti-integrin antibodies.
Wild-type DLD1 (C) and DLD1 JAM-A-KO (D) cells were incubated at 37°C for 1 h with an anti-integrin V5 antibody (P1F6) or an
anti-FLAG antibody and then infected for 16 h with rsT3D-L, RGD-AB, or RGD-EF at an MOI of 50 PFU/cell. Infectivity was analyzed by
indirect immunofluorescence analysis using an anti-T3D antibody. Infectivity was calculated as the ratio of infected cells to the total
number of cells. The results are expressed as the mean score for four independent fields of view. The error bars indicate the standard
deviation. Representative results from two independent experiments are shown. Significant differences were determined using
Student’s t test; *, P < 0.05; **, P < 0.001; ns, not significant. (E) Infection of JAM-A-KO cells by RGD-EF following treatment with
different concentrations of an anti-integrin antibody. DLD1 JAM-A-KO cells were incubated at 37°C for 1 h with an anti-integrin aVB5
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gene segment of RGD-AB/Cterm, RGD-EF/Cterm, and RGD-GH/Cterm migrated more
slowly than that of RGD-Cterm (Fig. 6B). Next, we assessed replication of RGD
o1-modified viruses harboring multiple RGD sequences. Interestingly, replication of
RGD-AB/Cterm and RGD-EF/Cterm was lower than that of RGD-AB and RGD-EF,
respectively (Fig. 6C). In addition, replication of RGD-GH/Cterm was lower than that
of RGD-GH, although the difference was not statistically significant (Fig. 6C). These
data suggest that insertion of multiple RGD sequences affects replication of the
viruses. Next, we compared the oncolytic activity of the viruses in wild-type DLD1
cells. Oncolytic activity of recombinant viruses harboring multiple RGD sequences
(RGD-AB/Cterm, RGD-EF/Cterm, and RGD-GH/Cterm) was lower than that of viruses
harboring a single RGD sequence (RGD-AB, RGD-EF, and RGD-GH, respectively) (Fig.
6D). The oncolytic activity of these viruses was investigated in DLD1 JAM-A-KO and
HCT15 JAM-A-KO cells. Oncolytic activity of RGD-AB/Cterm was higher than that of
RGD-AB in both cell lines (Fig. 6E). In contrast, oncolytic activity of RGD-EF/Cterm
was lower than that of RGD-EF in both cell lines (Fig. 6E). Although oncolytic activity
of RGD-GH/Cterm was similar to that of RGD-GH in DLD1 JAM-A-KO cells, it was less
than that of RGD-GH in HCT15 JAM-A-KO cells (Fig. 6E). The results demonstrate that
inserting multiple RGD motifs into o1-modified viruses affects viral replication and
alters the ability of MRV to infect tumor cells lacking JAM-A; these effects appear to
be dependent on the insertion sites within the exposed loops of the o1 protein.

Oncolytic activity of RGD o1-modified viruses in cancer cell lines expressing
low levels of JAM-A. To explore the ability of RGD viruses to act as oncolytic agents
under natural conditions, we tested them against human cancer cells expressing low
levels of JAM-A. We screened cancer cell lines to identify those with lower JAM-A
transcription levels than the DLD1 and HCT15 cell lines. Four cell lines, HS578T,
LOX-IMVI, SF539, and U118MG, were identified (Fig. 7A). All four cell lines express
marginal levels of JAM-A on the cell surface (Fig. 7B). However, these cell lines showed
similar expression of mRNA encoding integrins «V, 83, and 35, raising the possibility
that RGD o1-modified viruses would infect these cell lines more efficiently than rsT3D-L
(Fig. 7C). We confirmed that these cell lines express integrins «VB3 and aVB5 on the cell
surface (Fig. 7D). Therefore, we infected these cell lines with RGD viruses and measured
cell viability. As expected, the cells were resistant to infection by rsT3D-L. However, the
cells were killed by the RGD o1-modified viruses. The RGD-EF virus showed highest
oncolytic activity, which was comparable with that in JAM-A KO cells (Fig. 7E). These
data suggest that RGD o1-modified viruses are effective against human cancer cells
showing low JAM-A expression.

DISCUSSION

Oncolytic MRV Reolysin has been exploited for use as a cancer therapeutic in
combination with chemotherapy. Although Reolysin increased overall survival for
breast cancer, it did not improve progression-free survival in phase Il clinical trials for
several cancers performed in the US and Canada (56-59). Alternative treatment
strategies are required as a cancer therapeutic. Since the establishment of a plasmid-
based reverse genetics system, the efforts have been taken to improve oncolytic
activity of T3D by gene modification (49, 60, 61). Currently, major progress in improving
the oncolytic effect of T3D as a cancer therapeutic relies on the identification of

FIG 5 Legend (Continued)

antibody (P1F6) or an anti-FLAG antibody, and then infected for 16 h with RGD-EF at an MOI of 50 PFU/cell. Infectivity was analyzed
by indirect immunofluorescence analysis using an anti-T3D antibody. Infectivity was calculated as the ratio of infected cells to the total
number of cells. The results are expressed as the mean score for four independent fields of view. The error bars indicate the standard
deviation. Representative results from two independent experiments are shown. Significant differences were determined using
one-way ANOVA; ***, P < 0.0001. (F) Oncolysis of RGD ¢'1-modified viruses following treatment with an anti-integrin antibody. DLD1
JAM-A-KO cells were incubated at 37°C for 1 h with an anti-integrin «VB5 antibody (P1F6) or an anti-FLAG antibody, and then infected
for 16 h with RGD-AB or RGD-EF at an MOI of 50 PFU/cell. Cell viability was measured by propidium iodide staining. Each value
represents an average from triplicate samples. The error bars indicate the standard deviation. Representative results from two
independent experiments are shown. Significant differences were determined using Student’s t test; ***, P < 0.0001.
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FIG 6 Generation and in vitro characterization of viruses harboring multiple RGD sequences. (A) Schematic
presentation of the C-terminal head domain of o1 and the plasmids used to recover RGD o1-modified
viruses. The ORFs of the o1 and a1s proteins are denoted by blue boxes (top). Each number indicates a
nucleotide position. The eight B-sheet structures (A to H) are indicated by arrows (colors are the same as
in Fig. 3A). The RGD peptide sequence is denoted by white boxes. (B) Electrophoretic analysis of viruses
harboring multiple RGD sequences. Viral dsRNA was extracted from virions, separated by SDS-PAGE, and
stained with ethidium bromide. The electrophoretic patterns of rsT3D-L and RGD-Cterm are shown for
reference. Gene segments are indicated. (C) Replication of viruses harboring multiple RGD sequences in
L929 cells. Cells were infected with viruses at an MOI of 0.01 PFU/cell. Samples were collected 72 h
postinfection. The virus titer in the cell lysate was determined in a plaque assay. Each value represents an
average from triplicate samples. The error bars indicate the standard deviation. Significant differences were
determined using Student’s t test; *, P < 0.05; ***, P < 0.0001; ns, not significant. (D and E) In vitro oncolytic
activity of the viruses. Wild-type DLD1 (D) and DLD1 JAM-A-KO and HCT15 JAM-A-KO cells (E) were infected
with each virus at an MOI of 10 PFU/cell or mock-infected with DMEM. Cell viability was determined in a
WST1 colorimetric assay. Cell viability is shown as a score relative to that of mock samples. Each value
represents an average from triplicate samples. The error bars indicate the standard deviation. Represen-
tative results from two independent experiments are shown. Significant differences were determined using
Student’s t test; *, P < 0.05; **, P < 0.001; ***, P < 0.0001; ns, not significant.
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FIG 7 Characterization of viruses harboring RGD sequence using cancer cell lines expressing low levels of JAM-A. (A and
C) Transcription of JAM-A, ITGAV, ITGB3, and ITGB5 in cancer cell lines. mRNA was extracted from cells and levels were
measured by quantitative reverse transcription-PCR (RT-qPCR). Each value represents an average from triplicate samples.
The error bars indicate the standard deviation. Representative results from two independent experiments are shown. (B
and D) Cell surface expression of JAM-A, integrin aVB3, and integrin aVB5 by cancer cell lines. Cancer cell lines were
collected in a nonenzymatic solution and then stained with mouse antiserum against JAM-A (B) or with an anti-integrin
aVB3 (LM609) or an anti-integrin «V B35 antibody (P1F6) (D), followed by an Alexa 488-conjugated secondary antibody. Cells
were then subjected to flow cytometry analysis. (E) Human cancer cells were infected with each virus at an MOI of 10
PFU/cell. Cell viability was determined by propidium iodide staining. Each value represents an average from triplicate
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mutations in the o1 tail domain that confer SA-dependent infection (30-35). While
viruses with the mutation can infect cancer cells with marginal expression levels of
JAM-A, the viruses lost their original ability to effect JAM-A-dependent infection. As a
different strategy to kill cancer cells with marginal expression levels of JAM-A, we
generated recombinant viruses expressing an RGD motif within the cell attachment
protein o1, which enabled the reovirus to infect cell lines in an integrin-dependent
manner. We selected the C-terminal region and four loop structures as insertion sites
for the RGD peptide sequence (Fig. 3). While recombinant virus expressing small
peptides (histidine and hemagglutinin) in the C-terminal end of o1 have been recov-
ered (54), the C-terminal end of o1 contains amino acids required for binding to JAM-A
(26). Thus, we were concerned that insertion of an RGD sequence into the C terminus
of o1 would inhibit viral replication of RGD-Cterm. However, RGD-Cterm replicated
efficiently and showed oncolytic activity in both wild-type and JAM-A KO cancer cells
and other cancer cells with marginal expression levels of JAM-A (Fig. 3, Fig. 5, and Fig.
7). This suggests that insertion of an RGD sequence at the C terminus did not interrupt
entry of virus into cells. Interestingly, only RGD-CD significantly lost oncolytic activity in
tumor cells (Fig. 5). Since the CD loop structure is located between the AB and EF loops
in the tertiary structure of o1 (Fig. 3), insertion of the RGD sequence may disrupt the
structure of the a1 protein. These data suggest that the spatial arrangement between
the RGD sequence and the integrin is critical for efficient infection. So far, only the C
terminus position has been reported as a site of foreign peptide insertion in the head
domain of o1 protein (54). In this study, it was initially shown that the loop regions of
the o1 head domain can accommodate exogenous peptides without affecting virus
infectivity. Moreover, we revealed the possibility that two different peptides could be
inserted simultaneously. We successfully infected JAM-A KO cancer cells with RGD
viruses. However, the entry mechanism is unclear. A previous study demonstrated that
the outer capsid protein A2, which serves as the structural base for o1, contains an RGD
sequence, and that B1 integrin is required for entry after attachment (62). Thus, the
RGD sequence in a1 may interact with integrins, bypassing the interaction between o1
and JAM-A. Future studies should focus on the molecular mechanism underlying
JAM-A-independent entry.

As it was of concern that addition of RGD peptide might increase the virulence of
T3D-L due to excessive dissemination of virus, attenuated virulence of RGD-AB and
RGD-EF was not expected. Interestingly, there were difference in the virulence between
RGD-AB and RGD-EF, although the replication and infectivity of these two RGD viruses
were similar in in vitro experiments. One of the hypotheses to explain the attenuated
virulence of RGD viruses is that viruses become adhered to miscellaneous cells which
do not support virus replication. Although the MRVs are low-pathogenicity viruses, vast
amounts of oncolytic MRVs could be inoculated in clinical settings, such that the
virulence of the virus is an important factor along with oncolytic activity. Further
investigations of virus virulence with higher virus titers and various inoculation routes
will be continued.

We obtained the whole-genome sequence of T3D-L (the original strain of Reolysin)
and identified viral gene segments essential for effective oncolysis, noting that the
T3D-L and T3D-D strains differ with respect to 21 amino acids within the L1, L2, L3, M1,
M2, M3, S1, and S4 gene segments (Table 1). These amino acid differences are exactly
the same as the results recently shown by Mohamed et al. (12). The T3D-L and Reolysin
strains differed by one amino acid (Table 2) (51, 63). These data confirm that T3D-L is
genetically similar to strain Reolysin, and that the identified amino acid differences
contribute to the higher oncolytic activity of T3D-L. While we genetically modified
strain T3D-L in this study, recombinant viruses with a sequence identical to that of

FIG 7 Legend (Continued)

samples. The error bars indicate the standard deviation. Representative results from two independent experiments are

shown. Significant differences were determined using one-way ANOVA; ***, P < 0.0001.

December 2020 Volume 94 Issue 23 e01703-20

Journal of Virology

jviasm.org 14


https://jvi.asm.org

JAM-A-Independent Infection by Recombinant Reovirus

Reolysin can be generated by introducing seven nucleotide mutations into the T3D-L
strain.

In this study, we also compared oncolysis of tumor cells by monoreassortant of
T3D-L and T3D-D viruses and found that segments L1 (coding A3), L3 (A1), M1 (n2), M2
(1), and S4 (03) contributed to increased oncolytic activity of T3D-L (Fig. 1 and Fig. 2).
Among the gene segments, L3, M1, and S4 gene segments have been reported to be
involved in large, plaque-sized T3D-L (12). Mohamed et al. showed that T3D-L forms
larger plaques than T3D-D in murine and human cancer cells. They demonstrated that
L3, M1, and S4 gene segments independently contributed to a higher mRNA transcrip-
tion of T3D-L than T3D-D, which leads to the rapid replication of T3D-L (13). While we
used different cancer cells, the rapid replication of T3D-L can be raised as one of the
mechanisms underlying efficient cell death caused by T3D-L. In addition to these three
gene segments, we obtained L1 and M2 gene segments as determinants of T3D-L
oncolysis. Since the L1 gene segment encodes the RNA-dependent RNA polymerase
(RdRp) A3 (64-66), it is tempting to speculate that differences in RdRp activity also
contributed to the efficient replication of T3D-L. Regarding the M2 gene segments,
previous studies have demonstrated the M2 gene segment plays an important role in
the ability of MRV strains to induce apoptosis (9, 67). Since it was reported that the
transformation of Ras increased reovirus-induced apoptosis in cancer cells (68), differ-
ences in the induction of apoptosis could be another mechanism for the efficient
oncolysis by T3D-L.

In the context of oncolytic virotherapy, the reverse genetics system has facilitated
tumor-selective virus replication, induction of antitumor immunity, and induction of
immunostimulatory cytokines. The reovirus genome is smaller than that of DNA viruses
such as adenovirus and herpesvirus; therefore, it is difficult to generate a replication-
competent virus harboring a foreign gene. However, previous studies reported suc-
cessful insertion of a foreign gene (SIV gag or NanoLuc) into the 5’ terminal region of
the L1 gene segment (69, 70). Therefore, the 5’ terminus of the L1 gene segment may
be an optimal region for insertion and expression of a foreign gene. In conclusion, a
reverse genetics approach led to the creation of a highly oncolytic MRV strain, T3D-L.
The system described herein provides a platform for improving cancer therapeutics
based on MRV.

MATERIALS AND METHODS

Cells and viruses. Human colorectal cancer DLD1 (TKG 0379) and HCT15 (TKG 0504) cells were
obtained from the Cell Resource Center for Biomedical Research, Institute of Development, Aging and
Cancer, Tohoku University. Murine fibroblast L929 cells were obtained from the American Type Culture
Collection. DLD1, HCT15, and L929 cells were maintained in Dulbecco modified Eagle medium (DMEM)
supplemented with 5% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 ug/ml streptomycin
(Nacalai Tesque). Human cancer cell lines HS578T, LOX-IMVI, and SF539 were obtained from Toru
Okamoto (the Walter & Eliza Hall Institute), and U118MG cells were obtained from Shinichi Yokota
(Sapporo Medical University). These cells were maintained in RPMI 1640 supplemented with 10% FBS,
100 units/ml penicillin, and 100 ug/ml streptomycin. Human head and neck cancer cell line A253
(HTB-41) was obtained from the ATCC and maintained in McCoy’s 5A medium supplemented with 5%
FBS, 100 units/ml penicillin, and 100 wg/ml streptomycin. Mammalian reovirus (MRV) T1L and T3D-D
strains were obtained from Terence S. Dermody. The T3D-L strain was obtained from Patrick W. K. Lee
and Tsuyoshi Etoh. MRV strains were propagated in L929 cells. Infectious virus titers were determined in
a plaque assay, as previously described (71).

Sequencing of the T3D-L strain. The nucleotide sequence of the T3D-L strain was determined as
previously described (71). Briefly, viral dsRNAs were extracted from purified virions using Sepasol-
RNA I Super G (Nacalai Tesque). A self-anchoring primer was ligated to the 3’ termini of viral dsRNAs
using T4 RNA ligase (Thermo Scientific) and viral cDNAs were reverse transcribed using Superscript
Il (Invitrogen). Viral gene segments were amplified from ¢cDNA using KOD-plus-Neo (TOYOBO) by
annealing primers to the self-anchoring primer. The PCR product was cloned into the pBluescript KS
(+) vector and the sequence was determined using an ABI 3130 genetic analyzer (Life Technologies).

Plasmid construction. To construct rescue plasmids for recombinant strain T3D-L (rsT3D-L),
cDNA encoding each of the 10 viral gene segments was cloned between the T7 promoter sequence
and the hepatitis delta virus (HDV) ribozyme sequence by replacing the T3D-D L1 gene in pT7-T3D-
D-L1 (49). The resulting plasmids were named pT7-T3D-L-L1, pT7-T3D-L-L2, pT7-T3D-L-L3, pT7-T3D-
L-M1, pT7-T3D-L-M2, pT7-T3D-L-M3, pT7-T3D-L-S1, pT7-T3D-L-S2, and pT7-T3D-L-S4. To generate
rescue plasmids for arginine-glycine-aspartic acid (RGD) viruses, the RGD peptide coding sequence
(CDCRGDCFC) was inserted into the S1 gene segment at nucleotide positions 999 to 1000 (AB loop),
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1095 to 1096 (CD loop), 1233 to 1234 (EF loop), or 1317 to 1318 (GH loop) by PCR mutagenesis. The
resulting plasmids were named pT7-T3D-L-S1-RGD-AB, pT7-T3D-L-S1-RGD-CD, pT7-T3D-L-S1-RGD-EF,
and pT7-T3D-L-S1-RGD-GH, respectively. To generate T3D-L-RGD-C-terminal, the RGD peptide cod-
ing sequence (GGGGSGGGGSGGGGSCDCRGDCFC) was fused at the C terminus of the o1 protein
(1377 to 1378) by PCR mutagenesis. pX330 (a gift from Feng Zhang) (Addgene plasmid number
42230) and pCAG-EGxxFP (a gift from Masahito lkawa) (Addgene plasmid number 50716) were used
to construct the plasmid for the CRISPR/Cas9 system (72, 73). The 5’-gaagttgtcctgtgcctact-3’
sequence within the JAM-A gene was used as the single guide RNA sequence for Cas9 and was
cloned into the Bbsl site of the pX330 plasmid (72). The resulting plasmid was named pX330-JAM-A.
The genomic DNA sequence of JAM-A (nucleotides [nt] 20008 to 20548) was cloned into the
PCAG-EGxxFP plasmid between the BamHI and EcoRlI sites (73). The resulting plasmid was named
pCAG-EGxxFP-JAM-A. To construct pCXN2-JAM-A, the ORF of JAM-A (NM_016946) was cloned into
the EcoRl site of the pCXN2 vector. To construct pCXN2-JAM-A-FLAG, a FLAG tag sequence was fused to
the C terminus of JAM-A by PCR mutagenesis.

Reverse genetics system to generate MRVs. Recombinant viruses were recovered from cells
following plasmid transfection as previously described (71). Briefly, L929 cells were infected for 1 h
with recombinant vaccinia virus rDIs-T7pol expressing T7 RNA polymerase (74) at an MOI of ~3 50%
tissue culture infective dose (TCID)/cell. Plasmids harboring cDNA encoding the 10 viral gene
segments were transfected into the cells using 2 ul of TransIT-LT1 (Mirus) per microgram of plasmid.
The cells were collected 5 days after plasmid transfection, and recombinant virus was purified in a
plaque assay. To generate RGD viruses, recombinant S1 plasmids were cotransfected along with the
other nine plasmids. To generate monoreassortant viruses, the rescue plasmid for T3D-L was
combined with that of T3D-D. L929 cells were transfected with 10 plasmids harboring cDNAs
encoding T3D-L and T3D-D.

Genotyping of recombinant viruses. Viral genomic dsRNA was extracted from purified virions using
Sepasol-RNA | Super G (Nacalai Tesque) and separated by polyacrylamide electrophoresis, stained with
5 ng/ml ethidium bromide, and analyzed using a UV transilluminator.

Generation of JAM-A-knockout cell lines. The JAM-A-knockout (KO) cancer cell lines were gener-
ated using the CRISPR/Cas9 system. Briefly, DLD1 and HCT15 cells were cotransfected with pX330-JAM-A
and pCAG-EGxxFP-JAM-A. Two days later, GFP-positive cells were isolated using a FACSAria Il cytometer
(Becton, Dickinson) and single-cell clones were isolated by limiting dilution. Genomic DNA was extracted
from each clone using proteinase K and deletion of JAM-A was confirmed by DNA sequencing. Single-cell
clones of DLD1 JAM-A-KO cells and HCT15 JAM-A-KO cells were used for the experiments.

Death assay. Cancer cells were seeded into a 48-well plate and incubated overnight at 37°C. The
cells were infected with viruses at an MOI of 10 PFU/cell. After 1 h, cells were washed with phosphate-
buffered saline (PBS) and cultured for different times in DMEM containing 2% FBS. For cell viability
analysis, cells were collected and resuspended in PBS containing 2% FBS and 10 ng/ml propidium iodide
solution. The percentage of living cells was analyzed using a FACSCalibur cytometer (Becton, Dickinson).
Data were analyzed using FlowJo software. Alternatively, cancer cells were seeded into a 96-well plate
and infected with viruses at an MOI of 10 PFU/cell. After 1 h, the inoculum was removed and cells were
incubated for 3 days with DMEM containing 2% FBS. Viability was measured using Cell Proliferation
Reagent WST-1 (Roche Diagnostics). Absorbance at 440 nm was determined in a microplate reader (DS
Pharma Biomedical). The viability score relative to that of uninfected cells was calculated. To assess the
effect of treatment with an anti-integrin antibody on oncolysis, DLD1 JAM-A-KO cells were incubated at
37°C for 1 h with an antibody specific for integrin aVB5 (10 ug/ml) (P1F6, Merck). Cells were washed with
PBS and then infected with RGD-AB or RGD-EF at an MOI of 50 PFU/cell. After 1 h, the inoculum was
removed and cells were washed with PBS and incubated with DMEM for 48 h. Then, cells were collected
and stained with propidium iodide solution. The percentage of cells was analyzed using a FACSCalibur
flow cytometer. Data were analyzed using FlowJo software.

Growth kinetics of recombinant viruses. A monolayer of L929 cells was infected with recombinant
viruses at an MOI of 0.01 PFU/cell. After incubation for 1 h, the cells were washed twice with PBS and
incubated with DMEM containing 2% FBS. The samples were collected at various intervals for use in a
plague assay.

Generation of antiserum against JAM-A. The ORF of human JAM-A was cloned into the pTrcHisA
vector (Life Technologies). Next, Escherichia coli strain BL21 was transformed with the pTrcHisA-
JAM-A plasmid. The recombinant JAM-A protein harboring an N-terminal polyhistidine (6XHis) tag
was expressed by addition of IPTG (isopropyl-B-D-thiogalactopyranoside) to bacteria and collected
by passage over cOmplete His-Tag purification resin (Roche Diagnostics). ICR mice (4 weeks old)
were purchased from CLEA Japan, Inc. The recombinant protein was mixed with Alhydrogel adjuvant
2% (InvivoGen) and injected subcutaneously into mice. Antiserum was collected after three rounds
of boosting.

Immunoblot analysis. Wild-type or JAM-A-KO cancer cells were seeded into a 6-well plate and
incubated at 37°C overnight. The cells were lysed with RIPA buffer (25 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) containing protease inhibitor, the lysate
centrifuged at 17,700 X g for 5min at 4°C, and the supernatant collected. The supernatant was
mixed with 2X SDS sample buffer, boiled at 95°C, and separated on SDS-PAGE gels. Proteins were
then transferred to a polyvinylidene difluoride (PVDF) membrane and reacted with a polyclonal
antibody specific for JAM-A (dilution, 1:1,000), followed by a horseradish peroxidase (HRP)-
conjugated anti-mouse secondary antibody (Sigma-Aldrich) (dilution, 1:10,000).
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Flow cytometry. Cells were collected using Cell Dissociation Solution Non-enzymatic (Sigma-Aldrich)
and resuspended in PBS containing 2% FBS (1 X 10° cells/ml). Cells (5 X 10°) were incubated with PBS
containing 2% FBS, followed by incubation for 30 min at 4°C with a polyclonal antibody specific for
JAM-A (dilution, 1:500), an antibody specific for integrin aVB3 (LM609) (2.5 ng/ml), or an antibody
specific for integrin aVB5 (P1F6) (2.5 ug/ml). The cells were washed three times with PBS and incubated
for 30 min at 4°C with PBS containing 2% FBS and a CF 488-conjugated anti-mouse secondary antibody
(Biotium; dilution, 1:1,000) plus propidium iodide (10 ng/ml). Finally, cells were washed three times with
PBS. The signal intensity of living cells was quantified using a FACSCalibur flow cytometer (Becton,
Dickinson). Data were analyzed using FlowJo software.

Immunofluorescence and infectivity assays. DLD1 JAM-A-KO cells seeded onto glass coverslips
were incubated at 37°C for 1 h with DMEM containing an anti-FLAG monoclonal antibody (clone M2,
Sigma-Aldrich) (50 wg/ml). The cells were washed three times with PBS and then infected for 16 h with
RGD-EF at an MOI of 50 PFU/cell. The cells were fixed with 4% paraformaldehyde for 15 min and
permeabilized for 15 min with PBS containing 0.5% Triton X. After 1 h of incubation with PBS containing
2% FBS, the cells were incubated with a polyclonal antibody specific for T3D (dilution, 1:1,000). After
washing three times with PBS, the cells were incubated with CF 488 goat anti-rabbit IgG (Biotium). After
washing three times with PBS, the cells were incubated with 4’,6-diamidino-2-phenylindole (DAPI) to
stain nuclei and then washed with PBS. Images were acquired with a Fluo View FV1000 laser scanning
confocal microscope (Olympus). The number of nuclei in the image was counted using ImageJ software
(75). To compare infectivity of viruses following treatment with antibodies specific for integrins, wild-type
DLD1 or DLD1 JAM-A-KO cells were incubated at 37°C for 1 h with DMEM containing an anti-integrin
aVB5 antibody (clone P1F6) (10 wg/ml) or an anti-FLAG monoclonal antibody (clone M2) (10 wg/ml). The
cells were washed three times with PBS and then infected for 16 h with rsT3D-L, RGD-AB, or RGD-EF at
an MOI of 50 PFU/cell. Finally, infected cells were detected using a polyclonal antibody specific for
anti-T3D (dilution, 1:1,000), followed by a CF 488 goat anti-rabbit IgG secondary antibody (Biotium).
Infectivity was calculated as the ratio of infected cells to the total number of cells.

Quantitative reverse transcription-PCR. Total RNA was extracted from cell pellets using Sepasol-
RNA | Super G (Nacalai Tesque) and cDNA was reverse transcribed using ReverTra Ace (TOYOBO). The
amount of MRNA was determined using Fast SYBR green Master Mix (Applied Biosystems). The following
primers were used: F11R, 5'-GAGACACCACCAGACTCGTTTG-3" and 5'-CAAGTGTATGTCCCAGTGTCT-3';
ITGAV, 5'-TGCAGATGTGTTTATTGGAGCACC-3" and 5'-CAAAGGAGCTATGGCACTGCC-3'; ITGB3, 5'-CTGCT
ATGATATGAAGACCACCTGC-3’ and 5'-GACTGTAGCCTGCATGATGG-3'; ITGBS5, 5'-GGACATCTCTCCTTTCTC
CTACAC-3’ and 5’-CATTGAAGCTGTCCACTCTGTCT-3'; GAPDH, 5'-ACATCGCTCAGACACCATG-3' and 5'-T
GTAGTTGAGGTCAATGAAGGG-3'. Expression of each gene was expressed relative to that of GAPDH
(internal control).

Mouse experiments. To analyze tumor cell death in vivo, BALB/cAJcl-nu nude mice (4 weeks old;
CLEA Japan, Inc,) were injected subcutaneously in the lower back with A253. Mice were inoculated
intratumorally with recombinant viruses (5 X 107 PFU) and the tumor volume was calculated as follows:

4T .
Volume = ?(length)(mdth)z.

For analyses of viral pathogenicity in newborn mice, pregnant C57BL/6J mice were purchased from
CLEA Japan. Two days after delivery, newborn mice were orally inoculated with rsT3D-L, RGD-AB, or
RGD-EF (1 X 103 PFU). Mice were monitored for 21 days postinoculation. To examine the viral pathoge-
nicity in adult mice, ICR mice (4 weeks old) were purchased from CLEA Japan, Inc. Mice were infected
intranasally with 3 X 10° PFU/ml of virus and body weight was monitored.

Statistical analysis. Statistical analysis was performed using Prism Software (GraphPad Software,
Inc.). P values in Fig. 1A and Fig. 3F were calculated using two-way ANOVA. Those in Fig. 1B, 1C, 2D, 2E,
5A, 5B, 5E, 6D, 6E, and 7E were calculated using one-way ANOVA. Those in Fig. 5C, D, F, and 6C were
calculated using Student’s t test. A P value of <0.05 was considered significant.

Ethical statement. All animal experiments were approved by the Animal Research Committee of the
Research Institute for Microbial Diseases, Osaka University, and conducted under the guidelines for the
Care and Use of Laboratory Animals of the Ministry of Education, Culture, Sports, Science and Technol-
ogy, Japan.
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