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ABSTRACT

Wild-type mammalian orthoreovirus serotype 3 Dearing (T3wt) is nonpathogenic in humans but preferentially infects and kills
cancer cells in culture and demonstrates promising antitumor activity in vivo. Using forward genetics, we previously isolated
two variants of reovirus, T3v1 and T3v2, with increased infectivity toward a panel of cancer cell lines and improved in vivo onco-
lysis in a murine melanoma model relative to that of T3wt. Our current study explored how mutations in T3v1 and T3v2 pro-
mote infectivity. Reovirions contain trimers of o1, the reovirus cell attachment protein, at icosahedral capsid vertices. Quantita-
tive Western blot analysis showed that purified T3v1 and T3v2 virions had ~2- and 4-fold-lower levels of o1 fiber than did T3wt
virions. Importantly, using RNA interference to reduce o1 levels during T3wt production, we were able to generate wild-type
reovirus with reduced levels of o'1 per virion. As o1 levels were reduced, virion infectivity increased by 2- to 5-fold per cell-
bound particle, demonstrating a causal relationship between virion o1 levels and the infectivity of incoming virions. During
infection of tumorigenic 1929 cells, T3wt, T3v1, and T3v2 uncoated the outer capsid proteins o3 and p1C at similar rates. How-
ever, having started with fewer o'1 molecules, a complete loss of o1 was achieved sooner for T3v1 and T3v2. Distinct from intra-
cellular uncoating, chymotrypsin digestion, as a mimic of natural enteric infection, resulted in more rapid o3 and p1C removal,
unique disassembly intermediates, and a rapid loss of infectivity for T3v1 and T3v2 compared to T3wt. Optimal infectivity to-
ward natural versus therapeutic niches may therefore require distinct reovirus structures and o1 levels.

IMPORTANCE

Wild-type reovirus is currently in clinical trials as a potential cancer therapy. Our molecular studies on variants of reovirus with
enhanced oncolytic activity in vitro and in vivo now show that distinct reovirus structures promote adaptation toward cancer
cells and away from conditions that mimic natural routes of infection. Specifically, we found that reovirus particles with fewer
molecules of the cell attachment protein o1 became more infectious toward transformed cells. Reduced o1 levels conferred a
benefit to incoming particles only, resulting in an earlier depletion of o1 and a higher probability of establishing productive in-
fection. Conversely, reovirus variants with fewer 0’1 molecules showed reduced stability and infectivity and distinct disassembly
when exposed to conditions that mimic natural intestinal proteolysis. These findings support a model where the mode of infec-
tion dictates the precise optimum of reovirus structure and provide a molecular rationale for considering alternative reovirus
structures during oncolytic therapy.

,VI ammalian orthoreovirus (reovirus) is a nonenveloped, ico-
sahedral virus in the Reoviridae family (1). Reovirus is non-
pathogenic in humans and has long served as a safe model system
for understanding icosahedral virus structure and replication. Al-
though reovirus encodes only 12 proteins (8 structural and 4 non-
structural), its structure and steps required to establish infection
are remarkably intricate and complex (depicted in Fig. 5A) (re-
viewed in references 2 and 3). The reovirus genome consists of 10
double-stranded RNA (dsRNA) segments, 4 small (S1 to S$4), 3
medium (M1 to M3), and 3 large (L1 to L3). The genome is en-
capsidated by two concentric protein layers, an inner capsid com-
posed of the 02 and N1 proteins and an outer capsid containing
the 03 and p1/p1C proteins. Trimeric o1 cell attachment proteins
anchored at reovirion vertices by A2 pentamers facilitate binding
to cells through sialic acid and junctional adhesion molecule A
(JAM-A) (4, 5). Following subsequent endocytosis, reovirus-con-
taining endosomes traffic to lysosomes, where cleavage of outer
capsid proteins is facilitated by cathepsins B and L (6, 7). Specifi-
cally, the outermost protein, a3, is completely degraded, while the
underlying n1C protein is cleaved into a membrane-penetrating
fragment called 8. The resulting infectious subviral particles
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(ISVPs) penetrate the endocytic membrane, consequently losing &
and o1 and ultimately delivering reovirus cores (inner capsid plus
genome) into the cytoplasm. In the natural intestinal niche of
reovirus infection, membrane-penetrating ISVPs are generated
extracellularly by the digestive enzymes trypsin and chymotryp-
sin. In fact, ISVPs are more infectious than whole virions (8-10),
demonstrating the exquisite adaptation of reovirus to enteric in-
fections.

Unlike other mammalian viruses, members of the Reoviridae
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family do not fully disassemble during the infection process; that
is, the genome remains inside the inner capsid. Maintaining reo-
virus genomes within a core particle presumably functions to con-
ceal genomic dsRNAs that would otherwise potently activate
antiviral signaling. Within the core, the viral polymerase A3 tran-
scribes positive-sense viral RNAs, which are subsequently capped
and released through channels created by pentameric A2 proteins
at each core vertex. De novo protein production, inner capsid as-
sembly, and dsRNA synthesis then produce new cores that amplify
RNA and protein synthesis through secondary rounds of replica-
tion. Ultimately, outer capsid proteins are assembled onto prog-
eny cores to produce fully assembled virions, which are then re-
leased from infected cells (1).

During studies on basic reovirus biology, reovirus was discov-
ered to possess an intrinsic specificity toward cancer cells over
normal cells (11-17). Reovirus shows potent antitumor activity in
a wide assortment of in vivo cancer models (18-22) and is being
examined in numerous phase I/II and III human clinical trials
(23-30). All trials currently use the reovirus serotype 3 (T3) Dear-
ing strain in its wild-type form (here referred to as T3wt). Since
reovirus evolved under the distinct pressures posed by the enteric
and respiratory routes of infection, it may have acquired charac-
teristics that are optimized for these niches. Accordingly, we and
others have postulated that wild-type reovirus may not be opti-
mally suited for replication in cancer cells, suggesting that a search
for better-adapted variants might prove useful. Previously, we iso-
lated two reovirus variants, namely, variant 1 (T3v1) and variant 2
(T3v2), that replicate more robustly than T3wt on a variety of
human and mouse transformed cell lines. Both variants main-
tained their specificity for cancer cells over normal cells, suggest-
ing that restrictions imposed by normal cells (such as antiviral
signaling) are still effective at prohibiting virus infection (13, 31,
32). In addition, by using an aggressive in vivo melanoma model,
both variants were found to have improved tumor clearance and
animal survival relative to T3wt (31).

Initial characterizations found that T3v1 and T3v2 had higher
numbers of PFU per particle than did T3wt (31). The enhanced
infectivity of T3v2 was linked to a single mutation in the S1 ge-
nome segment encoding the o1 cell attachment protein. T3v1 was
found to have three missense mutations, one each in the A3 poly-
merase, the A2 turret protein that anchors ol at virion vertices,
and the inner capsid protein N1. Per cell-associated particle, T3v1
and T3v2 infected a greater proportion of cancer cells than did
T3wt, resulting in ~3- to 4-fold-higher viral RNA levels, protein
levels, and viral titers at each round of replication (~24 h). These
findings demonstrated that T3v1 and T3v2 are better adapted to
cancer cell infection than T3wt and suggested a possible utility of
reovirus variants for oncolysis (31). However, the mechanisms for
the improved infectivity of cancer cells remained unclear.

This study aimed to further explore molecular differences be-
tween T3wt and variant virions and arrive at a rationale for why
the variants have improved infectivity. Here, we show that the two
variants share an important feature: both variants have signifi-
cantly reduced levels of o1 cell attachment proteins on virions
relative to those of T3wt. We also show that when o1 levels are
reduced on wild-type reovirus virions, they become increasingly
infectious toward tumorigenic cells; hence, there is a causal rela-
tionship between a1 levels on virions and infectivity. Conversely,
in vitro digestion of virus by using chymotrypsin, mimicking in-
testinal proteolysis, rendered both variants less infectious than
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T3wt. Our findings suggest that optimal adaptation of reovirus to
a particular environmental niche requires an exquisite fine-tuning
of virion structure.

MATERIALS AND METHODS

Cell lines and virus. 1929, A549, and H1299 cells were purchased from
the American Type Culture Collection (ATCC). All cells were cultured
according to ATCC recommendations. Mammalian orthoreovirus sero-
type 3 Dearing (here referred to as T3wt) corresponds to the T3/Human/
Ohio/Dearing/1955 strain (T3D) of reovirus (33, 34), and a seed stock
from 1994 was generously provided by Patrick Lee (Dalhousie Univer-
sity). Genomic divergence relative to the earliest reported sequences of
T3D was previously described (31). Viruses were propagated from seed
stocks rather than being serially passaged, to preserve genetic identity.
T3wt, T3v1, T3v2, and reassortants were propagated in L929 cells, ex-
tracted with Vertrel XF (Dymar Chemicals), and purified by ultracentrif-
ugation on cesium chloride (CsCl) gradients, as previously described (31,
35). Reovirus titers were obtained by titration on L929 cells, using a 1%
(wt/vol) crystal violet solution to visualize plaques after 4 days postinfec-
tion (p.i.), as previously described (16).

Western blot analysis. Western blot analysis was performed as previ-
ously described (16, 31), using rabbit polyclonal antireovirus (to visualize
w1, n1G, 8, and 03) and anti-o'1C (o1 tail domain), generously provided
by Patrick Lee and Roy Duncan (Dalhousie University). Mouse monoclo-
nal antibodies to 03 were purchased from the Developmental Studies
Hybridoma Bank (4F2). Rabbit anti-o1N (o1 head domain) was gener-
ously donated by Terence Dermody (Vanderbilt University). Rabbit an-
tibodies were generated against reovirus core proteins (including A1/2
and 02) by ProSci Inc., using CsCl-purified reovirus cores generated by in
vitro chymotrypsin digestion, as described below. Mouse monoclonal
B-actin (C4) antibody (Santa Cruz) was used to normalize gel loading.
Secondary antibodies (Jackson ImmunoResearch Laboratories Inc.) con-
jugated directly to Alexa Fluor 647 or to horseradish peroxidase in con-
junction with a chemiluminescence (ECL-2) substrate (Thermo Scien-
tific) were used for detection. Immunoblots were imaged by fluorescence
on an ImageQuant LAS4010 imager (GE Healthcare Life Sciences), and
densitometric analysis was performed by using ImageQuant TL software
(GE Healthcare Life Sciences). For quantitative analysis, band intensities
were plotted relative to the lysate dilution to generate polynomial equa-
tions for standard samples, and the relative quantities for the remaining
samples were extrapolated and averaged.

Double-stranded genomic RNA visualization. For dsRNA genome
visualization, purified virions were diluted 1:1 in 2X protein sample buf-
fer (Bio-Rad), heated at 65°C for 5 min, and subjected to SDS-PAGE at 6
mA (per gel) for 22 h prior to visualization with ethidium bromide stain-
ing, using the ImageQuant LAS4010 imager (GE Healthcare Life Sci-
ences).

Reovirus immunoprecipitation. For each sample, 50 pl protein G
magnetic beads (Millipore) was washed twice with wash buffer (phos-
phate-buffered saline [PBS]-0.1% Triton X-100) and incubated with 15
wl antibody to antireovirus, anti-o1N, or normal rabbit serum (NRS;
Sigma) for 1 h at room temperature (RT), with constant mixing. Excess
antibody was removed by washing twice in wash buffer. Equivalent par-
ticle numbers of T3wt, T3vl, and T3v2 (standardized by quantitative
Western blot analysis) were incubated with the bead-antibody mixtures
for 2 h at RT and washed three times with wash buffer. Antibody-bound
(pellet) and unbound (first supernatant) fractions were resuspended in
protein sample buffer and subjected to SDS-PAGE and Western blot anal-
ysis as described above.

Reovirus binding assays. To quantify average reovirus-cell binding,
1929 cells at 100% density were prechilled for 40 min and exposed to serial
dilutions of reovirus at 4°C for 1 h with gentle agitation every 5 min. Three
washes with ice-cold PBS were used to remove unbound reovirus, and cell
lysates were processed for SDS-PAGE and Western blot analysis with
polyclonal antireovirus antibodies, as described above. To determine per-
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TABLE 1 Dicer substrate RNA sequences

DsiRNA Sequence

S1-2 sense 5'-GGACUUGAUUCGAGUGUUACCCA-3’

S1-2 antisense 3'-ACCUGAACUAAGCUCACAAUGGGUCA-5'
S1-4 sense 5'-AGAGCAUGUGGAUAGGAAUUGUC-3’

S1-4 antisense 3'-CGUCUCGUACACCUAUCCUUAACAGAG-5'
S2-2 sense 5'-GUACGACUGCGAUGAUUAUCCAU-3'

$2-2 antisense 3'-ACAUGCUGACGCUACUAAUAGGUAAA-5'
S2-5 sense 5'-AGAUCAGACUCAACAGUUUAAGA-3’

$2-5 antisense 3'-CGUCUAGUCUGAGUUGUCAAAUUCUCC-5'
G7L sense 5'-GAACCAACUAGAUUCAUCAAAUAAA-3'
G7L antisense 3'-UUUAUUUGAUGAAUCUAGUUGGUUCUC-5"
F17R sense 5'-UACCAAAGAAGGAAGAUAUCUGGTT-3’

F17R antisense 3’-AACCAGAUAUCUUCCUUCUUUGGUAUU-5

cell reovirus binding, L929 cells were detached by using Cellstripper (Cell-
gro), quenched with minimum essential medium (MEM) supplemented
with 10% fetal bovine serum (FBS), and diluted to a cell concentration of
5 X 10° cells/ml. All subsequent steps were performed at 4°C. Aliquots of
1 ml of cells were incubated for 30 min, followed by the addition of reo-
virus for 1 h. Cells were washed twice with PBS supplemented with 5%
FBS following reovirus binding and incubations with primary antibody
and secondary antibody. Cells were incubated with polyclonal antireovi-
rus antibody and Alexa Fluor-conjugated goat anti-rabbit secondary an-
tibody for 45 min each. Following washing after incubation with the sec-
ondary antibody, cells were fixed with 4% paraformaldehyde for 45 min.
Samples were analyzed by using a FACSCanto instrument (BD Biosci-
ences). To cleave N-acetylneuraminic acid (sialic acid), L929 cells were
treated with 20 mU neuraminidase from Vibrio cholerae (catalog number
N7885; Sigma) per 5 X 10° cells in 400 w1 PBS for 1 h at 37°C. Untreated
controls were subjected to similar conditions. Cells were pelleted at 500 X
gfor 5min in the presence of 10% FBS and processed for reovirus binding
as described above.

Agarose gel separation of whole reovirus. Purified reoviruses (5 X
10" particle equivalents estimated by optical density readings) diluted in
5% Ficoll and 0.05% bromophenol blue were subjected to electrophoresis
ona0.7% agarose gel with 0.5 pug/ml ethidium bromide in TAE buffer (40
mM Tris-HCI, 5 mM sodium acetate, ] mM EDTA [pH 7.5]) for 12 h at
room temperature (36). Reovirus species were visualized by UV transil-
lumination on the ImageQuant LAS4010 imager (GE Healthcare Life Sci-
ences) or by Coomassie staining (Thermo Scientific).

Intracellular reovirus disassembly and o1 release assays. 1929 cells
were exposed to serum-free MEM either alone (mock) or containing
equivalent particle numbers of T3wt, T3v1, and T3v2 (calculated by using
Coomassie blue staining for total viral protein) at a multiplicity of infec-
tion (MOI) equivalent to 50 for T3wt. Excess virus was removed by three
washes with PBS, and cells were incubated in MEM supplemented with 50
pg/ml cycloheximide (Sigma-Aldrich). Cell lysates were collected imme-
diately (0 h p.i.) or after incubation at 37°C for 2, 4, and 6 h in PBS-0.1%
Triton X-100—protease inhibitor cocktail (Sigma). After centrifugation at
800 X g for 10 min at 4°C to remove nuclei and debris, cytoplasmic
fractions were subjected to centrifugation at 100,000 X g for 90 min at 4°C
to separate virion-associated (pellet) from virion-dissociated (superna-
tant) proteins. Equivalent loading ratios of pellet and supernatant frac-
tions were subjected to SDS-PAGE and Western blot analysis.

Dicer-substrate RNA knockdown of reovirus proteins. Dicer sub-
strate small interfering RNA (DsiRNA) (Integrated DNA Technologies)
sequences were designed (Table 1). DsiRNAs targeting the vaccinia virus
G7L and F17R genes were used as nontargeting negative controls. H1299
and A549 cells were transfected with 7.5 .l of 2 wuM DsiRNAs and 4 pl of
Lipofectamine 2000 (Life Technologies) per 12-well equivalent (1 ml),
according to the manufacturer’s instructions, for 9 to 13 h, followed by
wild-type reovirus infection for 12 h at a T3wt dose empirically established
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to produce ~40% infection under nontransfected conditions (1.2 X 10°and
3.0 X 10° PFU per confluent 24-well plate of A549 and H1299 cells, respec-
tively). For cesium chloride virus extraction, H1299 cells were transfected in a
150-cm? dish for 9 h, followed by infection with T3wt (1.2 X 10® PFU) for 24
h. Virus was extracted and purified as indicated above.

Flow cytometric and immunohistochemical analyses of productive
reovirus infection. At 12 or 15 h p.i,, flow cytometry was performed to
quantify the percentage of cells able to establish a productive reovirus
infection. Briefly, cells were detached by using trypsin, washed once with
PBS, and fixed with 4% paraformaldehyde for 30 min on ice. Cells were
washed once in PBS and incubated in blocking buffer (PBS—1% Triton
X-100-3% bovine serum albumin [BSA]) for 1 h at room temperature.
Following hour-long incubations with primary antireovirus antibody (1:
5,000 in blocking buffer) and secondary anti-rabbit Alexa Fluor 647-con-
jugated antibody (1:3,000 in blocking buffer), cells were washed three
times in PBS—0.1% Triton X-100 and subjected to flow cytometry by
using a FACSCanto instrument (BD Biosciences). Data were analyzed by
using FCS Express software (De Novo Software). Immunocytochemical
staining for reovirus protein expression was performed on methanol-
fixed cells by using polyclonal antireovirus antibodies (1:10,000) and
mouse anti-rabbit alkaline phosphatase-conjugated secondary antibodies
(1:5,000). Cells were incubated with antibodies diluted in blocking buffer
(PBS-0.1% Triton X-100—3% BSA), washed extensively with PBS—0.1%
Triton X-100, and processed with nitroblue tetrazolium-5-bromo-4-
chloro-3-indolyl-phosphate (NBT/BCIP) in 10 mM Tris-HCI (pH 9.5).

Chymotrypsin-mediated reovirus disassembly and o1 release.
CsCl-purified T3wt, T3v1, and T3v2 reovirus preparations were diluted to
equal particle numbers based on band intensities of w1C and o3 during
quantitative gel electrophoresis. Approximately 5 X 10'* particles/ml (es-
timated by determining the optical density at 260 nm [OD,,]) were
treated with 14 pg/ml chymotrypsin (dissolved in 1 mM HCl and 2 mM
CaCl,) in reaction buffer (150 mM NaCl, 15 mM MgCl,, and 10 mM Tris
[pH 7.4]) for the indicated durations. Reactions were terminated by the
addition of 5X final protease inhibitor cocktail (Sigma) on ice, and the
mixtures were subjected to plaque titration or SDS-PAGE and Coomassie
blue staining. To monitor the release of o1, samples were subjected to
centrifugation at 100,000 X g for 90 min at 4°C, and pellet (virion-bound)
and supernatant (dissociated) proteins were analyzed as described above
for whole-cell lysates.

In vitro reovirus core transcription reactions and transfection. To
purify reovirus cores, chymotrypsin digestion and high-speed centrifuga-
tion were used, as described above, but the pellet fraction was confirmed
to have cores and equilibrated to equivalent amounts for T3wt, T3v1, and
T3v2 by quantitative SDS-PAGE and Coomassie blue staining. Approxi-
mately 2 X 10" particles (estimated based on an OD,, of 1 per 4.4 X 10'?
core particles/ml [37]) resuspended in Tris-HCI (pH 8.0) were added to in
vitro transcription reaction mix (2 mM ATP, 2 mM GTP, 2 mM CTP, 2
mM UTP, 100 mM Tris-HCI [pH 8.0], 10 mM MgCl,, 100 pg/ml pyru-
vate kinase, 3.3 mM phosphoenolpyruvate, 1.28 U/ml RNase inhibitor),
as previously described (38). For negative-control samples, ATP was
omitted. Reaction mixtures were incubated at 40°C for the indicated du-
rations, and aliquots were removed and added to 500 wl TRIzol LS (Invit-
rogen) containing 5 ng/ml green fluorescence protein (GFP) RNA gener-
ated by using T7 RiboMAZ in vitro transcription reactions (Promega)
(according to the manufacturer’s instructions) for normalization. RNA
was purified according to the instructions for TRIzol LS but with 0.1
mg/ml glycogen (Invitrogen) to assist in RNA pellet visualization. Reovi-
rus S4 and GFP RNA levels were then determined by quantitative reverse
transcription-PCR using random-primer cDNA synthesis (Moloney mu-
rine leukemia virus [MMLV]; Invitrogen) and SYBR green real-time PCR
master mixes (Invitrogen), as previously described (31). Values were nor-
malized to GFP values and are presented relative to T3wt values at the 0-h
reaction time. For transfection, 2.4 X 10% or 1.2 X 10° core particles in 250
.l of optiMEM (Invitrogen) were mixed with 10 pl Lipofectamine 2000
(Invitrogen) in 240 ul of optiMEM for 20 min at RT. A total of 1 X 10°
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H1299 cells per 6-well equivalent in 2 ml medium were treated with 500 pl
of the core-Lipofectamine mixture, incubated at 37°C for 4 h, and then
returned to their normal medium. At 18 h p.i., cells were subjected to flow
cytometric analysis with reovirus-specific antiserum, as described above.

RESULTS

Reovirus variants with enhanced infectivity toward tumor cells
have reduced levels of o'1 per virion. T3v1 and T3v2 have higher
infectivities per particle toward a panel of cancer cells (Fig. 1A)
(31), suggesting that there is an inherent difference between these
particles and T3wt virions. While T3v1 has a mutation in the ex-
travirion “flap” domain of A2 involved in anchoring o1, the mu-
tation in o1 of T3v2 (S18I) resides in the N-terminal domain
anchored within A2. Accordingly, we hypothesized that both mu-
tations could affect the association of A2 and o1 in virions (31, 39).
To address this possibility, levels of o1 relative to the levels of the
major structural proteins p1C and o3 were assessed on fresh ce-
sium chloride (CsCl) gradient-purified virions by quantitative
Western blot analysis (Fig. 1B). T3v1 and T3v2 particles contained
45% * 17% and 22% = 10% virion-associated o1 relative to that
for T3wt. Intracellular levels of o1 were equivalent for all three
viruses, suggesting that mutations in T3v1 and T3v2 reduced o1-
virion interactions rather than access to the o'l protein (Fig. 1C).
The ol protein consists of an N-terminal virion-anchoring do-
main, along heptad repeat “tail” domain involved in o1 trimeriza-
tion, a flexible “neck” domain that can undergo proteolytic cleav-
age and bind carbohydrates, and a globular C-terminal “head”
domain that binds cellular junctional adhesion molecule A
(JAM-A) (5,40-47). Both o1 head- and o1 tail-specific antibodies
showed lower o1 levels on T3v1 and T3v2 than T3wt, suggesting
that o'l was intact for all three viruses (Fig. 1C).

Reovirus is commonly depicted as having o1 trimers uni-
formly protruding from each vertex, as suggested by stoichiomet-
ric analysis of o1 levels in virions (37, 48). However, in 1994,
Larson et al. observed that wild-type reovirus populations could
be segregated into 13 bands by agarose gel electrophoresis and that
each band had distinct o1 levels (0 to 12 ol per particle) (36).
Virions with fewer than three o1 trimers were found to be inca-
pable of binding to cells. Importantly, virions purified with three
or more ol trimers were suggested to exhibit equal infectivities,
regardless of absolute o'1 levels. In view of our current discovery
that reovirus variants with improved infectivity had reduced levels
of ol per virion, we revisited the precise compositions of T3v1,
T3v2, and T3wt virus preparations. Reovirus is commonly puri-
fied from infected-cell pellets, a procedure that concentrates ly-
sates for subsequent CsCl density gradient centrifugation. Ac-
cordingly, it was possible that changes in levels of o1 per virion
reflected the capture of incompletely assembled particles. When
o1 levels on mature virions released into the medium were as-
sessed, extracellular T3v1 and T3v2 particles still showed dramat-
ically lower levels of virion-associated o1 protein (Fig. 1D).

Since Western blot analysis determines only the average ol
levels per virion, we postulated three potential models to explain
the reduced levels of o1 in T3v1 and T3v2: (i) that T3v1 and/or
T3v2 has a mixture of virions devoid of 01 and complete with o'1
at each vertex, (ii) that all T3v1 and/or T3v2 particles have a low
but uniform level of &1, or (iii) that T3v1 and/or T3v2 has a mix-
ture of viruses with various levels of o1 trimers albeit tending
toward reduced o1 levels relative to those of T3wt. All three mod-
els could produce an average reduction in ol levels relative to
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those of other structural proteins within a virus preparation. Dur-
ing agarose gel electrophoresis, T3wt had predominantly slow-
migrating species, while T3v1 and T3v2 has successively faster-
migrating species (Fig. 1E). Based on the studies by Larson et al.,
our results supported the third model, namely, that all virus prep-
arations have some virus particles devoid of o1 (fast migrating),
that T3wt has mostly virions with complete o'l trimers per virion
(slow migrating), and that T3vl and T3v2 have progressively
lower levels of o1 per virion.

Intermediate levels of o'1 on reovirions are sufficient for cell
attachment. Since o1 is the major cell attachment protein of reo-
virus, we evaluated whether reduced o1 levels on T3v1 and T3v2
virions impact their ability to bind cells. Tumorigenic L929 mouse
fibroblasts were treated with T3v1, T3v2, and T3wt at equivalent
particle doses at 4°C to permit cell association without entry. Half-
dilutions of each virus were used to obtain quantitative binding
results and ensure subsaturation. The proportion of cell-bound
virions was assessed by either Western blot analysis for reovirus
pw1Cand o3 proteins (Fig. 2A) or flow cytometry (Fig. 2C) for four
independent virus preparations. Binding assays showed equiva-
lent quantities of cell-associated virus for T3wt and T3v1, suggest-
ing that both viruses have similar levels of virions with sufficient
o1 for cell binding (Fig. 2A and C). For a preparation of T3v1 that
had slightly reduced binding relative to that of T3wt, the unbound
virus fraction consisted of virions with only very low levels (0 to 2)
of o1 (Fig. 2B). Conversely, only 0.47 = 0.15 particles of T3v2
could attach to cells relative to T3wt (Fig. 2A), consistent with
T3v2 having a higher proportion of virions with very low levels of
ol (Fig. 1E).

T3wt cell attachment has been shown to depend on o1-sialic
acid binding (41, 49-51). To determine if T3v1l and T3v2 also
depend on sialic acid binding, L929 cells were treated with neur-
aminidase, followed by virion binding at 4°C and subsequent
quantification of bound virions by using flow cytometry. Levels of
T3wt, T3v1, and T3v2 binding were reduced by 2.9-, 7.5-, and
6.6-fold, respectively, following neuraminidase treatment (Fig.
2C), suggesting that T3v1 and T3v2 rely on sialic acid binding
similarly to wild-type reovirus. This is not surprising, since muta-
tions in A2 of T3v1 and in o1 of T3v2 are distal from the a1 neck
and head domains implicated in receptor binding and are there-
fore unlikely to modulate receptor specificity. The increased reli-
ance on sialic acid levels by T3v1 and T3v2, indicated by a more
drasticloss of binding upon neuraminidase treatment, may reflect
a benefit of higher ol levels under conditions where receptor
availability is limited.

In congruence with having reduced numbers of virions capable
of binding to cells, T3v2 preparations were also found to have a
greater proportion of virions devoid of o1 by immunoprecipita-
tion analysis. Antibodies specific to o1 were used to separate o1-
containing virions (pellet) from virions devoid of o1 (superna-
tant). Polyclonal antireovirus antibodies served as a positive
control to pull down all intact virions, while normal rabbit serum
(NRS) served as a negative control. The proportion of virions
pulled down by o1- versus reovirus-specific antibodies indicated
the fraction of virions that contained o'l (average percent immu-
noprecipitation in the antibody-bound fraction) (Fig. 2D). Recip-
rocally, the proportion of virions that remained in the supernatant
after o1 pulldown, relative to that in NRS, reflected the fraction of
virions devoid of o1 (average percentage in the supernatant) (Fig.
2D). On average, 84.0% * 16%, 89.7% = 13.4%, and 42.7% =

April 2015 Volume 89 Number 8


http://jvi.asm.org

A

T3wt T3v1 T3v2

Relative Particle Dose:

Purified Virions

13 T3wt _ T3vi  T3v2 Ta qp] _ wm
Dil’n ‘ 8 |; " —
<28 1.0
a-c1N r‘--“ o= - | '§ .“2’ 0.8
1 0.54 0.29 Relative [c1] »©
. - g E 06
§ u ?‘_ === S="" g@, 0.4
=== = - ﬁ
5|03 EE——88=——88——— S g 02
1 0.82 1.02 Relative [p1] 2 0.0 N
1 0.80 0.76 Relative [c3
[c3] «tb$ ‘ryl ‘,541
1 0.67 0.32 Relative o1
per p1 and ¢3
c Purified Virions Total Protein Cell Lysate

13 T3wt T3v1 T3v2 T3wt T3v1 T3v2

ccINEE= L B0 es T E=- E=- B=-—
1

Relative [o1]

Relative [o1]

Relative [63]

1 1.37 1.38 1 118 1.02  Relative [u1]
1 1.23 1.44 1 0.93 0.86 Relative [03]
1 0.40 0.20 1 1.08 1.03 Relative o1

per p1 and 3

D

Purified Extracellular Virions

& o
42 T3wt  T3vl  T3v2 <3 S &Y Postulated
Diln M B E— o1 per virion
12
(x-0'1N|“-—‘——- =
1 0.52 0.25 Relative [o1]
§|MEE-CEEe R !
5 ol — |
1 1.04 097 Relative [u1] -
1 1.17 1.02 Relative [c3] o
1 0.46 025 Relative o1

per p1 and o3

FIG 1 Reovirus variants T3v1 and T3v2 have reduced levels of a1 per virion. (A, left) Comparison of plaque sizes of T3wt, T3v1, and T3v2 on L929 cells at 4 days
postinfection stained with crystal violet. (Right) L929 cells were exposed to equivalent particle doses of T3wt, T3v1, and T3v2 (at 1 and 1/3 dilutions), and
productively infected (dark-stained) L929 cells were visualized by immunocytochemical analysis with polyclonal antireovirus antibodies at 15 h postinfection.
(B) Levels of 1, w1C, and o3 in fresh CsCl gradient-purified preparations of T3wt, T3v1, and T3v2 determined by quantitative Western blot analysis. Relative
protein quantities were extrapolated from polynomial equations generated from one-third dilutions of T3wt. The average number of o1 molecules per virion was
calculated as quantities of 01/[0.5 - (u1C + ¢3)]. The graph presents average relative o1 levels per particle for four independent preparations of T3v1 and T3v2
relative to T3wt (= standard deviations). One-way analysis of variance with Bonferroni’s multiple-comparison posttest indicated that means were significantly
different (s, P < 0.001). (C) Similar to panel B but with total protein lysates of L929 cells infected with T3wt, T3v1, and T3v2 or viruses purified from these
lysates by high-speed centrifugation through a sucrose cushion. Antibodies to the o'1 head (C terminus) and tail (N terminus) confirm that o1 molecules are
intact. (D) Same as panel B but using extracellular virions purified from the medium of infected L929 cells. (E) Agarose gel electrophoresis of T3wt, T3v1, and
T3v2 virions. The quantity of o1 proteins per virion (0 to 12 particles) was postulated based on previously reported characterizations (36).
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23.1% T3wt, T3v1, and T3v2 viruses, respectively, were immuno-
precipitated with o1-specific antibodies, which mirrored closely
the number of virions capable of binding cells (Fig. 2A and C).
Specifically, these studies suggested that T3wt has predominantly
high levels of 0’1, T3v1 virions have 56% fewer o1 molecules than
T3wt but an equivalent cell binding efficiency, and T3v2 prepara-
tions contain a mixture of virions containing no o1 that cannot
bind cells and virions with significantly fewer o1 molecules than
T3wt. More generally, these results support that a continuum of
structures is possible for reovirus with respect to o1 levels and
demonstrate that variants of reovirus can achieve distinct and her-
itable levels of o1 (see Fig. 7).

Establishing infection, viral protein synthesis, and progeny
virus assembly are likely independent of o'1. T3v1 and T3v2 ex-
hibit enhanced infectivity toward cancer cells that corresponds
with improved in vivo oncolysis relative to that of T3wt (31).
While the reduction of 1 on T3v1 and T3v2 suggested a correla-
tion between virion o' levels and infectivity toward transformed
cells, it did not establish a direct (causal) relationship. Since pre-
vious studies by Larson et al. (36) suggested that reovirus particles
with various o1 levels were equally infectious (as long as they had
the 3 o1 trimers needed for binding), we remained open to the
possibility that mutations in T3v1 and T3v2 conferred benefits to
reovirus replication beyond simply changing o1 levels on incom-
ing virions. For example, weaker o'1-\2 interactions could pro-
mote postentry stages of virus replication, such as by stalling the
full assembly of progeny cores to favor secondary rounds of mac-
romolecular synthesis. In addition to its well-characterized role in
cell binding, ol has also been implicated in reovirus-induced
apoptosis (52) and may have additional uncharacterized func-
tions. Therefore, to test the effects of o1 levels on reovirus repli-
cation directly (i.e., in the absence of mutations found in T3v1 and
T3v2), we evaluated whether reducing o1 expression by using
dicer substrate RNAs (DsiRNAs) affects the infectivity of wild-
type reovirus.

The effects of silencing de novo o1 expression were evaluated
by using H1299 lung cancer and A549 lung cancer cells. L929 cells
are poorly transfected and were not used for DsiRNA transfection
experiments. Fluorescently labeled DsiRNAs showed that 90.4%
and 98.8% of A549 and H1299 cells, respectively, were successfully
transfected with DsiRNAs (data not shown). DsiRNAs targeting
the reovirus S1 genome segment were used to knock down ol
expression. Silencing of reovirus 2 served as a positive control, as
02 is critical for the assembly of progeny cores and knockdown of

Reduction of o1 Promotes Reovirus Infectivity

02 was expected to reduce productive infection. DsiRNAs target-
ing the vaccinia virus genes G7L and F17R (irrelevant to our sys-
tem) were used as negative controls. Cells transfected with
DsiRNAs were allowed to recover for 9 to 13 h prior to infection
with wild-type reovirus. Productive infection was then deter-
mined at 12 to 15 h p.i., which represents an intermediate time
point during the ~24-h reovirus replication cycle and, impor-
tantly, a time point where the percentage of H1299 cells produc-
tively infected by reovirus has plateaued (data not shown).

As expected, DsiRNA-mediated knockdown of a2 (S2-2 and
$2-5 DsiRNAs) reduced not only 2 levels but also the expression
levels of other reovirus proteins (w1C, 03, and A1/2) (Fig. 3A), the
percentage of cells productively infected (Fig. 3B), the quantity of
viral proteins per cell (mean fluorescence intensity [MFI]) (Fig.
3C), and progeny viral titers (Fig. 3D). Knockdown of o1 by using
DsiRNAs was also highly efficient (83 to 95% o1 loss) in A549 and
H1299 cells (Fig. 3A). However, reduced o1 levels in both cell lines
did not alter the expression levels of other reovirus proteins (1C,
03, and N1/2) (Fig. 3A) or the extent of productive infection (Fig.
3B). These findings suggested that newly synthesized o1 negligibly
affects (positively or negatively) the efficiency of establishing in-
fection or viral protein expression. Moreover, since ol depletion
by DsiRNAs was below the 2- to 4-fold reduction of 0'1-\2 inter-
actions in T3v1 and T3v2, the reductions of o1-A2 associations at
postentry steps are unlikely to explain why these variants have
improved infectivity.

Despite the almost complete knockdown of a1, progeny virus
titers remained high in S1-specific DsiRNA (S1-DsiRNA)-trans-
fected cells (Fig. 3D). This was surprising, since progeny virions
purified from S1-DsiRNA-transfected and T3wt-infected cells had
an almost complete loss of o1 relative to the other outer capsid
structural proteins p1C and o3 (Fig. 3E). The purified virions
also had a complete dsRNA genome (Fig. 3E), suggesting that
DsiRNAs could target S1 mRNAs destined for translation but not
RNAs used for the assembly of new virions in viral factories. These
findings showed that o1 levels on wild-type virions could be ex-
perimentally adjusted by using S1-specific DsiRNAs.

Reduced o1 levels on incoming reovirions provide a direct
benefit to establishing infection. Having established a strategy to
manipulate o1 levels on wild-type reovirus, we proceeded to test
whether mutations in T3v1 and T3v2 per se are important for
increased infectivity or whether the consequential reduction of o'l
on virions was the critical change. To obtain a spectrum of virion-
associated o1 levels, SI-DsiRNAs were mixed with increasing

FIG 2 T3v2 shows reduced binding to 1929 cells as a result of having a proportion of virions with no o1. (A) L929 cells were exposed to equivalent particle
numbers of T3wt, T3v1, and T3v2 (at four one-half dilutions) for 1 h at 4°C. Following extensive washing, cell-bound virus was detected by Western blot analysis
with antireovirus antibodies. Relative levels of bound virions were extrapolated from polynomial equations generated by T3wt protein band intensities. The
histogram shows relative binding values for three independent virus preparations * standard deviations (significant differences by one-way analysis of variance
are indicated [, P < 0.001]). (B) L929 cells were exposed to T3v1 for 1 h at 4°C. Unbound virus was pelleted at 100,000 X g for 90 min, and equivalent volumes
of input and unbound virus fractions were separated by agarose gel electrophoresis. (C) Per-cell binding efficiency quantified by flow cytometry. L929 cells in
suspension were either left untreated or treated with neuraminidase and then exposed to equivalent particle numbers of T3wt, T3v1, and T3v2 as described above
for panel A. Cell-associated virions were detected with polyclonal antireovirus and Alexa Fluor-conjugated secondary antibodies (APC-A, fluorescence intensity
in APC channel). Representative histograms for binding to untreated (top) or neuraminidase-treated (bottom) cells are shown. The bar graph summarizes
per-cell binding efficiency relative to that of T3wt on untreated cells (set to 100%) (* standard deviation; n = 3; **, P < 0.01 by one-way analysis of variance).
(D) Virions were immunoprecipitated (I.P.) with anti-o'1, antireovirus, or normal NRS, and antibody-bound and supernatant fractions were then subjected to
Western blot analysis (WB) with antireovirus, anti-o'3, or anti-ol, as indicated. Electrophoresis of 1 and 3 sample volumes provided data for qualitative and
quantitative assessments of relative band intensities. Percent immunoprecipitation was calculated as the average intensities for reovirus bands immunoprecipi-
tated with anti-o1 relative to antireovirus, times 100. The histogram shows percent immunoprecipitations for three independent virus preparations (* standard
deviations; ##, P < 0.01 by one-way analysis of variance). Percent unbound virus represents the average intensities of reovirus bands in the supernatant following
immunoprecipitation with anti-o1 relative to NRS, times 100.
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FIG 3 Knockdown of de novo o1 expression does not alter establishment of productive reovirus infection. H1299 and A549 cells were left untransfected (UT)
or transfected with dicer substrate RNAs (DsiRNAs) specific to vaccinia virus F17R and G7L (negative controls), the reovirus S1 genome segment that encodes
o1 (S1-2 and S1-4), or the reovirus S2 genome segment that encodes 02 (52-2 and S2-5). At 9 h p.i., cells were either mock infected with medium alone (Mock)
or infected with wild-type reovirus (T3wt) at a dose empirically calculated to productively infect ~40% of cells. (A) At 12 h postinfection, lysates were collected
and subjected to Western blot analysis with the antibodies indicated. Relative quantities of o'1 are shown. (B) The percentage of reovirus protein-expressing cells
at 12 h p.i. was assessed by flow cytometry with polyclonal antireovirus antibodies. The marker indicates the population of cells staining positive for reovirus
protein expression relative to uninfected controls, and the percentage of positive cells is indicated above each marker. (C) Mean fluorescence intensities for the
marked populations on the histograms shown in panel B. (D) Total reovirus titers at 12 h p.i. under the conditions specified for two independent experiments,
each in duplicate, as determined by a standard plaque assay. ns, not significant; ***, P < 0.001; **, P < 0.01 by one-way analysis of variance. (E) Reovirus particles
were purified from H1299 cells transfected with S1-2 or G7L DsiRNA and infected with T3wt at 12 h p.i. by high-speed ultracentrifugation. Virions were subjected
to Western blot analysis with the specified antibodies. RNA extracted from purified virions was subjected to SDS-PAGE, and reovirus dsRNAs were visualized by
ethidium bromide staining.

amounts of control G7L DsiRNA, while maintaining a constant  infectivity greater than that under condition C, with virions under
total DsiRNA concentration. Similar levels of virions were puri-  condition 4 having the highest infectivity (Fig. 4C). Immunocyto-
fied from DsiRNA-transfected, T3wt-infected H1299 cells at all ~ chemical staining confirmed that virions with reduced o1 levels
ratios of DsiRNAs, indicated by equivalent levels of the major under conditions 4 and 5 established infection in a high propor-
structural proteins p1C and o3 (Fig. 4A). However, as the fraction  tion of cells relative to the control (Fig. 4E). Assessment of virion
of S1-DsiRNAs decreased from 33% (condition 1) to 17% (con-  binding and infectivity per cell enabled the calculation of specific
dition 2), 8% (condition 3), 4% (condition 4), 2% (condition 5), infectivity per equivalent cell-bound particle. The fold increase in
or 0% (control condition [condition C]) of total DsiRNA, the virion infectivity was directly proportional to the reduction in o1
level of o1 on purified virions increased (Fig. 4A). Using agarose  levels. Bound virions under condition 1 were 4.8-fold more infec-
gel electrophoresis, we determined the distribution of 01 levels of  tious than those under condition C (Fig. 4D). Results similar to
virions generated by using S1-DsiRNAs (conditions C, 4, and 1)  those described above were found for virions generated from S1-
(Fig. 4B). Under condition C, the number of o1 trimers on the DsiRNA transfection in A549 cells (data not shown). Together,
virions ranged from 12 to 10. The majority of virions generated  this work demonstrated that reduced virion-associated o1 levels
under condition 4 and condition 1 had between 12 and 5 and  can directly promote infectivity of reovirus toward L929 cells. The
between 5 and 0 ol trimers, respectively. Although heteroge- optimal level of o1, which was 3- to 4-fold lower than that for the
neous, condition 1 and condition 4 generated virions with pro-  wild type, reflected a balance between having sufficiently high
gressively lower levels of o1 trimers than those of virions gener-  quantities of a1 for cell binding and having sufficiently low quan-
ated under condition C. Since T3wt was used during the infection, tities to promote infectivity. Furthermore, since the genomes of
it is important to note that the only difference between virions  T3wt virions with fewer o1 molecules were of wild-type sequence,
purified under conditions 1 to 5 and condition C is ol levels these findings suggested that reduced o1 levels confer a benefit to

(Fig. 4B). incoming virions in the primary stages of reovirus replication.
Purified virions under each S1-DsiRNA condition were as- Relative to T3wt, T3v1 and T3v2 exhibit similar rates of un-

sessed for binding and infectivity (Fig. 4C). Virion binding per cell ~ coating during intracellular proteolysis but achieve loss of o1
was assessed by using flow cytometry following virus incubation  early. The increased infectivity of reovirions with reduced levels of
with L929 cells in suspension at 4°C. As the concentration of S1- o1 molecules suggested that incoming virions achieved some ben-
DsiRNA increased from condition 5 to condition 1, per-cell virion  efit during early steps of establishing infection. Previously, T3v1
binding was reduced relative to that under condition C. Virions and T3v2 were shown to produce ~3-fold-higher levels of viral
under condition 1 had ~30% binding per cell compared to virions  RNAs than those of T3wt at 6 h postinfection (p.i.) (31). These
under condition C. Since agarose gel electrophoresis demon- findings suggested that fewer o1 trimers (or weaker 1-\2 inter-
strated that a majority of virions under condition 1 had very low actions) might enhance the entry of reovirus or the transition
o1 levels, reduced binding was expected (Fig. 4B and C). The from fully assembled virions into transcriptionally active core par-
percentage of reovirus-infected cells was determined at 15h p.i. by ticles. Other laboratories have characterized mutations in the re-
using flow cytometry. Conditions 1 to 5 generated virions with  ovirus outer capsid proteins 03 and 1C that enhance the prote-
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FIG 4 Reduced o1 levels on wild-type reovirus enhance productive infection. (A and B) H1299 cells transfected with decreasing amounts of S1-2 DsiRNA, from
33% (condition 1) to 17% (condition 2), 8% (condition 3), 4% (condition 4), 2% (condition 5), or 0% (condition C) of total DsiRNA. G7L DsiRNA (negative
control) was used to bring the total DsiRNA mixtures to equivalent concentrations under all conditions. (A) Virions were purified by high-speed centrifugation
and subjected to Western blot analysis for levels of reovirus proteins, as indicated. Levels of a1 for T3wt with control G7L DsiRNA are set to 100%, and relative
levels of o1 under other conditions are provided. (B) Following Vertrel extraction, virions were purified by cesium chloride gradient centrifugation, and 5 X 10'°
particles were subjected to agarose gel electrophoresis followed by Coomassie blue staining. (C) One-quarter dilutions of virion preparations from panel A were
exposed to L929 cells for 1 h at 4°C, followed by extensive washing. Samples were processed either immediately for assessment of per-cell binding or after 15 h
for assessment of the percentage of cells infected with reovirus. After incubation with polyclonal antireovirus antibody and Alexa Fluor-conjugated secondary
antibody, samples were analyzed by using flow cytometry. Relative per-cell binding efficiencies were calculated from polynomial equations generated from data
for control condition C. Representative histograms for infectivity and binding are shown. (D) To calculate relative infectivity per equivalent bound particle, the
percentage of reovirus-infected cells was divided by the per-cell binding efficiency. (E) After 15 h of infection similar to that described above for panel C,
immunocytochemical staining was performed to visualize reovirus-infected cells by using polyclonal antireovirus antibody. Representative data from 3 inde-

pendent virus preparations are shown.

olysis of outer capsid proteins and promote disassembly under in
vitro conditions (53-55). We sought to determine whether T3v1
and T3v2 might similarly exhibit improved disassembly and
thereby enhance infectivity.

Reovirus capsid disassembly is mediated by intestinal trypsin
or chymotrypsin during natural enteric infection or by lysosomal
proteases (cathepsins B, S, and L) (6, 7) during infection of cul-
tured cells (Fig. 5A) (reviewed in reference 2). The transition from
whole virions to transcription-competent cores requires the com-
plete degradation of the o3 outer capsid protein and cleavage of
the underlying n1C to the membrane-penetrating 8 fragment, to
produce infectious subviral particles (ISVPs). As & is removed
from ISVPs during membrane penetration, a conformational shift
triggers the “opening” of A2 turrets, release of o1, and activation
of the inner core A3 polymerase. At this point, the partially un-
coated virion (core) can transcribe and release progeny RNAs for
the onset of replication. In addition to monitoring ¢3 and w1C
processing, we required an assay that also monitors the release of 8
and ol from virions during core formation, which could be pro-
moted by a weaker o1-\2 association.

April 2015 Volume 89 Number 8
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We first established a strategy to monitor the cleavage and re-
lease of o'l trimers from T3wt reovirions using in vitro proteolysis
with chymotrypsin and then applied this strategy to investigate o'l
release during cell culture infection. At incremental times during
in vitro proteolysis, virion-associated versus dissociated proteins
were separated by high-speed ultracentrifugation (Fig. 5B). o3
was removed from reovirions and degraded completely, followed
by the cleavage of w1C to & and complete degradation of the &
fragment. Antibodies specific to the C-terminal head versus the
N-terminal tail of 01 demonstrated that o1 was first cleaved into
two similar-sized fragments (01-N1 and 01-C1) (Fig. 5B), as was
previously demonstrated for some strains of reovirus (10, 56, 57).
Importantly, the o1 head and ol tail were both released from
T3wt virions in vitro, discerned by their increased proportions in
supernatants versus virion pellet fractions. ol was also further
processed into a smaller C-terminal fragment (¢1-N2) coincident
with release, suggesting that a protease-sensitive region is exposed
when the o1 tail dissociates from virions.

The cleavage-and-release assay was then adapted to monitor
reovirus disassembly within cells at different times postinfection
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FIG 5 T3wt, T3v1, and T3v2 exhibit similar rates of intracellular uncoating, but T3v1 and T3v2 show an earlier loss of o'1. (A) Schematic representation of reovirus
proteins o1, A1, A2, and A3 in the context of reovirus virions. Steps of reovirus uncoating include the degradation of 3, cleavage of w1C to 8, cleavage of the o1 head
(0'1C) during the formation of ISVPs, and release of 8 and 1 tail (01N) during the formation of transcriptionally active core particles. (B) Diagrammatical depiction of
the approach to separate virion-associated and dissociated proteins, along with nomenclature for o1 proteolytic fragments labeled in panel B and C immunoblots. A total
of 5 X 10" T3wt particles/ml were treated with 14 g/ml chymotrypsin for the indicated durations. Virion-associated (pellet [P]) and dissociated (supernatant [S])
fractions were separated by high-speed ultracentrifugation and subjected to Western blot analysis with the indicated antibodies. (C, left) L929 cells were mock infected
(—) or exposed to equivalent numbers of T3v1, T3v2, and T3wt particles (+ Reo.) at 4°C for 1 h, and viruses were then permitted to enter for 1 h and incubated at 37°C
in the presence of 50 pg/ml cycloheximide to stop de novo protein synthesis. At the indicated times postentry, cell lysates were subjected to high-speed centrifugation.
Virion-associated (pellet) and dissociated (supernatant) fractions were subjected to Western blot analysis with the indicated antibodies. T3wt digested in vitro for 120 min
(in vitro) was included in each immunoblot to indicate the location of reovirus proteins and as a cross-blot loading control. (Top right) Sum of band intensities for
full-length 0’1 and o1 tail associated with virions, relative to T3wt at 2 h p.i. (* standard deviations; n = 4). Levels of T3v1 and T3v2 were significantly different from those
of T3wtat2 and 4 h p.i. (#*, P < 0.01 by  test). (Bottom right) Percent .1C plus  release or a1 release calculated as the percentage of protein in the supernatant versus
that in the supernatant-plus-pellet fraction for the corresponding time points (* standard deviations; n = 5,4, and 3 for T3wt, T3v1,and T3v2, respectively). Mean values
for all three virions at a given time point were not significant (by analysis of variance).
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(Fig. 5C). T3wt, T3v1, and T3v2 virions were bound to L929 cells
at 4°C to achieve similar cell-bound particle equivalents. Viruses
were then permitted to uncoat at 37°C for 0, 2, 4, and 6 h and
assessed for outer capsid protein (o1, 03, and w1C) cleavage and
release. As a control, the inner capsid proteins A1 and 02 fraction-
ated exclusively with the virion pellet and sustained relatively sta-
ble levels, supporting the integrity of virion cores during disas-
sembly. The efficiency of p1C-to-3 cleavage for T3v1 and T3v2
was similar to that for T3wt. Distinct from in vitro conditions, the
d fragment dissociated from reovirions that accumulated in the
supernatant fraction rather than undergoing complete degrada-
tion, suggesting protection from further proteolysis likely attrib-
uted to insertion into lysosomal membranes or dissociation in the
cytoplasm. The efficiencies of 8 release, calculated as the percent-
age of w1C plus 3 in the supernatant versus total (pellet plus su-
pernatant) fractions, were similar for T3wt, T3v1, and T3v2. These
results suggest that mutations in T3v1 and T3v2 do not promote
the rate of intracellular outer capsid disassembly.

The cleavage and release of o1 were also monitored with tail-
and head-specific antibodies. Cleavage of o'l into N- and C-ter-
minal fragments was almost complete by 2 h of infection. The
N-terminal o1 tail was not cleaved to the smaller 01-N2 fragment
seen in vitro, in agreement with the paradigm that o1 is released
from virions after penetration into the cytoplasm. All three viruses
also released the ol tail fragment into the supernatant fraction
between 4 and 6 h p.i. However, because they started with fewer o1
molecules per virion, T3v1 and T3v2 had >50% fewer o1 tails
occluding their vertices at 4 h p.i. than did T3wt. Since the cleavage
and release of the other outer capsid proteins (03, w1C, and 8)
were similar among the three viruses, the early depletion of o1 in
itself likely accounts for the increased viral RNA synthesis by T3v1
and T3v2 between 3 and 6 h postinfection (31).

Reovirus variants with reduced o1 levels show decreased sta-
bility and infectivity under conditions that mimic intestinal
proteolysis. A fundamental question was raised by the findings
that T3v1 and T3v2 have an improved capacity to productively
infect cells: why are reduced o1 levels on virions not the dominant
phenotype in natural reovirus populations? Even early studies by
Larson et al. found that wild-type reovirus was a mixed population
without bias toward fewer o1 molecules per virion (36). To ex-
plore this question, we queried the fate of T3wt versus T3v1 and
T3v2 under conditions that mimic natural infection of the intes-
tine or respiratory tract, where reovirus particles are exposed to
extracellular proteases that facilitate uncoating (48, 58, 59).

In vitro digestion of T3wt, T3v1, and T3v2 particles with chy-
motrypsin was used to recapitulate intestinal proteolysis. Virion
particle numbers were standardized by quantitative Western blot
analysis, and particles were treated with a common chymotrypsin
concentration (Fig. 6A). Aliquots were removed at intermittent
times, reactions were terminated with protease inhibitors, virions
were analyzed for outer capsid digestion by SDS-PAGE and Coo-
massie blue staining (Fig. 6A), and infectivity was analyzed by
plaque titration (Fig. 6B) and/or the release of o1 following high-
speed centrifugation and Western blot analysis (Fig. 6C). Despite
having similar rates of uncoating within cells (Fig. 5C), T3v1 and
T3v2 showed faster uncoating (i.e., cleavage of p1C to 8 and tran-
sition to cores) when exposed to chymotrypsin (Fig. 6A). More-
over, although titers varied between independent experiments,
the overall trend suggested that both variants lost infectivity more
rapidly than did T3wt (Fig. 6B). Note that the initial increase in
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PFU at 15 min of chymotrypsin digestion is common with the
production of ISVPs, since 8 promotes direct membrane penetra-
tion (8,9). As explored in Discussion, the reduced stability of T3v1
and T3v2 under chymotrypsin treatment might reflect a fitness
cost during natural enteric or respiratory tract infection and could
explain the preservation of higher o1 levels per virion in the nat-
ural reovirus population.

The rates of o1 dissociation of T3wt, T3v1, and T3v2 were
compared. For both T3wt and T3v2, o1 molecules were cleaved
into o1 head and tail fragments, which progressively moved into
virion-dissociated supernatant fractions following high-speed
centrifugation (Fig. 6C). An unexpected but highly reproducible
finding was that the o1 tail did not dissociate from T3v1 particles.
This finding suggests a unique structure for T3v1 relative to T3v2
and T3wt upon chymotrypsin digestion, one that continues to
“trap” ol trimers within A2 turrets. Since the structure of cores
cannot be easily deduced, two indirect assays were utilized to ex-
plore possible implications of chymotrypsin digestion in core
structures of T3wt, T3v2, and T3v2. Pure reovirus cores were pre-
viously shown to be competent for viral RNA synthesis in vitro
(38). T3wt, T3v1, and T3v2 cores purified after 120 min of chy-
motrypsin digestion were therefore repurified, restandardized to
equal particle numbers by quantitative Western blot analysis, and
subjected to in vitro transcription reactions. At 0, 90, and 180 min,
reactions were terminated with TRIzol, reaction mixtures were
spiked with a constant dose of in vitro-synthesized GFP mRNA for
normalization, and total RNA was extracted. Quantitative reverse
transcription-PCR was performed for reovirus S4 RNAs and GFP
RNAs. Reactions performed in the absence of ATP served as neg-
ative controls and resulted in S4 RNA levels similar to those ob-
tained at 0 h. By 180 min, T3wt cores produced by chymotrypsin
digestion exhibited significantly more transcription activity than
did both T3v1 and T3v2 cores (Fig. 6D).

Finally, we tested the extent of productive infection established
by T3wt, T3v1, and T3v2 cores (Fig. 6E). Since core particles can-
not penetrate cellular membranes and are therefore not directly
infectious, delivery into H1299 cell cytoplasm was mediated by
Lipofectamine 2000 (Invitrogen). In the absence of a transfection
reagent, cells did not become productively infected, demonstrat-
ing a lack of contamination by whole virions and ISVPs. In the
presence of a transfection reagent, T3wt cores displayed an im-
proved capacity to establish productive infection over T3v1 and
T3v2 cores produced in vitro. Interestingly, the ability of T3v1
cores to establish infection at all, given the retention of o1 (Fig.
6C) and low transcription activity (Fig. 6D), suggests that the cat-
ionic liposome-forming quality of Lipofectamine 2000 and/or in-
tracellular conditions likely promoted the release of the o1 neces-
sary for reovirus RNA synthesis. Overall, these results suggest that
chymotrypsin imposes distinct structural changes on T3v1 and
T3v2, relative to wild-type reovirus and relative to intracellular
proteolysis. Moreover, while T3v1 and T3v2 were more infectious
toward tumor cells due to reduced a1 levels, they exhibited a more
rapid loss of infectivity under conditions that mimic intestinal
proteolysis.

DISCUSSION

Reovirus variants T3v1 and T3v2 were previously found to exhibit
enhanced infectivity toward numerous cancer cell lines in vitro
and improved tumor clearance in vivo (31). The current analysis
demonstrated that T3v1 and T3v2 achieve a more optimal num-
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FIG 6 Reovirus variants with reduced o1 levels show decreased stability and infectivity under intestinal proteolysis conditions. CsCl-purified T3wt, T3v1, and
T3v2 reovirus preparations were diluted to equal particle numbers based on band intensities of u1C and o3 during quantitative gel electrophoresis. A total of 5 X
10" particles/ml (estimated by the OD,,) were treated with 14 pg/ml chymotrypsin for the indicated durations. (A) Degradation of 03 and p.1C cleavage to 3,
as hallmarks of reovirus outer capsid disassembly, were monitored by SDS-PAGE and Coomassie blue staining. The core proteins 02 and A1/2 remained intact.
(B) Titers of T3v1, T3v2, and T3wt following chymotrypsin digestion were determined by plaque titration on L929 cells. The percentage of virus titers remaining
after chymotrypsin digestion, relative to that in untreated samples (100%), was calculated for three independent experiments. Differences in means found to be
significant by analysis of variance and Bonferroni’s multiple-comparison test are indicated (*, P < 0.05; #:, P < 0.01; *#*, P < 0.001). (C) Cleavage and release
of 1 following chymotrypsin digestion of T3v1, T3v2, and T3wt were monitored by Western blot analysis with head- and tail-specific o1 antibodies. Virus-
associated and dissociated proteins were purified by high-speed centrifugation, as described in the legend of Fig. 3C. Results are representative of four
independent experiments. (D) Cores produced at 120 min of chymotrypsin digestion (under conditions similar to those described above for panel C) were
purified by high-speed centrifugation and restandardized to equal core numbers for T3wt, T3v1, and T3v2 by electrophoresis and Coomassie blue staining.
Equivalent numbers of cores were then subjected to in vitro transcription reactions for 0, 90, and 180 min. Reactions were terminated with an equal volume of
TRIzol spiked with GFP mRNA, to permit normalization following RNA extraction and cDNA synthesis. Levels of reovirus S4 relative to GFP RNA levels were
monitored by quantitative reverse transcription-PCR and are presented as means = standard deviations (n = 3 for T3wt and T3v1; n = 2 for T3v2). One-way
analysis of variance with Bonferroni’s multiple-comparison test indicates significant differences between T3wt and T3v1 (P < 0.05) and between T3wt and T3v2
(P < 0.01) at 180 min. Transcription reaction mixtures with T3wt cores in the absence of ATP served as negative controls. (E, left) Equal numbers of T3wt, T3v1,
and T3v2 (as described above for panel D) were added to H1299 cells in the presence or absence of the transfection reagent Lipofectamine 2000. At 15 h p.i., cells
were paraformaldehyde fixed and stained with reovirus-specific antibodies. The proportion of cells positive for reovirus protein expression by flow cytometry is
indicated. (Right) Percent infection by cores in the presence of the transfection reagent for two independent experiments, with two core-to-Lipofectamine 2000
ratios per experiment. Significant differences in means (line) determined by analysis of variance and Bonferroni’s multiple-comparison test are indicated.
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FIG 7 Structural adaptation of reovirus promotes infectivity in a new thera-
peutic niche. T3v1 and T3v2 exhibit enhanced infectivity toward a panel of
cancer cells and antitumor activity in vivo (31). T3v1 and T3v2 have progres-
sively fewer o1 molecules per virion than does T3wt, with T3v2 also having a
higher proportion of o'1-less virions. During intracellular uncoating in tumor
cells, reduced o1 virion levels promote the rapid onset of replication and a 3- to
4-fold increased probability of establishing infection. Conversely, compared to
T3wt virus, T3vl and T3v2 show reduced stability and infectivity, and ol
retention by T3v2, under conditions that mimic intestinal proteolysis (chymo-
trypsin [CHT] [scissors]). Optimal infectivity toward natural versus therapeu-
tic niches may therefore require distinct reovirus structures and o1 levels.

ber of 01 molecules per virion to establish infection in tumor cells,
where proteolytic disassembly occurs intracellularly (Fig. 7). In
contrast, T3vl and T3v2 showed a more rapid loss of infectivity
when exposed to intestinal extracellular proteolysis conditions.
These studies indicate that the optimal number of o1 molecules
on reovirus particles depends on the mode of infection and can be
heritably fine-tuned through mutations in the N-terminal tail of
o1 or the flap domain of \2.

To establish infection, reovirus must partially uncoat into tran-
scriptionally active core particles devoid of o1. Since reovirus ver-
tices become unoccluded sooner for T3vl and T3v2 in our un-
coating assays, the simplest explanation for why reduced o1 levels
favor reovirus infectivity during intracellular uncoating is that es-
tablishing infection is a time-sensitive event. Since numerous
studies have demonstrated complex conformational changes co-
incident with reovirus core formation (60-67), it is also possible
that A2 turrets that never associate with o1 are better “poised” to
achieve the “transcriptionally active state.” Either a faster or more
complete transition to transcriptionally active cores would ac-
count for the increased levels of reovirus RNA synthesized at 6 h
p-i. by T3v1 and T3v2 relative to those of T3wt and the increased
probability of establishing infection (31).

Several publications dating as far back as 1968 (48) and as
recent as 1998 (37) suggest approximately complete occupancy of
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reovirus vertices by o1 trimers using 3H and 35S amino acid stoi-
chiometric analysis. The finding by Larson et al. that reovirus
preparations consist of particles with 0 to 12 o1 trimers was the
first indication (to our knowledge) that a1 levels can vary on par-
ticles. Recently, Nygaard et al. thoroughly compared the patho-
geneses of two reovirus isolates in a murine model of respiratory
infection (68). Differences in pathogenesis were attributed to two
polymorphisms in o1: one in the tail region (nucleotide 77) that
produces an amino acid change in both o1 and the second over-
lapping nonstructural protein o1-small (o1s) and one in the head
domain of o1. Their analysis showed a clear influence of o'ls on
pathogenesis, but intriguingly, the less pathogenic isolate (T3DF)
also had fewer o1 molecules. It would therefore be interesting to
revisit the status and implication of o1 levels in other natural and
laboratory-adapted strains of reovirus.

Reovirus evolved under gastrointestinal and respiratory selec-
tive pressures (69), has high seroprevalence (70), and is seemingly
well adapted for these natural routes of infection. The discovery
that T3v1 and T3v2 variants replicate more efficiently than T3wt
in cell culture and animal tumors raised an interesting question:
why did these mutations (or low o1 levels per virion) not naturally
prevail among reovirus quasispecies? To begin addressing the im-
plication of mutations in T3v1 and T3v2 for natural enteric infec-
tions, T3v1, T3v2, and T3wt were treated with the intestinal pro-
tease chymotrypsin. During chymotrypsin digestions, T3v1 and
T3v2 disassembly intermediates had a more rapid loss of infectiv-
ity and characteristics distinct from those of T3wt, such as ol
retention by T3vl1. Nibert et al. (56) previously found that con-
comitant with chymotrypsin-mediated ol cleavage, reovirus se-
rotype 3 Dearing lost the capacity for efficient cell binding and
infectivity. The rapid loss of infectivity of T3vl and T3v2 upon
chymotrypsin treatment may therefore also reflect the reduced
levels of o1 and, therefore, increased vulnerability to the unfavor-
able effects of ol cleavage. When uncoating intracellularly, the
negative effects of o1 cleavage on binding would be overcome,
allowing the benefits of reduced o'1 levels for establishing infection
to prevail.

The need to be highly stable in the extracellular environment
yet sufficiently unstable to disassemble within cells presents an
essential paradox for all viruses. All three viruses showed similar
thermal stabilities by differential scanning fluorimetry (data not
shown) and disassembled with equal efficiencies during intracel-
lular uncoating, emphasizing the distinct response to chymotryp-
sin proteolysis. Unique reovirus structures may be required to
achieve an optimal balance, depending on the mode of uncoating
(i.e., intracellular versus extracellular). Since T3v2 has a single
mutation that impacts o1 only and provides a heritable means to
reduce a1 levels on virions at each stage of replication, compari-
son to T3wt during natural infection in vivo (peroral [59, 71] or
intranasal [68] models) could directly address the role of o1 levels
on virions in natural routes of infection.

It remains a mystery why T3v1 cores generated by chymotryp-
sin continue to trap ol (Fig. 6C) and whether this represents a
biologically relevant disassembly intermediate during the transi-
tion of reovirus ISVPs to cores. Chandran et al. found no major
differences by cryo-transmission electron microscopy (TEM) in
the arrangement of core proteins w1 and A3 and core-facing do-
mains of A2 among reovirions reconstituted in vitro in the pres-
ence or absence of o'l (72), so it is likely that in addition to reduc-
ing ol levels, mutations in T3vl and T3v2 contribute to
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conformational differences that impinge on proteolysis by chy-
motrypsin. We predict that when disassembly to cores is mediated
exclusively by chymotrypsin, the mutation in the T3v1 N2 flap
domain restricts A2 “opening” and the release of o'1. Furthermore,
since o'l could easily dissociate from T3v1 particles during intra-
cellular uncoating (Fig. 5C), our findings suggest that the chymot-
rypsin-mediated transition to cores may impose distinct changes
of the virion structure (e.g., opening of A2 turrets in T3v1) com-
pared to core formation resulting from intracellular cathepsin-
mediated proteolysis and membrane penetration-induced un-
coating. Such differences may reflect unique specificities of the
proteases and/or the contribution of membranes versus degrada-
tion as a means of completely removing outer capsid proteins.
Accordingly, it would also be interesting to compare high-resolu-
tion structures of T3v1, T3v2, and T3wt disassembly intermedi-
ates generated by extracellular versus intracellular uncoating con-
ditions.

Finally, while current human clinical trials focus on wild-type
reovirus, the possibility of using “next-generation” reovirus vari-
ants to promote the specificity and/or efficiency of oncolysis war-
rants consideration. In addition to T3v1 and T3v2, other reovirus
variants with attributes favorable for oncolytic therapy have been
described. For example, reovirus with a truncated o1 (i.e., devoid
of the JAM binding head domain) was demonstrated to have in-
fectivity equal to that of wild-type reovirus in cancer cells, with
reduced host toxicity (73). Reovirus mutants with increased sen-
sitivity to interferon (IFN) may also provide improved specificity
for IFN-insensitive cancers over normal cells (17). While the al-
ready well-defined nonpathogenic nature of wild-type reovirus in
humans provides a strong premise for its continued application,
other oncolytic viruses, such as vaccinia and herpes simplex vi-
ruses, have demonstrated the benefit of genetic modification for
improving specificity and potency. Since T3vl and T3v2 have
demonstrated in vivo oncolytic enhancement over wild-type reo-
virus (31), and as their mechanism for improved infectivity to-
ward transformed cells is now understood, the utility of these
variants to improve reovirus oncolysis seems promising.
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