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Reovirus Cell Entry Requires Functional Microtubules
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ABSTRACT Mammalian reovirus binds to cell-surface glycans and junctional adhesion molecule A and enters cells by receptor-
mediated endocytosis in a process dependent on 1 integrin. Within the endocytic compartment, reovirus undergoes stepwise
disassembly, allowing release of the transcriptionally active viral core into the cytoplasm. To identify cellular mediators of reovi-
rus infectivity, we screened a library of small-molecule inhibitors for the capacity to block virus-induced cytotoxicity. In this
screen, reovirus-induced cell killing was dampened by several compounds known to impair microtubule dynamics. Microtubule
inhibitors were assessed for blockade of various stages of the reovirus life cycle. While these drugs did not alter reovirus cell at-
tachment or internalization, microtubule inhibitors diminished viral disassembly kinetics with a concomitant decrease in infec-
tivity. Reovirus virions colocalize with microtubules and microtubule motor dynein 1 during cell entry, and depolymerization of
microtubules results in intracellular aggregation of viral particles. These data indicate that functional microtubules are required
for proper sorting of reovirus virions following internalization and point to a new drug target for pathogens that use the endo-
cytic pathway to invade host cells.

IMPORTANCE Screening libraries of well-characterized drugs for antiviral activity enables the rapid characterization of host pro-
cesses required for viral infectivity and provides new therapeutic applications for established pharmaceuticals. Our finding that

microtubule-inhibiting drugs impair reovirus infection identifies a new cell-based antiviral target.
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he interplay between viruses and host cells regulates each step

of the virus-host encounter. Viral tropism is restricted by the
availability of cell-surface receptors and host molecules that pro-
mote viral internalization, replication, assembly, and release. Un-
derstanding the cellular components that underlie productive vi-
ral infection can illuminate new targets for development of
antiviral therapies, improve viral vector design, and enhance an
understanding of cellular processes at the pathogen-host inter-
face.

Mammalian orthoreovirus (called reoviruses here) are nonen-
veloped, double-stranded RNA viruses that are formed from two
concentric protein shells (1). Reoviruses infect most mammalian
species, and although most humans are exposed during child-
hood, infection seldom results in disease (1, 2). The reovirus ge-
nome can now be engineered using reverse genetics, leading to the
recovery of viable viruses with targeted alterations (3). Coupled
with the capacity to elicit mucosal immune responses (1, 4) and
natural attenuation in humans (1), this technology provides an
opportunity to develop reovirus as a vaccine vector. Moreover,
reovirus is currently being tested in clinical trials for efficacy as an
oncolytic agent against a variety of cancers (5).

Reovirus attaches to host cells via interactions with cell-surface
glycans (6, 7) and junctional adhesion molecule A (JAM-A) (8-
10). Following attachment to JAM-A, reovirus is internalized in a
Bl integrin-dependent manner via receptor-mediated endocyto-
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sis (11). Following internalization, reovirus activates Src kinase
(12) and traverses through early and late endosomes (13). In late
endosomes, virions undergo stepwise acid-dependent proteolytic
disassembly catalyzed by cysteine cathepsin proteases to form in-
fectious subvirion particles (ISVPs). ISVPs are characterized by
the loss of outer-capsid protein o3 and cleavage of outer-capsid
protein wl. The w1 cleavage fragments mediate endosomal mem-
brane penetration and release of the transcriptionally active viral
core into the cytoplasm (14-16). ISVPs also can be generated in
vitro by treatment of virions with a variety of proteases (14, 16).
These particles bind JAM-A to initiate infection but are thought to
penetrate at or near the cell surface (8, 17, 18), bypassing a require-
ment for acid-dependent proteolytic disassembly (16, 18). Host
factors that mediate internalization and endosomal transport of
reovirus virions are not completely understood.

Microtubules are long, filamentous protein polymers com-
posed of a-tubulin and B-tubulin heterodimers (19). These struc-
tures regulate a wide variety of cellular functions, including mito-
sis, maintenance of cell shape, and intracellular transport (19).
Posttranslational modifications of tubulin subunits and the inter-
action of microtubule-associated proteins with microtubules reg-
ulate polymerization dynamics (20). Because of the essential role
in cell division, microtubules are targets for several anticancer
chemotherapeutic agents (20, 21). For example, paclitaxel was
originally developed for use against ovarian cancer but also is used

mBio mbio.asm.org 1


http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
mbio.asm.org

Mainou et al.

to treat other cancers, including metastatic breast cancer (20-22).
Vinca alkaloids, including vindesine sulfate, are used to treat non-
small-cell lung cancer, leukemia, lymphoma, and breast cancer
(20, 21, 23). Microtubule-inhibiting compounds are classified
into two groups based on whether the drug stabilizes or destabi-
lizes microtubules. Stabilizing agents, such as taxanes, enhance
microtubule polymerization, whereas destabilizing agents, such as
vinca alkaloids and colchicine, inhibit microtubule polymeriza-
tion by directly binding to microtubule subunits (20). Microtu-
bule motors are used for bidirectional transport of cargo (24).
Minus-end motors (dyneins) transport cargo toward the cell in-
terior, whereas plus-end motors (kinesins) move cargo toward the
cell periphery (24). It is not known whether microtubules or mi-
crotubule motors are required for reovirus entry.

In this study, we identified microtubule inhibitors in a high-
throughput screen of small molecules for blockade of reovirus-
mediated cell death. These drugs do not impede reovirus attach-
ment or internalization but delay the intracellular transport of
incoming virions, with a concomitant decrease in viral infectivity.
Diminished expression of the dynein 1 heavy chain by RNA inter-
ference (RNAi) decreases reovirus infection. These findings indi-
cate that reovirus uses microtubules and dynein 1 to efficiently
enter and infect host cells, providing a potential new therapeutic
option for viruses that penetrate deep into the endocytic pathway
to establish infection.

RESULTS

Identification of microtubule inhibitors using a high-
throughput small-molecule screen. To identify cellular factors
required for reovirus cytotoxicity, we performed a high-
throughput screen using small molecules from the NIH Clinical
Collection (NCC), a library that contains 446 compounds that
have been used in phase L, I, and III clinical trials in humans (see
Fig. S1A in the supplemental material). Small molecules in the
NCC were initially developed for use against a variety of diseases,
including central nervous system, cardiovascular, and gastrointes-
tinal malignancies, as well as numerous anti-infectives. HeLa S3
cells, which undergo cell death following reovirus infection (25),
were incubated with dimethyl sulfoxide (DMSO) (vehicle con-
trol), 10 uM cysteine-protease inhibitor E64-d as a positive con-
trol (26), or a 10 uM concentration of each of the compounds in
the NCC, adsorbed with cytopathic reovirus strain T3SA+ (6,27),
and incubated for 48 h. Cellular ATP levels were assessed as a
proxy for cell viability. Z scores were calculated to identify com-
pounds that significantly diminished reovirus-induced cell death
(see Table S1 in the supplemental material). Eleven compounds
had Zscores of greater than 2.0, with Z scores in this group ranging
from 2.758 to 8.444 (Fig. S1B). Interestingly, 5 of the 11 com-
pounds identified are drugs that influence microtubule stability
and function (20) (Fig. S1C). Microtubule-inhibiting compounds
constitute <1% of the total number of small molecules in the
NCC, suggesting that the large number of microtubule inhibitors
identified does not reflect bias within the screen. Thus, these data
suggest that functional microtubules are required for reovirus-
induced cytotoxicity.

Microtubule inhibitors diminish reovirus-mediated cell
death and infectivity. To verify that microtubule-inhibiting drugs
block cytotoxicity induced by reovirus, HeLa S3 cells were incu-
bated with DMSO, E64-d, or NH,Cl as positive controls, or in-
creasing concentrations of microtubule-inhibiting drugs for 1 h

2 mBio mbio.asm.org

prior to reovirus adsorption. Cell viability was assessed by quan-
tifying cellular ATP levels 48 h after adsorption (Fig. 1A). Similar
to the observations made using the NCC screen, we observed a
dose-dependent decrease in reovirus-mediated cytotoxicity with
increasing concentrations of microtubule-inhibiting compounds,
E64-d, or NH,CI. The observed inhibition was statistically signif-
icant at concentrations of 0.1 to 1.0 uM for all compounds tested
except for flubendazole, which inhibited at concentrations of 1.0
and 10 uM. These data confirm findings obtained from the small-
molecule screen and provide further evidence that microtubule
function is required for reovirus-induced cell death.

To determine whether microtubule function is required for
reovirus infectivity in epithelial and endothelial cells, we tested the
effect of microtubule-inhibiting compounds on reovirus infection
of CCL2 HelLa cells, HeLa S3 cells, and human brain microvascu-
lar endothelial cells (HBMECs). Both CCL2 and S3 HeLa cells are
highly susceptible to reovirus infection and have been used in
studies to understand cellular mediators of reovirus cell entry (12,
13). HBMECs are highly transfectable and provide a tractable
model cell line for studies of virus replication in endothelial cells
(28). Cells were treated with DMSO, E64-d, NH,CI, or increasing
concentrations of microtubule inhibitors for 1 h prior to adsorp-
tion with reovirus T3SA+, incubated in the presence of inhibitors,
and scored for infection by indirect immunofluorescence
(Fig. 1B). For all cell lines tested, treatment with vindesine sulfate
yielded a statistically significant decrease in infectivity. While col-
chicine and docetaxel also decreased infectivity in the cell types
tested, the effects were not as pronounced as those observed with
vindesine sulfate. Interestingly, among the compounds from the
NCC, we identified three vinca alkaloid compounds, vindesine
sulfate, vincristine sulfate, and vinorelbine bitartrate, that im-
paired reovirus-mediated cytotoxicity. These data suggest that
vinca alkaloids are more potent as anti-infectives against reovirus
than other microtubule-inhibiting agents. Together, these data
indicate that microtubule function is required for maximal reovi-
rus infectivity and reovirus-mediated cell killing.

Vindesine sulfate blocks reovirus replication at early times of
infection. To define the temporal window in which microtubule
inhibitors act to impair reovirus infection, CCL2 HeLa cells were
treated with DMSO, NH,CI, or 1 uM vindesine sulfate for 1 h
prior to reovirus adsorption or in 1-h increments up to 2 h post-
adsorption. Cells were then incubated in the presence or absence
of inhibitors and scored for infection by indirect immunofluores-
cence 20 h after adsorption (Fig. 2A). Since microtubules depoly-
merize at cold temperatures (29), virus was adsorbed at room
temperature to prevent microtubule depolymerization while also
allowing sufficient time for reovirus to attach to cells. For the
remainder of the descriptions of our studies, 0 min represents the
initiation of infection following adsorption at room temperature.
Vindesine sulfate treatment 1 h prior to or immediately following
adsorption substantially decreased reovirus infection. However,
addition of vindesine sulfate 1 h or more after adsorption de-
creased reovirus infection much less efficiently. These data indi-
cate that vindesine sulfate is most potent in diminishing reovirus
infection during the first hour of the infectious cycle, suggesting
that reovirus requires microtubule function during the interval
required for viral entry and uncoating. In addition, these findings
demonstrate that impairment of reovirus infection by vindesine
sulfate is not attributable to toxicity of the compound.

To determine whether vindesine sulfate impairs infection by
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FIG 1 Microtubule-inhibiting compounds diminish reovirus-mediated cytotoxicity and inhibit reovirus infectivity. (A) HeLa S3 cells were incubated with
DMSO, increasing concentrations of docetaxel, flubendazole, nocodazole, vindesine sulfate, colchicine, or NH,Cl, or 2 uM E64-d, adsorbed with T3SA+, and
incubated for 48 h. Cell viability was quantified using an ATP-dependent luminescence assay. Results are presented as total luminescence intensity values from
experiments performed in quadruplicate. Error bars indicate standard deviations. (B) CCL2 HeLa cells, HeLa S3 cells, or HBMECs were incubated with DMSO
or increasing concentrations of colchicine, docetaxel, vindesine sulfate, E64-d, or NH,Cl and adsorbed with T3SA+ at an MOI of either 5 PFU/cell for HeLa S3
cells and HBMECs or 1 PFU/cell for CCL2 HeLa cells. Cells were incubated in the presence of inhibitors for 20 h and scored for infection by indirect
immunofluorescence. Results are presented as percent mean fluorescence intensity compared with DMSO, normalized to cell number and background fluores-
cence, for quadruplicate experiments with CCL2 HeLa cells and triplicate experiments with HeLa S3 cells and HBMECs. Error bars indicate standard errors of
the mean. ***, P < 0.05 in comparison to DMSO by one-way ANOVA with Dunnett’s multiple-comparison test.

ISVPs, which bind JAM-A at the cell surface but do not require
intracellular transport for infection (8, 16-18), CCL2 HeLa cells
were treated with DMSO, 20 mM NH,Cl, or increasing concen-
trations of vindesine sulfate for 1 h, adsorbed with reovirus virions
or ISVPs, and scored for infection by indirect immunofluores-
cence 20 h after adsorption (Fig. 2B). As observed previously,
treatment of cells with NH,CI or vindesine sulfate diminished
infection following adsorption with virions. In contrast, treat-
ment of cells with NH,Cl or vindesine sulfate did not signifi-
cantly alter infection following adsorption with ISVPs. These
data indicate that vindesine sulfate blocks a step in reovirus repli-
cation following attachment to JAM-A but prior to viral protein
synthesis.

Microtubules are required for endocytic sorting of reovirus
during cell entry. To determine whether reovirus uses microtu-
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bule tracks during cell entry, CCL2 HeLa cells were treated with
DMSO or 1 uM vindesine sulfate for 1 h, adsorbed with reovirus,
and incubated for 0, 20, or 120 min. Cells were stained for reovirus
and a-tubulin and imaged using confocal microscopy (Fig. 3). In
DMSO-treated cells, virions were detected on microtubule tracks
at 0, 20, and 120 min, with an increasing number of particles
observed in the perinuclear area at 120 min. The perinuclear dis-
tribution of reovirus virions is consistent with access to late endo-
somes for disassembly by cathepsin proteases to allow productive
infection (13). In vindesine sulfate-treated cells, virions were as-
sociated with depolymerized microtubules at 0 and 20 min, but by
120 min, particles appeared to form clusters in the cytoplasm.
Treatment of HBMECs with vindesine sulfate also resulted in ag-
gregation of viral particles at 120 min postadsorption, although
the clusters were not as prominent as those observed in vindesine
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FIG 2 Vindesine sulfate blocks reovirus replication at early times of infection.
(A) CCL2 HelLa cells were incubated with DMSO, 20 mM NH,CI, or 1 uM
vindesine sulfate, adsorbed with T3SA+ at an MOI of 5 PFU/cell, and incu-
bated in the presence of inhibitors for 20 h. Alternatively, cells were incubated
with 1 uM vindesine sulfate immediately following adsorption or at 1-h inter-
vals after adsorption. Cells were scored for infection by indirect immunofluo-
rescence. (B) CCL2 HelLa cells were incubated with DMSO, NH,Cl, or vin-
desine sulfate, adsorbed with T3SA+ virions or ISVPs atan MOI of 1.63 X 103
particles/cell, and incubated in the presence of inhibitors for 20 h. Cells were
scored for infection by indirect immunofluorescence. Results are presented as
percent mean fluorescence intensity compared with DMSO, normalized to cell
number and background fluorescence, for triplicate experiments. ***, P <
0.05 in comparison to DMSO by one-way ANOVA with Dunnett’s multiple-
comparison test.

sulfate-treated CCL2 HeLa cells (data not shown). These observa-
tions suggest that depolymerization of microtubules by vindesine
sulfate leads to missorting of reovirus virions during cell entry.
Vindesine sulfate does not affect internalization of reovirus
into cells. Since depolymerization of microtubules impairs reovi-
rus intracellular transport and infectivity, we sought to determine
whether vindesine sulfate inhibits internalization of viral particles
from the cell surface. CCL2 HeLa cells were treated with DMSO or
1 uM vindesine sulfate for 1 h, adsorbed with Alexa 546-labeled
reovirus, and incubated for 0, 60, or 120 min. Cells were stained
for extracellular virus using reovirus-specific antiserum under
nonpermeabilizing conditions, and the ratio of extracellular to
internalized reovirus particles was quantified by flow cytometry
(Fig. 4A). Over the course of the infection, we observed a decrease
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in extracellular virus in the presence and absence of vindesine
sulfate. These results suggest that vindesine sulfate does not sig-
nificantly impede internalization of reovirus, at least up to
120 min after adsorption. Consistent with this finding, vindesine
sulfate treatment did not diminish cell-surface expression of
JAM-A or B1 integrin (data not shown). These results suggest that
microtubule function is not required for reovirus attachment or
internalization.

Vindesine sulfate impairs reovirus access to intracellular
acidified compartments. To determine whether vindesine sulfate
alters transport of reovirus to acidified compartments during cell
entry, CCL2 HelLa cells were treated with DMSO or 1 uM vin-
desine sulfate for 1 h, adsorbed with reovirus labeled with a pH-
sensitive dye (pHrodo), and incubated for 0, 60, or 120 min. The
fluorescence intensity of intracellular virus was quantified by flow
cytometry (Fig. 4B). In DMSO-treated cells, mean fluorescence
intensity increased over time, indicating that virions gain access to
an acidified compartment between 60 and 120 min after adsorp-
tion, consistent with prior studies of the kinetics of reovirus deliv-
ery to acidified endosomes (13, 30). In contrast, mean fluores-
cence intensity was dampened during the interval of reovirus
entry into vindesine sulfate-treated cells. Importantly,
microtubule-inhibiting drugs do not affect the intraluminal pH of
endosomes (31). These data suggest that vindesine sulfate impairs
reovirus infection by impeding transport of virions to acidified
intracellular organelles.

During cell entry, reovirus traverses through Rab5-marked
early endosomes en route to Rab7- and Rab9-marked late endo-
somes for proteolytic disassembly (12). To determine whether
vindesine sulfate treatment leads to retention of reovirus particles
in early endosomes, CCL2 HeLa cells were transfected with en-
hanced green fluorescent protein (EGFP)-Rab5A, incubated with
DMSO or 1 uM vindesine sulfate for 1 h, adsorbed with Alexa-
labeled reovirus, incubated for 120 min, and imaged by confocal
microscopy. Analysis of the spectral overlap of fluorescently la-
beled virions and Rab5A-positive compartments showed no sta-
tistically significant difference in the percentages of virions in early
endosomes in cells treated with either DMSO or vindesine sulfate
(Fig. 4C). These data suggest that inhibition of microtubule func-
tion by vindesine sulfate does not lead to an accumulation of re-
ovirus particles in early endosomes.

In a complementary experiment, CCL2 HeLa cells were incu-
bated with DMSO or 1 uM vindesine sulfate for 1 h, adsorbed with
Alexa-labeled reovirus, and incubated for 60 or 120 min. Cells
were stained for lysosomal-associated membrane protein 1
(LAMP1) to identify late endosomes and lysosomes (Fig. 4D).
Analysis of the spectral overlap of fluorescently labeled virions and
LAMPI-positive compartments revealed a higher percentage of
viral particles distributed to LAMPI-positive endosomes in
control-treated cells than in those treated with vindesine sulfate
(Fig. 4E). Concordant with these observations, vindesine sulfate
decreased reovirus colocalization with Rab7-marked endosomes
compared to that seen with control-treated cells (data not shown).
Together, these data indicate that although vindesine sulfate does
not inhibit reovirus internalization or lead to retention of virus in
early endosomes, the drug impedes efficient transport of virions to
acidified intracellular compartments where viral disassembly
takes place.

Reovirus requires dynein 1 to efficiently infect cells. To de-
termine whether reovirus uses minus-end microtubule motor dy-
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FIG 3 Reovirus uses microtubules to enter cells. CCL2 HeLa cells were adsorbed with T3SA+ at an MOI of 2 X 10* particles/cell at room temperature and
incubated at 37°C for 0, 20, or 120 min. Cells were fixed in methanol, stained for reovirus (red) or a-tubulin (green), and imaged by confocal microscopy. Single
sections from a Z-stack as well as a merged image are shown for each stain. Insets depict enlarged areas from boxed regions. Scale bars, 10 wm.

nein 1 for transport into the cell interior, HBMECs were trans-
fected with small interfering RNAs (siRNAs) specific for the
dynein 1 heavy chain, adsorbed with reovirus strains type 1 Lang
(T1L) or type 3 Dearing (T3D), incubated for 48 h, and scored for
infection by indirect immunofluorescence (Fig. 5A). Of the cell
lines used in this study, diminished expression of dynein 1 caused
by RNAI treatment is most efficient in HBMECs (data not shown).
Consistent with a requirement for microtubule function for effi-
cient reovirus infection, diminished dynein 1 heavy chain expres-
sion caused by RNAI treatment decreased infection by both T1L
and T3D. To further define the role of dynein 1 in reovirus cell
entry, cells were adsorbed with T1L, incubated for 20 min, stained
for reovirus and dynein 1 heavy chain, and imaged by confocal
microscopy. Virions were observed in close proximity to dynein 1
in both HBMEC:s (Fig. 5B) and CCL2 HelLa cells (Fig. 5C), sug-
gesting that reovirus uses dynein 1 to promote cell entry. To-
gether, these data indicate that reovirus requires the microtubule
minus-end motor dynein 1 to efficiently infect cells.

CHKY does not require microtubules to infect cells. Chikun-
gunya virus (CHKV), a mosquito-transmitted alphavirus that

July/August 2013 Volume 4 Issue 4 e00405-13

causes epidemics of arthritis (32), requires acidification to effi-
ciently enter cells, but unlike reovirus, CHKV does not require
access to late endosomes (33). To determine whether vindesine
sulfate inhibits CHKV infection, BHK-21 cells, which are suscep-
tible to CHKV, were treated with DMSO or 1 uM vindesine sulfate
for 1 h, adsorbed with CHKV vaccine strain 181/25 or virulent
strain SL15649, incubated for 10 h, and scored for infection by
indirect immunofluorescence (Fig. 6A and B). In contrast to find-
ings made in our studies of reovirus, vindesine sulfate did not
impair CHKYV infection, suggesting that CHKV does not require
microtubule function to efficiently enter cells. These results are in
agreement with a requirement for microtubules in the maturation
of early to late endosomes (34) and provide additional evidence
that the drug does not impair reovirus infection by nonspecific
cytotoxic effects.

Vindesine sulfate alters reovirus disassembly kinetics. As a
final experiment to define the step in reovirus replication blocked
by microtubule inhibitors, we tested whether inhibition of micro-
tubule function alters the kinetics of reovirus disassembly. CCL2
HeLa cells were treated with DMSO or 1 uM vindesine sulfate for
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1 h, adsorbed with reovirus, and incubated from 0 to 120 min.
Whole-cell lysates were resolved by SDS-PAGE and immunoblot-
ted using a reovirus-specific antiserum to detect viral capsid pro-
tein nl and its major cleavage fragment, & (Fig. 6C). In control-
treated cells, 8 was detected by 20 min, with increasing band
intensity noted over the experimental time course. In vindesine
sulfate-treated cells, 6 was not detected until 60 min after adsorp-
tion. Densitometric analysis of three independent experiments
showed delayed w1-to-6 conversion at all times tested in vindesine
sulfate-treated cells in comparison to control cells (Fig. 6D). We
conclude that inhibition of microtubule function leads to ineffi-
cient access to acidified endosomal compartments, which in turn
delays the disassembly of internalized virions.

DISCUSSION

In this study, we found that reovirus colocalizes with microtubule
tracks during cell entry and requires microtubule function and
microtubule motor dynein 1 to efficiently traverse the endocytic
pathway. Microtubule function is not required for internalization
of reovirus virions but rather facilitates targeting of reovirus to
acidified endosomes for viral disassembly. Treatment of cells with
microtubule inhibitors blocks reovirus infection in a temporal
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window in which the virus transits from early to late endosomes.
These results highlight a new function for microtubules in reovi-
rus replication and suggest that impairment of microtubule activ-
ity might diminish infection by viruses that require access to late
endosomes to establish productive infection.

Endocytic uptake of macromolecular cargo requires the coor-
dinated action of several host factors, including receptors, Rab
GTPases, and enzymes that regulate endocytic transport by mod-
ifying targets at specific intracellular sites. For some cargo, micro-
tubules and microtubule-associated motors are required for
transport to and from the cell surface. Importantly, the matura-
tion of early to late endosomes is dependent on microtubule func-
tion (34). Rab-interacting lysosomal protein (RILP), a Rab7
adapter, recruits dynactin and dynein to late endosomes, promot-
ing late endosome movement toward the cell interior (35). Reo-
virus is transported to Rab7-marked endosomes during cell entry
(13), and expression of dominant-negative RILP inhibits reovirus
infection (13). Thus, disruption of microtubule function appears
to delay reovirus disassembly by slowing the maturation of the
reovirus-containing endosomal fraction. This model is supported
by the observed decrease in colocalization of reovirus with
LAMPI1-marked endosomes. Additional support comes from the
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FIG 5 Reovirus uses microtubule motor dynein 1 to efficiently infect cells.
(A) (Left panel) HBMECs were transfected with a nonspecific siRNA (scram-
bled) or an siRNA specific for dynein 1 heavy chain (dynein 1), adsorbed with
reovirus strains T1L or T3D at an MOI of 15 PFU/cell, and incubated for 24 h.
Cells were scored for infection by indirect immunofluorescence. Results are
presented as mean fluorescence intensity normalized to cell number and back-
ground fluorescence for triplicate wells. Error bars indicate standard devia-
tions. (Right panel) Whole-cell lysates of HBMECs transfected with nonspe-
cific or dynein 1-specific siRNAs were analyzed by immunoblotting using
dynein 1 heavy chain (HC)-specific or actin-specific antibodies. (B and C)
HBMECs (B) or CCL2 HeLa cells (C) were adsorbed with T1L atan MOI of 10*
particles/cell and incubated for 20 min. Cells were stained for reovirus (red)
and dynein 1 heavy chain (green) and imaged by confocal microscopy. A single
section from a Z-stack is shown. Insets depict enlarged areas from boxed re-
gions. Scale bars, 10 um.

observation that vindesine sulfate does not diminish infection af-
ter adsorption of ISVPs, which are uncoated in vitro and thus do
not require access to cathepsin-containing organelles to establish
infection (16-18). As an important control, vindesine sulfate does
not inhibit infection by CHKV, which uncoats in early endosomes
(33). Impairment of endosomal maturation might be responsible
for the aggregates of reovirus particles observed in vindesine
sulfate-treated cells. Interestingly, reovirus virions do not accu-
mulate in early endosomes in cells treated with vindesine sulfate
(Fig. 4C). Instead, viral particles in vindesine sulfate-treated cells
aggregate in clusters in the cytoplasm. These observations suggest
that in the absence of microtubule function, viral particles are
missorted during cell entry and not trapped in early endosomes.
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Our report highlights the potential for drugs that inhibit endo-
somal maturation for use as broadly active anti-infectives. Such
drugs could inhibit viruses, bacteria, bacterial toxins, and para-
sites that require access to late endosomes and lysosomes to me-
diate pathological effects. Avian reovirus, a fusogenic reovirus
that, unlike mammalian reovirus, enters cells via caveolin-1 and
causes infected cells to form syncytia (36, 37), also uses microtu-
bules to enter cells (36). This finding suggests that employment of
microtubules by fusogenic and nonfusogenic reoviruses is a con-
served cell entry mechanism despite the use of different endocytic
uptake pathways. Adenovirus (38) and Borna disease virus (39)
also use microtubules and microtubule motors during cell entry
(40). Enterococcus faecalis requires microtubules for efficient in-
ternalization into cells (41). Cytotoxic necrotizing factor 1
(CNF1), a toxin produced by some pathogenic Escherichia coli
strains, requires microtubule function to access late endosomes
for the processing required for cytotoxicity (42). Flubendazole, a
compound identified in our screen as impairing reovirus cytotox-
icity, inhibits infection by nematodes (43). While currently avail-
able microtubule-inhibiting compounds are associated with sig-
nificant adverse effects (21), it is possible that safer agents could be
developed for anti-infective therapies that transiently inhibit en-
dosomal maturation.

Reovirus strain T3D, which has been trademarked as Reolysin,
is being evaluated in clinical trials for efficacy as an oncolytic agent
in combination with various chemotherapeutic drugs, including
the microtubule inhibitor docetaxel (5). Our findings suggest that
pairing reovirus with microtubule-inhibiting agents during onco-
lytic therapy may limit virus-induced cell killing. Cancer treat-
ment regimens that use reovirus and microtubule-inhibiting
drugs may be more efficacious if the administration of virus and
chemotherapeutic is not simultaneous. We found that addition of
vindesine sulfate to reovirus-infected cells at up to 1 h after infec-
tion fails to significantly diminish infection. Thus, we think it
important to assess the effects of pharmacological agents on viral
infectivity when these treatments are used in combination.

The NCC screen yielded six candidate compounds that do not
target microtubules. Procarbazine, which promotes DNA damage
(44), and 6-azauridine, which inhibits pyrimidine synthesis (45),
likely impair reovirus replication by affecting viral transcription
or genome replication. The identification of nicotinic acetylcho-
line receptor and serotonin receptor agonists as drugs that impair
reovirus-induced cytotoxicity points to interesting cellular tar-
gets. The nicotinic acetylcholine receptor is expressed in the brain
(46), and serotonin receptors are expressed in both the brain and
gastrointestinal tract (47). Both of these organs are sites for reovi-
rus replication in the infected host (1). Finally, the identification
of indomethacin, which inhibits cyclooxygenase 1 and 2 (48), sug-
gests a yet-uncharacterized function for cyclooxygenases in reovi-
rus replication. Further studies are required to determine whether
these drugs inhibit reovirus replication and to define the antiviral
mechanisms by which they act.

The identification of host molecules that regulate steps in viral
replication enhances an understanding of how viruses use basic
cellular processes to propagate and disseminate. These studies also
yield new knowledge about cellular functions and illuminate new
targets for antiviral drug development. In this study, we used a
high-throughput screening approach to identify microtubules
and microtubule motor dynein 1 as host factors required for reo-
virus cell entry, initiation of infection, and consequent cell death.
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FIG 6 Vindesine sulfate does not affect CHKV infection but alters reovirus disassembly kinetics. (A) BHK-21 cells were incubated with DMSO or 1 uM
vindesine sulfate, adsorbed with CHKV strain 181/25 or SL15649 at an MOI of 1 PFU/cell, and incubated with DMSO or vindesine sulfate for 10 h. Cells were
stained with CHKV-specific antiserum and DAPI to detect nuclei. Infection was quantified by indirect immunofluorescence. Results are presented as percent
infected cells from triplicate wells. Error bars indicate standard deviations. (B) Images of DMSO- or vindesine sulfate-treated BHK-21 cells infected with CHKV
strain 181/25 or SL15659 and stained with CHKV-specific antiserum. (C) CCL2 HeLa cells were incubated with DMSO or 1 uM vindesine sulfate, adsorbed with
T3SA+ at an MOI of 10 PFU/cell, and incubated with DMSO or 1 uM vindesine sulfate for the times shown. Whole-cell lysates were immunoblotted using
reovirus-specific antiserum. (D) Densitometric analysis of the & cleavage fragment of reovirus ul protein from triplicate experiments. Error bars indicate

standard errors of the mean. The key indicates times in minutes.

Findings made in this study should contribute to the development
of improved strategies for use of reovirus as an oncolytic and es-
tablish a platform for testing microtubule inhibitors as anti-
infective agents.

MATERIALS AND METHODS

Cells, viruses, chemical inhibitors, and antibodies. Spinner-adapted
murine 1929 cells, CCL2 HeLa cells, HeLa S3 cells, and HBMECs were
cultivated as previously described (13, 28). BHK-21 and Vero81 cells were
cultivated in Alpha minimal essential medium (MEM) (Sigma) supple-
mented to contain 5% fetal bovine serum (FBS) (Vero81) or 10% FBS
(BHK-21) and r-glutamine. Medium for all cells was supplemented with
penicillin-streptomycin (Invitrogen) and amphotericin B (Sigma).

Purified virions of reovirus strains T1L, T3D, and T3SA+ were pre-
pared by plaque purification and passage using L929 cells as previously
described (12, 13, 28). ISVPs were generated by treating particles with
a-chymotrypsin (Sigma) as previously described (12). Reovirus virions
were labeled with succinimidyl ester Alexa Fluor 546 (A546) or pHrodo
SE (pHrodo) (Invitrogen) as previously described (13).

CHKYV strain 181/25 was provided by Robert Tesh (University of
Texas Medical Branch). Viral RNA was isolated from a plaque-purified
isolate, and cDNA was generated using random hexamers. Overlapping
fragments were amplified, cloned into pCR2.1 TOPO (Invitrogen), and
sequenced. The 5" untranslated region was sequenced using 5’ rapid am-
plification of cDNA ends. An infectious clone was synthesized by Gen-
Script (Piscataway, NJ) in four fragments. Genome fragments were as-
sembled and subcloned into pSinRep5 low-copy-number plasmid. The
CHKYV strain SL15649 infectious clone was provided by Mark Heise (Uni-
versity of North Carolina at Chapel Hill) (49). Infectious clone plasmids
for 181/25 and SL15649 were linearized and transcribed in vitro using an
mMessage mMachine SP6 transcription kit (Ambion). BHK-21 cells were
electroporated with viral RNA and incubated at 37°C for 24 h. Superna-
tants containing progeny virus were harvested from electroporated cells
and stored at —80°C. All experiments using SL15649 were performed
using biosafety level 3 conditions.

Ammonium chloride (NH,Cl; Gibco) was resuspended in water.
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E64-d, colchicine, nocodazole (Sigma), docetaxel, flubendazole, and vin-
desine sulfate (Sequoia Research Products) were resuspended in DMSO.
The immunoglobulin G (IgG) fraction of a rabbit antiserum raised against
T1L or T3D was purified as previously described (6). LAMP1-specific and
dynein heavy chain-specific monoclonal antibodies (Abcam), a-tubulin-
specific monoclonal antibody (Cell Signaling Technology), actin-specific
polyclonal antiserum (Santa Cruz Biotechnology), and CHKV-specific
antiserum (ATCC) were used for indirect immunofluorescence experi-
ments, infectivity assays, and immunoblot analyses. Alexa Fluor-
conjugated antibodies (Invitrogen) were used as secondary antibodies.

Cell viability assay. HeLa S3 cells were incubated with OMEM-1 (In-
vitrogen) medium containing DMSO, E64-d, NH,Cl, or microtubule in-
hibitors at 37°C for 1 h and adsorbed with T3SA+ at a multiplicity of
infection (MOI) of 200 PFU/cell in the presence of DMSO, E64-d, NH,Cl,
or microtubule inhibitors in OMEM-I medium at 37°C for 48 h. Cell
viability was quantified using the Cell Titer Glo assay.

Quantification of reovirus infectivity. Reovirus infectivity was as-
sessed by indirect immunofluorescence (50). Cells were incubated with
complete medium containing DMSO or chemical inhibitors at 37°C for
1 h, adsorbed with reovirus at room temperature for 1 h, and incubated
with complete medium containing DMSO or chemical inhibitors at 37°C
for 20 h. Cells were fixed and stained with reovirus-specific antiserum and
goat anti-rabbit IRDye 800 (Li-COR), DRAQ5 (Cell Signaling), and Sap-
phire700 (Li-COR). Immunofluorescence was detected using a Li-COR
Odyssey infrared imaging system (Li-COR). Infectivity was quantified
using the In-Cell Western feature of the Odyssey software suite.

Confocal microscopy of reovirus-infected cells. Confocal micros-
copy of reovirus-infected cells was performed as previously described (12,
13). HeLa CCL2 cells were incubated with complete medium containing
DMSO or vindesine sulfate at 37°C for 1 h. Cells were adsorbed with
reovirus at an MOI of 2 X 10# particles/cell and either fixed with ice-cold
methanol or incubated in complete medium containing DMSO or vin-
desine sulfate at 37°C for 120 min followed by fixation with ice-cold meth-
anol. Cells were incubated with reovirus-specific polyclonal and
a-tubulin-specific antiserum followed by Alexa Fluor IgG A488 or A546.
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Coverslips were placed on slides using aqua-Poly/Mount mounting me-
dium (Polysciences, Inc.).

Colocalization of reovirus particles with Rab5A-positive endosomes
was assessed by transfecting CCL2 HeLa cells with EGFP-Rab5A (13)
using Fugene 6 (Roche). Cells were incubated at 37°C for 24 h, incubated
with medium containing DMSO or vindesine sulfate at 37°C for 1 h,
adsorbed with A546-labeled reovirus at an MOI of 10* particles/cell, in-
cubated with complete medium containing DMSO or vindesine sulfate
for 120 min, fixed for 20 min with 10% formalin, quenched with 0.1 M
glycine, washed with phosphate-buffered saline (PBS), and placed on
slides using aqua-Poly/Mount mounting medium.

Colocalization of reovirus particles with LAMP1-positive endosomes
was determined by incubating CCL2 HeLa cells with complete medium
containing DMSO or vindesine sulfate at 37°C for 1 h followed by adsorp-
tion with A546-labeled reovirus at an MOI of 10* particles/cell and incu-
bation with complete medium containing DMSO or vindesine sulfate for
various intervals, after which the cells were fixed and stained with LAMP1-
specific antibody. Colocalization of reovirus particles with dynein 1 was
determined by adsorbing HBMECs or CCL2 HeLa cells with reovirus at an
MOI of 10* particles/cell, after which the cells were incubated with com-
plete medium for 20 min, fixed in methanol, and stained with reovirus-
specific antiserum and dynein heavy chain-specific antibody.

Images were captured using a Zeiss LSM 510 Meta laser scanning
confocal microscope and a 63X/1.40 numerical aperture (NA) Plan-
Apochromat oil objective. Pinhole sizes were identical for all fluors. Im-
ages were normalized for pixel intensity, brightness, and contrast. Single
sections of 0.39 uM thickness from a Z-stack are presented. Colocaliza-
tion was determined using the Profile function of LSM Image software
(Zeiss) (12, 13).

Flow cytometric analysis of reovirus internalization. CCL2 HeLa
cells were treated with DMSO or vindesine sulfate in complete medium at
37°C for 1 h and adsorbed with A546-labeled reovirus at an MOI of 5 X
103 particles/cell at room temperature for 1 h. The inoculum was re-
moved, and cells were incubated with complete medium containing
DMSO or vindesine sulfate for various intervals. Cells were detached with
Cellstripper (Cellgro) at 37°C for 15 min, quenched with fluorescence-
activated cell sorter (FACS) buffer (PBS with 2% FBS), and stained with
reovirus-specific polyclonal antiserum in FACS bulffer at 4°C for 30 min.
Cells were washed with FACS buffer, stained with Alexa Fluor-conjugated
antibodies in FACS buffer at 4°C for 30 min, and fixed in PBS with 1%
electron microscopy (EM)-grade paraformaldehyde (FACS Fix; Electron
Microscopy Sciences).

Flow cytometric analysis of reovirus acidification was performed as
previously described (13). Cells were treated with DMSO or vindesine
sulfate in complete medium at 37°C for 1 h, adsorbed with pHrodo-
labeled reovirus atan MOI of 5 X 103 particles/cell, incubated in complete
medium containing DMSO or vindesine sulfate for various intervals, and
fixed in FACS Fix. Cell staining was assessed using a BD LSRII flow cy-
tometer and quantified using FlowJo software.

Knockdown of dynein 1 heavy chain by RNAi. HBMECs were trans-
fected with 10 nM nonspecific siRNA or an siRNA specific for the dynein
1 heavy chain using Lipofectamine RNAi Max (Invitrogen) according to
the manufacturer’s instructions. Cells were incubated at 37°C for 48 h,
adsorbed with reovirus at an MOI of 15 PFU/cell at room temperature for
1 h, and incubated at 37°C for 24 h. Cells were fixed with methanol and
scored for infection by indirect immunofluorescence.

Immunoblotting for dynein 1 heavy chain. Immunoblot analysis of
cell lysates was performed as previously described (12). Total cell lysates of
HBMECs transfected with nonspecific or dynein 1 heavy chain-specific
siRNAs were resolved by SDS-PAGE and immunoblotted with primary
antibodies specific for dynein 1 heavy chain and actin. Membranes were
scanned using an Odyssey imaging system, and band intensity was quan-
tified using the Odyssey software suite.

CHKY infectivity assay. BHK-21 cells were incubated with DMSO or
vindesine sulfate in complete medium at 37°C for 1 h and adsorbed with
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CHKY strain 181/25 or SL15649 at an MOI of 1 PFU/cell in the presence
of DMSO or vindesine sulfate at 37°C for 1 h. The inoculum was removed,
and cells were incubated with complete medium containing DMSO or
vindesine sulfate at 37°C for 10 h. Cells were fixed with ice-cold methanol
and incubated with CHKV-specific polyclonal antiserum, A488-labeled
IgG, and 4',6-diamidino-2-phenylindole (DAPI; Invitrogen). Cells were
visualized using an Axiovert 200 fluorescence microscope (Zeiss). CHKV-
positive cells were enumerated in three fields of view for triplicate samples
and normalized to total cells per field.

Assessment of reovirus disassembly kinetics. CCL2 HeLa cells
were treated with DMSO or vindesine sulfate in complete medium at
37°C for 1 h, adsorbed with reovirus at an MOI of 10 PFU/cell at room
temperature for 1 h, and incubated in complete medium with DMSO
or vindesine sulfate for various intervals. Total cell lysates were re-
solved by SDS-PAGE and immunoblotted with reovirus-specific poly-
clonal antiserum. Immunoblots were quantified by densitometry anal-
ysis using Odyssey software.

Statistical analysis. Mean values for at least triplicate experiments
were compared using one-way analysis of variance (ANOVA) with Dun-
nett’s multiple-comparison test (Graph Pad Prism). P values of <0.05
were considered to be statistically significant. Alternatively, samples were
compared using an unpaired Student’s ¢ test (Graph Pad Prism). P values
of <0.05 were considered to be statistically significant.
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