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ABSTRACT Chikungunya virus (CHIKV) is a reemerging alphavirus that has caused epidemics of fever, arthralgia, and rash
worldwide. There are currently no licensed vaccines or antiviral therapies available for the prevention or treatment of CHIKV
disease. We conducted a high-throughput, chemical compound screen that identified digoxin, a cardiac glycoside that blocks the
sodium-potassium ATPase, as a potent inhibitor of CHIKV infection. Treatment of human cells with digoxin or a related cardiac
glycoside, ouabain, resulted in a dose-dependent decrease in infection by CHIKV. Inhibition by digoxin was cell type-specific, as
digoxin treatment of either murine or mosquito cells did not diminish CHIKYV infection. Digoxin displayed antiviral activity
against other alphaviruses, including Ross River virus and Sindbis virus, as well as mammalian reovirus and vesicular stomatitis
virus. The digoxin-mediated block to CHIKV and reovirus infection occurred at one or more postentry steps, as digoxin inhibi-
tion was not bypassed by fusion of CHIKV at the plasma membrane or infection with cell surface-penetrating reovirus entry in-

termediates. Selection of digoxin-resistant CHIKV variants identified multiple mutations in the nonstructural proteins re-
quired for replication complex formation and synthesis of viral RNA. These data suggest a role for the sodium-potassium
ATPase in promoting postentry steps of CHIKYV replication and provide rationale for modulation of this pathway as a broad-

spectrum antiviral strategy.
IMPORTANCE

Mitigation of disease induced by globally spreading, mosquito-borne arthritogenic alphaviruses requires the de-

velopment of new antiviral strategies. High-throughput screening of clinically tested compounds provides a rapid means to
identify undiscovered, antiviral functions for well-characterized therapeutics and illuminate host pathways required for viral
infection. Our study describes the potent inhibition of CHIKV and related alphaviruses by the cardiac glycoside digoxin and
demonstrates a function for the sodium-potassium ATPase in CHIKV infection.
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hikungunya virus (CHIKV) is an arthritogenic alphavirus re-
sponsible for explosive epidemics throughout the world.
Since its reemergence in Kenya in 2004, millions of cases of
CHIKYV have been reported in sub-Saharan Africa and Asia in
addition to regions in which CHIKV was not previously endemic,
including Europe and the Americas (1-6). Autochthonous, mos-
quito transmission of CHIKV continues to occur in many coun-
tries of the Caribbean basin and South America, and the presence
of CHIKV-competent mosquito vectors in these regions supports
the potential for further spread of the virus to new populations.
The vast majority of CHIKV-infected individuals develop chi-
kungunya fever, a disease characterized by debilitating polyar-
thralgia and arthritis, headache, and rash (7, 8). More severe dis-
ease and atypical symptoms also have been observed during recent
epidemics (9-11), including neurological and cardiac manifesta-
tions, which have been reported in neonates, the elderly, and those
with underlying comorbidities. Although most of the clinical signs
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and symptoms resolve 7 to 10 days after infection, the arthritis and
polyarthralgia can recur for months to years after the initial diag-
nosis (2, 8, 12). To date, no licensed anti-CHIKV therapeutics or
vaccines are available. The chronic, incapacitating disease, in ad-
dition to the high attack rates of the virus in naive populations,
imposes a substantial burden on the quality oflife of those infected
and the economies of affected countries (13-15).

CHIKYV displays broad tropism in humans, but many of the
host factors required for infection are not fully understood. Fol-
lowing attachment to host cells via unidentified cell surface recep-
tors, CHIKV particles are internalized by clathrin-mediated endo-
cytosis (16-18). Acidification of endosomes triggers fusion of the
viral envelope with the host endosomal membrane, which allows
release of the nucleocapsid into the cytoplasm (19, 20). The
CHIKYV genome consists of a single-stranded, positive-sense RNA
molecule approximately 12 kb in length that encodes four non-
structural proteins (nsP1 to 4) and three major structural proteins
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(capsid, pE2, and E1) (21, 22). Together, the nonstructural pro-
teins mediate interactions with cellular membranes and other host
factors to form replication complexes that house synthesis of sub-
genomic RNA and additional copies of viral genomic RNA for
encapsidation into progeny virions (23-28). Host factors and
mechanisms involved in viral RNA synthesis of alphaviruses, par-
ticularly for CHIKYV, are not well defined.

To identify host mediators of CHIKV replication, we screened
alibrary of small molecules for the capacity to augment or dimin-
ish infection of human osteosarcoma (U-2 OS) cells by CHIKV
replicon particles expressing an enhanced green fluorescent pro-
tein (eGFP) reporter. From this screen, we identified digoxin, a
cardiac glycoside that antagonizes the sodium-potassium ATPase,
as a potent inhibitor of CHIKV infection. Digoxin diminished
infection by replication-competent CHIKV in both U-2 OS cells
and primary human synovial fibroblasts. Ouabain, a related car-
diac glycoside, also blocked CHIKV infection. Increasing extracel-
lular concentrations of potassium alleviated CHIKV inhibition by
digoxin, suggesting that antagonism of the sodium-potassium
ATPase mediates the antiviral effect. Digoxin displayed antiviral
activity against alphaviruses other than CHIKYV, including Ross
River virus (RRV) and Sindbis virus (SINV), and the unrelated
mammalian orthoreovirus (called “reovirus” here) and vesicular
stomatitis virus (VSV). Passage of CHIKV in digoxin-treated cells
selected mutations in genes encoding nonstructural proteins, sug-
gesting that digoxin impairs functions mediated by these replicase
proteins. These data suggest a role for the sodium-potassium AT-
Pase in CHIKYV infection and highlight a new strategy for devel-
opment of therapeutics to limit CHIKV replication and disease.

RESULTS

Identification of digoxin as an inhibitor of CHIKYV infection. To
identify host factors required for CHIKV infection, we screened
727 chemical compounds from the NIH Clinical Collection
(NCC) for the capacity to impede or augment infection by CHIKV
replicon particles (Fig. 1A). The NCC library consists almost en-
tirely of compounds that have been used in phase I, II, and III
clinical trials. U-2 OS cells were incubated with dimethyl sulfoxide
(DMSO) as a vehicle control, 100 nM bafilomycin Al as a positive
control, or 1 uM NCC compound for 1 h. Treated cells were
adsorbed with CHIKV strain SL15649 replicon particles express-
ing eGFP and incubated for 20 to 24 h. The percentage of infected
cells was determined by GFP expression, and robust Z scores were
calculated for each compound from three independent experi-
ments. Seven compounds had average Z scores of =—2.0 (inhib-
ited infection), and 21 compounds had average Z scores of =2.0
(enhanced infection) (Fig. 1B). The largest class of compounds
that influenced CHIKYV infection, both positively and negatively,
is that which affects steroid or hormone signaling and biosynthetic
pathways (Fig. 1C). CHIKYV infection was also positively and neg-
atively affected by compounds that target ion transporters and
neurotransmitter receptors, such as dopamine and serotonin. Ho-
moharringtonine, a translation inhibitor and known antagonist of
CHIKYV infection (29), had the largest negative Z score, —41.94.
Digoxin, a sodium-potassium ATPase inhibitor, had a negative
Z score of —26.67, suggesting a function for the sodium-
potassium ATPase in CHIKV infection.

Digoxin is a species-specific inhibitor of CHIKV infection.
To determine whether inhibition of the sodium-potassium AT-
Pase blocks infection by replication-competent CHIKV, we
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treated a variety of cell lines with DMSO, 5-nonyloxytryptamine
(5-NT [a serotonin receptor agonist]) as a positive control (30), or
increasing concentrations of digoxin for 1 h prior to adsorption
with CHIKV. At 6 h postinfection, cells were scored for infection
by indirect immunofluorescence (Fig. 2). Relative to DMSO-
treated cells, treatment of U-2 OS cells with digoxin resulted in a
dose-dependent decrease in CHIKV infection with a half-
maximal effective concentration (ECs,) of 48.8 nM (Fig. 2A).
Digoxin treatment similarly decreased CHIKV infection of pri-
mary human synovial fibroblasts (HSFs) and Vero African green
monkey kidney cells with EC5,s of 43.9 nM and 67.3 nM, respec-
tively (Fig. 2B and data not shown). Incubation of virus with
digoxin prior to adsorption to cells had no effect on viral titers,
suggesting that the antiviral effect is not attributable to an altera-
tion in the virus (data not shown). Despite inhibition of CHIKV
infection in multiple primate cell types, digoxin treatment of mu-
rine stromal ST2 and Aedes albopictus C6/36 cells at doses suffi-
cient to block infection of primate cells did not decrease CHIKV
infection (Fig. 2C and D). Together, these data indicate that
digoxin is a potent inhibitor of CHIKV infection and that inhibi-
tion occurs in a host species-specific manner.

Species-specific inhibition by digoxin occurs via the sodium-
potassium ATPase. Cardiac glycosides inhibit the sodium-
potassium ATPase by binding to the catalytic a subunit but do so
with less efficiency to specific murine isoforms relative to their
human counterparts (31-33). To determine whether higher doses
of digoxin are capable of inhibiting CHIKV infection of murine
cells, ST2 cells and myoblast C2C12 cells were treated with DMSO,
5-NT, or increasing concentrations of digoxin for 1 h prior to
adsorption with CHIKV. At 6 h postinfection, cells were scored for
infection by indirect immunofluorescence (Fig. 3A and B). At
higher concentrations, digoxin treatment significantly dimin-
ished CHIKYV infection in these cell types, with ECy,s of 16.2 uM
in ST2 cells and 23.2 uM in C2C12 cells, values 330 and 475 times
the EC5, of digoxin in U-2 OS cells, without a decrease in cell
viability (data not shown). These data indicate that digoxin can
inhibit CHIKV infection of murine cells, but at significantly
higher concentrations than in human cells.

We next assessed transcript levels of two a subunit isoforms
(a1l and «3) in the human and murine cells tested. Whereas the
human and murine a3 subunits are sensitive to cardiac glycosides,
the murine al isoform is significantly less sensitive to cardiac
glycoside treatment relative to the human isoform (31, 32). RNA
was isolated from mock-infected and CHIKV-infected U-2 OS
and ST2 cells and used as a template for reverse transcription-PCR
(RT-PCR) amplification of ATP1A1 («al), ATP1A3 (a3), and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (as a con-
trol) mRNAs (Fig. 3C). Expression of ATP1A1 was detected in
both U-2 OS and ST2 cells and did not differ significantly follow-
ing infection. In contrast, the ATP1A3 transcript was detected in
U-2 OS cells but not in ST2 cells. Thus, decreased expression of
ATP1A3 in murine cells correlates with reduced sensitivity to
digoxin-mediated inhibition of CHIKV.

To determine whether blockade of the sodium-potassium AT-
Pase is responsible for CHIKV inhibition, U-2 OS cells were
treated with increasing concentrations of digoxin or ouabain, a
related cardiac glycoside, for 1 h prior to adsorption with CHIKV.
At 6 h postinfection, cells were scored for infection by indirect
immunofluorescence (Fig. 4A). Again, treatment of cells with
ouabain led to a dose-dependent decrease in CHIKV infection,
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FIG 1 High-throughput screening to identify inhibitors of CHIKV infection. (A) U-2 OS cells were incubated with DMSO, 100 nM bafilomycin Al, or
compounds from the NIH clinical collection at a concentration of 1 uM at 37°C for 1 h. Cells were adsorbed with SL15649 eGFP replicon particles at an MOI of
~51IU/cell and incubated with compound at 37°C for 20 to 24 h. Cells were incubated with Hoechst dye to stain nuclei and imaged by automated, high-content
fluorescence microscopy. (B) Robust Z scores were calculated for individual compounds. Shown are the average robust Z scores for compounds with robust
Z scores of =—2 or =2 median absolute deviations from the median of each plate identified in three independent screening experiments. (C) Distribution of

candidate compounds by known biological targets.

indicating that treatment of cells with two independent cardiac
glycosides results in decreased CHIKV infection. As the sodium-
potassium ATPase is the only known target of cardiac glycosides,
these data suggest that antagonism of this molecule is the mecha-
nism by which digoxin restricts CHIKV. To further test whether
inhibition of CHIKV by digoxin treatment occurs via changes in
ion concentrations, cells were pretreated with DMSO or digoxin
in the presence of increasing extracellular sodium or potassium
for 1 h prior to adsorption with CHIKV. At 6 h postinfection, cells
were scored for infection by indirect immunofluorescence
(Fig. 4B). Addition of extracellular NaCl in the presence of digoxin
enhanced inhibition of CHIKV by digoxin in a dose-dependent
manner (Fig. 4B, left). Furthermore, addition of extracellular KCI
in the presence of digoxin alleviated inhibition of CHIKV by
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digoxin (Fig. 4B, right). These data indicate that alterations of ion
concentrations contribute to the antiviral activity of digoxin.
CHIKY inhibition by digoxin is not attributable to decreased
cell viability. The sodium-potassium ATPase is essential for ho-
meostasis in most multicellular organisms. As such, we sought to
determine whether inhibition of CHIKV infection by digoxin oc-
curs as a consequence of altered viability of treated cells. To assess
possible digoxin cytotoxicity, cells were incubated with either pro-
pidium iodide (PI) or PrestoBlue to assess plasma membrane in-
tegrity and mitochondrial metabolic activity, respectively, post-
treatment with DMSO, staurosporine (STS) (as an inducer of cell
death), or increasing concentrations of digoxin (Fig. 5). Incuba-
tion of U-2 OS cells with digoxin did not alter cell viability by 6 h
posttreatment (Fig. 5A and B). Moreover, cell viability was only
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FIG 2 Digoxin potently inhibits CHIKV infection of human cells. (A) U-2 OS
cells, (B) HSFs, (C) ST2 cells, or (D) C6/36 cells were incubated with DMSO,
10 uM 5-NT, or increasing concentrations of digoxin for 1 h prior to adsorp-
tion with CHIKYV strain SL15649 at an MOI of 5 PFU/cell. After 1 h of incu-
bation, virus was removed, and cells were incubated with medium containing
DMSO or inhibitor for 5 h. Cells were stained with CHIKV-specific antiserum
and DAPI to detect nuclei and imaged by fluorescence microscopy. Results are
presented as percentages of infected cells normalized to DMSO-treated cells
for triplicate experiments. Error bars indicate standard errors of the means. *,
P < 0.05, **, P < 0.01, and ***, P < 0.001, in comparison to DMSO, as
determined by ANOVA followed by Tukey’s post hoc test.
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modestly impaired at 24 h posttreatment with 1 uM digoxin, a
dose 20 times the digoxin EC,, for CHIKV antiviral activity in
these cells (Fig. 5B). Digoxin also did not significantly decrease
viability of HSFs and Vero cells following treatment with doses of
digoxin that inhibit CHIKV infection in these cells (data not
shown). These data suggest that digoxin inhibition of CHIKV is
not attributable to cytotoxic effects.

Digoxin treatment inhibits infection by diverse virus fami-
lies. To determine whether digoxin blocks infection by other
strains of CHIKV as well as related alphaviruses, we assessed the
effect of digoxin treatment on infection by CHIKV strains
SL15649 and 181/25, RRV strain T48, and SINV strain TRSB. U-2
OS cells were treated with DMSO, 5-NT, or digoxin for 1 h prior to
adsorption with CHIKV, RRV, or SINV at a multiplicity of infec-
tion (MOI) of 1, 10, or 5 PFU/cell, respectively, to adjust for in-
fectivity differences in these cells. At 6 h postadsorption, cells were
scored for infection by indirect immunofluorescence (Fig. 6A).
Digoxin treatment significantly diminished infection by all strains
tested, with EC5ps of 108.9 nM for CHIKV strain SL15649,
100.9 nM for CHIKV strain 181/25, 126.5 nM for RRV, and
198.9 nM for SINV.

To determine whether digoxin displays inhibitory effects
against diverse virus families, we assessed the capacity of the drug
to inhibit mammalian reovirus, a nonenveloped, double-stranded
RNA virus. Human brain microvascular endothelial cells (HB-
MECs) were treated with DMSO, 5-NT, or digoxin prior to ad-
sorption with reovirus virions or infectious subvirion particles
(ISVPs). ISVPs are reovirus disassembly intermediates formed
following endocytosis and cleavage of the viral outer capsid by
intracellular cathepsins or in vitro following protease treatment
(34). ISVPs bind to cell surface receptors and internalize at the
plasma membrane, bypassing the disassembly requirements of vi-
rions, including acidic pH and protease activity (34-37). At 20 h
postadsorption with either reovirus virions or ISVPs, cells were
scored for infection by indirect immunofluorescence (Fig. 6B).
Treatment with digoxin impaired infection by both virions
(Fig. 6B, left) and ISVPs (Fig. 6B, right), with ECs,s of 133.9 nM
and 434.7 nM, respectively. Decreased infectivity of ISVPs follow-
ing digoxin treatment suggests that digoxin inhibits reovirus in-
fection at one or more replication steps following internalization
and disassembly. We also tested the capacity of digoxin to inhibit
VSV, an enveloped, negative-sense RNA virus (Fig. 6C). Digoxin
treatment similarly inhibited infection by VSV, with an EC,, of
238.7 nM. These data indicate that digoxin inhibits infection by
plus-strand, minus-strand, and double-stranded RNA viruses.

Digoxin impairs CHIKV infection at postentry steps. We
next sought to define steps in CHIKV replication blocked by
digoxin. To determine the temporal window during which
digoxin acts to inhibit CHIKV infection, U-2 OS cells were treated
with DMSO or 1 uM digoxin at 15-min intervals for 1 h prior to
adsorption or at 15- or 60-min intervals for 4 h after adsorption.
As a control for inhibition of CHIKV entry, 20 mM NH,CI was
added at the same intervals to block acidification of endocytic
compartments. Cells were fixed at 6 h postadsorption and scored
for infection by indirect immunofluorescence (Fig. 7A). Maximal
impairment of CHIKV infection by digoxin was achieved when
digoxin was added 60 min prior to adsorption. The magnitude of
inhibition gradually decreased when the drug was added at later
times, with only negligible effects observed when added 120 min
postadsorption. CHIKV bypassed digoxin inhibition with kinetics
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FIG 3 CHIKV resistance to digoxin in murine cells correlates with decreased expression of the a3 subunit of the sodium-potassium ATPase. (A) ST2 cells or
(B) C2C12 cells were incubated with DMSO, 10 uM 5-NT, or increasing concentrations of digoxin for 1 h prior to adsorption with CHIKV strain SL15649 at an
MOI of 5 PFU/cell. After 1 h, virus was removed, and cells were incubated with medium containing DMSO or inhibitor for 5 h. Cells were stained with
CHIKV-specific antiserum and DAPI to detect nuclei and imaged by fluorescence microscopy. Results are presented as the percentages of infected cells
normalized to DMSO-treated cells for triplicate experiments. Error bars indicate standard errors of the means. (C) U-2 OS and ST2 cells were mock infected or
infected with CHIKV 181/25 at an MOI of 5 PFU/cell. RNA was isolated and used for RT-PCR amplification of ATP1A1 (al), ATP1A3 («3), and GAPDH
transcripts with human- or murine-specific primer sets (see Table S1 in the supplemental material). Reaction products were resolved by electrophoresis in 1%
agarose gels (left). Band intensity was quantified by optical densitometry for four independent experiments (right). ***, P < 0.001, in comparison to DMSO, as

determined by ANOVA followed by Tukey’s post hoc test.

similar to the bypass of NH,Cl inhibition, suggesting that digoxin
restricts CHIKV infection at early steps in the replication cycle.
Alphavirus nonstructural proteins and double-stranded RNA
(dsRNA) accumulate at the plasma membrane of infected cells to
form replication complexes, as early as 45 min postadsorption,
and RNA synthesis can be detected by 1 h postadsorption (28, 38).
Thus, digoxin may inhibit these or earlier steps in CHIKV repli-
cation.

To determine whether digoxin blocks CHIKV infection by in-
hibiting viral entry (attachment, internalization, and membrane
fusion), cells were treated with DMSO, 5-NT, or digoxin for 1 h
prior to adsorption with CHIKV or SINV at 4°C to prevent inter-
nalization. At 1 h postadsorption, cells were exposed to acidic
medium (pH 5.5) to trigger viral fusion at the plasma membrane

May/June 2016 Volume 7 Issue 3 e00693-16

or neutral medium (pH 7.4) as a control. Fused and unfused cells
were incubated with drug and NH,Cl at 37°C to block subsequent
rounds of replication and scored for infection at 18 h postadsorp-
tion by indirect immunofluorescence (Fig. 7B). Triggering fusion
at the plasma membrane partially bypassed inhibition of CHIKV
and SINV by 5-NT treatment, which inhibits viral entry steps (30).
However, fusion at the plasma membrane did not bypass digoxin-
mediated inhibition of CHIKV or SINV, except at the lowest con-
centrations used. The failure of fusion at the plasma membrane to
bypass digoxin-mediated inhibition was not due to decreased vi-
rus attachment, as the percentage of digoxin-treated cells bound
by CHIKV was similar to that of DMSO-treated cells (see Fig. S1in
the supplemental material). Viral titers were similarly decreased
following electroporation of digoxin-treated cells with CHIKV
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FIG 4 Inhibition by digoxin occurs via the sodium-potassium ATPase. (A) U-2 OS cells were incubated with DMSO, 10 uM 5-NT, or increasing concentrations
of digoxin or the related cardiac glycoside, ouabain, for 1 h prior to adsorption with CHIKV SL15649 at an MOI of 5 PFU/cell. After 1 h, virus was removed, and
cells were incubated with medium containing DMSO or inhibitor for 5 h. Cells were scored for infection by indirect immunofluorescence. Results are presented
as percentage of infected cells normalized to DMSO-treated cells for triplicate experiments. Error bars indicate standard errors of the means. (B) U-2 OS cells were
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in comparison to DMSO, as determined by ANOVA followed by Tukey’s post hoc test.

RNA relative to those following electroporation of DMSO-treated
cells (see Fig. S2 in the supplemental material). Together, these
data suggest that CHIKV replication is impeded by digoxin at one
or more postentry steps of the viral replication cycle.
Polymorphisms observed in digoxin-resistant CHIKV pop-
ulations. To enhance an understanding of mechanisms underly-
ing the digoxin-mediated restriction of CHIKV infection, we pas-
saged CHIKV in cells treated with either DMSO or digoxin to
select digoxin-resistant viruses. U-2 OS cells were adsorbed with
CHIKYV strain SL15649 for 1 h and incubated with medium con-
taining either DMSO or 100 nM digoxin until comparable cyto-
pathic effect (CPE) was observed. Supernatants from infected cells
were used to inoculate fresh cells, and this process was repeated
with increasing concentrations of digoxin until CPE was observed
with doses 5 times the EC5, in U-2 OS cells. To test whether su-
pernatants of digoxin-treated cells contained drug-resistant vi-
ruses, U-2 OS cells were pretreated with DMSO, 5-NT, or digoxin
prior to adsorption with passage 14 supernatants from DMSO-
treated (SL15649pys0) and  digoxin-treated (SL15649p;00xin)

6 mBio® mbio.asm.org

cells. Infected cells were scored for infection by indirect immu-
nofluorescence at 6 h postinfection (Fig. 8A). Treatment of
cells with 5-NT prevented infection by both SL15649,,,5¢ and
SL15649p;00xin supernatant stocks. In contrast, treatment of cells
with 500 nM digoxin completely inhibited infection by
SL15649 50 (ECso0£198.8 nM), but this dose resulted in only an
~50% inhibition of infectivity by SL15469p;,0xn (ECsy of
521.4 nM). These data suggest that viral variants selected during
serial passage in digoxin-treated cells are less susceptible to the
inhibitory effects of digoxin.

To determine the genetic basis for digoxin resistance, we iso-
lated virus clones from the SL15649py50 and SL15649p,0, SU-
pernatant stocks by plaque purification and assessed the sensitiv-
ity of these virus clones to digoxin treatment (Fig. 8B). In general,
virus clones isolated from the SL15649y;,,,;, stock were more re-
sistant to digoxin-mediated inhibition than those isolated from
the SL15649,450 stock, but one clone (SL15649 4y, clone 2)
was sensitive to digoxin treatment like that of the SL15649,,50
clones. To identify polymorphisms displayed by these virus
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FIG 5 CHIKV inhibition by digoxin is not attributable to cytotoxicity. (A)
U-2 OS cells were treated with DMSO, 10 uM STS, or increasing concentra-
tions of digoxin for 6 h. Cell viability was quantified by PI staining. Results are
expressed as percentages of viable cells normalized to DMSO-treated cells for
individual experiments. Horizontal black lines indicate mean percentages of
viability. (B) U-2 OS cells were treated with DMSO, 10 uM STS, or increasing
concentrations of digoxin for 6 or 24 h. Cell viability was quantified by Presto-
Blue fluorescence assay. Results are presented as percentages of viable cells
normalized to DMSO-treated cells for triplicate experiments. Error bars indi-
cate standard errors of the means. *, P < 0.05, and ***, P < 0.001, in compar-
ison to DMSO, as determined by ANOVA followed by Tukey’s post hoc test.

clones, we determined the full-length nucleotide sequences of
each clone (Table 1). Sequence analysis identified three unique,
nonsynonymous mutations in virus clones from DMSO-treated
cells and six unique, nonsynonymous mutations in virus clones
from digoxin-treated cells. The E2 S159R polymorphism was
identified in virus clones from both DMSO- and digoxin-treated
cells and likely was selected as a consequence of cell culture adap-
tation and increased glycosaminoglycan dependence (39). How-
ever, the unique mutations identified in virus clones from
digoxin-treated cells were contained in the nonstructural open
reading frame. Although the majority of the mutations were in
nsP3, these mutations did not segregate completely with digoxin
resistance, as digoxin-sensitive SL15649p;,,, clone 2 also en-
coded these changes. Instead, a mutation in the RNA-dependent
RNA polymerase (RdRp), nsP4 V2091, was the only coding change
that differed between SL15649p,,y;, clone 2 (sensitive) and clones
3 and 4 (resistant). All 290 CHIKYV strain sequences available in
the NIAID ViPR database encode a valine at residue 209 in nsP4
(40), suggesting that this residue or region of nsP4 serves an im-
portant, conserved function in CHIKV replication. These findings
indicate that multiple mutations are selected during passage of
CHIKYV in digoxin-treated cells. Furthermore, selection of muta-
tions in the nonstructural proteins, particularly nsP4 V2091, sug-
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gests that digoxin inhibits CHIKV replication by disrupting RNA
synthesis or replication complex formation.

DISCUSSION

CHIKYV has reemerged to cause epidemics of fever, rash, and ar-
thritis throughout Africa, South and Southeast Asia, and the
Americas. The rapid, mosquito-borne transmission of CHIKV has
resulted in millions of cases of CHIKV disease in the last decade
alone. The high attack rate and global significance of CHIKV in-
fection warrant development of CHIKV-specific therapeutics and
vaccines. Thus far, none are available.

To enhance an understanding of the host factors required for
CHIKYV replication, we screened a library of chemical compounds
for the capacity to diminish or enhance CHIKV infection in U-2
OS cells. We identified digoxin, a cardiac glycoside, as a host
species-specific inhibitor of CHIKV replication. We discovered
that digoxin impedes CHIKV infection at postentry steps of the
replication cycle via antagonism of the sodium-potassium AT-
Pase. Passage of CHIKV in digoxin-treated cells selected multiple
mutations in the nonstructural proteins, and one particular mu-
tation, nsP4 V2091, segregated with digoxin sensitivity. Taken to-
gether, these findings indicate that a functional sodium-
potassium ATPase is required for CHIKV infection.

Our results demonstrate that CHIKV inhibition by digoxin
occurs at an early but postentry step in the viral replication cycle.
The temporal window in which digoxin inhibition occurs mirrors
that of ammonium chloride, which supports an early block to
CHIKV infection (Fig. 7A). However, fusion of CHIKV or SINV at
the plasma membrane in an attempt to bypass the digoxin-
mediated defect was not sufficient to restore viral replication to
levels in untreated cells (Fig. 7B). In an analogous case, proteolytic
cleavage of reovirus virions to form ISVPs in vitro overcame re-
striction by an entry inhibitor, 5-NT, but was insufficient to com-
pletely circumvent inhibition by digoxin. ISVPs are thought to
enter cells at the plasma membrane and, therefore, are not suscep-
tible to inhibition by compounds that inhibit reovirus internaliza-
tion or disassembly (35, 36,41). Selection of multiple mutations in
CHIKV nonstructural proteins following passage of virus in
digoxin-treated cells also points to inhibition of postentry viral
replication steps as a mechanism of digoxin action. Although the
majority of these mutations were selected in nsP3, a protein essen-
tial for formation of CHIKYV replication complexes and modula-
tion of host stress responses (42—46), these mutations also were
observed in digoxin-sensitive variants (SL15649p;4,;, clone 2). In
otherwise isogenic viruses (SL15649;4,;, clones 2 to 4), the nsP4
V2091 polymorphism was sufficient to confer resistance to
digoxin treatment, but the digoxin-resistant phenotype may de-
pend on the presence of the nsP3 Stop524C mutation to enhance
levels of nsP4, suggesting that one or more functions of nsP4 are
impaired by digoxin. However, additional combinations of muta-
tions also may produce a digoxin-resistant virus (SL15649p;40in
clone 1). We conclude that individual or combinatorial substitu-
tions within genes encoding nonstructural proteins can restore
replication efficiency to bypass digoxin inhibition, with the sub-
stitution in nsP4 playing a pivotal role.

Inhibition of the sodium-potassium ATPase disrupts ion
transport and alters many cellular biosynthetic, signaling, and ve-
sicular sorting pathways (47). Although the precise alterations by
which digoxin restricts CHIKV infection are not known, we envi-
sion two possible mechanisms. First, CHIKV may require a spe-
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FIG 6 Digoxin inhibits multiple alphaviruses, mammalian reovirus, and VSV. (A) U-2 OS cells were incubated with DMSO, 10 uM 5-NT, or increasing
concentrations of digoxin for 1 h prior to adsorption with CHIKV strains SL15649 and 181/25 at an MOI of 1 PFU/cell, RRV strain T48 at an MOI of 10 PFU/cell,
or SINV strain TRSB at an MOI of 5 PFU/cell. After 1 h of incubation, virus was removed, and cells were incubated with medium containing DMSO or inhibitor
for 5 h. Cells were stained with virus-specific antiserum and DAPI to detect nuclei and imaged by fluorescence microscopy. Results are presented as percentages
of infected cells normalized to DMSO-treated cells for triplicate experiments. Error bars indicate standard errors of the mean. (B) HBMECs were incubated with
DMSO, 10 uM 5-NT, or increasing concentrations of digoxin for 1 h prior to adsorption with reovirus virions (left) or ISVPs (right) at an MOI of 1,500
particles/cell (~15 PFU/cell). After 1 h of incubation, virus was removed, and cells were incubated with medium containing DMSO or inhibitor for 20 h. Cells
were scored for infection by indirect immunofluorescence. Results are presented as percentages of infected cells normalized to DMSO-treated cells for duplicate
experiments. Error bars indicate standard errors of the means. Insets show schematics of reovirus virions and ISVPs. (C) U-2 OS cells were incubated with DMSO,
20 mM NH,CI, or digoxin at the concentrations shown for 1 h prior to adsorption with VSV-eGFP at an MOI of 10 PFU/cell. After 1 h, virus was removed, and
cells were incubated with medium containing DMSO or inhibitor for 5 h. Cells were incubated with Hoechst stain to detect nuclei and imaged by fluorescence
microscopy. Results are presented as percentages of infected cells normalized to DMSO-treated cells for triplicate experiments. Error bars indicate the standard
errors of the means. *, P < 0.05, **, P < 0.01, and ***, P < 0.001, in comparison to DMSO, as determined by ANOVA followed by Tukey’s post hoc test.

cific ion composition to complete discrete steps in the viral repli-  sensitivity of alphavirus particle maturation to the ionic strength
cation cycle or coordinate the functions of specific viral proteins.  of the culture medium (48, 49). The ion channels formed by 6K
Evidence for such an ion requirement is supported by the function  are selective for Na*, K*, and Ca?* ions, which are specifically
of the alphavirus 6K protein in ion channel formation and the altered during cardiac glycoside treatment (48). In support of this
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as determined by ANOVA followed by Tukey’s post hoc test.

possibility, we found that addition of extracellular potassium dur-
ing digoxin treatment restored infectivity to levels observed for
DMSO-treated cells (Fig. 4B). Second, digoxin may induce cellu-
lar stress responses to impede CHIKV replication. Cardiac glyco-
side treatment stimulates interactions between the sodium-
potassium ATPase and the inositol 1,4,5-trisphosphate receptor
(Ins[1,4,5]P;R) to elicit calcium oscillations and activate calcium-
dependent transcription factors, such as nuclear transcription fac-
tor kB (NF-kB) (50, 51). Activation of NF-kB enhances the ex-
pression of gene products involved in apoptosis and innate
immune responses that promote an antiviral state that could ulti-
mately restrict CHIKV infection (52). Although digoxin treat-
ment induced modest activation of NF-«B (see Fig. S3 in the sup-
plemental material), this increase was not statistically significant,
suggesting that other calcium-dependent host molecules contrib-
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ute to the restriction of CHIKV by digoxin. For example, it is
possible that formation of CHIKV replication complexes and
functions of specific viral proteins require precise spatial and tem-
poral regulation of certain ion concentrations. Digoxin may di-
rectly perturb these viral activities to impede replication or trigger
host stress responses that, in turn, accomplish the same effect.
Digoxin-resistant viral variants may overcome this impairment by
altering residues in the nonstructural proteins, including nsP4
V2091, to enhance ion-regulated functions of these proteins.

The complexity of cardiac glycoside-mediated effects on cells
may contribute to multiple mechanisms of CHIKV inhibition,
which would make it difficult to select digoxin-resistant mutants.
Indeed, passage of CHIKV in digoxin-treated cells led to develop-
ment of drug resistance only after approximately 14, 72-h pas-
sages. Digoxin is currently FDA approved for the treatment of
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FIG 8 Passage of CHIKV in the presence of digoxin enriches for drug-
resistant viruses. U-2 OS cells were incubated with DMSO, 10 uM 5-NT, or
increasing concentrations of digoxin for 1 h prior to adsorption with CHIKV
stocks that had been passaged 14 times in the presence of either DMSO
(SL15649p,450) or digoxin (SL15649p,,,;,,) atan MOT of 5 PFU/cell. After 1 h,
virus was removed, and cells were incubated with medium containing DMSO
or inhibitor for 5 h. Cells were stained with CHIKV-specific antiserum and
DAPI to detect nuclei and imaged by fluorescence microscopy. Results are
presented as percentages of infected cells normalized to DMSO-treated cells.
Error bars indicate standard errors of the means. (B) U-2 OS cells were incu-
bated with DMSO or 500 nM digoxin for 1 h prior to adsorption at an MOI of
5 PFU/cell with virus clones that were plaque purified from either the
SL15649pp150 OF SL15649 00, stock. After 1 h, virus was removed, and cells
were incubated with medium containing DMSO or digoxin for 5 h. Cells were
stained with CHIKV-specific antiserum and DAPI to detect nuclei and imaged
by fluorescence microscopy. Results are presented as percentages of infected
cells normalized to DMSO-treated cells for duplicate experiments. Error bars
indicate standard errors of the means. *, P < 0.05, **, P < 0.01, and ***, P <
0.001, in comparison to DMSO-treated or DMSO-passaged virus-infected
cells as determined by ANOVA followed by Tukey’s post hoc test.

congestive heart failure and cardiac arrhythmias, but clinically
significant toxicity of digoxin precludes its widespread use (53—
55). In patients treated with digoxin, acceptable serum concentra-
tions range between 1 and 2.5 nM, concentrations appreciable
lower than those required to inhibit CHIKV in vitro. Therefore,
additional work is required to develop drugs that more selectively
target steps within this pathway to limit toxicity. In this regard, less
toxic derivatives of digoxin are effective in inhibition of T;;17 cell
differentiation in the treatment of autoimmune diseases (56). The
capacity of ouabain to inhibit CHIKV infection suggests that these
analogous compounds also would diminish CHIKV infection in a
similar manner.

Identification of CHIKV-specific therapeutics requires an im-
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TABLE 1 Polymorphisms identified by serial passage of CHIKV in cells
treated with either DMSO or digoxin

Virus clone®  Digoxin sensitivity Viral gene product Polymorphism(s)®

SL15649p1150
Clone 1 Sensitive E2 H170L
Clone 2 Sensitive nsP1 P249L
nsP3 S511R
E2 S159R
SL15649,:g0xin
Clone 1 Resistant nsP2 T757A
nsP3 D3IN, P464L,
Stop524_L525del
E2 S159R
Clone 2 Sensitive nsP3 D31N, Stop524C
E2 S159R
Clone 3 Resistant nsP3 D31N, Stop524C
nsP4 V2091
E2 S159R
Clone 4 Resistant nsP3 D31N, Stop524C
nsP4 V2091
E2 S159R

@ Virus titers in supernatants from infected DMSO- or digoxin-treated cells were
determined by plaque assay, and viruses from individual plaques were amplified using
U-2 OS cells.

b RNA isolated from supernatants of infected U-2 OS cells was used as a template for
cDNA synthesis with random hexamers. Overlapping fragments covering the genome
were amplified using CHIKV-specific primers and sequenced by Sanger sequencing.

proved understanding of CHIKV replication and pathogenesis.
Findings presented in this report suggest that the sodium-
potassium ATPase serves an essential function in CHIKV infec-
tion. Antagonism of this ion transporter with digoxin inhibits
CHIKYV infection of human cells. Digoxin inhibits one or more
postentry steps of the CHIKV replication cycle as evidenced by
time-of-addition and fusion-bypass experiments. Further studies
to delineate mechanisms by which blockade of the sodium-
potassium ATPase impedes CHIKV infection will illuminate host
factors and pathways required for CHIKV replication. Such fac-
tors may serve as additional drug targets to ameliorate CHIKV
disease.

MATERIALS AND METHODS

Cells, chemical inhibitors, antibodies, and plasmids. U-2 OS cells were
maintained in McCoy’s 5A medium (Gibco) supplemented to contain
10% fetal bovine serum (FBS [Gibco]). Primary HSFs were provided by
James W. Thomas (Vanderbilt University) and cultivated as described
previously (57). ST2 cells were provided by Julie A. Sterling (Vanderbilt
University) and maintained in RPMI 1640 medium supplemented to con-
tain 10% FBS. C2C12 cells were provided by David M. Bader (Vanderbilt
University) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented to contain 10% FBS. Baby hamster kidney
(BHK-21), C6/36, and Vero cells were cultivated as described previously
(58). HBMECs were provided by Kwang Sik Kim (Johns Hopkins Univer-
sity) and cultured in RPMI 1640 medium as described previously (59).
1929 cells were maintained in Joklik’s minimum essential medium sup-
plemented to contain 5% FBS. All media for cell maintenance were sup-
plemented to contain 2 mM L-glutamine (Gibco), 100 U/ml penicillin,
100 pg/ml streptomycin (Gibco), and 25 ng/ml amphotericin B (Sigma).

Bafilomycin Al (Sigma), digoxin (Sigma), 5-NT oxalate (Tocris),
ouabain octahydrate (Sigma), and STS (Cell Signaling Technology) were
resuspended in DMSO. Polyclonal antisera obtained from ATCC were
used for CHIKV (VR-1241AF), RRV (VR-1246AF), and SINV (VR-
1248AF) infectivity assays. Reovirus-specific polyclonal antiserum (60)
was used for reovirus infectivity assays.
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Biosafety. Experiments involving the generation and testing of
CHIKV SL15649 replicon particles and replication-competent CHIKV
were conducted in a certified biological safety level 3 (BSL3) facility in
biological safety cabinets with protocols approved by the Vanderbilt Uni-
versity Department of Environment, Health, and Safety and the Vander-
bilt Institutional Safety Committee.

Generation of CHIKV replicon particles. The three-plasmid CHIKV
SL15649 replicon system was used as described previously (61). Plasmids
encoding CHIKV nonstructural proteins and eGFP, capsid protein, and
the envelope glycoproteins (E3 to E1) were linearized and transcribed in
vitro using mMessage mMachine SP6 transcription kits (Ambion).
BHK-21 cells were electroporated with viral RNAs generated from the
three plasmids and incubated at 37°C for 24 h. Supernatants containing
replicon particles were collected from electroporated cells, clarified by
centrifugation, and stored at —80°C. Replicon particles were tested for
propagation-competent recombinant virus by serial passage of replicon
stocks on monolayers of Vero cells. Stocks were removed from the BSL3
laboratory only if CPE was not detected 72 h after the second passage.

High-throughput screening of NCC. U-2 OS cells seeded in 384-well
plates (Corning) were treated with DMSO, 100 nM bafilomycin Al, or
compounds from the NCC at a concentration of 1 uM using a Bravo
automated liquid handling platform (Velocity 11/Agilent) and incubated
at 37°C for 1 h. CHIKV SL15649 eGFP-expressing replicon particles were
inoculated into wells of treated cells at an MOI of 5 infectious units (IU)/
cell and incubated at 37°C for 20 to 24 h. Medium was aspirated using an
ELx405 microplate washer (Biotek), and cells were incubated with
Hoechst dye to stain nuclei using a Multidrop Combi reagent dispenser
(Thermo Scientific). Cells and nuclei were visualized using an ImageX-
press Micro XL imaging system. Total cells and infected cells were quan-
tified using MetaXpress software in two fields of view per well. The plate
median and median absolute deviation (MAD) were calculated for each
well and used to calculate robust Z scores with the following equation:
Z score = [log,(% infection) — log,(median)]/[log,(MAD) X 1.486].
Candidates were considered positive if the robust Z score was =—2 or =2
in at least two of three independent replicates.

Generation of virus stocks. The CHIKV 181/25 and SL15649 infec-
tious clone plasmids were generated as described previously (62). Plas-
mids containing the full-length ¢cDNA sequences of RRV strain T48
(pRR64) and SINV strain AR339 (pTRSB) were generated as described
previously (63, 64). CHIKV, RRV, and SINV infectious clone plasmids
were linearized and transcribed in vitro using mMessage mMachine SP6
transcription kits. BHK-21 cells were electroporated with viral RNA and
incubated at 37°C for 24 h. Supernatants containing progeny virus were
collected from electroporated cells, clarified by centrifugation, and stored
at —80°C. Viral titers were determined by plaque assay using Vero or
BHK-21 cells. All experiments with CHIKV SL15649 virus were per-
formed using BSL3 conditions.

Reovirus strain T1L M1 P208S (65) was generated using plasmid-
based reverse genetics (66). Purified virions were prepared as described
previously (67). The reovirus particle concentration was determined from
the equivalence of 1 U of optical density at 260 nm to 2.1 X 10'? particles
(68). Viral titers were determined by plaque assay using L929 cells (66).
ISVPs were generated by treating virion particles with a-chymotrypsin
(Sigma) as described previously (37).

VSV-eGFP was provided by Sean Whelan (Harvard University) and
propagated on BHK-21 cells as described previously (69). Viral titers were
determined by plaque assay using Vero cells.

CHIKYV, RRYV, and SINV infectivity assays. Vehicle- or compound-
treated U-2 OS, HSF, ST2, C2C12, and C6/36 cells seeded in 96-well plates
(Costar) were adsorbed with CHIKV, RRV, or SINV diluted in virus di-
luent buffer (VDB) (RPMI 1640 medium with 25 mM HEPES and 1%
FBS) at various MOIs at 37°C (U-2 OS, HSF, ST2, and C2C12) or 28°C
(C6/36) for 1 h. The inoculum was removed, complete medium contain-
ing DMSO or compound was added, and cells were incubated at 37°C or
28°C for an additional 5 h. Cells were fixed with ice-cold methanol,
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washed with PBS, and incubated with PBS containing 5% FBS and 0.1%
Triton X-100 (TX) at room temperature for 1 h. Cells were incubated with
CHIKV-, RRV-, or SINV-specific polyclonal antiserum (1:1,500) in PBS
with FBS and TX at 4°C overnight. Cells were washed three times with PBS
and incubated with Alexa Fluor 488-labeled anti-mouse IgG (1:1,000) in
PBS with FBS and TX at room temperature for 2 h. Cells also were incu-
bated with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen) to stain
nuclei. Cells and nuclei were visualized using an ImageXpress Micro XL
imaging system in four fields of view per well. Percentage of infectivity was
determined by dividing the number of virus-infected cells by the total
number of cells per field of view. CHIKV infectivity following digoxin
treatment was determined in the presence of increasing concentrations of
sodium and potassium by pretreating U-2 OS cells with vehicle or digoxin
diluted in complete medium or in medium supplemented with NaCl or
KCl at 37°C for 1 h. Pretreated cells were adsorbed with CHIKV strain
181/25 at an MOI of 5 PFU/cell at 37°C for 1 h. The inoculum was re-
moved, complete medium or ion-supplemented medium containing
DMSO or digoxin was added, and cells were incubated at 37°C for an
additional 5 h. Cells were fixed, stained by indirect immunofluorescence
to detect CHIKV antigen and nuclei, and visualized as described above.

Expression of gene transcripts by RT-PCR. RNA was isolated from
U-2 OS and ST2 cells using a PureLink RNA minikit (Ambion). cDNA
was prepared with the SuperScriptlIl first strand kit (Invitrogen) with
random hexamers to prime cDNA synthesis and used for PCR amplifica-
tion by KOD polymerase with primers specific for the human or murine
al and a3 isoforms of the sodium-potassium ATPase and GAPDH as a
control (for primer sequences, see Table S1 in the supplemental material).
Reaction products were resolved by electrophoresis in 1% agarose gels
(Life Technologies).

Assessment of cell viability. U-2 OS cells seeded in 60-mm-diameter
dishes were incubated with DMSO, 10 uM STS as an inducer of apoptosis,
or increasing concentrations of digoxin at 37°C for 6 h. Cells were washed
with fluorescence-activated cell sorter (FACS) buffer (PBS with 2% FBS)
and stained with PI (Sigma). Cell staining was quantified usinga BD LSRII
flow cytometer and FlowJo software (Tree Star). Alternatively, U-2 OS
cells seeded in 96-well plates were incubated with DMSO, STS, or increas-
ing concentrations of digoxin at 37°C for 6 or 24 h. PrestoBlue reagent
(Molecular Probes) was added to supernatants of compound-treated
cells, and cells were incubated at 37°C for 30 min. Fluorescence as a sur-
rogate for cell viability was quantified using a Synergy H1 plate reader
(BioTek).

Reovirus infectivity assay. Vehicle- or compound-treated HBMECs
seeded in 96-well plates (Costar) were adsorbed with reovirus virions or
ISVPs at an MOI of 1,500 particles/cell at room temperature for 1 h. The
inoculum was removed, and cells were washed with PBS and incubated
with medium containing DMSO or compound at 37°C for 20 h. Cells were
fixed with ice-cold methanol, washed with PBS, and incubated with PBS
containing 5% bovine serum albumin at room temperature for 15 min.
Cells were incubated with reovirus-specific polyclonal antiserum (1:
1,000) in PBS with 0.5% TX at 37°C for 30 min. Cells were washed three
times with PBS and incubated with Alexa Fluor 488-labeled anti-rabbit
IgG (1:1,000) in PBS with 0.5% TX at 37°C for 30 min. Cells also were
incubated with DAPI to stain nuclei. Cells and nuclei were visualized
using an ImageXpress Micro XL imaging system in four fields of view per
well. The percentage of infectivity was determined by dividing the number
of virus-infected cells by the total number of cells per field of view.

VSV infectivity assay. Vehicle- or compound-treated U-2 OS cells
seeded in 96-well plates (Costar) were adsorbed with VSV-eGFP at an
MOI of 10 PFU/cell at 37°C for 1 h. The inoculum was removed, complete
medium containing DMSO or compound was added, and cells were in-
cubated at 37°C for an additional 5 h. Medium was removed, and cells
were incubated with Hoechst dye to stain nuclei. Cells and nuclei were
visualized using an ImageXpress Micro XL imaging system in four fields of
view per well. The percentage of infectivity was determined by dividing
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the number of GFP-positive cells by the total number of cells per field of
view.

Fusion-bypass assay. U-2 OS cells seeded in 96-well plates (Costar)
were incubated with DMSO, 5-NT, or increasing concentrations of
digoxin at 37°C for 1 h. Compounds were removed, and cells were washed
twice with ice-cold binding medium (RPMI 1640 medium with 25 mM
HEPES [pH 7.4], 1% FBS, and 20 mM NH,Cl) to prevent internalization
by endosomal fusion. Cells were adsorbed with CHIKV or SINV diluted in
binding medium at 4°C for 1 h, washed twice with binding medium to
remove unbound virus, and incubated at 37°C for 5 min with either pre-
warmed fusion medium (RPMI 1640 medium with 25 mM HEPES, 1%
FBS, and 30 mM succinic acid, pH 5.5) to trigger fusion at the plasma
membrane or prewarmed binding medium as a control. Medium was
removed, cells were incubated with complete medium containing vehicle
or inhibitor and 20 mM NH,CI at 37°C, and infection was scored by
indirect immunofluorescence at 18 h postadsorption.

Selection of digoxin-resistant mutants. U-2 OS cells were adsorbed
with CHIKV SL15649 at an MOI of 0.01 PFU/cell in VDB at 37°C for 1 h.
Virus was removed, and complete medium containing either DMSO or
100 nM digoxin was added to cells. Cells were incubated at 37°C for 48 to
72 h or until the CPEs were comparable in DMSO- and digoxin-treated
cells. Cell culture supernatants were collected, and 0.5 ml was used to
inoculate a fresh flask of U-2 OS cells. The remaining supernatant was
stored at —80°C. Virus was passaged serially in this manner, gradually
increasing the concentration of digoxin until it reached a dose that was 5
times the EC,, for the drug in U-2 OS cells.

Sequence analysis of digoxin-resistant and -sensitive mutants. Vi-
ruses from cell-culture supernatants of DMSO- or digoxin-treated cells
were plaque purified using BHK-21 cells, and RNA was isolated using a
PureLink RNA minikit. cDNA was prepared with the SuperscriptIII first
strand kit with random hexamers to prime cDNA synthesis and subjected
to PCR amplification using KOD polymerase with CHIKV-specific
primer sets to enable amplification of fragments that collectively encom-
pass the entire viral genome. Amplicons were sequenced using Sanger
sequencing (GenHunter, Nashville, TN).

Statistical analysis. Mean values for at least duplicate experiments
were compared using a one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test (GraphPad Prism). P values of <0.05 were con-
sidered to be statistically significant.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBi0.00693-16/-/DCSupplemental.

Text S1, DOCX file, 0.02 MB.

Figure S1, TIF file, 0.2 MB.

Figure S2, TIF file, 0.3 MB.

Figure S3, TIF file, 0.3 MB.

Table S1, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS

We thank Bernardo Mainou, Kristen Ogden, and Clint Smith for critical
review of the manuscript. We are grateful to members of the Dermody
laboratory for useful discussions during these studies. The NIH Clinical
Collection is provided through the National Institutes of Health Molecu-
lar Libraries Roadmap Initiative and was distributed by the Vanderbilt
High-Throughput Screening Facility. High-content image acquisition
was performed in the Vanderbilt High-Throughput Screening Facility in
collaboration with the Vanderbilt Institute of Chemical Biology. Flow
cytometry experiments were performed in the Vanderbilt Cytometry
Shared Resource.

This work was supported by Public Health Service awards T32
HLO07751 (A.W.A.), RO1 AI108735 (T.E.M.), R01 AI123348 (T.S.D.), and
U54 AI057157 (T.S.D.) and the Elizabeth B. Lamb Center for Pediatric
Research. This work also was supported by Public Health Service awards
P30 CA68485 for the Vanderbilt-Ingram Cancer Center and P60
DK20593 for the Vanderbilt Diabetes Research and Training Center.

12 mBio® mbio.asm.org

FUNDING INFORMATION

This work, including the efforts of Thomas E. Morrison, was funded by
HHS | NIH | National Institute of Allergy and Infectious Diseases (NIAID)
(RO1 AI108735). This work, including the efforts of Terence S. Dermody,
was funded by HHS | NIH | National Institute of Allergy and Infectious
Diseases (NIAID) (RO1 AI123348 and U54 A1057157). This work, includ-
ing the efforts of Alison Whitney Ashbrook, was funded by HHS | NIH |
National Heart, Lung, and Blood Institute (NHLBI) (T32 HL07751).

REFERENCES

1. Simon F, Parola P, Grandadam M, Fourcade S, Oliver M, Brouqui P,
Hance P, Kraemer P, Ali Mohamed A, de Lamballerie X, Charrel R,
Tolou H. 2007. Chikungunya infection: an emerging rheumatism among
travelers returned from Indian Ocean islands. Report of 47 cases. Medi-
cine (Baltimore) 86:123-137. http://dx.doi.org/10.1097/MD/
0b013e31806010a5.

2. Rezza G, Nicoletti L, Angelini R, Romi R, Finarelli AC, Panning M,
Cordioli P, Fortuna C, Boros S, Magurano F, Silvi G, Angelini P,
Dottori M, Ciufolini MG, Majori GC, Cassone A, CHIKV Study Group.
2007. Infection with chikungunya virus in Italy: an outbreak in a temper-
ate region. Lancet 370:1840—1846. http://dx.doi.org/10.1016/S0140
-6736(07)61779-6.

3. Kee ACL, Yang S, Tambyah P. 2010. Atypical chikungunya virus infec-
tions in immunocompromised patients. Emerg Infect Dis 16:1038—1040.
http://dx.doi.org/10.3201/eid1606.091115.

4. Grandadam M, Caro V, Plumet S, Thiberge JM, Souarés Y, Failloux AB,
Tolou HJ, Budelot M, Cosserat D, Leparc-Goffart I, Despres P. 2011.
Chikungunya virus, southeastern France. Emerg Infect Dis 17:910-913.
http://dx.doi.org/10.3201/eid1705.101873.

5. Leparc-Goffart I, Nougairede A, Cassadou S, Prat C, de Lamballerie X.
2014. Chikungunya in the Americas. Lancet 383:514. http://dx.doi.org/
10.1016/S0140-6736(14)60185-9.

6. Van Bortel W, Dorleans F, Rosine ], Blateau A, Rousseau D, Matheus
S, Leparc-Goffart I, Flusin O, Prat C, Césaire R, Najioullah F, Ardillon
V, Balleydier E, Carvalho L, Lemaitre A, Noél H, Servas V, Six C,
Zurbaran M, Léon L, Guinard A, van den Kerkhof J, Henry M, Fanoy
E, Braks M, Reimerink J, Swaan C, Georges R, Brooks L, Freedman J,
Sudre B, Zeller H. 2014. Chikungunya outbreak in the Caribbean region,
December 2013 to March 2014, and the significance for Europe. Euro
Surveill 19:20759. http://dx.doi.org/10.2807/1560
-7917.ES2014.19.13.20759.

7. Burt FJ, Rolph MS, Rulli NE, Mahalingam S, Heise MT. 2012.
Chikungunya: a re-emerging virus. Lancet 379:662—671. http://
dx.doi.org/10.1016/S0140-6736(11)60281-X.

8. Suhrbier A, Jaffar-Bandjee MC, Gasque P. 2012. Arthritogenic alphavi-
ruses—an overview. Nat Rev Rheumatol 8:420—429. http://dx.doi.org/
10.1038/nrrheum.2012.64.

9. Economopoulou A, Dominguez M, Helynck B, Sissoko D, Wichmann
O, Quenel P, Germonneau P, Quatresous I. 2009. Atypical chikungunya
virus infections: clinical manifestations, mortality and risk factors for se-
vere disease during the 2005-2006 outbreak on Reunion. Epidemiol Infect
137:534-541. http://dx.doi.org/10.1017/50950268808001167.

10. Borgherini G, Poubeau P, Staikowsky F, Lory M, Le Moullec N, Bec-
quart JP, Wengling C, Michault A, Paganin F. 2007. Outbreak of chi-
kungunya on Reunion Island: early clinical and laboratory features in 157
adult patients. Clin Infect Dis 44:1401-1407. http://dx.doi.org/10.1086/
517537.

11. Tandale BV, Sathe PS, Arankalle VA, Wadia RS, Kulkarni R, Shah SV,
Shah SK, Sheth JK, Sudeep AB, Tripathy AS, Mishra AC. 2009. Systemic
involvements and fatalities during chikungunya epidemic in India, 2006. J
Clin Virol 46:145-149. http://dx.doi.org/10.1016/j.jcv.2009.06.027.

12. Borgherini G, Poubeau P, Jossaume A, Gouix A, Cotte L, Michault A,
Arvin-Berod C, Paganin F. 2008. Persistent arthralgia associated with
chikungunya virus: a study of 88 adult patients on Reunion Island. Clin
Infect Dis 47:469—475. http://dx.doi.org/10.1086/590003.

13. Krishnamoorthy K, Harichandrakumar KT, Krishna Kumari A, Das
LK. 2009. Burden of chikungunya in India: estimates of disability adjusted
life years (DALY) lost in 2006 epidemic. ] Vector Borne Dis 46:26-35.

14. Soumahoro MK, Gérardin P, Boélle PY, Perrau J, Fianu A, Pouchot
J, Malvy D, Flahault A, Favier F, Hanslik T. 2009. Impact of chikun-
gunya virus infection on health status and quality of life: a retrospective

May/June 2016 Volume 7 Issue 3 e00693-16


http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.00693-16/-/DCSupplemental
http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.00693-16/-/DCSupplemental
http://dx.doi.org/10.1097/MD/0b013e31806010a5
http://dx.doi.org/10.1097/MD/0b013e31806010a5
http://dx.doi.org/10.1016/S0140-6736(07)61779-6
http://dx.doi.org/10.1016/S0140-6736(07)61779-6
http://dx.doi.org/10.3201/eid1606.091115
http://dx.doi.org/10.3201/eid1705.101873
http://dx.doi.org/10.1016/S0140-6736(14)60185-9
http://dx.doi.org/10.1016/S0140-6736(14)60185-9
http://dx.doi.org/10.2807/1560-7917.ES2014.19.13.20759
http://dx.doi.org/10.2807/1560-7917.ES2014.19.13.20759
http://dx.doi.org/10.1016/S0140-6736(11)60281-X
http://dx.doi.org/10.1016/S0140-6736(11)60281-X
http://dx.doi.org/10.1038/nrrheum.2012.64
http://dx.doi.org/10.1038/nrrheum.2012.64
http://dx.doi.org/10.1017/S0950268808001167
http://dx.doi.org/10.1086/517537
http://dx.doi.org/10.1086/517537
http://dx.doi.org/10.1016/j.jcv.2009.06.027
http://dx.doi.org/10.1086/590003
mbio.asm.org

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

cohort study. PLoS One 4:. http://dx.doi.org/10.1371/
journal.pone.0007800.

Soumahoro MK, Boelle PY, Gauzere BA, Atsou K, Pelat C, Lambert B,
La Ruche G, Gastellu-Etchegorry M, Renault P, Sarazin M, Yazdanpa-
nah Y, Flahault A, Malvy D, Hanslik T. 2011. The chikungunya epidemic
on la Reunion Island in 2005-2006: a cost-of-illness study. PLoS Negl
Trop Dis 5:¢1197. http://dx.doi.org/10.1371/journal.pntd.0001197.
Simizu B, Yamamoto K, Hashimoto K, Ogata T. 1984. Structural pro-
teins of chikungunya virus. J Virol 51:254-258.

Sourisseau M, Schilte C, Casartelli N, Trouillet C, Guivel-Benhassine F,
Rudnicka D, Sol-Foulon N, Le Roux K, Prevost MC, Fsihi H, Frenkiel
MP, Blanchet F, Afonso PV, Ceccaldi PE, Ozden S, Gessain A, Schuff-
enecker I, Verhasselt B, Zamborlini A, Saib A, Rey FA, Arenzana-
Seisdedos F, Despres P, Michault A, Albert ML, Schwartz O. 2007.
Characterization of reemerging chikungunya virus. PLoS Pathog 3:e89.
http://dx.doi.org/10.1371/journal.ppat.0030089.

Bernard E, Solignat M, Gay B, Chazal N, Higgs S, Devaux C, Briant L.
2010. Endocytosis of chikungunya virus into mammalian cells: role of
clathrin and early endosomal compartments. PLoS One 5:e11479. http://
dx.doi.org/10.1371/journal.pone.0011479.

Li L, Jose J, Xiang Y, Kuhn RJ, Rossmann MG. 2010. Structural changes
of envelope proteins during alphavirus fusion. Nature 468:705-708.
http://dx.doi.org/10.1038/nature09546.

Kielian M, Chanel-Vos C, Liao M. 2010. Alphavirus entry and membrane
fusion. Viruses 2:796—825. http://dx.doi.org/10.3390/v2040796.

Khan AH, Morita K, Parquet MdC, Hasebe F, Mathenge EG, Igarashi
A. 2002. Complete nucleotide sequence of chikungunya virus and evi-
dence for an internal polyadenylation site ] Gen Virol 83:3075-3084.
http://dx.doi.org/10.1099/0022-1317-83-12-3075.

Solignat M, Gay B, Higgs S, Briant L, Devaux C. 2009. Replication cycle
of chikungunya: a re-emerging arbovirus. Virology 393:183-197. http://
dx.doi.org/10.1016/j.virol.2009.07.024.

Friedman RM, Levin JG, Grimley PM, Berezesky IK. 1972. Membrane-
associated replication complex in arbovirus infection. J Virol 10:504-515.
Froshauer S, Kartenbeck J, Helenius A. 1988. Alphavirus RNA replicase
is located on the cytoplasmic surface of endosomes and lysosomes. J Cell
Biol 107:2075-2086. http://dx.doi.org/10.1083/jcb.107.6.2075.

Chen KC, Kam YW, Lin RT, Ng MM, Ng LF, Chu JJ. 2013. Comparative
analysis of the genome sequences and replication profiles of Chikungunya
virus isolates within the East, Central and South African (ECSA) lineage.
Virol ] 10:169. http://dx.doi.org/10.1186/1743-422X-10-169.

Kujala P, Ikdheimonen A, Ehsani N, Vihinen H, Auvinen P, Kédridinen
L. 2001. Biogenesis of the Semliki forest virus RNA replication complex. J
Virol 75:3873-3884. http://dx.doi.org/10.1128/JV1.75.8.3873-3884.2001.
Frolova EI, Gorchakov R, Pereboeva L, Atasheva S, Frolov 1. 2010.
Functional Sindbis virus replicative complexes are formed at the
plasma membrane. J Virol 84:11679-11695. http://dx.doi.org/10.1128/
JVI1.01441-10.

Spuul P, Balistreri G, Kéiridinen L, Ahola T. 2010. Phosphatidylinositol
3-kinase-, actin-, and microtubule-dependent transport of Semliki Forest
virus replication complexes from the plasma membrane to modified lyso-
somes. ] Virol 84:7543-7557. http://dx.doi.org/10.1128/JV1.00477-10.
Kaur P, Thiruchelvan M, Lee RC, Chen H, Chen KC, Ng ML, Chu
JJ. 2013. Inhibition of Chikungunya virus replication by harringto-
nine, a novel antiviral that suppresses viral protein expression. Anti-
microb Agents Chemother 57:155-167. http://dx.doi.org/10.1128/
AAC.01467-12.

Mainou BA, Ashbrook AW, Smith EC, Dorset DC, Denison MR,
Dermody TS. 2015. Serotonin receptor agonist 5-nonyloxytryptamine
alters the kinetics of reovirus cell entry. J Virol 89:8701-8712. http://
dx.doi.org/10.1128/JV1.00739-15.

Gupta RS, Chopra A, Stetsko DK. 1986. Cellular basis for the species
differences in sensitivity to cardiac glycosides (digitalis). J Cell Physiol
127:197-206. http://dx.doi.org/10.1002/jcp.1041270202.

Kent RB, Emanuel JR, Ben Neriah Y, Levenson R, Housman DE. 1987.
Ouabain resistance conferred by expression of the cDNA for a murine
Na™*, K*-ATPase alpha subunit. Science 237:901-903. http://dx.doi.org/
10.1126/science.3039660.

Lin Y, Dubinsky WP, Ho DH, Felix E, Newman RA. 2008. Determinants
of human and mouse melanoma cell sensitivities to oleandrin. J Exp Ther
Oncol 7:195-205.

Ebert DH, Deussing J, Peters C, Dermody TS. 2002. Cathepsin L and

May/June 2016 Volume 7 Issue 3 e00693-16

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Digoxin Inhibits Chikungunya Virus Infection

cathepsin B mediate reovirus disassembly in murine fibroblast cells. ] Biol
Chem 277:24609-24617. http://dx.doi.org/10.1074/jbc.M201107200.
Borsa J, Morash BD, Sargent MD, Copps TP, Lievaart PA, Szekely JG.
1979. Two modes of entry of reovirus particles into L cells. ] Gen Virol
45:161-170. http://dx.doi.org/10.1099/0022-1317-45-1-161.
Sturzenbecker LJ, Nibert M, Furlong D, Fields BN. 1987. Intracellular
digestion of reovirus particles requires a low pH and is an essential step in
the viral infectious cycle. J Virol 61:2351-2361.

Mainou BA, Dermody TS. 2011. Src kinase mediates productive endo-
cytic sorting of reovirus during cell entry. J Virol 85:3203-3213. http://
dx.doi.org/10.1128/JV1.02056-10.

Kim KH, Riimenapf T, Strauss EG, Strauss JH. 2004. Regulation of
Semliki Forest virus RNA replication: a model for the control of alphavirus
pathogenesis in invertebrate hosts. Virology 323:153-163. http://
dx.doi.org/10.1016/j.virol.2004.03.009.

Gardner CL, Hritz J, Sun C, Vanlandingham DL, Song TY, Ghedin E,
Higgs S, Klimstra WB, Ryman KD. 2014. Deliberate attenuation of
chikungunya virus by adaptation to heparan sulfate-dependent
infectivity: a model for rational arboviral vaccine design. PLoS Negl Trop
Dis 8:€2719. http://dx.doi.org/10.1371/journal.pntd.0002719.

Pickett BE, Sadat EL, Zhang Y, Noronha JM, Squires RB, Hunt V, Liu
M, Kumar S, Zaremba S, Gu Z, Zhou L, Larson CN, Dietrich J, Klem
EB, Scheuermann RH. 2012. ViPR: an open bioinformatics database and
analysis resource for virology research. Nucleic Acids Res 40:D593-D598.
http://dx.doi.org/10.1093/nar/gkr859.

Barton ES, Forrest JC, Connolly JL, Chappell JD, Liu Y, Schnell FJ,
Nusrat A, Parkos CA, Dermody TS. 2001. Junction adhesion molecule is
a receptor for reovirus. Cell 104:441-451. http://dx.doi.org/10.1016/
S0092-8674(01)00231-8.

Neuvonen M, Kazlauskas A, Martikainen M, Hinkkanen A, Ahola T,
Saksela K. 2011. SH3 domain-mediated recruitment of host cell am-
phiphysins by alphavirus nsP3 promotes viral RNA replication. PLoS Pat-
hog 7:€1002383. http://dx.doi.org/10.1371/journal.ppat.1002383.

Thaa B, Biasiotto R, Eng K, Neuvonen M, Goétte B, Rheinemann L,
Mutso M, Utt A, Varghese F, Balistreri G, Merits A, Ahola T, McIner-
ney GM. 2015. Differential PI3K-Akt-mTOR activation by Semliki Forest
and chikungunya virus, dependent on nsP3 and connected to replication
complex internalization. ] Virol 89:11420-11437. http://dx.doi.org/
10.1128/JVI1.01579-15.

Rathore AP, Haystead T, Das PK, Merits A, Ng ML, Vasudevan SG.
2014. Chikungunya virus nsP3 and nsP4 interacts with HSP-90 to pro-
mote virus replication: HSP-90 inhibitors reduce CHIKV infection and
inflammation in vivo. Antiviral Res 103:7-16. http://dx.doi.org/10.1016/
j.antiviral.2013.12.010.

Panas MD, Ahola T, McInerney GM. 2014. The C-terminal repeat do-
mains of nsP3 from the Old World alphaviruses bind directly to G3BP. J
Virol 88:5888—-5893. http://dx.doi.org/10.1128/JV1.00439-14.

Scholte FE, Tas A, Albulescu IC, Zusinaite E, Merits A, Snijder EJ, van
Hemert MJ. 2015. Stress granule components G3BP1 and G3BP2 play a
proviral role early in chikungunya virus replication. J Virol 89:4457—4469.
http://dx.doi.org/10.1128/JV1.03612-14.

Schoner W, Scheiner-Bobis G. 2007. Endogenous and exogenous cardiac
glycosides and their mechanisms of action. Am J Cardiovasc Drugs
7:173-189. http://dx.doi.org/10.2165/00129784-200707030-00004.
Melton JV, Ewart GD, Weir RC, Board PG, Lee E, Gage PW. 2002.
Alphavirus 6K proteins form ion channels. ] Biol Chem 277:46923—46931.
http://dx.doi.org/10.1074/jbc.M207847200.

Waite MR, Brown DT, Pfefferkorn ER. 1972. Inhibition of Sindbis virus
release by media of low ionic strength: an electron microscope study. J
Virol 10:537-544.

Aizman O, Uhlén P, Lal M, Brismar H, Aperia A. 2001. Ouabain, a
steroid hormone that signals with slow calcium oscillations. Proc Natl
Acad Sci U S A 98:13420-13424. http://dx.doi.org/10.1073/
pnas.221315298.

LiJ, Zelenin S, Aperia A, Aizman O. 2006. Low doses of ouabain protect
from serum deprivation-triggered apoptosis and stimulate kidney cell
proliferation via activation of NF-kappaB. ] Am Soc Nephrol 17:
1848-1857. http://dx.doi.org/10.1681/ASN.2005080894.

Silverman N, Maniatis T. 2001. NF-«B signaling pathways in mammalian
and insect innate immunity. Genes Dev 15:2321-2342. http://dx.doi.org/
10.1101/gad.909001.

Johansson S, Lindholm P, Gullbo J, Larsson R, Bohlin L, Claeson P.
2001. Cytotoxicity of digitoxin and related cardiac glycosides in human

mBio" mbio.asm.org 13


http://dx.doi.org/10.1371/journal.pone.0007800
http://dx.doi.org/10.1371/journal.pone.0007800
http://dx.doi.org/10.1371/journal.pntd.0001197
http://dx.doi.org/10.1371/journal.ppat.0030089
http://dx.doi.org/10.1371/journal.pone.0011479
http://dx.doi.org/10.1371/journal.pone.0011479
http://dx.doi.org/10.1038/nature09546
http://dx.doi.org/10.3390/v2040796
http://dx.doi.org/10.1099/0022-1317-83-12-3075
http://dx.doi.org/10.1016/j.virol.2009.07.024
http://dx.doi.org/10.1016/j.virol.2009.07.024
http://dx.doi.org/10.1083/jcb.107.6.2075
http://dx.doi.org/10.1186/1743-422X-10-169
http://dx.doi.org/10.1128/JVI.75.8.3873-3884.2001
http://dx.doi.org/10.1128/JVI.01441-10
http://dx.doi.org/10.1128/JVI.01441-10
http://dx.doi.org/10.1128/JVI.00477-10
http://dx.doi.org/10.1128/AAC.01467-12
http://dx.doi.org/10.1128/AAC.01467-12
http://dx.doi.org/10.1128/JVI.00739-15
http://dx.doi.org/10.1128/JVI.00739-15
http://dx.doi.org/10.1002/jcp.1041270202
http://dx.doi.org/10.1126/science.3039660
http://dx.doi.org/10.1126/science.3039660
http://dx.doi.org/10.1074/jbc.M201107200
http://dx.doi.org/10.1099/0022-1317-45-1-161
http://dx.doi.org/10.1128/JVI.02056-10
http://dx.doi.org/10.1128/JVI.02056-10
http://dx.doi.org/10.1016/j.virol.2004.03.009
http://dx.doi.org/10.1016/j.virol.2004.03.009
http://dx.doi.org/10.1371/journal.pntd.0002719
http://dx.doi.org/10.1093/nar/gkr859
http://dx.doi.org/10.1016/S0092-8674(01)00231-8
http://dx.doi.org/10.1016/S0092-8674(01)00231-8
http://dx.doi.org/10.1371/journal.ppat.1002383
http://dx.doi.org/10.1128/JVI.01579-15
http://dx.doi.org/10.1128/JVI.01579-15
http://dx.doi.org/10.1016/j.antiviral.2013.12.010
http://dx.doi.org/10.1016/j.antiviral.2013.12.010
http://dx.doi.org/10.1128/JVI.00439-14
http://dx.doi.org/10.1128/JVI.03612-14
http://dx.doi.org/10.2165/00129784-200707030-00004
http://dx.doi.org/10.1074/jbc.M207847200
http://dx.doi.org/10.1073/pnas.221315298
http://dx.doi.org/10.1073/pnas.221315298
http://dx.doi.org/10.1681/ASN.2005080894
http://dx.doi.org/10.1101/gad.909001
http://dx.doi.org/10.1101/gad.909001
mbio.asm.org

Ashbrook et al.

54.

55.

56.

57.

58.

59.

60.

61.

14

tumor cells. Anticancer Drugs 12:475-483. http://dx.doi.org/10.1097/
00001813-200106000-00009.

Paula S, Tabet MR, Ball WJ, Jr. 2005. Interactions between cardiac
glycosides and sodium-potassium-ATPase: three-dimensional structure-
activity relationship models for ligand binding to the E2-pi form of the
enzyme versus activity inhibition. Biochemistry 44:498-510. http://
dx.doi.org/10.1021/bi048680w.

Nesher M, Shpolansky U, Rosen H, Lichtstein D. 2007. The digitalis-like
steroid hormones: new mechanisms of action and biological significance.
Life Sci 80:2093-2107. http://dx.doi.org/10.1016/j.1fs.2007.03.013.

Huh JR, Leung MW, Huang P, Ryan DA, Krout MR, Malapaka RR,
Chow J, Manel N, Ciofani M, Kim SV, Cuesta A, Santori FR, Lafaille JJ,
Xu HE, Gin DY, Rastinejad F, Littman DR. 2011. Digoxin and its
derivatives suppress TH17 cell differentiation by antagonizing RORgam-
mat activity. Nature 472:486-490. http://dx.doi.org/10.1038/
nature09978.

Thomas JW, Thieu TH, Byrd VM, Miller GG. 2000. Acidic fibroblast
growth factor in synovial cells. Arthritis Rheum 43:2152-2159. http://
dx.doi.org/10.1002/1529-0131(200010)43:10<2152::AID
-ANR2>3.0.CO;2-R.

Ashbrook AW, Burrack KS, Silva LA, Montgomery SA, Heise MT,
Morrison TE, Dermody TS. 2014. Residue 82 of the chikungunya virus E2
attachment protein modulates viral dissemination and arthritis in mice. J
Virol 88:12180—12192. http://dx.doi.org/10.1128/JV1.01672-14.

Stins MF, Gilles F, Kim KS. 1997. Selective expression of adhesion mol-
ecules on human brain microvascular endothelial cells. ] Neuroimmunol
76:81-90. http://dx.doi.org/10.1016/S0165-5728(97)00036-2.

Barton ES, Connolly JL, Forrest JC, Chappell JD, Dermody TS. 2001.
Utilization of sialic acid as a coreceptor enhances reovirus attachment by
multistep adhesion strengthening. J Biol Chem 276:2200—2211. http://
dx.doi.org/10.1074/jbc.M004680200.

Smith SA, Silva LA, Fox JM, Flyak AI, Kose N, Sapparapu G, Khoman-

mBio® mbio.asm.org

62.

63.

64.

65.

66.

67.

68.

69.

diak S, Ashbrook AW, Kahle KM, Fong RH, Swayne S, Doranz BJ,
McGee CE, Heise MT, Pal P, Brien JD, Austin SK, Diamond MS,
Dermody TS, Crowe JE, Jr. 2015. Isolation and characterization of broad
and ultrapotent human monoclonal antibodies with therapeutic activity
against chikungunya virus. Cell Host Microbe 18:86-95. http://
dx.doi.org/10.1016/j.chom.2015.06.009.

Mainou BA, Zamora PF, Ashbrook AW, Dorset DC, Kim KS, Dermody
TS. 2013. Reovirus cell entry requires functional microtubules. mBio
4:¢00405-13. http://dx.doi.org/10.1128/mBi0.00405-13.

Polo JM, Davis NL, Rice CM, Huang HV, Johnston RE. 1988. Molecular
analysis of Sindbis virus pathogenesis in neonatal mice by using virus
recombinants constructed in vitro. J Virol 62:2124-2133.

Kuhn RJ, Niesters HG, Hong Z, Strauss JH. 1991. Infectious RNA
transcripts from Ross River virus cDNA clones and the construction and
characterization of defined chimeras with Sindbis virus. Virology 182:
430—441. http://dx.doi.org/10.1016/0042-6822(91)90584-X.

Kobayashi T, Ooms LS, Chappell JD, Dermody TS. 2009. Identification
of functional domains in reovirus replication proteins uNS and u.2. J Virol
83:2892-2906. http://dx.doi.org/10.1128/JVI1.01495-08.

Virgin HW, IV, Bassel-Duby R, Fields BN, Tyler KL. 1988. Antibody
protects against lethal infection with the neurally spreading reovirus type
3 (Dearing). J Virol 62:4594—4604.

Furlong DB, Nibert ML, Fields BN. 1988. Sigma 1 protein of mammalian
reoviruses extends from the surfaces of viral particles. ] Virol 62:246-256.
Smith RE, Zweerink HJ, Joklik WK. 1969. Polypeptide components of
virions, top component and cores of reovirus type 3. Virol 39:791-810.
http://dx.doi.org/10.1016/0042-6822(69)90017-8.

Whelan SP, Barr JN, Wertz GW. 2000. Identification of a minimal size
requirement for termination of vesicular stomatitis virus mRNA: impli-
cations for the mechanism of transcription. J Virol 74:8268 —8276. http://
dx.doi.org/10.1128/JV1.74.18.8268-8276.2000.

May/June 2016 Volume 7 Issue 3 e00693-16


http://dx.doi.org/10.1097/00001813-200106000-00009
http://dx.doi.org/10.1097/00001813-200106000-00009
http://dx.doi.org/10.1021/bi048680w
http://dx.doi.org/10.1021/bi048680w
http://dx.doi.org/10.1016/j.lfs.2007.03.013
http://dx.doi.org/10.1038/nature09978
http://dx.doi.org/10.1038/nature09978
http://dx.doi.org/10.1002/1529-0131(200010)43:10%3C2152::AID-ANR2%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1529-0131(200010)43:10%3C2152::AID-ANR2%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1529-0131(200010)43:10%3C2152::AID-ANR2%3E3.0.CO;2-R
http://dx.doi.org/10.1128/JVI.01672-14
http://dx.doi.org/10.1016/S0165-5728(97)00036-2
http://dx.doi.org/10.1074/jbc.M004680200
http://dx.doi.org/10.1074/jbc.M004680200
http://dx.doi.org/10.1016/j.chom.2015.06.009
http://dx.doi.org/10.1016/j.chom.2015.06.009
http://dx.doi.org/10.1128/mBio.00405-13
http://dx.doi.org/10.1016/0042-6822(91)90584-X
http://dx.doi.org/10.1128/JVI.01495-08
http://dx.doi.org/10.1016/0042-6822(69)90017-8
http://dx.doi.org/10.1128/JVI.74.18.8268-8276.2000
http://dx.doi.org/10.1128/JVI.74.18.8268-8276.2000
mbio.asm.org

	RESULTS
	Identification of digoxin as an inhibitor of CHIKV infection. 
	Digoxin is a species-specific inhibitor of CHIKV infection. 
	Species-specific inhibition by digoxin occurs via the sodium-potassium ATPase. 
	CHIKV inhibition by digoxin is not attributable to decreased cell viability. 
	Digoxin treatment inhibits infection by diverse virus families. 
	Digoxin impairs CHIKV infection at postentry steps. 
	Polymorphisms observed in digoxin-resistant CHIKV populations. 

	DISCUSSION
	MATERIALS AND METHODS
	Cells, chemical inhibitors, antibodies, and plasmids. 
	Biosafety. 
	Generation of CHIKV replicon particles. 
	High-throughput screening of NCC. 
	Generation of virus stocks. 
	CHIKV, RRV, and SINV infectivity assays. 
	Expression of gene transcripts by RT-PCR. 
	Assessment of cell viability. 
	Reovirus infectivity assay. 
	VSV infectivity assay. 
	Fusion-bypass assay. 
	Selection of digoxin-resistant mutants. 
	Sequence analysis of digoxin-resistant and -sensitive mutants. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

