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Fluoxetine Is a Potent Inhibitor of Coxsackievirus Replication
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No antiviral drugs currently exist for the treatment of enterovirus infections, which are often severe and potentially life threaten-
ing. Molecular screening of small molecule libraries identified fluoxetine, a selective serotonin reuptake inhibitor, as a potent
inhibitor of coxsackievirus replication. Fluoxetine did not interfere with either viral entry or translation of the viral genome.
Instead, fluoxetine and its metabolite norfluoxetine markedly reduced the synthesis of viral RNA and protein. In view of its fa-
vorable pharmacokinetics and safety profile, fluoxetine warrants additional study as a potential antiviral agent for enterovirus

infections.

he human enteroviruses are members of a genus containing

more than 100 serologically distinct small nonenveloped RNA
viruses responsible for poliomyelitis, encephalitis, myocarditis,
fulminate sepsis in newborns, and other life-threatening infec-
tions (8). Immunization has all but eliminated the circulation of
the polioviruses, the archetype for the genus, but other enterovi-
ruses continue to cause substantial morbidity and mortality in the
United States and throughout the world.

Recent outbreaks of enterovirus 71 (EV71) and coxsackievirus
B1 (CVB1) highlight the public health dangers posed by enterovi-
ruses. EV71 has been the cause of numerous epidemics of central
nervous system infections in Europe and the Asia-Pacific region
over the last 15 years (4, 5, 24, 26, 27). Although EV71 infection
may be mild or unrecognized, brainstem encephalitis and noncar-
diogenic pulmonary edema caused many deaths in Asian out-
breaks between 1997 and 2010. A recent outbreak of coxsackievi-
rus Bl (CVBI1) myocarditis in the United States also highlighted
the mutability of enteroviruses and their epidemic potential.
CVBI was initially isolated in 1948 near Coxsackie, NY, but a new
variant of CVB1 emerged in 2007 and was detected at nearly 50
sites in the United States. Large clusters of cases occurred in Chi-
cago, IL, and Los Angeles, CA, including cases of sepsis, myocar-
ditis, and deaths among newborns (6, 42, 45). Since then, CVB1
has been the most commonly identified enterovirus in the United
States (7).

Enteroviruses exhibit a high degree of genetic variability in
their capsid gene sequences, and immunity is serotype specific,
precluding a vaccine strategy that would address all of the patho-
genic nonpolio enteroviruses. However, enteroviruses exhibit
substantial genetic conservation in the internal ribosome entry
site (IRES) required for cap-independent translation of the viral
genome into a single polyprotein and in the coding domains for
the nonstructural viral proteins that are derived from it by auto-
proteolytic cleavage (30-32). These features and structural
conservation of capsid proteins and virion structure of diverse
enteroviruses (14) suggest that it may be possible to develop
broad-spectrum antienteroviral agents.

No antiviral agents are currently available for these commonly
encountered pathogens. None of the dozens of antiviral drugs
effective against HIV, hepatitis B or C virus, influenza virus, her-
pesviruses, or other viruses have any activity against enteroviruses.
The investigational antienterovirus agent pleconaril (34) has been
dropped from further clinical development and study, apart from
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an ongoing trial involving 45 newborns with enteroviral sepsis
syndrome (Collaborative Antiviral Study Group Trial 106; Clinical-
Trials.gov identifier NCT00031512). A clinical trial is under way of
asimilar capsid-binding drug, BTA-798, for the treatment of asth-
matic adults with symptomatic infection with human rhinovi-
ruses, which are now taxonomically incorporated into the Entero-
virus genus. Additional compounds have been found and
described in the scientific and medical literature that inhibit the
growth of enteroviruses, but their utility remains largely unex-
plored (12, 38). For now, treatment of serious and life-threatening
enterovirus infections consists of supportive care, including man-
agement of seizures, hemorrhage, and respiratory failure, as
needed. Infusions of intravenous immunoglobulin from pooled
donors are sometimes given in hopes of limiting virus replication.

In search of additional antiviral agents, we screened various
small molecule libraries and identified previously unrecognized
inhibitors of enterovirus replication. Interestingly, fluoxetine, a
selective serotonin reuptake inhibitor, demonstrated potent anti-
viral activity against a variety of enterovirus serotypes.

MATERIALS AND METHODS

Cells and virus. HeLa-RW cells were generously provided by Lindsay
Whitton (The Scripps Research Institute, La Jolla, CA). As previously
described (29), stocks of CVB-H3 and CVB3 expressing enhanced green
fluorescent protein (CVB3-EGFP) were produced by transfecting
HeLa-RW cells with a plasmid expressing the T7 polymerase (pAR3126)
and plasmid clones of the viral genome (13, 20). CVB3-H3 completes its
life cycle very rapidly in these cells, achieving peak viral titers 6 h after
infection (20, 36). An isolate of CVB1 recovered during a 2007 outbreak
(42, 45) was generously provided by Stan Shulman and Xiaotian Zheng
(Northwestern University Feinberg School of Medicine, Chicago, IL).
Clinical isolates of CVB2 and CVB3-MCH (21) were provided by the
UCLA Clinical Microbiology Laboratory. Virus titers were determined by
plaque assays using HeLa-RW cells (29).
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Primary screening assay. We screened for novel inhibitors of entero-
virus replication using an assay to monitor cell viability and detect the
enterovirus-induced cytopathic effect (CPE) by modifying the assay de-
scribed by Gong et al. (16). Prior to adding library compounds, 20 pl
culture medium per well was dispensed into 384-well microtiter plates
(Greiner One) and 0.5 pl of 1 mM test compound solution in dimethyl
sulfoxide (DMSO) was added using a 500-nl V&P custom pin tool (San
Diego, CA). In negative-control wells, 0.5 pul DMSO alone was added.
HeLa-RW cells and CVB3-H3 virus were mixed, and 20 pl was added onto
the plates to achieve a ratio of 3,000 cells/well and 20 PFU CVB-H3/well,
representing a multiplicity of infection (MOI) 0f 0.007. Guanidine, a well-
known CVB3 inhibitor (12, 33), was used a positive control at a final
concentration of 10 mM, which resulted in complete protection from
cytopathic effects of CVB3 infection. The plates were incubated in a 37°C
cell culture incubator for 48 h. The cytopathic effect (CPE) induced by
CBV3-H3 replication was detected and quantified by using ATPLite
1-Step reagent (Perkin Elmer) to assess cell viability. At the end of the
incubation period, 25 pul ATPLite 1-Step reagent was added to each well,
and the plate was sealed with transparent film. The luminescence signals
on the plate were read immediately using a FLUOstar Optima reader
(BMG Labtech, Inc., Cary, NC). The Z' factor of the assay was greater than
0.5, and hits with antiviral activity greater than 50% of antiviral activity of
positive controls were selected for follow-up.

Here we present the result from screening the Prestwick Chemical
Library. This library contains 1,120 high-purity chemical compounds (in-
cluding many FDA-approved drugs) selected for structural diversity and a
broad spectrum of clinical uses.

Determination of antiviral EC,, and CCs, of fluoxetine and norflu-
oxetine. Fluoxetine and norfluoxetine were purchased from Sigma-
Aldrich and dissolved in DMSO to achieve an initial concentration of 20
mM, which was further diluted in a series of 2-fold dilutions to the lowest
concentration of 38 nM. Using the same ATPLite 1-Step-based assay on a
384-well plate, we also assessed cell viability in the presence of serially
diluted chemical compounds to identify a 50% cytotoxic concentration
(CCsy), defined as 50% reduction in luminescence compared to control
wells. The 50% effective concentration (EC5,) was defined as the com-
pound concentration that lead to a retention of 50% luminescence values
from infected cells. A selectivity index (SI) was calculated for each com-
pound as SI = CCy,/ECsy,.

Assay of IRES-mediated translation. A bicistronic expression vector
was constructed by amplifying the 5’'-untranslated region (5" UTR) of
CVB3/28 (39), a myocarditic strain of CVB3, and inserting it into the
multiple cloning site of plasmid pDL-N (41), a gift from Asim Dasgupta.
In this construct, the cytomegalovirus (CMV) promoter is followed by a
Renillaluciferase, which is then followed by a thermostable hairpin, the 5’
UTR sequence, and the firefly luciferase gene. HeLa-RW cells were plated
in a 96-well microtiter plate and transfected the next day with this dual-
luciferase reporter plasmid, using Bio T transfection reagent (Bioland
Scientific) according to the manufacturer’s instructions. At 48 h post-
transfection, the compounds were added to the transfected cells at a con-
centration of 6.25 uM, an effective concentration selected based on ECy,
and CCq,, data. DMSO alone was added to control wells. At 72 h after the
transfection, the cells were washed three times with phosphate-buffered
saline (PBS), and the measurements of dual-luciferase levels were per-
formed using Promega’s dual-luciferase reporter assay system according
to the manufacturer’s instructions. For stable transfection, a selection
medium with 1 mg/ml G418 was used to select cells stably transfected with
the plasmid and subsequently maintained in the medium with 1 mg/ml
G418.

Determination of antiviral activity by inhibition of EGFP-express-
ing recombinant CVB3. HeLa-RW cells were plated at 30,000 cells per
well in a 96-well microtiter plate in 100 .l of medium and cultured over-
night. The cells were infected on the following day with EGFP-expressing
recombinant CVB3 at an MOI of 1. The compounds were added to the
cells at 0 h, 1 h, and 2 h postinfection at a concentration of 6.25 wM.
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DMSO alone was added to control wells. Six hours after inoculation with
virus, the cells were fixed with 1% formaldehyde and counterstained with
DAPI (4',6-diamidino-2-phenylindole) for 5 min. The cells were washed
3 times with PBS before being analyzed using an ImageXpress Micro high-
content microscope (Molecular Devices).

Test of direct virucidal activity. Fluoxetine (or DMSO diluent) was
added to virus stocks of CVB3-H3 to achieve a final concentration of 10
M. After incubation at 37°C for 1 h, the preparation was diluted serially,
and the virus titer was determined by plaque assay, as described previously
(29).

Viral replication assays. To assess the effect of norfluoxetine and flu-
oxetine on enteroviral replication, 1 X 10°> HeLa-RW cells in 1 ml DMEM
with 10% fetal bovine serum (FBS) were placed into each well of 24-well
plates and incubated overnight at 37°C. After 24 h, drug compounds were
added to wells to achieve the desired concentrations. After 30 min at 37°C,
CVB-H3 virus stock was added to achieve an MOI of 1, and the plates were
again placed in a 37°C incubator. After 6 h, medium was aspirated from
the wells, and cell layers were washed with PBS and then lifted with 100 pl
trypsin (2.5%). The trypsin was inactivated with 400 .l Dulbecco’s mod-
ified Eagle’s medium (DMEM)-based medium and transferred into
screw-cap tubes. The cells were washed twice and then resuspended in
PBS, and aliquots were frozen at —80°C prior to virus titration or reverse
transcription-PCR (RT-PCR) and immunoblot analysis.

(i) RT-PCR quantitation of viral RNA. Viral RNA was extracted from
cell pellets using the Qiagen RNEasy commercial kit, and quantified by
real-time reverse transcriptase PCR (RT-PCR) using Applied Biosystems
SYBR green commercial reagents and primers described by others (10).
To produce quantitative standards, viral RNA was synthesized from lin-
earized pH3 (20), quantified by spectrophotometry, and serially diluted.

(ii) Immunoblot detection of viral protein. Cell pellets were resus-
pended in PBS and lysed in Invitrogen NuPAGE lithium dodecyl sulfate
(LDS) sample buffer. The lysed cells were then homogenized by passage
through small-gauge needles to shear cellular DNA and separated by SDS-
PAGE using 12% Bis-Tris gels (Invitrogen NuPAGE). The proteins were
transferred to a nylon membrane and blocked in skim milk, and coxsacki-
evirus proteins were detected by immunoblotting with antiserum ob-
tained from ATCC (V030-501-560) using a chemiluminescent substrate
(Thermo Scientific SuperSignal; West Pico).

RESULTS

Identification of novel small molecule inhibitors of CVB3 repli-
cation. In an effort to identify small molecule inhibitors of entero-
virus infections, we employed a molecular screening assay
described previously (16), based on protection of cells from cyto-
toxic effects of viral infection. HeLa-RW cells were seeded into
384-well plates containing these compounds and infected at a low
multiplicity of infection with CVB3-H3, a molecular clone of cox-
sackievirus B3 (CVB3) (20). CVB3 was chosen as it has consis-
tently appeared among the 15 most commonly reported entero-
viruses in the United States, with an estimated case-fatality rate of
5.4% (19). This specific CVB3 strain is known to cause severe
myocarditis in mice (20, 36), and we have recently found that it
will produce extensive myocarditis and disseminated infection in
cynomolgus monkeys (C. E. Cammock et al., submitted for pub-
lication).

After 48 h, cell viability was assessed using the luciferase-con-
taining reagent ATPLite 1-Step (Perkin Elmer), which has been
optimized for use in high-throughput screening (HTS) assays.
The Z' factor, an assessment of the quality of screening assays (46)
was monitored in each plate. Among other small molecule librar-
ies, we screened the Prestwick Chemical Library, consisting of a
total of four 384-well microtiter library plates containing 1,120
FDA-approved drugs and other compounds, for antiviral activity.
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FIG 1 Schema of the molecular screening approach. ATP-driven lumines-
cence values are shown for the compounds in the Prestwick Chemical Library.
Values are normalized for maximum luminescence observed on positive-con-
trol (guanidine HCI) wells in each 384-well plate. Negative-control wells on
each plate included DMSO; note the low levels of luminescence. Primary hit
compounds are indicated, which produced normalized luminescence levels
above a threshold of 50% of the luminescence levels of the positive controls. All
compounds were tested at a final concentration of 12.5 M.

The Z'-factors of screening plates were in the range of 0.5 to 0.7,
indicative of robust assay performance. Compounds that strongly
protected cells from the lytic effects of CVB3-H3 infection (lumi-
nescence values > 50% of positive-control values) were classified
as initial hits (Fig. 1).

In the primary screen, we identified 8 compounds showing
30% inhibition efficiency and 7 of them showing 50% efficiency,
yielding hit rates of 0.7% and 0.5%, respectively. These com-
pounds included mefloquine hydrochloride, dibucaine, fluox-
etine hydrochloride, flupentixol dihydrochloride, zuclopenthixol
hydrochloride, cycloheximide, and the toxic plant alkaloid lyco-
rine hydrochloride. Fluoxetine was selected for further examina-
tion. We also examined the antiviral activity of norfluoxetine, the
major metabolite of fluoxetine, as it is present in serum at near
equimolar concentrations to fluoxetine during therapy.

Fluoxetine and norfluoxetine inhibit enterovirus replication
at established therapeutic concentrations. Using a modification
of our screening assay, we determined the cellular toxicity and
antiviral activity of fluoxetine and norfluoxetine over a broad
range of concentrations flanking the plasma concentrations
achieved during chronic therapy for psychiatric indications (9,
25). A series of 2-fold dilutions were prepared covering a drug
concentration range from 380 pM to 200 wM and added to test
wells prior to addition of cells and CVB3-H3. Both fluoxetine and
norfluoxetine had ECgs of 2.3 wM and a CCs, of 25 uM (Fig. 2A
and B), resulting in selectivity index of approximately 10. Peak
antiviral activity of both compounds was achieved at a concentra-
tion of 6.25 WM.

We used a virus titer reduction assay to confirm these results.
Conventional plaque assays were employed to quantify the
amount of CVB3-H3 produced by HeLa-RW cells following pre-
treatment with fluoxetine and norfluoxetine prior to infection at
an MOI of 1. Guanidine, a known potent inhibitor of enterovirus
replication (2), was used as a positive control. Fluoxetine sup-
pressed CVB3 replication with an estimated ECs, of approxi-
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mately 2 uM (Fig. 2C), and both fluoxetine and norfluoxetine
reduced viral titers by more than 3 orders of magnitude. Fluox-
etine and norfluoxetine also protected Vero cells from cytolysis
following CVB3-H3 infection (data not shown).

We added fluoxetine directly to virus stocks and incubated
them for 1 h at 37°C to determine if the compound had a direct
virucidal effect. The infectious titer, as determined by plaque as-
says, was not altered by this exposure (identical results in two
separate experiments; data not shown).

Inhibition of viral RNA and viral protein accumulation by
fluoxetine and norfluoxetine. To better understand the inhibi-
tion of enterovirus replication by fluoxetine and norfluoxetine, we
assessed their global impact on the synthesis of viral protein and
RNA. We infected cells at a high multiplicity of infection with
CVB3-H3 and harvested total cellular RNA and protein after 6 h.
Immunoblotting revealed a total abrogation of detectable viral
protein (Fig. 3A). RT-PCR analysis revealed that both compounds
markedly reduced the amount of CVB3 RNA at this time point by
more than 1,000-fold compared to untreated cells (Fig. 3B) These
effects were comparable in magnitude to that of guanidine HCI,
which interferes with the activity of viral protein 2C, thereby sup-
pressing the formation of negative viral RNA (2, 33).

Fluoxetine and norfluoxetine target an early step of CVB3
infection after viral entry. RT-PCR analysis was used to deter-
mine if the two compounds block the entry of CVB3 into cells or
translation of the viral genome, as these are key initial steps in the
enterovirus life cycle (44). We found that similar amounts of viral
RNA were initially detected in cells pretreated with fluoxetine 30
min before infection, compared to untreated cells (Fig. 3B). Sub-
sequently, viral RNA markedly increased in untreated cells, while
viral RNA levels remained fairly constant within cells treated with
guanidine or fluoxetine. Both fluoxetine and norfluoxetine inhib-
ited CVB3 replication, even if added 2 h postinfection. Similar
results were found when we used CVB3-H3 virus in a plaque re-
duction assay (data not shown).

We used a dual-luciferase reporter system to examine the pos-
sibility that fluoxetine and norfluoxetine interfere with translation
of the viral RNA genome under the control of the viral internal
ribosome entry site (IRES). We added the compounds to HeLa
cells 24 h after transfection with a bicistronic construct in which
the Renilla and firefly luciferases are expressed from cap-depen-
dent and IRES-mediated ribosome mechanisms, respectively. At
48 h after transfection, neither fluoxetine nor norfluoxetine re-
duced the expression of firefly luciferase (Fig. 3C). Similarly, the
relative expression of firefly luciferase and Renilla luciferase in
cells stably transfected with this plasmid construct was not af-
fected by addition of norfluoxetine or fluoxetine to the culture
medium (data not shown).

These data indicate that CVB3 entry and translation of the viral
RNA are unaffected by norfluoxetine or fluoxetine and that virus
replication is being impeded at a subsequent intracellular step in
virus replication. As an additional confirmatory assay, we infected
HeLa-RW cells with CVB3-EGFP and added either norfluoxetine
or fluoxetine coincident with or after infection. Both compounds
ablated expression of EGFP from this recombinant virus, even
when added 2 h after inoculation (Table 1).

Fluoxetine and norfluoxetine have antiviral activity against
other group B coxsackieviruses. To confirm that the antiviral
activity of fluoxetine is not limited to the CVB3 strain used in our
screening assay, we performed virus titer reduction assays using
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FIG 2 Fluoxetine and norfluoxetine antiviral activity. (A) The antiviral EC5s for fluoxetine (Fluox) and norfluoxetine (Norf) were determined by comparison
of viabilities 48 h after infection with CVB3 (normalized by comparison to cells infected with CVB3 in the presence of guanidine). A similar assay to the primary
HTS assay based on ATPLite 1-Step was applied to determine EC;, and CCs, of the compounds. The final concentration range was 0.38 nM to ~200 uM
(numbers next to symbols represent concentrations in wM), and each concentration was tested in triplicate. Averages and standard deviations of triplicates are
shown as symbols with error bars. (B) Similar to the EC,, determination, CC,, determinations for fluoxetine and norfluoxetine were determined by determi-
nation of relative luciferase luminescence of uninfected HeLa cells compared to that of untreated control wells (DMSO only). (C) Estimated EC, for fluoxetine
as determined by plaque reduction assay. Cells in replicate wells were infected with CVB3 30 min after addition of fluoxetine at the concentrations indicated. After
6 h, the cells were harvested and the titer of intracellular virus was determined by limiting dilution plaque assay. Symbols represent single determinations, and a
representative of two separate experiments is shown. (D) Reduction of viral titer by treatment of infected cells with fluoxetine and norfluoxetine. Cells in replicate
wells were infected with CVB3 30 min after addition of the drugs at an effective concentration of 6.25 pM. After 6 h, the cells were harvested and the titer of
intracellular virus was determined by limiting dilution plaque assay. Averages and standard deviations of triplicates are shown as shaded bars and error bars,

respectively.

additional coxsackievirus B isolates (B1, B2, and B3), including
two strains known to be myocarditic in humans. Fluoxetine con-
sistently reduced the amount of virus produced following cell in-
fection by 3 to 4 orders of magnitude (Fig. 4).

DISCUSSION

We used a molecular screening approach to search for small mol-
ecule enterovirus inhibitors. In the primary screen, we used a low
MOI of 0.007 for the infection and a 48-h incubation period,
favoring compounds with low toxicity and moderate to low anti-
viral activities. Of the 1,120 compounds in the Prestwick Chemical
Library, seven [lycorine hydrochloride, dibucaine, mefloquine
hydrochloride, flupentixol dihydrochloride cis-(Z), zuclopen-
thixol hydrochloride, cycloheximide, and fluoxetine hydrochlo-
ride] showed at least 50% inhibition of cytopathic effect in our
screening assay.

Lycorine hydrochloride, a plant alkaloid, was previously
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shown to inhibit poliovirus replication in vitro (17, 43) but is
known to be highly toxic to mammalian cells. Cycloheximide is
also known to inhibit poliovirus replication but is a potent inhib-
itor of cellular translation (40). Dibucaine and mefloquine are
quinolone derivatives. Dibucaine (also known as cinchocaine) is a
potent inhibitor of plasma cholinesterase and is currently
employed as a topically applied anesthetic cream for relief of hem-
orrhoid-associated pain, while mefloquine is a widely used anti-
malarial drug. Flupentixol (also known as flupenthixol) dihydro-
chloride and zuclopenthixol hydrochloride are closely related
thioxanthene antipsychotic medications which act as antagonists
of dopamine, serotonin, adrenaline, and histamine receptors.
While effective as antipsychotics, chronic use of these neuroleptic
agents carries a risk of blood dyscrasias and antipyramidal side
effects. Fluoxetine is classified as a selective serotonin uptake in-
hibitor, although it also engages membrane receptors of other
neurotransmitters. Fluoxetine is approved by the U.S. Food and
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FIG 3 Assays of antiviral activity. (A) Immunoblot detection of viral capsid
protein 6 h after infection with CVB3-H3; no viral protein is detected in cells
treated with fluoxetine (Fluox) and norfluoxetine (Norf). Immunoblot detec-
tion of glycyl-tRNA synthease protein (GlyRS) (a housekeeping protein) is
shown as a loading control. (B) RT-PCR detection of CVB3 RNA in cells
treated with guanidine (Guan) or fluoxetine beginning 30 min before inocu-
lation of cell cultures. Symbols represent single determinations, and a repre-
sentative of two separate experiments is shown. (C) Dual-luciferase assay of
Renilla and firefly luciferase in cells transfected with plasmid encoding a bicis-
tronic RNA with firefly luciferase expressed under the control of the CVB3
IRES. The values next to the bars are average luminescence readings of dupli-
cate samples for Renilla luciferase and firefly luciferase, respectively. The values
of mock-transfected HeLa cells are 0.3 and 0.1 for Renilla luciferase and firefly
luciferase, respectively. A representative of two separate experiments with sim-
ilar results is shown.

Drug Administration for major depressive disorder, obsessive
compulsive disorder, bulimia nervosa, and panic disorder, and its
safety profile in long-term use is well known.

We applied four separate secondary screen assays to confirm
the antiviral activities of fluoxetine and norfluoxetine. Specifi-
cally, our data demonstrated that both fluoxetine and its metabo-
lite norfluoxetine markedly reduced replication of the viral ge-
nome and completely blocked viral protein synthesis. Viral
replication appeared to be totally abrogated in an assay based on
detection of green fluorescent protein expression from a recom-
binant CVB3 variant (CVB3-EGFP). Most importantly, the pro-
duction of infectious CVB3 virions, as detected by plaque assays,
was reduced by approximately 4 orders of magnitude. This anti-
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TABLE 1 EGFP fluorescence of HeLa cells infected with CVB3-EGFP

% of GFP™ cells at addition time postinfection®:

Compound Oh 1h 2h
Fluoxetine 0.0 = 0.0 0.0 £ 0.0 0.0 = 0.0
Norfluoxetine 0.0 £ 0.0 0.0 = 0.0 0.0 £ 0.0
DMSO only 33.8 = 0.0 313 *+23 299+ 44

@ Percentages of GFP-positive cells after 8 h of infection with CVB3-EGFP viruses are
shown as means * standard deviations from duplicate wells. Similar results were
observed after 14 h of infection. Shown are results from a representative of two separate
experiments with similar results.

viral activity was also seen with three other coxsackievirus B
strains, including a CVB1 strain isolated during the 2007 nation-
wide outbreak of cases involving newborn infants (42) and a myo-
carditic CVB3 variant isolated from a child with fatal myocarditis
(21). We note that fluoxetine and its in vivo metabolite norfluox-
etine achieved ECs,s comparable to the serum concentrations
achieved during steady-state dosing of fluoxetine. Specifically,
Chouinard measured mean steady-state serum concentrations of
1.6 uM and 1.0 pM during chronic therapy for depression (9). In
view of the very long half-lives of fluoxetine (1 to 3 days) and
norfluoxetine (7 to 15 days) at steady state (25), inhibitory con-
centrations of both compounds would likely be present through-
out the dosing interval.

The mechanism of the antiviral activity of fluoxetine is unclear.
The compound (RS)-N-methyl-3-phenyl-3-[4-(trifluoromethyl)
phenoxy]propan-1-amine) does not share structural homology
with other known inhibitors of enteroviruses or genera within the
picornavirus family (12, 37). One might speculate that fluoxetine
and norfluoxetine could block viral entry, based on their engage-
ment of the cell surface G protein-coupled receptors for dopa-
mine, serotonin, and other neurotransmitters (3). However, RT-
PCR detection of viral RNA and time-of-addition experiments
indicated that virus entry was not impeded by the compound,
indicating an intracellular site of action. At this time, the basis for
the antiviral effects of fluoxetine remains unclear, although it has
been shown to affect the transcription of a wide variety of cellular
genes and alter microRNA levels (23, 28).

The earliest distinct step after virus entry is IRES-mediated
translation of a single polyprotein from the viral genome. Fluox-
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FIG 4 Fluoxetine inhibits replication of clinical isolates of coxsackieviruses B1
to B3. HeLa-RW cells were infected with clinical isolates of three serotypes of
coxsackieviruses at a multiplicity of infection of approximately 1 with or with-
out pretreatment 30 min prior with 6 WM fluoxetine (Fluox). After 6 h, cells
were harvested and the titer of intracellular virus was determined by limiting
dilution plaque assay. Averages of triplicate determinations are shown in the
bar graph, with standard deviations shown by error bars.
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etine did not interfere with translation from a bicistronic mRNA,
suggesting that subsequent steps in the picornavirus life cycle
might be affected, including the rearrangement of cellular mem-
branes by the viral 2BC or 3A proteins or synthesis of viral RNA by
inhibition of the NTPase/helicase activity of protein 2C (2),
among other possibilities.

Our study has several limitations, including our study of only a
limited subset of enteroviruses. While coxsackieviruses B1, B2,
and B3 represent 11% of all enteroviruses detected at sites of the
National Enterovirus Surveillance System in the years between
1970 and 2005 (19) and 25% of all serotypes reported between
2006 and 2008 (7), they are members of the Human enterovirus B
(HEV-B) genus; additional studies will be required to determine
the true breadth of antiviral activity of fluoxetine.

Moreover, attempts to “repurpose” fluoxetine as an antiviral
may be limited by nonneurological effects of its inhibition of se-
rotonin uptake and pharmacological off-target effects. Serotonin
selective uptake inhibitors have also been associated with an en-
hanced risk of bleeding when given with inhibitors of platelet
function, likely because of the involvement of serotonin in platelet
activation (1, 11, 22). This could prove to be a liability, since en-
terovirus infections have been associated with hemorrhage, par-
ticularly in newborns. Fluoxetine is also associated with biochem-
ical activities other than inhibition of serotonin uptake, including
anti-inflammatory effects and inhibition of cytokine release in
response to Toll-like receptor stimulation (35). Fortunately, there
do not appear to be reports of exacerbation of viral infections by
concomitant use of fluoxetine, which is frequently used in indi-
viduals with HIV infection (15, 18).

In conclusion, these studies reveal unexpected antiviral activity
by the widely used drug fluoxetine and its major metabolite, nor-
fluoxetine. Understanding their mechanisms of action against
coxsackieviruses will add to our understanding of enterovirus rep-
lication and lead to assessment of their potential clinical utility for
the treatment of serious enterovirus infections.
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