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Azithromycin Inhibits the Replication of Zika Virus
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Abstract

Background: The emergence of Zika virus (ZIKV) is associated to dramatic complications in fetuses and
neonates. As there is no vaccine and no drug to prevent and treat ZIKV infections, there is an urgent need to have
active drugs against ZIKV that can be used during pregnancy. Large screening strategies suggested that
azithromycin (AZ) has an in vitro activity against ZIKV, we provide additional data supporting this hypothesis.

Methods: We tested the efficacy of AZ on ZIKV-infected Vero cells at a concentration that can be reached in vivo
in amniotic fluid. We conducted two experiments with addition to infected cells of a single dose or multi doses of 50
mg/L of AZ, and analyzed ZIKV replication by immunofluorescence assay (IFA) and by measuring viral RNA loads at
different times up to 96 h post-infection (hpi).

Results: Addition of a single dose of 50 mg/L of AZ prevented replication of ZIKV during 48 hpi; after 48 hpi,
ZIKV replication was detected by IFA but viral RNA loads remained lower than in untreated infected cells. ZIKV
replication was inhibited by addition of multi doses of 50 mg/L of AZ.

Conclusions: Our data confirm the in vitro activity of AZ against ZIKV. Since there will be no active specific drugs
and vaccine available soon against ZIKV, AZ might be the first compound that could prevent and treat ZIKV
infections, with the advantages of being an approved and safe drug usable during pregnancy.
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Keywords: Zika virus; ZIKV; Antibiotics; Antiviral; Azithromycin; In vitro efficacy of several antibiotics against arboviruses has been
Emergence; Pregnancy reported [6] but to our knowledge, data on the efficacy of antibiotics to

limit the growth of ZIKV are limited to preliminary results with
Introduction daptomycin (lipopeptid), azithromycin (AZ) (macrolide) and

kitasamycin (macrolide) [6-8,11,12].

Zika virus (ZIKV) is an arbovirus belonging to the Flavivirus genus

in the Flaviviridae family. ZIKV was first described in 1947 and less
than 20 human infections have been reported over the next 60 years.

As the main at-risk population for ZIKV infection is pregnant
women, we investigated the efficacy of AZ, a safe antibiotic usable

The first ZIKV outbreaks were reported in the Pacific in Yap during pregnancy [13] to inhibit the replication of ZIKV in vitro. We
(Federated States of Micronesia) in 2007 and in French Polynesia in characterized the anti-ZIKV properties of AZ in African green monkey

2013-2014. During the French Polynesian ZIKV outbreak, severe kidney cells (Vero), a model wide}y used to study viral infections. We
tested the efficacy of AZ on ZIKV-infected Vero cells at a concentration

that can be reached in vivo in amniotic fluid after a single oral dose of
1 g of AZ [14] We provide additional data to those recently published
by using a different timing of infection and by testing the in vitro

efficacy of a single dose versus multi doses of AZ on ZIKV-infected
Currently there is no vaccine and no drug approved to prevent and  cells [7].

to treat ZIKV infections [3-5]. Using large screening strategies, several
compounds have been found to have an in vitro activity against ZIKV  Notaria]l and Methods

including anticancer, immunosuppressant, antiviral, antiparasitic,

antibiotics, antirheumatic, statin, iron chelator, antihemetic, All experiments were performed in duplicate.
antidepressant, and antifungal drugs [3,6-10]. However, most of these

drugs cannot be used during pregnancy, their safety during pregnancy  Vjrus, cell culture and antibiotic compound
has not been demonstrated, and/or the effective concentration is
higher than the maximum plasma concentration [6]

complications (Guillain-Barré syndromes) and non-vector borne
transmission of the virus (maternofetal, sexual and post-transfusion)
were described for the first time. Subsequently, ZIKV spread in other
Pacific Islands and in the Americas causing serious birth defects [1,2].

ZIKV strain PF13/251013-18 was isolated from the serum of a
French Polynesian patient in 2013 and was propagated in Vero cells
(ATCC, Manassas, VA) as previously reported [15,16].
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Vero cells were grown at 37°C in an atmosphere of 5% CO, in
minimum essential medium supplemented with 2% fetal bovine serum
(FBS) and 3% sodium bicarbonate 7.5% (Life Technologies, Carlsbad,
CA).

AZ dihydrat (Sigma-Aldrich, France) was diluted at final
concentration of 50 mg/L in the culture medium described above. This
concentration corresponds to those detected in amniotic fluid 24 h
after oral administration of a single dose of 1 g of AZ (36 + 27 mg/L)
[14].

Cell viability assays

Cell viability was tested using the tetrazolium reduction assay as
recommended [17]. Different experiments were conducted using Vero
cells uninfected with ZIKV and untreated with AZ as control; cells
infected with ZIKV but non-treated with AZ; cells infected with ZIKV
and treated with single or multi doses of AZ; and cells uninfected with
ZIKV but treated with single or multi doses of AZ.

For all experiments, 1.6 x 10 Vero cells were added to each well of
96-well plates and incubated overnight at 37°C in 5% CO,. In
experiments using uninfected cells, 100 pL of culture medium with or
without 50 mg/L of AZ were added to all wells. In experiments using
ZIKV-infected cells, 100 puL of ZIKV diluted in culture medium was
inoculated on cells of each well at a multiplicity of infection (MOI) of
0.1; inoculated cells were incubated one hour at 37°C in 5% CO,, and
then inoculum were removed and replaced by 100 pL of culture
medium with or without 50 mg/L of AZ. In experiments including
several doses of AZ, the medium was supplemented every 24 h with 50
mg/L of AZ. For all experiments, the medium was removed from 8
wells immediately and then 24, 48, 72 and 96 h after being added. Each
well was washed twice with 400 uL of PBS and 50 pL of thiazolyl blue
tetrazolium bromide (MTT, Sigma-Aldrich, France) were added. Plates
were incubated for 45 m at 37°C in 5% CO,, and then MTT was
removed and replaced by 100 pL of dimethyl sulfoxide (DMSO). Plates
were incubated for 10 m in the dark at room temperature. Presence of
viable cells was visualized by the development of purple color. The
suspension was transferred to cuvettes of a spectrophotometer and the
optical density (OD) was read at 550 nm by using DMSO as a blank.

The percentage of viable cells was determined as follows: cell viability
(%)=Mean OD/Control OD x 100%. For each experiment, results were
expressed as a mean of values of viable cells obtained in 8 wells in
duplicate.

AZ activity on ZIKV-infected cells testing

In 24-well plates, 2.5 x 10° Vero cells/well were added and incubated
overnight at 37°C in 5% CO,. Cells were inoculated with 1 mL of
ZIKV diluted in culture medium at a MOI of 0.1. After one hour of
incubation at 37°C in 5% CO,, inoculum were removed and replaced
by 1 mL of culture medium containing either no AZ (control) or 50
mg/L of AZ.

Two types of experiments were then performed using single or
multi doses of AZ. In the experiments including a single dose of AZ,
cell culture supernatants (~1 mL) were retrieved from 3 wells
immediately and then 24, 48, 72 and 96 h after the addition of AZ. In
the multi doses experiments, cell culture supernatants were
supplemented every 24 h with 50 mg/L of AZ; cell culture supernatants
(~1 mL) were retrieved from 3 wells immediately after the first
addition of AZ and then every 24 h during 96 h.

All cell culture supernatant samples were supplemented with 20%
FBS and stored at -80°C until analysis of ZIKV RNA replication using
real-time reverse transcription-polymerase chain reaction (RT-PCR).
Moreover, the cells from 24-well plates were fixed on a glass slide and
tested for the presence of replicative ZIKV by immunofluorescence
assay (IFA). For each experiment, results were expressed as a mean of
data obtained by RT-PCR or by IFA in 3 wells in duplicate.

ZIKV RNA quantification

ZIKV RNA loads were determined as previously described [16].
Briefly, viral RNA was extracted from 200 pL of each cell culture
supernatant sample using the QIAcube extraction system (Qiagen,
Canada), and quantified by real-time RT-PCR using a ZIKV RNA
transcript serially diluted to generate a standard curve. ZIKV RNA
loads were expressed in log;o copies/mL.

Hours Control Infected untreated | Infected cells with| Infected cells with| Uninfected cells with | Uninfected cells with
cells AZ single dose AZ multi doses AZ single dose AZ multi doses

0 1000 142 + 34 116 £ 12 116+ 9 113+£13 107 £ 15

24 150 £ 5 142 £ 2 95+ 19 88+ 19 83 +22 85+25

48 119+ 15 94 + 11 54 + 14 24+ 11 2915 20+ 10

72 84+1 78+ 16 38+23 16+ 14 8+7 6+6

96 42 +14 34+16 9+4 3+3 3+3 3+3

Table 1: Cell viability assay. Cell viability was measured at 0, 24, 48, 72 and 96 h for cells non-infected with ZIKV and non-treated with AZ
(control); cells infected with ZIKV but non-treated with AZ; cells infected with ZIKV and treated with 50 mg/L of AZ in single dose or multi
doses; and cells non-infected with ZIKV but treated with 50 mg/L of AZ in single dose or multi doses. Results are expressed in % of viable cells
compared to the Control (mean and standard deviation). 100% is for control immediately after infection.

Detection of replicative ZIKV by IFA

Detection by IFA of replicative ZIKV in Vero cells was performed as
previously described [16], using anti-flavivirus mouse antibodies 4G2
(Absolute Antibody, Oxford, United Kingdom) and goat anti-mouse

IgG secondary antibody FITC-conjugate (LifeTechnologies, Carlsbad,
CA) both diluted at 1:50. A green fluorescent coloration indicated the
presence of replicative ZIKV in cells.
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Results

Cell viability assays

In the control experiment (cells non infected with ZIKV and non-
treated with AZ), the mean percentage of viable cells increased from
100% to 150 + 5% during the first 24 h, and then decreased steadily
until 42 + 14 % at 96 h (Table 1 and Figure 1). Compared to the
control, the mean percentages of viable cells after infection with ZIKV

but without treatment with AZ were slightly lower at all-time points
from 24 h post-infection (hpi), suggesting minor effect of the virus on
cell viability. In contrast, after treatment with single or multi doses of
AZ at 50 mg/L, the mean percentage of viable cells previously infected
or uninfected with ZIKV dramatically decreased from 0 to 96 h post-
treatment (range: 107 + 15%-116 + 12%/116 + 9% and 3 + 3%-9 + 4%,
respectively). These results suggest that AZ has a toxic effect on Vero
cells at the concentration of 50 mg/L.
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Figure 1: Cell viability assay. Percentage of viable cells at 0, 24, 48, 72 and 96 h for cells non-infected with ZIKV and non-treated with AZ
(control); cells infected with ZIKV but non-treated with AZ; cells infected with ZIKV and treated with 50 mg/L of AZ in single dose or multi
doses; and cells non-infected with ZIKV but treated with 50 mg/L of AZ in single dose or multi doses. Error bars are for standard deviation.

’ero cells (control)
Vero cells + ZIKV
fero cells + ZIKV + AZ mono dose
‘ero cells + ZIKV + AZ multi doses
Vero cells + AZ mono dose

96 Vero cells + AZ multi doses

ZIKV RNA loads after treatment with single or multi doses
of AZ at 50 mg/L

In the control experiment (cells infected with ZIKV but untreated
with AZ), the mean ZIKV RNA load increased from 3.72 + 0.12 to 6.40
+ 0.88 log; copies/mL during 48 h post-infection, and then reached a
plateau phase over 8 log;, copies/ml from 72 hpi (Table 2 and Figure
2).

Hours Control (No AZ) AZ single dose AZ multi doses
0 3.72+0.12 3.20+0.25 3.08+0.13
24 447 £0.12 3.49+0.25 3.42+0.17
48 6.40 + 0.88 3.67+0.16 3.50+0.11
72 8.25+0.11 4.97 + 0.50 3.58+£0.17
96 8.63+0.20 5.16 £ 0.37 3.71+0.01

Table 2: Activity of AZ on ZIKV RNA replication in single dose and
multi doses regimens. ZIKV RNA loads (log;, copies/mL, mean and
standard deviation) were measured immediately and 24, 48, 72 and 96
h after infection of cells without treatment (control) and treatment
with 50 mg/L of AZ in single dose or multi doses.

After addition of a single dose of AZ at 50 mg/L, mean ZIKV RNA
loads were stable within 48 h post-treatment (range: 3.20 + 0.25-3.67 *
0.16 logyo copies/mL), and then increased to reach a plateau phase
between 72 and 96 h post-treatment (range of 4.97 + 0.50 to 5.16 +
0.37 logyo copies/mL, respectively). ZIKV RNA loads at the plateau
phase were more than 3 log lower compared to those detected for
infected cells non-treated with AZ (control). With the multi doses
protocol, ZIKV RNA loads were stable overtime between 0 and 96 h

post treatment (range: 3.08 £ 0.13 to 3.71 + 0.01 log; copies/mL).
These results suggest that a single addition of 50 mg/L of AZ delays
RNA replication and sustained treatment is needed to prevent ZIKV
RNA replication in a long-term period.

LI S NI I

Control (no AZ)

ﬁ —— AZsingle dose

= AZ multi doses

ZIKV RNA loads (log), copies/ml)

Hours

Figure 2: Activity of azithromycin on ZIKV in single dose and multi
dose regimens. ZIKV RNA loads (logyo copies/mL) were measured
immediately and 24, 48, 72 and 96 h after infection of cells and
treatment with 50 mg/L of AZ in single dose or multi doses, or no
treatment (control). Error bars are for standard deviation.

Detection of replicative ZIKV by IFA

For Vero cells infected with ZIKV but untreated with AZ (positive
control), fluorescent signals were observed from 24 h post-infection
(Figure 3). After addition of a single dose of AZ at 50 mg/L,
fluorescence was detectable from 72 h post-treatment showing
production of infectious ZIKV. No fluorescence was detected until 96 h
post-treatment if using multi doses of AZ, confirming that multi doses
of AZ at 50 mg/L abolished ZIKV replication in cells.
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Discussion

Approved antiviral drugs are available to treat HIV, HCV, HBV,
herpes simplex virus, varicella-zoster, cytomegalovirus and influenza
viruses infections [18]. However there are no approved drugs for
Flavivirus infections, even for DENV which is the most widespread
arbovirus infection. Same as for the emergence of chikungunya virus
(CHIKYV) in the past decade, there is no therapeutic option to face the
emergence of ZIKV.

The emergence of ZIKV in French Polynesia and subsequently in
the Pacific and the Americas was associated with the description of
severe neurological complications in adults (especially Guillain-Barré
syndrome) and to a dramatic increase in fetuses/neonates central
nervous system malformations (especially microcephaly) [1,2,19] To
date, the only identified at-risk population for ZIKV infection is
pregnant women because of potential complications for fetuses/
neonates.

Mitigation strategies to prevent severe complication of ZIKV
infections should focus on pregnant women: protection against
mosquito bite, prevention of sexual transmission and postponing
pregnancies in endemic areas; discouraging travel to endemic areas for
pregnant women or women trying to conceive.

Uninfected untreated
cells (negative control)

Infected untreated
cells (positive
control)

Infected cells with
AZ single dose

Infected cells with
AZ multi doses

Figure 3: ZIKV detection in Vero cells by immunofluorescence
assay at 24, 48, 72 and 96 h post infection and treatment with single
dose or multi dose of AZ at 50 mg/L Infected cells are colored in
fluorescent green whereas uninfected cells are colored in red.

Even if there are 45 vaccine projects under way, including nine
ZIKV vaccine candidates that have entered phase I clinical trials and
two that are in clinical trial phase II, we are far from the availability of
a commercial vaccine, especially in the context of vaccination of
pregnant women [4,5,20-22]. Anti ZIKV drugs inhibit ZIKV entry into
cells [23-25]; inhibit viral replication targeting NS3 protein [26], NS5
protein [27], NS2B-NS3 protease [28], or nucleoside biosynthesis [29].

As there is an urgent need to face the emergence of ZIKV and to
prevent/treat severe complications reported in adults and newborn/
neonates, several strategies have been implemented to identify
compounds with potential activity against ZIKV. A first strategy
consists in drug repurposing by screening large libraries of
compounds, including approved compounds [6-9,30]. This strategy
detected active drugs on ZIKV but most of them cannot be used in

pregnant women. A second strategy consists in restricting the research
to approved drugs that can safely be used during pregnancy [7]. A
third strategy consists in testing approved drugs with activity on other
faviviruses [31].

There is a broad range of drugs showing in vitro activity against
ZIKV: anticancer and immunosuppressant, antiparasitic, inhibitor of
activated caspases, antirheumatic, antibiotics ( Daptomycine [6], AZ
[7], and Kitasamycin [12], statin, iron chelators, Na+K+ ATPase
inhibitor, sphingosine-1-phophate receptor modulator, antiparasitic,
antihemetic, and antidepressant [3,8-10].

Recent studies demonstrated that antibiotics and antiparasitic
agents could inhibit viral replication, especially Flavivirus and
Alphavirus arboviruses [11]). Aglycon, an analog of teicoplanin was
shown to be active on DENV, yellow fever, tick-borne encephalitis,
Japanese encephalitis (JEV) and murine flavivirus Modoc viruses;
ivermectin on CHIKYV, yellow fever , dengue, Japanese encephalitis,
tick-borne encephalitis, West Nile , CHIKV, Semliki Forest (SFV), and
Sindbis viruses; niclosamide on JEV; abamectin on CHIKV; and AZ on
ZIKV [6,7,9,11,32,33].

However there are some limitations for the use of these compounds
to treat ZIKV infection in pregnant women: contraindication during
pregnancy (ie. azathioprine, cyclosporine A) or safety during
pregnancy not demonstrated (i.e. clofazimine, Fingolimod). Other
drugs, such as ivermectin or mefloquine, are only active at
concentrations higher than the maximum concentration of the drug
observed after its administration (Cmax) [6].

In our study we investigated the in vitro efficacy against ZIKV of AZ
(new semisynthetic 15-membered ring azalide antibiotic belonging to
the subclass of macrolides) [34] in a cell culture model because
preliminary data suggested the efficacy of a singledose of AZ reduced
the proliferation of ZIKV in glial cells [7]. AZ is a safe molecule during
pregnancy [13,35,36]. AZ was found active in vitro to decrease the
replication of RhAinovirus [37]. Animal studies and pregnant women
follow-up demonstrated no evidence of damage for fetuses after
gestational use of AZ. AZ is used as a single dose regimen for the
treatment of sexually transmitted infections in pregnant women but
damages were not documented after multi doses of AZ for the
treatment of recurrent infections during pregnancy [35].

After the administration of a single dose at 1 g of AZ to pregnant
women who underwent cesarean delivery, AZ concentrations 24 h
post-medication were 27.1 + 12.8 mg/L in umbilical cord serum, 36 +
27 mg/L in amniotic fluid and 936 + 223 mg/L in placenta [14]. In fetal
specimens, the half-life of AZ was about 12 h in umbilical cord serum,
30 h in amniotic fluid, and 70 h in placenta [14]. Another study
conducted with patients that underwent brain tumor removal showed
that after a single dose of 500 mg of AZ, the ratio of concentration of
the antibiotic in human brain tissues 24 h post-medication compared
to blood was 255.76 + 429 [38].

The main mechanism of action of AZ on bacteria is through binding
with the 50s ribosomal subunit and inhibition of messenger RNA-
directed polypeptide synthesis [34]. Hypotheses on the mechanism of
action of macrolides on viruses are scarce. It was hypothesized that
macrolides may inhibit respiratory syncytial virus through the reduced
expression of fusion protein receptor, activated isoform A of the Ras-
homologus (Rho) family, and the inhibition of subsequent Rho kinase
activation in human airway epithelial cells [39].
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Retallack et al. previously found that AZ reduced ZIKV
proliferation in glial cells [7]. In their study, glial cells were pretreated
for 1 h with AZ before infection with a clinical ZIKV strain from
Puerto Rico. In our study we conducted additional experiments: we
infected Vero cells with another ZIKV strain belonging to the Asian
lineage, and Vero cells were infected before addition of AZ in order to
determine the stage of the viral entry pathway in cells at which AZ can
inhibit ZIKV replication. Moreover, we tested a multidose protocol
during 4 days in addition to a single dose protocol.

Time of cell infection can suggest the mechanism of action of the
drugs. Teicoplanin was shown to be active against Ebola virus by
blocking virus entry because no inhibition was detected when the
antibiotic was added after virus adsorption to the cell surface [40];
similar results were found with abamectin and ivermectin against
CHIKYV and SFV [41]. However, in the same assay, berberine (a plant-
derived isoquinolone alkaloid) was active against CHIKV and SFV
when added before and after cell infection [41].

Retallack et al. showed that AZ was active on ZIKV when added
before cell infection [7]. Our study demonstrates that AZ is also active
when added after ZIKV infection of Vero cells. Our data combined
with those of Retallack et al. suggest that AZ is active in vitro when
added before and after infection and can be potentially active in vivo to
prevent and treat ZIKV infections. The strain used was isolated in
French Polynesia, in which severe ZIKV infections complications were
reported in fetuses/neonates and adults [1,42]. We demonstrated that
the efficacy of AZ is not limited to the ZIKV Puerto Rico strain.

When comparing ZIKV replication in infected cells without AZ and
in the single dose protocol we observed that AZ delayed the replication
of ZIKV by 48 h and decreased the final amount of ZIKV RNA by
more than 3 log. Macrolides are bacteriostatic agents that prevent the
growth of bacteria while not killing them [34]. The inhibition of ZIKV
replication after a single dose of AZ mimics a bacteriostatic curve.
Although treatment with AZ decreased cell viability over time, the
increased replication of ZIKV from 48 h after a single dose treatment
suggests that the lack of ZIKV production was not due to the toxicity
of AZ on cells. Daily addition of AZ inhibited the replication of ZIKV.
This inhibition was superior in the AZ multidose protocol compared to
the single dose regimen in our models.

Although our data confirm the activity of AZ on ZIKV replication,
our study has some limitations. The mechanism of action of AZ on
ZIKV is unknown [43]; we cannot speculate a mechanism by reference
to the mechanism of action of macrolides or other antibiotics on ZIKV
or other flaviviruses because all are unknown. In this study we used
only one cell line model (Vero cells), while Retallack et al. used human
glioblastoma astrocytoma cell line [7]; additional cell models,
especially neuronal progenitor cells, should be tested. These data
should also be confirmed in animal experimental models as in vitro
antiviral activity is difficult to extrapolate to their possible use in
humans [44].

Antiviral drugs showed absence of efficacy against recently
emerging viruses [11,45]. Our work and previous studies open a new
field in the fight against arboviruses, including ZIKV [46]. AZ is a safe
molecule for pregnant women and may be of particular interest in the
prevention of fetuses/neonates central nervous system complications of
ZIKV infections. However, those in vitro data should be confirmed on
animal models and further studies should be conducted to elucidate
the mechanism of action of AZ on ZIKV.
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