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A B S T R A C T

Zika virus (ZIKV) infection can cause neonatal microcephaly and neurological disorders. Currently, there is no
designated drug for treating ZIKV infection and preventing neonatal microcephaly. In this study, we evaluated
the effect of chloroquine, an anti-malaria drug, in ZIKV infected cells and mouse models. Chloroquine sig-
nificantly inhibited ZIKV infection in multiple mammalian cell lines. Chloroquine treatment significantly im-
proved the survival of ZIKV-infected 1-day old suckling SCID Beige mice and reduced viremia in adult SCID
Beige mice. Importantly, chloroquine protected the fetus from maternal infection by reducing placenta to fetus
viral transmission. We found that chloroquine exerts at least two mechanisms in protecting against ZIKV in-
fection: 1) inhibiting endosomal disassembly of the internalized virus and thus reducing the release of viral RNA
to the cytoplasm for replication; 2) inhibiting ZIKV RNA replication through blocking ZIKV induced autophagy.
Our study suggests that chloroquine treatment warrants to be considered as a mitigation strategy for treating
ZIKV infection and preventing ZIKV-associated microcephaly in pregnant women.

1. Introduction

Zika virus (ZIKV), belonging to the Flaviviridae family, is an en-
veloped and single-stranded RNA mosquito-borne virus and close to
dengue virus (Baud et al., 2017). ZIKV was firstly isolated from rhesus
macaque in 1947 and from a human in 1952 in Uganda (Dick et al.,
1952). Historically, the clinical syndrome of ZIKV infection is mild,
characterized by self-limiting fever, headache, and rash. During the
recent North American outbreak, it was found that ZIKV infection re-
sulted in congenital malformations, a broad range of neurological dis-
orders and occasional mortality in adults (Baud et al., 2017; Miner and
Diamond, 2017). The major concern is that ZIKV infection in pregnant
women links to severe microcephaly in the fetus (Mlakar et al., 2016).
The proportion of brain abnormality or microcephaly in ZIKV-infected
mothers is approximately 20-fold higher than in normal mothers

(Cragan et al., 2017). Currently, there is no designated medicine that
could reduce the risk of ZIKV induced fetal microcephaly in pregnant
women. Therefore, one quick solution would be to search for old drugs
for potential new benefits in mitigating the risk of ZIKV infection before
new anti-ZIKV drugs become available.

Chloroquine has been used for treating malarial since 1947 (Kitchen
et al., 2006; Pullman et al., 1948). Chloroquine is easily distributed to
different tissues and is able to cross the placental barrier (Law et al.,
2008) and blood-brain barrier (Adelusi and Salako, 1982). Chloroquine
is reported to possess antiviral effects on several different viruses, in-
cluding Dengue virus (DENV) (Farias et al., 2015), human im-
munodeficiency virus (HIV) (Savarino et al., 2001), Hepatitis C virus
(HCV) (Mizui et al., 2010), influenza virus (Di Trani et al., 2007), and
Ebola virus (Sweiti et al., 2017). Chloroquine has been reported to have
an inhibitory effect on ZIKV infection in the cultured cells (Delvecchio
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et al., 2016). Recently, chloroquine was reported to protect adult im-
munocompetent and interferon receptor defective A129 mice from
ZIKV infection and protect fetal mice from ZIKV-induced brain defects
(Gorshkov et al., 2018). In this study, we established new ZIKV infec-
tion models using immunocompromised SCID Beige mice. SCID Beige
mice are deficient in T, B, and NK cells and thus are more suitable for
evaluating the net effect of a potential anti-ZIKV drug. We assessed the
therapeutic effects of chloroquine in immunocompromised adult and
neonatal mice, and in a maternal to fetus virus transmission model. We
further investigated the possible mechanisms of chloroquine in in-
hibiting ZIKV infection.

2. Material and methods

2.1. Cell culture

African green monkey kidney (Vero) cells, human hepatoma (Huh-
7) cells, and mouse embryonic fibroblasts (MEF) were kindly provided
by Stem Cell Bank, Chinese Academy of Sciences. Atg5-deficient MEF
cells were purchased from Shanghai Biomodel Organism Science &
Technology Development Co., Ltd. These cells were cultured in DMEM
medium (Life Technology) supplemented with 10% fetal bovine serum
(FBS; GIBICO), 100 U/mL penicillin, and 100 μg/mL streptomycin (Life
Technology) at 37 °C in 5% CO2.

2.2. Virus propagation and titration

ZIKV GZ02 (GenBank accession no. KX056898.1) strain was isolated
from the urine of an infected child returning from Venezuela. The urine
from the infected patient was intracranially inoculated to one-day-old
Kunming suckling mice. Ten days post inoculation, the supernatant of
homogenized brain was used for propagating the virus in Vero cells.
Vero cells were infected at a multiplicity of infection (MOI) of 0.015
(TCID50 per cell) at 37 °C for 1 h. Next, unabsorbed virus particles were
removed by washing with pre-warmed phosphate-buffered saline (PBS;
GIBICO), and the cells were cultured at 70% confluency for an addi-
tional 5–7 days in medium with 2% FBS. After each period, the su-
pernatants were collected and centrifuged at 1,500×g at 4 °C for 20min
to remove cellular debris. The virus was stored at −80 °C for further
studies.

Monolayers of Vero cells in 96-well plates were exposed to different
dilutions of the supernatant containing virus for 2 h at 37 °C. Next, the
cells were washed twice with PBS, and DMEM containing 2% FBS was
added to the cells. After 8 days at 37 °C, cell viability was determined by
CellTiter-Glo® Luminescent Cell Viability Assay (Promega). The virus
titers were then calculated by GraphPad Prism v.7.

2.3. Chloroquine treatment at different stage

Cells were infected with ZIKV (MOI=1) at 4 °C for 1 h and then
washed twice with cold PBS. Chloroquine (Sigma Aldrich) in culture
medium was added at an early stage (0, 1, 2 h post infection), main-
tained at 37 °C for 2 h and then replaced with fresh medium, or late
stage (6, 12 h post infection) and maintained to the end of experiments.
Twenty-four hours post infection, the total RNA was isolated and
quantified by Quantitative RT-PCR.

2.4. Early Endosome Isolation

Vero cells were pretreated with chloroquine or PBS 2 h before in-
fection and then were infected with ZIKV at an MOI of 1 at 4 °C for 1 h
and then washed twice by cold PBS. Early endosomes were isolated by
using the Minute™ Endosome Isolation kit (Invent) according to the
instructions. The separated components were resuspended in RLT
(Qiagen) for RNA extraction or RIPA lysis buffer (Beyotime
Biotechnology) for immunoblotting. The purity of the obtained early

endosome fragments was proved by detecting the early endosome-
specific (EEA1, Cell Signaling) and nucleus-specific (LaminB1, Cell
Signaling) proteins.

2.5. Flow cytometry

Vero cells were plated 12 h before conducting the experiment. Cells
were infected with ZIKV (MOI=1) at 4 °C for 1 h and washed twice by
cold PBS. Then the medium contains chloroquine or PBS was added and
incubated for another 24 h. Infected cells were collected by trypsin,
fixed and permeabilized on ice for 20min. Subsequently, cells were
stained with 4G2 antibody (EMD Millipore Corp.) at 2 μg/ml on ice for
30min. The percentage of E-positive cells was measured using BD
FACScCanto Ⅱ.

2.6. Animals

SCID Beige mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. The animals were kept at a
constant temperature (25 °C) with free access to chow and water in a
12 h light/dark cycle. Pregnant mice were observed daily until delivery
to accurately determine the postnatal day. The Animal Welfare
Committee of Guangzhou Institute of Biomedicine and Health
(GIBH.CAS) approved IACUC protocol 2017031 for the experiments in
this study.

2.7. ZIKV infection in neonatal and adult mice and treatment

6-week old female SCID Beige mice were subcutaneously inoculated
in the footpad with ZIKV strain GZ02 (1.5× 105 TCID50/mouse). Mice
were administrated with 50mg/kg chloroquine or vehicle in-
traperitoneally 4 h post infection and once daily for the following 5
days. Viremia was measured at 1, 3 and 5 days post infection as shown.
Blood was collected by retro orbital bleeding and placed on EDTA-
containing tubes for plasma separation. For neonatal studies, 1-day-old
SCID Beige mice were infected intraperitoneally with 1.5×103 TCID50

of virus, unless otherwise mentioned. Chloroquine was administered at
50mg/kg/day intraperitoneally. Treatment started 4 h post infection.
In the case, treatment was conducted for 15 days. For comparisons,
mock-infected and mock-treated groups of animals were used as con-
trols. Animals were monitored daily for survival and weight gain.
Samples (plasma, spleen and brain) were collected and kept in RNA
later buffer (Qiagen) to avoid RNA degradation.

2.8. ZIKV infection in pregnant mice and treatment

10-week old SCID Beige female mice were mated and the pregnant
female mice were inoculated with ZIKV strain GZ02 (7.5×105 TCID50/
mouse) through subcutaneous route in the footpad at day E9.5.
Pregnant mice were administrated with 50mg/kg chloroquine or ve-
hicle intraperitoneally 4 h post infection and once daily for the fol-
lowing 5 days. At day E14.5, pregnant mice were euthanatized. E14.5
fetuses, placentas, maternal blood and maternal spleen were harvested.

2.9. RNA extraction and virus RNA quantitation

Total RNA from cultured cells, tissues or plasma was extracted using
RNeasy lipid tissue mini kit (Qiagen), according to manufacturer's in-
structions. Quantitative RT-PCR was performed using one-step
QuantiTect SYBR Green RT-PCR Kit (Qiagen) in a CFX96 detection
system (Bio-Rad). Primers and cycling conditions were described by us
previously (Li et al., 2017b).

2.10. Statistical analysis

Mean and standard error (SEM) were calculated for each assay. All
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analysis was performed on GraphPad Prism v.7 (GraphPad Software).
Statistical significance was assessed by unpaired student t-test, multiple
comparison was performed by one-way analysis of variance (One-way
ANOVA) (*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results

3.1. Chloroquine inhibits ZIKV infection in different cell lines

We first assessed the effect of chloroquine on ZIKV infection in Vero
cells which was originated from African Green monkey kidney.
Chloroquine treatments decreased the copy number of ZIKV-RNA in a
dose-dependent manner in Vero cells (Fig. 1A). Flow cytometry analysis
also showed a reduction of ZIKV E protein expression in ZIKV-infected
cells treated with chloroquine (Fig. 1B). Moreover, chloroquine sig-
nificant decreased viral particles in the medium of ZIKV infected Vero
cells. Compared to about 50% reduction of viral RNA copies in cells,
exposure of infected Vero cells to 30 μM chloroquine caused approxi-
mately 1000-fold reduction of viral RNA copies in the culture media
(Fig. 1C). To confirm that this viral inhibition is independent of
chloroquine cytotoxicity on cells, uninfected Vero cells were treated
with chloroquine for 2 days. Chloroquine did not significantly impact
cell viability at a concentration up to 80 μM (Fig. 1D). Therefore,
chloroquine might not only inhibit the infectivity of ZIKV, but also
reduce the viral production. Considering that several FDA-approved
drugs such as daptomycin and sertraline have been reported to show
inhibition on ZIKV infection in one cell line but failed to show inhibi-
tion in other cell lines (Barrows et al., 2016), we thus investigated if
chloroquine could inhibit ZIKV infection in two additional cell lines
including MEFs and Huh-7 cells. Chloroquine dramatically reduced
ZIKV infectivity in these cells (Fig. 1E and F). These data supported that
chloroquine could effectively inhibit ZIKV infection in different cell
types in a dose-dependent manner.

3.2. Chloroquine protects against ZIKV infection in immunocompromised
neonatal and adult SCID Beige mice

To evaluate the protective effects of chloroquine in vivo, we first
established a lethal ZIKV infection model in 1-day old neonatal SCID
Beige mice. Intraperitoneal infection with 1.5×103 TCID50 of GZ02
ZIKV resulted in severe mortality around two weeks (Fig. S1). Treat-
ment with 50mg/kg chloroquine daily significantly protected infected
suckling mice from ZIKV-induced mortality. All vehicle-treated ZIKV-
infected mice died within 2 weeks after infection, whereas 80% of
chloroquine-treated ZIKV-infected animals survived (Fig. 2A). Re-
markably, chloroquine treatment resulted in decreased viral load in
neonatal brains and spleens (Fig. 2B and C). We also evaluated the
protective effects of chloroquine in adult SCID Beige mice. 6-week old
SCID Beige mice were subcutaneously inoculated in the footpad with
1.5×105 TCID50 ZIKV per mouse and were intraperitoneally admini-
strated with 50mg/kg chloroquine or vehicle once daily for 5 days.
Viremia was significantly reduced in chloroquine-treated mice
(Fig. 2D–F). These data demonstrated that chloroquine could protect
ZIKV-infected immune compromised SCID Beige neonatal and adult
mice.

3.3. Chloroquine prevents maternal to fetal ZIKV transmission in a pregnant
SCID Beige mouse model

To determine if chloroquine has any effect on maternal to fetal ZIKV
transmission, pregnant female SCID Beige mice were firstly infected
with ZIKV at 7.5×105 TCID50 per mouse at E9.5. Chloroquine was
administrated with 50mg/kg intraperitoneally 4 h post infection and
once daily for the following 5 days. Compared to PBS treatment group,
chloroquine treatment significantly reduced the viral loads in the blood
and spleens of ZIKV infected pregnant mice (Fig. 3A and B). Most im-
portantly, chloroquine treatment dramatically reduced ZIKV infection
in the placentas (Fig. 3C) and fetal brains (Fig. 3D). Chloroquine

Fig. 1. Chloroquine inhibits ZIKV infec-
tion in different cell types. (A) Dose-de-
pendent inhibition of ZIKV infection by
chloroquine in Vero cells. Cells were in-
fected at a multiplicity of infection (MOI) of
1 at 4 °C for 1 h and were treated with
chloroquine at different concentration for
24 h. The copy number of ZIKV in cells was
determined by quantitative RT-PCR. ZIKV
infected cells with vehicle were used as
control. (B) The percentage of ZIKV positive
cells analyzed by flow-cytometry in ZIKV
infected cells with treatment of chloroquine.
ZIKV-infected Vero cells were treated with
chloroquine for 48 h. The frequency of in-
fected cells was analyzed by flow-cytometry
staining ZIKV envelope protein with 4G2
antibody. (C) Zika progeny virus's produc-
tion in Vero cells treated with chloroquine.
Progeny viruses in cell culture supernatants
were quantified at 72 h post infection. (D)
Cell toxicity of chloroquine at different
concentrations. Vero cells were exposed to
chloroquine at different concentrations for
48 h. Cell viability was determined by Cell
Counting Kit-8 (CCK-8). Cells treated with
vehicle were used as control. (E-F) Dose-
dependent inhibition of ZIKV infection by
chloroquine in MEF cells (E) and Huh-7 cells
(F). ZIKV infected MEF and Huh-7 cells were
treated with chloroquine and subjected to
quantitative RT-PCR.
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treatment showed no apparent adverse effect on pregnant mice and
fetuses (Figs. S2A and B). As a result, chloroquine treatment of ZIKV
infected pregnant mice had apparent healthy fetuses and placentas,
whereas ZIKV infected pregnant mice with PBS had stillbirth and de-
formed placentas (Fig. 3E). These data demonstrated that chloroquine
can effectively inhibit ZIKV infection in pregnant mice and reduce
maternal to fetal ZIKV transmission, which resulted in lower risk of
microcephaly and fetus defects.

3.4. Chloroquine blocks the release of viral RNA from the endosome into the
cytoplasm

We next investigated the stage of the ZIKV life cycle that may be
affected by chloroquine. Although we observed that chloroquine has no
effect on the binding of ZIKV to the cell membrane (Fig. S3), a transient
treatment of chloroquine during the early stage of infection could sig-
nificantly inhibit ZIKV infection (Fig. 4A). Chloroquine is a weakly
basic compound and is able to increase pH in endosome. We speculated
that chloroquine prevented the disassembly of viral particles to release
viral RNA from endosome to cytoplasm for replication. To test this
assumption, endosomes were isolated from ZIKV infected Vero cells and

Fig. 2. Chloroquine protects against ZIKV infection in adult and neonatal SCID Beige immunodeficient mice. (A) Survival of ZIKV-infected suckling SCID
Beige mice treated with chloroquine. 1-day old suckling SCID Beige mice were intraperitoneally infected with ZIKV strain GZ02 (1.5× 103 TCID50/mouse). 50mg/kg
chloroquine or vehicle was administrated to mice intraperitoneally 4 h post infection and once daily for another 5 days. Survival of ZIKV-infected suckling SCID Beige
mice were followed until 20 days post infection. (B–C) Fifteen days after infection, suckling mice were euthanatized. The viral loads in the brains (B) and spleens (C)
were evaluated using quantitative RT-PCR. n= 7–10, representation from 3 independent experiments. (D) Viremia was measured at 1 day post infection. 6-week old
SCID Beige mice were subcutaneously inoculated in the footpad with ZIKV strain GZ02 (1.5×105 TCID50/mouse). Mice were administrated with 50mg/kg
chloroquine or vehicle intraperitoneally at 4 h post infection and once daily for 5 days. n=5, representation from 3 independent experiments. (E) Viremia was
measured at 3 days post infection. (F) Viremia was measured at 5 days post infection.

Fig. 3. Chloroquine prevents maternal to
fetal ZIKV transmission in mice. (A–B)
10-week old female pregnant SCID Beige
mice were inoculated with ZIKV strain GZ02
(7.5× 105 TCID50/mouse) through sub-
cutaneous route in the footpad at day E9.5.
Pregnant mice were administrated with
50mg/kg chloroquine or vehicle in-
traperitoneally 4 h post infection and once
daily for the following 5 days. At day E14.5,
pregnant mice were euthanatized. Viral
loads of blood (A) and spleens (B) of preg-
nant mice were determined by quantitative
RT-PCR. (C) Viral loads in the placentas of
pregnant mice. (D) Viral loads of ZIKV in
fetal brain. (E) Photographs of fetuses and
placenta from ZIKV-infected and chlor-
oquine-treated pregnant mice. Highly de-
formed fetuses and placentas are indicated
by asterisks (*).
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verified by early endosome marker EAA1 and nucleus marker Lamin B1
(Fig. 4B). We measured the viral RNA copy numbers in purified endo-
somes from ZIKV infected cells with or without chloroquine treatment
and the amount of endosomal viral RNA was normalized to total en-
dosomal proteins. The amount of viral RNA in the endosome in ZIKV
infected cells had a transient increase at 0.5 h and then decreased ra-
pidly after infection. However, the amount of viral RNA in the endo-
some of chloroquine pretreated cells was approximately 4-folds higher
than that of the untreated group and remained at higher level for at
least for 4 h (Fig. 4C). We further demonstrated that chloroquine could
block ZIKV endosomal disassembly using immunofluorescence. Cells
were stained using antibodies against EEA1 for early endosomes or
Lysosomal-Associated Membrane Protein 1 (LAMP1) for late endosomes
and lysosomes, respectively. Co-localization of virus particles with each
compartment can be used to assess progression through the endocytic
network. At 2 h post infection of untreated cells, ZIKV particles were
both localized with EEA1 and LAMP1 staining (Fig. 4D left). In contrast,
in cells treated with chloroquine, most particles were associated with
EEA1 and very few virus particles were co-localized with LAMP1
(Fig. 4D right). Decreased transfer of ZIKV from early endosome to late
endosome or lysosome was confirmed by quantification based on im-
munofluorescence (Fig. 4E). These findings indicated that chloroquine
could block the release of ZIKV RNA from the endosome into the cy-
toplasm through inhibiting disassembly of the internalized virus.

3.5. Chloroquine inhibits ZIKV replication through blocking ZIKV-induced
autophagy

To assess whether chloroquine inhibits ZIKV replication by blocking
autophagy flux, we treated ZIKV infected cells with chloroquine at a
later stage of infection. Chloroquine given after the endosomal release
of ZIKV RNA could also decrease cellular viral RNA copies (Fig. 5A).
Infection with ZIKV efficiently induced LC3-I to LC3-II conversion, a
hallmark of autophagy initiation (Fig. 5B). Rapamycin, an autophagy
inducer, promoted ZIKV replication and progeny virus production
(Fig. 5C and D). Furthermore, we assessed ZIKV replication using Atg5
deficient MEFs, in which autophagy is completely defective due to the
loss of the Atg5 gene. ZIKV RNA replication was abolished in Atg5
deficient MEFs as compared to wild-type MEFs (Fig. 5C). Deficiency of
autophagy also abrogated viral production in Atg5 deficient MEFs
(Fig. 5D). We next observed that the level of p62, an autophagy sub-
strate, decreased due to ZIKV-mediated autophagosome maturation.
Chloroquine could reverse the ZIKV-induced p62 decrease (Fig. 5B),
indicating that chloroquine can block ZIKV-induced autophagic flux.
Importantly, chloroquine could achieve the same inhibition effect on
ZIKV production in wild-type MEFs as the abrogation of ZIKV replica-
tion in Atg5 deficient MEFs (Fig. 5C and D). There was no difference of
ZIKV entry to cells between wild-type MEFs and Atg5-deficinet and
MEFs (Fig. S4). These results indicated that ZIKV replication is

Fig. 4. Chloroquine blocks the release of ZIKV RNA from endosome to cytoplasm. (A) Cellular ZIKV RNA copy in Vero cells and MEFs treated with chloroquine
at early stage after infection. Vero cells and MEFs were infected with ZIKV (MOI= 1) at 4 °C for 1 h and washed twice by cold PBS. Chloroquine at 60 μM was added
at early stage (0, 1, 2 h post infection) and changed to fresh medium at 4 h post infection. 24 h post infection, the total RNA was isolated and quantified by
quantitative RT-PCR. Cells infected with ZIKV were used as control. (B) Immunoblot analysis for endosome marker EAA1 and nucleus marker Lamin B1. (C) Level of
ZIKV RNA in purified endosomes from ZIKV-infected Vero cells with or without chloroquine treatment. Vero cells were pretreated with 60 μM chloroquine for 2 h and
then infected with ZIKV for 1 h. Endosomes were isolated and viral RNA was quantified by quantitative RT-PCR. The amount of endosomal viral RNA was normalized
to total endosomal proteins. (D) Co-localization of ZIKV RNA and endosomes in Vero cells. Vero cells were pretreated with 60 μM chloroquine for 2 h and then
infected with EU labeled ZIKV (green). The EU labeled ZIKV was incubated with cells for 2 h, then fixed and stained by cy3-labeled antibodies (red) against EEA1 for
early endosome or LAMP1 for late endosome. Diamidino-2-phenylindole (DAPI) was used for staining nucleus (blue). The co-localization of ZIKV RNA and EEA1 or
LAMP1 are indicated by white arrows. (E) Quantification of co-localization determined by confocal fluorescence microscopy. Ten randomly selected regions were
imaged and the data were analyzed using ImageJ software.
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associated with ZIKV induced autophagy and chloroquine inhibits au-
tophagy-dependent ZIKV replication.

4. Discussion

Chloroquine is a widely used anti-malarial drug and has been
exploited as a non-specific antiviral agent. Previous reports showed that
chloroquine inhibited ZIKV infection in cultured cells and protected
ZIKV-induced mortality and microcephaly in mice (Delvecchio et al.,
2016; Gorshkov et al., 2018; Li et al., 2017a; Shiryaev et al., 2017). In
this study, we performed a more in-depth evaluation of the anti-ZIKV
effect of chloroquine in diverse cell types and in mouse models, espe-
cially in a new maternal to fetal ZIKV transmission model using im-
munocompromised SCID Beige mice. We demonstrated that chlor-
oquine could reduce ZIKV viremia in adult SCID Beige mice, improved
the survival of ZIKV-infected neonatal SCID Beige mice, and prevented
maternal to fetal ZIKV transmission. We further demonstrated that
chloroquine inhibited ZIKV infection by at least two mechanisms: im-
peding viral RNA release from endosome and reducing autophagy-de-
pendent viral replication.

ZIKV is an enveloped virus and similar to other flavivirus. Virions
bind to cell-surface attachment molecules and receptors and are inter-
nalized through endocytosis (Hsieh et al., 2014). After internalization,
in the low pH of the endosome, viral glycoproteins mediate fusion of
viral and cellular membranes, allowing disassembly of the virions and
release of RNA into the cytoplasm (Perera et al., 2008). Our study
shows that internalized Zika virions progresses from early endosome to
late endosome and delivers the viral RNA into cytoplasm. Chloroquine
impedes the release of ZIKV RNA from the endosome and further de-
monstrates the inhibition activity of chloroquine on flavivirus infection.
It has been documented that chloroquine also exerted antiviral effects
at an early step of other enveloped virus infection including Influenza

virus and Ebola virus (Di Trani et al., 2007; Madrid et al., 2013).
Autophagy is thought to prepare for the turnover and recycling of

cellular components, this process has been shown to promote the re-
plication of Zika virus (Hamel et al., 2015; Liang et al., 2016). Inhibi-
tion of autophagy by chloroquine has been proposed as a possible
mechanism of its anti-ZIKV infection (Gorshkov et al., 2018). We con-
firmed that ZIKV infection induced autophagy is associated with ZIKV
replication. ZIKV replication and progeny virus production were re-
duced in Atg5-deficient MEF cells. We further demonstrated that
chloroquine inhibited autophagy dependent viral replication. Chlor-
oquine treatment can reduce ZIKV replication and progeny virus pro-
duction in wildtype MEF cells to the same level as in Atg5-deficient
MEF cells. It remains yet to be explored how autophagy regulates ZIKV
infection. One possible mechanism is that autophagy promote ZIKV
replication. It has been reported that ZIKV can induce autophagy in skin
fibroblasts, human fetal neural stem cells and human trophoblasts, and
ZIKV replication was promoted by autophagy (Hamel et al., 2015; Liang
et al., 2016). On the other hand, secretory autophagy is a non-de-
gradative pathway where autophagosomes fuse with the plasma
membrane and release single membrane-bound vesicles to the extra-
cellular environment (Ponpuak et al., 2015). It is known that secretory
autophagy pathway helps positive-sense RNA viruses including polio-
virus, Coxsackievirus and enterovirus 71 to exit cells (Bird et al., 2014;
Chen et al., 2015; Robinson et al., 2014). Recent report shows the
importance of autophagy in ZIKV infection in a placental trophoblast
Atg16l1 deficient mice model. Atg16l1 deficiency does not affect sys-
temic ZIKV infection, but is sufficient to restrict ZIKV infection in the
placenta and its vertical transmission (Cao et al., 2017). Based on these
findings, we raise the possibility that autophagy has a potentially fa-
cilitative rather than a degradative role in the ZIKV infection, specifi-
cally in its vertical transmission from placental trophoblasts to fetal
cells.

Fig. 5. Chloroquine blocks ZIKV-induced
autophagy and autophagy-dependent re-
plication. (A) Progeny virus in the cultured
media of ZIKV infected Vero cells and MEFs
treated with chloroquine at later stage after
infection. Cells were infected with ZIKV
(MOI= 1) at 4 °C for 1 h and washed twice
by cold PBS. Chloroquine at 60 μM was
added at later stage (6, 12 h post infection),
maintained in culture medium for 6 h, and
then fresh media was replaced. The total
RNA was purified and ZIKV RNA copy
number was quantified by quantitative RT-
PCR at 24 h post infection. (B) Immunoblot
analysis of autophagy markers LC3 and p62.
MEFs were infected with ZIKV (MOI= 2)
and treated with 60 μM chloroquine.
Increasing LC3-II/LC3-I ratio indicates the
initiation of autophagy, whereas p62, an
autophagy substrate, decreases with the in-
creasing autophagy. Uninfected MEFs were
used as the control. (C) ZIKV replication in
MEFs and Atg5-deficient MEFs treated with
chloroquine and Rapamycin. MEFs and
Atg5-deficient MEFs were infected with
ZIKV (MOI=1) and exposed to 60 μM
chloroquine or 5 μM Rapamycin. ZIKV RNA
levels were measured by quantitative RT-
PCR at 24 h post infection. (D) Progeny
ZIKV production of MEFs and Atg5-deficient
MEFs treated with chloroquine or
Rapamycin. Progeny viruses were quantified
in the cultured media at 72 h post infection.
All data were shown as mean ± SEM from
3 independent experiments.
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It has been reported earlier that chloroquine has a protective effect
on fetus received embryonic intracerebral ZIKV infection in immuno-
competent ICR mice. Chloroquine reduced burden of ZIKV and its as-
sociated apoptosis in fetal brain (Li et al., 2017a). However, embryonic
intracranial infection of ZIKV does not mimic maternal to fetal trans-
mission and requires highly technical performance to avoid brain da-
mage caused by the injection. A recent paper reported that chloroquine
treatment attenuated vertical transmission of ZIKV and reduced viral
load in fetal brain in interferon signaling competent SJL mice (Shiryaev
et al., 2017). Previous reports show that chloroquine treatment inhibits
protective immune response against Plasmodium yoelii infection via
suppressing the activation of T helper cells, macrophages, and B cells in
mice (Qin et al., 2014). Chloroquine also depresses the percentage of
lymphocyte subpopulation and their proliferative response in rhesus
monkeys (Prasad et al., 1987). Another finding indicates that chlor-
oquine modulates cytokine release by promoting Th17 immunity (Said
et al., 2014). We thus established a novel ZIKV infection model in im-
mune-deficient SCID Beige mice to assess the anti-ZIKV effect of
chloroquine. SCID Beige is a strain of double-mutant mice with im-
paired T and B cell development and diminished natural killer (NK) cell
activity (Bosma and Carroll, 1991; Roder and Duwe, 1979). These mice
are highly susceptible to viral and bacterial infection (Percy and Barta,
1993; Winslow et al., 1998) and have minimal immunological influ-
ences on drug evaluation. Our study further demonstrated that chlor-
oquine could protect fetuses from maternal transmission in pregnant
mouse mice in the absence of ZIKV specific adaptive immune response.
Notably, chloroquine and its derivatives such as hydroxychloroquine is
a class C drug that is used to treat pregnant women with malaria and
autoimmune diseases (Sperber et al., 2009). It has been documented
that chloroquine does not increase the fetal defects or other adverse
events at various stages of pregnancy for the prevention of malaria
(Villegas et al., 2007). Taken together, these studies provided valuable
information for supporting the use of chloroquine against ZIKV infec-
tion in pregnant women.

In summary, chloroquine effectively protected ZIKV-infected mice
from mortality and microcephaly. Chloroquine inhibited ZIKV infection
by impeding ZIKV release from endosome to cytoplasm and by blocking
autophagy-dependent replication. Chloroquine should be considered as
a drug for treating ZIKV infection especially for minimizing the risk of
ZIKV induced microcephaly in pregnant women.
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