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ABSTRACT Azithromycin (AZM) is a widely used antibiotic, with additional antiviral
and anti-inflammatory properties that remain poorly understood. Although Zika virus
(ZIKV) poses a significant threat to global health, there are currently no vaccines or
effective therapeutics against it. Here, we report that AZM effectively suppresses ZIKV in-
fection in vitro by targeting a late stage in the viral life cycle. In addition, AZM upregu-
lates the expression of host type I and III interferons and several of their down-
stream interferon-stimulated genes in response to ZIKV infection. In particular, we
found that AZM upregulated the expression of MDA5 and RIG-I (pathogen recogni-
tion receptors induced by ZIKV infection) and increased the levels of phosphorylated
TBK1 and IRF3. Interestingly, AZM treatment upregulated the phosphorylation of
TBK1 without inducing the phosphorylation of IRF3 by itself. These findings highlight
the potential use of AZM as a broad antiviral agent to combat viral infection and to
prevent devastating ZIKV-associated clinical outcomes, such as congenital micro-
cephaly.

KEYWORDS FDA-approved drug, azithromycin, Zika virus, type I and III interferon
responses, antibiotics, antiviral agents, innate immunity, interferons

Although antibiotics are primarily used to combat bacterial infections by targeting
critical microbial enzymes or structural components, some can also directly affect

host cells. While this may lead to adverse effects such as bone marrow suppression,
nonselective inhibition of monoamine oxidase, or damaging levels of reactive oxygen
species that inhibit mitochondrial functions, some antibiotics have secondary effects
that can actually be beneficial (1). Azithromycin (AZM) is a macrolide that was synthet-
ically created in 1980 as an optimized form of the natural antibiotic erythromycin (2).
The antibacterial mechanism of AZM is through the inhibition of protein synthesis by
binding to the 50S subunit of bacterial ribosomes (3). However, AZM also has anti-
inflammatory properties that make it particularly useful for treating infections with an
inflammatory component and for controlling lung disease in cystic fibrosis patients (4).
Interestingly, AZM has also been found to have antiviral properties (4–7). It was
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discovered that AZM, but not erythromycin or telithromycin, inhibited rhinoviruses by
upregulating the type I interferon (IFN-I) responses in bronchial epithelial cells (5, 8).
AZM was also found to inhibit cell entry by Ebola virus (EBOV), although the mechanism
there remains unclear (6).

Zika virus (ZIKV) is a member of the Flaviviridae family, which can infect humans
through mosquito vectors. The recent outbreaks of ZIKV that began on Yap Island in
Micronesia in 2007 and spread to French Polynesia and across the Americas and the
Caribbean region over the past decade revealed the first reported associations of
infection with severe neurological conditions, including Guillain-Barré syndrome, me-
ningoencephalitis, and congenital microcephaly (9–12). Direct evidence of ZIKV infec-
tion causing fetal growth restriction or congenital defects such as microcephaly was
obtained using mouse models of in utero infection (13–15). ZIKV infection of neural
progenitor cells in mice leads to apoptosis and inflammation, ultimately resulting in
developmental defects of the fetal brain (13). Furthermore, it was demonstrated in male
mice that ZIKV infection could cause testicular damage, leading to infertility (16, 17).
ZIKV has become a global concern due to the rapidly expanding range of its mosquito
vector, the international travel of asymptomatic carriers, and its ability to be sexually
transmitted (18–22). It was also reported that ZIKV can be transmitted through close
contact between guinea pigs (23). During the 2015–2016 ZIKV epidemic, there were
millions of cases of ZIKV infection and about 3,000 confirmed cases of ZIKV congenital
syndrome (24). Despite this, there are currently no approved vaccines or drugs to
combat ZIKV infection or to treat its neurological sequelae. Consequently, there is an
urgent need for anti-ZIKV therapeutics.

Interestingly, in addition to inhibiting rhinoviruses and EBOV, AZM was found to
inhibit ZIKV infection in human glial cell lines (U87) and human astrocytes (7). However,
the mechanism has not yet been studied (25, 26). AZM has additional advantages, such
as being inexpensive and having an oral formulation that is effective over a short
treatment course due to its persistence in tissues. For the aforementioned reasons, we
decided that AZM merited further investigation as an anti-ZIKV agent.

IFN-I signaling by the innate immune system plays an essential role in inhibiting
ZIKV infection, as demonstrated by the increased susceptibility of mice treated with
immunosuppressors such as dexamethasone or lacking the IFN-I receptor (Ifnar1�/�

mice) (27–29). In addition, IFN-IIIs, which are similar to IFN-I in expression and function
(30, 31), were found to play an important role in combating ZIKV infection in human
placental trophoblasts (32). The IFN family of cytokines exert their function through the
induction of �300 IFN-stimulated genes (ISGs), whose products serve as antiviral
factors or regulators of the immune response (33, 34). We showed that the ISG product
25-hydroxycholesterol (25HC) could inhibit ZIKV entry in vitro and ZIKV-associated
microcephaly in a mouse model (35). Savidis et al. found that the ISG IFITM3 could also
inhibit ZIKV infection by blocking an early stage of the viral life cycle (36). Viperin and
PARP12 suppress ZIKV replication by targeting ZIKV nonstructural (NS) proteins for
degradation (37, 38). These results support using antiviral development strategies that
upregulate the host’s own natural immune defenses against ZIKV.

In the present study, we show that AZM upregulates the expression of pathogen
recognition receptors (PRRs), IFN-I/III, and ISGs triggered by ZIKV and/or other viruses.
Our results not only reveal the mechanism of AZM’s activity against ZIKV but also
strengthen its potential as a candidate for future clinical testing.

RESULTS
AZM inhibits ZIKV infection in vitro. In order to investigate the inhibitory effects

of AZM on ZIKV infection in vitro, Vero cells were incubated with AZM for 12 h prior to
ZIKV infection (GZ01 strain; multiplicity of infection [MOI] of 0.1). After 48 h of infection,
ZIKV in the culture supernatant was quantified through quantitative reverse transcription-
PCR (qRT-PCR) and plaque assays. Our analysis revealed that AZM inhibited ZIKV infection
in a dose-dependent manner and that 6.59 �M AZM inhibited infection by about 50%
(Fig. 1A to C). We confirmed the results using immunofluorescence assays, which
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showed that 50 �M AZM could completely block the infection of HeLa cells with ZIKV
(Fig. 1D), similar to 5 �M levels of the ZIKV polymerase inhibitor NITD008 (39). We
further evaluated the inhibition by measuring the 50% inhibitory concentration (IC50)
values for AZM against the ZIKV GZ01 or FSS13025 strain in either A549 or Huh7 cells
(Fig. 2A to C). The IC50 for the GZ01 strain in A549 cells was calculated to be 4.44 �M
(Fig. 2A), and the IC50s against GZ01 and FSS13025 in Huh7 cells were 4.97 and 1.23 �M,
respectively (Fig. 2B and C). AZM could also inhibit dengue virus serotype 2 (DENV-2)
replication in Vero cells, with an IC50 of 3.71 �M (Fig. 2D). Moreover, the 50% cytotoxic
concentration (CC50) values for AZM in Vero, Hela, and Huh7 cells were 3.56 mM,
0.81 mM, and 1.36 mM, respectively (see Fig. S1A to C in the supplemental material),
much higher than the IC50s. These results demonstrate that AZM is a potent inhibitor
of ZIKV in vitro, in agreement with previous findings (7).

AZM inhibits ZIKV infection at a late stage of the viral life cycle. To investigate
the mechanism of action of AZM against ZIKV infection, we first performed a cell
internalization assay (Fig. 3A). Our results revealed that AZM did not suppress ZIKV
binding and/or entry (Fig. 3B). However, AZM inhibited ZIKV infection at a later stage
of the viral life cycle (Fig. 3C). AZM also inhibited ZIKV (PRVABC59 strain) infection with
a high MOI in Hela cells at a late stage of viral replication (Fig. 3D). To examine whether
ZIKV replication activity might be affected by AZM, a ZIKV replicon carrying the Renilla
luciferase reporter was transcribed in vitro and transfected into BHK-21 cells. At 6 h
posttransfection (hpt), the cells were treated with AZM at the indicated concentrations.
As shown in Fig. 3E, AZM could suppress ZIKV replicon activity in a dose-dependent
manner, although not as effectively as NITD008. Moreover, we showed that AZM could

FIG 1 AZM inhibits ZIKV infection in vitro. EtOH or the indicated doses of AZM were used to treat Vero
cells (A to C) or HeLa cells (D) for 12 h before infection with ZIKV (GZ01/2016 strain; MOI of 0.1). ZIKV in
the culture supernatant was quantified by qRT-PCR (A) or plaque assays (B and C), and ZIKV in cells was
detected by an immunofluorescence assay (D) at 48 hpi. Data in panels A and C are shown as mean �
standard deviation. The relative numbers of ZIKV copies, compared to the negative control (EtOH-treated
samples, set as 100%), are shown in panel A. Panels B and D are representative of two independent
experiments. **, P � 0.01; ***, P � 0.001, one-way analysis of variance (ANOVA) followed by Dunnett’s
multiple-comparison test.
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interfere with DENV replicon activity (Fig. 3F), suggesting that AZM might also effec-
tively inhibit DENV infection, in agreement with the previous results (Fig. 2D). These
findings were confirmed in Huh7 cells, where AZM could suppress ZIKV and DENV
replicon activity effectively (Fig. S2A and B). However, using a ZIKV NS5 polymerase
activity assay, we found that, unlike NITD008, AZM could not inhibit ZIKV NS5 poly-
merase activity in vitro (Fig. 3G), indicating AZM may targeting other ZIKV NS proteins
related to RNA synthesis directly or indirectly. Therefore, our findings suggest that AZM
blocks a late stage in the ZIKV life cycle.

AZM pretreatment enhances IFN-I/III responses after ZIKV infection. Given the
known anti-inflammatory and antiviral properties of AZM in bronchial epithelial cells
(5), we investigated whether AZM could enhance the natural IFN response to the virus.
AZM is administered intraorally or given as an inhaled therapy against lung infection
and for anti-inflammatory purposes in certain patients, such as those with cystic fibrosis
(4). Because AZM is absorbed by epithelial cells of the lung and gastrointestinal tract,
we selected the HT-29 human colon epithelial cell line and the A549 lung epithelial cell
line for in vitro studies. HT-29 cells were pretreated with AZM 12 h before infection with
ZIKV (GZ01 strain; MOI of 0.5). After 24 h, the ZIKV RNA levels were analyzed by
qRT-PCR. AZM was found to inhibit ZIKV infection in HT-29 cells in a dose-dependent
manner (Fig. 4A). Interestingly, we found that ZIKV infection induced the transcription
of IFNB in HT-29 cells and its mRNA levels were further elevated by increasing doses of
AZM (Fig. 4B). We also examined the mRNA levels of IFN-IIIs (interleukin-28 [IL-28] and
IL-29), which play other important roles in the antiviral process (30, 31). Interestingly,
we found that AZM also upregulated the mRNA expression of IL-28 and IL-29 during
ZIKV infection (Fig. 4C and D).

We used transcriptome sequencing to evaluate the upregulated expression of genes
associated with IFN-I and IFN-III-mediated immune responses during ZIKV infection.
Interestingly, we found that pretreatment with AZM broadly enhanced this effect (Fig.
5A and B). Many of those genes are associated with antiviral functions, including MX1,
OAS1, IFITM3, ISG15, and TRIM22 (33, 34). More importantly, AZM also enhanced the

FIG 2 AZM broadly inhibits ZIKV replication in vitro. (A to C) Inhibitory effects of AZM on ZIKV GZ01 strain
infection of A549 cells (A) or Huh7 cells (B) or on FSS13025 strain infection of Huh7 cells (C). The cells
were pretreated with EtOH or the indicated dose of AZM for 12 h, followed by ZIKV infection (GZ01 or
FSS13025 strain; MOI of 0.1) for 48 h. ZIKV RNA copies in the culture supernatants were quantified by
qRT-PCR. The IC50s of AZM on ZIKV infection are indicated. (D) Inhibitory effects of AZM on DENV-2
infection of Vero cells. Cells were pretreated with EtOH or AZM for 12 h, followed by DENV-2 infection
(MOI of 0.01) for 24 h. DENV RNA copies in supernatants were quantified by qRT-PCR.
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expression of DDX58 (RIG-I) and IFIH1 (MDA5) induced by ZIKV infection. These two
PRRs have been found to play essential roles during flavivirus infection (40, 41). Gene
ontology analysis confirmed that the genes upregulated by AZM largely function in
host antiviral defense and the innate immune response, supporting the essential role
of the innate immune system against ZIKV infection (Fig. 5C). qRT-PCR revealed that
AZM treatment upregulated the expression of ISGs, including MX1, CXCL10, TRIM22,
RSAD2, OASL, IFITM3, CH25H, and ISG15, in a dose-dependent manner after ZIKV
infection (Fig. 6A to H). To expand our understanding of the mechanism by which AZM
upregulates the expression of IFNs, we investigated the expression of different viral

FIG 3 AZM blocks ZIKV replication at a late stage of viral infection. (A) Overview of our experimental design. BHK-21
cells were pretreated with either EtOH or AZM (10 or 50 �M) for 12 h, followed by ZIKV infection (MOI of 1). (B and
C) Quantification of intracellular RNA using qRT-PCR at the indicated hour postinfection (hpi). GAPDH was used for
normalization. The numbers of ZIKV copies in EtOH-treated samples at 1 hpi (B) or 20 hpi (C) were set as 100%. ***,
P � 0.001, two-way ANOVA followed by Dunnett’s multiple-comparison test. ns, not significant. (D) Growth curves
for ZIKV (PRVABC59 strain; MOI of 5) on Hela cells pretreated with DMSO or AZM. **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001, two-way ANOVA followed by Sidak’s multiple-comparison test. (E and F) Effects of ASM on replicon
RNA. BHK-21 cells were transfected with ZIKV (E) or DENV (F) replicon RNA. AZM was added to the cell medium at
6 hpt, and Renilla luciferase activity in cell lysates was determined at 48 hpt. NITD008 was used as a positive control.
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparison test. (G)
Effects of AZM on ZIKV NS5 polymerase activity. The ZIKV NS5 RNA-dependent RNA polymerase domain (NS5c) was
incubated with substrate (RNA template and BBT-ATP) and AZM or 2=-dATP (serving as a positive control).
AZM/dATP �, 100 �M; AZM/dATP ��, 500 �M. Data in panels B and C are shown as mean � standard deviation.
Panel E is representative of two independent experiments.
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RNA sensors, including MDA5 (encoded by IFIH1) and RIG-I (encoded by DDX58), and
the downstream DNA virus adaptor STING (encoded by TMEM173), which served as a
negative control. Interestingly, the expression of IFIH1 and DDX58, but not TMEM173,
was enhanced by AZM after ZIKV infection (Fig. 7A to C). Although Toll-like receptors
(TLRs) were found to play an important role in the induction of the antiviral immune
responses to ZIKV and other flavivirus infections (42, 43), we found that TLR2 and TLR3
expression was not upregulated in AZM-pretreated cells after ZIKV infection (Fig. 7D
and E). The expression of the reported ZIKV receptor AXL (42) was also not affected by
AZM pretreatment after ZIKV infection (Fig. 7F).

Finally, we chose to examine whether the effects of AZM on the IFN-I/III responses
to ZIKV infection could be reproduced in A549 cells. We found that, 24 h after treatment
of A549 cells with AZM, the protein levels of PRRs such as MDA5 and RIG-I were
upregulated in a dose-dependent manner, even though there was not much difference
in ZIKV E protein expression levels (Fig. 8A). qRT-PCR results showed that IFNB mRNA
levels were increased after the addition of 50 �M AZM during ZIKV infection (data
not shown). We also found that AZM pretreatment upregulated the protein levels
of MX1, OAS1, STAT1, and phosphorylated versions of STAT1 (pS727 and pY701), in
a dose-dependent manner, at 18 and 24 h postinfection (hpi) with ZIKV (GZ01
strain; MOI of 1) (Fig. 8B). To investigate whether AZM could enhance ISG expres-
sion induced by DNA viruses in A549 cells, we simulated an infection using
poly(dA·dT) in the presence or absence of AZM. Through Western blot analysis, we
found that AZM enhanced the expression of STAT1, MX1, and OAS1, in a dose-
dependent manner, at 18 h poststimulation (Fig. 8C). We confirmed that AZM also
could upregulate the expression of MX1 in HT-29 cells 24 h after DENV infection
(Fig. 8D). Furthermore, we found that, while AZM treatment could enhance the
expression of phosphorylated TBK1 (pTBK1) in human primary dermal fibroblasts,
levels of pTBK1 expression were much higher after ZIKV infection (Fig. 8E). AZM-
induced pTBK1 expression was also observed in A549 cells, but it was not enough
to enhance the expression of phosphorylated IRF3 (pIRF3) without poly(dA·dT) (Fig.

FIG 4 AZM enhances the expression of IFNB, IL-28, and IL-29 in HT-29 cells after ZIKV infection. Human
colon cancer epithelial cells (HT-29) were pretreated with AZM at the indicated concentrations for 12 h
before infection with ZIKV (GZ01 strain; MOI of 0.5). qRT-PCR was used to quantify ZIKV RNA levels in the
cell culture supernatant (A) and IFNB (B), IL-28 (C), and IL-29 (D) mRNA levels in HT-29 cells 24 hpi. GAPDH
served as the housekeeping gene. AZM �, 10 �M; AZM ��, 50 �M. *, P � 0.05; **, P � 0.01; ***,
P � 0.001; ****, P � 0.0001, one-way (A) or two-way (B to D) ANOVA followed by Dunnett’s multiple-
comparison test.
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S3A and B). After ZIKV and poly(I·C) stimulation, AZM could further upregulate the
expression of pIRF3 in RAW264.7 cells, in a dose-dependent manner (Fig. 8F and G).
In agreement with these results, we noted antiviral effects induced by AZM in A549
cells against other viruses, including vesicular stomatitis virus and herpes simplex
virus 1 (HSV-1), were not limited to ZIKV and DENV (Fig. S4A and B). Together, these
results indicate that, in different cell types, AZM works as a broad antiviral reagent
by upregulating the TBK1-pIRF3-IFN signaling axis.

FIG 5 AZM broadly enhances the expression of ISGs in HT-29 cells after ZIKV infection. HT-29 cells
were pretreated with EtOH or AZM (50 �M) for 12 h and infected with ZIKV (MOI of 0.5). Gene
expression profiles were analyzed by RNA sequencing at 24 hpi. (A) Heatmap showing relative
expression of all upregulated antiviral genes. Two samples for each group were sequenced, and the
means of the relative read numbers were compared to those for mock infection. Upregulation was
defined as a fold change of �1.25 and a P value of �0.05. (B) List of the 30 genes with the greatest
upregulation. (C) Gene ontology analysis of all the upregulated genes. The data from two replicates
are shown.
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DISCUSSION

Following the recent ZIKV outbreaks, much effort was placed in researching poten-
tial anti-ZIKV therapeutics. The most promising strategies included (but not were
limited to) making use of natural antiviral immune activators and products (35), drug
repurposing (44, 45), and in silico screening (46). In another study, our laboratory was
able to show that 25HC, the enzymatic product of an ISG named CH25H, could
effectively block ZIKV infection (35). In the current work, we reveal that AZM, an
antibiotic with additional anti-inflammatory properties, can upregulate the host’s nat-
ural IFN-I/III responses against ZIKV and suppress infection.

Recently, Retallack et al. published their finding that, of the 800 FDA-approved drugs
they screened, AZM was among those that could inhibit ZIKV infection in vitro (7).
Others also screened NIH collections or FDA-approved compounds to reveal that
certain antibiotics, including nanchangmycin, daptomycin, and kitasmycin, had activity
against ZIKV in vitro (45, 47, 48). However, their mechanisms of action against this virus
remain largely unknown. In our study, we used both viral internalization and ZIKV
replicon assays to demonstrate that AZM blocks ZIKV at a late stage of viral replication.
In addition, AZM can enhance the expression of several ISGs, including IFITM3, RASD2,
and MX1, which have known anti-ZIKV functions (36, 37, 49). During the revision of our
manuscript, Daniels et al. found that the nucleotide sensor ZBP1, which ranks in the top
30 genes upregulated by AZM after ZIKV infection, could suppress ZIKV infection by
induction of the metabolite itaconate (50). Our results suggest that these other ISGs
also merit further investigation for anti-ZIKV effects. Furthermore, we found that AZM
could upregulate the expression of PRRs, including IFIH1 and DDX58, which are also
ISGs (34), indicating that AZM might enhance the sensitivity of host cells to viral
infection through upregulation of the feedback loop of the IFN signaling cascade. Our

FIG 6 AZM upregulates ZIKV-induced ISG expression in HT-29 cells. HT-29 cells were pretreated with
AZM as shown in Fig. 4, and MX1 (A), CXCL10 (B), TRIM22 (C), RSAD2 (D), OASL (E), IFITM3 (F), CH25H (G),
and ISG15 (H) mRNA levels were analyzed by qRT-PCR at 24 hpi. *, P � 0.05; **, P � 0.01; ***, P � 0.001;
****, P � 0.0001, two-way ANOVA followed by Dunnett’s multiple-comparison test.
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data also showed that AZM alone could upregulate the phosphorylation of TBK1
without inducing the phosphorylation of IRF3 (see Fig. S3 in the supplemental mate-
rial), suggesting that AZM might hold the PRR signaling pathway in a primed state by
itself. After viral infection, the IFN signaling pathway was activated and upregulated.
Schogler et al. found that AZM could inhibit rhinoviruses by upregulating the antiviral
innate immune response mediated by MDA5, RIG-I, and TLR3 in cystic fibrosis airway
epithelial cells and bronchial epithelial cells (4). The expression of TLR3 was not
upregulated by AZM in our study, possibly due to the different cell types used;
however, this could be further investigated.

We also demonstrated that AZM inhibited ZIKV replication in BHK-21 and Vero cells,
which are deficient in IFN-I production (51, 52). Potential redundant roles of IFN-I and
IFN-III might be a possible explanation for the observation that AZM could inhibit ZIKV
infection in BHK-21 and Vero cells, since we found that AZM also could suppress ZIKV
infection in IFNAR1 knockout cells (Fig. S5). More interestingly, AZM could upregulate
the expression of IL-29, IL-28, and CXCL10 in Vero cells after ZIKV infection (Fig. S6). This
result is in agreement with findings that IFN-� can be induced by virus infection in Vero
cells (53) and can inhibit Dengue virus in Vero cells (54). We also noticed that the
upregulation of ISGs by AZM in Vero cells was lower than that of IFN-IIIs after ZIKV
infection, and we speculated that there are other mechanisms underlying the inhibitory
function of AZM. Renna et al. showed that AZM could inhibit autophagy in macro-
phages (55). Given that autophagy plays an essential role during ZIKV replication (56,
57), exploring the effects of AZM on autophagy during ZIKV infection is another
possible future direction for this work.

AZM is an FDA pregnancy category B drug, which means that animal reproduction
studies have shown no adverse effects (58, 59). However, given that pregnant women
are a significant target group for ZIKV treatment, the safety of using AZM during
pregnancy would need to be studied more closely. Pharmacokinetic analyses indicate
that, in humans, the recommended dosage of orally administered AZM yields concen-
trations of �2.8 �M in the placenta and 4 to 21 �M in fetal tissues and the adult brain
(60–62). These concentrations are equal to or higher than the IC50 of AZM for ZIKV in
vitro, indicating that this level of accumulation of AZM in fetal tissues, placenta, and
brain should be sufficient to inhibit ZIKV replication.

In summary, our work not only demonstrates that AZM suppresses ZIKV infection

FIG 7 AZM enhances expression of viral RNA sensors in HT-29 cells after ZIKV infection. HT-29 cells were
pretreated with AZM as shown in Fig. 4, and IFIH1 (A), DDX58 (B), TMEM173 (C), TLR2 (D), TLR3 (E), and
AXL (F) mRNA levels were analyzed by qRT-PCR at 24 hpi. *, P � 0.05; ****, P � 0.0001, two-way ANOVA
followed by Dunnett’s multiple-comparison test. ns, not significant.
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effectively but also provides evidence of its mechanism of action. Given that AZM is
already a well-studied and commonly used antibiotic and anti-inflammatory agent and
is inexpensive and safe to use during pregnancy, there is sufficient reason for it to be
pushed toward use in clinical trials to combat ZIKV infection and its associated diseases.

MATERIALS AND METHODS
Viruses, cells, and reagents. ZIKV strains (GZ01 [GenBank accession no. KU820898] and FSS13025/

2010 [GenBank accession no. JN860885]) were described in our previous work (35). ZIKV strain PRVABC59
(GenBank KU501215) was kindly provided by Mehul Suthar (Emory University). HSV-1 expressing lucif-
erase as a reporter (HSV-Luc) (63) was a gift from Chunfu Zheng. Cell lines were purchased from ATCC.
A549, BHK-21, HeLa, Vero, and RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) at 37°C in 5% CO2, and HT-29 cells were cultured in F-12 medium at 37°C in 5% CO2. Primary
dermal fibroblasts (product no. PCS-201-012; ATCC) were cultured as suggested by ATCC. IFNAR1�/�

A549 cells were described previously (35). All viral stocks and cell lines used were free from mycoplasmal
contamination, as determined with a PCR-based detection kit (product no. J66117; Alfa Aesar). All media
contained 10% fetal bovine serum (FBS) (ExCell Bio), 100 units/ml penicillin, and 50 �g/ml streptomycin.
Monoclonal antibody 4G2 was produced from hybridoma D1-4G2-4-15 (product no. HB-112; ATCC).
NITD008 was a kind gift from Pei-Yong Shi (Novartis Institute for Infectious Diseases).

RNA isolation, reverse transcription, and real-time quantitative PCR. The assay was conducted
as described previously (35). Briefly, total RNA was extracted with the Purelink RNA extraction kit (Thermo
Fisher). ZIKV RNA copy numbers were measured by qRT-PCR with the PrimeScript One Step RT-PCR kit

FIG 8 AZM upregulates the ZIKV-induced IFN response. (A to C) A549 cells were pretreated with the
indicated doses of AZM or EtOH for 12 h and then infected with ZIKV (MOI of 1) (A and B) or stimulated
with 1 �g/ml poly(dA·dT) (C). Protein levels of RIG-I, MDA5, MX1, OAS1, STAT1 or its phosphorylated
forms (pS727 and pY701), actin, and GAPDH were analyzed by Western blotting. (D to G) HT-29 cells (D),
human primary fibroblasts (E), and RAW264.7 cells (F and G) were pretreated with the indicated doses
of AZM or EtOH for 12 h and then stimulated with DENV-2 (D), ZIKV (E and F), or poly(I·C) (G) for 24 h (D),
3 h (E), or the indicated times (F and G). MX1, pTBK1, TBK1, pIRF3, IRF3, GAPDH, and tubulin protein levels
were analyzed by Western blotting. The results are representative of two independent experiments.
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(Takara, Beijing, China). SYBR green quantitative PCR mix (TransGen Biotech, Beijing, China) was used to
quantify the ISG mRNA levels. The primers used in this study are listed in Table 1.

Plaque assay. BHK-21 cells were overnight cultured in a 12-well plate. Cells were washed once with
phosphate-buffered saline (PBS) and infected with virus for 1 h at 37°C. The medium was then replaced
with fresh DMEM containing 1% low-melting-point agarose and 2% FBS. Plaques were counted 4 days
after infection.

Immunofluorescence assay. HeLa cells were treated with AZM for 12 h and then infected with ZIKV
(MOI of 0.1) for 48 h. Cells were stained with 4=,6-diamidino-2-phenylindole (DAPI) and 4G2 antibody,
targeting the ZIKV E protein, to highlight the cell nucleus and ZIKV envelope, respectively.

Cell proliferation assay. The CellTiter 96 AQueous One Solution cell proliferation assay (product no.
G3581; Promega) was used to test cell viability after AZM treatment. Briefly, cells were seeded overnight
on a 96-well plate and then treated with AZM or dimethyl sulfoxide (DMSO) for 40 h. The One Solution
reagent was added to the culture medium directly, and cells were incubated at 37°C for 1 h. The A490 was
measured using a microplate reader. The A490 from samples treated with DMSO was set as 100%.

ZIKV internalization assay. A ZIKV internalization assay was performed as described previously (35).
Briefly, BHK-21 cells were pretreated with AZM for 12 h and then infected with ZIKV (200 PFU/well or
MOI of 1) at 4°C for 1 h. Cells were washed with cold PBS to remove unbound virus and then were
incubated at 37°C for virus internalization. At the indicated time points, cells were washed once with PBS
and treated with citric acid buffer (40 mM citric acid, 10 mM potassium chloride, 135 mM sodium chloride
[pH 3.0]) for 1 min or with stringent buffer (1 M NaCl, 50 mM sodium bicarbonate [pH 9.5]) for 3 min to
remove bound but not internalized viruses, as described previously (64). qRT-PCR was conducted to
quantify intracellular RNA.

ZIKV and DENV replicon assays. The assays were performed as described previously (35, 65), with
minor modifications. Briefly, ZIKV or DENV replicon plasmids composed of all ZIKV/DENV NS genes and
a Renilla luciferase reporter gene were linearized, purified, and then transcribed in vitro. RNA was purified
with the PureLink RNA extraction kit (Thermo Fisher), and 200 ng RNA/well was transfected with
LIPO2000 (Thermo Fisher) into BHK-21 cells on a 24-well plate. At 6 hpt, AZM or ethanol (EtOH) was
added to the cell culture. At 48 hpt, Renilla luciferase activity in cell lysates was measured with a
GloMax-96 microplate luminometer. The luciferase activity in samples with EtOH was set to 100%.

In vitro RNA-dependent RNA polymerase activity assay of ZIKV NS5. The ZIKV NS5 RNA-
dependent RNA polymerase domain (NS5c) was purified as described previously (66). A fluorescence-
based alkaline phosphatase-coupled polymerase assay was used to detect the polymerase activity of
ZIKV NS5c (67). Briefly, the RNA template (3=-untranslated region [UTR]-U30, synthesized by Sangon
Biotech), ZIKV NS5c, and 2=-(2-benzothiazoyl)-6=-hydroxybenzothiazole-conjugated ATP (BBT-ATP) were
resuspended in buffers consisting of 50 mM Tris-HCl (pH 7.5), 1 mM MnCl2, or 0.001% Triton X-100,
respectively, in diethyl pyrocarbonate (DEPC)-treated water. The RNA template solution was incubated at
58°C for 2 min and then placed at room temperature to allow the formation of the intramolecular hairpin.
NS5c was mixed with the RNA template at 30°C for 30 min. The reaction was started by adding BBT-ATP
and AZM. Polymerase activity was measured for 3 h at 30°C using 2 �M NS5c, 50 nM RNA, and 5 �M
BBT-ATP in a 20-�l reaction mixture. Twenty microliters of stop buffer (200 mM NaCl, 25 mM MgCl2, 1.5
M deoxyethanolamine) containing 25 nM calf intestinal alkaline phosphatase (CIP) (pH 10.0) was added
to terminate the NS5c polymerase reaction and to allow hydrolysis of BBTppi by CIP. The BBT released
was quantified after 1 h of incubation, and 2=-dATP was used as a positive control to validate the assay.

TABLE 1 ISG, ZIKV, and DENV primers and probes used in this study

Gene Forward primer Reverse primer Probe

GAPDH GAACGGGAAGCTCACTGG GCCTGCTTCACCACCTTCT
IFNB ATGACCAACAAGTGTCTCCTCC GGAATCCAAGCAAGTTGTAGCTC
IL-28 CTGCCACATAGCCCAGTTCA AGAAGCGACTCTTCTAAGGCATCTT
IL-29 GGACGCCTTGGAAGAGTCACT AGAAGCCTCAGGTCCCAATTC
MX1 GTTTCCGAAGTGGACATCGCA CTGCACAGGTTGTTCTCAGC
CXCL10 GTGGCATTCAAGGAGTACCTC TGATGGCCTTCGATTCTGGATT
RSAD2 CACAAAGAAGTGTCCTGCTTGGT AAGCGCATATATTTCATCCAGAATAAG
OASL CTGATGCAGGAACTGTATAGCAC CACAGCGTCTAGCACCTCTT
TRIM22 GGTTGAGGGGATCGTCAGTA TTGGAAACAGATTTTGGCTTC
ISG15 GAGAGGCAGCGAACTCATCT CTTCAGCTCTGACACCGACA
IFITM3 CATCCTCATGACCATTCTGC TCAGTGATGCCTCCTGATCT
CH25H GCTGGCAACGCAGTATATGAG CGAGCAGTGTGACGTTCATC
DDX58 CTGGACCCTACCTACATCCTG GGCATCCAAAAAGCCACGG
IFIH1 TCGAATGGGTATTCCACAGACG GTGGCGACTGTCCTCTGAA
TMEM173 CCAGAGCACACTCTCCGGTA CGCATTTGGGAGGGAGTAGTA
TLR2 TTTCACTGCTTTCAACTGGTA TGGAGAGGCTGATGATGAC
TLR3 AAATTAAAGAGTTTTCTCCAGGGTGTT ATTCCGAATGCTTGTGTTTGC
AXL CCGTGGACCTACTCTGGCT CCTTGGCGTTATGGGCTTC
ZIKV GGTCAGCGTCCTCTCTAATAAACG GCACCCTAGTGTCCACTTTTTCC
DENV-2 CAGGCTATGGCACYGTCACGAT CCATYTGCAGCARCACCATCTC
ZIKV FAM-AGCCATGACCGACACCACACCGT-BQ1a

DENV-2 FAM-CTCYCCRAGAACGGGCCTCGACTTCAA-BQ1
aFAM, 6-carboxyfluorescein; BHQ1, black hole quencher 1.
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RNA sequencing. HT-29 cells were pretreated with AZM (50 ��) or EtOH for 12 h. Cells were then
infected with ZIKV (GZ01 strain; MOI of 0.5) or medium. Total RNA was extracted at 24 hpi. Library
construction and sequencing were performed on the Illumina HiSeq X10 platform. Heatmaps were
constructed with the DESeq2 R package. The negative binomial general linear model Wald test was used
to test the significance of coefficients. In calculating the Wald test P values, the coefficients are scaled by
their standard errors and then compared to a standard normal distribution. The results function without
any arguments automatically performs a contrast of the last level of the last variable in the design
formula over the first level. The contrast argument of the results function can be used to generate other
comparisons.

Western blotting. Primary antibodies targeting human MDA5 (monoclonal antibody 5321), RIG-I
(monoclonal antibody 4200), MX1 (monoclonal antibody 37849), OAS1 (monoclonal antibody 14498),
pS727-STAT1 (monoclonal antibody 8826), pY701-STAT1 (monoclonal antibody 9167), STAT1 (monoclo-
nal antibody 14994), TBK1 (monoclonal antibody 3504), pTBK1 (monoclonal antibody 5483), IRF3
(monoclonal antibody 4302), pIRF3 (monoclonal antibody 29047), �-actin (monoclonal antibody 3700),
and tubulin (monoclonal antibody 5335) were purchased from Cell Signaling Technology. ZIKV E
antibody (product no. GTX133314) was purchased from GeneTex. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) antibody was purchased from Kangwei Biotechnology (Beijing, China). Horseradish
peroxidase-conjugated secondary antibody was used. The pictures were taken with a Bio-Rad imager
(ChemiDoc MP imaging system).

Statistical analysis. Prism software (GraphPad) was used to analyze the data. All data are shown as
mean � standard error of the mean from three repeat assays unless indicated otherwise.

Data availability. The raw sequence data reported in this article have been deposited in the Genome
Sequence Archive (68) in the Beijing Institute of Genomics Data Center, Beijing Institute of Genomics,
Chinese Academy of Sciences, under accession numbers CRA000783 and CRA000826 (publicly accessible
at http://bigd.big.ac.cn/gsa).
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