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Abstract

Zika virus (ZIKV) is a mosquito-borne flavivirus and can cause neurodevelopmental disorders
in fetus. As a neurotropic virus, ZIKV persistently infects neural tissues during pregnancy but
the viral pathogenesis remains largely unknown. ZIKV has a positive-sense and single-
stranded RNA genome, which encodes 7 non-structural (NS) proteins, participating in viral rep-
lication and dysregulation of host immunity. Like those in many other viruses, NS proteins are
considered to be products evolutionarily beneficiary to viruses and some are virulence factors.
However, we found that some NS proteins encoded by ZIKV genome appeared to function
against the viral replication. In this report we showed that exogenously expressed ZIKV NS2A
and NS4A inhibited ZIKV infection by inhibiting viral RNA replication in microglial cells and
astrocytes. To understand how viral NS proteins suppressed viral replication, we analyzed the
transcriptome of the microglial cells and astrocytes and found that expression of NS4A induced
the upregulation of ISGs, including MX1/2, OAS1/2/3, IFITM1, IFIT1, IFI6, IFI27, ISG15 or
BST2 through activating the ISGF3 signaling pathway. Upregulation of these ISGs seemed to
be related to the inhibition of ZIKV replication, since the anti-ZIKV function of NS4A was par-
tially attenuated when the cells were treated with Abrocitinib, an inhibitor of the ISGF3 signaling
pathway, or were knocked down with STAT2. Aborting the protein expression of NS4A, but not
its nucleic acid, eliminated the antiviral activity of NS4A effectively. Dynamic expression of viral
NS proteins was examined in ZIKV-infected microglial cells and astrocytes, which showed
comparatively NS4A occurred later than other NS proteins during the infection. We hypothe-
size that NS4A may possess intrinsic features to serve as a unique type of pathogen associ-
ated molecular pattern (PAMP), detectable by the cells to induce an innate immune response,
or function with other mechanisms, to restrict the viral replication to a certain level as a negative
feedback, which may help ZIKV maintain its persistent infection in fetal neural tissues.
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Author summary

The birth of microcephaly infants due to ZIKV infection in pregnant women is related to
ZIKV persistent infection. However, it is unclear how ZIKV maintains its persistent infec-
tion. In this work, we observed the delayed appearance of ZIKV NS4A protein in neuro-
glia including microglia and astrocytes compared with other non-structural proteins.
Subsequently, we revealed that ZIKV NS4A inhibited viral RNA replication by activating
the ISGF3 signaling pathway and inducing the production of ISGs. Aborting NS4A pro-
tein expression totally rescued ZIKV viral replication. Our study, combined with the pre-
vious findings, suggests that viral non-structural proteins may regulate viral replication,
thus perpetuating ZIKV infection. Our hypothesis provides a mechanism for ZIKV to
maintain its status of a persistent infection during viral infection in fetus, which can shed
lights on our further understanding of viral neuropathogenesis in ZIKV infection.

Introduction

Zika Virus (ZIKV) belongs to the genus flavivirus in the family flaviviridae, which includes
Dengue virus (DENV), Japanese encephalitis virus (JEV), and West Nile virus (WNV) [1]. The
viral genome is a single-stranded RNA of ~ 11 kb, encoding three structural proteins (capsid,
pre-membrane and envelope) and seven non-structural (NS) proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, NS5) [2]. The structural proteins are responsible for the formation of viral
particles, while the NS proteins are involved in viral replication, organization and evasion
from host immunity [3]. In general ZIKV causes asymptomatic infections [4] or mild flu-like
symptoms [5].When ZIKV infects pregnant women, the infection could lead to the birth of
microcephaly infants [6-8]. ZIKV also causes Guillain-Barré syndrome in some adults [9-11].
The mechanism of neurological disorders caused by ZIKV has been extensively investigated in
the past years.

Microglia, the resident macrophages of the central nervous system (CNS), have a perivascu-
lar localization which allows them to monitor the influx of blood-borne components into the
CNS [12]. Our and other studies show that microglia are highly susceptible to ZIKV [13]. In
vitro culture and histology of fetal brain tissues from the brain with microcephaly have shown
that ZIKV activates microglia and induces high levels of pro-inflammatory cytokines [14,15].
The inflammatory factors may be detrimental to the development of the fetal brain [16]. In
addition, microglia-like cells (p)MGLs) could invade and initiate neuronal infection when
ZIKV infected-pMGLs were co-cultured with neurospheres [17]. Because microglia originate
from primitive macrophages close to the maternal vasculature, they may act as a viral reservoir
for ZIKV and help establish an infection of the fetal brain [17].

Astrocytes, the most abundant cells of the CNS, have a number of neuroprotective func-
tions, including maintaining the integrity of the blood-brain barrier (BBB), regulating synapses
function and promoting neuronal repair [18]. Viral infection of astrocytes leads to increased
permeability of the BBB and the entry of neurotoxic substances into the brain. Therefore,
astrocytes have a critical impact on viral neuropathogenesis [18,19]. ZIKV infects astrocytes by
recognizing AXL receptors and regulates their immune response [20,21]. ZIKV can persis-
tently infect human fetal astrocytes (HFAs) at least one month, and no obvious apoptosis is
induced [22]. The above findings suggest that microglia and astrocytes may play an important
role in neurological disease induced by ZIKV, but how the virus maintain its status of persis-
tent infection in infants remains unknown.
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Progress has been made in the study on ZIKV NS proteins in viral pathogenesis. ZIKV
NS1, NS3, NS4B and NS5 all inhibit the interferon signaling pathway [23-26] and NS2B-NS3
impedes JAK-STAT signaling pathway [23]. NS2A and NS4A may play a role in ZIKV-
induced neurological disorders. ZIKV NS2A attenuates the proliferation of radial glial cells
and causes defects of adherent junction proteins in human forebrain organoids [27]. Co-
expression of NS4A and NS4B in fetal neural stem cells inhibits Akt-mTOR signaling pathway,
which is one of the key cellular pathways essential for brain development and autophagy regu-
lation by promoting autophagy and inhibiting neurogenesis in human fetal neural stem cells
[28]. NS4A may also inhibit brain development through inhibiting the function of Ankle2,
whose mutations cause an autosomal recessive microcephaly in humans [29]. However, stud-
ies on ZIKV NS proteins are mostly in non-neural cells.

In this study, we confirmed that ZIKV could infect human microglial cells and astrocytes
by examining the replication of viral genome and the expression of viral proteins. We observed
a late appearance of NS4A during viral infection in human microglia and astrocytes and won-
dered whether this delayed appearance of NS4A had a unique role in viral neuropathogenesis.
To our surprise, expression of NS4A exhibited an activity against ZIKV replication, which
prompted us to analyze the underlying mechanism and possible ramification of this intrinsic
“viral protein against itself” feature. We propose that ZIKV utilizes its NS4A to suppress its
replication via a unique mechanism, so that viral persistent infection could be maintained and
ZIKV stay in fetal neural tissues for extended presence.

Materials and methods
Cells and viruses

HMCS3 cells were maintained in Minimum Essential Medium (MEM) (Gibco, ThermoFisher)
supplemented with 10% fetal bovine serum (FBS, Gibco) at 37°C in 5% CO,. U251, Hela,
HEK?293, Vero and BHK21 cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) (Gibco, ThermoFisher) with 10% FBS. ZIKV strain SZ01/2016 (GenBank number:
KU866423) was isolated from a patient who returned from Samoa [30]. ZIKV strains MR766
(#VR1838) were obtained from ATCC. SFTSV (JS-2010-14 strain) was isolated from periph-
eral blood samples of a patient by Jiangsu Provincial Centers for Disease Control and Preven-
tion [31]. EV-A71 (Fuyang strain) was kindly provided by Dr. Wu Bin at Jiangsu Provincial
Centers for Disease Control and Prevention [32]. All viruses were propagated in Vero cells
and the virus stock titers were determined by a plaque formation unit (PFU) assay.

Construction of cell lines

To construct microglial and astrocytes cells expressing ZIKV NS proteins, the cDNA of NSI,
NS2A, NS2B, NS3, NS4A and NS4B were amplified from ZIKV SZ01/2016 and cloned into
pLVML-3xHA-MCS-IRES-Puro (MiaoLing Plasmid Sharing Platform, China) or pRK5-HA
vector. The empty vector pPLVML-3xHA-MCS-IRES-Puro or pLVML-3xHA-MCS-IRE-
S-Puro-NS, psPAX2 and PMD-2.G were co-transfected into HEK293 cells in a 1:1:1 ratio by
Vigofect (Vigorous Biotechnology, Beijing, China) and the lentiviruses in culture supernatant
were collected at 48 h post transfection. Microglial and astrocytes, HMC3 and U251 cells,
respectively, were infected by the lentiviruses and the infected cells were screened with 2 or

8 ug/ml puromycin (Selleck, Shanghai, China) for 48 h post infection (p.i.). Two weeks later,
HMC3 and U251 cells stably expressing ZIKV NS proteins were validated by immunofluores-
cence assay (IFA) and western blot analysis (WB). Cell lines, which were generated using lenti-
viruses with empty vector, served as a control for cells expressing NS proteins. We uniformly
labeled these cells as “Vector” in all figures.
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To obtain cell lines expressing NS4A-X, nucleotides TAA were inserted before the start
codon ATG of NS4A sequence on the pLVML-3xHA-MCS-IRES-Puro-NS4A plasmid, allow-
ing the retention of the NS4A nucleic acid and the termination of protein expression
(NS4A-X). Subsequently, cell lines stably expressing NS4A-X were obtained according to the
method described above.

To achieve U251 cells knocking down STAT?2, p-GIPZ-shSTAT2 and p-GIPZ were pur-
chased from Shanghai Jiao Tong University. Subsequently, together with psPAX2 and PMD-2.
G, lentiviruses were constructed and used to infect U251 cells with or without NS4A expres-
sion. The lentiviruses packaged by empty plasmid p-GIPZ were set as the negative control for
knockdown of STAT2.

Immunofluorescence assay (IFA)

To verify whether HMC3 and U251 cells stably expressed ZIKV NS protein, cells were seeded
on sterile coverslips in 24-well plates at 1x10° per well. 24 h later, cells were fixed with 4% para-
formaldehyde (Sigma-Aldrich, St Louis, MO) for 15 min, then perforated by 0.1% Triton X-
100 for 15 min, blocked by 3% BSA for 30 min. Then the cells were incubated with anti-HA
rabbit antibodies (1:500, CST, USA) for 1 h at room temperature. After three PBS washes, the
cells were incubated with AlexaFluor 488-labelled donkey anti-rabbit IgG (1:1,000, Thermo-
Fisher Scientific, Wilmington, DE, USA) for 1 h at room temperature. Following five washes
by PBS, the coverslips were sealed with Prolong Gold Antifade reagent with DAPI (Thermo-
Fisher Scientific, Wilmington, DE, USA) and observed under the Olympus FLUOVIEW
FV3000 confocal microscope. To detect the expression of viral dSRNA in HMC3 cells express-
ing NS2A or NS4A, the HMCS3 cells were infected by 0.1MOI of ZIKV SZ01/2016 for 24 or 48
h. The J2 mouse monoclonal anti-dsRNA antibody (1:1000, SCICONS, Sizlaku, Hungary) was
used as a primary antibody and Alexa Fluor 488-labelled donkey anti-mouse IgG (1:1000,
ThermoFisher Scientific, Wilmington, DE, USA) was used as a secondary antibody.

Western blot analysis

To test the expression of viral proteins in HMC3 or U251 cells, cells were lysed at various time
points after ZIKV infection using cell lysis buffer for Western and IP (Beyotime Biotechnology,
Shanghai, China) with protease inhibitors (1:100, ThermoFisher Scientific, Wilmington, DE,
USA). The polyclonal anti-ZIKV E rabbit antibodies (1:1000, biodragon-immunotech, Beijing,
China), anti-ZIKV NS2B, NS3, NS4A, or NS5 rabbit antibodies (1:1000, GeneTex, CA, USA),
or the monoclonal anti-GAPDH antibodies (1:1000, Proteintech, Wuhan, China) were used as
the primary antibodies. The horseradish peroxidase (HRP)-conjugated antibodies (1:3000)
against mouse IgG or rabbit IgG obtained from Proteintech (Wuhan, China) were used as the
secondary antibodies. To verify whether the expression of NS2A and NS4A activates the
ISGF3 signaling pathway, HMC3 cells expressing NS2A or NS4A were collected for detection
of STAT1, phospho-STAT1 (Tyr701), STAT2, phospho-STAT2 (Tyr690) and IRF9. Antibod-
ies for the above proteins were purchased from ABclonal (Wuhan, China).

Flow cytometry

To examine the response of HMC3 or U251 cells stably expressing ZIKV NS proteins to ZIKV
infection, the above cells were infected with 0.1 MOI of ZIKV SZ01/2016. 72 or 48 h p.i. later,
the cells were prepared according to the instructions of the apoptosis kit (US Everbright,
Suzhou, China) as follows. Briefly, the cells were washed with PBS, then digested with 0.25%
EDTA-free trypsin. After 2 washes with PBS, the cells were suspended with 100 pl binding
buffer with 5 pl Annexin V and 5 pl propidium iodide (PI). After 15 min incubation at room
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temperature, 400 pl binding buffer was added to each sample. Finally the cells were filtered
through 200 mesh gauze and immediately analyzed on a BD FACS Calibur. The collected data
were further analyzed by FlowJo V10.

Viral plaque formation unit assay

BHK21 cells were seeded on a 12-well plate at 5x10° per well the day before infection. Ten-fold
serially diluted viruses were inoculated to BHK21 cells in triplicates. After 2 h of infection, the
virus inoculum was discarded and replaced by DMEM containing 2% FBS in 1% low melting
point agarose. After the agarose was solidified at room temperature, the plates were transferred
to an incubator. 4-5 days later, when viral plaques were visible, the cells were stained with crys-
talline violet dye in 4% paraformaldehyde (PFA) for 4 h at room temperature. The plates were
washed and viral plaques were counted.

Quantitative real time polymerase chain reaction (QRT-PCR)

To quantify viral RNA copies in cell culture medium after virus infection in HMC3 cells
expressing NS2A or NS4A, the culture medium was collected at 24, 48, 72 and 96 h p.i. Viral
RNA was extracted using the TITANamp Virus RNA Kit (Tiangen biotech, Beijing, China), and
viral RNA copies were quantified by One Step PrimeScript RT-PCR Kit (Takara Bio, Shiga,
Japan) with the QuantStudio 5 PCR instrument (ABI). The following primers were used:
ZIKV-E-F-Taq (5- GGTCAGCGTCCTCTCTAATAAACG -3°), ZIKV-E-R-Taq(5- GCACC
CTAGTGTCCACTTTTTCC-3’), Probe (5°-6-FAM-AGCCATGACCGACACCACACCGT
-BHQ1-3’). Standard curves were prepared using a plasmid encoding ZIKV E gene.

To determine the expression of viral genes in cells after viral infection or the expression of
NS4A-induced ISGs, total RNA was isolated from the cells using RNAiso Plus reagent (Takara
Bio) and reversed by HiScript III RT SuperMix for synthesis of cONA and qPCR analysis
(+gDNA wiper) (Vazyme Biotech, Nanjing, China). Then gene expressions were quantified by
TB Green Premix Ex Taq II (Tli RNaseH Plus) (Takara Bio) with the QuantStudio 5 or ABI
Viia 7 PCR instrument. The primers are listed in Table 1.

ZIKV attachment, entry, and replicon assay

ZIKV attachment and entry experiments were performed as previously described [33]. For the
viral attachment assay, HMC3 cells expressing NS2A or NS4A were seeded in 6-well plates at
1x10° cells per well. 24 h later, the cells were infected with ZIKV SZ01/2016 (MOI = 2) and
incubated at 4°C for 1 h. The unbound viruses were removed and the cells were washed twice
with PBS, followed by preparation of total RNA from the cells for measuring viral RNA copies
by qRT-PCR. For the entry assay, after the incubation of the cells and virus at 4°C for 1 h, the
cells were washed twice with PBS, and subsequently treated with pre-warmed MEM for 10
min at 37°C. After 3 time washes with PBS, the cells were treated with 0.25% trypsin. After
another 3 time washes with PBS, the cells were collected for preparing total RNA and measur-
ing viral RNA copies by qRT-PCR.

The replicon assay was referred to previous reports [34,35] with modifications. ZIKV repli-
cons carrying genes encoding three structural proteins and seven NS proteins were gifted by
Long Gang at Institut Pasteur of Shanghai, Chinese Academy of Sciences. Firstly, the plasmids
with ZIKV replicon were linearized by Mlul enzyme (NEB, USA). After phenol/chloroform
extraction, the linearized plasmids were transcribed into infectious viral RNA in vitro accord-
ing to the instructions of mMMESSAGE mMACHINE T7 Transcription Kit (Thermo Fisher Sci-
entific). Subsequently, 5x10° HMC3 cells expressing NS2A or NS4A were resuspended in
400 pl electrotransfer solution cytomix buffer. The mixtures of cells and 5 pg Zika RNA were
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Table 1. Sequences of primers for qRT-PCR used in the study.

Primer name

Sequence (5’ to 3°)

H-MX1-F CACCAGCGACAAGCGGAAGTT
H-MX1-R AGTCGTCAGTCCAGTGGCTACC
H-MX2-F GAACAATCAGCCACCACCAGGA
H-MX2-R TTCAGCACCAGCGGACACCT
H-OASI-F GCAGACGATGAGACCGACGAT
H-OASI-R GCACTGGCATTCAGAGGATGGT
H-OAS2-F TGCTCTCGGTGCTTCCAACTCA
H-OAS2-R TGGCTGCTGGCATAGAGGATGT
H-OAS3-F ATGCCGACCTCGTGGTGTTC
H-OAS3-R AACTGCCGCTCCTGTTGACAT
H-IFITM1-F TCCTTCCAAGGTCCACCGTGAT
H-IFITM1-R CGTCGCCAACCATCTTCCTGTC
H-IFIT1-F GCGCTGGGTATGCGATCTCT
H-IFIT1-R AAGCGGACAGCCTGCCTTAG
H-IFI6-F GCTGGTCTGCGATCCTGAATGG
H-IFI6-R GCTGCTGGCTACTCCTCATCCT
H-IFI27-F AATCGCCTCGTCCTCCATAGCA
H-IFI27-R CCTCGCAATGACAGCCGCAAT
H-BST2-F GCAGAGGTGGAGCGACTGAGAA
H-BST2-R AGCAGGACGGACCTTCCAAGAT
H-XAF1-F GCCTACTTGCTGTGGTGGTCTT
H-XAF1-R ATGTTCCTTCGACGCCTGGTT
H-ISG15-F TGCTGGTGGTGGACAAATGCG
H-ISG15-R CCCCTCGAAGGTCAGCCAGA
H-USP18-F CCATCGTGCCTGGCTCACAT
H-USP18-R AACCAACCAGGCCATGAGGG
ZIKV-E-F GGGTTGATGTTGTCTTGGAACAT
ZIKV-E-R AGGCTTCACCTTGTGTTGGG
ZIKV-NS3-F TGCCATGCCACCTTCACTTCAC
ZIKV-NS3-R CCTCGCCCATCTCAACCCTTGT
ZIKV-NS4A-F ACAAGGGCATAGGGAAGATGGG
ZIKV-NS4A-R AGCACCACCAGCAATAGGAACA
SFTSV-F GCAAGATGACCAACACAGTATGGTT
SFTSV-R CCACTAGGCCACCTAAGAGCA
EV-A71-F CGCCCAAGGTTGTGACACGATT
EV-A71-R ACTATGCCGACGACGCCATGTT
HA-NS4A-F TTATGATGTCCCAGACTACGCA
HA-NS4A-R ATTCCCAGCGAGACTGTTCC
H-B-actin-F AAGGAGAAGCTGTGCTACGTCGC
H-B-actin-R AGACAGCACTGTGTTGGCGTACA

https://doi.org/10.1371/journal.pntd.0010366.t001

transferred to sterile electroporation cuvette (4 mm, BioRad, USA). After electroporation the
cells every 3 s at 450V, 25 uF, total 3 times, by Gene Pulser Xcell Electroporation System
(BioRad, USA), the cells were transferred to 3.5 ml MEM containing 2% FBS immediately, and
seeded in 6 cm dishes for culture at 37°C, 5% CO,. Finally, the cells were collected at 48 and 96
h for measuring viral RNA copies by qRT-PCR or at 24, 48, 72 and 96 h for determining the
expression of NS2B by western blot assay.
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RNA-Sequencing (RNA-Seq)

The HMCS3 cells expressing NS2A or NS4A were plated on 10 cm culture plates and infected
with 0.1 MOI of ZIKV/SZ01. Total RNA was prepared from the cells using RN Aiso Plus
reagent (Takara Bio) at 24 h p.i. and sent to Gene Donovo (Guangzhou, China) for RNA-Seq.

Statistical analysis

Statistical analyses were performed by SPSS 13.0. The differences between groups of ZIKV NS
proteins and controls were evaluated by two-tailed Student’s t test and the p-value of each test
was chosen according to the result of Levene’s Test for Equality of Variances. *, P < 0.05; **,
P < 0.01; ***, P < 0.001.

Results

NS4A protein occurred later than NS2B, NS3 and NS5 during ZIKV
infection

ZIKV could infect human microglial and astrocytic cells and induce cytopathic effect and cell
death (S1 Fig). We examined the replication of ZIKV RNA and the expression of viral proteins.
ZIKV RNA replication was shown in Fig 1A (HMC3) and Fig 1B (U251) as we measured the
relative viral RNA copies of genes encoding structural (E) or NS proteins (NS3 and NS4A).
The RNA amplification trends of the three viral proteins were consistent, with a rapid increase
before 18 h p.i. and a plateau after 30 h p.i. However, the protein expression of NS4A occurred
later than other NS proteins in HMC3 and U251 cells. As shown in Fig 1C, 1D and 1F-1G,
NS2B, NS3 and NS5 were highly expressed at 18, 30 or 42 h p.i, and NS4A was highly expressed
at 30, 42 and 54 h p.i. It seems that the appearance of NS4A is delayed compared with other
NS proteins. To test whether the delayed appearance was also present in non-neuronal cells,
we examined the expression of ZIKV NS proteins in Vero cells. As shown in Fig 1E and 1H,
NS4A also occurred later than NS2B, NS3 and NS5 in Vero cells.

NS2A and NS4A were reversely associated with cell death induced by ZIKV
infection

To investigate the effect of ZIKV NS proteins on viral infection, we constructed HMC3 and U251
cell lines stably expressing ZIKV NS proteins. As shown in S2 and S3 Figs, HMC3 and U251 cells
stably expressed ZIKV NS1, NS2A, NS2B, NS3, NS4A, or NS4B. Since NS5 expression inhibits
glial cells growth [36], we failed to construct glial cells stably expressing NS5. HMC3 or U251 cells
stably expressing ZIKV NS proteins were infected by 0.1 MOI of ZIKV for 72 or 48 h. The cell
morphology changes were observed under a microscope and the cell death was detected by flow
cytometry analysis after Annexin V/PI staining. As shown in Figs 2A and 54, the expression of
ZIKV NS proteins significantly inhibited the number of Annexin V- positive HMC3 cells after
viral infection. The expression of NS2A, NS2B, NS3, and NS4A significantly reduced the number
of PI- positive U251 cells after viral infection (Figs 2B and S4). However, the morphology of
HMC3 (Fig 2C) or U251 (Fig 2D) cells expressing NS1, NS2B, NS3, or NS4B was similar to the
control cells after infection, and the cells were shrunk and suspended; the morphology of the
infected cells expressing NS2A or NS4A remained as healthy as the control cells without infection.
There were lower Annexin V or PI positive rates in cells expressing NS2A or NS4A than that of
cells expressing other NS proteins, with 4.76% or 7.67% Annexin V- positive rates in HMC3 cells
(Fig 2A) and 15.3% or 4.11% PI- positive rates in U251 cells (Fig 2B), respectively. NS2A and
NS4A may be able to inhibit viral infection more effectively than other NS proteins, thus reducing
cell death, which is what we intended to investigate.
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Fig 1. NS4A protein occurred later than NS2B, NS3 and NS5 during ZIKV infection. (a-b) Replication of ZIKV genome in microglial cells
(HMC3) and astrocytic cells (U251). (c-e) Expression of ZIKV proteins in HMC3, U251 and Vero cells. (f-h) Gray scale analysis of Fig 1C (f), Fig
1D (g) and Fig 1E (h). After ZIKV/SZ01 (0.1 MOI) infection of HMC3, U251 or Vero cells for 0, 6, 18, 30, 42, and 54 h, the viral RNA or viral
proteins in cell lysates was determined by qRT-PCR or western blot analysis. Data are means + SEM of triplicate experiments. E, envelope
protein; NS2B, non-structural 2B protein; NS3, non-structural 3 protein; NS4A, non-structural 4A protein; NS5, non-structural 5 protein.

https://doi.org/10.1371/journal.pntd.0010366.9001

NS2A and NS4A inhibited ZIKV infection

To investigate the effect of NS protein expression on ZIKV infection, HMC3 cells expressing
NS proteins were infected by 0.1 MOI of ZIKV, and the viral titers in the culture supernatants
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control and NS proteins were evaluated by two-tailed Student’s t test. Data are means + SEM of triplicate experiments; *, P< 0.05; **,
P< 0.01;***, p < 0.001.

https://doi.org/10.1371/journal.pntd.0010366.g002

were measured by a plaque formation unit (PFU) assay. As shown in Fig 3A and 3B, the infec-
tious viral particles in cells expressing NS2A or NS4A were significantly less than that in the
control cells without NS. ZIKV E protein levels in HMC3 cells expressing NS2A or NS4A were
markedly lower than that in the cells expressing other NS proteins after ZIKV infection (Fig
3C). To further verify the inhibition of ZIKV replication by NS2A and NS4A, the culture
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Fig 3. NS2A and NS4A inhibited ZIKV infection. (a-b & e) NS2A and NS4A reduced the production of infectious viral particles in HMC3 or U251
cells (48 h p.i.). (c) NS2A and NS4A inhibited the expression of ZIKV E protein in HMC3 cells. (d) NS2A and NS4A inhibited viral RNA replication
in HMC3 cells. (f) NS2A and NS4A inhibited the replication of viral genome in U251 cells. HMC3 or U251 cells (expressing ZIKV NS1, NS2A, NS2B,
NS3, NS4A, or NS4B) were infected by 0.1 MOI of ZIKV/SZ01 for 48 or 72 h. ZIKV titers in the culture supernatants were determined by viral plaque
formation unit assay (Fig 3A, 3B and 3E) and the expression of ZIKV envelope (E) at 48 h p.i. (Fig 3C) was examined by western blot analysis. Fig 3B
was the quantitative analysis of results shown in Fig 3A. ZIKV E was stained by an anti-E rabbit antibody. HMC3 or U251 cells (expressing ZIKV
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*, P<0.05; ", P< 0.01; ***, p < 0.001.
https://doi.org/10.1371/journal.pntd.0010366.9003
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medium of ZIKV infected cells were collected at 24, 48, 72 and 96 h p.i. for measuring viral
RNA copy numbers by qRT-PCR. We found that the viral RNA copies in cells expressing
NS2A or NS4A were much less than those in cells without NS proteins (Fig 3D). In agreement
with results from HMCS3 cells, NS2A and NS4A expression in U251 cells also effectively inhib-
ited the infection of ZIKV (Fig 3E and 3F).

NS2A and NS4A mainly inhibited ZIKV RNA replication

To examine which step of viral life cycle was targeted by NS2A and NS4A, HMCS3 cells express-
ing NS2A or NS4A were infected with ZIKV at 4°C for 1 h, followed by washing the cells to
remove unbinding viruses. Total RNA was prepared from the cells to determine the viral
attachment by qRT-PCR. The results showed that NS4A expression inhibited 28.9% of ZIKV
attachment to HMC3 cells but NS2A expression had no such effect (Fig 4A). Subsequently, we
detected the impact of NS2A and NS4A on ZIKV entry. As shown in Fig 4B, both NS2A and
NS4A exhibited significant inhibitory effect on viral entry compared to the control, with the
inhibition rates of 33.8% and 35.1%, respectively. At the same time, viral dSRNA was detected
at 24 and 48 h p.i. As shown in Figs 4C, 4F and S5, NS2A and NS4A significantly inhibited the
production of viral dsSRNA. To characterize the effect of NS2A and NS4A on viral RNA repli-
cation, plasmids carrying cDNA of ZIKV full genome were transcribed into RNA in vitro and
then the infectious RNA was electrotransfected into HMC3 cells expressing NS2A or NS4A.
Total RNA were prepared from the transfected cells for viral RNA detection and cell lysates
were collected to determine the expression of NS2B. NS2B is part of the replication complex
and is responsible for grouping together the other components of the replication complex
[37,38]. As shown in Fig 4D, NS2A and NS4A expression significantly suppressed viral RNA
replication, with 177 or 795-fold lower viral copies than controls at 48 or 96 h post transfec-
tion, respectively. The expression of NS2B protein was markedly lower in the cells expressing
NS2A or NS4A than that in the controls (Fig 4E). These results indicate that NS2A and NS4A
mainly inhibited ZIKV RNA replication.

NS2A and NS4A broadly inhibited viral infection

The above results showed NS2A and NS4A from ZIKV/SZ01 inhibited ZIKV/SZ01 infection.
Here, we detected whether NS2A and NS4A inhibited the infection of ZIKV/MR766, SFTSV
and EV-A71. As shown in Fig 5A and 5B and Fig 5E and 5F, expression of NS2A and NS4A
could inhibit the infection of ZIKV/MR766 as effectively as did of ZIKV/SZ01. We tried two
other viruses, one from bunyaviridae, SFTSV, and another from piconaviridae, EV-A71, to see
if NS2A and NS4A could have any impact on them from different families. As shown in Fig
5C, 5G and 5H, replications of SFTSV and EV-A71 were also inhibited to some extents. HeLa
and HEK293 cells were also tested by transfection with plasmids expressing NS2A or NS4A.
As shown in Fig 5I-5L and Fig 5D, transient expression of NS2A and NS4A also could effec-
tively inhibit the replication of ZIKV/SZ01, ZIKV/MR766, SFTSV and EV-A71 in HeLa or
HEK?293 cells. The above results suggested that NS2A and NS4A not only affected the process
of ZIKV infection, but also might activate some host broad spectrum of antiviral responses.

NS4A enhanced ISGs expression by activating ISGF3 pathway in HMC3 cells

We next explore the antiviral mechanism of NS4A against ZIKV infection. HMC3 cells
expressing NS4A were infected with ZIKV/SZ01 for transcriptome analysis and the differen-
tially expressed genes in NS4A-expressing cells were determined by RNA-Seq. As shown in
Fig 6A, there were more than 800 genes, which were differentially expressed between ZIKV-
non-infected and infected cells (Vec-M-vs-Vec-S). Of these, 532 genes were consistent with
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expressing NS2A or NS4A were incubated with 2 MOI of ZIKV at 4°C for 1 h, followed by washes extensively with PBS. Viral
attachment was assessed by qRT-PCR. (b) Inhibition of ZIKV entry into cells by NS2A and NS4A. HMC3 cells expressing NS2A or
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50 um. Four fields of each group were randomly selected for statistical analysis by Image J (Fig 4C). (d) Inhibition of ZIKV RNA
replication by NS2A and NS4A. (e) Inhibition of ZIKV NS2B expression by NS2A and NS4A. HMCS3 cells expressing NS2A or NS4A
were transfected with RNA from ZIKV replicons. At 48 or 96 h post transfection, total RNA was prepared from the cells and ZIKV RNA
copies were measured by qRT-PCR (Fig 4D). Lysates were collected to determine the expression of NS2B by western blot assay at 24, 48,
72 or 96 h.p.i. (Fig 4E). The differences between groups of controls and NS proteins were evaluated by two-tailed Student’s t test. Data
are means + SEM of at least triplicate experiments; **, P< 0.01; ***, p < 0.001.

https://doi.org/10.1371/journal.pntd.0010366.9g004

the differentially expressed genes between the infected cells expressing or non- expressing
NS4A (Vec-S-vs-NS4A-S). In contrast, there were just 12 differentially expressed genes
between NS4A-expressing cells infected with or without ZIKV (NS4A-M-vs-NS4A-S), which
substantiated NS4A could inhibit the replication of ZIKV in HMC3 cells. Meanwhile, there
were about 70 differentially expressed genes between the cells with or without expression of
NS4A (Fig 6A). Thirteen IFN-stimulated genes (ISGs), including Mx1/2, Oas1/2/3, Ifitm1,
Ifitl, Ifi6, Ifi27, Xafl, Bst2, Isgl5, and Usp18, were up-regulated by NS4A expression (Fig 6B
and 6C), which may be due to the activation of IFN-stimulated gene factor 3 (ISGF3) signaling
pathway (Fig 6D). To verify the activation of ISGF3 signaling pathway, the expression levels of
phosphorylated STATI\STAT2 and IRF9 in HMC3 cells were analyzed by western blot assay.
As shown in Fig 6E, phosphorylated STATI\STAT?2 and IRF9 increased in NS4A-expressing
cells in comparison with the cells without NS4A. Taken together, these results indicated that
NS4A induced the expression of ISGs through activating the ISGF3 signaling pathway.

The ISGF3 signaling pathway was partially responsible for the antiviral
effect of NS4A

To examine the role of ISGF3 signaling pathway in the antiviral effect of NS4A, Abrocitinib
(JAK1 inhibitor, also inhibition of STAT1 phosphorylation) [39,40] was used to pre-treat the
cells for inhibiting the ISGF3 signaling pathway. As shown in Fig 7A Abrocitinib inhibited the
phosphorylation of STAT1 and the expression of STAT1 and IRF9 effectively. In the cells with-
out NS4A expression, ZIKV E protein obviously increased with the dose of Abrocitinib (Fig
7A). ZIKV E protein in the cells expressing NS4A was not detected in the presence of Abrociti-
nib, indicating that the expression of ZIKV E remains low. Though the viral copies in the cul-
ture supernatants of the cells expressing NS4A significantly increased with the dose of
Abrocitinib, they were about 100 fold lower than that of cells without NS4A expression. (Fig
7B). We knocked down STAT2 with specific shRNA in U251 cells expressing NS4A to exam-
ine whether STAT2 was also involved in the antiviral activity of NS4A. As shown in Fig 7C,
knockdown of STAT2 resulted in decreased expression of STAT2 and p-STAT?2, but no visible
increase of the ZIKV E protein expression. Although E RNA replication was significantly
enhanced in the cells expressing NS4A and shSTAT2 compared to control at 48 h p.i., it was
145-fold lower than that in the cells without NS4A expression (Fig 7D). These results suggested
that STAT1 and STAT2 may be less associated with the antiviral activity of NS4A.

In addition, we observed that NS4A in U251 (Fig 8A) or HeLa (Fig 8B) cells significantly
induced the expression of Ifi27 and Bst2 or Mx1 and Isgl5, a different pattern from observed
in HMC3 cells, probably suggesting that NS4A up-regulated some ISGs in a cell type-depen-
dent manner. According to the above, the activation of ISGF3 signaling pathway may play a
partially role in the antiviral effect of NS4A.

Aborting NS4A protein expression rescued ZIKV RNA replication and
protein expression

To further explore the inhibitory effect of NS4A on ZIKV replication, we generated the cell
lines expressing mutant NS4A (NS4A-X) by transfecting HMC3 or U251 cells with plasmids
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Fig 5. NS2A and NS4A broadly inhibited viral infection. (a-c & e-h) The antiviral activity of NS2A and NS4A in HMC3 or U251 cells. HMC3 or U251
cells expressing NS2A or NS4A were infected by 0.1 MOI of ZIKV/SZ01, ZIKV/MR766, SFTSV or EV-A71 for 24 and 48 h. Viral RNA copies in infected
cells were determined by qRT-PCR. (d & i-1) Antiviral activity of NS2A and NS4A in HEK293 or HeLa cells. HEK293 or HeLa cells were transfected with
plasmids expressing NS2A or NS4A for 24 h, followed by infection with ZIKV/SZ01, ZIKV/MR766, SETSV or EV-A71 for 24 (Fig 5D) or 48 h. Viral RNA
copies in infected cells were determined by qRT-PCR. The differences between groups of control and NS2A or NS4A were evaluated by two-tailed Student’s
t test. Data are means + SEM of triplicate experiments; *, P < 0.05; **, P< 0.01; ***, p < 0.001.

https://doi.org/10.1371/journal.pntd.0010366.9005

expressing HA-NS4A, which has a stop codon introduced to abort the translation of NS4A.
We specifically detected HA-NS4A RNA replication by designing the upstream primers in the
HA sequence and the downstream primers in the NS4A sequence. As shown in Fig 9, even
though the NS4A RNA was transcribed, NS4A protein was absent due to the termination of its
translation in the transfected cells. In the absence of NS4A protein, ZIKV E RNA replication
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Fig 6. NS4A enhanced ISGs expression by activating ISGF3 pathway in HMC3 cells. (a) Venn Diagram of differentially expressed genes. After HMC3
cells with or without NS4A expression were infected with 0.1 MOI of ZIKV/SZ01 for 24 h, total RNA from the mock and virus infected cells were
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collected for RNA-Seq, followed by analyses of the differentially expressed genes. Vec-M or Vec-S, mock or ZIKV/SZ01 infected- HMC3 cells without
NS4A expression; NS4A-M or NS4A-S, mock or ZIKV/SZ01 infected-group of HMC3 cells with NS4A expression. (b) Expression of ISGs in HMC3 cells
expressing NS4A determined by RNA-Seq. (c) Expression of ISGs in HMC3 cells expressing NS4A verified by qRT-PCR. The differences between groups
of control and NS4A were evaluated by two-tailed Student’s t test. Data are means + SEM of triplicate experiments; *, P < 0.05; **, P< 0.01; ***,

p < 0.001. (d) The top 20 enriched pathways of Vec-M vs NS4A-M. The pathway enrichment analysis was used to group the differentially expressed
genes in HMC3 cells expressing NS4A and vector. (e) Detection of STATI, p-STAT1 (Tyr701), STAT2, p-STAT2 (Tyr690) and IRF9 protein expression
in the ISGF3 signaling pathway in HMC3 cells expressing NS4A by western blot analyses.

https://doi.org/10.1371/journal.pntd.0010366.9006

(Fig 9A and 9C) and protein expression (Fig 9B and 9D) were almost all reverted to the level of
the controls in HMC3 cells, or even higher in U251 cells. The above results suggest that the
expression of NS4A protein plays a major role in the inhibition of viral infection.

Discussion

In this report, we observed a delayed appearance of ZIKV NS4A in human microglial cells and
astrocytes (Fig 1). We constructed HMC3 and U251 cell lines stably expressing ZIKV NS pro-
teins (NS1, NS2A, NS2B, NS3, NS4A, or NS4B) (S1 and S2 Figs), and analyzed the effect of NS
proteins on ZIKV infection. The results showed that expression of ZIKV NS2A and NS4A acti-
vated the IFN response signaling or other unknown mechanism, which inhibited ZIKV infec-
tion through suppressing ZIKV RNA replication in HMC3 and U251 cells (Figs 2-4). We did
not pursue the detection of the NS2A expression due to lack of antibodies for ZIKV NS2A.

ZIKV proteins are produced from one open reading frame into a polyprotein that is subse-
quently cleaved into different proteins. It is interesting how NS4A is delayed in appearance
compared to other NS proteins. Even though the difference could come from various sensitivi-
ties of antibodies, we consider that the later appearance of NS4A may be due to other reasons.
One would be the half-life of NS4A, which could be shorter than other NS proteins possibly
due to its post-translational modifications and proteolytic processes present in the infected
cells. The half-lives of NS3, NS4A, and NS5A of hepatitis C virus (HCV) were 12, 11, and 10 h,
respectively, when detected by kinetic analysis in human cell lines expressing HCV open read-
ing frame[41]. We have collected a set of preliminary data for detecting the expression of NS
proteins by a parallel reaction monitoring (PRM) mass spectrometry assay. In the PRM pre-
experiment with cell lysates prepared from the mixed infected cells at 24, 36, 48 h p.i., NS1,
NS2A, NS2B, NS3, NS4B and NS5 were all detected, but NS4A was not (S1 Table). The low
expression of NS4A could be that NS4A is prone to be degraded in the cells infected with
ZIKV at certain stage of infection. ER membrane protein complex (EMC) is essential for the
correct topology and stable expression of flavivirus polyproteins [42], especially multi-pass
transmembrane proteins, such as NS4A. Absence of the EMC leads to degradation of NS4A
[43]. Ancient ubiquitous protein 1 (AUP1), a type-III membrane protein with dual localization
signals for lipid droplets (LDs) and ER, carries NS4A from lipid droplets into the autophago-
some upon DENV infection [44]. Therefore, different expression trend of NS4A from other
NS proteins may be related to the post-translational modifications and proteolytic processes in
cells.

During infection, ZIKV persists in the male reproductive system for as long as six months
[45] likely resulting in damages of testicles and fertility [46,47]. ZIKV can also persist in whole
blood for up to 73.5 days and in blood cells for up to 95.4 days [48]. The establishment of
ZIKV persistent infection in monocytes enhances their adhesion and transmigration [49].
ZIKV persistent infection in the placenta and brain may be related to infant microcephaly
[14,50]. And glial cells, including microglia and astrocytes, may serve as viral reservoirs for
ZIKV [17,22]. We hypothesize that ZIKV may reduce its replication to a level for persistent
infection and our finding in this study suggest that NS4A and NS2A may somehow activate
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Fig 7. The ISGF3 signaling pathway was partially responsible for the antiviral effect of NS4A. (a) Effect of Abrocitinib on the
expression of ZIKV E protein in HMC3 cells. (b) Effect of Abrocitinib on the reproduction of ZIKV in HMC3 cells. HMC3 cells expressing
NS4A were infected with 0.1 MOI of ZIKV/SZ01, with (1 uM or 5 uM) or without the treatment of Abrocitinib. Protein expression of
STAT1, p-STATI (Tyr701), STAT2, p-STAT2 (Tyr690), IRF9 and ZIKV E was detected by western blot analyses (Fig 7A) and viral RNA
copies in the culture supernatants were determined by TagMan qRT-PCR at 48 h p.i. (c) Effect of knockdown of STAT2 on ZIKV E
protein expression in U251 cells. (d) Effect of knockdown of STAT2 on ZIKV E RNA replication in U251 cells. The STAT2 in U251 cells
with or without NS4A expression was knocked down by shSTAT2. Subsequently, the above cells and the control cells were infected with
0.1 MOI of ZIKV /SZ01. Protein expression of STAT1, p-STAT1 (Tyr701), STAT2, p-STAT2 (Tyr690), IRF9 and ZIKV E was detected by
western blot analyses (Fig 7C) and viral RNA in the cell lysates was determined by TB Green qRT-PCR (Fig 7D). The differences of ZIKV
viral RNA copies between groups of control and Abrocitinib or shSTAT2 were evaluated by two-tailed Student’s t test. Data are

means + SEM of triplicate experiments; *, P< 0.05; ***, p < 0.001.

https://doi.org/10.1371/journal.pntd.0010366.9007

the IFN response signaling or use other mechanisms to generate a negative feedback loop
which regulates viral replication and maintains a status of a persistent infection. ZIKV infec-
tion in pregnant women results in 4-6% of fetuses with microcephaly and 5-14% with congen-
ital abnormalities [51]. NS2A and NS4A may lead to self-limiting infections through activating
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Fig 8. The ISGs expression induced by NS4A in U251 or HeLa cells. (a) U251 cells with or without NS4A expression were
cultured by DMEM with 2% FBS for 24 h. Total RNA was prepared from the cells for ISG transcription by qRT-PCR. (b)
HeLa cells were transfected with plasmids expressing NS4A or empty vector for 24 h. After the cells were cultured in
DMEM with 2% FBS for 24 h, total RNA was prepared from the cells for ISG transcription by QRT-PCR. The differences
between groups of control and NS4A were evaluated by two-tailed Student’s t test. Data are means + SEM triplicate
experiments; *, P< 0.05; **, P< 0.01; ***, p < 0.001.
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antiviral mechanisms, allowing infected neural cells survive till after infants are born, which
may be beneficial for viral transmission.

Expression of NS2A and NS4A not only inhibited the infection of ZIKV/SZ01, ZIKV/
MR?766, but also suppressed SFTSV and EV-A71 replication (Fig 5), suggesting that a broad
spectrum of antiviral mechanism is involved, but the activation mechanism remains elusive.
ZIKV infection of microglia up-regulated STAT1/p-STAT1 and STAT2/p-STAT2 expression
(Fig 6). Inhibition of p-STAT1 by Abrocitinib or knockdown of STAT?2 increased viral replica-
tion (Fig 7), which is consistent with Martinez Viedma’s findings [13]-ZIKV infection upregu-
lated the expression of STAT2 in microglia cells, and knockdown of STAT?2 elevated ZIKV
replication. However, Abrocitinib or knockdown of STAT2 did not completely remove the
antiviral effect of NS4A. Aborting the expression of NS4A protein eliminated its antiviral activ-
ity effectively (Fig 9), indicating that it is the NS4A protein, not RNA, that stimulates the anti-
viral activities and affects the viral replication. Thus, NS4A may function as a unique type of
PAMP to stimulate IFN response signaling, or through other mechanisms including its impact
on viral entry. Annette von dem Bussche reported that NS2 of HCV triggered endoplasmic
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Fig 9. Aborting NS4A protein expression rescued ZIKV RNA replication and protein expression. (a & ¢) RNA replication of ZIKV E and
HA-NS4A in HMC3 (Fig 9A) or U251 (Fig 9C) cells expressing HA-NS4A or NS4A-X. (b & d) Protein expression of ZIKV E and HA-NS4A in
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ZIKV/SZ01 for 24 or 48 h. Viral RNA copies and HA-NS4A in the cell lysates were determined by TB Green qRT-PCR. Protein expression of
ZIKV E and HA- NS4A were detected by western blot analyses. NS4A-X: The cells were transfected with plasmids expressing HA-NS4A, which
has a stop codon introduced to abort the translation of NS4A. The differences between groups of control and HA- NS4A or NS4A-X were
evaluated by two-tailed Student’s t test. Data are means + SEM triplicate experiments; *, P< 0.05; **, P< 0.01; ***, p < 0.001.

https://doi.org/10.1371/journal.pntd.0010366.9009

reticulum stress and suppressed its own viral replication [52]. The expression of NS2A and
NS4A is mainly in ER [53], which is likely to activate ER stress and thus inhibit RNA transcrip-
tion and protein expression. Host factors interacting with NS2A and NS4A may also partici-
pate in the mechanism, which warrants further investigations.

Numerous studies have shown that ISGs are effective inhibitors of viral infections. In this
report we showed that NS4A significantly induced the expression of 13 ISGs, including MX1/
2, OAS1/2/3, IFITM1, IFIT1, IFI6, IF127, XAF1, BST2, ISG15, and USP18 (Fig 6B and 6C) in
microglial cells, but NS4A only up-regulated the expression of IFI27 and BST2 in U251 or
MX1 and ISG15 in HeLa cells (Fig 8). IFI27 significantly inhibited the replication of HCV
[54], while BST2 inhibited the release of DENV [55]. Both HCV and DENV are members of
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the family Flaviviridae. Knockdown of MX1 significantly inhibited anti-ZIKV activity by IFN-
A in a human trophoblast line (JEG3) [56]. Silencing of ISG15 enhanced ZIKV infectivity,
while supplementation with recombinant ISG15 inhibited ZIKV infection of primary human
corneal epithelial cells [57]. We speculate that IFI27, BST2, MX1 and ISG15 may play an
important role in the suppression of ZIKV and other viral infections rendered by NS4A.

NS4A may up-regulate ISGs in a cell type-dependent manner. Microglial cells have a
unique RNA expression profile and even are heterogeneous in different locations in the brain
[58]. ZIKV induces type I IFN in primary human placental macrophages (Hofbauer cells) [59]
and type III IFN in human placental trophoblasts [60]. OAS2, ISG15, and MX1 are expressed
in human skin cells [61], while ISG15, HERC5, and USP18 are expressed in brain microvascu-
lar endothelial cells [62]. ZIKV inhibits type-I IFN production and downstream signaling in
A549 cells [26]. It is imaginable that ZIKV infection induces different host responses in differ-
ent tissues and cells.

In conclusion, we observed that the expression of ZIKV NS2A and NS4A inhibited ZIKV
infection in microglia and astrocytes probably through activation of antiviral mechanisms for
suppression of viral RNA replication. NS4A enhanced ISGs expression by activating ISGF3
signaling pathway, and blocking the ISGF3 pathway could partially repress the antiviral activ-
ity of NS4A. Aborting the expression of NS4A protein eliminates its antiviral activity effec-
tively. NS4A protein occurred later than NS2B, NS3 and NS5 during ZIKV infection. We
hypothesize that ZIKV NS4A may regulate viral replication by inducing an innate immune
response, working as a PAMP, or functioning with other mechanisms, to help maintain a sta-
tus of viral persistent infection. Our study will be helpful in further characterizing and under-
standing viral neuropathogenesis in ZIKV infection.

Supporting information

S1 Fig. ZIKV infected and replicated in HMC3 or U251 cells. (a & d) ZIKV/SZ01 infection
of HMC3 or U251 cells was detected by IFA. ZIKV E was stained by an anti-E mouse antibody
4G?2 (green); cell nuclei were stained by 4,6-diamidino-2-phenylindole (DAPI, blue). Scale bar,
50 pm. (b) Cell death induced by ZIKV infection in HMC3 cells was analyzed by flow cytome-
try and Annexin V/PI apoptosis Kit. (c & f) ZIKV replication in HMC3 or U251 cells was
determined by a viral plaque formation unit assay. (e) Cytopathic effect was observed under a
light microscope after ZIKV infection in U251 cells. Scale bar, 50 pum.

(TIF)

S2 Fig. Generation of HMC3 cells expressing ZIKV NS proteins by a lentivirus vector. (a)
The expression of ZIKV NS proteins in HMC3 cells was analyzed by IFA. HA-tagged ZIKV
NS proteins were detected by staining with anti-HA rabbit antibodies (green); cell nuclei were
stained by DAPI (blue). Scale bar, 20 um. (b) The expression of ZIKV NS proteins in HMC3
cells was analyzed by western blot. HA-tagged ZIKV NS proteins were detected by anti-HA
rabbit antibodies. The red box indicates the targeted band.

(TIF)

S3 Fig. Generation of U251 cells expressing ZIKV NS proteins by a lentivirus vector. (a)
The expression of ZIKV NS proteins in U251 cells was analyzed by IFA. HA-tagged ZIKV NS
proteins were detected by anti-HA rabbit antibodies (green); Cell nuclei were stained by DAPI
(blue). Scale bar, 20 um. (b) The expression of ZIKV NS proteins in U251 cells was analyzed
by western blot. HA-tagged ZIKV NS proteins were detected by anti-HA rabbit antibodies.
The red box indicates the targeted band.

(TTF)
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S4 Fig. NS2A and NS4A protected HMC3 and U251 cells against ZIKV infection. (a-b)
HMC3 or U251 cell death was determined by flow cytometry and Annexin V/PI apoptosis kit
at 48 (U251) or 72 h (HMC3) post ZIKV/SZ01 (0.1 MOI) infection.

(TIF)

S§5 Fig. Inhibition of ZIKV dsRNA production by NS2A and NS4A. DsRNA production was
analyzed by IFA in HMC3 cells infected with 0.1 MOI of ZIKV for 48 h. DsRNA was probed
by the J2 mouse monoclonal anti-dsRNA antibody (green) with cell nuclei stained by 4,6-dia-
midino-2-phenylindole (DAPI, blue). Magnification: 60X.

(TIF)

S1 Table. Skyline analysis of the data of parallel reaction monitoring (PRM) mass spec-
trometry assay for target peptides of ZIKV non-structural proteins.
(XLSX)

Author Contributions

Conceptualization: Yufeng Yu, Zheng Xing.

Data curation: Yufeng Yu, Chengfeng Gao, Chunxia Wen, Peng Zou, Xian Qi, Zheng Xing.
Formal analysis: Yufeng Yu, Chengfeng Gao, Xian Qi.

Funding acquisition: Yufeng Yu, Zheng Xing.

Investigation: Yufeng Yu, Chengfeng Gao, Chunxia Wen.

Methodology: Yufeng Yu, Chengfeng Gao, Chunxia Wen, Carol J. Cardona.

Resources: Peng Zou, Xian Qi, Zheng Xing.

Software: Yufeng Yu, Chengfeng Gao.

Supervision: Yufeng Yu, Zheng Xing.

Validation: Yufeng Yu, Chengfeng Gao, Chunxia Wen, Peng Zou, Xian Qi, Carol J. Cardona,
Zheng Xing.

Visualization: Yufeng Yu, Chengfeng Gao, Carol J. Cardona, Zheng Xing.

Writing - original draft: Yufeng Yu, Chengfeng Gao, Chunxia Wen, Peng Zou, Xian Qi,
Carol J. Cardona, Zheng Xing.

Writing - review & editing: Yufeng Yu, Carol J. Cardona, Zheng Xing.

References

1. Prasad VM, Miller AS, Klose T, Sirohi D, Buda G, Jiang W, et al. Structure of the immature Zika virus at
9 A resolution. Nature structural & molecular biology. 2017; 24:184—186. https://doi.org/10.1038/nsmb.
3352 PMID: 28067914

2. Pierson TC, Diamond MS. The emergence of Zika virus and its new clinical syndromes. Nature. 2018;
560:573-581. https://doi.org/10.1038/s41586-018-0446-y PMID: 30158602

3. Zhang X, Xie X, Zou J, Xia H, Shan C, Chen X, et al. Genetic and biochemical characterizations of Zika
virus NS2A protein. Emerg Microbes Infect. 2019; 8:585-602. https://doi.org/10.1080/22221751.2019.
1598291 PMID: 30958095

4. Aubry M, Teissier A, Huart M, Merceron S, Vanhomwegen J, Roche C, et al. Zika Virus Seroprevalence,
French Polynesia, 2014—-2015. Emerging infectious diseases. 2017; 23:669-672. https://doi.org/10.
3201/eid2304.161549 PMID: 28084987

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010366 May 6, 2022 21/24


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010366.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010366.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010366.s006
https://doi.org/10.1038/nsmb.3352
https://doi.org/10.1038/nsmb.3352
http://www.ncbi.nlm.nih.gov/pubmed/28067914
https://doi.org/10.1038/s41586-018-0446-y
http://www.ncbi.nlm.nih.gov/pubmed/30158602
https://doi.org/10.1080/22221751.2019.1598291
https://doi.org/10.1080/22221751.2019.1598291
http://www.ncbi.nlm.nih.gov/pubmed/30958095
https://doi.org/10.3201/eid2304.161549
https://doi.org/10.3201/eid2304.161549
http://www.ncbi.nlm.nih.gov/pubmed/28084987
https://doi.org/10.1371/journal.pntd.0010366

PLOS NEGLECTED TROPICAL DISEASES Regulation of ZIKV Replication by Viral NS4A

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, Lanciotti RS, et al. Zika virus outbreak on Yap
Island, Federated States of Micronesia. The New England journal of medicine. 2009; 360:2536—2543.
https://doi.org/10.1056/NEJM0a0805715 PMID: 19516034

Carvalho FH, Cordeiro KM, Peixoto AB, Tonni G, Moron AF, Feitosa FE, et al. Associated ultrasono-
graphic findings in fetuses with microcephaly because of suspected Zika virus (ZIKV) infection during
pregnancy. Prenatal diagnosis. 2016. https://doi.org/10.1002/pd.4882 PMID: 27491635

Calvet G, Aguiar RS, Melo AS, Sampaio SA, de Filippis I, Fabri A, et al. Detection and sequencing of
Zika virus from amniotic fluid of fetuses with microcephaly in Brazil: a case study. The Lancet Infectious
diseases. 2016; 16:653-660. https://doi.org/10.1016/S1473-3099(16)00095-5 PMID: 26897108

Cordeiro MT, Pena LJ, Brito CA, Gil LH, Marques ET. Positive IgM for Zika virus in the cerebrospinal
fluid of 30 neonates with microcephaly in Brazil. Lancet (London, England). 2016; 387:1811-1812.
https://doi.org/10.1016/S0140-6736(16)30253-7 PMID: 27103126

Dirlikov E, Torres JV, Martines RB, Reagan-Steiner S, Perez GV, Rivera A, et al. Postmortem Findings
in Patient with Guillain-Barre Syndrome and Zika Virus Infection. Emerging infectious diseases. 2018;
24:114-117. https://doi.org/10.3201/eid2401.171331 PMID: 29261094

Brasil P, Sequeira PC, Freitas AD, Zogbi HE, Calvet GA, de Souza RV, et al. Guillain-Barre syndrome
associated with Zika virus infection. Lancet (London, England). 2016; 387:1482. https://doi.org/10.
1016/S0140-6736(16)30058-7 PMID: 27115821

Cao-Lormeau VM, Blake A, Mons S, Lastere S, Roche C, Vanhomwegen J, et al. Guillain-Barre Syn-
drome outbreak associated with Zika virus infection in French Polynesia: a case-control study. Lancet
(London, England). 2016; 387:1531-1539. https://doi.org/10.1016/S0140-6736(16)00562-6 PMID:
26948433

Dudvarski Stankovic N, Teodorczyk M, Ploen R, Zipp F, Schmidt MHH. Microglia-blood vessel interac-
tions: a double-edged sword in brain pathologies. Acta neuropathologica. 2016; 131:347-363. https:/
doi.org/10.1007/s00401-015-1524-y PMID: 26711460

Martinez Viedma MDP, Pickett BE. Characterizing the Different Effects of Zika Virus Infection in Pla-
centa and Microglia Cells. Viruses. 2018; 10. https://doi.org/10.3390/v10110649 PMID: 30453684

Lum FM, Low DK, Fan 'Y, Tan JJ, Lee B, Chan JK, et al. Zika Virus Infects Human Fetal Brain Microglia
and Induces Inflammation. Clinical infectious diseases: an official publication of the Infectious Diseases
Society of America. 2017; 64:914-920. https://doi.org/10.1093/cid/ciw878 PMID: 28362944

Mlakar J, Korva M, Tul N, Popovic M, Poljsak-Prijatelj M, Mraz J, et al. Zika Virus Associated with Micro-
cephaly. The New England journal of medicine. 2016; 374:951-958. https://doi.org/10.1056/
NEJMoa1600651 PMID: 26862926

Chen Z, Zhong D, Li G. The role of microglia in viral encephalitis: a review. Journal of neuroinflamma-
tion. 2019; 16:76. https://doi.org/10.1186/s12974-019-1443-2 PMID: 30967139

Muffat J, Li Y, Omer A, Durbin A, Bosch |, Bakiasi G, et al. Human induced pluripotent stem cell-derived
glial cells and neural progenitors display divergent responses to Zika and dengue infections. Proceed-
ings of the National Academy of Sciences of the United States of America. 2018; 115:7117-7122.
https://doi.org/10.1073/pnas.1719266115 PMID: 29915057

Soung A, Klein RS. Viral Encephalitis and Neurologic Diseases: Focus on Astrocytes. Trends in molec-
ular medicine. 2018; 24:950-962. https://doi.org/10.1016/j.molmed.2018.09.001 PMID: 30314877

Cardoso FL, Brites D, Brito MA. Looking at the blood-brain barrier: molecular anatomy and possible
investigation approaches. Brain Res Rev. 2010; 64:328-363. https://doi.org/10.1016/j.brainresrev.
2010.05.003 PMID: 20685221

Meertens L, Labeau A, Dejarnac O, Cipriani S, Sinigaglia L, Bonnet-Madin L, et al. Axl Mediates ZIKA
Virus Entry in Human Glial Cells and Modulates Innate Immune Responses. Cell Rep. 2017; 18:324—
333. https://doi.org/10.1016/j.celrep.2016.12.045 PMID: 28076778

Chen J, Yang YF, Yang Y, Zou P, He Y, Shui SL, et al. AXL promotes Zika virus infection in astrocytes
by antagonizing type | interferon signalling. Nature microbiology. 2018; 3:302—-309. https://doi.org/10.
1038/s41564-017-0092-4 PMID: 29379210

Limonta D, Jovel J, Kumar A, Airo AM, Hou S, Saito L, et al. Human Fetal Astrocytes Infected with Zika
Virus Exhibit Delayed Apoptosis and Resistance to Interferon: Implications for Persistence. Viruses.
2018; 10:646. https://doi.org/10.3390/v10110646 PMID: 30453621

Wu'Y, Liu Q, Zhou J, Xie W, Chen C, Wang Z, et al. Zika virus evades interferon-mediated antiviral
response through the co-operation of multiple nonstructural proteins in vitro. Cell Discov. 2017;
3:170086. https://doi.org/10.1038/celldisc.2017.6 PMID: 28373913

Li W, LiN, Dai S, Hou G, Guo K, Chen X, et al. Zika virus circumvents host innate immunity by targeting
the adaptor proteins MAVS and MITA. FASEB J. 2019; 33:9929-9944. https://doi.org/10.1096/fj.
201900260R PMID: 31180720

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010366 May 6, 2022 22/24


https://doi.org/10.1056/NEJMoa0805715
http://www.ncbi.nlm.nih.gov/pubmed/19516034
https://doi.org/10.1002/pd.4882
http://www.ncbi.nlm.nih.gov/pubmed/27491635
https://doi.org/10.1016/S1473-3099%2816%2900095-5
http://www.ncbi.nlm.nih.gov/pubmed/26897108
https://doi.org/10.1016/S0140-6736(16)30253-7
http://www.ncbi.nlm.nih.gov/pubmed/27103126
https://doi.org/10.3201/eid2401.171331
http://www.ncbi.nlm.nih.gov/pubmed/29261094
https://doi.org/10.1016/S0140-6736(16)30058-7
https://doi.org/10.1016/S0140-6736(16)30058-7
http://www.ncbi.nlm.nih.gov/pubmed/27115821
https://doi.org/10.1016/S0140-6736%2816%2900562-6
http://www.ncbi.nlm.nih.gov/pubmed/26948433
https://doi.org/10.1007/s00401-015-1524-y
https://doi.org/10.1007/s00401-015-1524-y
http://www.ncbi.nlm.nih.gov/pubmed/26711460
https://doi.org/10.3390/v10110649
http://www.ncbi.nlm.nih.gov/pubmed/30453684
https://doi.org/10.1093/cid/ciw878
http://www.ncbi.nlm.nih.gov/pubmed/28362944
https://doi.org/10.1056/NEJMoa1600651
https://doi.org/10.1056/NEJMoa1600651
http://www.ncbi.nlm.nih.gov/pubmed/26862926
https://doi.org/10.1186/s12974-019-1443-2
http://www.ncbi.nlm.nih.gov/pubmed/30967139
https://doi.org/10.1073/pnas.1719266115
http://www.ncbi.nlm.nih.gov/pubmed/29915057
https://doi.org/10.1016/j.molmed.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30314877
https://doi.org/10.1016/j.brainresrev.2010.05.003
https://doi.org/10.1016/j.brainresrev.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20685221
https://doi.org/10.1016/j.celrep.2016.12.045
http://www.ncbi.nlm.nih.gov/pubmed/28076778
https://doi.org/10.1038/s41564-017-0092-4
https://doi.org/10.1038/s41564-017-0092-4
http://www.ncbi.nlm.nih.gov/pubmed/29379210
https://doi.org/10.3390/v10110646
http://www.ncbi.nlm.nih.gov/pubmed/30453621
https://doi.org/10.1038/celldisc.2017.6
http://www.ncbi.nlm.nih.gov/pubmed/28373913
https://doi.org/10.1096/fj.201900260R
https://doi.org/10.1096/fj.201900260R
http://www.ncbi.nlm.nih.gov/pubmed/31180720
https://doi.org/10.1371/journal.pntd.0010366

PLOS NEGLECTED TROPICAL DISEASES Regulation of ZIKV Replication by Viral NS4A

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Lundberg R, Melen K, Westenius V, Jiang M, Osterlund P, Khan H, et al. Zika Virus Non-Structural Pro-
tein NS5 Inhibits the RIG-I Pathway and Interferon Lambda 1 Promoter Activation by Targeting IKK
Epsilon. Viruses. 2019; 11. https://doi.org/10.3390/v11111024 PMID: 31690057

Kumar A, Hou S, Airo AM, Limonta D, Mancinelli V, Branton W, et al. Zika virus inhibits type-I interferon
production and downstream signaling. EMBO Rep. 2016; 17:1766—1775. https://doi.org/10.15252/
embr.201642627 PMID: 27797853

Yoon KJ, Song G, Qian X, Pan J, Xu D, Rho HS, et al. Zika-Virus-Encoded NS2A Disrupts Mammalian
Cortical Neurogenesis by Degrading Adherens Junction Proteins. Cell stem cell. 2017; 21:349-358
€346. https://doi.org/10.1016/j.stem.2017.07.014 PMID: 28826723

Liang Q, Luo Z, Zeng J, Chen W, Foo SS, Lee SA, et al. Zika Virus NS4A and NS4B Proteins Deregu-
late Akt-mTOR Signaling in Human Fetal Neural Stem Cells to Inhibit Neurogenesis and Induce Autop-
hagy. Cell Stem Cell. 2016; 19:663—671. https://doi.org/10.1016/j.stem.2016.07.019 PMID: 27524440

Shah PS, Link N, Jang GM, Sharp PP, Zhu T, Swaney DL, et al. Comparative Flavivirus-Host Protein
Interaction Mapping Reveals Mechanisms of Dengue and Zika Virus Pathogenesis. Cell. 2018;
175:1931-1945 e1918. https://doi.org/10.1016/j.cell.2018.11.028 PMID: 30550790

Deng YQ, Zhao H, Li XF, Zhang NN, Liu ZY, Jiang T, et al. Isolation, identification and genomic charac-
terization of the Asian lineage Zika virus imported to China. Science China Life sciences. 2016; 59:428—
430. https://doi.org/10.1007/s11427-016-5043-4 PMID: 26993654

Qu B, Qi X, Wu X, Liang M, Li C, Cardona CJ, et al. Suppression of the interferon and NF-kappaB
responses by severe fever with thrombocytopenia syndrome virus. Journal of virology. 2012; 86:8388—
8401. https://doi.org/10.1128/JV1.00612-12 PMID: 22623799

Wang C, Sun M, Yuan X, JiL, Jin Y, Cardona CJ, et al. Enterovirus 71 suppresses interferon responses
by blocking Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling
through inducing karyopherin-alpha1 degradation. The Journal of biological chemistry. 2017;
292:10262—-10274. https://doi.org/10.1074/jbc.M116.745729 PMID: 28455446

Li LL, Zhao H, Liu P, Li CF, Quanquin N, Ji X, et al. PARP12 suppresses Zika virus infection through
PARP-dependent degradation of NS1 and NS3 viral proteins. Science signaling. 2018; 11.
1S1:000435604300003 https://doi.org/10.1126/scisignal.aas9332 PMID: 29921658

Xie X, Zou J, Shan C, Yang Y, Kum DB, Dallmeier K, et al. Zika Virus Replicons for Drug Discovery.
EBioMedicine. 2016; 12:156—160. https://doi.org/10.1016/j.ebiom.2016.09.013 PMID: 27658737

Liu ZY, Li XF, Jiang T, Deng YQ, Zhao H, Wang HJ, et al. Novel cis-acting element within the capsid-
coding region enhances flavivirus viral-RNA replication by regulating genome cyclization. Journal of
virology. 2013; 87:6804—-6818. https://doi.org/10.1128/JV1.00243-13 PMID: 23576500

LiH, HuY, Huang J, Feng Y, Zhang Z, Zhong K, et al. Zika virus NS5 protein inhibits cell growth and
invasion of glioma. Biochem Biophys Res Commun. 2019; 516:515-520. https://doi.org/10.1016/j.bbrc.
2019.06.064 PMID: 31230744

van den Elsen K, Quek JP, Luo D. Molecular Insights into the Flavivirus Replication Complex. Viruses.
2021; 13. https://doi.org/10.3390/v13060956 PMID: 34064113

Kang C, Keller TH, Luo D. Zika Virus Protease: An Antiviral Drug Target. Trends in microbiology. 2017;
25:797-808. https://doi.org/10.1016/}.tim.2017.07.001 PMID: 28789826

Vazquez ML, Kaila N, Strohbach JW, Trzupek JD, Brown MF, Flanagan ME, et al. Identification of N-
{cis-3-[Methyl(7H-pyrrolo[2,3-d]pyrimidin-4-yl)amino]cyclobutyl}propane-1-sulfo namide (PF-
04965842): A Selective JAK1 Clinical Candidate for the Treatment of Autoimmune Diseases. Journal of
medicinal chemistry. 2018; 61:1130-1152. hitps://doi.org/10.1021/acs.jmedchem.7b01598 PMID:
29298069

Sadler AJ, Williams BR. Interferon-inducible antiviral effectors. Nature reviews Immunology. 2008;
8:559-568. https://doi.org/10.1038/nri2314 PMID: 18575461

Moradpour D, Kary P, Rice CM, Blum HE. Continuous human cell lines inducibly expressing hepatitis C
virus structural and nonstructural proteins. Hepatology (Baltimore, Md). 1998; 28:192-201. https://doi.
org/10.1002/hep.510280125 PMID: 9657112

Ngo AM, Shurtleff MJ, Popova KD, Kulsuptrakul J, Weissman JS, Puschnik AS. The ER membrane pro-
tein complex is required to ensure correct topology and stable expression of flavivirus polyproteins.
eLife. 2019; 8. https://doi.org/10.7554/eLife.48469 PMID: 31516121

Lin DL, Inoue T, Chen YJ, Chang A, Tsai B, Tai AW. The ER Membrane Protein Complex Promotes
Biogenesis of Dengue and Zika Virus Non-structural Multi-pass Transmembrane Proteins to Support
Infection. Cell reports. 2019; 27:1666—1674 e1664. https://doi.org/10.1016/j.celrep.2019.04.051 PMID:
31067454

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010366 May 6, 2022 23/24


https://doi.org/10.3390/v11111024
http://www.ncbi.nlm.nih.gov/pubmed/31690057
https://doi.org/10.15252/embr.201642627
https://doi.org/10.15252/embr.201642627
http://www.ncbi.nlm.nih.gov/pubmed/27797853
https://doi.org/10.1016/j.stem.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28826723
https://doi.org/10.1016/j.stem.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27524440
https://doi.org/10.1016/j.cell.2018.11.028
http://www.ncbi.nlm.nih.gov/pubmed/30550790
https://doi.org/10.1007/s11427-016-5043-4
http://www.ncbi.nlm.nih.gov/pubmed/26993654
https://doi.org/10.1128/JVI.00612-12
http://www.ncbi.nlm.nih.gov/pubmed/22623799
https://doi.org/10.1074/jbc.M116.745729
http://www.ncbi.nlm.nih.gov/pubmed/28455446
https://doi.org/10.1126/scisignal.aas9332
http://www.ncbi.nlm.nih.gov/pubmed/29921658
https://doi.org/10.1016/j.ebiom.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27658737
https://doi.org/10.1128/JVI.00243-13
http://www.ncbi.nlm.nih.gov/pubmed/23576500
https://doi.org/10.1016/j.bbrc.2019.06.064
https://doi.org/10.1016/j.bbrc.2019.06.064
http://www.ncbi.nlm.nih.gov/pubmed/31230744
https://doi.org/10.3390/v13060956
http://www.ncbi.nlm.nih.gov/pubmed/34064113
https://doi.org/10.1016/j.tim.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28789826
https://doi.org/10.1021/acs.jmedchem.7b01598
http://www.ncbi.nlm.nih.gov/pubmed/29298069
https://doi.org/10.1038/nri2314
http://www.ncbi.nlm.nih.gov/pubmed/18575461
https://doi.org/10.1002/hep.510280125
https://doi.org/10.1002/hep.510280125
http://www.ncbi.nlm.nih.gov/pubmed/9657112
https://doi.org/10.7554/eLife.48469
http://www.ncbi.nlm.nih.gov/pubmed/31516121
https://doi.org/10.1016/j.celrep.2019.04.051
http://www.ncbi.nlm.nih.gov/pubmed/31067454
https://doi.org/10.1371/journal.pntd.0010366

PLOS NEGLECTED TROPICAL DISEASES Regulation of ZIKV Replication by Viral NS4A

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Zhang J, LanY, Li MY, Lamers MM, Fusade-Boyer M, Klemm E, et al. Flaviviruses Exploit the Lipid
Droplet Protein AUP1 to Trigger Lipophagy and Drive Virus Production. Cell host & microbe. 2018;
23:819-831 e815. https://doi.org/10.1016/j.chom.2018.05.005 PMID: 29902443

Barzon L, Pacenti M, Franchin E, Lavezzo E, Trevisan M, Sgarabotto D, et al. Infection dynamics in a
traveller with persistent shedding of Zika virus RNA in semen for six months after returning from Haiti to
Italy, January 2016. Euro surveillance: bulletin Europeen sur les maladies transmissibles = European
communicable disease bulletin. 2016; 21. https://doi.org/10.2807/1560-7917.ES.2016.21.32.30316
PMID: 27542178

MaW, LiS,Ma S, JiaL, Zhang F, Zhang Y, et al. Zika Virus causes testis damage and leads to male
infertility in mice. Cell. 2016; 167:1511—-1524. https://doi.org/10.1016/j.cell.2016.11.016 PMID:
27884405

Govero J, Esakky P, Scheaffer SM, Fernandez E, Drury A, Platt DJ, et al. Zika virus infection damages
the testes in mice. Nature. 2016; 540:438—442. https://doi.org/10.1038/nature20556 PMID: 27798603

Stone M, Bakkour S, Lanteri MC, Brambilla D, Simmons G, Bruhn R, et al. Zika virus RNA and IgM per-
sistence in blood compartments and body fluids: a prospective observational study. The Lancet Infec-
tious diseases. 2020. https://doi.org/10.1016/S1473-3099(19)30708-X PMID: 32673593

Ayala-Nunez NV, Follain G, Delalande F, Hirschler A, Partiot E, Hale GL, et al. Zika virus enhances
monocyte adhesion and transmigration favoring viral dissemination to neural cells. Nature communica-
tions. 2019; 10:4430. https://doi.org/10.1038/s41467-019-12408-x PMID: 31562326

Bhatnagar J, Rabeneck DB, Martines RB, Reagan-Steiner S, Ermias Y, Estetter LB, et al. Zika Virus
RNA Replication and Persistence in Brain and Placental Tissue. Emerging infectious diseases. 2017;
23:405—414. https://doi.org/10.3201/eid2303.161499 PMID: 27959260

Musso D, Ko Al, Baud D. Zika Virus Infection—After the Pandemic. The New England journal of medi-
cine. 2019; 381:1444-1457. https://doi.org/10.1056/NEJMra1808246 PMID: 31597021

von dem Bussche A, Machida R, Li K, Loevinsohn G, Khander A, Wang J, et al. Hepatitis C virus NS2
protein triggers endoplasmic reticulum stress and suppresses its own viral replication. Journal of hepa-
tology. 2010; 53:797-804. https://doi.org/10.1016/j.jhep.2010.05.022 PMID: 20801537

Mohd Ropidi MI, Khazali AS, Nor Rashid N, Yusof R. Endoplasmic reticulum: a focal point of Zika virus
infection. Journal of biomedical science. 2020; 27:27. https://doi.org/10.1186/s12929-020-0618-6
PMID: 31959174

Itsui Y, Sakamoto N, Kakinuma S, Nakagawa M, Sekine-Osajima Y, Tasaka-Fujita M, et al. Antiviral
effects of the interferon-induced protein guanylate binding protein 1 and its interaction with the hepatitis
C virus NS5B protein. Hepatology (Baltimore, Md). 2009; 50:1727—-1737. https://doi.org/10.1002/hep.
23195 PMID: 19821486

Pan XB, Han JC, Cong X, Wei L. BST2/tetherin inhibits dengue virus release from human hepatoma
cells. PloS one. 2012; 7:e510383. https://doi.org/10.1371/journal.pone.0051033 PMID: 23236425

Chen J, Liang Y, Yi P, Xu L, Hawkins HK, Rossi SL, et al. Outcomes of Congenital Zika Disease Depend
on Timing of Infection and Maternal-Fetal Interferon Action. Cell reports. 2017; 21:1588-1599. https://
doi.org/10.1016/j.celrep.2017.10.059 PMID: 29117563

Singh PK, Singh S, Farr D, Kumar A. Interferon-stimulated gene 15 (ISG15) restricts Zika virus replica-
tion in primary human corneal epithelial cells. Ocul Surf. 2019; 17:551-559. https://doi.org/10.1016/j.
jt0s.2019.03.006 PMID: 30905842

Baxter PS, Dando O, Emelianova K, He X, McKay S, Hardingham GE, et al. Microglial identity and
inflammatory responses are controlled by the combined effects of neurons and astrocytes. Cell reports.
2021; 34:108882. https://doi.org/10.1016/j.celrep.2021.108882 PMID: 33761343

Quicke KM, Bowen JR, Johnson EL, McDonald CE, Ma H, O’Neal JT, et al. Zika Virus Infects Human
Placental Macrophages. Cell Host Microbe. 2016; 20:83-90. https://doi.org/10.1016/j.chom.2016.05.
015 PMID: 27247001

Bayer A, Lennemann NJ, Ouyang Y, Bramley JC, Morosky S, Marques ET Jr., et al. Type Il Interferons
Produced by Human Placental Trophoblasts Confer Protection against Zika Virus Infection. Cell Host
Microbe. 2016; 19:705-712. https://doi.org/10.1016/j.chom.2016.03.008 PMID: 27066743

Hamel R, Dejarnac O, Wichit S, Ekchariyawat P, Neyret A, Luplertlop N, et al. Biology of Zika Virus
Infection in Human Skin Cells. J Virol. 2015; 89:8880-8896. https://doi.org/10.1128/JVI.00354-15
PMID: 26085147

Mladinich MC, Schwedes J, Mackow ER. Zika Virus Persistently Infects and Is Basolaterally Released
from Primary Human Brain Microvascular Endothelial Cells. mBio. 2017; 8. https://doi.org/10.1128/
mBio.00952-17 PMID: 28698279

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010366 May 6, 2022 24/24


https://doi.org/10.1016/j.chom.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/29902443
https://doi.org/10.2807/1560-7917.ES.2016.21.32.30316
http://www.ncbi.nlm.nih.gov/pubmed/27542178
https://doi.org/10.1016/j.cell.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/27884405
https://doi.org/10.1038/nature20556
http://www.ncbi.nlm.nih.gov/pubmed/27798603
https://doi.org/10.1016/S1473-3099%2819%2930708-X
http://www.ncbi.nlm.nih.gov/pubmed/32673593
https://doi.org/10.1038/s41467-019-12408-x
http://www.ncbi.nlm.nih.gov/pubmed/31562326
https://doi.org/10.3201/eid2303.161499
http://www.ncbi.nlm.nih.gov/pubmed/27959260
https://doi.org/10.1056/NEJMra1808246
http://www.ncbi.nlm.nih.gov/pubmed/31597021
https://doi.org/10.1016/j.jhep.2010.05.022
http://www.ncbi.nlm.nih.gov/pubmed/20801537
https://doi.org/10.1186/s12929-020-0618-6
http://www.ncbi.nlm.nih.gov/pubmed/31959174
https://doi.org/10.1002/hep.23195
https://doi.org/10.1002/hep.23195
http://www.ncbi.nlm.nih.gov/pubmed/19821486
https://doi.org/10.1371/journal.pone.0051033
http://www.ncbi.nlm.nih.gov/pubmed/23236425
https://doi.org/10.1016/j.celrep.2017.10.059
https://doi.org/10.1016/j.celrep.2017.10.059
http://www.ncbi.nlm.nih.gov/pubmed/29117563
https://doi.org/10.1016/j.jtos.2019.03.006
https://doi.org/10.1016/j.jtos.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30905842
https://doi.org/10.1016/j.celrep.2021.108882
http://www.ncbi.nlm.nih.gov/pubmed/33761343
https://doi.org/10.1016/j.chom.2016.05.015
https://doi.org/10.1016/j.chom.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27247001
https://doi.org/10.1016/j.chom.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27066743
https://doi.org/10.1128/JVI.00354-15
http://www.ncbi.nlm.nih.gov/pubmed/26085147
https://doi.org/10.1128/mBio.00952-17
https://doi.org/10.1128/mBio.00952-17
http://www.ncbi.nlm.nih.gov/pubmed/28698279
https://doi.org/10.1371/journal.pntd.0010366

