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Zika virus modulates
mitochondrial dynamics,
mitophagy, and mitochondria-
derived vesicles to facilitate viral
replication in trophoblast cells

Jae Kyung Lee and Ok Sarah Shin*

BK21 Graduate Program, Department of Biomedical Sciences, College of Medicine, Korea University
Guro Hospital, Seoul, Republic of Korea
Zika virus (ZIKV) remains a global public health threat with the potential risk of a

future outbreak. Since viral infections are known to exploit mitochondria-

mediated cellular processes, we investigated the effects of ZIKV infection in

trophoblast cells in terms of the different mitochondrial quality control pathways

that govern mitochondrial integrity and function. Here we demonstrate that ZIKV

(PRVABC59) infection of JEG-3 trophoblast cells manipulates mitochondrial

dynamics, mitophagy, and formation of mitochondria-derived vesicles (MDVs).

Specifically, ZIKV nonstructural protein 4A (NS4A) translocates to the

mitochondria, triggers mitochondrial fission and mitophagy, and suppresses

mitochondrial associated antiviral protein (MAVS)-mediated type I interferon

(IFN) response. Furthermore, proteomics profiling of small extracellular vesicles

(sEVs) revealed an enrichment of mitochondrial proteins in sEVs secreted by

ZIKV-infected JEG-3 cells, suggesting that MDV formation may also be another

mitochondrial quality control mechanism manipulated during placental ZIKV

infection. Altogether, our findings highlight the different mitochondrial quality

control mechanisms manipulated by ZIKV during infection of placental cells as

host immune evasion mechanisms utilized by ZIKV at the placenta to suppress

the host antiviral response and facilitate viral infection.

KEYWORDS

zika virus (ZIKV), nonstructural protein 4A (NS4A), mitochondrial quality control,
mitophagy, mitochondria-derived vesicles (MDVs)
1 Introduction

Association between Zika virus (ZIKV) infection, pregnancy complications, and

congenital neurodevelopmental disorders like microcephaly declared ZIKV a global

public health threat (1). Although ZIKV is predominantly transmitted to humans by

mosquitoes, accumulating evidence indicates that ZIKV is also capable of transmission via

blood transfusions, sexual, or congenital routes (2). The current lack of ZIKV-specific
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therapies or vaccines further emphasizes the importance of

uncovering molecular mechanisms underlying ZIKV infections,

especially during vertical transmission.

Many viruses hijack cellular organelles like the mitochondria to

facilitate their life cycle. ZIKV has been shown to manipulate the

host cell machinery by remodeling cellular organelles, such as the

endoplasmic reticulum and mitochondria for viral replication and

immune evasion (3). Mitochondria, in particular, provide a

signaling platform for activation of inflammatory and innate

immune responses, and upregulation of mitochondrial fusion

during retinoic acid inducible gene-I (RIG-I)-like receptor (RLR)

signaling enhances the transmission of antiviral signals (4).

Therefore, the quality and quantity of mitochondria are regulated

by various quality control mechanisms that maintain the

morphology, function, integrity, and number of mitochondria.

Mitochondrial quality control mechanisms include changes in

mitochondrial dynamics via fusion and fission, selective removal

of mitochondria via lysosomal degradation (mitophagy), and

formation of mitochondria-derived vesicles (MDVs) that can

contain various mitochondrial components for degradation or

extracellular release (5, 6). How ZIKV affects the mitochondrial

quality control system of placental cells, however, is a question that

remains to be answered.

The multifaceted roles offlavivirus NS4A during infection of host

cells have previously been reported. Notably, ZIKV NS4A was

identified as a major suppressor of RLR-mediated type I IFN

production by disrupting the interaction between MAVS and

melanoma differentiation associated protein 5 (MDA5) or RIG-I

(7). In human neural stem cells (NSCs), upregulation of

mitochondrial fragmentation by ZIKV NS4A contributed to ZIKV-

induced neuronal cell death, and cooperation of ZIKV NS4A and

NS4B was also observed during impairment of neurogenesis via

inhibition of Akt-mTOR signaling, which in turn induced autophagy

and enhanced viral replication (8, 9). Also, ZIKV NS4A has been

reported to directly interact with ANKLE2, which is a protein linked

to human microcephaly, and disrupt neural stem cell division and

brain development (10). Although these findings demonstrate the

importance of ZIKV NS4A in host immune evasion and viral

pathogenesis, it is still unclear whether ZIKV NS4A triggers

changes in mitochondrial morphology or function.

The placenta releases extracellular vesicles (EVs) of various sizes

into the maternal circulation during pregnancy, and changes in

levels of EVs have been associated with pregnancy-associated

complications, including preterm birth, miscarriage, and

preeclampsia (11, 12). Small EVs (sEVs), which are 50-150 nm in

diameter and carry a variety of cargo like nucleic acids, proteins,

and lipids, can modulate viral pathogenesis by carrying viral or host

cellular factors that can affect viral replication and transmission (13,

14). Furthermore, placenta-derived sEVs are key modulators of

maternal immune tolerance of the fetus and defense against

pathogens during pregnancy, and contribute to immune cell

activation, differentiation, and maturation (15). For example,

ZIKV infection of a primate trophoblast cell model, which was

representative of the human placenta during the early first

trimester, revealed alterations in the protein and microRNA

(miRNA) content of EVs secreted upon ZIKV inoculation (16).
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These findings demonstrate the importance of placenta-derived

sEVs as important communicators at the maternal-fetal interface

and their potential as biomarkers of pregnancy complications,

including ZIKV-induced birth defects.

In this study, we investigated how ZIKV manipulated

mitochondrial quality control mechanisms during infection of

JEG-3 trophoblast cells. Furthermore, compositional analyses of

sEVs secreted by ZIKV-infected JEG-3 in terms of the miRNA and

protein components revealed the enrichment of mitochondrial

proteins in ZIKV-infected sEVs. We performed small RNA-

sequencing and proteomics analysis of sEVs secreted by ZIKV-

infected JEG-3, and identified sEV-specific mitochondrial

components, indicating that the mitochondria provide cargo to be

encapsulated within MDVs that are then secreted as sEVs during

infection. Our findings demonstrate that ZIKV mediates changes in

mitochondrial dynamics, mitophagy, and MDVs to evade the host

innate immune response and facilitate viral infection.
2 Materials and methods

2.1 Cells, viruses, and drugs

JEG-3 choriocarcinoma cells were purchased from Korean Cell

Line Bank (South Korea) and HEK293T and Vero cells were

purchased from American Type Culture Collection (ATCC).

HeLa cells that stably express mitochondrial-targeted Keima

(HeLa-mtKeima) cells were provided by Prof. Jeanho Yun

(College of Medicine, Dong-A University, South Korea). JEG-3,

Vero, HeLa, and HEK293T cells were cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10% fetal bovine

serum (FBS) (Corning Mediatech) and 1% non-essential amino

acids (Sigma). Human neural progenitor cells (hNPCs) were

generated as previously described (17–19).

PRVABC59 (PRV, Asian lineage) and MR766 (African lineage)

of ZIKV were purchased from ATCC, while Zika/Brazil/16321

strain (Asian lineage) was kindly provided by Korean Centers for

Disease Control and Prevention. ZIKV was propagated in Vero cells

as previously described (20). ZIKV infection was carried out at

multiplicity of infection (MOI) of 10 for subsequent experiments.

For the measurement of tissue culture infective dose (TCID50),

supernatants from ZIKV-infected JEG-3 or HeLa cells were

collected at 48 hours post infection (hpi). TCID50 was determined

using the Spearman-Kärber method and expressed as TCID50/mL.

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP),

mitoTEMPO, Mdivi-1, Rapamycin, and 3-MA were purchased

from Sigma (St. Louis, MO, USA) and staurosporine (STS) was

purchased from Tocris (Bristol, UK). Mitochondria/Cytosol

Fractionation kit was purchased from Abcam (Cambridge, UK).
2.2 Transfection of plasmids and siRNAs

A plasmid encoding mitochondrial matrix-targeted DsRED

(mtDsRED) was provided by Dr. Woong Sun (Korea University

School of Medicine, South Korea) and flag-tagged ZIKV NS4A and
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ZIKV NS4B plasmids were provided by Dr. Vaithi Arumugaswami

(Addgene plasmid # 79636 and 79640). A plasmid encoding mtKeima

was provided by Prof. Jeanho Yun (College of Medicine, Dong-A

University, South Korea) and described in previous studies (21).

Transfection with negative control, PINK1-, BNIP3-, or NIX-specific

siRNAs (Bioneer, South Korea) was carried out using Lipofectamine

RNAiMAX transfection reagent (Invitrogen) according to

manufacturer’s instructions. hNPCs seeded in 96-well plate were

transfected with varying concentrations of ZIKV NS4A-encoding

plasmid using Neon transfection system (Invitrogen).
2.3 Confocal microscopy

MitoTracker Green (500 nM) and LysoTracker Red (75 nM),

purchased from Thermo Fisher Scientific, were used for fluorescent

staining of mitochondria and lysosomes, respectively. MitoSOX

(250 nM) was used to visualize mitochondrial ROS. ZIKV was

stained with anti-dsRNA Antibody, clone J2 (Merck; 1:200

dilution), while FLAG-tagged ZIKV NS4A was detected with anti-

DYKDDDDK (FLAG) tag antibody (FUJIFILM Wako Chemical

Corp.; 1:500 dilution), followed by anti-mouse FITC conjugated

antibody (Cell signaling, 1:250 dilution). Coverslips were mounted

on glass slides after staining with 4,6-diamidino-2-phenylindole

(DAPI) (Sigma) and examined using a confocal microscope

(LSM900; Carl Zeiss, Oberkochen, Germany).
2.4 Immunoblot analysis

Cell lysates were resolved by SDS-PAGE on 8-15% acrylamide

gels and transferred onto polyvinylidene difluoride membranes.

Membranes were incubated overnight with the following primary

antibodies: ZIKV NS1 (Genentech, CA, USA); MFN1, OPA1,

phospho-Drp1 (Ser616), Drp1, LC3, p62, cleaved/total Caspase 3,

cleaved/total PARP, PINK1, Parkin, BNIP3, NIX (Cell Signaling

Technology, MA, USA); GFP, IRF3, Tom20, G3BP1, LAMP1 (Santa

Cruz biotechnology, San Diego, CA, USA)); TOM70, Snx6, Snx9

(Proteintech, IL, USA); FLAG tag (Fujifilm Wako Pure Chemical

Corporation, Osaka, Japan), myc, b-actin (Abcepta, CA, USA);

MAVS/VISA (Bethyl laboratories, MA, USA). After incubation

with secondary antibodies, membranes were imaged using Fusion

Solo Imaging System (Vilber Lourmat Sté, Collégien, France), and

band intensities were quantified with ImageJ (National Institutes of

Health, Bethesda, MD).
2.5 Co-immunoprecipitation

HeLa cells seeded in 6-well plates were transfected with the

indicated plasmids and incubated for 24 h. Then, cells were scraped

and resuspended in Pierce IP Lysis Buffer (Thermo Fisher Scientific,

Waltham, MA, USA) supplemented with a protease inhibitor

cocktail (Sigma). After removing cell debris via centrifugation

(16,000 x g, 4°C, 15 min), primary antibodies were incubated

with 50 ml protein A magnetic beads (SureBeads, Bio-Rad,
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Hercules, CA, USA) with rotation. Beads were washed extensively

with PBS supplemented with 0.1% Tween20 and incubated with 300

mg proteins at 4°C with rotation. Proteins were analyzed by

immunoblot analysis. Protein samples were probed with the

following primary antibodies: FLAG tag (1:2000; Fujifilm Wako),

GFP tag (1:500; Santa Cruz)
2.6 Quantitative real-time RT polymerase
chain reaction (qRT-PCR)

Direct-zol RNAmini kit (Zymo Research, Irvine, CA, USA) was

used for total RNA extraction, followed by cDNA synthesis using

ImProm-II Reverse Transcription System (Promega, Madison, WI,

USA) according to manufacturer’s instructions. mRNA expression

levels were quantified using Power SYBR Green Master Mix

(Invitrogen) and QuantStudio 6 Flex real-time PCR system

(Thermo Fisher Scientific) under the following conditions: 95°C

for 10 min, followed by 40 cycles of 95°C for 30 s and 60°C for 1

min. The results are presented as fold change from matched mock-

infected controls calculated using the 2−DDCT method normalized to

GAPDH. Primer sequences are provided in Supplementary Table 1.

For mitochondrial DNA (mtDNA) quantification, total or cytosolic

genomic DNA was extracted from cells using phenol-chloroform

and ethanol method and subjected to PCR (22). Relative level of

mtDNA was determined based on the 2−DDCT method normalized

against 18s rRNA.
2.7 Mitochondrial metabolic flux

JEG-3 cells were seeded at 12,000 cells per well using reduced

serum-supplemented DMEM medium. For transfection, empty

vector (EV) or ZIKV NS4A-encoding plasmids were used for

transfection at 100 ng per plasmid using Lipofectamine 2000.

Cells were incubated in a CO2-free incubator at 37 °C for 1 h to

allow for temperature and pH equilibration before being loaded

into the XFp analyzer. Under these basal conditions, 1 mM
oligomycin, 2 µM fluoro-carbonyl-cyanide phenylhydrazone

(FCCP) or 1 mM rotenone and 1 mM antimycin A (Rot/Ant)

were injected at the indicated time points. Mitochondrial Stress

test kit was applied to determine oxygen consumption rate

(OCR) using Seahorse XF HS Mini analyzer (Agilent

Technologies, Santa Clara, CA, USA).
2.8 Mitochondrial membrane potential
(MMP) measurement

Cells seeded in 96-well black plates were transfected with ZIKV

NS4A-encoding plasmid at varying concentrations. After 24 h, cells

were incubated with fluorescent dye tetramethylrhodamine methyl

ester (TMRM) (Thermo Fisher Scientific) (20 nM, 30 min) at 37°C

and washed with Dulbecco’s phosphate-buffered saline (DPBS).

TMRM fluorescence was measured using Varioskan microplate

reader (Thermo Fisher Scientific).
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2.9 Mitochondrial reactive oxygen species
(mtROS) measurement

JEG-3 cells seeded in 96-well black plates were treated with

mitochondrial ROS scavenger mitoTEMPO (1 mM) for 16 h, prior

to transfection with ZIKV NS4A-encoding plasmid. At 24 h post-

transfection, cells were treated with CCCP, which is a commonly

used mitophagy inducer that causes mitochondrial depolarization,

and then incubated with mitoSOX for 45 min. mitoSOX

fluorescence was analyzed with Varioskan microplate reader.
2.10 Luciferase reporter assay

Luciferase reporter assay was performed as described previously

(20). JEG-3 or HEK293T cells seeded in 96-well plates were

transfected with IFN-b and ISRE reporter plasmids expressing

firefly luciferase in combination with plasmids encoding empty

vector, ZIKV NS4A, ZIKV NS4B, MDA5, RIG-I-CARD, or MAVS

using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection,

cells were harvested and cell lysates were assessed for luciferase

activities using Dual-Glo Luciferase Assay Kit (Promega).
2.11 sEV isolation and characterization

When JEG-3 cells reached 70-80% confluence in 100 mm

dishes, they were washed with PBS prior to infection and

incubated with serum-free DMEM following removal of the virus.

Conditioned medium of mock- or ZIKV-infected cells were

collected at 48 hours post infection (hpi) and used for isolation

and purification of sEVs using Exo-Spin kit (Cell Guidance

Systems) in accordance with the manufacturer’s instructions.

sEVs were characterized according to the guidelines provided by

the Minimal Information for Studies of Extracellular Vesicles (14).

NanoSight NS300 (Malvern Panalytical) was used for nanoparticle

tracking analysis of mean sEV concentration and diameter.

Immunoblot analysis of sEV-specific markers was performed using

sEVs prepared in exosome resuspension buffer (Thermo) containing a

protease inhibitor cocktail (Roche Applied Science). Lysates were

subjected to SDS-PAGE and transferred to polyvinylidene difluoride

membranes, which were incubated with primary antibodies against

calnexin (Cell Signaling Technology), ALIX (System Biosciences),

TSG101 (Proteintech), CD9 (Proteintech), and CD63 (Santa Cruz)

overnight at 4°C, followed by incubation with horseradish peroxidase

−conjugated anti-rabbit or anti-mouse IgG secondary antibodies for 1

hour at room temperature. Membranes were then incubated with ECL

solution (Thermo Fisher Scientific) for visualization.

Transmission electron microscopy was used to confirm sEV size

and morphology. sEVs isolated from mock- or ZIKV-infected JEG-3

cells were mounted on formvar/carbon-coated nickel grids and stained

with 5% uranyl acetate for negative staining of the vesicles. Samples

were washed with PBS and dried prior to imaging with Tecnai G2

Spirit TWINTEM (FEI, Netherlands) at accelerating voltage of 120 kV.
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2.12 Small RNA sequencing and miRNA-
mRNA target prediction analysis

Total RNA was extracted using Trizol reagent (Invitrogen)

according to the manufacturer’ instructions. RNA quality was

assessed by Agilent 2100 bioanalyzer using the RNA 6000

PicoChip (Agilent Technologies), and RNA quantification was

performed using a NanoDrop 2000 Spectrophotometer

(ThermoFisher Scientific). Library was constructed with 1 mg of

the total RNA from each sample using NEBNext Multiplex Small

RNA Library Prep kit (New England BioLabs) according to the

manufacturer’s instructions. NextSeq500 system was utilized to

generate high-throughput sequences (single-end reads; 75 cycles)

(Illumina). Mature miRNA sequence was used as a reference for

mapping sequence reads with bowtie 2 software. miRNA expression

levels for each sample were determined using the read counts, and

quantile normalization method was used to compare different

samples. For miRNA-mRNA target prediction and analysis,

miRWalk 2.0, miRTarBase, TargetScan, and miRDB were utilized.

Small RNA-sequencing data are accessible via GEO under accession

number GSE228310.
2.13 Liquid chromatography with tandem
mass spectrometry (LC–MS/MS) analysis-
based proteomics profiling and
bioinformatics analysis

sEV protein samples were suspended in lysis buffer

supplemented with a protease inhibitor cocktail and sonicated for

20 min. BCA protein assay kit (Pierce) was used to quantify protein

concentration. Samples were prepared using Filter-Aided Sample

Preparation (FASP) digestion method. The digested peptides were

desalted using C18 spin columns (Harvard Apparatus), and the

peptides were eluted with 80% acetonitrile in 0.1% formic acid in

water. Peptides were analyzed with Q-Exactive Orbitrap hybrid

mass spectrometer (Thermo) and Ultimate 3000 (U)HPLC systems

(Thermo) to obtain proteomics data. Samples were prepared in

duplicates and total of 4 runs were performed. Proteome Discoverer

software (ver. 2.5) was used to identify and quantify proteins

present in sEVs and Uniprot was used to download the homo

sapiens database and predict the subcellular localization of the

identified proteins. Fold change was calculated based on protein

abundance. Gene Ontology terms associated with the genes

encoding the identified proteins were analyzed to identify and

group molecular functions of differentially regulated sEV proteins

(fold change > 2, p-value < 0.05).
2.14 Statistical analysis

An unpaired two-tailed Student’s t-test or a Mann−Whitney

test was performed using GraphPad Prism 9.0 (GraphPad Software,

San Diego, CA, USA).
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3 Results

3.1 ZIKV NS4A modulates mitochondrial
dynamics and respiration profile, and
induces mtROS production

To investigate the impact of ZIKV infection on host mitochondrial

dynamics, we first examined the effect of ZIKV infection on JEG-3

mitochondrial morphology. Confocal imaging of mock-infected JEG-3

cells revealed networks of elongated mitochondrial filaments while

PRV-infected cells contained mitochondria that exhibited round

morphology and shortened filaments starting at 4 hpi, similar to

CCCP-treated cells (Figure 1A). Furthermore, PRV-induced

fragmentation of mitochondrial filaments was reversed or

exacerbated upon knockdown of fission factor, Drp1, or fusion

factor, MFN2, respectively, and inhibition of Drp1-mediated fission

via mdivi-1 treatment also relieved PRV-induced fission

(Supplementary Figure 1A).

To study the potential role of ZIKV NS4A during PRV-mediated

changes of mitochondrial morphology and dynamics, we co-

transfected JEG-3 cells with mtDsRED and ZIKV NS4A-encoding

plasmids. Analysis of fluorescence microscopy revealed co-localization

of ZIKVNS4A andmtDsRED, indicating mitochondrial localization of

ZIKV NS4A. In addition, CCCP treatment and ZIKV NS4A

overexpression resulted in mitochondrial fragmentation when

compared to empty vector-transfected cells (Figure 1B). ZIKV NS4A
Frontiers in Immunology 05
also modulated expression levels of proteins involved in regulating

mitochondrial dynamics, in particular, phosphorylation of Drp1 at

Ser616 site was increased, which is a posttranslational modification

necessary for Drp1 recruitment to the mitochondria and subsequent

activation of fission (23) (Figure 1C). Differences in mitochondrial

oxygen consumption were also observed in JEG-3 cells following

transfection with empty vector- or ZIKV NS4A-encoding plasmids

(Figure 1D). Basal andmaximal respiration were both reduced in ZIKV

NS4A-transfected cells. ZIKVNS4A overexpression was also associated

with depolarization of mitochondrial membrane, as shown by the

decrease in mitochondrial membrane potential (MMP) (Figure 1E).

ROS production can also result from MMP depolarization, and

mitochondria-driven ROS production can trigger cellular stress and

activate host innate immunity (24). ZIKV NS4A induced

mitochondrial ROS production, which was abrogated upon

treatment with mitochondrial ROS scavenger (mitoTEMPO),

indicating that ZIKV NS4A induces mitochondrial ROS (Figure 1F).

These data demonstrate that ZIKV NS4A is responsible for the

mitochondrial dysfunction observed following PRV infection of JEG-

3 cells.

The role of autophagy in ZIKV-infected placental cells has yet

to be studied in depth. Therefore, LC3 was used to monitor

autophagy activity in PRV-infected JEG-3 cells. Fluorescence

microscopy of LC3-GFP-overexpressing cells revealed presence of

LC3-positive puncta in PRV-infected cells when compared to

mock-infected cells, and induction or inhibition of autophagy via
A B D

E F

C

FIGURE 1

ZIKV NS4A disrupts mitochondrial dynamics and respiration profile, and induces mtROS production. (A) JEG-3 cells were transfected with mtDsRED-
encoding plasmid. Next day, cells were mock-infected or infected with PRVABC59 (PRV) (MOI 10) and fixed at the indicated time points to visualize
mitochondrial morphology using confocal microscopy. Scale bar = 10 mm. (B) ZIKV NS4A-induced mitochondrial fragmentation was visualized using
JEG-3 cells transfected with mtDsRED and empty vector (EV) or FLAG-tagged ZIKV NS4A plasmids. Scale bar = 10 mm. CCCP-treated cells were
included as a control for mitochondrial fragmentation. (C) Western blot analysis of proteins regulating mitochondrial dynamics in JEG-3 cells
overexpressing EV, ZIKV NS4A or NS4B. Band intensities were quantified using ImageJ software and normalized against b-actin. (D) Real-time
measurement of mitochondrial stress assay for EV or ZIKV NS4A-overexpressing cells was carried out to determine ZIKV NS4A-induced changes in
oxygen consumption rate (OCR) following treatment with oligomycin (1.5 mM), FCCP (2mM) or rotenone + Antimycin A (0.5mM each) (E)
Tetramethylrhodamine methyl ester (TMRM) assay of JEG-3 cells overexpressing increasing concentrations of ZIKV NS4A-encoding plasmid. NS4A-
induced mitochondrial membrane depolarization was determined using fluorescence microplate reader. *p<0.05, **p<0.01, when compared to the
control. (F) JEG-3 cells were transfected with different amount of ZIKV NS4A-encoding plasmid. Cells were treated with DMSO control (ctl), CCCP,
or mito-TEMPO, an antioxidant targeted to mitochondria. Mitochondrial ROS (mtROS) was measured by MitoSox Red staining and mtROS levels
were quantitatively determined using fluorescence analysis software (mean ± SD; n = 3).*p<0.05, ***p<0.001, when compared to the control.
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rapamycin or 3-MA treatment prior to infection either enhanced or

suppressed viral replication, respectively (Supplementary

Figures 2A–C). Next, we observed that overexpression of ZIKV

NS4A was sufficient to induce autophagy, as shown from the LC3

puncta formation and increased LC3-II amount, which were both

enhanced upon CCCP treatment (Supplementary Figures 2D, E).

Furthermore, ZIKV NS4A interacted with LC3 upon CCCP-

induced activation of mitophagy (Supplementary Figure 2F).

These data demonstrate that ZIKV NS4A is responsible for PRV-

induced autophagy in JEG-3 cells via interaction with LC3.
3.2 ZIKV NS4A induces mitophagy

The final step in mitophagy is lysosomal degradation of the

damaged, dysfunctional mitochondria via formation of

mitolysosomes, which result from fusion between mitophagosome

and lysosome. We observed that mitolysosome containing cells

increased upon PRV infection of JEG-3 cells, as shown by the

increased co-localization of the mitochondria and lysosome

(Figure 2A). Mitophagy activity can also be measured using HeLa

cells stably expressing mtKeima protein with a dual fluorescent tag.

The excitation peak of mtKeima protein shifts from green (pH 7) to

red (pH 4) depending on the pH, and this shift can be analyzed to

measure mitophagy activity in live cells (21). PRV infection of

HeLa-mtKeima cells resulted in increased mitophagy activity,
Frontiers in Immunology 06
which was mimicked in ZIKV NS4A-overexpressing cells

(Figures 2B, D). Infection with additional strains of ZIKV, Brazil

(Asian lineage) and MR766 (African lineage), also resulted in

activation of mitophagy, but the levels of activation were not as

high as the levels observed in PRV-infected cells (Figure 2C). These

data demonstrate that PRV-induced mitophagy involves ZIKV

NS4A. Mitophagy induction was also observed in mtKeima-

expressing JEG-3 cells upon transfection with ZIKV NS4A-

encoding plasmid (Supplementary Figure 3). In addition, PRV

induced formation of mitolysosomes following infection of

hNPCs or ZIKV NS4A overexpression resulted in depolarization

of MMP, both of which are findings similar to those observed in

JEG-3 cells (Figures 2E, F). We also confirmed that ZIKV NS4A did

not have any effects on the apoptotic signaling pathways in JEG-3

cells, as shown by the lack of enhanced caspase 3 or PARP

activation following staurosporine treatment (Supplementary

Figures 4A, B).
3.3 Drp1-mediated mitochondrial fission &
PINK1 are important for ZIKV replication

Mitophagy activation can occur via ubiquitin (PINK1/Parkin)-

dependent or ubiquitin-independent pathways. We determined if

PRV utilized PINK1/Parkin signaling to activate mitophagy during

JEG-3 infection. We observed that suppression of PINK1
A B

D E F

C

FIGURE 2

ZIKV NS4A induces mitophagy in human trophoblasts and neural progenitor cells. (A) JEG-3 cells were infected with mock- (m) or PRV (MOI 10) and
stained with MitoTracker (green) (500 nM) and LysoTracker (red) (75 nM). Scale bar = 10 mm. Mitolysosomes were quantified by measuring
percentage of cells with MitoTracker and LysoTracker colocalization (graph). The graph shows mean ± SD (n = 3). Statistical analysis; ***p<0.001,
when compared to the mock. (B-D) HeLa cells expressing mtKeima (pH-dependent fluorescent protein) were infected with mock (m) or PRV (B),
mock (m), Brazil or MR766 (C), or transfected with empty vector (EV), ZIKV NS4A or NS4B (D) were treated with CCCP (25 mM) for 2 (h) Green
fluorescence of mtKeima reflects mitochondria in the cytosol (green), while red fluorescence of mtKeima reflects mitochondria in lysosomes (red).
pH-dependent shift in excitation peaks were quantified to calculate % mitophagy (graph) using Zeiss ZEN software. *p<0.05, **p<0.01, and
***p<0.001, when compared to the mock or EV-transfected control. (E) MitoTracker Green and LysoTracker Red staining of mock- vs. PRV-infected
human neural progenitor cells (hNPCs). Percentage of cells with MitoTracker and LysoTracker colocalization was calculated (graph). (F) TMRM
staining of hNPCs transfected with varying concentrations of ZIKV NS4A-encoding plasmid. *p<0.05, ***p<0.001, when compared to the EV-
transfected control.
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expression via siRNA transfection resulted in lower ZIKV vRNA

levels when compared to negative control siRNA-transfected cells

(Figures 3A, B). Meanwhile, the disruption of mitochondrial

dynamics via knockdown of Drp1, a key regulator of

mitochondrial dynamics, suppressed ZIKV replication, while

knockdown of fusion protein, MFN2, enhanced viral replication

(Figures 3C, D). Mdivi-1, which inhibits Drp1 and promotes

mitochondrial fusion, treatment prior to PRV infection also

suppressed both FIS1, a mitochondrial fission protein that

interacts with Drp1, and ZIKV vRNA levels (Figures 3E, F).

These findings demonstrate that Drp1-mediated mitochondrial

fission and PINK1 are important regulators of ZIKV replication

in JEG-3 cells.
3.4 Mitophagy receptors BNIP3 and NIX
modulate ZIKV replication

Ubiquitin-independent activation of mitophagy involves various

mitophagy receptors, including BNIP3 and NIX (25). We
Frontiers in Immunology 07
investigated whether PRV-induced mitophagy in JEG-3 cells also

relied on PINK1/Parkin-independent pathway. Cytosolic and

mitochondrial fractions of mock- vs. PRV-infected JEG-3 cells were

analyzed for mitophagy receptor expression levels. ZIKV infection

upregulated mitochondrial expression levels of BNIP3, NIX, and

PINK1 (Figure 4A). Tom70, which is anchored to the mitochondrial

outer membrane, was used as the mitochondrial marker for protein

normalization. Next, we determined whether BNIP3 and NIX were

capable of modulating ZIKV replication. Upon knockdown of BNIP3

or NIX, ZIKV vRNA levels were downregulated in PRV-infected cells

(Figures 4B–D). Furthermore, the knockdown of BNIP3 or NIX

expression prior to PRV infection resulted in reduced viral infectivity,

as shown by reduced viral titers (Figure 4E). We observed that in

absence of BNIP3 or NIX expression, IFN-b, ISG-15, and OAS1

mRNA levels were upregulated, suggesting that PRV-induced

mitophagy downregulates type I IFN response (Figure 4F). These

results indicate that PRV-induced mitophagy occurs in both

ubiquitin-dependent and -independent pathways and plays a pro-

viral function to facilitate ZIKV replication and suppress antiviral

response in JEG-3 cells.
A B

D E F

C

FIGURE 3

Drp1-mediated mitochondrial fission & PINK1 are important for ZIKV replication. (A) Western blot analysis of JEG-3 transfected with ctl (siCtl) vs.
PINK1-specific siRNA (siPINK1) to confirm successful knockdown. Band intensities were quantified using ImageJ. (B) ZIKV vRNA levels were
quantified using qRT-PCR in siCtl- vs. siPINK1-transfected cells infected with PRV. **p<0.01, when compared to the siCtl-treated cells (C, D) JEG-3
cells transfected with control siRNA (siCtl), Drp1-specific siRNA (siDrp1) (C) or MFN2-specific siRNA (siMFN2) (D) were infected with PRV (MOI 10).
ZIKV vRNA expression levels were quantified with qRT-PCR. (E, F) Mdivi-1 was added to JEG-3 cells at various concentrations and cells were
infected with PRV (MOI 10). Mdivi-1-induced downregulation of mitochondrial fission was confirmed via suppression of FIS1 mRNA levels (E). Mdivi-1
treatment at various concentrations suppressed ZIKV vRNA gene expression levels, as quantified by qRT-PCR (F) (mean ± SD; n = 3). *p<0.05,
**p<0.01, and ***p<0.001, when compared to the control. Relative expression levels were normalized against GAPDH.
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3.5 ZIKV NS4A inhibits MAVS

Mitophagy results in degradation of the mitochondria, resulting

in reduced mitochondrial mass and decreased mitochondrial

components, including mtDNA. Both PRV infection and ZIKV

NS4A overexpression reduced the amount of mtDNA (Figures 5A,

B). MAVS localization to the mitochondria is required for

activation of downstream RLR signaling pathway, which

subsequently promotes type I IFN and proinflammatory cytokine

expression (26). Therefore, the effect of ZIKV NS4A on MAVS-

mediated antiviral signaling was investigated. Increasing

concentrations of ZIKV NS4A resulted in inhibition of MAVS

expression and oligomerization (Figure 5C). Luciferase reporter

assays also revealed that upon poly(I:C) treatment, both ZIKV

NS4A and NS4B suppressed IFN-b and ISRE promoter activities

(Figure 5D). To determine which RLR signaling effector ZIKV

NS4A interacts with to suppress type I IFN signaling, luciferase

reporter assays were performed with MDA5, RIG-I, MAVS-

encoding plasmids (Figures 5E, F). Results showed that ZIKV

NS4A effectively inhibited MDA5, RIG-I, or MAVS-mediated

IFN-b and ISRE promoter activities. Altogether, these findings

suggest that ZIKV NS4A-induced mitophagy degrades

mitochondrial components like mtDNA and MAVS, and ZIKV

NS4A-induced suppression of IFN response occurs through

inhibition of MAVS expression and oligomerization.
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3.6 ZIKV-infected sEVs contain
mitochondrial components

To investigate the effect of ZIKV infection on sEV protein

composition, conditioned medium of PRV-infected JEG-3 cells

were collected for sEV isolation and characterization (Figure 6A).

Mean size and concentration of extracellular vesicles secreted by

mock- vs. PRV-infected JEG-3 cells were analyzed by nanoparticle

tracking analysis, which showed that majority of the EVs isolated

were under 150 nm (mock-infected: 119.8 nm; PRV-infected: 96.8

nm) (Figure 6B). Interestingly, PRV-infected JEG-3 cells secreted

less EVs (2.52 x 1010 particles/mL) when compared to mock-

infected cells (1.92 x 1011 particles/mL). Western blot analysis

revealed that sEVs expressed common EV markers like CD63,

CD9, TSG101, and ALIX, which are involved in sEV biogenesis

or trafficking, and did not express calnexin, an ER marker that was

used as a negative control (Figure 6C) (27). Interestingly, the

infected sEVs also contained ZIKV NS1, which is in line with

previous report on presence of NS1 dimers on surface of exosome-

like EVs (28). Further characterization of sEV morphology was

analyzed by TEM that revealed the presence of small, double-

membraned nanovesicles (Figure 6D).

After confirming the successful isolation of sEVs, LC-MS/MS-

based proteomics profiling was performed to investigate the protein

components of sEVs secreted by PRV- vs. mock-infected JEG-3
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FIGURE 4

ZIKV NS4A upregulates mitophagy receptor expression, and BNIP3 and NIX modulate ZIKV replication. (A) Western blot analysis of mitophagy
receptor expression levels in cytosolic (cyto) and mitochondrial (mito) fractions obtained from mock- vs. PRV-infected JEG-3 cells. Band intensities
were quantified using ImageJ and normalized against TOM70. (B, C) JEG-3 cells were transfected with siCtl, siBNIP3 (B) or siNIX (C) and infected
with PRV (MOI 10). BNIP3 and NIX mRNA levels were determined by qRT-PCR. Data represented as mean ± SD. **p<0.01, when compared to the
siCtl-transfected cells. Relative expression levels were normalized against GAPDH. (D, F) qRT-PCR analysis of BNIP3 or NIX siRNA-transfected JEG-3
cells infected with PRV (MOI 10). Relative viral transcription levels (D) and IFN-b, ISG15, and OAS1 mRNA levels (F) were determined. Relative
expression levels were normalized against GAPDH. (E) TCID50 assay of Vero cells infected with supernatants collected at 48 hpi from siBNIP3- or
siNIX-transfected JEG-3 cells infected with PRV (MOI 10). Data represented as mean ± SD. *p<0.05, **p<0.01, and ***p<0.001, when compared to
the siCtl-treated PRV-infected cells.
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cells, and samples were prepared in two biological replicates.

Differential expression profiles of the protein-encoding genes

were similar between mock-infected and PRV-infected sEVs

(Supplementary Figure 5A). Total of 2301 proteins were detected,

and 329 proteins were differentially regulated (p-value <0.05, fold

change > 2) in sEVs during PRV infection of JEG-3 cells. Gene

ontology pathway analysis revealed that large proportions of the

protein-encoding genes of the proteins differentially regulated

during infection were involved in immune response or

inflammatory response (Figure 6E). Differential expression levels

of the upregulated proteins of interest were represented as a

heatmap (Figure 6F). Interestingly, PRV infection induced

upregulation of sEV biomarkers including tetraspanins (CD9 and

CD63) and endosomal sorting complexes required for transport

(ESCRT) protein TSG101. Additionally, SEC22B, which is known

for its function during endoplasmic reticulum-to-Golgi trafficking

and recently reported to be present on autophagic intermediates

destined for secretion, was found to be upregulated (29). Several

proteins of the sorting nexin (Snx) family were also significantly

upregulated in PRV-infected sEVs.
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Proteomics analysis of PRV-infected sEVs also revealed the

presence of mitochondrial proteins, such as VDAC1, VDAC2,

TIMM9, TIMM13, TOM70, and Parkin. To evaluate the

correlation between quantitative proteomics results, western blot

analysis was performed and we found upregulation of the following

PRV-infected sEV cargo, CD9, TSG101, Snx6 and Snx9, LAMP1,

TOM70, IRF3, p62, G3BP1, and Parkin when compared to mock-

infected sEVs (Figure 6G). Proteins were also analyzed according to

their subcellular localization. The highest number of proteins

detected within the sEVs were secreted, and proteins that

localized to the mitochondria were mostly upregulated in PRV-

infected sEVs (Figure 6H and Supplementary Figures 5B–D). These

findings highlight the potential of the mitochondria as a source of

sEVs secreted during PRV infection by JEG-3 cells, and the possible

role of Snx6 during MDV formation and biogenesis.

In addition, small RNA sequencing of the miRNA content

encapsulated within sEVs revealed that ZIKV differentially

regulated expression levels of extracellular miRNAs during

infection. Analysis of the sequencing data revealed similarities in

miRNA expression profiles between sEV samples isolated from
A B
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C

FIGURE 5

ZIKV NS4A reduces mitochondrial mass & blocks MAVS oligomerization to suppress IFN response. (A, B) Genomic DNA isolated to determine relative
mitochondrial DNA (mtDNA) present in JEG-3 cells infected with mock (m), PRV (MOI 10) or treated with CCCP (25 mM, 2 h) (A) or transfected with
empty vector (EV), ZIKV NS4A, NS4B or treated with CCCP (25 mM, 2 h) (B). Relative mtDNA amount was normalized against 18S rRNA. *p<0.05,
**p<0.01, and ***p<0.001, when compared to the m or EV control. (C) Western blot analysis of MAVS oligomerization and expression levels in JEG-3
cells transfected with MAVS in combination with increasing concentrations of ZIKV NS4A. (D) JEG-3 cells overexpressing IFN-b or ISRE reporter
plasmids were transfected with EV, ZIKV NS4A or NS4B and treated with poly(I:C) (20 mg/mL, 2h). Luciferase reporter assay is shown (mean ± SD).
(E, F) Luciferase assay of HEK293T cells transfected with IFN-b or ISRE reporter plasmids in combination with ZIKV NS4A and one of the following
RLR signaling effectors (MDA5, RIG-I, MAVS, TBK1, IRF3). Data represented as mean ± SD. *p<0.05, **p<0.01, and ***p<0.001, when compared to
the EV control.
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mock- vs. PRV-infected JEG-3 cells (Supplementary Figures 6A, B)

and miR-30c, -15a, and -204 were among the top 5 miRNAs that

were significantly upregulated upon PRV infection. Small RNA-

sequencing of sEVs secreted by ZIKV-infected JEG-3 revealed that

ZIKV differentially regulated miRNAs involved in cellular pathways

like immune response, inflammation, secretion, and autophagy.

Next, we found that sEVs derived from PRV-infected JEG-3 cells

contained proteins that localize to the endosome, and many proteins

belonging to the sorting nexin (Snx) family were detected, including

Snx1, 5, 6, and 9 (Figure 7A). Snx9 has been reported to regulate

loading of mitochondrial proteins intoMDVs, which can be secreted as

sEVs or target mitochondrial components for lysosomal degradation

(30). Therefore, we further investigated the importance of MDVs

during PRV infection in JEG-3 cells via Snx6- and Snx9-specific

siRNA transfection individually or in combination prior to infection.

Snx6 belongs to the same family of proteins as Snx9, which is required

for formation of MDVs targeted for extracellular release or lysosomal

degradation (31). Since Snx6 has not been associated with any

functional roles during MDV biogenesis and trafficking, the effect of

Snx6 and Snx9 knockdown on PRV viral replication and infectivity was

analyzed. Knockdown of Snx6 and/or Snx9 downregulated ZIKV

vRNA levels, in addition to reduced viral titers (Figures 7B–D).

Increased mRNA expression levels of ISG15 upon Snx6 and/or Snx9

knockdown during ZIKV infection were observed, suggesting that

disruption of MDV formation during ZIKV infection affects the host

antiviral response in JEG-3 cells (Figure 7E). MDVs have also been
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reported to contain mtDNA, which can act as DAMPs to activate

inflammatory or immune responses when present in the cytosol (30).

Knockdown of Snx6 and/or Snx9 increased knockdown of Snx6 and/or

Snx9 increased the amount of cytosolic mtDNA when compared to

siCtl-transfected cells that were infected with PRV (Figure 7F). These

data provide the possibility that PRV hijacks mitochondrial quality

control at the level of MDV formation and secretion to facilitate viral

replication in placental cells.
4 Discussion

Mitochondria are highly dynamics organelles undergoing constant

changes in numbers and activities in response to various physiological or

pathological conditions. Mitophagy and recurrent cycles of fission and

fusion are established mechanisms for ensuring mitochondrial quality,

while MDVs, which are derived from the mitochondrial surface and

directed to lysosomes or peroxisomes for degradation, have emerged as

relatively newmechanism. Here we report that ZIKV triggers changes in

mitochondrial dynamics, mitophagy, andMDVs to evade the host innate

immune response and facilitate viral infection (Figure 8).

Mitochondrial dynamics and mitophagy coordinate with each

other to maintain mitochondrial function, integrity, and quantity

(32). Mitochondrial fission precedes mitophagy to separate

dysfunctional, depolarized mitochondria from the rest of the

mitochondrial network for engulfment by autophagosomes, and
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FIGURE 6

Small extracellular vesicles (sEV) proteomics profiling revealed presence of mitochondrial components. (A) Schematic representation of the
experimental procedures taken to isolate, purify, and characterize sEVs released from mock- vs. PRV-infected JEG-3 cells. Liquid chromatography
with tandem mass spectrometry (LC–MS/MS) analysis was performed to characterize the contents of sEVs from PRV-infected JEG-3 cells
(B) Nanoparticle tracking analysis of sEVs secreted by mock- or PRV-infected JEG3 cells is shown. (C) Western blot analysis of sEVs confirm the
presence of ZIKV NS1 and sEV markers (CD9, CD63, TSG101, and ALIX). Endoplasmic reticulum localized calnexin was used as a negative marker.
(D) Transmission electron microscopy of sEVs. Scale bar = 100 nm. (E) Pie chart of functional Gene Ontology (GO) terms associated with
differentially expressed proteins detected within sEVs (PRV- vs. mock-infected; p < 0.05, fold change > 2). (F) Heatmap of top expressed proteins
that were upregulated in PRV-infected sEVs. Two biological replicates per samples were included for further analysis. (G) LC–MS/MS-based
proteomics data were validated by Western blot analysis. Snx6, Snx9, LAMP1, TOM70, IRF3, p62, and G3BP1 were upregulated in PRV-infected sEVs
compared with mock sEVs. (H) Number of protein-encoding genes of the detected proteins were quantified according to their subcellular
localization. Proteins that can localize to the mitochondria are shown in gray.
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inhibition of fission results in decreased mitophagy levels (33). Our

findings demonstrate that PRV induces mitophagy in JEG-3 cells upon

infection, and Drp1-mediated fission and PINK1 were shown to be

important modulators of ZIKV viral replication (Figures 2, 3).

Mitochondrial fusion is important for MAVS to interact with

downstream signaling molecules and maintain the MMP, while

mitochondrial fission results in smaller mitochondrial size and

diminished RLR signaling (4, 34–37). Mitochondrial surface

provides a platform for MAVS-mediated antiviral signaling, and

ZIKV NS4A has been associated with inhibition of type I IFN

response via suppression of RLR-MAVS interaction (7). In line with

previous reports, our data show that ZIKV NS4A reduced

mitochondrial mass via mitophagy induction to suppress MAVS-

mediated type I IFN production in JEG-3 cells, as shown by the

reduction of mtDNA, inhibition of MAVS expression and

oligomerization, and subsequent suppression of type I IFN

(Figure 5). Recently, Shah et al. revealed that ZIKV NS4A

interacts with many host proteins involved in mitochondrial

organization, trafficking, oxidative respiration, autophagy and

immunity by comparing the flavivirus-human networks. In

addition, ANKLE2 was identified as a key molecule which can

contribute to neuroblast development and microcephaly in humans

(38). Given the possible role of mitophagy in infected hNPCs in

causing neurodevelopmental disorders like microcephaly, it will be

interesting to further investigate how ZIKV NS4A manipulates

mitochondrial quality control mechanisms to enhance viral

infection and evade neural cell differentiation.
Frontiers in Immunology 11
Several RNA viruses have been reported to impact various processes

of mitochondrial dynamics and quality control to suppress the host

antiviral innate immune response and enhance viral replication (39–41).

For example, Dengue virus (DENV) alters mitochondrial dynamics to

increase antiviral immune evasion. Previous studies have demonstrated

the beneficial role of mitochondrial fusion during DENV replication, and

induction of mitochondrial fragmentation or fission via CCCP treatment

or Drp1 knockdown resulted in impaired viral replication (42, 43). In

correlation with this study, our previous reports suggest the

mitochondrial elongation during ZIKV infection in human umbilical

cord mesenchymal stem cells (20). On the contrary, PRVABC59

infection in JEG-3 cells induces mitochondrial fission and ZIKV NS4A

was shown to disrupt mitochondrial dynamics and mitochondrial

respiration profile, in addition to depolarization of mitochondrial

membrane potential and mitochondrial ROS production, all of which

are cellular events observed during mitophagy (Figures 1 and

Supplementary Figure 1). It is highly likely that mitochondria

morphodynamics depends on the cell type and viruses, but regardless

of viruses, mitochondrial perturbation can protect viruses from antiviral

IFN response and create a favorable replicative environment.

The flaviviral RNA genome encodes 7 nonstructural proteins (NSs)

that have essential functions in viral replication and immune evasion,

and NS4A, NS4B, and NS5 have been reported to inhibit JAK-STAT

and RLR signaling through various mechanisms to enhance viral

pathogenesis (44–48). NS5A of Hepatitis C virus (HCV), also

belonging to the Flaviviridae family, upregulates mitochondrial

fission and mitophagy to block HCV-induced mitochondrial damage
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FIGURE 7

MDV components (Snx6 and Snx9) regulate ZIKV replication & infectivity. (A) Heatmap of upregulated sEV proteins that can localize to the
endosome. Snx6 and 9 were chosen for further analysis. (B) Western blot analysis of JEG-3 cells transfected with Snx6- or Snx9-specific siRNAs and
infected with mock or PRV (MOI 10). Snx6 and Snx9 protein levels were determined and quantified below the blot. (C) qRT-PCR quantification of
ZIKV vRNA transcription levels in siSnx6- and/or siSnx9-transfected JEG-3 cells infected with PRVABC59. Expression levels were quantified relative
to siCtl-transfected JEG-3 cells infected with PRV. (D) TCID50 assay of Vero cells infected with supernatants collected at 48 hpi from siSnx6- and/or
siSnx9-transfected JEG-3 cells infected with PRV. (E) siSnx6- and/or siSnx9-transfected JEG-3 cells were infected with PRV for 24h. Relative ISG15
mRNA levels were quantified relative to siCtl-transfected JEG-3 cells infected with PRV. (F) Cytosolic mtDNA amount was quantified with qRT-PCR.
(+) = JEG-3 cells transfected with siSnx6 and siSnx9 in combination. Data represented as mean ± SD (n=3). *p<0.05, **p<0.01, and ***p<0.001,
when compared to the siCtl-transfected cells infected with PRV.
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from spreading and triggering apoptosis, and maintain a cellular

environment that is beneficial for viral replication and dissemination

(49, 50). ZIKV NS4A and NS4B inhibit neurogenesis via induction of

autophagy in NSCs via inhibition of Akt/mTOR pathway (8). Dengue

virus (DENV) NS4A promotes viral replication complex formation

and is sufficient to induce autophagy, while Japanese encephalitis virus

(JEV) NS4A localizes to the mitochondria to interact with PINK1 to

dysregulate mitochondrial quality control by inducing mitophagy (41,

51, 52). According to Ponia et al, ZIKV NS5 suppressed mitophagy by

inhibiting mitochondrial translocation of Ajuba and inducing early

expression of proinflammatory chemokines to enhance tissue

dissemination (53). However, modulation of autophagic or

mitophagic processes during ZIKV infection of placental trophoblast

cells have yet to be studied. In this study, we observed that ZIKV NS4A

localized to the mitochondria and interacted with LC3 in CCCP-

treated JEG-3 cells to inducemitophagy upon PRV infection (Figures 1,

2, and Supplementary Figure 2). ZIKV NS4A overexpression alone

upregulated expression levels of mitophagy receptors like BNIP3, NIX,

and PINK1, and suppression of BNIP3- or NIX-mediated mitophagy

resulted in enhanced IFN-b, ISG15, and OAS1 levels (Figure 4).

Analysis of the secretory profiles of JEG-3 cells during ZIKV

infection, in terms of sEV miRNA and protein composition, allows

identification of novel, signature secretory profiles of ZIKV-infected
Frontiers in Immunology 12
trophoblast cells and provide additional biomarkers that can be

used in the development of noninvasive diagnostic methods that

can detect ZIKV during pregnancy. Small RNA sequencing analysis

revealed miR-15a, -30c, and -204a to be among the top 5 most

upregulated miRNAs in PRV-infected sEVs released from JEG-3

cells. miR-30c, the most significantly upregulated miRNA within

PRV-infected sEVs, inhibits mitochondrial fission via p53-mediated

suppression of Drp1 (54). Proteomics profiling of sEVs revealed

presence of mitochondrial proteins, including TOM70, VDAC1,

and MDV-associated Snx9, which were mostly upregulated in

ZIKV-infected sEVs (Figure 6 and Supplementary Figure 5).

TOM70 was previously reported to interact with MAVS during

RNA virus infection and function as an adaptor protein linking

MAVS and TBK1/IRF3 (55). Secretion of TOM70 via sEVs may

suggest another immune evasion mechanism for ZIKV to suppress

activation of type I IFN response mediated via MAVS. In addition,

the presence of ZIKV NS1 in infected sEVs released by JEG-3 cells

further highlights the importance of nonstructural proteins during

ZIKV pathogenesis.

Several proteins of the Snx family were also upregulated in PRV-

infected sEVs. Snx proteins are involved in endocytosis and protein

trafficking (31). Snx5, for example, has been reported to mediate

virus-induced autophagy, and knockdown of Snx5 resulted in
FIGURE 8

ZIKV NS4A dysregulates mitochondrial dynamics and quality control mechanisms to suppress host antiviral response in trophoblast cells. ZIKV NS4A
triggers changes in mitophagy, and MAVS-mediated antiviral immunity to evade the host innate immune response and facilitate viral infection, while
ZIKV modulation of MDV components, such as Snx6 and Snx9, may affect ZIKV replication and infectivity.
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decreased autophagy induction by ZIKV in Dong et al. (56).

Upregulation of Snx5 in PRV-infected sEVs suggest the possible

role of secretory autophagy during infection of placental cells. Snx1

was also observed to be differentially upregulated in EVs secreted by

ZIKV-inoculated trophoblast cells in a macaque ZIKV infection

model of pregnancy (16). In addition to Snx9, various proteins of

the Snx family were detected to be upregulated in ZIKV-infected

sEVs, and further analysis of Snx6 and 9 showed that disruption of

MDV biogenesis affects ZIKV replication and infectivity, in addition

to increasing the amount of cytosolic mtDNA following infection

(Figure 7). According to our data, Snx6, similar to Snx9, may also

function as a regulator of MDV formation. Mitophagy can also occur

via MDVs to remove parts of the mitochondria through a process

known as micromitophagy, and modulation of MDV components

may affect ZIKV replication and infectivity by disrupting ZIKV-

induced mitophagy (57).

Currently, ZIKV-specific therapeutic treatments or vaccines

have yet to be clinically approved. Because sEVs are capable of

crossing blood-tissue barriers, recent strategies for antiviral

therapy against neurotropic viruses include targeted delivery of

sEVs containing antiviral candidate drugs, peptides, or siRNAs

to the brain. EVs containing IFITM3 were able to be delivered

from pregnant mice to the fetuses and suppress ZIKV infection

in both mothers and fetuses, while sEVs that overexpress rabies

virus glycoprotein were capable of transplacental delivery of

anti-ZIKV siRNA to the fetus brain in mice (58, 59). Our study

uncovered molecular mechanisms underlying ZIKV-mediated

manipulation of mitochondrial quality control and identified

important regulators of ZIKV-induced mitophagy or MDV

formation that may lead to the discovery of novel therapeutic

targets that can be loaded into sEVs for targeted delivery. It will

be interesting to carry out further studies on the potential

antiviral effects of sEVs carrying siRNAs against MDV or

mitophagy receptors, or the possibility of controlling

congenital ZIKV infections via inhibition of mitophagy or

MDV/sEV biogenesis and secretion.
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