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ARTICLE INFO ABSTRACT

Keywords: Aims: Zika virus (ZIKV) infection causes a public health concern because of its potential association with the
Zika virus (ZIKV) development of microcephaly. During viral infections, the host innate immune response is mounted quickly to
Exosomes produce some endogenous functional molecules to limit virus replication and spread. Exosomes contain mole-
Defensins cules from their cell of origin following virus infection and can enter recipient cells for intercellular commu-
]g:]fle:;lcrllealpha 1B (DEFA1B) nication. Here, we aim to clarify whether ZIKV-induced exosomes can regulate viral pathogenicity by trans-

ferring specific RNAs.

Main methods: In this study, exosomes were isolated from the supernatants of A549 cells with or without ZIKV
infection. Human transcriptome array (HTA) was performed to analyze the profiling of RNAs wrapped in exo-
somes. Then qPCR, western blotting and ELISA were used to determine ZIKV replication. CCK-8 and flow cy-
tometry were used to test the cell proliferation and cell cycles. Co-culture assay was used to analyze the effect of
exosomes on the cell cycles of recipient cells.

Key findings: Through human transcriptome array (HTA) we found the defensin alpha 1B (DEFA1B) expression
was significantly increased within exosomes isolated from ZIKV infected A549 cells. Additionally, we found that
the extracellular DEFAIB exerts significant anti-ZIKV activity, mainly before ZIKV entering host cells.
Interestingly, up-regulated DEFA1B retards the cell cycle of host cells. Further studies demonstrated that
DEFA1B interacted with the origin recognition complex 1 (ORC1) which is required to initiate DNA replication
during the cell cycle and increased DEFA1B expression decreased the ORC1 level in the cell nuclei. Accordingly,
DEFA1B-containing exosomes can be internalized by the recipient cells to retard their cell cycles.

Significance: Together, our results demonstrated that the anti-ZIKV activity of DEFA1B can be mediated by
exosomes, and DEFA1B interacts with ORC1 to retard cell cycles. Our study provides a novel concept that
DEFA1B not only acts as an antiviral molecule during ZIKV infection but also may correlate with cell pro-
liferation by retarding the progression of cell cycles.

1. Introduction

Zika virus (ZIKV) is a re-emerging arbovirus that belongs to the
Flaviviridae family and is transmitted by infected Aedes mosquitoes.
ZIKV is a single positive-stranded RNA virus with a genome size of
approximately 10.8 kilobases [1]. ZIKV infection emerged as a public
health concern after increasing evidence linking ZIKV infection with the
potential development of microcephaly [2]. Although previous study
alluded that ZIKV could directly infect human neural progenitor cells
(hNPCs) to induce cell death and disturb cell cycle progression to affect
human brain development [3], the detailed underlying molecular

mechanism remains elusive.

In the battle between pathogens and hosts, the production of en-
dogenous defensins is one of the first lines of protection for the host.
Various types of human cells can produce defensins that have broad
antimicrobial activity to many pathogens, including bacteria, viruses
and fungi [4,5]. Defensins have been shown to protect against many
virus infections, such as human immunodeficiency virus (HIV), influ-
enza A virus (IAV), human adenovirus (HAdV), severe acute respiratory
syndrome coronavirus (SARSC), papillomavirus (HPV), respiratory
syncytial virus (RSV), and herpes simplex virus (HSV) [6,7]. Currently,
no approved vaccines or therapies are available for the prevention and
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treatment of ZIKV infection, therefore defensins may be a promising
drug target for the treatment of ZIKV infection.

The ‘origin recognition complex’ (ORC), as one of the most im-
portant complexes in all eukaryotes, is involved in the initiation of DNA
replication and has been linked to various diseases [8]. Although ORC
consists of ORC1-6, ORC1 is the biggest subunit that is necessary for the
initiation of DNA replication [9]. Notably, several reports linked ORC to
numerous human diseases [10,11]. Of particular interest, mutations in
ORC1 have been shown to cause Meier-Gorlin syndrome, which is
characterized by microcephaly and primordial dwarfism [12,13].

Recent work has pointed out that exosomes function as crucial
regulators of cellular cross-talk. Exosomes are phospholipid bilayer-
bound structures that can transfer packed mRNA, miRNA, and/or
proteins into recipient cells to facilitate intercellular communications
and to affect gene expression in recipient cells [14,15]. In addition,
emerging evidence indicated that exosomes can mediate the transfer of
pathogen-derived antigens and virulence factors [16]. Exosomes play
various roles in the pathogenesis of ZIKV. For example, ZIKV can be
wrapped into a sort of cargo of the placental exosomes and be trans-
mitted through exosomes into trophoblast cells [17]. Furthermore,
exosomes have been shown to mediate ZIKV transmission through
SMPD3 neutral Sphingomyelinase in cortical neurons [18].

In order to further decipher the role of exosomes in the pathogenesis
of ZIKV infection, we used human transcriptome array (HTA) and
bioinformatics analysis to identify candidate molecules in ZIKV-induced
exosomes. We identified defensin alpha 1B (DEFA1B) is involved in
ZIKV infection and pathogenesis. Our data demonstrated that DEFA1B
not only inhibits ZIKV replication before ZIKV entering host cells but
also retards the progression of cell cycles through interaction with
ORCL. Interestingly, the function of DEFA1B to retard cell cycle pro-
gression can be transmitted by ZIKV-induced exosomes. In conclusion,
these findings describe the double effects of ZIKV-induced DEFA1B: 1)
as an antiviral peptide to inhibit ZIKV infection; 2) as an ORC1-binding
protein to retard the progression of cell cycle which may be linked to
the microcephaly manifestation following ZIKV infection.

2. Materials and methods
2.1. Cells and virus

Human adenocarcinoma alveolar basal epithelial cell line (A549),
human embryonic kidney epithelial cell line (HEK293T) and un-
differentiated human neuroblastoma SH-SY5Y cell line were cultured in
DMEM (HyClone Laboratories, USA) supplemented with 10% fetal bo-
vine serum (FBS; Biological Industries, Israel), 100 IU/mL penicillin,
and 100 pg/mL streptomycin at 37 °C with 5% (v/v) CO, in a humi-
dified incubator. Before exosomes isolation, the A549 cells, with a
confluence of about 60-70%, were grown for 48 h in DMEM supple-
mented with exosome-depleted FBS (Gibco, USA). A549 cells were in-
fected by ZIKV GZO01 strain at a multiplicity of infection (MOI) of 0.5 in
DMEM medium supplemented with 2% FBS. Cell cycle arrest was in-
duced by the double-thymidine block method, and HEK293T cells were
incubated in the presence of 2.5 mM thymidine for two periods of 18 h
with an interval incubation of 9 h in the absence of thymidine.
Synchronous growth following arrest was achieved by two washes with
PBS and subsequent culturing without thymidine.

2.2. Exosomes isolation

After A549 cells were infected with or without ZIKV for 48 h, the
culture medium was harvested and subjected to sequential centrifuga-
tion steps (300 X g for 5 min; 2000 x g for 15 min; 10,000g for 60 min
at 4 °C) to remove dead cells, cellular debris, microvesicles and mem-
brane debris. The supernatants were further centrifuged at 100,000 x g
for 90 min at 4 °C, followed by sucrose density gradient purification to
purify exosomes [19]. After that, final pellets of exosomes were re-
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suspended in PBS to 1/2000th of the original volume of the culture
supernatant, and small aliquots were stored at —80 °C freezer until use.

2.3. Characterization of the isolated exosomes

Western blot analysis was carried out according to the standard
procedure. Antibodies of anti-human CD63, CD81, TSG101 were ob-
tained from Santa Cruz (CA, USA), and Calnexin obtained from CST
(MA, USA). Secondary goat anti-rabbit and goat anti-mouse antibodies
were also obtained from CST (MA, USA). BIO-RAD ChemiDoc Imaging
System (Rio-Rad, USA) was used to quantify the band density. The size
and particle number of the purified exosomes were analyzed using Zeta
View (Particle Metrix GmbH, Germany). Exosomes preparations were
further verified by electron microscopy (Tecnai Spirit Bio-Twin, USA).

2.4. RNA isolation and microarray analysis

Total exosomes RNAs were isolated using Trizol (Life Technologies,
USA) and Dr. GenTLE™ Precipitation Carrier (Takara, Japan) according
to the manufacturer's guidelines. RNA was quantified using Nanodrop
ND-1000 (Thermo Fisher Scientific, USA). The integrity of these total
RNAs was assessed using Agilent 2100 Bioanalyzer (Agilent, USA). The
mRNA and IncRNA array profiling was performed by using the
Affymetrix GeneChip HTA 2.0 (Affymetrix, USA). With this array, it was
possible to evaluate > 285,000 full-length transcripts, > 245,000
coding transcripts, > 40,000 non-coding transcripts, and > 339,000
probe sets covering exon-exon junctions.

2.5. Real-time quantitative PCR (RT-qPCR)

Quantitative PCR analysis of DEFA1B, ZIKV and GAPDH was carried
out by using a Bio-Rad CFX96 (Bio-Rad Laboratories, USA) with SYBR-
Green PCR Master Mix (Nanoprotein, China) according to the manu-
facturer's protocol. Samples were run in triplicate and at least 3 in-
dependent experiments were performed. Analysis of relative gene ex-
pression was performed by the 224" method. Data are presented as
mean = SD. A p value of < 0.05 was considered to be statistically
significant. The primers for RT-qPCR used in the present study are listed
as follows. For GAPDH, the forward primer was 5-GCCTCCTGCACCA
CCAACTG-3’ and the reverse primer was 5-ACGCCTGCTTCACCACC
TTC-3’; for DEFA1B, the forward primer was 5-CACTCCAGGCAAGAG
CTGAT-3’ and the reverse primer was 5-TCTGCAATAGCAGGCCA
TGT-3’; for ZIKV, the forward primer was 5-GCAGAGCAACGGATGG
GATA-3’ and the reverse primer was 5-ATGGTGGGAGCAAAACG
GAA-3".

2.6. Plasmid construction and verification of protein expression

Plasmids expressing DEFA1B were constructed with routine mole-
cular cloning techniques. The full length human DEFA1B gene was
amplified by polymerase chain reaction (PCR) from total RNA isolated
from A549 cells and cloned into pcDNA3.1-T2A-EGFP vector to create
the mammalian expression plasmids pcDNA3.1-DEFA1B-T2A-EGFP. All
the constructs were sequence-verified. The plasmids were transiently
transfected into HEK293T cells using Lipofectamine 3000 (Invitrogen,
USA) and protein expression was verified by Western Blot (WB) using
DEFA1B-specific antibody and secreted DEFA1B into the culture
medium was assessed by an ELISA kit (Cloud-Clone Corp, USA).
Concentrations of human DEFA1B were determined by plotting the
absorbance of each sample against a standard curve of recombinant
human DEFA1B.

2.7. DEFA1B anti-viral activity

A549 and HEK293T cells were cultured in plates and allowed to
attach overnight, infected with ZIKV GZO01 strain at MOI of 0.5, in
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Fig. 1. Characterization of exosomes isolated from A549 cells (Exo-A549) or ZIKV infected A549 cells (Exo-ZIKV). Transmission electron micrograph of Exo-A549 (A)
and Exo-ZIKV (B). Nanoparticle tracking analysis of exosomes indicated Exo-A549 particles sizes median diameter of 125.3 nm (C) and Exo-ZIKV median size
diameter of 127.2 nm (D). Peak analysis of exosomes (E). Western blotting of exosomes was performed to confirm the presence of exosomal marker protein, CD63,
CD81 and TSG101. Absence the endoplasmic reticulum protein, Calnexin, in exosomes but was detectable in whole cell lysates (F).

DMEM with DEFA1B for 2 h to allow virus adsorption. Then cells were
washed twice with PBS and cultured with complete medium. Cells were
cultured at 37 °C and 5% CO,, for 48 h, then cells were harvested to test
ZIKV copies and NS1 expression.

2.8. Subcellular fractionation

Cytoplasmic and nuclear proteins of the cells were separated by
using the Membrane Nuclear and Cytoplasmic Protein Extraction kit
(Sangon, China), following the manufacturer's instructions. In brief,
after washing the cells with PBS, cells were lysed with ice-cold Lysis
buffer A for 20 min, and the cell lysates were centrifuged at 13,000g for
10 min, after which the cytoplasmic proteins were located in the su-
pernatant and collected. Ice-cold lysis buffer B was then added to the
pellets for 10 min, and the cell lysates were centrifuged at 13,000g for
10 min, after which the nuclear proteins were located in the super-
natant and collected.

2.9. Western blot

Total cellular proteins were lysed with RIPA lysis buffer (1% NP-40,
1% Triton X-100, 1 mM MgCl2, 0.1% SDS, and 10 mM Tris-HCl, pH 7.4)
and quantified by BCA method before being separated by SDS-PAGE.
Western blot analysis was carried out according to the standard pro-
cedures. Primary antibodies of CD63, CD81, TSG101, DEFA1B and
ORC1 were obtained from Sigma-Aldrich (St Louis, MO, USA), and
antibodies of Calnexin, NS1, PARP and GAPDH were obtain from CST
(MA, USA), DEFA1B antibody was from proteintech (IL, USA).
Secondary antibodies goat anti-rabbit, goat anti-mouse and goat anti-
rat were also obtained from CST (MA, USA). Bio-rad Image Acquisition
and Analysis Software (UVP, Upland, CA, USA) were performed to
quantify the band density.

2.10. Cell Counting Kit-8 (CCK-8)

Cell proliferation and viability were evaluated using a CCK-8 assay
(TransGene Biotech, China). For CCK8, the cells were allowed to grow
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Fig. 2. Profiling of RNAs led to the discovery of distinct signatures for Exo-A549 and Exo-ZIKV subsets. RNA profiles of Exo-A549 (A) and Exo-ZIKV (B) both lack the
two rRNA peaks (18 s and 28 s) and are enriched in short RNAs. (C) Heatmap reflective of coding and noncoding RNAs which log FC =0.3 and log FC < —0.3, withp
value < 0.05. (D) Volcano map of RNAs. (E) Exosomal RNAs were isolated and RT-qPCR used to determine the relative expression of DEFA1B and normalized to

GAPDH. Significance was determined by Student unpaired t-test ***p < 0.001.

in a 96-well plate, at the concentration of 5000 cells per well. At each
time point, cells were rinsed with 1/10 CCK-8 diluted in DMEM for
1.5 h, and the optical density of the cellular homogenate was measured
at 450 nm. Each experiment was performed in quintuplicate.

2.11. Flow cytometry analysis

The effect of DEFA1B on cell proliferation was evaluated by mea-
suring the distribution of the cells in the different phases of the cell
cycle by flow cytometry. This determination was based on the mea-
surement of the DNA content of nuclei labeled with propidium iodide
(PI). Cells were prepared by trypsinization and washed twice with
phosphate-buffer saline (PBS), and fixed in 70% ethanol overnight.
Staining for DNA content was performed with 50 pg/mL propidium
iodide (PI, Solaribio, China) and 1 mg/mL RNase A (Solaribio, China)
for 30 min. The analysis was performed on a BDCalibur flow cytometer
(Becton Dickinson, USA) with Cell Quest Pro software. Cell-cycle
modeling was performed with Modfit 5.0 software (Verity Software
House, USA).

2.12. Co-immunoprecipitation

Co-immunoprecipitation (co-IP) was performed on lysates from
HEK293 cells transfected with pcDNA3.1-DEFA1B-T2A-EGFP or control
plasmid. Anti-DEFA1B antibody (proteintech, USA) and Protein A&G
Agarose (Santa Cruz Biotechnology) were used in this co-IP assay. The
immunoprecipitates were washed five times and separated by 10%
SDS-PAGE gel electrophoresis and blotted using anti-DEFA1B and anti-
ORC1 (Santa Cruz), respectively.

2.13. Exosomes uptake into recipient cells

PKH67 Green Fluorescent Cell Linker Kit (Sigma) was used to label
exosomes according to the manufacturer's protocol. Briefly, exosomes
were re-suspended in 500 pL Diluent C. In addition, 2 pL. PKH67 was
mixed with 1 mL Diluent C, followed by mixing with the exosomes
suspension and incubated for 4 min. To stop the labeling reaction, an
equal volume of 1% BSA was added into the mixed solution. Then, the
labeled exosomes were ultracentrifuged at 100,000 x g for 1 h at 4 °C,
washed with 1 x PBS, and ultracentrifuged again. To detect exosomes
uptake into recipient cells, HEK293T cells and SH-SY5Y cells were
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Fig. 3. The anti-ZIKV effect of DEFA1B. Here, cells with treatments (for 48 h): no treatment (mock), pcDNA3.1-T2A-EGFP (vector) and pcDNA3.1-DEFA1B-T2A-EGFP
plasmid (pDEFA1B), as presented in the bar diagrams. All experiments were performed in triplicates. After transfected with plasmid, qPCR (A) and ELISA (B) were
used to determinate the expression level of DEFA1B. Then infected with ZIKV, both mRNA (C) and protein (D) levels showed DEFA1B in culture supernatants can
inhibit ZIKV replication. To further analysis the anti-ZIKV effect of extracellular DEFA1B, we put three different concentration of DEFA1B in the culture supernatants
(E) then infected with ZIKV, qPCR (F) and western bolt (G) were used to determinate ZIKV replication. The changes of ZIKV copies in medium with or without
DEFA1B from 0 to 6 h (H). Also, we verified the anti-ZIKV effect of intracellular DEFA1B, three different RNA (I) and protein (J) levels of DEFA1B in cells, before
infected with ZIKV change medium with fresh medium without DEFA1B. Use qPCR (K) and western blot (L) to analysis ZIKV level.

grown in 24-well plates at a density of 1 x 10 cells per well and
PKH67-labeled exosomes were diluted in whole-medium solution and
was added into each well. Cells were cultured for 6 h at 37 °C. DAPI was
used to stain the nucleus, and the cells were observed using fluores-
cence microscope (Olympus IX71, Germany).

2.14. Statistical analysis

Student's t-tests were used to analyze

the differences between

groups. All experiments were repeated at least three times. The p-
value < 0.05 was considered statistically significant (*p < 0.05;

**p < 0.01; ***p < 0.001).
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3. Results

3.1. Identification and characterization of exosomes derived from A549
cells and ZIKV infected A549 cells

Purified exosomes from the culture supernatants of A549 cells with
or without ZIKV infection were examined by transmission electron
microscopy (TEM). Membrane-bound round-shaped vesicles ranged in
size from 100 to 200 nm in diameter were shown (Fig. 1A, B). Fur-
thermore, nanoparticle tracking analysis (NTA) indicated that the mean
diameters of 98.7% Ex0-A549 are 125.3 nm, and 97% of Exo-ZIKV is
127.2 nm (Fig. 1C, D, E). Western blot revealed that the exosome-
specific proteins, CD63, CD81 and TSG101, were enriched in all exo-
somes samples but not in cell lysates—confirming these vesicles are

indeed exosomes. Calnexin, an endoplasmic reticulum protein, was
detectable in whole-cell lysates but not in the exosomes, indicating that
the exosomes preparations were not contaminated with other vesicles
(Fig. 1F). Together, these results confirmed the isolated vesicles are
indeed purified exosomes and the isolation method is reliable.

3.2. Differential gene expression profiling between exosomes isolated from
ZIKV infected A549 and A549 control cells

To analyze whether ZIKV infection-induced exosomes contain epi-
genetic regulators to influence viral infection and the behavior of target
cells, human transcriptome array 2.0 analysis was performed on the
total RNAs extracted from exosomes derived from A549 cells infected
with ZIKV (Exo-ZIKV) or exosomes extracted from A549 control cells
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Fig. 4. DEFA1B retards cell cycles. The CCK8 assay used to evaluate the pro-
liferation of the HEK293T cells after transfection with the pcDNA3.1-DEFA1B-
T2A-EGFP plasmid (pDEFA1B) or pcDNA3.1-T2A-EGFP (vector) or no trans-
fection (mock).

(Ex0-A549). The profile of RNAs in exosomes is fundamentally different
to that of the RNA in cells. 18S and 28S rRNA subunits were present in
cells, but RNA isolated from exosomes mainly contained small RNAs
without or with little rRNAs. The RNA profiles of both Exo-A549
(Fig. 2A) and Exo-ZIKV (Fig. 2B) lacked the two rRNA peaks (18S and
28S) and the short RNAs were enriched. This indicates the total RNA
extracted is exosomes origin and the isolation method is quality as-
sured. Heatmap analysis showed that Exo-A549 samples were clustered
together and they are separated from Exo-ZIKV samples. Fold changes
of RNAs expression from Exo-ZIKV compared with Exo-A549 were re-
presented in the heatmap (Fig. 2C). Fold change log FC =1.0 and log FC
< —1.0, with p value < 0.05 was considered statistically significant. All
RNAs with statistically significant fold changes were presented in red
color in the volcano map (Fig. 2D). Among those differentially-ex-
pressed genes, DEFA1B was identified. The mRNA level of DEFA1B was
up-regulated within Exo-ZIKV compared with Exo-A549. Then, we used
gPCR to verify the expression levels of DEFA1B in exosomes. As ex-
pected, the qPCR data were in line with the HTA data, that DEFA1B
levels were significantly increased in Exo-ZIKV compared with Exo-
A549 (Fig. 2E). To further analyze the effect of DEFA1B on ZIKV in-
fection, we created the mammalian expression plasmid pcDNA3.1-T2A-
EGFP and pcDNA3.1-DEFA1B-T2A-EGFP (Supplementary material),
and we confirmed the transfection efficiency by using a fluorescence
microscope to measure GFP fluorescence. Our data showed the plasmid
can be efficiently transfected into 293T cells without affecting the cell
survival rate.

3.3. The extracellular DEFA1B significantly inhibits ZIKV replication

48 h after the plasmids transfection, the mRNA level of DEFA1B was
significantly up-regulated (Fig. 3A). ELISA data showed the DEFA1B
could be secreted into culture supernatants, and the concentration of
DEFA1B was significantly increased compared with the control group
(Fig. 3B). Furthermore, to examine the anti-viral ability of DEFA1B, we
divided the cells into two groups: in one group the supernatants were
removed and replaced with fresh medium; the other group the super-
natants that contain DEFA1B were added. Then, these two groups of
cells were infected with ZIKV at MOI = 0.5. Our data showed that
DEFA1B contained in culture supernatants significantly inhibited ZIKV
replication at mRNA level (Fig. 3C). NS1 (which is the non-structural
protein 1 of ZIKV) expression level was also significantly decreased in
the group with DEFA1B in culture supernatants (Fig. 3D). To further
analyze the anti-ZIKV effect of extracellular DEFA1B, we added three
different concentrations (2418.1 + 102.9 pg/mL, 1913.9 = 92.1 pg/
mlL, 588.7 + 31.0 pg/mL) of DEFA1B to the supernatants of HEK293T
cells (Fig. 3E) and infected the cells with ZIKV. Compared with no
DEFA1B in supernatants, qPCR data showed that ZIKV replication was
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significantly inhibited in a dose-dependent manner (Fig. 3F). We also
verified the same tendency at the viral protein levels using western blot
(Fig. 3G). Furthermore, we compared the changes of ZIKV copies in
medium with or without DEFA1B to further validate the anti-ZIKV ef-
fect of extracellular DEFA1B. The qPCR data showed the ZIKV copies
were significantly decreased in medium with DEFA1B when compared
with those in normal medium (without DEFA1B) (Fig. 3H). Further-
more, we compared the changes of ZIKV copies in medium with or
without DEFA1B to further validate the anti-ZIKV effect of extracellular
DEFA1B. The qPCR data showed the ZIKV copies were significantly
decreased in medium with DEFA1B when compared with those in
normal medium (without DEFA1B) (Fig. 3H). In order to test whether
the intracellular DEFA1B has anti-ZIKV activity, we transfected dif-
ferent doses (0.2 pg, 0.5 pg and 1 pg per well) of pcDNA3.1-DEFA1B-
T2A-EGFP plasmids into HEK293T cells. qPCR (Fig. 3I) and ELISA
(Fig. 3J) data showed the DEFA1B was indeed up-regulated in
HEK293T cells after transfection. We then replaced the culture super-
natants with fresh medium and infected the cells with ZIKV
(MOI = 0.5). Both qPCR (Fig. 3K) and western blot (Fig. 3L) data
showed no significant changes of ZIKV replication between untreated
HEK293T cells and cells with up-regulated DEFA1B group.

3.4. DEFA1B inhibits cell proliferation

During our research we found that up-regulated DEFA1B expression
in HEK293T reduced the cell growth rate. So we used CCK8 to in-
vestigate the proliferation of HEK293T cells transfected with
pcDNA3.1-DEFA1B-T2A-EGFP or with control vector, and we found
that compared with untreated or blank vector control group, the pro-
liferation of cells were obviously decreased at day 2 and day 3 after
transfected with pcDNA3.1-DEFA1B-T2A-EGFP (Fig. 4).

3.5. DEFA1B arrests ORC1 to enter into nucleus to retard cell cycle
progression

Proteins often do not just function as a single substance but rather as
team players in a dynamic network. Growing evidence shows that
protein—protein interactions are crucial in many biological processes in
living cells. The database STRING (https://string-db.org/) is a pre-
computed global resource for the exploration and analysis of these as-
sociations. We found that DEFA1B was the hub of ORC1 interaction that
is the largest subunit of the ORC (Fig. 5A); therefore, we decided to
focus further analysis on ORC1. To confirm whether DEFA1B specifi-
cally interacts with ORC1, immunoblot analysis of whole cell lysates
and anti-DEFA1B affinity immunoprecipitation (IP) derived from 293T
cells transfected with pcDNA3.1-DEFA1B-T2A-EGFP or blank vector
control plasmid were performed. Co-IP assay clearly demonstrated that
DEFA1B interacts with ORC1 (Fig. 5B). We further analyzed the ex-
pression levels of ORC1 both in the nucleus and cytoplasm. Our results
demonstrated that following the up-regulated expression of DEFA1B,
the levels of ORC1 in whole cell lysis (Fig. 5C) and cytoplasmic protein
lysis (Fig. 5D) showed no significant changes compared with the control
groups. Interestingly, although DEFA1B was not expressed in the nu-
cleus, the level of ORC1 in nucleus was significantly decreased in
DEFA1B -up-regulated cells (Fig. 5E).

3.6. DEFAI1B retards the progression of cell cycle

We used flow cytometry to analyze the cellular DNA content to
identify the percentage of G1, S and G2/M in the cell cycle. Our data
showed 2 days after transfection, the percentage of G2/M in DEFA1B-
up-regulated cells was significantly decreased compared with the con-
trol groups (Fig. 6A-D). To be able to follow the progression of cell
cycle more precisely, we synchronized cultured HEK293T cells with
thymidine which is the most commonly used S-phase blocker and its
addition to the culture medium depletes nucleotide pools and inhibits
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Fig. 5. (A) The protein interaction network was generated using the STRING database. (B) Co-IP data showed DEFA1B interacts with ORC1. HEK293T cells after
transfection with the pcDNA3.1-DEFA1B-T2A-EGFP plasmid (pDEFA1B) or pcDNA3.1-T2A-EGFP (vector) or no transfection, and western blot was used to analyze

the expression of ORC1 in (C) whole cell lysis, (D) cytoplasm, and (E) nuclear.

new DNA synthesis, causing the slowdown or arrest of S-phase pro-
gression [20]. After released into normal medium, cell populations at
distinct cell cycle phase were collected at different time points (1-10 h)
and the overlapped histograms indicated after about 4-5 h some cells
finished S + G2 + M stages and returned to G1 phase. So we compared
the velocity to finish S + G2 + M stages through analyzing the per-
centage of G1. Our data showed with time passing by the cultured cells
became more and more asynchronous. 6 h following releasing, the
percentage of Gl phase was significantly lower in the DEFA1B-up-
regulated group, which indicates that DEFA1B retards cell cycle pro-
gression (Fig. 6E).

3.7. ZIKV induced exosomes retard the cell cycle progression of HEK293T
and SH-SY5Y cells

The internalization of exosomes is one mechanism of cargo delivery
to recipient cells. To examine whether exosomes isolated from ZIKV
infected A549 cells can be taken up by HEK293T and SH-SY5Y cells,
Exo-ZIKV were labeled with PKH67 dye (green) and added to cultured
HEK293T cells. Data from fluorescence microscope suggested that Exo-
ZIKV were internalized into recipient cells after 6 h co-culture (Fig. 7A).
We further determined whether exosomes can transmit the cell cycle
retarding effect of DEFA1B to recipient cells, we discriminated the cell
cycles of recipient cells using Flow Cytometry. After co-cultured with
Exo-ZIKV for 48 h, the percentage of G2/M in HEK293T cells was de-
creased compared with cells co-cultured with Exo-A549 (Fig. 7B, C). As
expected, Exo-ZIKV was also internalized into SH-SY5Y cells (Fig. 7D)
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Fig. 6. DEFA1B retards cell cycles. Flow cytometry was used to evaluate the cell cycle progression of the HEK293T cells without transfection (mock) (A) or after
transfection with pcDNA3.1-T2A-EGFP (vector) (B) or with the pcDNA3.1-DEFA1B-T2A-EGFP plasmid (pDEFA1B) (C). (D) Statistic analysis of cell cycles after
treatment. (E) Cell cycles overlaid histograms showed 1-10 h after release from thymidine, and histograms of cell cycle after release from thymidine from 4 h to 10 h.

and flow cytometry data showed the percentage of G2 of un-
differentiated human neuroblastoma SH-SY5Y cells was decreased
compared with cells co-cultured with Exo-A549 (Fig. 7E, F).

4. Discussion

Exosomes, as a “carrier” of material and information, play an im-
portant role in the interaction between viruses and host cells. Loading
functional genes into virus-induced exosomes has been demonstrated to
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Fig. 7. Exo-ZIKV can be internalized into HEK293T cells after co-cultured for 6 h (A). The cell cycle of HEK293T cells after co-cultured 48 h with Exo-A549 (B) or
Ex0-ZIKV (C). Exo-ZIKV can be internalized into SH-SY5Y cells after co-cultured for 6 h (D). The cell cycle of SH-SY5Y cells after co-cultured 48 h with Exo-A549 (E)

and Exo-ZIKV (F).

modulate viral spread and immune response. In this study, we aimed to
understand the role of exosomes in the pathogenesis of ZIKV infection.
We first isolated and characterized the exosomes from ZIKV infected/
uninfected A549 cells. We showed the exosomes with typical shape, size
and protein markers, indicating the vesicles we isolated are indeed
exosomes and the isolation method is reliable. Next, we used HTA to
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identify the differentially-expressed genes between exosomes isolated
from ZIKV infected A549 and A549 control cells and we found the
expression level of DEFA1B was significantly increased within Exo-ZIKV
compared with Exo-A549. To further study the role of DEFA1B in ZIKV
replication, we up-regulated the expression level of DEFA1B in A549
cells before infected with ZIKV and the viral replication was assessed by
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Fig. 8. The mRNA of DEFA1B wrapped in ZIKV-induced exosomes can be internalized into recipient cells. As a secretion protein, DEFA1B inhibits ZIKV before entry
step; DEFA1B can also interact with ORC1 in cytoplasm to inhibit ORC1 translocation into nuclear.

RT-PCR and Western Blot. We found extracellular but not the in-
tracellular DEFA1B inhibited ZIKV replication. Surprisingly, we also
revealed that DEFA1B could retard the progression of cell cycle. To
further explore the underlying mechanism, we identified that DEFA1B
interacts with ORC1 to arrest ORC1 entering into the nuclei. In addi-
tion, exosomes as carriers can transmit the cell cycle progression re-
tarding effect of DEFA1B into recipient cells, such as SH-SY5Y and 293T
cells (Fig. 8).

Human defensins are effector peptides produced by the innate im-
mune system with broad antibacterial, antiviral, and antifungal activ-
ities. Defensins are predominantly expressed by neutrophils and can
also be expressed by other immune cells and epithelial cells in skin or
surfaces in contract with the environment [21]. Our data also showed
after ZIKV infection, the DEFA1B increased in host cells as well as in
EVs, which can protect from proteinase degradation. Our data showed
DEFA1B could be secreted into culture supernatants. Defensins can
block viral infection through directly acting on virus particles or in-
directly interfering with various stages of the viral life cycle. Available
data suggest the antiviral activity of defensins occurs predominantly at
viral entry steps; however, antiviral effects at other stages of infection
have also been reported, particularly affecting viral trafficking within
infected cells [22]. For example, the previous study found that a-De-
fensin-1 not only had a direct effect on HIV-1 virions but also blocked
HIV-1 infection at nuclear import and transcription stages [23]. a-De-
fensins in supernatants also inhibit the infectivity of HSV-1 and Re-
spiratory Syncytial Virus (RSV) [24]. Our data showed DEFA1B could
be secreted into culture supernatants. In addition, the extracellular
DEFA1B exerts the anti-ZIKV effect, and the inhibiting effect mainly
before ZIKV enter host cells.

In 2015, physicians in Brazil began to report that the number of
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microcephaly increased among newborns, which was possibly linked to
ZIKV infection during the mothers' pregnancy [25-28]. The new
emergence of patients with severe nerval system prompted public
health emergency of international concerns to explore the suspected
association between ZIKV infection and microcephaly. Mouse models
showed that ZIKV could destroy the central nerval system to leave se-
vere pathological changes in mice [29]. ZIKV can target human brain
cells and ZIKV may impact their survival and growth by restricting the
growth of neurospheres and brain organoids [30]. Previous studies
found that Meier-Gorlin syndrome patients with mutations in ORC1 had
increased microcephaly and a significantly proportionally smaller head
circumference and brain [31-33]. Some researchers found that a con-
served basic amino acid motif of Orc1 (residues 358-371, Orc1-BP) can
specific recognition of thymine residues in the DNA replication origin
sequence, and decreased Orcl in the nuclei could impact the cell
growth and be developmentally important [34,35]. In our study we
identified that DEFA1B can bind with ORC1 in the cytoplasm and de-
crease the level of ORC1 in the cell nucleus.

Cell-cycle timings vary markedly during embryo or fetus develop-
ment, with some stages process rapidly and some stages slow down
[36]. For example, in early neurogenesis, neuronal stem cells have a
markedly truncated G1 phase in which impaired pre-RC assembly could
become rate limiting. As a result of prolonged cell cycle times, even
small changes in the number of cell divisions of progenitor and stem
cells could have dramatic effects on eventual tissue and organ size [37].
Our data demonstrated that up-regulated DEFA1B expression could
significantly retard the progression of cell cycles, and ZIKV induced
exosomes internalized into nerve cells (SH-SY5Y cells) and can deliver
the detention cell cycle effect. Whether the ZIKV-induced DEFA1B in-
hibiting cell cycle progression of fetal nerve cells leading to smaller size
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of brain needs further investigation.

During human development, the placental barrier blood-brain bar-
riers contribute to fetus brain protection [38]. Although the ZIKV RNA
has been detected in amniotic fluid samples, placental tissues and
newborn and fetal brain tissues, how the virus crosses the placental and
blood-brain barriers remains unclear [39]. Previous studies indicated
that exosomes as small transporters can easily get through placental
barrier and blood-brain barrier [40,41]. Our data showed the ZIKV
induced exosomes could be internalized into recipient cells and inhibit
the cells' DNA replication to retard cell cycles.

In summary, our innate immune can increase DEFA1B expression
during ZIKV infection, and this can effectively control ZIKV replication.
Meanwhile, DEFA1B can retard cell cycles. Because there are some
correlations between retarded cell cycles and neurodevelopment. So
whether the phenomenon we found linked to the formation of micro-
cephaly? If at the early stage of fetal development, can ZIKV induced
exosomes go through the placental barrier and blood-brain barrier to
entry fetal brain? Can the DEFA1B within these exosomes inhibit cell
cycles of fetal nerve cells and consequence lead to small size of brain?
More appropriate animal models may be needed to solve the mystery. It
is necessary to find what happened to the fetus and how ZIKV infection
generated microcephaly after maternal infection. Also, comparative
studies with other similar viruses will also provide experience and
lessons. Bioinformatics techniques and findings on similar damages of
central nervous system diseases might shed light on the choice of an
appropriate animal model, which will be better than cell experiments.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.1fs.2020.118564.
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