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Zika virus (ZIKV) infection can lead to neurological complica-
tions and fetal defects, and it has attracted global public health
concerns. Effective treatment for ZIKV infection remains
elusive, and a preventative vaccine is not yet available. Thera-
peutics for fetuses need to overcome placenta barriers to reach
the fetuses and require higher safety standards. In the present
study, we engineered mammalian extracellular vesicles (EVs)
to deliver a host restriction factor, interferon-induced trans-
membrane protein 3 (IFITM3), for the treatment of ZIKV
infection. Our results demonstrated that the IFITM3-contain-
ing EVs (IFITM3-Exos) suppressed ZIKV viremia by a 2-log
reduction in pregnant mice. Moreover, the engineered EVs
effectively delivered IFITM3 protein across the placental bar-
rier and suppressed ZIKV in the fetuses with significant reduc-
tion of viremia in key fetal organs as measured by quantitative
real-time PCR. Mechanistic study showed that IFITM3 was
delivered to late endosomes/lysosomes where it inhibited viral
entry into the host cells. Our study demonstrated that EVs
could act as a cross-placenta drug delivery vehicle to the fetus,
and IFITM3, an endogenous restriction factor, is a potential
treatment for ZIKV infection during pregnancy.

INTRODUCTION
Zika virus (ZIKV), a member of Flaviviridae, infects humans mostly
through bites of Aedes mosquito species. Usually, ZIKV infection
only causes mild symptoms such as rash, conjunctivitis, and
short-term fever. However, it can also cause a birth defect called
microcephaly and other severe brain defects in the developing fetus
and in newborns. During the past two decades, there were at least
three ZIKV outbreaks in the world. The latest outbreak in 2015
was first reported in Brazil and then spread to 86 countries, resulting
in 4,783 suspected associated microcephaly cases in Brazil alone.1

Antiviral treatment is needed particularly for severely infected pa-
tients with prolonged viremia or for individuals during preg-
nancy.2,3 However, there has been no specific treatment available
for ZIKV infection or its complications until now.4 Considering
that the fetus is susceptible to side effects of therapeutics, it is a chal-
lenge to develop safe chemotherapy to treat ZIKV infection during
pregnancy. As ZIKV is detected in placenta and fetal tissues, anti-
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viral therapeutics need to be delivered across the placental barrier
to the fetus, and the safety of the therapeutics needs to meet the
high standards for a developing fetus.

Interferon (IFN)-induced transmembrane protein 3 (IFITM3) is an
intrinsic cellular factor that restricts infections by several important
viral pathogens.5,6 IFITM3 is mainly located on the endolysosomal
membrane, playing a suppressor role at an early stage of viral replica-
tion.7 It can inhibit the entry of viruses by preventing virus fusion
with endolysosomal membranes, thus limiting the infection.8

Notably, IFITM3 has been shown to potently inhibit ZIKV infec-
tion.9,10 IFITM3 is also highly expressed in the placenta, and its
expression is elevated during pregnancy,11 suggesting that IFITM3
plays roles in fetus defense against pathogens12 and it is likely well
tolerated by and safe for the developing fetus.

Extracellular vesicles (EVs), especially exosomes, defined as cell-orig-
inated vesicles with phospholipid membrane ranging from 40 to
150 nm in diameter and derived from endocytic compartment,13

secreted by a variety of live cells, and transporting bioactive molecules
between cells, play important roles in cell-cell interactions. Exosomes
contribute to immune regulation, tumor metastasis, and other phys-
iological processes.14 Moreover, using exosomes as a nano-delivery
vehicle to deliver functional RNAs or small molecules into target cells
and tissues for the treatment of diseases, including infectious diseases
and tumors,15–17 is a hot research topic. However, studies on the de-
livery of protein by exosomal vehicles have remained insufficient.
IFITM3 is a transmembrane protein and exerts its antiviral effects
only when it is correctly positioned on the membrane of lysosomes
or late endosomes. Its transmembrane structure poses a challenge
for cross-cell delivery. A recent study reported that during dengue
s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Analysis of IFITM3-Exos Derived from 293T Cells

(A) TEM images of Exos and IFITM3-Exos. Scale bars, 50 nm. (B) Size distributions of Exos and IFITM3-Exos were measured by NTA. The median diameters were 118.9 nm

for Exos and 126 nm for IFITM3-Exos. (C) Western blots of exosomes prepared from supernatants of 293T cell culture. IFITM3-Exos were prepared from the cells that had

been transfected with pHA-IFITM3 encoding IFITM3 and HA-tag. The quality of each exosome preparation was confirmed by the presence of exosomal marker ALIX and

Flotillin 1, and the absence of Golgi marker GM130. (D) CD81, the surface marker of EVs, as well as HA-tag of IFITM3 were detected by flow cytometry for both Exos and

IFITM3-Exos. Exos prepared from 293T cells were absorbed on latex beads and then subjected to antibody staining.
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virus infection, exosomes could deliver IFITM3 intercellularly and
thus transmit its antiviral effect from the virus-infected cells to the un-
infected cells,18 making it possible to use exosomes as a delivery
vehicle for IFITM3 to treat viral infection.

Furthermore, some evidence indicated that exosomes could pass
through the placental barrier and transport signals between the
mother and the fetus,19 providing a possibility of using exosomes as
a delivery vehicle for therapeutics into the fetus. Maternal exosomes
reaching the fetal tissues could play functional roles in the recipients,
resulting in fundamental biological consequences.20,21 In the present
study, we engineered IFITM3-containing EVs (IFITM3-Exos), deliv-
ered the IFITM3-Exos across the placenta via the tail veins of preg-
nant mice, and investigated the inhibition of ZIKV replication in
the mice and the fetuses for the development of a specific treatment
of ZIKV infection. It is also important to determine feto-maternal
exosome trafficking and function during pregnancy. We showed
that IFITM3-Exos delivered IFITM3 molecules and specifically sup-
pressed ZIKV infection both in the mothers and in their fetuses, by
using cell culture and pregnant mouse models. Our study demon-
strated that exogenous IFITM3 delivered by an EV vehicle could be
a potential therapeutic approach for the control of ZIKV infection
during pregnancy.
RESULTS
Preparation of IFITM3-Containing EVs

IFITM3 expression plasmid was transfected into 293T cells to pro-
duce IFITM3-Exos. Then, IFITM3-Exos were purified from the cul-
ture supernatants of the transfected cells by differential centrifuga-
tion, as previously described.18 The morphology of the purified EVs
was examined by transmission electron microscopy (TEM). A typical
IFITM3-Exo is shown in Figure 1A. The median particle diameter of
the non-engineered EVs (Exos) is 118.9 nm, and that of the IFITM3-
Exos is 126.0 nm, as determined by nanoparticle tracking analysis
(NTA), as shown in Figure 1B. The expression of IFITM3 on the
EVs was examined by the detection of hemagglutinin tag (HA-tag)
using an anti-HA antibody and western blot analysis (Figure 1C).
In the preparation, the EVs of the particle diameter as exosomes
(40–150 nm) were preferentially purified by 110,000 � g ultracentri-
fugation. Additionally, the presence of exosomal marker ALIX and
Flotillin 1, and the absence of Golgi marker GM130, showed that a
major part of the purified EVs was exosomes. Furthermore, flow cy-
tometry was performed to measure the surface expression of IFITM3
and the exosomal marker CD81 on the IFITM3-Exos, as shown in
Figure 1D. It showed that 55.5% of the CD81-positive EVs expressed
IFITM3. EVs derived from 293T cells without IFITM3 transfection
(Exos) were purified in the same way and served as a control.
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Figure 2. IFITM3-Exos Inhibited ZIKV Infection In Vitro

(A) Confocal microscopic images show that IFITM3-Exos (green) inhibited ZIKV infection (ZIKV E protein in red) in Vero cells with DAPI staining of the nuclei (blue). Vero cells

were incubated with 60 mg/well of Exos or IFITM3-Exos. For the ZIKV+ samples, the cells were inoculated with ZIKV at 3 � 105 PFU. (B) Plaque assay showed IFITM3-Exos

inhibition of viral plaque formation. Vero cells were incubated with 60 mg/well of Exos or IFITM3-Exos. Vero cells were incubated with ZIKV for 2 h (1 � 103 PFU) for virus

adsorption and then the viral inoculumwas removed and the cells were cultured for 4 days. The cells were then stained with crystal violet for plaque counting.（C）Statistics

of the plaque counting(D) Virus binding and entry assays were performed on HeLa cells. HeLa cells were pretreated with IFITM3-Exos or Exos, with the untreated HeLa cells

(legend continued on next page)
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IFITM3-Exos Inhibited ZIKV Infection In Vitro

To investigate whether IFITM3-Exos would render target cells resis-
tant to ZIKV infection, we treated Vero cells with IFITM3-Exos or
EVs without IFITM3 (Exos) followed with ZIKV infection (3 � 105

plaque-forming units [PFU]). To illustrate the suppressor roles of
IFITM3-Exos, we simultaneously measured the expression of ZIKV
envelope (E) protein and IFITM3 in the ZIKV-infected HeLa cells.
The uninfected cells served as negative control (mock). As shown
in Figure 2A, IFITM3 was detected in the cytoplasm of IFITM3-
Exos-treated cells but not in the mock-treated cells. Compared with
the Exos-treated control cells, the IFITM3-Exos-treated cells ex-
hibited strong suppression of ZIKV E protein production. Our results
showed that the IFITM3-Exos were delivered to the target cells and
that the exogenous IFITM3 inhibited ZIKV infection.

The infection of the cells was further evaluated by a plaque assay at
5 days post-infection. As shown in Figures 2B and 2C, fewer plaques
were observed in the cells treated with IFITM3-Exos than in the cells
treated with Exos or without treatment. Vero cells treated with
IFITM3-Exos exhibited strong resistance to ZIKV (103 PFU) infec-
tion. To determine whether the IFITM3-Exos-treated cell resistance
to ZIKV infection was due to block at the entry, we measured the viral
RNA levels in ZIKV-infected cells with or without prior IFITM3-Exos
treatment, in both virus binding and entry phases (Figure 2D). At the
entry phase the IFITM3-Exos-treated cells exhibited about 1-log
reduction of viral RNA as compared with the Exos-treated or un-
treated cells (Figure 2D). In contrast, in the binding phase, viral
RNA showed no differences in cells treated with IFITM3-Exos,
Exos, or no treatment. These results indicate that EV-delivered
IFITM3 inhibited ZIKV entry into, but not binding to, the host cells.

IFITM3-Exos Specifically Inhibited ZIKV Infection

In order to determine the specific role of IFITM3 in inhibiting ZIKV
infection, we investigated the specificity of viral inhibitory activities
of IFITM3-Exos and two IFITM3 mutants, IFITM3D1–2122,23 and
IFITM3D59–68,24 expressed on EVs in ZIKV infection of Vero cells.
IFITM3D1–21 loses inhibitory activity against ZIKV entering at endo-
somes, whereas IFITM3D59–68 loses an amphipathic helix related to
viral suppression. The IFITM3D1–21-Exos and IFITM3D59–68-Exos
were analyzed by western blot assays of the HA-tag, as well as exoso-
mal marker ALIX and Flotillin 1, which were shown to be successfully
expressed on the EVs (Figure S1). Flow cytometric analysis showed
that 56.1% and 60.1% of the CD81-positive engineered EVs expressed
IFITM3 variants D1–21 and D59–68, respectively (Figure S3). Upon
the delivery of the EVs to the target cells, only the wild-type
IFITM3-Exos were located on lysosomes/late endosomes, where the
endogenous IFITM3 resides and functions, as shown by the fluores-
cent signal merge of lysosomal/late endosomal marker Lamp-1 and
exosomal label DiI-perchlorate (DiI). Furthermore, we tested the abil-
ity of the mutant and wild-type IFITM3-containing exosomes to
as control. The cells were incubated on ice with ZIKV for 1 hwith the presence of IFITM3-

10min after the 1-h incubation on ice. qRT-PCRwas performed to determine the quantit

mean ± SEM from triplicate assays. *p < 0.05, **p < 0.01.
inhibit ZIKV replication (Figure 3B). We measured ZIKV E protein
expression in the infectedVero cells after EV treatment byflow cytom-
etry (Figure 3B), determined the viability of exosome-treated ZIKV-
infected Vero cells (Figure 3C), and showed that only the EVs express-
ing wild-type IFITM3 suppressed ZIKV replication and protected the
cells from virus-induced cytopathic effects; in contrast, the EVs ex-
pressing two IFITM3 mutants failed to suppress viral replication or
to protect the infected cells. This result is consistent with previous re-
ports that the IFITM3D1–21 or IFITM3D59–68 loses the biological
ability to inhibit viral infection via endosomal pathways.23,24

IFITM3-Exos Were Delivered to the Fetuses of Pregnant Mice

ZIKV has been shown to invade placenta and infect fetuses;25,26 there-
fore, therapeutics must be delivered across placenta and reach the
fetuses to inhibit viral replication. We investigated whether IFITM3-
Exos could be delivered in a pregnant mouse to its fetuses by admin-
istering DiR iodide (DiR)-labeled IFITM3-Exos to pregnant mice
(embryonic day 19.5 [E19.5]) through tail veins at 150 mg of EVs per
mouse and then determining the tissue distribution of the EVs. The
distribution of IFITM3-Exos in mice was evaluated by an in vivo opti-
cal imaging system (IVIS) (Xenogen). Figure 4A shows a representative
organ distribution of IFITM3-Exos in a pregnant mouse. After 4 h, the
EVs spread to all vital organs in the mouse, although most of the DiR-
labeled IFITM3-Exos were localized in the liver. Tissue dissection and
imaging analysis also showed that the EVs were predominantly de-
tected in the liver of the pregnant mouse (Figure 4B), consistent with
a previous study using exosomes for drug delivery.27 Our results
showed that the IFITM3-Exos administered via tail veins could cross
the placenta and enter the fetuses in the uterus of the pregnant mouse,
as shown in Figures 4C and 4D, suggesting that the EVs entered the
fetuses from the maternal circulatory system, making them a potential
delivery vector for therapeutics to the fetuses.

IFITM3-Exos Efficiently Penetrated the Placental Barrier

To investigate the efficiency of IFITM3-Exos crossing the placental
barrier, we analyzed the penetration of IFITM3-Exos using a
placental cell model. BeWo, a human choriocarcinoma cell line rep-
resenting villous cytotrophoblasts, and H295R, a human adrenocor-
tical carcinoma cell line representing the fetal unit, were cultured in
a carefully adapted co-culture system.28,29 The BeWo cells were
planted at the upper chamber of a transwell culture container, and
the H295R cells were planted at the lower chamber (Figure 5A).
The tight junction formation and the integrity of the BeWo mono-
layer were monitored by transepithelial electrical resistance (TEER)
using a Millicell ESR-2 (Millipore, Bedford, MA, USA).

DiI-labeled IFITM3-Exos were administered into the upper chamber
of the transwell culture once the BeWo cells had formed a complete
monolayer. After 12 h of incubation, the BeWo cells and the
H295R cells were harvested and analyzed by flow cytometry for the
Exos or Exos to allow viral binding. For viral entry, the cells were incubated at 37�C for

y of viral genomes that had entered cells, and relative viral RNA was shown. Data are
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Figure 3. Exosomes Carrying Mutant IFITM3 D1–21 or D59–68 Failed to Localize to Endolysosomes and Could Not Inhibit ZIKV

(A) Confocal microscopic images show subcellular location of IFITM3-Exos, D1–21-Exos, and D59–68-Exos in Vero cells. The endolysosomal membranes were stained in

green with anti-LAMP-1 antibody, the exosomes were stained in red by DiI dye, and the nuclei were stained in blue with DAPI. Left graph: fluorescence intensity of LAMP-1

(green) and Exos (red) in the regions delineated by a line through ImageJ software. Untreated cells were used as control. (B) Exosomes presenting D1–21 or D59–68 IFITM3

failed to inhibit ZIKV infection. Vero cells were treated with the exosomes and subsequently inoculatedwith ZIKV (3� 105 PFU). ZIKV E protein expression levels of the infected

cells were determined by intracellular staining using an anti-E protein antibody and flow cytometry. Mean fluorescence intensity (MFI) of E protein is shown. (C) Exosomes

presenting D1–21 or D59–68 IFITM3 lost the ability to protect cells from ZIKV-induced cell killing. Vero cells were treated with Exos, IFITM3-Exos, D1–21- IFITM3-Exos, or

D59–68-IFITM3-Exos, followed by infection with ZIKV. Cell Counting Kit-8 (CCK-8) assays were used to determine the cell viability. Data are mean ± SEM from triplicate

assays. *p < 0.05, **p < 0.01.
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percentage of DiI-positive cells (Figure 5A). Across the range of
IFITM3-Exos concentrations tested, BeWo and H295R cells had
similar percentages of DiI-positive cells at lower IFITM3-Exos con-
centrations, while BeWo cells had DiI-positive levels almost twice
those of H295R cells (28.59% versus 14.28%, Figure 5A) at higher
concentrations.

In order to determine whether the trans-placenta was selective for
particle size, we measured the size distribution of the IFITM3-Exos
in both the upper and lower chambers using Nanoflow (NanoFCM,
China). A BeWo cell monolayer was prepared at the upper chamber
in a transwell culture as shown in Figure 5B. IFITM3-Exos were
administrated into the upper chamber, incubated with the monolayer
from 30min to 6 h, and the EVs from both upper and lower chambers
were analyzed for their size distribution. The sizes of the EVs showed
no significant differences in the upper and lower chambers at all time
points analyzed (Figure 5B), suggesting that the EV trans-BeWo cell
monolayers were not selective in size.

The trans-placental kinetics of IFITM3-Exos were also determined by
measuring the amount of IFITM3-Exos in both the upper and lower
chambers at various time points using Nanoflow (NanoFCM, China).
We found that by 0.5 h, 20% of the IFITM3-Exos were already detect-
able at the lower chamber and about 60% of the EVs passed the
placental BeWo cell monolayer by 1 h, suggesting that the trans-
placenta occurred quickly (Figure 5C). The result was consistent
with the observation in the mouse model that a significant amount
of IFITM3-Exos accumulated at the pregnant mouse’s placenta in
the first hour of EV administration.

IFITM3-Exos Suppressed ZIKV Infection of Both the Pregnant

Mice and the Fetuses

The antiviral activity of the cross-placenta-delivered IFITM3-Exos
was investigated in vivo by administering IFITM3-Exos or Exos to
ZIKV-infected pregnant mice (E13.5) every 2 days through a tail
vein injection, at 100 mg of EVs per mouse (Figure 6A), and viral loads
were determined in both mothers and fetuses. On day 6 post-infec-
tion, the mice were sacrificed and dissected and the viral load in the
blood or organs, including spleen, liver, and brain, was determined
by qRT-PCR. The results showed that IFITM3-Exos significantly sup-
pressed ZIKV replication in both the pregnant mice and their fetuses.
In the pregnant mice, IFITM3-Exos-treated mice had the viral load 2
logs lower than that of the untreated, infected mice, whereas the virus
in the fetuses from the IFITM3-Exos-treated mice was almost
completely inhibited to the background level of the uninfected mice
(Figures 6B and 6C). Similarly, the suppression of ZIKV infection
in organs, such as spleen, liver, and brain, was also observed both
in the IFITM3-Exos-treated pregnant mice (Figures 6D–6F) and in
their fetuses (Figures 6G–6I).
Figure 4. Distribution of Exosomes in Pregnant AG6 Mice

(A) The distribution of the exosomes in a pregnant mouse delivered by tail vein injection w

was injected with 150 mg of DiR-labeled exosomes. (B) Exosome distribution to organ

treatment. (D) Imaging of the fetuses from the uteri of the pregnant mice. Photographs

182 Molecular Therapy Vol. 29 No 1 January 2021
Safety of IFITM3-Exos for Pregnant Mice and Fetuses

Safety is a major consideration for any anti-ZIKV drugs applied to
pregnant women and their fetuses. We assessed the safety of
IFITM3-Exos in pregnant AG6 mice by examining the potential his-
topathological changes of the mothers and their fetuses treated with
IFITM3-Exos or PBS. As shown in Figure 7A, the hematoxylin-
and-eosin-stained sections of livers, kidneys, and spleens from the
mice treated with IFITM3-Exos at 1.5 times the therapeutic dose
(150 mg/mouse) exhibited no pathological abnormality as compared
with those from the mice treated with PBS. None of these tissue sec-
tions showed evidence of cell degeneration, necrosis, or infiltration of
inflammatory factors. Overall, IFITM3-Exos are safe for both preg-
nant mice and their fetuses, even at the dose as high as 1.5 times
that of the therapeutic dose in vivo for ZIKV inhibition. Additionally,
serum biochemistry analysis showed that neither creatinine (CRE)
nor alanine aminotransferase (ALT) levels increased in animals
treated with IFITM3-Exos or control EVs at 1.5 times the therapeutic
dose, as compared to those of the mock-treated mice, indicating no
significant kidney or liver damage caused by the EV treatment. To
further examine the safety of IFITM3-Exos to the placenta and fetuses
of pregnant animals, we escalated the dose of IFITM3-Exos to 3 times
(to 300 mg/mouse) the therapeutic dose. The hematoxylin-and-eosin-
stained sections of placenta from the pregnant mice showed that
IFITM3 delivered by IFITM3-Exos did not cause histopathological
changes in the placenta, even at 3 times the therapeutic dose (Fig-
ure 7D). Moreover, 300 mg/mouse IFITM3-Exos caused no morpho-
logical changes to the uteri or the fetuses and no fetal reduction under
this condition (Figure 7E).

DISCUSSION
Bioactive proteins have great potential as therapeutics.30 However,
the delivery has limited the use of the proteins for treatment of dis-
eases because of enzymatic degradation and poor penetration of tis-
sues or cells. Particularly for a transmembrane protein, a successful
vehicle to deliver it into target cells faces at least two challenges. First,
the vehicle must be able to maintain the protein’s functional structure
to work in cells.31 Second, during the cross-cell delivery process, it
must be able to maintain the protein’s structure when going through
plasma membrane.32 As a lipid nanoparticle, EVs can load a trans-
membrane protein that is derived from the host’s membrane and
thus maintain the protein’s native conformational structure,
providing a novel system for effectively delivering bioactive protein
as therapeutics.33 The present study showed that IFITM3 could be
effectively delivered by EVs into target cells and tissues and was local-
ized onto the endolysosomal membrane, where IFITM3 works to
block virus infection.

IFITM proteins are a family of small transmembrane proteins that are
inducible by IFNs. They function as restriction factors to various viral
as monitored in real time during a 4-h period using an IVIS (Xenogen). Each mouse

s in the mice. (C) Imaging of the uteri from the pregnant mice receiving exosome

were taken at 4 h after exosome treatment (n = 3).



Figure 5. IFITM3-Exos Penetration through the BeWo Cell Monolayer

Schematic illustrations of the transwell assay are shown. A porous (0.4-mm) membrane of the upper chamber allows transfer of exosomes but precludes direct cell-cell

contact. A BeWo cell monolayer was formed in the upper chamber, and its integrity was confirmed by trans-epithelial electrical resistance (TEER, e = 140) using a Millicell

ESR-2 (Millipore, Bedford, MA, USA). H295R cells were cultured in the lower chamber. DiI-labeled IFITM3-Exos were added to the upper chamber, and the exosome

penetration was determined by quantifying exosomes in both the upper and lower chambers. (A) Transwell co-culture of BeWo and H295R cells. Uptake of DiI-labeled

IFITM3-Exos by the H295R cells in the lower chamber was compared with that by the BeWo cells in the upper chamber. Binding curves are shown by mean fluorescence

intensity in each cell fraction, measured by flow cytometry. (B) Nanoflow (NanoFCM, China) analysis of IFITM3-Exos in the upper and lower chambers for events at 30min, 1 h,

3 h, and 6 h after the administration of the exosomes into the upper chamber. Numbers aremean ±SEM of the particle sizesmeasured by three independent experiments. (C)

Percentage of the IFITM3-Exos passed through the BeWo cell monolayer at 30 min, 1 h, 3 h, and 6 h measured by Nanoflow (NanoFCM, China) analysis. One-way ANOVA

test was performed. Data show the means ± SEMs of three independent experiments.
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infections by blocking the entry of many enveloped viruses into host
cells. Previous studies showed that IFITM1 and IFITM3 played a pro-
tective role against ZIKV infection by inhibiting replication of the vi-
rus and preventing cell death.5 To restrict entry, IFITM3 on the sur-
face of lysosomes and late endosomes directly blocks the fusion
mediated by the E protein of flavivirus.24,34 Although a study reported
that IFITM3 affected virus-cell binding in vaccinia virus infection,7

we did not find IFITM3 restriction of ZIKV attachment to the host
cells (Figure 2D). Additionally, our results showed that IFITM3-
Exos were localized to lysosomes or late endosomes, indicating that
the exogenous IFITM3 delivered by EVs was transported to and
blocked virus entry via endolysosomes. In contrast, EVs containing
IFITM3 mutants could not be effectively delivered to the endolyso-
somes (Figure 3A). The ZIKV inhibitory activity was demonstrated
to be mediated specifically by IFITM3 protein, which was delivered
into the target cells by EVs and correctly positioned to endolyso-
somes, because the EVs containing IFITM3 mutants failed to sup-
press ZIKV and to protect infected cells from death (Figures 3B
and 3C).

Notably, previous studies showed that IFITM3 was upregulated in
fetuses35 and the placenta,36 suggesting that it may play protective
roles during pregnancy in fending off pathogens. Furthermore, the
constitutive expression of IFN-stimulated genes (ISGs), including
IFITM1 and IFITM3, in the placenta is considered an intrinsic
mechanism to protect the developing fetus from viral infection.12

However, the IFITM levels in the developing fetal organs are low
as compared with those in the placenta,37 providing an opportunity
for ZIKV to replicate in the fetuses. Moreover, ZIKV infection can
inhibit type I IFN and downstream signaling, thus further suppress-
ing endogenous IFITM expression.38–40 Therefore, the IFITM3 pre-
sented on the surface of EVs is a plausible approach to elevate the
IFITM3 in the fetus to combat ZIKV infection, as shown in the cur-
rent study both in vitro and in vivo. Importantly, exosomal IFITM3
was transported through pregnant mice to their fetuses, concen-
trated in fetal organs, including brains, and reduced ZIKV loads
of both the pregnant mice and the fetuses, demonstrating that
EVs can package and effectively transport an exogenous antiviral
protein across the placenta to fetuses, and control intrauterine viral
infection. Furthermore, IFITM proteins have multiple roles in im-
mune regulation. IFITM3 is also involved in adaptive immunity,
regulating CD4+ T helper (Th) differentiation. It is reported to exac-
erbate Th17-driven inflammation in colitis, and it upregulates c-myc
expression to promote tumor proliferation via the extracellular
signal-regulated kinase (ERK)1/2 signaling pathway in hepatocellu-
lar carcinoma. Taking the multiple regulatory functions of IFITM3
into account, our strategy of utilizing exosomes as a delivery vehicle
Figure 6. The Antiviral Activity of IFITM3-Exos

Pregnant mice were infected by ZIKV by a subcutaneous route in the footpad at 103 PF

(100 mg per mouse) as indicated. At day 6 post-infection, sera were collected by retro

pregnant AG6mice. (C) Viremia of the fetuses (the labels for the y axis have differing sizes

(D–F) Viral RNA load in spleen (D), liver (E), and brain (F) of the pregnant AG6 mice. (G–I

collected by dissection, and qRT-PCR was performed to determine the viral RNA load. A
provides a novel approach of delivering a complex transmembrane
protein into cells in its functional form.

The delivery of IFITM3-containing EVs did not alter the expression
of endogenous IFITM3 in the pregnant mouse or in its fetuses at
RNA levels (Figures S4A and S4B). We also found that IFITM3-
Exos did not cause detectable adverse effects in both the pregnant
mice and the fetuses. Importantly, IFITM3-Exos were well tolerated
and did not induce a deleterious immune reaction in the pregnant
mice or in the fetuses as an autologous protein. Although a recent
study revealed that a high level of IFITM expression could inhibit
the fusion of trophoblast cells for syncytiotrophoblast formation,
the IFITMs did not alter growth of placental trophoblast cells already
formed.41 In the present study, we applied escalating doses to 3 times
the therapeutic dose of IFITM3-Exos to determine the safety of
IFITM3 to the placenta and the fetuses and did not observe any
placental lesions or fetal reduction, demonstrating the in vivo safety
of IFITM3-Exos.

The efficiency of cross-placenta delivery of EVs showed that more
than 60% of EVs went through the BeWo cell monolayer 1 h after
addition. Considering that the EVs crossing the BeWo cell mono-
layers retained their structural integrity as observed by nano-flow cy-
tometry, we speculated that this penetration occurred through the
intercellular space, given that fetal exosomes enter the maternal circu-
latory system via intercellular space.42 Additionally, a recent study
found that therapeutic exosomal vehicles could readily traverse the
extracellular matrix while being transported through tissues.43

Furthermore, our results from both the BeWo cell model and the an-
imals indicated that some EVs were retained at the placenta, suggest-
ing that part of the EVs entered BeWo cells and others went through
intercellular space and reached the fetuses. A previous study using a
3D organ culture model revealed that the placenta was a likely key site
of vertical transmission of ZIKV.44 Therefore, the concentration of
IFITM3-Exos at the site of the placenta would contribute to the
suppression of fetal infection. However, we did not determine
whether the reduction of virus in the fetuses was caused by direct in-
hibition by IFITM3-Exos, the inhibition of virus in the mother, or
both. The control of intrauterine infection of ZIKV is likely a conse-
quence of multiple causes and, nevertheless, the effectiveness of
IFITM3-Exos in suppressing viral load in fetuses will be helpful to
protect fetuses from the virus-induced damage.

Notably, we observed significant suppression of ZIKV infection in the
fetal brain by IFITM3-Exos. Considering that viral load of ZIKV in
the infected fetuses predicted the occurrence of neutral nerve system
deformities,45 our results suggest that IFITM3-Exos could be a
U per mouse for 6 days and treated with IFITM3-Exos or Exos (control) three times

-orbital bleeding for viremia detection. (A) Schematic illustration. (B) Viremia of the

in B and C). The viral RNA load in each serum sample was determined by qRT-PCR.

) Viral RNA load in spleen (D), liver (E), and brain (F) of the fetuses. The organs were

ll bars reflect median values. *p < 0.05, **p < 0.01, by Mann-Whitney test (n = 5–6).
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potential therapy for the treatment of ZIKV infection in pregnant
mothers and prevent virus-induced CNS deformities. While applica-
tion of IFNs has been highly appreciated in clinical practice, problems
associated with the use of IFNs, such as suboptimal efficacy against
many viruses and varied degrees of adverse effects caused by IFN
treatment, remain unsolved.46 In the intensive efforts of identifying
and developing new endogenous anti-viral factors with potential clin-
ical applicability, ISGs such as IFITM molecules have been attractive
candidate agents for therapeutic purposes. However, methods to
elevate the IFITM3 expression in fetuses are limited. Gene modula-
tion cannot be applied to fetuses out of safety concerns. In such a
context, exosomal IFITM3, as reported by the present study, appears
to represent a novel, attractive anti-viral strategy, as our specially en-
gineered EVs can serve as nano-vehicles for the delivery of complex
transmembrane proteins. Generally in our model systems, 293T
cell-derived EVs were well tolerated and safe in vivo. Nevertheless,
the present study demonstrated in principle the feasibility of using
EVs to deliver an exogenous bioactive transmembrane protein across
the placenta to the fetus to control intrauterine viral infection.

MATERIALS AND METHODS
Cell Culture and Virus

293T and HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA),
2 mM L-glutamine, 100 mg/mL streptomycin, and 100 U/mL peni-
cillin (Invitrogen). HA-IFITM3 plasmid was a gift from Howard
Hang & Jacob Yount (Addgene plasmid).47 HA-IFITM3D1–21 and
HA-IFITM3D59–68 plasmids were from GenScript Biotech (Nanj-
ing, China). H295R and BeWo cells were cultured in DMEM/nutrient
mixture F12 (DMEM/F12) without phenol red containing 1.2 g/L so-
dium bicarbonate and 2 mg/L pyridoxine HCl (Gibco, Lucerne,
Switzerland). The medium was completed with 2.5% NuSerum
(VWR International, Radnor, PA, USA) and 1% penicillin/strepto-
mycin (Gibco). 293T cells were transfected with the vector expressing
the IFITM3 using polyethylenimine (PEI) transfection reagent (Invi-
trogen, USA). The cultures were maintained at 37�C in a humidified
atmosphere of 5% CO2. ZIKV (SZ01) strain was kindly provided by
Prof. Xia Jin (Institut Pasteur of Shanghai, Chinese Academy of Sci-
ences [CAS]) and was propagated in the C6/36 cell line. ZIKV strain
SZ01/2016 (GenBank: KU866423) was isolated from a patient who
returned from Samoa.48

Isolation of EVs

Prior to cell culture, DMEM containing 20% FBS was centrifuged at
120,000 � g for 2 h to deplete serum exosomes. 293T cells, used for
Figure 7. Safety Analysis of IFITM3-Exos for Pregnant Mice and Fetuses

(A) Hematoxylin and eosin staining of tissues, including livers, kidneys, and spleens from

(B and C) Serum creatinine (CRE) level (B) and alanine aminotransferase (ALT) level (C)

assays were performed before the first injection and 6 days after the third injection of IFI

experiments. (D) Hematoxylin and eosin staining of placental tissue sections from an unt

IFITM3-Exos (300 mg per mouse) for 6 days. (E) Photographs of the uterus and the fetuse

Exos for 6 days (n = 3–5).
exosome production, were cultured in 30 mL of DMEM + 5% exo-
some-depleted FBS in a 150-mm dish and maintained in 5% CO2

at 37�C for 48 h. Exosomes were isolated from the 30-mL harvested
supernatant according to a previous report.49 The filtrate was centri-
fuged at 110,000� g for 120 min at 4�C in a type Ti70 rotor, using an
L-80XP ultracentrifuge (Beckman Coulter, Brea, CA, USA, USA). The
exosome pellet was resuspended in PBS and ultracentrifuged again at
110,000� g for 120 min. The pelleted exosomes were resuspended in
PBS and analyzed using a Micro BCA (bicinchoninic acid) protein
assay kit (Pierce, Rockford, IL, USA) or by western blot analysis of
exosomal markers using antibodies specific for ALIX, Flotillin 1,
GM130, and HA-tag (Proteintech, Wuhan, China).
Characterization of EVs by NTA

NTA was performed with a NanoSight LM10-HSB instrument (A&P
Instrument, UK) using EVs (10 ng/mL, protein equivalent) purified
from 100 mL of 293T cell culture supernatant. The median size and
size distribution were captured and analyzed with the NTA 2.2
Analytical Software suite. All procedures were performed at room
temperature.
Co-culture of EVs and Cells

To investigate the uptake of IFITM3-Exos by H295R cells, the cells
were incubated with 10 mM DiI-labeled IFITM3-Exos at 37�C for
30 min. Co-culture setup was as previously described,29,49 except
for the replacement of 24-well culture plates with 6-well plates. For
hormone quantification and RNA extraction under co-culture condi-
tions, 7.5 � 105 H295R cells were seeded in 2 mL per well in six-well
plates, and 3.5 � 105 BeWo cells were seeded in 1.5 mL in transwell
inserts (polycarbonate membrane with 0.4-mm pores, Corning Life
Sciences, Corning, NY, USA). Importantly, both batches of cells
were exposed to treated co-culture medium. All experiments were
performed using cells with passage numbers between 8 and 25. Expo-
sures to IFITM3-Exos were for 30 min, 1 h, 3 h, and 6 h in an incu-
bator at 37�C with a humidified atmosphere containing 5% CO2.
Flow Cytometry

For fluorescence-activated cell sorting (FACS), exosomes from 293T
cells were adsorbed onto 4-mm aldehyde-sulfate latex beads (Interfa-
cial Dynamics, Tualatin, OR, USA), incubated with Alexa Fluor
phycoerythrin (PE)-conjugated anti-HA-tag antibody, Alexa Fluor
allophycocyanin (APC)-conjugated anti-CD81 antibody (all pur-
chased from BD Pharmingen, San Jose, CA, USA), and analyzed on
a FACSCalibur system (Becton Dickinson, San Diego, CA, USA).
Part of the exosomes were also directly analyzed by Nanoflow
the pregnant mice and their fetuses of various treatment groups. Scale bars, 100 mm.

of the pregnant mice were measured by ALT and CRE assay kits, respectively. The

TM3-Exos or Exos (100 mg per mouse). Data are mean ± SEM of three independent

reated pregnant mouse (control) and mice treated with an escalating dose of Exos or

s from an untreated pregnant mouse (control) and mice treated with Exos or IFITM3-
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(NanoFCM, Xiamen, China), according to the manufacturer’s
directions.

Western Blot

For western blot analysis, ultracentrifuged exosomal pellets were lysed
with radioimmunoprecipitation assay buffer (RIPA) buffer (Cell
Signaling Technology) containing a protease inhibitor cocktail (Cal-
biochem). The total protein was determined by using a BCA kit,
and an equivalent amount (25 mg) of exosomal protein was resolved
by SDS-PAGE and transferred to nitrocellulose membranes. The
blots were probed overnight at 4�C with antibodies specific for
ALIX, Flotillin 1, and GM130. IRDye immunoglobulin G (IgG) was
used as secondary antibody (1:10,000) for 30 min. Bands were visual-
ized on a LI-COR Odyssey infrared imager (LI-COR Biosciences).

Vero Cell Plaque Assay

Cells were plated at 1 � 105 cells/well in a 24-well culture plate and
incubated overnight at 37�C, 5% CO2. At day 2, the cells were washed
with warm DMEM before virus infection. For a part of samples, Vero
cells were incubated with 60 mg/well of Exos or IFITM3-Exos. ZIKV
samples were diluted to 1 � 103 PFU in DMEM supplemented with
1% penicillin/streptomycin (P/S) and then incubated with Vero cells
for 2 h for virus adsorption. The viral inoculum was removed and
DMEM was supplemented with 1.5% FBS, 1% P/S, and 1% carboxy-
methyl cellulose (CMC). Vero cells were incubated with the CMC
overlay for 5 days, and then the overlay was removed. Cells were fixed
with 4% paraformaldehyde for 4 h, then stained with 2.5% crystal vi-
olet solution for plaque counting.

In Vivo Imaging

Mice were anesthetized via isoflurane inhalation, and intraperitoneally
injected with 150 mg of DiR-labeled exosomes. Bioluminescence imag-
ing was performed 10 min after injection with an IVIS (Xenogen). The
section of interest was defined manually, and bioluminescence was ex-
pressed as photon flux values (photons/s/cm2/steradian). To determine
the distribution of IFITM3-Exos in organs, all pregnant mice were
sacrificed and the dissected brains, livers, kidneys, spleens, lungs,
hearts, intestinal tracts, uteri, and fetuses were imaged and the average
radiant efficiency was calculated. The fetuses in the uteri of two groups
were applied to paraformaldehyde (PFA)-fixed paraffin sections to
illustrate the distribution of IFITM3-Exos in the placenta and fetuses.

Virus Binding and Entry Assays

The binding and entry experiments were performed as described pre-
viously.6,50 Briefly, for virus binding experiments, cells were seeded in
12-well plates and cultured for 24 h, followed by inoculation with ZIKV
at 3 � 105 PFU on ice for 1 h to allow virus binding but impeding cell
entry. Unbound virus was removed and the cells were harvested to
determine the amount of viral RNA accumulation by qRT-PCR. To
assess ZIKV entry into cells via endocytosis, after binding on ice for
1 h, virus inocula were removed after 1 h of binding on ice, and the
infected cells were washed with PBS followed by incubation with
pre-warmed DMEM for 10 min at 37�C to initiate virus cell entry.
For assessments of post-entry infection steps, after virus binding and
188 Molecular Therapy Vol. 29 No 1 January 2021
entry procedures were finished, HeLa cells were subsequently treated
with IFITM3-Exos or Exos. Total cellular RNA was extracted to mea-
sure relative viral RNA that had entered cells by qRT-PCR.

Antiviral Efficacy of IFITM3-Exos in AG6 Mice

Six-week-old sex-matched AG6 mice were assigned randomly to two
groups (n = 5) and infected with 103 PFU of ZIKV (SZ01) via a sub-
cutaneous route in the footpad. Then, the infected mice were intrave-
nously (i.v.) administered IFITM3-Exos at 100 mg of IFITM3-Exos or
Exos every other day for a total of four injections. The examination of
AG6 mice was carried out as previously described.51

Safety of IFITM3-Exos for Pregnant AG6 Mice and Fetuses

AG6 mice (E13.5–E19.5, n = 5) were assigned randomly into three
groups and injected i.v. with IFITM3-Exos, Exos at 150 or 300 mg,
or PBS as control every other day for 6 days. Serum ALT and CRE
levels in the sera collected from the tails were measured by using
ALT and CRE assay kits (Jiangcheng Bio, Nanjing, China) after
6 days, respectively. The pregnant mice and their fetuses in each
group were sacrificed and the livers, kidneys, and spleens were
collected for hematoxylin and eosin staining. All animal studies
were carried out according to the ethical guidelines and approval by
the Institutional Laboratory Animal Care and Use Committee at
Nanjing University.

Statistical Analysis

All in vitro experiments were performed at least three times. The re-
sults are described as mean ± SEM. Statistical analysis was performed
by one-way analysis of variance (ANOVA), and comparisons among
groups were performed by a Tukey’s honestly significant difference
test or t test.
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