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Type I interferon (IFN) induced by virus infections during
pregnancy can cause placental damage, but the mechanisms and
identities of IFN-stimulated genes that are involved in this dam-
age remain under investigation. The IFN-induced transmem-
brane proteins (IFITMs) inhibit virus infections by preventing
virus membrane fusion with cells and by inhibiting fusion of
infected cells (syncytialization). Fusion of placental tropho-
blasts via expression of endogenous retroviral fusogens known
as syncytins forms the syncytiotrophoblast, a multinucleated
cell structure essential for fetal development. We found here
that IFN blocks fusion of BeWo human placental trophoblasts.
Stably expressed IFITM1, -2, and -3 also blocked fusion of these
trophoblasts while making them more resistant to virus infec-
tions. Conversely, stable IFITM knockdowns in BeWo tropho-
blasts increased their spontaneous fusion and allowed fusion in
the presence of IFN while also making the cells more susceptible
to virus infection. We additionally found that exogenous expres-
sion of IFITMs in HEK293T cells blocked fusion with cells
expressing syncytin-1 or syncytin-2, confirming the ability of
IFITMs to block individual syncytin-mediated fusion. Overall,
our data indicate that IFITMs inhibit trophoblast fusion and
suggest that there may be a critical balance between these anti-
fusogenic effects and the beneficial antiviral effects of IFITMs in
virus infections during pregnancy.

Infections during pregnancy are associated with low birth
weights, congenital birth defects, pregnancy complications,
and miscarriages (1). Placental damage has been observed dur-
ing Zika virus infections in nonhuman primates (2) and in mice
during Zika virus and other flavivirus infections (3). Further, a

recent landmark study demonstrated that fetal mortality
during Zika virus infection is mediated by type I interferon
(IFN)5 receptor signaling (4). This paradoxical effect of what
are considered to be beneficial antiviral cytokines may be an
evolutionary adaptation in which IFNs signal for termina-
tion of pregnancies that are unlikely to be viable due to
severe or prolonged infection (4, 5). IFN signaling was shown
to disrupt placental architecture in mice, leading to fetal
hypoxia and demise. Placental defects caused by IFNs
included disruption of the syncytiotrophoblast, a multinu-
cleated cell structure that is critical for nutrient and gas
exchange between maternal and fetal blood and that is
formed by cell-to-cell fusion of trophoblasts. Importantly,
continuous fusion of underlying cells with the syncytiotro-
phoblast is necessary for its maintenance throughout preg-
nancy (6, 7). Although IFNs have been known for decades to
be embryotoxic molecules (8 –11), the mechanism by which
they induce placental damage is not fully understood.

Interestingly, placental trophoblast fusion is mediated by
endogenous retroviral fusion proteins known as syncytin-1 and
-2 that integrated separately into the human genome 30 and 45
million years ago, respectively, and that are uniquely expressed
in this cell type (12–18). In experiments on human trophoblasts
in vitro, both of the syncytins are required for maximal fusion
(14 –17). Although it is difficult to study the essentiality of these
proteins for placentation in humans, similar proteins present in
mice have been studied in vivo. Mouse syncytin-A is required
for proper placenta formation, and knockout of this gene
results in embryonic lethality (19). Similarly, the mouse syncy-
tin-B is also important for development of placenta architec-
ture, and its knockout results in fewer viable pups and low birth
weights of pups that survive (20).

Our laboratory has long studied the IFN-induced transmem-
brane proteins (IFITMs) (IFITM1, -2, and -3), which utilize a
palmitoylated amphipathic helical domain to block membrane
fusion between viruses and host cells through alteration of lipid
bilayers (21–27). These proteins are also capable of blocking
cell-to-cell fusion (i.e. syncytia formation) of infected cells (22,
23, 28). Given that trophoblast fusion is mediated by virus-
derived proteins, we hypothesized that IFN, and specifically the
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IFITMs, could inhibit trophoblast fusion and may thus underlie
the embryotoxicity of IFN. We sought to test this hypothesis
using the human BeWo trophoblast cell line, one of the most
commonly used model systems for studying syncytin-mediated
trophoblast fusion (15–17, 29 –32). BeWo trophoblasts display
minimal spontaneous fusion at baseline, but robust cell-to-cell
fusion can be induced by stimulation with forskolin, a drug that
increases cAMP production, resulting in syncytin up-regula-
tion (15–17, 29 –31). Here, we examine the effects of IFN and
IFITMs on trophoblast fusion.

Results

Type I IFN inhibits trophoblast fusion

Similar to most other cell types, BeWo cells and primary
trophoblasts have been reported to produce low steady-state
levels of IFITM mRNAs even in the absence of IFN (33–35).
However, IFITM1, -2, and -3 were difficult to detect by Western
blotting in BeWo cells, indicating that baseline protein levels
are low (Fig. 1A). Upon IFN� treatment, IFITM1–3 and other
IFN-stimulated genes, such as ISG15 and RIG-I, were up-regu-
lated, demonstrating functional IFN signaling in these cells
(Fig. 1A). Co-treatment with fusion-inducing forskolin had no
effect on levels of the IFN-induced proteins (Fig. 1A). In these
treated cells, we quantified cell-to-cell fusion by staining the
cell surface with antibodies against the adhesion molecule
E-cadherin, followed by counting of nuclei within syncytia ver-
sus single cells. We observed that forskolin treatment signifi-
cantly increased the fusion index of the cells, as expected (Fig. 1,
B and C). This fusion was significantly decreased by IFN co-
treatment, demonstrating that type I IFN inhibits fusion of
BeWo placental trophoblasts concomitant with induction of
IFN-induced proteins, such as IFITMs (Fig. 1, A–C). E-cad-
herin has been known for decades to be down-regulated at the
mRNA and protein level upon fusion of trophoblasts (36). We
observed that indeed E-cadherin was modestly decreased in
forskolin-treated cells, as measured by Western blotting, but
was not decreased in forskolin/IFN co-treated cells, providing a
secondary indicator of fusion inhibition by IFN� (Fig. 1B).

IFITM overexpression inhibits trophoblast fusion

To more specifically examine the effect of the individual
IFITMs on trophoblast fusion, we generated stable BeWo lines
expressing IFITM1, -2, or -3 or an IFITM3 variant (Y20A) (Fig.
2, A and B). We included IFITM3-Y20A, because Tyr-20 is
within a motif that facilitates endocytosis of IFITM3, and its
mutation results in accumulation at the plasma membrane (37,
38), potentially providing enhanced inhibition of trophoblast
fusion. To first test whether IFITMs are antivirally functional in
BeWo cells, we examined infections of the stable cell lines with
influenza A virus and Zika virus. We found that each of the
IFITMs decreased infection with influenza virus as compared
with vector control cells and that IFITM1 and -3 provided pro-
tection against Zika virus infection (Fig. 2B). We further
observed that forskolin was unable to induce fusion of the
IFITM-expressing BeWo lines (Fig. 2, C and D), indicating that
IFITM1, -2, and -3 are each capable of inhibiting trophoblast
fusion. IFITM3-Y20A was also able to inhibit trophoblast
fusion, but we did not observe an enhancement of inhibition as
compared with WT IFITM3. Overall, IFITM expression in tro-
phoblasts decreases both virus infection and cell-to-cell fusion.

IFITMs inhibit HEK293T cell fusion mediated by exogenous
syncytin expression

To determine whether IFITMs are specifically capable of
inhibiting fusion mediated individually by syncytin-1 or -2, we
employed a cell-to-cell fusion assay utilizing HEK293T cells,
which naturally lack expression of endogenous fusion proteins
and endogenous IFITMs, and that we previously validated for
studying effects of IFITMs on cell-to-cell fusion mediated by
viral fusion proteins (23, 28, 39). In short, one population of
cells was transfected with vector control or syncytin-1 or -2,
whereas target cells were transfected with individual IFITM
expression plasmids or vector control. Additionally, the two
groups of cells were co-transfected with distinct plasmids that
produce luciferase only when the plasmids are together in the
same cell (40) (Fig. 3A). Thus, after mixing the two cell popula-
tions, luciferase activity serves as a quantitative readout of cell-
to-cell fusion between the two populations (23, 28, 40). We first

Figure 1. IFN inhibits fusion of BeWo trophoblasts stimulated by forskolin. BeWo cells were treated for 24 h with 40 units/ml IFN� (IFN), 50 �M forskolin,
a combination of IFN and forskolin, or vehicle control. Treated cells were analyzed by Western blotting of cell lysates (A) or confocal microscopy imaging (B) after
staining with anti-E-cadherin (green) or DAPI (blue). White scale bar, 10 �m. C, fusion indices were calculated and normalized to the background spontaneous
fusion level observed in each experiment in vehicle control cells. Bars, averages from three identical independent experiments with individual data points
shown as circles; data are representative of two additional similar experiments. Error bars, S.D. Differences between groups were evaluated by one-way ANOVA
followed by Tukey’s multiple-comparison test. *, p � 0.0005 for the indicated comparisons.
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established that both syncytin-1 and -2 were able to induce
fusion of HEK293T cells (Fig. 3B). Fusion mediated by either
syncytin was significantly inhibited by expression of IFITMs in

target cells, further establishing that IFITMs are capable of
inhibiting cell-to-cell fusion mediated by these essential tro-
phoblast fusogens (Fig. 3B). Further, these data demonstrate

Figure 2. IFITM overexpression inhibits BeWo trophoblast fusion. BeWo cells were stably transduced with lentiviruses expressing Myc-tagged IFITM
constructs. A, Western blotting of cell lysates. B, flow cytometry histograms after staining with anti-Myc antibody. C, percentage of infection measured 24 h
postinfection with influenza A virus (IAV) (MOI 2.5) or Zika virus (MOI 5), as measured by flow cytometry staining for viral antigens. Flow cytometry gates were
set based on mock-infected controls. Bars, averages of three independent experiments with individual data points shown as circles. Error bars, S.D. Differences
between groups were analyzed by one-way ANOVA followed by Dunnett’s multiple-comparison test. *, p � 0.0001 compared with vector control cells. D, cell
lines were treated for 48 h with 50 �M forskolin or vehicle control. Cells were then imaged by confocal microscopy after staining with anti-E-cadherin (green) or
DAPI (blue). White scale bar, 10 �m. E, fusion indices from forskolin-treated cells as in D were calculated and normalized to the background spontaneous fusion
levels observed in each experiment in vector control cells treated with vehicle control. Bars, averages from four independent experiments with individual data
points shown as circles. Error bars, standard S.D. Differences between groups were analyzed by one-way ANOVA followed by Dunnett’s multiple-comparison
test. *, p � 0.0001 compared with vector control cells.

Figure 3. IFITM inhibition of syncytin-mediated fusion of HEK293T cells. A, schematic representation of the HEK293T cell fusion assay. One population of
cells was transfected with syncytin-1 or -2 constructs or vector control plus pFR-Luc plasmid. A second population of cells was transfected with IFITM constructs
or vector control plus pBD-NF-�B. Cells were then mixed and allowed to fuse for 24 h. Luciferase activity in cell lysates was then measured as a quantitative
readout of cell fusion. B, luciferase activity was measured from cells prepared as described in A. Bars, average results from three independent experiments with
individual data points shown as circles. Error bars, S.D. Differences between groups were analyzed by one-way ANOVA followed by Tukey’s multiple-compar-
ison test. *, p � 0.01 compared with the respective syncytin-transfected vector control cells.
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that inhibition of syncytin-mediated cell fusion by IFITMs does
not require intracellular interaction between syncytins and
IFITMs, as these proteins were expressed in distinct cell popu-
lations in these experiments.

Endogenous IFITMs inhibit trophoblast fusion

To determine whether endogenous levels of IFITMs are
capable of inhibiting trophoblast fusion, we generated stable
BeWo cell lines expressing shRNAs targeting the IFITMs. We
generated two cell lines (labeled shIFITM A and C) with signif-
icant knockdowns of IFITM1–3, resulting in low IFITM levels
as compared with control cells with IFN treatment (Fig. 4A),
and confirmed that IFITM knockdown results in increased sus-
ceptibility to virus infection (Fig. 4B). Surprisingly, we found
that these cells were difficult to maintain when using standard
BeWo passaging methods but that the cells could be readily
expanded when passaged frequently at high dilution. We deter-
mined that this was likely due to increased spontaneous fusion
of these cells and thus their terminal differentiation when
grown at high density. We quantified fusion of these cells when
plated at high density and found that increased spontaneous
fusion was indeed occurring for both of the IFITM knockdown
cell lines as compared with control cells, and this fusion was not
increased further by forskolin treatment (Fig. 4, C and D). Strik-
ingly, E-cadherin was down-regulated under these conditions
more than we have observed with forskolin treatments, provid-
ing a secondary confirmation of the robust spontaneous fusion
of these IFITM knockdown BeWo cells (Fig. 4E). Additionally,
we observed that IFN was unable to inhibit the spontaneous
fusion of these cells, identifying that inhibition of trophoblast
fusion by IFN requires the IFITMs (Fig. 4, F and G). These
results suggest that BeWo cells are capable of fusing without
forskolin treatment but that this is prevented by a low baseline
level of IFITMs. Indeed, we were able to detect basal IFITM2/3
in WT BeWo cells when we prevented IFITM turnover in lyso-
somes by treatment of cells with chloroquine (41) (Fig. 4H). We
further confirmed baseline expression of IFITM2/3 in BeWo
cells as well as their knockdown in the stable shIFITM lines
using flow cytometry analysis of the cells with IFITM2/3 anti-
body staining (Fig. 4I). Overall, we have employed gain- and
loss-of-function experiments to identify that IFITMs inhibit
virus infection of trophoblasts while also inhibiting critical cell-
to-cell fusion required for syncytiotrophoblast formation.

Discussion

The results presented here have significant implications for
our understanding of the embryotoxic effects of IFNs in infec-
tions during pregnancy because they suggest that IFITMs are a
critical contributor to this toxicity through effects on placenta
syncytiotrophoblast development. The IFITMs may provide
antiviral protection during moderate pregnancy-associated
infections, including protection against direct viral infections of
trophoblasts or the syncytiotrophoblast. Indeed, we have
shown for the first time that IFITMs are able to inhibit virus
infections of trophoblasts (Figs. 2C and 4B). However, we also
observed that the IFITMs inhibit trophoblast cell-to-cell fusion
(Figs. 2 and 4) and, specifically, that the IFITMs can block
fusion mediated by the trophoblast syncytin-1 and syncytin-2

proteins (Fig. 3). We posit that IFITM1, -2, and -3 may disrupt
the formation/maintenance of the syncytiotrophoblast during
severe or lengthy infections, resulting in fetal demise. These
observations may explain the need for tight regulation of base-
line cellular levels of IFITM3 by posttranslational modifica-
tions, including phosphorylation and ubiquitination, in the
absence of infection (25, 37, 41). Our data using unique tools
and readouts also independently corroborate a groundbreaking
recent study showing that IFITMs are required for placental
malformations and fetal resorption induced by the viral mimic
poly(I:C) in mice (32) and should allow the field to confidently
build upon these results regarding the negative effects of
IFITMs on the placenta.

Through the course of our work, we have generated interest-
ing new reagents that should be of value to the placenta
research community. BeWo trophoblast lines overexpressing
IFITMs fail to fuse upon forskolin treatment (Fig. 2) and thus
provide a new tool to study unfused trophoblasts as well as to
parse effects of forskolin treatment versus the fusion process
itself in regulating trophoblast gene expression programs.
Moreover, through stable IFITM knockdown, we have gener-
ated BeWo lines that show dramatically increased spontaneous
fusion that will allow studies of trophoblast fusion in this sys-
tem without confounding effects of forskolin treatment (Fig. 4).
These are among the first reported BeWo lines capable of
robust fusion that do not overexpress fusion-promoting pro-
teins. Additionally, results from IFITM knockdown cells may
clarify why BeWo cells are poorly fusogenic at baseline despite
their moderate expression of syncytins. We also speculate
based on these results that expression of IFITMs may also be
involved in preventing inappropriate cell-to-cell fusion in the
placenta and maternal environment.

From a therapeutic perspective, the antiviral activity of
IFITMs is counteracted by the clinically approved drug ampho-
tericin B (28, 42), suggesting that this drug may also hold prom-
ise for countering the negative effects of IFITMs on the pla-
centa. Likewise, short treatments of cells with rapamycin have
been shown to result in degradation of IFITMs via the
autophagy pathway (43), and resveratrol trimers have shown a
similar effect in decreasing cellular IFITM levels (44). Thus, the
identification of the IFITMs as a missing link between IFN and
placental disruption may provide specific molecular targets for
mitigating negative effects of IFNs during pregnancy-associ-
ated infections.

Experimental procedures

Cell culture and virus infections

An initial stock of BeWo cells was kindly provided by Dr.
Stephanie Seveau (Ohio State University). We confirmed the
identity of these cells by confirming their expression of syncyt-
ins and by confirming their fusion in the presence of forskolin.
BeWo cells were cultured in Ham’s F-12K medium supple-
mented with 10% EquaFETAL bovine serum (Atlas Biologi-
cals). HEK293T and Vero cells were purchased from the ATCC
and were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% EquaFETAL bovine serum. All cells were
cultured in a humidified incubator at 37 °C with 5% CO2 and
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were confirmed to be free of mycoplasma contamination by
spot checking with the Lonza MycoAlert mycoplasma detec-
tion kit. In some experiments, BeWo cells were treated with

IFN� (EMD Millipore) at a concentration of 40 units/ml. For
infections, influenza virus A/PR/8/34 (H1N1) (provided by Dr.
Thomas Moran of the Icahn School of Medicine at Mt. Sinai)

Figure 4. Knockdown of IFITMs promotes fusion of BeWo trophoblasts. BeWo cells were stably transduced with lentiviruses expressing control shRNA
(shControl) or different shRNAs targeting IFITMs (shIFITM A, B, or C). A, Western blotting of cell lysates after 18-h treatment with 40 units/ml IFN� demonstrates
IFITM knockdown in specific cell lines. B, percentage of infection of shControl cells and shIFITM C cells 24 h postinfection with Zika virus (MOI 5), as measured
by flow cytometry staining for viral antigen. Flow cytometry gates were set based on mock-infected controls. Bars, averages of three independent experiments
with individual data points shown as circles. Error bars, S.D. *, p � 0.05 as compared with shControl cells by paired t test. C, the indicated cell lines were treated
for 48 h with 50 �M forskolin or vehicle control. Cells were then imaged by confocal microscopy after staining with anti-E-cadherin (green) or DAPI (blue). White
scale bar, 10 �m. D, fusion indices from cells as in C were calculated and normalized to the background spontaneous fusion levels observed in each experiment
in shControl cells treated with vehicle control. Bars, averages from three independent experiments with individual data points shown as circles. Error bars, S.D.
Differences between groups were evaluated by one-way ANOVA followed by Tukey’s multiple-comparison test. *, p � 0.02 compared with shControl without
forskolin treatment. NS, selected comparisons of interest that are not significantly different as judged by a p value � 0.05. E, Western blotting of cell lysates
demonstrates down-regulation of E-cadherin in IFITM knockdown lines. F, the indicated cell lines were treated for 48 h with 40 units/ml IFN� or vehicle control.
Cells were then imaged by confocal microscopy after staining with anti-E-cadherin (green) or DAPI (blue). White scale bar, 10 �m. G, fusion indices from cells as
in F were calculated and normalized to the background spontaneous fusion levels observed in each experiment in shControl cells treated with vehicle control.
Bars, averages from three independent experiments with individual data points shown as circles. Error bars, S.D. Differences between groups were evaluated
by one-way ANOVA followed by Tukey’s multiple-comparison test. *, p � 0.01 compared with shControl without IFN� treatment. NS, selected comparisons of
interest that are not significantly different as judged by a p value � 0.05. H, Western blotting of WT BeWo cells after 24-h treatment with 40 �M chloroquine
(chloro) or vehicle control (mock) demonstrates accumulation of baseline IFITM2/3 when lysosomal degradation is inhibited. I, flow cytometry histograms for
untreated/unstimulated cell lines after staining with anti-IFITM2/3 antibody confirm that low baseline levels of IFITMs are reduced by shRNAs targeting IFITMs.
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was propagated in embryonated chicken eggs and titered as
described previously (45), and Zika virus strain PRVABC59
(National Institutes of Health BEI Resources) was propagated
and titered in Vero cells. For detection of influenza virus–
infected cells, anti-nucleoprotein antibody (National Institutes
of Health BEI Resources, NR-19868) staining was used. For
detection of Zika virus infection, anti-Zika E antibody (Kera-
fast, EVU302) was used. Percentage infection was measured by
flow cytometry with mock-infected cells serving as controls for
gating. Samples were analyzed using FlowJo software.

Generation of stable BeWo cell lines

For stable expression of IFITM proteins, IFITM coding
sequences were cloned into the pLenti-puro vector as described
previously (28). Lentiviruses were generated in HEK293T cells
and were concentrated using Lenti-X concentrator reagent
(Takara Bio) before transduction of BeWo cells. Stable IFITM-
expressing BeWo lines were selected and subsequently main-
tained with 1 �g/ml puromycin in the medium. IFITM knock-
down lines were generated and maintained similarly using
lentiviral shRNA constructs purchased from Sigma as described
previously (46).

BeWo cell fusion assays

For analysis of cell fusion, BeWo cells were plated to achieve
�75% confluence on glass slides. To induce fusion, 50 �M for-
skolin (Sigma) was added to culture medium for 48 –72 h. For
imaging, cells were fixed with 4% paraformaldehyde, permea-
bilized with PBS/0.1% Triton X-100, and blocked with PBS/2%
EquaFETAL bovine serum. Cells were then stained with anti-
E-cadherin antibody (Abcam, ab1416) at 1:100 in PBS/0.1%
Triton X-100, followed by staining with Alexa Fluor 488 –
labeled goat anti-mouse secondary antibody (Life Technolo-
gies, Inc., A11029) at 1:1000 in PBS/0.1% Triton X-100. Slides
were mounted using Prolong Gold Antifade Mountant with
DAPI. Cells were imaged on an Olympus FluoView confocal
microscope. For each sample, 10 randomly chosen images were
collected. In each field, nuclei in mono- versus multinucleated
cells (three or more nuclei within a continuous E-cadherin–
stained cell border) were counted. E-cadherin staining was dig-
itally enhanced using ImageJ software (National Institutes of
Health) to assist with identification of fused and unfused cells.
The percentage of fused cells in each field was calculated as
nuclei in multinucleated cells divided by the total number of
nuclei in the field. Values for each of the 10 fields were averaged
to determine the percentage of fusion for each sample. Gener-
ally, more than 400 nuclei were counted for each sample. The
percentage of fusion value for the negative control in each
experiment (WT BeWo or vector-transduced BeWo without
forskolin) was set to 1, and all other samples were normalized to
this value. The percentage of spontaneous fusion for the nega-
tive controls varied from roughly 8 to 20% in different experi-
ments and likely represented cells that were fused prior to plat-
ing and cells that spontaneously fused during the experiment,
and it may have potentially also included a small number of
false positive multinucleated cells. Fusion induced by forskolin
or knockdown of the IFITMs was generally 2–3-fold above the

negative control and represented values of roughly 20 – 60%
fusion in different experiments.

HEK293T cell fusion assays

IFITM constructs cloned into the pCMV-HA vector (Clon-
tech) were described previously (24, 37), and Myc-FLAG-
tagged syncytin-1 and -2 expression constructs in the pCMV6
vector were purchased from Origene (RC213951 and
RC209875). pFR-Luc and pBD-NF-�B (Agilent) were co-trans-
fected with plasmids as indicated in Fig. 3A. Cell-to-cell fusion
assays were performed as outlined and validated previously (23,
28, 40). In short, transfections were performed overnight using
LipoJet transfection reagent (Signagen). Cell populations were
then mixed, replated, and incubated at 37 °C in standard cul-
ture medium for 24 h. Luciferase activity was measured using
the Promega Dual-Luciferase Reporter Assay System.

Western blotting

For Western blotting, cells were lysed in 1% SDS buffer (1%
SDS, 150 mM NaCl, 50 mM triethanolamine, pH 7.4), supple-
mented with cOmplete EDTA-free protease inhibitor mixture
(Sigma) at 5 times the recommended concentration. Western
antibodies used in this study include those specific for the fol-
lowing proteins: E-cadherin (Abcam ab1416), ISG15 (Cell Sig-
naling, 2743S), RIG-I (Cell Signaling, 3743S), IFITM1 (Cell Sig-
naling, 13126S), IFITM3 (ProteinTech, 11714-1-AP, which
detects both IFITM2 and IFITM3), and GAPDH (Life Technol-
ogies, 39-8600).
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