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SUMMARY

Interferon-induced transmembrane proteins (IFITMs) are restriction factors that
block many viruses from entering cells. High levels of type I interferon (IFN) are
associated with adverse pregnancy outcomes, and IFITMs have been shown to
impair the formation of syncytiotrophoblast. Here, we examine whether IFITMs
affect another critical step of placental development, extravillous cytotropho-
blast (EVCT) invasion. We conducted experiments using in vitro/ex vivo models
of EVCT, mice treated in vivo with the IFN-inducer poly (I:C), and human patholog-
ical placental sections. Cells treated with IFN-B demonstrated upregulation of
IFITMs and reduced invasive abilities. Transduction experiments confirmed that
IFITM1 contributed to the decreased cell invasion. Similarly, migration of tropho-
blast giant cells, the mouse equivalent of human EVCTs, was significantly reduced
in poly (I:C)-treated mice. Finally, analysis of CMV- and bacterial-infected human
placentas revealed upregulated IFITM1 expression. These data demonstrate that
high levels of IFITM1 impair trophoblast invasion and could explain the placental
dysfunctions associated with IFN-mediated disorders.

INTRODUCTION

The placenta is a transitory organ that arises after implantation and is essential for the development and
growth of the fetus, as well as for the maintenance of pregnancy. It plays, therefore, a critical role in preg-
nancy outcome. The structural and functional unit of the human placenta is the chorionic villus, which is
bathed by maternal blood in the intervillous space. The chorionic villus is characterized by a mesenchymal
axis containing immune cells and fetal vessels that is covered by a monolayer of epithelial cells (villous cy-
totrophoblasts) that fuse with the overlying syncytiotrophoblast to renew it during pregnancy. This tropho-
blast bilayer acts as a placental “barrier” that facilitates exchange between maternal and fetal blood and is
also the site of the production of pregnancy hormones.

The chorionic villus is anchored into the uterine wall (decidua basalis) by extravillous cytotrophoblasts
(EVCTs) that invade the uterus up to the upper third of the myometrium." EVCTs interact with uterine
immune cells to permit the immune tolerance of the conceptus and participate in the remodeling of the
uterine spiral arteries. Trophoblast invasion thus represents an essential step in the development and
function of the placenta, and defective trophoblastic invasion is associated with miscarriage, placental
dysfunction, fetal growth restriction (FGR), and preeclampsia.2

Many problems in pregnancy arise as the result of infections, which have been linked to low birth weight,
congenital birth defects, complications (intra-uterine growth restriction, preeclampsia, prematurity), and
miscarriage.” These outcomes appear to be mediated by increased levels of inflammatory factors, such
as interferons, TNF-a, and interleukins into the maternal circulatory system‘A'5 In humans, the response
to viral infections is characterized by the upregulation of several interferon-inducible transmembrane pro-
teins (IFITMs), a protein family composed of five genes (IFITM1, 2, 3, 5, and 10). IFITM1, 2, 3, and 5 are
located in the same gene cluster in a 26-kb region of the short arm of chromosome 11, while IFITM10 is
located 1.4 kb from the centromere of chromosome 11 and its function remains unknown. IFITM2 and
IFITM3 share strong sequence homology (91%) which makes it difficult to distinguish between them, espe-
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Figure 1. Upregulation of IFITMs in HTR8/SVneo cells following IFN-B treatment was evaluated by western
blot and immunofluorescence

IFN-B inhibits invasion of HTR8/SVneo cells (A-E) and primary human EVCTs (F-l). HTR8/SVneo cells and EVCTs were
incubated for 48 h with IFN-B (10, 100, or 1000 IU/mL).

(A) Cell lysates (40 ng) were loaded in 4-15% SDS-PAGE gradient gels and blots were probed for IFITM1, IFITM2/3, and
vinculin expression. One representative experiment (out of 3) is shown.

(B) Representative image of HTR8/SVneo cells immunostained for cytokeratin 7 (marker of trophoblast, magenta) and
IFITM1 (green) or IFITM2/3 (red), and then counterstained with DAPI (blue). Scale bars: 10 um. Inhibition of HTR8/SVneo
cell invasion following IFN-8 treatment, quantified using IncuCyte technology (C-E). HTR8/SVneo cells were cultured in a
monolayer in 96-well plates. Cells were treated for 48 h, then a wound was made using a 96-well wound maker; this was
covered by Matrigel and cells were imaged with Incucyte every 30 min for 48 h.
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Figure 1. Continued

(C) Representative images of HTR8/SVneo cell invasion at 48 h. The blue region denotes the area of the initial wound (light
blue line) covered by advancing cells.

(D) Time course of wound closure expressed as relative wound density (%). Values are reported as mean + SEM.

(E) Comparison between vehicle and IFN-B-treated cells was performed using an analysis of the area under the curve of the
replicates represented in (D). Values are reported as mean + SEM (n = 6 wells/condition, n = 3 experiments). Statistical
analysis was performed with one-way ANOVA to compare treatment to vehicle controls. ***p < 0.001, ****p < 0.0001.
Upregulation of IFITMs in EVCTs following IFN-B treatment was evaluated by western blot (F) and immunofluorescence (G).
(F) Cell lysates (40 pg) from isolated EVCTs were loaded in 4-15% SDS-PAGE gradient gels and blots were probed for
IFITM1, IFITM2/3, and vinculin expression. One representative experiment (out of 3) is shown.

(G) Representative image of isolated EVCTs and placental explants immunostained for cytokeratin 7 (marker of
trophoblast, magenta) and IFITM1 (green) or IFITM2/3 (red), and then counterstained with DAPI (blue). Scale bars: 10 um.
Inhibition of EVCT invasion following IFN-8 treatment using villous explant culture model (H-1).

(H) Representative image of extravillous explants cultured on Matrigel and immunostained for integrin a5 (ITGAS5, marker
of invasion, red). Scale bars: 100 um.

(1) Statistical analysis of the invasion distance of ITGAS + EVCTs, as representatively shown in H. Values are presented as
mean + SD (n = 3 explants per condition, n = 3 placentas). One-way ANOVA was performed to compare treatment to
vehicle control; ****p < 0.0001.

plasma membrane, while IFITM2 and 3 predominate in the intracellular compartment (endosomes),
suggesting possible specialization in the roles of these three proteins.® Instead, IFITM5 is not interferon-
responsive and is involved in bone mineralization.” IFITMs1, 2, and 3 have been described as viral
restriction factors with varying degrees of effectiveness (review in%). Specifically, these IFITMs, and more
particularly IFITM3, inhibit the cell-cell fusion induced by viral infection by modifying the physico-chemical
properties of cell membranes, notably by reducing membrane fluidity.” Work by our group as well as others
has shown that IFITMs also inhibit the fusion of villous cytotrophoblasts.'®"" Moreover, high expression of
IFITM1 and IFITM3 has been observed in cancer cells, with effects on proliferation and invasion.'?"°

To date, the role of IFITMs in the invasion of EVCTs has not been studied. Here, we examined the impact of
IFITMs (1, 2, and 3) on trophoblast invasion using approaches based on IFN induction and IFITM transduc-
tion in the HTR8/SVneo cell line, primary EVCTs, and first-trimester placental explants. We also assessed
the effect of the viral mimic poly (I:C) in a mouse model, and performed immunostaining of CMV-/bacte-
rial-infected human placental tissue sections to visualize the expression of IFITMs.

RESULTS

IFN-B induces expression of IFITMs and inhibits trophoblast invasion

We initiated our study by investigating the effect of IFN-f on trophoblastic expression of IFITMs and on the
invasion of human trophoblasts using HTR8/SVneo cells (Figures 1A-1E). Western blot and immunofluores-
cence (Figures 1A and 1B) revealed induction of IFITM1, 2, or 3 expression after 48 h of IFN-B treatment
regardless of the concentration used (10, 100, and 1000 IU/mL). Invasion of IFN-B-treated HTR8/SVneo cells
was evaluated using a wound healing assay with Matrigel and monitored for 48 h in a live-imaging device
(Figures 1C-1E). Compared to the control treatment (vehicle), IFN-B significantly inhibited cell invasion in a
dose-dependent manner (76 + 2.9%, 56 + 2.4%, and 42 + 1.6% versus 84 + 3.2%, respectively, for 10, 100,
and 1000 IU/mL of IFN-B versus vehicle).

We next evaluated the effect of IFN-B in primary EVCTs. For this purpose, purified primary EVCTs and first-
trimester placental explants were cultured on Matrigel and treated for 48 h with 100 and 1000 IU/mL of IFN-
B. Western blot and immunofluorescence revealed that IFN-B treatment resulted in the induction of IFITM1,
2, and 3 (Figures 1F and 1G). The invasion of IFN-B treated-EVCTs was then evaluated by immunofluores-
cence using integrin a5 (ITGAD) as a marker of the invasion front (Figures TH and 11). Compared to control
(vehicle), treatment with 10, 100, or 1000 IU/mL of IFN-B significantly inhibited the distance of cell migration
(respectively, in pm, 95 + 11,95 £+ 15, and 82 + 18 versus 191 + 32, p < 0.0007).

Overexpression of IFITM1 inhibits trophoblast invasion

To directly study the role of IFITMs in the invasion of human trophoblasts, we first transduced the HTR8/
SVneo cells with lentiviral vectors encoding IFITM1, IFITM2, and IFITM3, with an empty vector (EMPTY)
as control. These vectors carry the gene coding for puromycin resistance, so successfully transduced cells
were selected with this antibiotic after treatment. Expression of IFITMs was confirmed in transduced cells
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Figure 2. Ectopic expression of FLAG and IFITMs in HTR8/SVneo cells transduced with IFITM1-3 was verified by
western blot, immunofluorescence, and flow cytometry

IFITM1 inhibits invasion of HTR8/SVneo cells (A-E) and primary human EVCTs.

(A) Cell lysates (40 pg) were loaded in 4-15% SDS-PAGE gradient gels and blots were probed for IFITM1, IFITM2/3, and
vinculin expression. A representative experiment is shown.

(B) Representative image of transduced HTR8/SVneo cells immunostained for FLAG (yellow) and IFITM1 (green) or
IFITM2/3 (red), and then counterstained with DAPI (blue). Scale bar: 10 um.

(C) HTR8/SVneo cells transduced with a vector containing IFITM1 (green), IFITM2 (orange), IFITM3 (magenta), or a control
empty vector (dark blue) were stained with antibodies for IFITM1, IFITM2/3, and FLAG, as well as corresponding isotypes.
Cells were then analyzed by flow cytometry. Inhibition of IFITM1-transduced HTR8/SVneo cell invasion, quantified using
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Figure 2. Continued

IncuCyte technology (D-F). HTR8/SVneo cells transduced with IFITM1-3 were cultured in a monolayer in 96-well plates
and a wound was made using a 96-well wound maker; this was covered by Matrigel and cells were imaged with
Incucyte every 30 min for 48 h.

(D) Representative images of transduced HTR8/SVneo cell invasion at 48 h. The blue region denotes the area of the initial
wound (light blue line) covered by advancing cells.

(E) Time course of wound closure expressed as relative wound density (%). Values are reported as mean + SEM of the
percentage.

(F) Comparison between cells transduced with IFITM1-3 and the empty vector was performed using an analysis of the area
under the curve of the replicates represented in (E). Values are represented as mean + SEM (n = 6 wells/condition, n = 3
experiments). Statistical analysis was performed with one-way ANOVA to compare treatment to vehicle controls.

***n < 0.001, ****p < 0.0001. Ectopic expression of GFP, FLAG, and IFITMs in EVCT explants transduced with IFITM1-3
was verified by immunofluorescence (G-J).

(G) Representative image of placental explants transduced with GFP or IFITM1-3, cultured on Matrigel, and
immunostained for FLAG (yellow), GFP (green), and IFITM1 (red) or IFITM2/3 (magenta), and then counterstained with
DAPI (blue). Scale bars: 100 pm.

(H) Representative image of EVCT explants transduced with GFP or IFITM1-3, cultured on Matrigel, and immunostained
for FLAG (yellow), GFP (green), and ITGAS (red) or HLAG (magenta), and then counterstained with DAPI (blue). Scale bars:
100 um. Inhibition of IFITM1-transduced EVCT invasion using villous explant culture model (I-J).

(1) Representative image of transduced extravillous explants cultured on Matrigel and immunostained for integrin .5
(ITGAS5, marker of invasion, red). Scale bars: 100 um.

(J) Statistical analysis of the invasion distance of ITGAS + EVCTs, as representatively shown in |. Values are presented as
mean + SD (n = 3 explants per condition, n = 3 placentas). One-way ANOVA was performed to compare treatment to
pTRIP-GFP control; ****p < 0.0001.

by western blot, immunofluorescence, and flow cytometry (Figures 2A-2C). In cells transduced with
the empty vector (EMPTY cells), no expression of the FLAG tag or IFITM1 was observed, and only low
endogenous expression of IFITM2/3 was detected. Instead, the cells transduced with IFITM1, 2, and 3 all
demonstrated expression of the FLAG tag. Only IFITM1-transduced cells showed IFITM1 expression and
the IFITM2- and IFITM3-transduced cells showed overexpression of IFITM2/3. Interestingly, in the confocal
images (Figures 2B and S1B), we observed clear differences in the localization of IFITMs that were consis-
tent with those described in the literature, with IFITM1 mainly located at the plasma membrane and IFITM2
and IFITM3 at the plasma membrane and within endosomal compartments. Transduction had no apparent
effect on either cell viability or proliferation (Figure S1).

Next, we evaluated the invasive abilities of the IFITM-transduced HTR8/SVneo cells using a wound healing
assay with Matrigel that was monitored for 48 h in a live-imaging device (Figures 2D-2F). Compared to con-
trol (EMPTY) transduced cells, IFITM1-transduced cells exhibited significantly inhibited cell invasion (55 +
3.0% versus 82 + 4.4%, p < 0.0001); instead, no difference was evident in IFITM2- or IFITM3-transduced
cells (respectively, 84 + 3.5% and 84 + 3.2% versus 82 + 4.4%). We also tested a treatment with ampho-
tericin B, an antifungal agent capable of counteracting the fusion restriction of IFITM3,'® but no difference
was observed (Figure S2).

We next evaluated the effect of IFITM overexpression in primary EVCTs. For this purpose, first-trimester
placental explants were grown on Matrigel and transduced with lentiviral vectors encoding IFITM1, IFITM2,
or IFITM3, as well as the empty vector (pLV-EMPTY) and a positive vector (pTRIP-GFP) as controls
(Figures 2G-2J). We first validated explant transduction with IFITM and FLAG tag expression by immuno-
fluorescence (Figure 2G). In cells transduced with the empty vector (EMPTY) or GFP, no expression of the
FLAG tag or IFITM1 was detected, and only low endogenous IFITM2/3 expression was observed. Instead,
FLAG tag expression was found in cells transduced with IFITM1, IFITM2, and IFITM3. Only IFITM1-trans-
duced cells showed IFITM1 expression, and IFITM2- and IFITM3-transduced cells showed overexpression
of IFITM2/3.

Then, we used immunofluorescence to evaluate the invasion of primary EVCTs transduced with IFITMs,
using the FLAG tag or GFP to visualize the transduced cells, integrin a5 (ITGA5) and HLAG as hallmark
markers of invasive EVCTs (Figure 2H). All transduced cells (FLAG+ or GFP+) were invasive EVCTs
(ITGA5+ HLAGH+). Finally, the migration distances of IFITM-transduced EVCTs were evaluated by immuno-
fluorescence using ITGAS as a marker of the invasion front (Figures 2| and 2J). Compared to GFP-trans-
duced control cells, the only cells that demonstrated significantly inhibited invasion were those that
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Figure 3. IFN induction inhibits P-TGC invasion and fetal growth in mice

(A) Gestating C57BL/6JRj dams mated with C57BL/6JRj males were injected intraperitoneally with 60 ng poly (I:C) or phosphate-buffered saline (PBS) at E9.5.
No fetal resorption was observed in the poly (I:C) injection condition. The fetal lengths were assessed at E11.5.

(B) Representative images of E11.5 uterus and corresponding fetuses. Scale bars: 1 mm. Right panel corresponds to the measurement of fetal length (mm),
performed manually using Image J. Numbers of litters were as follows: PBS n = 3 and poly (I:C) n = 4. Mixed model analysis with dam as subject, and fetuses
as repeated measures was performed using a nested t-test.

(C) Schematic depiction of the anatomy of the mouse placenta.

(D) Representative images of immunohistochemistry of placental sections at E11.5 for CASP3 and CD31 in both PBS and poly (I:C) treatment groups. The red
dashed line represents the P-TGC layer at the decidua (Casp3+)/spongiotrophoblast junction area, the red vertical line represents the distance of P-TGC
invasion measured from the chorion to the P-TGC layer, the yellow dashed line depicts the labyrinth/spongiotrophoblast junction area, and the yellow
vertical line represents the thickness of the labyrinth (CD31%).

(E) Measurement of the distance of P-TGC invasion and labyrinth thickness in both PBS (n = 3) and poly (I:C) (n = 4) treatment groups. Values are presented as
mean + SD. Unpaired t-test was performed to compare treatment to PBS control; *p < 0.05, ****p < 0.0001.

overexpressed IFITM1 (365 + 83 pum versus 918 + 151 um, p < 0.0001); invasion of IFITM2- and IFITM3-
transduced cells was similar to controls (respectively, 920 + 109 um, 901 £ 135 pm versus 918 £+ 151 um).

Type | IFN induction inhibits invasion of trophoblast giant cells (TGC) in vivo in mice

To assess the effect of IFN induction on trophoblast invasion in vivo, we evaluated the migration distances
of parietal trophoblast giant cells (P-TGC) and labyrinth thickness in the placentas of mice treated with poly
(I:C) (Figure 3). P-TGC arise from the polar trophectoderm from around 7-7.5pc onward. They are intrinsi-
cally invasive and phagocytic, and first mediate the invasion of the implanted conceptus into the maternal
decidua. They lie between the maternal decidua and the spongiotrophoblast layer. The labyrinth is the site
of exchanges between the fetal vasculature and maternal blood spaces, which occurs through syncytialized
trophoblast layers (reviewed in'’). It forms by days 9.5-10 pc, after the allantois has fused with the chorionic
plate. A dose of 60 nug of poly (I:C) was injected intraperitoneally in gestating mice at embryonic day E9.5
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(Figure 3A). A 60-pg dose was chosen as this does not induce fetal resorption, which can occur with 200-pg
doses in WT mice.'%"® At E11.5, there is a trend for reduced fetal size (p =0.0579) in dams treated with poly
I:C (Figure 3B). Next, P-TGC cell invasion was evaluated by histological analyses of E11.5 placentas using
two markers to identify the layers: cleaved caspase 3 (CASP3), which is a marker of apoptosis that is mainly
observed in the remodeling decidua, and CD31, a marker of vascular endothelium that is present in
the labyrinth and in the decidua but not in the spongiotrophoblast (Figures 3C and 3D). P-TGCs are
also directly observed by HES staining, based on their very recognizable phenotype (large, highly
polyploids cells). Compared to control (PBS treated) mice, poly (I:C) treatment significantly inhibited
TGC invasion (803 £+ 168 um vs. 1218 + 400 um, p < 0.05) and significantly reduced labyrinth thickness
(567 + 149 pm vs. 840 + 233 um, p < 0.05) (Figure 3E).

IFITM1 expression is induced in human placental tissues from IFN-mediated pregnancy diseases
(TORCH)

After validation of IFITM1 labeling on paraffin section of IFN-B-treated placental explants (Figure S3),
IFITM1 expression was then assayed by immunohistochemistry in placental tissue characterized by IFN-
induced pathologies of pregnancy (Figure 4A). IFITM1 was detected in villous cytotrophoblasts, syncytio-
trophoblast, mesenchyme core, and EVCTs (yellow asterisks). Quantification of the labeling intensity in
EVCTs (CK7+/HLAG+) revealed that IFITM1 expression was significantly higher in placental tissue from
pregnancies complicated by CMV or bacterial infection compared to that from non-infected pregnancies
at all available gestational ages (Figure 4B) or in the entire sample combined (0.305 + 0.04 and 0.299 +
0.05 versus 0.098 + 0.01, p < 0.0001, Figure 4C).

DISCUSSION

In earlier work,'® we reported a previously unknown impact of IFITMs on placental development and
pregnancy outcome. We described how IFITMs impaired the formation of the multinucleated syncytiotro-
phoblast by inhibiting the syncytin-mediated cell fusion process, as observed in vivo in mice and in vitro in
human trophoblastic cells. Since the syncytiotrophoblast is involved in placental exchanges and endocrine
function all throughout gestation, we proposed that overexpression of IFITMs could explain the placental
dysfunctions associated with IFN-mediated disorders. In the present study, we aimed to determine
whether IFITMs also impair human trophoblast invasion/migration, another critical step of placental
development.

During early gestation, trophoblast invasion of the uterine wall is essential for implantation and immune-
tolerance of the conceptus, for anchoring the placental villi in the maternal uterus, and for the remodeling
of the uterine arteries, which results in low-resistance blood vessels that provide optimal maternal-fetal ex-
changes. The physiological process of trophoblastic cell invasion is tightly controlled during the first
trimester and is required for proper placental development and normal pregnancy outcome.'”?° Indeed,
impaired trophoblast invasion has been implicated in gestational pathologies, such as FGR and
preeclampsia.”’*

We used different models to study the role of IFITMs on trophoblastic cell invasion in a variety of contexts.
Using human primary EVCTs, HTR8/SVneo trophoblast cells, and first-trimester placental explants, we
observed that, as we have reported in primary villous trophoblasts,’” IFN-B strongly upregulated
IFITM1, IFITM2, and IFITM3.

In vitro, treatment with IFN-B decreased trophoblastic cell invasion in each of these three human placental
cell models. Ectopic transduction demonstrated that only IFITM1 decreased significantly the invasion pro-
cess. IFITM2/3 expression did inhibit trophoblastic fusion.'® However, it is not excluded that endogenous
expressions of IFITM2/3 participate to the IFN-induced inhibition of the cell invasion process. Further
studies using gene knock-out will need to be performed to further dissect the role of IFITM1 in trophoblast
invasion and to rule out the role of endogenous IFITM2/3 in this process.

Trophoblast invasion is often considered as a pseudo-tumoral process because of the similarity of the
mechanisms. In the literature, IFITM1 has been reported to be highly expressed in various tumor tissues
but, in contrast to our results obtained in trophoblasts, its overexpression has been found to promote,

. . . . . . 1323.0r
rather than restrict, tumor cell proliferation, invasion, and metastasis. 323225 Moreover, IFITM2 was also
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Figure 4. Induction of IFITM1 expression in placental tissues from IFN-induced pathologies of pregnancy
(A) Representative images of CK7, IFITM1, and HLAG immunostaining and HES staining in placental tissues from CMV- and bacterial-infected patients (left
panel) and non-infected controls (right panel). Yellow asterisks represent EVCTs (CK7+, HLGA+). Scale bars: 200 um. The insets depict a higher magnification

of EVCT labeling. Scale bar: 20 um.
(B) Quantification of IFITM1 protein expression in EVCTs from CMV- and bacterial-infected and non-infected control pregnancies at three different weeks of

gestation (19, 24, and 34 WG, n = 1 per condition, 25 non-overlapping ROIs per placenta).
(C) Statistical analyses of IFITM1 protein expression of data shown in B combined by all gestational ages per (n = 3 placentas (19, 24, and 34 WG) per
condition (CMV- or bacterial-infected and non-infected), 75 non-overlapping ROls per condition). Values are presented as mean + SD. One-way ANOVA was

performed to compare infected to non-infected controls; ****p < 0.0001.

reported to promote proliferation, migration, invasion, and the epithelial-to-mesenchymal transition in
gastric cancer cells in vitro.” Interestingly, IFITM overexpression may be viewed as a biomarker in certain
tumors. To note, EVCT differentiation also involved an epithelial-to-mesenchymal transition process.
IFN-IFITM signaling appears, thus to be different between cancer cells and pseudotumoral trophoblastic
cells. It is interesting to note that using HTR8SVneo, we observed that IFITMs did not modify trophoblast
proliferation, another discrepancy with tumor cells. The increase in tumor cell invasion mostly involved
EGFR pathway, and interaction with IFITM trough caveolin 1 is considered.”” In trophoblasts, EGFR and
caveolin 1 also promote invasion.”®?? Furthermore, IFITM1 has been also shown to interact with CD81
and to promote the growth and metastasis of various cancers.”’ In trophoblasts, it was shown that in

8 iScience 26, 107147, July 21, 2023
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contrast, CD81 inhibits cell invasion.* This might represent an interesting signaling to investigate the role
of IFITM1-regulated cell invasion between cancer and trophoblastic cells.

We also investigated the expression of IFITM1 in situ using sections of human placental tissue obtained
from pregnant patients with increased IFN-associated infections. We observed the overexpression of
IFITM1 in all trophoblast subtypes, i.e. villous trophoblasts and syncytiotrophoblasts, as well as invasive
extravillous trophoblasts. IFITM1 overexpression was also reported in placentas collected from patients
with severe preeclampsia associated with defective trophoblast invasion.’’ These findings provide a
molecular explanation for the placental dysfunctions and pregnancy complications associated with IFN-
mediated diseases such as preeclampsia and “TORCH" infections (toxoplasmosis, other, rubella, cytomeg-
alovirus, and herpes).” Genetic and autoimmune interferonopathies such as systemic lupus erythematosus
are also associated with pregnancy complications,'® and elevated levels of IFN can serve as a serum marker

of poor pregnancy outcome in these cases as well.*

To further substantiate these results, we evaluated the effect of IFN induction in vivo in mouse placentas,
which share homologous cell types with human placentas. For example, parietal trophoblast giant cells
(P-TGCs) in mice and EVCTs in human which are located at the cytotrophoblast-uterine interface.
Although the P-TGCs performing intrauterine invasion in mice are not as invasive as EVCT in human
that invade up to the one-third of the myometrium, they share some analogous functions like anchoring
the placenta to the uterus. In an earlier study, we have reported that the IFN inducer poly (I:C), which
mimics a viral infection, induced placental IFITM expressions and promoted fetal resorption and
placental abnormalities in wild-type mice.'” In the current study, we observed that poly (I:C) inhibited
P-TGC invasion in vivo. As expected, labyrinth development, formed by the fusion of trophoblast layers,
is also reduced. Both phenotypes likely contribute to type | IFN-associated placental dysfunction and
fetal demise in mice.

Taken together with our previous work, '” this study demonstrates that high levels of IFN-B during gestation
induce IFITM expression, that is in turn implicated in adversely affecting the ability of EVCTs to invade the
maternal decidua and alter the formation of the syncytiotrophoblast. These IFITM-dependent impairments
in trophoblast differentiation can then result in placental dysfunction and may lead to complications during
pregnancy. It seems that IFITMs are an interesting example of the biological imperative in pregnancy to
achieve balance between protection against viral infection and the potential for deleterious effects on
placental development. It will be worth determining how these two opposite functions of IFITM1 shaped
their evolution and their expression in placental tissues.

Limitations of the study

Although, we used a variety of experimental systems, including models of human trophoblasts (primary ex-
travillous cytotrophoblasts, HTR8/SVneo cell line, and placental explants [7-12 WG]), an IFN-induced
mouse model, and histological sections of human placentas associated with IFN-mediated pregnancy dis-
eases to demonstrate that IFITM1 prevents trophoblast invasion in both humans and mice, we are aware
that this study has some limitations. Indeed, further studies using IFITM1 null mice will need to be per-
formed to confirm that IFITM1 contributes to this complex process in vivo.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-CD31 antibody Abcam Cat# ab28364; RRID:AB_726362

Rabbit anti-Cleaved Caspase-3
(Asp175) Antibody

Mouse anti-Cytokeratin 7 (clone OV-TL 12/30)

Mouse anti-Cytokeratin 18 CytoDEATH
Monoclonal Antibody (clone M30)

Mouse monoclonal anti-FLAG antibody
(clone M2)

Mouse monoclonal anti-HLAG
(clone MEM-G/9), Biotin

Mouse monoclonal anti-HLAG (clone 4H84)

Mouse IFITM1-Specific Monoclonal antibody
(clone 5B5E2)

Cell Signaling Technology

Agilent

Roche

Sigma-Aldrich

Invitrogen

Santa Cruz Biotechnology

Proteintech

Cat# 9661; RRID:AB_2341188

Cat# M7018; RRID:AB_2134589
Cat# 12140349001; RRID:AB_1613874

Cat# F1804; RRID:AB_262044

Cat# MA1-19513; RRID:AB_1076721

Cat# sc-21799; RRID:AB_627938
Cat# 60074-1-1g; RRID:AB_2233405

Rabbit anti-IFITM1 polyclonal antibody Sigma-Aldrich Cat# HPAO04810; RRID:AB_1851419
Rabbit anti-Fragilis [IFITM2/3] Monoclonal Abcam Cat# ab109429; RRID:AB_10865792
antibody (clone EPR5242)

Mouse monoclonal anti-ITGA5/CD49%e Immunotech Cat# IMO770

(clone SAM1)

Mouse anti-Vinculin Monoclonal Antibody Sigma-Aldrich Cat# V9131; RRID:AB_477629
(Clone hVIN-1)

Goat anti-Mouse 1gG2a Cross-Adsorbed Invitrogen Cat# A-21131; RRID:AB_2535771
Secondary Antibody, Alexa Fluor™ 488

Goat anti-Mouse IgG2b Cross-Adsorbed Invitrogen Cat# A-21147; RRID:AB_2535783
Secondary Antibody, Alexa Fluor™ 555

Goat anti-Mouse IgG1 Cross-Adsorbed Invitrogen Cat# A-21240; RRID:AB_2535809
Secondary Antibody, Alexa Fluor™ 647

Goat anti-Rabbit IgG (H+L) Highly Cross- Invitrogen Cat# A-11034; RRID:AB_2576217
Adsorbed Secondary Antibody, Alexa

Fluor™ 488

Goat anti-Rabbit IgG (H+L) Highly Cross- Invitrogen Cat# A-21429; RRID:AB_2535850
Adsorbed Secondary Antibody, Alexa

Fluor™ 555

Donkey anti-Mouse 1gG (H+L) Highly Cross- Invitrogen Cat# A10038; RRID:AB_2534014
Adsorbed Secondary Antibody, Alexa

Fluor™ 680

Donkey anti-Rabbit IgG (H+L) Highly Cross- Invitrogen Cat# A11374; RRID:AB_2534145
Adsorbed Secondary Antibody, Alexa

Fluor™ 790

Chemicals, peptides, and recombinant proteins

Accumax Invitrogen Cat# 00-4666-56

DMEM/F-12 Gibco Cat# 11320033

Fetal Calf Serum (FCS) Eurobio Cat# CVFSVF00-01

Recombinant Human IFN-beta Protein

R&D Systems

Cat# 8499-IF

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Matrigel® Growth Factor Reduced (GFR) Corning Cat# 354230
Paraformaldehyde 16% solution Electron Microscopy Sciences Cat# 15710

Phalloidin-iFluor 405 Reagent
Phosphatase inhibitors
Poly(I:C)

Protease inhibitors
Puromycin

RIPA buffer

RPMI 1640 Medium

TrypLE Express

Abcam
Calbiochem
InvivoGen
Calbiochem
InvivoGen
Thermo Scientific
Gibco

Gibco

Cat# ab176752
Cat# 539131
Cat# vac-pic
Cat# 539131
Cat# ant-pr-1
Cat# 89901
Cat# 21875034
Cat# 12604021

Critical commercial assays

Bond Polymer Refine Detection Kit
EasySep™ Release Human Biotin

Positive Selection Kit

Incucyte® Imagelock 96-well plates
micro BCA™ Protein Assay Kit
Novolink™ Polymer Detection Systems

PowerVision Poly-HRP anti-Rabbit IgG

Leica Biosystems

StemCell Technologies

Sartorius
Thermo Scientific
Leica Biosystems

Leica Biosystems

Cat# DS9800
Cat# 17653

Cat# 4379

Cat# 23135
Cat# RE7200-CE
Cat# PV6119

Experimental models: Cell lines

HTR-8/SVneo
293T

ATCC
ATCC

Cat# CRL-3271
Cat# CRL-3216

Experimental models: Organisms/strains

Mouse: C57BL/6JR]

Janvier Labs

RRID:MGI:2670020

Recombinant DNA

pLV-Empty (pLV-EF1a-IRES-Puro)
pLV-IFITM1-N-FLAG
pLV-IFITM2-N-FLAG
pLV-IFITM3-N-FLAG

pTRIP-GFP

Meyer et al.*?

Buchrieser et al."®
Buchrieser et al.'®
Buchrieser et al."®

Zennou et al.*’

Addgene Plasmid #85132
N/A
N/A
N/A
N/A

Software and algorithms

ImageJ v1.52i NIH https://imagej.nih.gov/ij/

Image Studio Lite (version 5.2) Li-Cor Biosciences https://www.licor.com/bio/

Incucyte Zoom software Sartorius https://www.essenbioscience.com/en/
resources/incucyte-zoom-resources-support/

Prism 9.5.1 GraphPad https://www.graphpad.com/features

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Séverine A Degrelle (severine.degrelle@inserm.fr; severine.degrelle@

inovarion.com).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

Data reported in this paper will be shared by the lead contact upon request.
This paper does not report original code.

Any additional information required to reanalyse the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human placental samples & ethical statement

Placental tissues from patients who voluntarily and legally chose to terminate pregnancy during the first
trimester were obtained from the Cochin Port-Royal matemity unit (Paris, France). The cytomegalovirus-
(CMV) / bacterial- infected and gestational age-matched control placentas (19, 24 and 34 WG) were ob-
tained from the department of anatomical pathology at Necker hospital. These biological samples were

obtained following informed written consent from patients and approval from our local ethics committee
(CPP 2015-mai-13909).

Isolation of extravillous cytotrophoblasts

EVCT cells were isolated from first-term placentas as described in a previous report.** Briefly, placental villi
were cutinto small pieces and enzymatically digested three times in a solution containing equal amounts of
TrypLE (Gibco, Fisher Scientific) and Accumax (Invitrogen, Fisher Scientific) for 20 min at 37°C under slight
agitation (50 rpm). Pooled cell suspensions were filtered through a 70-mm mesh filter. EVCTs were immu-
nomagnetically purified using a biotin-conjugated anti-HLAG antibody (Invitrogen #MA1-19513, Fisher
Scientific) and the EasySep Biotin Selection Kit (StemCell Technologies). The resulting cell pellet was sus-
pended in DMEM/F12 supplemented with 10% FCS and the cells were counted using a TC20™ Automated
Cell Counter (Biorad).

Generation of stable IFITM-transduced HTR8/SVneo cell lines

HTR8/SVneo (2 x 10% cells were resuspended in 150 pl of RPMI 1640 medium supplemented with 5% FCS
containing 5-25 pl of ultracentrifuged lentiviral vectors. Cells were agitated 30 seconds every 5 minutes for
2.5 h at 37°C in a Thermomixer. Then, cells were continuously selected using 1 pg/ml puromycin
(InvivoGen). All cell lines were routinely tested for mycoplasma and found to be negative.

Mouse ethics & poly(l:C) challenge

All procedures with animals were approved by the Animal Ethics Committee on March 9, 2016 (approval
2016-0018), authorized by the French Ministry of Research (#6466), and performed in compliance with
European regulation 2010/63 EU. C57BL/6JR]j mice were purchased from Janvier Labs (France) and bred
at Institut Pasteur.

C57BL/6JRj female mice 7 to 10 weeks of age were used for timed mating with C57BL/6JRj males and
checked for the presence of a vaginal plug, indicating a gestational age of E0.5. Pregnant mice were
injected intraperitoneally at E9.5 with 60 pg of HMW VacciGrade Poly(I:C) (InvivoGen) (30 ul of 2 mg/
ml poly(l:C) in PBS), dose equivalent of approximatively 2,7 mg/kg. Control mice were injected with
30 pl of PBS. Mice were sacrificed at E11.5 and fetuses and placentas were harvested and examined. Im-
ages of fetuses were acquired using a ZEISS SteREO Discovery V20 microscope and fetal length was
calculated using Imagel. Placentas were fixed overnight at 4°C in 4% PFA for immunohistochemical
staining.

METHOD DETAILS

Cell cultures & IFN-$ treatment

EVCTs were cultured in a 35-mm dish (5 x 10° cells, TPP) or a 12-well removable chamber slide (3 x 10*
cells/well, Ibidi #81201) coated with growth factor-reduced (GFR) Matrigel (5 mg/ml). HTR8SV/neo cells
(ATCC #CRL3271) were directly cultured in a 35-mm dish (5 x 10° cells, TPP) or a 12-well removable cham-
ber slide (3 x 10* cells/well, Ibidi #81201). Two hours after seeding, HTR8/SVneo and primary EVCTs were
treated with IFN-B (10, 100, or 1000 IU/ml) in culture medium supplemented with FCS. After 48 h of culture,
cells were preserved in one of two ways: 1) fixed with 4% PFA for 20 min at room temperature, washed three
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times in PBS, then stored in PBS at 4°C until immunostaining was performed, or 2) snap-frozen. Cells to be
frozen were washed two times with cold PBS, scraped into 1 ml of cold PBS, and transferred into a 1.5-m
tube. After centrifugation (a 10-s pulse at 14.000 rpm), the PBS supernatants were discarded and the cell
pellets were snap-frozen in liquid nitrogen and stored at —80°C until western blot.

Cell viability assay
EVCT viability was quantified via immunoblotting and immunostaining of cleaved cytokeratin 18 (cCK18),

an early marker for apoptosis. The manufacturers’ protocols were followed as described in previous
publications.'%?%3°

Human extravillous explant culture, IFN-B treatment, and lentiviral infection

Human first-trimester placental villi (n = 9) were collected and the anchoring villi with attached trophoblast
cell columns were dissected under microscope. The explants were cultured in triplicate and placed in a
24-well black plate (Ibidi # 82406) coated with GFR Matrigel (5 mg/ml). For IFN-B8 treatment, villi
were cultured in 500 ul of DMEM/F12 supplemented with 10% FCS with or without IFN-B (10, 100, or
1000 1U/ml). After 48 h of culture, explants were fixed with 4% PFA overnight at 4°C, then washed three
times and stored in 1X PBS at 4°C until use. For IFITM transduction/lentiviral infection: After 2 h of
incubation, lentiviruses were added in the culture medium for 48 h. Then, explants were fixed with 4%
PFA overnight at 4°C, washed 3 times, and stored in 1X PBS at 4°C until use.

Plasmids and lentiviral vectors

The pLV-Empty (pLV-EF1a-IRES-Puro) control plasmid was a gift from Tobias Meyer (Addgene plasmid
#85132%). N-terminal FLAG-tagged IFITM1, IFITM2, and IFITM3 were cloned into pLV-Empty using the
BamHI and EcoRI restriction enzymes to generate the plasmids pLV-IFITM1-N-FLAG, pLV-IFITM2-N-
FLAG, and pLV-IFITM3-N-FLAG. The construction of pTRIP-GFP is described in previous work.>’

For lentiviral production, 293T cells (ATCC #CRL-3216) were co-transfected with pLV- and pTRIP-derived
plasmids, packaging plasmid R8-2, and the VSV-G plasmid as described in a previous publication.® Lenti-
viral particles were collected at 36 h, 48 h, and 72 h post-transfection, ultracentrifuged for 1 h at 4°C at
22000 g, resuspended in PBS, and stored at —80°C until use.

Invasion assay

HTR8/SVneo cells were seeded at 5 x 10* cells/well in a fibronectin-coated 96-well ImageLock Plate (Essen
Bioscience). As well described, no chemical treatment such as mitomycin-C to arrest HTR8/SVneo prolifer-
ation was needed before the migration/invasion assay.’”™*? So, after overnight incubation, cells were
confluent, and scratch wounds (~200 pm) were made using the accompanying WoundMaker device (Essen
Bioscience). For the invasion assay, the culture medium was aspirated, and 50 pl of GFR Matrigel (5 mg/ml)
was added. After this solidified, 100 pl of culture medium was added and plates were placed into an auto-
mated live-cell imager (IncuCyte Zoom; Essen Bioscience). Images were recorded every hour for 48 h.
Experiments were conducted at 37°C with 5% CO,. IncuCyte Zoom software was used to analyze the im-
ages and determine the rate of cell invasion, graphed as the percentage of Relative Wound Density
(RWD); the area under the curve (AUC) was calculated for each condition from mean RWD values and
used to compare the treatment groups.

Immunostaining and image analysis

PFA-fixed cells or explants were incubated with primary antibodies diluted in PBS/1% BSA 1gG free/0.05%
saponin. After overnight incubation at 4°C, cells were rinsed three times with 0.1% Tween-20 in PBS (PBST),
and staining was revealed with an appropriate secondary antibody and/or phalloidin for 1 h, in the dark at
room temperature. After three washes in PBST, cells were counterstained with DAPI for 10 min at room tem-
perature. Finally, slides were mounted with Fluorescent Mounting Medium (#53023, Dako) and stored at
4°C. Confocal microscopy images were obtained with a Leica SP8 inverted microscope equipped with
Plan Apo x40/1.3 and x60/1.4 oil objectives and processed with ImageJ Version 1.52i (National Institutes
of Health, https://imagej.nih.gov/ij/).

The primary antibodies used were: IFITM1 (#60074-1-lg, Proteintech) 3 pg/ml, IFITM2/3 (#ab109429,
Abcam) 1 pg/ml, HLAG #MA1-19513, Invitrogen) 1 ng/ml, cytokeratin 7 (CK7, OV-TL 12/30, Dako)
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1 ng/ml, FLAG-Tag DYKDDDDK (#F1804, Sigma-Aldrich) 1 ng/ml, and integrin-a5 (ITGA5/CD49%e, #IM0770,
Immunotech) 2 ng/ml. The secondary antibodies were Highly Cross-Adsorbed Goat anti-Mouse or anti-
Rabbit IgG (H+L) coupled with Alexa Fluor 488, 555, or 647 (Invitrogen).

Western blot

Protein extracts were prepared from snap-frozen cell pellets using RIPA Buffer (5 mM Tris-HCI (pH 7.6),
150 mM NaCl, 1% NP-40, 1% Sodium desoxycholate, and 0.1% SDS, containing freshly added protease in-
hibitors (#539131, Calbiochem) and phosphatase inhibitors (#524629, Calbiochem)), and sonicated. Lysates
were centrifuged at 14,000 g for 10 min at 4°C, and supernatants were transferred into a new tube. Protein
concentrations were determined using the micro BCA™ Protein Assay Kit (#23135, Thermo Scientific). Equal
amounts of proteins (40 pg) were separated on 4-15% SDS-PAGE mini-PROTEAN® TGX™ precast
proteunder reducing conditions (DTT) and transferred onto a 0.2-um nitrocellulose membrane using a
Trans-blot® Turbo™ Transfer System (Bio-rad). After blocking with 5% non-fat milk in TBS at 4°C overnight,
membranes were incubated with primary antibodies in 1% BSA TBS at room temperature for 3 h. The
membranes were then washed and incubated with secondary antibodies at room temperature for 1 h.
Membranes were washed and scanned with an Odyssey® Imaging System (Li-Cor). The primary antibodies
were: anti-IFITM1 (0.75 ng/ml (1:2000), 60074-1, Proteintech), anti IFITM2/3 (0.15 ng/ml (1:2000), ab109429,
Abcam), and anti-vinculin (0.1 pg/ml (1:10000), #V9131, Sigma-Aldrich). The secondary antibodies were:
Alexa Fluor® 680-conjugated donkey anti-mouse IgG (H+L), highly cross-adsorbed (1:20000, #A10038, In-
vitrogen); and Alexa Fluor® 790-conjugated donkey anti-rabbit IgG (H+L), highly cross-adsorbed (1:20000,
#A11374, Invitrogen). Signal intensity was quantified using Image Studio Lite (version 5.2) software. The
densities were normalized to vinculin.

Histological analyses

For immunostaining on murine samples, freshly PFA-fixed placentas (n = 3 PBS, n = 8 Poly(l:C) were
embedded in paraffin, and serial sections (4 pm) were stained with HES. For cleaved caspase 3 and
CD31 staining, we used a Bond Leica automated immunostainer instrument and paraffin sections were
processed for heat-induced antigen retrieval (ER2 corresponding EDTA buffer, pH 9). For detection of
CD31, slides were incubated with CD31 primary antibody (#ab28364, 1:50) for 60 min at room tempera-
ture and analyzed with the Bond Polymer Refine Detection Kit (#DS9800 Leica Biosystems). The signal
was revealed with DAB and counterstained with hematoxylin. For detection of cleaved caspase 3, slides
were incubated with cleaved caspase 3 primary antibody (Cell Signaling #9661, 1:100) for 60 min at room
temperature. Then, the slides were incubated with PowerVision Poly-HRP anti-Rabbit IgG (#PV6119, Leica
Biosystems). The signal was revealed with DAB. Slides were scanned using a Lamina multilabel slide
scanner (Perkin Elmer) using brightfield imaging at a magnification of x20. Measurements of the depth
of invasion and labyrinth thickness were performed using ImageJ 1.52 software. Depth of invasion and
labyrinth thickness were calculated, respectively, as the migration distance of trophoblast giant cells
(delimitated by cCasp3 labeling) or the distance of the CD31 labeling area, delimited by the spongiotro-
phoblastic junction area.

For immunostaining on human samples, freshly PFA-fixed CMV/bacterial-infected and non-infected pla-
centas (collected at three different weeks of gestation: 19, 24, and 34 WG, n = 1 per condition) were
embedded in paraffin, and serial sections (5 pm) were stained with HES. CMV and bacterial infections
were detected by the department of anatomical pathology at Necker hospital. CMV infection was detected
by PCR and/or by CMV immunostaining showing several intra-nuclear inclusions clustered in villi. Bacterial
infection was detected by the observation of lesions of acute chorioamniotitis with polynuclear leukocytes
which indicates a bacterial infection. For IFITM1, CK7, and HLAG immunohistochemistry, paraffin sections
were processed for heat-induced antigen retrieval and incubated with rabbit anti-IFITM1 antibody diluted
1:250 (200 pg/ml; Sigma-Aldrich HPAQ04810), mouse anti-cytokeratin 7 (CK7) antibody diluted 1:250
(200 png/ml; Dako OV-TL 12/30), or mouse anti-HLAG antibody diluted 1:400 (200 pg/ml; Santa Crugz,
sc-21799). Staining was visualized using Novolink™ Polymer Detection Systems (Leica Biosystems). Slides
were scanned using a Lamina multilabel slide scanner (Perkin Elmer) using brightfield imaging at a magni-
fication of x20. Quantification of IFITM1 protein expression was performed on 25 non-overlapping ROIs
(24 x 24 pixels) per sample selected on the basis of EVCT labeling from serial sections (HLAG- & CK7-pos-
itive labeling) and this all along the placenta section using the ImageJ 1.52 software thresholding analysis
as previously described.**°
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QUANTIFICATION AND STATISTICAL ANALYSIS

All measurements were performed at least in three independent experiments. Data are expressed as the
mean +SD or sem. Statistical comparison of each group versus control was performed using GraphPad
Prism 9.5.1 software. Results were considered significant if the p value was <0.05 (*), <0.01 (**), <0.001
(***), or <0.0001 (****).
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