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Twist1�IRF9 Interaction Is Necessary for IFN-Stimulated Gene
Anti-Zika Viral Infection

Yuan You,* Esteban Grasso,*,† Ayesha Alvero,* Jennifer Condon,* Tanya Dimova,‡ Anna Hu,*
Jiahui Ding,* Marina Alexandrova,‡ Diana Manchorova,‡ Violeta Dimitrova,‡ Aihua Liao,§

and Gil Mor*

An efficient immune defense against pathogens requires sufficient basal sensing mechanisms that can deliver prompt responses. Type I
IFNs are protective against acute viral infections and respond to viral and bacterial infections, but their efficacy depends on constitutive
basal activity that promotes the expression of downstream genes known as IFN-stimulated genes (ISGs). Type I IFNs and ISGs are
constitutively produced at low quantities and yet exert profound effects essential for numerous physiological processes beyond antiviral
and antimicrobial defense, including immunomodulation, cell cycle regulation, cell survival, and cell differentiation. Although the
canonical response pathway for type I IFNs has been extensively characterized, less is known regarding the transcriptional regulation
of constitutive ISG expression. Zika virus (ZIKV) infection is a major risk for human pregnancy complications and fetal development
and depends on an appropriate IFN-b response. However, it is poorly understood how ZIKV, despite an IFN-b response, causes
miscarriages. We have uncovered a mechanism for this function specifically in the context of the early antiviral response. Our results
demonstrate that IFN regulatory factor (IRF9) is critical in the early response to ZIKV infection in human trophoblast. This function
is contingent on IRF9 binding to Twist1. In this signaling cascade, Twist1 was not only a required partner that promotes IRF9 binding
to the IFN-stimulated response element but also an upstream regulator that controls basal levels of IRF9. The absence of Twist1
renders human trophoblast cells susceptible to ZIKV infection. The Journal of Immunology, 2023, 210: 1899�1912.

Tissue homeostasis depends on an efficient immune defense
against pathogens, which requires a sufficient baseline sens-
ing mechanism that can deliver prompt responses (1). In

addition, once the infection is cleared, mechanisms that can resolve
the resulting inflammation are also required to avert chronic inflam-
matory conditions that can lead to tissue damage (2�5).
Type I IFNs (IFN-a and IFN-b) are polypeptides produced by

mucosal and immune cells, as well as by infected cells, that are able
to induce an antimicrobial state by modulating the innate immune
response and activating the adaptive immune system (6, 7). Type I
IFNs are protective against acute antiviral infections and respond
against bacterial infections, but this function can have deleterious
consequences as observed in autoimmune diseases (8, 9). Type I
IFN responses can be induced by both viral and bacterial pathogens,
which are sensed by TLRs, NOD-like receptors, and RIG-I�like
receptors (10, 11). Ligation of these receptors results in the expres-
sion of stimulator of IFN genes (STING) (12). The canonical type I
IFN signaling is mediated by binding of IFN-a or IFN-b to the type I
IFN�associated receptors (IFN-a/b receptor [IFNAR]), leading to acti-
vation of members of the JAK kinase family (13, 14) and production
of several hundred IFN-stimulated genes (ISGs). Activated JAK

kinases phosphorylate STAT1 and STAT2 (6, 15), leading to
their phosphorylation, dimerization, and translocation to the nucleolus
where they assemble with IFN regulatory factor 9 (IRF9) to form a
three-molecule complex called ISG factor 3 (ISGF3) (6, 16). ISGF3
binds to a DNA sequence known as the IFN-stimulated response
element (ISRE, YAGTTTC(A/T)YTTTYCC [17]), activating the
transcription of ISGs, the primary effectors of type I IFN�mediated
biological responses (18).
The signaling components of the canonical type I IFN pathway

are ubiquitously expressed and thus allow fast and effective responses
to infections, even in the presence of low levels of IFN-b (14, 19, 20).
The mechanisms regulating the basal expression of ISGs are still not
clearly understood.
Trophoblast cells are the main cellular component of the placenta

and, among their multiple functions, they provide immunological
protection to the fetus against infections, especially viral infections
(21). Trophoblast cells express pattern recognition receptors such as
TLRs, Nod receptors, and RIG-1�like receptors (22), localized in
the cell surface or intracellularly, which allows them to detect bacte-
rial and viral-derived factors (23�28). Upon activation of TLR4 or
TLR3, trophoblast cell express type I IFN-b, which induces the
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expression a wide range of ISGs responsible for antiviral protection,
immune regulation, and cell survival (10, 29).
We and others have shown the role of placental-derived IFN-b

on the response to viral infections such as influenza, HSV2, and Zika
virus (ZIKV) (10, 28, 30). The proper regulation of the antiviral
response in the placenta is essential for the protection of the fetus and
the mother (29). An excessive or dysregulated IFN-b response is
responsible for fetal death or abnormal development of the fetus
(10, 29, 31).
ZIKV is a mosquito-borne, positive-sense ssRNA virus belonging

to the family Flaviviridae (genus Flavivirus). ZIKV infection is one
the best examples where infection during early pregnancy has been
associated with severe congenital defects (i.e., microcephaly) and
pregnancy loss (32�34). Similar to other viruses, a successful ZIKV
infection of trophoblast cells is based on the ZIKV capacity to inhibit
the type I IFN response, an essential component of the protective
antiviral response (35). The protective role of IFN-b against ZIKV
has been demonstrated in IFN-b signaling�deficient mice, which
lack the expression of ISGs and are highly susceptible to viral infec-
tion. However, the mechanism by which ZIKV is able to escape the
type I IFN response has not been elucidated.
Twist1 is a transcription factor that regulates mesenchymal differenti-

ation and cell motility (36) and has been reported to be downregulated
in miscarriages (37). Much of our understanding of Twist1 function
has been associated with developmental and cancer biology, although
recent reports have shown that Twist1 may also regulate immune
cell function. Twist11/− mice demonstrate increased proinflamma-
tory cytokines, associated with increased NF-kB signaling, perinatal
death, and defects in type I IFN�mediated suppression of proinflam-
matory cytokines in macrophages (6, 38, 39), which is suggestive of
a potential role of Twist1 on the type I IFN response to infections.

The objective of this study was to elucidate the molecular pathways
responsible for maintaining the basal IFN response to infections and
that could be targeted by viral infections, such as ZIKV. Our premise
was that ZIKV, by modulating the type I IFN response, might affect
trophoblast function. Using in vitro and in vivo models we identified
Twist1 as a critical regulator of type I IFN signaling pathway by
regulating IRF9 expression and function. Furthermore, we ascertain
that Twist1 expression is inhibited as a result of the anti-ZIKV response,
affecting trophoblast function.

Materials and Methods
Cell culture

Mycoplasma-free immortalized human trophoblast Swann71 (Sw.71) cells
and human endometrial stroma cells were cultured in DMEM/F12 or DMEM
supplemented with 10% FBS, 10 mm HEPES, 0.1 mm MEM nonessential
amino acids, 1 mm sodium pyruvate, and 100 U/ml penicillin/streptomycin
(Life Technologies, Waltham, MA) under 5% CO2 at 37◦C.

Viral infections were done as previously described (40, 41). In short, cells
were seeded in six-well plates at 1.5 × 105 cells per well; the next day,
ZIKV was added to the cells for a 1-h incubation (at the indicated multiplicity
of infection) with gentle agitation every 20 min, and after 1 h, the inoculum
was removed and the cells were washed twice with PBS, after which the cells
were maintained in 10% FBS DMEM/F12 media for the duration of the
experiment. At indicated time points postinfection, cell pellets and condi-
tioned media were collected for downstream analysis.

Formation of blastocyst-like spheroids

Blastocyst-like structures (BLSs) were obtained as previously described (42, 43),
In brief, first trimester trophoblast Sw.71 cells were trypsinized and then 4000
of these cells were added to each well of a Costar ultra-low attachment 96-well
microplate (Corning, Corning, NY). Cells were incubated for 48 h until they
achieved a compact morphology (spheroid). Morphology was monitored using
the Incucyte ZOOM (Essen Biosciences, Ann Arbor, MI). The differential

FIGURE 1. ZIKV infection inhibits trophoblast migration. Blastocyst-like structures (BLSs) were established from Sw.71 human first trimester trophoblast
cells as described in Materials and Methods and exposed to ZIKV or vehicle control for up to 48 h. Trophoblast migration was monitored using live imaging.
(A) Time-dependent migration of BLSs treated with vehicle. Note attachment to the plate and migration of trophoblast cells from BLSs. (B) Migration of
BLSs treated with ZIKV. Note that BLSs exposed to ZIKV are able to attach but not migrate. Representative images are from 10 independent experiments, each
in triplicate. (C) Method of quantification of trophoblast migration. Inner circle corresponds to the outline of attached BLSs. Outer circle corresponds to outline
of migrating cells at the latest time point. Distance between the inner and outer circles are quantified (mm) and used as a measure of migration. (D) Quantifica-
tion of trophoblast migration. Data are presented as mean ± SEM. n 5 10 independent experiments, each one in triplicate. ****p < 0.0001. (E) Representative
images of BLS migration comparing vehicle-treated and ZIKV-infected BLSs. NT, nontreatment.
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cellular characteristics of trophoblast cells as a three-dimensional model or
monolayer are described in detail elsewhere (43).

Knockout of Twist1 using CRISPR/Cas9

Twist1 was knocked out in the Sw.71 first trimester trophoblast cell line
using CRISPR/Cas9. The guide RNA for ISG20 was designed using the
CRISPR design tool from the Zhang Laboratory at the Massachusetts Institute
of Technology (CRISPR.mit.edu) (44). Two DNA oligonucleotides were
synthesized as follows: sense, 59-TAGGCGGGAGTCCGCAGTCTTACG-39;
antisense, 59-AAACCGTAAGACTGCGGACTCCCG-39. Oligonucleotides were
phosphorylated using T4 polynucleotide kinase and annealed by heating
equimolar amounts to 95◦C and cooling slowly to room temperature. This
resulting guide was introduced to lentiCRISPRv2GFP plasmid using BsmBI
restriction sites, and lentiCRISPRv2GFP was a gift from David Feldser
(Addgene plasmid no. 82416) (45). Ten micrograms of the resulting plasmid
was cotransfected with 8 mg of packaging plasmid pCMV-VSV-G and 4 mg
of envelope plasmid psPAX2 in the presence of 60 mg of polyethylenimine
(PEI) into HEK293T cells in a 100-mm dish. pCMV-VSV-G was a gift
from Bob Weinberg (Addgene plasmid no. 8454) (46), and psPAX2 was a
gift from Didier Trono (Addgene plasmid no. 12260). Then, packaged viral
particles were collected by ultracentrifugation and were transduced into the
Sw.71 cells. The cells were sorted based on the GFP expression. The dele-
tion of Twist1was confirmed using the Sanger sequencing technique per-
formed by GENEWIZ, and the overall efficiency was 91.1% as analyzed by
TIDE (tracking of indels by decomposition). Protein expression was verified
by Western blot.

Placenta samples

All human samples used in this study were obtained in accordance with the
guidelines of the Declaration of Helsinki and approved by Human Research
Ethics Committee at the University Obstetrics and Gynecology Hospital
“Maichin Dom,” Medical University, Sofia, Bulgaria (no. 250569/2018). Written
informed consent was taken from all women. Healthy pregnant women in
early pregnancy, directed to elective pregnancy termination (6�12 gestational
weeks, n 5 20), were involved in the study. Pregnancies complicated by
clinical evidence of infection, steroid treatment, AIDS, alcohol abuse, and/or

drug abuse and immune-associated diseases were excluded. Chorion samples
were collected in sterile PBS and processed within 1 h.

Histology and immunohistochemistry

Early pregnancy trophoblast tissues (10 × 10 × 10 mm) were fixed in formalin-
free HOPE fixative according to the manufacturer’s recommendations (Innovative
Diagnostik-System, Hamburg, Germany) and embedded in paraffin wax. The
paraffin sections (5 mm) were routinely stained with H&E for histological
investigation and then selected slides were subjected to immunohistochemistry
for Twist staining using the three-step biotin�streptavidin enzyme method.

Tissue sections were deparaffinized and rehydrated through graded alcohol.
Endogenous peroxidase activity was quenched by incubation in 3% hydrogen
peroxide for 30 min at 37◦C. To suppress nonspecific background staining
the sections were blocked with Super Block (ScyTek Laboratories, Logan, UT).
Rabbit anti-human polyclonal Ab against Twist1 (25465-1-AP, Proteintech) was
applied to the sections for overnight incubation at 4◦C in a humidified chamber.
Then, the sections were processed with an UltraTek anti-polyvalent visualization
system (ScyTek Laboratories, Logan, UT) according to the ScyTek kit protocol.
The endogenous biotin was blocked with a biotin blocking kit (ScyTek Labora-
tories, Logan, UT). The peroxidase activity was revealed with ready-to-use 3,39-
diaminobenzidine tetrahydrochloride (DAB). Nuclei were slightly counterstained
with hematoxylin. Between the incubations the slides were washed in PBS.
Negative staining controls were performed by omitting the first Ab. Sections
from human breast cancer tissue processed in the same way were used as
positive controls for specificity of Twist staining.

Immunocytochemistry

Sw.71 and Sw.71-Twist1-knockout (TW-KO) cells as the monolayer and
spheroids were used in this study. The characterization of these cells has
been reported in numerous publications (47�49).

Three-dimensional Sw.71 models or two-dimensional Sw.71 monolayers
were cultured for 24�48 h in sterile culture chambers on a glass slide (Falcon).
The cells were fixed in 2% paraformaldehyde in PBS overnight at room tem-
perature and stained for HLA-G and HLA-C using the indirect immunofluores-
cence method. After washing with PBS, the cells were incubated with Super
Block (ScyTek Laboratories, Logan, UT) to suppress the nonspecific binding.

FIGURE 2. Twist expression in the human placenta. (A) Expression of Twist1 in human tissues (obtained from Human Protein Atlas). Note high expression in
reproductive tissues such as ovary, endometrium, breast, and placenta. (B) Immunohistochemistry for Twist1 in first trimester human placentas. (Bi) Anchoring region
EVT and (Bii) placental villi showed positive reactivity for Twist1. Cytotrophoblast and syncytiotrophoblast were negative. (Biii) H&E staining of anchoring region.
(Biv) H&E staining of villi. Representative images are from n 5 12 first trimester placentas. The yellow arrow points to the ST outside of the frame. (C) Blue arrows
point to Twist1-positive EVT cells in decidua (Ci and Cii) and spiral arteries (Ciii); immune cells are Twist1-negative (red arrowhead). Representative images are from
n 5 12 first trimester placentas. The black arrows point to stroma cells. (D) Differential expression of Twist1 in placental samples obtained from elective termination
(Di) and miscarriage (Dii). Note the decrease Twist expression in miscarriage samples. Representative images are from 12 normal placentas and six miscarriages. The
yellow arrow points to the EVT and the orange star indicates the stroma. AV, anchoring village; CV, chorionic villi; G, glands; ST, syncytiotrophoblast.
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As primary Abs we used anti-human rabbit polyclonal Abs against HLA-G
(E-AB-18031, ScyTek Laboratories ) and HLA-C (E-AB-17922, Elabscience)
in appropriate dilutions for overnight incubation at 4◦C. As a secondary Ab,
goat anti-rabbit IgG conjugated with AF488 (E-AB-1055, Elabscience) was
applied. Negative controls were prepared by omitting primary Ab and/or
secondary Ab.

Luminex multiplex assay

For the in vivo study, mice serum samples were collected as previously
described (40). Supernatants were collected from cell cultures, centrifuged,
aliquoted, and stored until use. The samples were thawed only once immediately
prior to running the assay. The samples were run on a Luminex multiplex assay
(R&D Systems, Minneapolis, MN) as previously described (50) for the following
cytokines and chemokines: IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9,
IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17A, Eotaxin, G-CSF, GM-CSF,
IFN-g, KC, MCP-1 (MCAF), MIP-1a, MIP-1b, RANTES, and TNF-a.

RNA isolation and quantitative RT-PCR analysis

Total RNA was harvested from Sw.71 cells or TW-KO cells using the Qiagen
RNeasy mini kit and RNase-free DNase kit (Qiagen, Valencia, CA) according
to the manufacturer’s protocol. RNA samples were quantified using the Nano-
Drop One spectrophotometer (Thermo Fisher Scientific). The purity of the
RNA was assessed through the A260/A280 and A260/A230 levels. Individual
mRNA abundance was determined using TaqMan one-step RT-PCR proce-
dures on the CFX Connect real-time system (Bio-Rad Laboratories). Primer/
probe sets for TaqMan assays were purchased from Applied Biosystems
(Thermo Fisher Scientific). Relative expression values for each gene were calcu-
lated using a standard curve and the reference gene peptidylprolyl isomerase B
(PPIB). Transcript levels of specific cytokines and chemokines were measured
in Sw.71 treated for 6 h with IFN-b. Assay data were analyzed using the DDCt
method with Bio-Rad CFX Manager 3.1 software.

RNA sequencing

RNA sequencing service was performed by GENEWIZ. Total RNA from
Sw.71 and TW-KO cells were extracted using a Qiagen RNeasy mini kit fol-
lowing the manufacturer’s instructions (Qiagen, Hilden, Germany) and quan-
tified using a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham,
MA), and RNA integrity was checked using TapeStation (Agilent Technolo-
gies, Palo Alto, CA). The RNA sequencing library was prepared using the
NEBNext Ultra II RNA library prep kit for Illumina using the manufacturer’s
instructions (New England Biolabs, Ipswich, MA). Briefly, mRNAs were ini-
tially enriched with oligo(dT) beads. Enriched mRNAs were fragmented for
15 min at 94◦C. First-strand and second-strand cDNA were subsequently syn-
thesized. cDNA fragments were end repaired and adenylated at 39 ends, and
universal adapters were ligated to cDNA fragments, followed by index addi-
tion and library enrichment by PCR with limited cycles. The sequencing
library was validated on the Agilent TapeStation (Agilent Technologies, Palo
Alto, CA), and quantified by using a Qubit 2.0 fluorometer (Thermo Fisher
Scientific, Waltham, MA) as well as by quantitative PCR (Kapa Biosystems,
Wilmington, MA).

Sequencing. The sequencing libraries were multiplexed and clustered onto a
flow cell. After clustering, the flow cell was loaded onto the Illumina HiSeq
instrument according to the manufacturer’s instructions. The samples were
sequenced using a 2 × 150-bp paired-end configuration. Image analysis and
base calling were conducted with the HiSeq control software. Raw sequence
data (.bcl files) generated from Illumina HiSeq were converted into fastq files
and demultiplexed using Illumina bcl2fastq 2.17 software. One mismatch
was allowed for index sequence identification. After investigating the
quality of the raw data, sequence reads were trimmed to remove possi-
ble adapter sequences and nucleotides with poor quality using Trim-
momatic v0.36. The trimmed reads were mapped to the [SPECIES]
reference genome available on Ensembl using the STAR aligner
v2.5.2b. BAM files were generated because of this step. Unique gene

FIGURE 3. Twist1 expression in first trimester tropho-
blast cell lines. (A) Western blot analysis for Twist1 in cell
lines Sw.71, ALO6, ALO7, and 3A and in BLSs. Note
Twist1 positive expression only in Sw.71 and BLSs, which
have migratory capacity. Representative figures are from
three independent experiments. (B) Western blot shows
temporal expression of Twist1 in mouse placenta. Placental
samples were collected from pregnant mice from E8 to E18.
Results are from a representative experiment of 15�18 pla-
centas per time point obtained from three individual pregnant
mice for each day. (C) Quantification of Twist1 expression in
placental samples throughout pregnancy. Note the high levels
of Twist1 protein expression during early placentation
(E8�E10). Results are from a representative experiment of
15�18 placentas per time point obtained from three individ-
ual pregnant mice for each day.
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hit counts were calculated by using feature Counts from the Subread
package v1.5.2. Only unique reads that fell within exon regions were
counted. After extraction of gene hit counts, the gene hit counts table
was used for downstream differential expression analysis. Using
DESeq2, a comparison of gene expression between the groups of sam-
ples was performed. The Wald test was used to generate p values and
log2 fold changes. Genes with adjusted p values <0.05 and absolute
log2 fold changes >1 were called as differentially expressed genes
(DEGs) for each comparison. Gene Ontology analysis was performed
on the statistically significant set of genes by implementing the soft-
ware GeneSCF. The goa_[SPECIES] GO list was used to cluster the
set of genes based on their biological process and determine their sta-
tistical significance.

Bioinformatics analysis

Differential expression analysis was performed in R using the linear
modeling for microarray (limma) package (51, 52). Linear models were
fitted to the protein abundance matrix with fetal sex, mother identity, and
treatment considered as covariates. Limma implements an empirical Bayes-
based moderated t statistic for significance analysis. For each experimental
pair contrasted, proteins were considered differentially expressed when the
corresponding p value was <0.05 and the log2 fold change was >0.6. Gene
Ontology and pathway analyses were performed using the iPathwayGuide
software from Advaita (53�56). Gene Ontology terms and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways were considered significantly
enriched when the respective false discovery rate�adjusted p values was
<0.05. Principal component analysis plots were generated using the
pcaExplorer package (57), heatmaps were generated using the ComplexHeat-
map package (58), and enriched Gene Ontology terms and pathways were
graphed using the ggplot2 package (59) in R. The GOplot package was used
to generate chord plots of the shown enriched Gene Ontology terms and con-
stituent genes.

Luciferase assay

Sw.71 wild-type (WT) or TW-KO cells were transfected with the ISRE
reporter kit plasmids (BPS Bioscience, San Diego, CA, catalog no. 60613)
or cotransfected with either WT Twist1 plasmid or different Twist1 mutants
in a 96-well plate using FuGENE 6 transfection reagent (Promega, Madison,
WI, catalog no. E2691) according to the manufacturer’s protocol. After

transfection, the cells were incubated in culture medium for 24 h to allow
for expression of the luciferase gene.

Statistical analysis

Statistical analyses were performed using Prism software, version 8 (GraphPad
Software, San Diego, CA). All data are presented as means ± SEM. For
mouse studies, a mixed-model ANOVA was used. When appropriate (when
significance of a factor or of an interaction was established by the initial analy-
sis), an analysis of the simple effect was performed using one-way ANOVA as
needed. As needed, differences between two groups were analyzed using an
unpaired Student t test and differences among multiple groups were analyzed
by one-way ANOVA. Depending on the distribution of the continuous varia-
bles, a nonparametric test was used when the data were not normally distrib-
uted. A p value <0.05 was considered statistically significant.

Study approval

This study was carried out in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health. The protocols were approved by the Institutional Animal Care and
Use Committee at the Wayne State University School of Medicine (assurance
no. A3310-01).

Results
ZIKV infection inhibits trophoblast migration

The migration of trophoblast cells from the trophectoderm and sub-
sequent invasion toward the endometrial stroma are critical steps in
embryo implantation (60, 61). We questioned whether ZIKV infection
could affect these processes. Thus, we used a previously reported
in vitro system of three-dimensional BLSs formed from first trimester
Swan71 trophoblast cells (42) (Fig. 1A). Under normal culture condi-
tions, transfer of BLSs from ultra-low attachment conditions to tissue
culture�treated wells showed attachment within 24 h and migration
of trophoblast cells from the BLSs (Fig. 1B, 1C). However, pretreat-
ment with ZIKV for 24 h prior to the transfer prevented BLS attach-
ment and significantly inhibited trophoblast migration (Fig. 1B�E).

FIGURE 4. Effect of ZIKV infection on Twist1 expression in trophoblast cells. (A) Sw.71 first trimester trophoblast cell line was infected with ZIKV for 1 h
and Twist1 mRNA was quantified by qPCR. Note significant decrease in Twist1 mRNA expression during ZIKV infection. n 5 6 independent experiments in
triplicate. **p < 0.01. (B) Sw.71 first trimester trophoblast cell line was infected with ZIKV for 1 h and Twist1 protein levels were detected by Western blot.
n 5 6 independent experiments in triplicate. ZIKV B, Zika virus Brazil; ZIKV C, Zika virus Cambodia. (C) Sw.71 first trimester trophoblast cell line was
treated with poly(I:C) or PBS control, and Twist1 protein levels were detected by Western blot. n 5 6 independent experiments in triplicate. (D) Pregnant
mice were injected with poly(I:C) on E14.5 and placental and fetal morphologies were evaluated 24 h later. Note placenta and fetus in the treated group.
Results are representative of 24 placental samples. n 5 4 mice per group. (E) Quantification of fetal resorption form experiment in (D). (F) Western blot analysis for
Twist1 expression in placental samples from mice treated with poly(I:C). Note the decrease in Twist1 protein expression in placental samples from poly(I:C)-treated mice.
Mice were injected on E14.5 and samples were collected at 4 h postinjection. n5 5 pregnant mice per group. Each mouse had an average of six to eight placentas.
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These results show that ZIKV infection can prevent successful attach-
ment and migration of BLSs in vitro.

Twist1 expression in placenta and trophoblast cells

Migration and invasion are accomplished by cells with mesenchy-
mal phenotype. Twist1 is a transcription factor and master regulator
of epithelial�mesenchymal transition (36) and has been reported to
be downregulated in miscarriages (37). The Human Protein Atlas
(https://www.proteinatlas.org/ENSG00000122691-TWIST1/tissue)
showed that Twist1 is highly expressed in the placenta and endome-
trium (Fig. 2A). Thus, we stained first trimester human placentas to
determine Twist1 cellular expression and observed cell-specific
expression in extravillous trophoblast (EVT) but not the villi, syncy-
tiotrophoblast, and cytotrophoblast (Fig. 2B). Twist1-positive EVT
cells can be observed in the decidua and in close proximity to
Twist1-negative decidual cells and immune cells (Fig. 2Ci, ii). We
also identified Twist1-positive trophoblast cells within the glandular
epithelium (Fig. 2Ciii). Interestingly, EVT cells in placental samples
from miscarriages showed lower Twist1 expression compared with
first trimester normal placenta (Fig. 2D).
We then evaluated Twist1 expression in monolayer cultures of

established first trimester trophoblast cell lines (Swan71 and 3A)
and primary cultures of villi-derived first trimester trophoblast (AL06
and AL07). We also evaluated Twist1 expression in the Swan71
BLSs. Similar to the findings in the placenta, AL06, AL07, and 3A
showed no Twist1 expression; in contrast, Swan71 and its derived
BLSs, which express the mesenchymal phenotype (42), were positive
for Twist1 (Fig. 3A). Because EVTs are the trophoblast cells with
migratory capacity, the specific expression of Twist1 in these cells
further supports the role of Twist1 in trophoblast migration and
invasion.

Mouse models are instrumental in increasing our knowledge of
extraembryonic development, and although there are differences
between human and mouse placentation, it still is a practical and
accessible model to monitor the developmental process. Thus, we deter-
mined whether Twist1 expression is associated with the development
of mouse placenta. We collected placental samples throughout gesta-
tion starting at embryonic day (E)8.5 (when placenta tissue is avail-
able) until E18.5 and examined Twist1 expression by Western blot.
As shown in Fig. 3B, Twist1 expression is detectable in the mouse
placenta although its expression varied along the gestation. We
observed the highest expression around E8.5�E10.5 and lower
expression at latter times (Fig. 3B, 3C). The high level of Twist1
during the E8.5�E10.5 period correlates with the process of tropho-
blast invasion and formation of the labyrinth that takes place in the
mouse around this period (62, 63).

Cellular inflammatory response against viral signals inhibits Twist1
expression

Because we saw that ZIKV infection inhibits trophoblast migration,
we examined whether it can affect Twist1 expression. Thus, Swan71
trophoblast cells were infected with ZIKV (Cambodia and Brazil
strains) for 1 h and samples were collected at 48 h postinfection. Our
data showed that infection with both ZIKV strains downregulated
Twist1 expression both at the mRNA (Fig. 4A) and protein level
(Fig. 4B).
To distinguish whether the inhibition of Twist1 is a direct result

of ZIKV or a result of a cellular antiviral response due to the infection,
we treated Swan71 trophoblast cells with polyinosinic-polycytidylic
acid (poly(I:C)), a synthetic acid dsRNA, for 24 h. Similar to the
results observed with ZIKV infection, poly(I:C) treatment inhibited
Twist1 protein expression in vitro (Fig. 3C). To determine whether

FIGURE 5. IFN-b induced by ZIKV infection inhibits Twit1 expression. (A) Sw.71 first trimester trophoblast cell line was infected with ZIKV for
48 and 72 h and IFN-b was quantified by ELISA. n 5 6 independent experiments in triplicate. **p < 0.01. (B) Sw.71 first trimester trophoblast cell
line was treated with poly(I:C), and IFN-b was quantified by ELISA. n 5 6 independent experiments in triplicate. **p < 0.01. (C) Sw.71 first trimester
trophoblast cell line was treated with IFN-b and Twist1 expression was measured by qPCR. **p < 0.01. n 5 3 independent experiments in triplicates.
(D) Sw.71 first trimester trophoblast cell line was treated with IFN-b and Twist1 expression was measured by Western blot. Note the decrease on Twist
expression following 24-h treatment with IFN-b. n 5 3 independent experiments in triplicate. (E) BLSs were incubated in the presence of IFN-b (3 or
30 ng/ml) for 48 h. Trophoblast migration was monitored by live imaging. Representative image is from n 5 6 independent experiments performed in
triplicate.
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this response also occurs in vivo, pregnant mice were treated with
poly(I:C) at E8.5 (20 mg/kg). We saw the induction of pregnancy
loss in poly(I:C)-treated mice within 24 h posttreatment (Fig. 4D, 4E)
and analysis of placental samples at an earlier time point (4 h after
poly(I:C)) showed a decrease in Twist1 expression. Taken together,
these findings suggest that the antiviral response elicited from the tro-
phoblast and not the ZIKV itself may be the regulatory mechanism
that downregulates Twist1.

IFN-b inhibits Twist1 expression and trophoblast migration

A common cellular response to ZIKV infection and poly(I:C) treat-
ment is the expression of type I IFN-b (Fig. 5A, 5B and Ref. 64).
In vitro, we saw increased levels of IFN-b in Swan71 trophoblast
cells following ZIKV infection (Fig. 5A), and in vivo, we could
detect high levels of IFN-b in the serum of poly(I:C)-treated preg-
nant mice (Fig. 5B). We posit that cellular IFN-b, produced in
response to viral infection, could be responsible for the decrease on
Twist1 expression in the trophoblast. To test this hypothesis, we
treated Swan71 trophoblast cells with IFN-b (30 ng/ml, 24 h).
Detection of Twist1 mRNA by quantitative PCR (qPCR) showed
that IFN-b treatment downregulates Twist1 mRNA expression (Fig.
5C). The decrease in Twist1 was validated at the protein level.
Treatment of Swan71 trophoblast cells for 24 h with 3 or 30 ng/ml
IFN-b showed a dose-dependent decrease in Twist1 expression.
Moreover, treatment of Swan71 trophoblast cells with 30 ng/ml
IFN-b for 2, 8, 16, and 24 h showed an initial increase in Twist1
expression at the early 2-h time point followed by a time-dependent
decrease in Twist1 protein expression in the succeeding time points
(Supplemental Fig. 1). The inhibitory effect of IFN-b on Twist1 is

restricted to Twist1, as we observed increased expression of other
ISGs such as Viperin, IFITM, or ISG15 (Supplemental Fig. 2).
To confirm the link between IFN-b�induced inhibition of Twist1

and trophoblast migration, we treated Swan71 BLSs with increasing
concentrations of IFN-b (3 and 30 ng/ml) and monitored trophoblast
attachment and migration by live imaging. As described above,
BLSs attached to the plate within 24 h followed by trophoblast
migration; however, in the presence of IFN-b, trophoblast attachment
and migration were significantly inhibited (Fig. 5E). These results
demonstrate that IFN-b exerts a major regulatory role in Twist1
expression and migration in trophoblast cells.

Twist1 is required for trophoblast migration and a successful
antiviral response

To further demonstrate the role of Twist1 in trophoblast cell
migration and the response to viral infection, we knocked out
Twist1 in Swan71 trophoblast cells using CRISPR/Cas9 and generated
Swan71 TW-KO (Fig. 6A). The specific sequence deleted on the
Twist1 gene is shown in Fig. 6B. TW-KO cells were able to form
BLSs; however, these cells lost the capacity to migrate and invade
(Fig. 6C, 6D), demonstrating the requirement of Twist1 in tropho-
blast migration and invasion.
To determine the role of Twist1 in response to viral infection,

monolayer cultures of WT Swan71 trophoblast cells and Swan71
TW-KO cells were infected with ZIKV. Surprisingly, we observed
a significant increase in ZIKV titers in Swan71 TW-KO cells com-
pared with WT Swan71 trophoblast cells (Fig. 7A). Furthermore,
Swan71 TW-KO cells are more sensitive to ZIKV infection and
undergo cell death at 48 h postinfection (Fig. 7B). In contrast, WT
Swan71 maintained cell viability when infected with ZIKV (Fig. 7B).

FIGURE 6. Characterization of a Twist1-deficient Sw.71 trophoblast cell line. (A) Twist1 was knocked out in a Sw71 first trimester trophoblast cell line
using CRISPR/Cas9 as described in Materials and Methods. Western blot analysis for Twist1 expression in WT Sw.71 trophoblast cells and Twist-deficient
clone (TW-KO) showed a successful Twist1 knockout. (B) Sequencing results showing WT Twist1 and deletion of Twist1 in TW-KO cells. The sequence
targeted by guide RNA is shown italics and is underlined. The deleted sequence is shown in bold. (C) Migration assay comparing BLSs formed with Sw.71
WT and BLS formed with Sw.71 TW-KO cells. The representative image is from n 5 10 independent experiments performed in triplicate. (D) In vitro model
of trophoblast invasion. BLSs were transferred to wells containing stromal cells layered with Matrigel. WT Sw.71 trophoblast cells develop projections within
the Matrigel, a sign of trophoblast invasion. No invasion was observed in BLSs formed with Sw.71 TW-KO cells. The representative image is from 10 inde-
pendent experiments performed in triplicate.
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Trophoblast cells control ZIKV infection through the expression
of antiviral ISGs, such as ISG20, Mx1, ISG15, and Viperin, which
can impede distinct steps in the viral cycle (10). As shown in Fig. 7C,
ZIKV infection in WT Swan71 trophoblast cells triggers the expres-
sion of these ISGs; however, this response was significantly dampened
in the Swan71 TW-KO cells (Fig. 7C).
To conclusively demonstrate the role of Twist1 in the cellular

antiviral response we overexpressed Twist1 in Swan71 TW-KO
followed by infection with ZIKV. The overexpression of Twist1
significantly decreased viral copy numbers compared with Swan71
TW-KO cells and was able to restore both the basal and antiviral
levels of ISG20, Mx1, and Viperin (Fig. 7D, 7E). These findings
demonstrate that Twist1 is not only necessary for trophoblast migra-
tion but also has an impact on the expression of antiviral ISGs neces-
sary to control ZIKV infection.

Twist1 regulates basal levels of IRF9

To identify specific pathways and cellular processes regulated by
Twist1 in trophoblast cells, we compared the transcriptome of WT
Swan71 trophoblast cells and Swan71 TW-KO cells. We observed
644 upregulated genes and 1140 downregulated genes in the Swan71
TW-KO cells compared with the WT Swan71 trophoblast cells
(Fig. 8A). Dendrogram analysis of differentially regulated biological
processes using high-specificity pruning showed differential regula-
tion of extracellular matrix organization, which explains the observed
effect on trophoblast migration and invasion. More importantly,
we observed that several processes related to viral response such as
type I IFN signaling pathway, negative regulation of viral genome
replication, and the defense response to viral infections were also

differentially regulated in Swan71 TW-KO cells compared with WT
Swan71 trophoblast cells (Fig. 8B). A closer analysis of DEGs in
the type I IFN signaling pathway showed that most ISGs (Mx1,
Mx2, XAF1, ISG15, ISG20, and IRF9) were downregulated in
Swan71 TW-KO cells compared with WT Swan71 trophoblast cells
(Fig. 8C). Network analysis of DEGs in the type I IFN signaling
pathway showed IRF9 as the central regulator of this pathway down-
stream of Twist1 (Fig. 8D). The downregulation of IRF9 in Swan71
TW-KO cells was validated both at the protein level in total cell
lysate (Fig. 9A) as well as on its cytoplasmic and nuclear fraction
(Fig. 9B). Similarly, we observed a significant decrease on the basal
levels of ISG20, ISG15, Mx1, and Viperin (Fig. 9C). It is note-
worthy that nonclassical HLA-G, HLA-C, and HLA-F were also
identified as significantly downregulated in Swan71 TW-KO cells
compared with WT Swan71 trophoblast cells in the transcriptomic
analysis (Fig. 8C). HLA-G and HLA-C are expressed in EVTs and
have immune-suppressive function on immune cells, particularly NK
cells (65, 66). Immunofluorescence analysis for HLA-G confirmed
its basal expression in WT Swan71 trophoblast cells and decreased
expression in Swan71 TW-KO cells (Fig. 9D). Taken together, these
findings demonstrate that Twist1 expression has an impact on ISG
expression in trophoblast cells.
Next, we sought to identify the specific mechanism by which

Twist1 regulates the type I IFN signaling pathway in response to
viral infection. We first determined changes in the expression of
IFN-b or its receptor following ZIKV infection but did not observe
any differences in the levels of IFN-b ligand and the IFNAR1
receptor between WT Swan71 trophoblast cells and Swan71 TW-KO
cells both at baseline and with ZIKV (Supplemental Fig. 3),

FIGURE 7. Sw.71 TW-KO cells are susceptible to ZIKV infection. (A) WT and Twist-KO Sw.71 trophoblast cells (TW-KO) were infected with ZIKV.
Viral titers were determined by qPCR. Note the significant difference in viral titers between WT and Twist-KO. n 5 6 independent experiments performed
in triplicate. **p < 0.01. (B) Twist-knockout Sw.71 trophoblast cells (TW-KO) undergo cell death following ZIKV infection. No cell death was observed in
WT cells. Representative images are from six independent experiments performed in triplicate. (C) Wild type (WT) and Twist-KO Sw.71 trophoblast cells
(TW-KO) were infected with ZIKV and expression levels of antiviral ISGs (Mx1, ISG20, and Viperin) were determined by qPCR. n 5 3 independent experi-
ments performed in triplicate. **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) Twist1 or IRF9 was overexpressed in Twist-KO Sw.71 trophoblast cells
(TW-KO). Cultures were then infected with ZIKV and viral titers were quantified. Overexpression of Twist1 but not IRF9 restored the antiviral response.
n 5 6 independent experiments in triplicate. (E) Twist1 transcomplementation in Sw.71-KO cells reinstates the expression of ISGs in response to ZIKV infec-
tion. n 5 3 independent experiments in triplicate. ****p < 0.0001.
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demonstrating that the recognition of the virus and the production of
IFN-b is Twist1-independent. We then evaluated the propagation
of the signaling pathway downstream of IFN-b signaling (Fig.
10A). Thus, WT Swan71 trophoblast cells and Swan71 TW-KO
cells were treated with IFN-b (30 ng/ml) for 2 h and levels of
p-STAT1 and p-STAT2, which are the two main mediators of the
canonical IFN-b signaling pathway (67), were determined by
Western blot. We saw the upregulation of p-STAT1 and p-STAT2
in both the WT Swan71 trophoblast cells and Swan71 TW-KO cells
(Fig. 10B). The increase on p-STAT1 and p-STAT2 following
IFN-b treatment was time-dependent, peaking at ∼16 h after
IFN-b treatment (Supplemental Fig. 1) in both the WT Swan71
trophoblast cells and Swan71 TW-KO cells. We did not observe
the presence of p-STAT1 or p-STAT2 in the control group, nor the
WT or KO cells (Supplemental Fig. 1). These findings suggest that
the effect of Twist1 on the IFN-b signaling pathway is downstream
of STAT phosphorylation.
As stated above, IRF9 was downregulated in Swan71 TW-KO

cells compared with WT Swan71 trophoblast cells, in the cytoplasm
as well as in the nucleus (Fig. 9B), and Twist1 is mainly expressed
in the nucleus in WT Swan71 cells but is not detected in the KO
cells (Fig. 9B). The lower levels of IRF9 in the Swan71 TW-KO
cells, however, did not affect the nuclear translocation of p-STAT1
and p-STAT2 upon INF-b treatment (Fig. 10C). However, analysis
of ISGs, which are more downstream in the pathway, showed that
only the WT Swan71 trophoblast cells and not Swan71 TW-KO
cells were able to upregulate the ISGs Mx1 and ISG20 in response
to IFN treatment (Fig. 10B). Taken together, these results demon-
strate that the critical node controlled by Twist1 in the IFN-b path-
way is the basal level of IRF9.

Protein�protein interaction between Twist1 and IRF9

We then determined whether overexpression of IRF9 in Swan71
TW-KO cells would be sufficient to restore the capacity to con-
trol ZIKV replication. Thus, Swan71 TW-KO cells were stably
transfected with pIRF9OE plasmid and infected with ZIKV.
Despite the successful overexpression of IRF9 (Fig. 10D) and in
contrast to the overexpression of Twist1, these cells were not
able to control ZIKV replication any better than Swan71 TW-
KO cells (Fig. 7D).
We further tested whether Twist1 can modulate IRF9 interaction

with the ISRE by using an ISRE luciferase reporter system. This
reporter contains a firefly luciferase gene under the control of multi-
merized ISRE responsive elements located upstream of a minimal
promoter. The ISRE reporter is premixed with constitutively express-
ing Renilla luciferase vector, which serves as an internal control for
transfection efficiency (Supplemental Fig. 4).
Transfection of the ISRE luciferase reporter system in WT Swan71

trophoblast cells showed luciferase activity, which was significantly
downregulated in Swan71 TW-KO cells (Fig. 11A). Interestingly,
overexpression of IRF9 alone or Twist1 alone in Swan71 TW-KO
cells did not rescue the luciferase activity on the ISRE (Fig. 11A).
Conversely, coexpression of Twist1 and IRF9 in Swan71 TW-KO
cells was able to rescue luciferase activity in the ISRE similar to the
levels observed in WT Swan71 trophoblast cells (Fig. 11A). These
results indicate that without Twist1, IRF9 is not enough to control
ZIKV infection. These findings place Twist1 as part of the IRF9 pro-
tein complex necessary for an early antiviral response.
Twist1 can directly bind the DNA at a conserved E-box motif or

other transcriptional regulators and control their actions on the pro-
moter. To determine whether the regulatory role of Twist1 in the

FIGURE 8. Knockout of Twist1 is associated with decreased ISG expression levels. (A) Volcano plot comparing WT Sw.71 cells and TW-KO cells
(1140 genes were downregulated and 644 were upregulated in the TW-KO cells). Genes with a false discover rate�adjusted p value <0.05 and absolute
log2 fold change >0.6 were considered differentially expressed. (B) Dendrogram of main biological processes affected by Twist1 knockout. Analysis
was performed using high-specificity pruning. One of the top biological processes associated with the loss of Twist1 is type I IFN signaling. (C) Differentially
expressed genes in the type I IFN signaling pathway comparing TW-KO cells and WT Sw.71 cells. Note that all of the differentially expressed genes were
downregulated. (D) Network analysis of differentially expressed genes in the type I IFN signaling pathway comparing TW-KO cells and WT Sw.71 cells. Note
that these differentially expressed genes are all regulated by IRF9.
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ISRE depends on its interaction with the DNA, we used several
constructs of Twist1 with specific deletions and tested their effect
on the ISRE luciferase reporter system (Fig. 11B). We first tested
the Dhelix-loop-helix (HLH) construct, which has a deletion in the
DNA-binding domain, and compared its effect on the ISRE reporter
with full-length Twist1. As shown above, cotransfection of IRF9
with full-length Twist1 rescued luciferase activity in the ISRE. Inter-
estingly, cotransfection of IRF9 with DHLH in Swan71 TW-KO
cells was also able to rescue the activity of luciferase on the ISRE
reporter (Fig. 11C). Because the reporter system does not contain an
E-box sequence, these results demonstrate that direct binding to the
E-box is not required for Twist1 to regulate ISG levels and suggest
that protein�protein interaction may be the mechanism by which
Twist1 regulates ISGs.
To test this hypothesis, we cotransfected IRF9 with D29�119,

D51�82, and DWR, which are constructs with deletions in the
Twist1 domains necessary for interaction with other proteins. Dele-
tion of these domains failed to rescue the activity of luciferase on
the ISRE reporter (Fig. 11C). Given that these domains are impor-
tant for protein�protein interaction, these results further suggest that
Twist1�IRF9 protein interaction is necessary for Twist1’s activity on
the ISRE
To further validate this hypothesis, we overexpressed both myc-

tagged Twist1 and Flag-tagged IRF9 and performed immunoprecipi-
tation to determine whether Twist1 binds IRF9. First, we immu-
noprecipitated myc and immunoblotted for IRF9. Analysis of the
isolated immunocomplex demonstrated the presence of IRF9 (Fig. 11D).
Similarly, when we immunoprecipitated for Flag and blotted
for Twist1, we observed Twist1 in the isolated immunocomplex
(Fig. 11D), further confirming that Twist1 binds IRF9. We did not

detect the presence of p-STAT1 or p-STAT2 in the immunopreci-
pitated complex (Supplemental Fig. 4B). Taken together, our results
demonstrate that Twist1, by binding to IRF9, is able to control IRF9
basal expression, a step necessary for the response to ZIKV infec-
tion (Fig. 12).

Discussion
Our study uncovered the mechanisms by which the Twsit1-IRF9
complex is able to provide an early antiviral response. IRF9 is a
transcription factor that mediates the type I IFN response (6, 68).
Ligation of IFNAR by type I IFNs results in the phosphorylation
and dimerization of STAT1 and STAT2 (68). This dimer then
recruits IRF9 to form the ISGF3 complex in cytoplasm. ISGF3 then
translocates to the nucleus and binds to the ISRE, leading to the
transcription of ISGs (69). IRF9 has also been shown to regulate
cell proliferation (68), tumor formation (70), cardiovascular disease
(71), inflammation (72), and immune cell regulation (73) indepen-
dent of the ISGF3 complex. However, the mechanisms that allow
IRF9 to function outside of the ISGF3 complex is not well under-
stood. Our data, to our knowledge, provides a novel model where
IRF9 in conjunction with Twist1 provides a continue and effective
basal protection. However, upon recognition of viral factors by pat-
tern recognition receptors, IFN-b expression is induced and activates
the IFNAR pathway, which promotes Twist1 dissociation from the
IRF9 complex, allowing the strong response mediated by the most
efficient ISGF3 complex (Fig. 12).
We have uncovered a mechanism for this function specifically in

the context of the early antiviral response. Our results demonstrate
that Twist1 was not only a required partner that promotes IRF9 bind-
ing to ISRE but also an upstream regulator that controls basal levels

FIGURE 9. Inhibition of IRF9 basal expression in TW-KO cells. (A) Expression of Twist1 and IRF9 were determined by Western blot analysis in
WT Sw.71 cells and TW-KO cells. Note the reduction in IRF9 levels in TW-KO cells. Results are representative of n 5 3 independent experiments.
(B) Cellular location of Twist1 and IRF9 were determined by nuclear/cytoplasmic fractionation. Twist1 is mainly localized in the nuclei of WT cells
and is absent in TW-KO cells. IRF9 is mainly localized in the cytoplasm of WT cells and reduced TW-KO cells. COX4 and YY1 are markers for the
purity of the fractions. COX4 cytoplasmic, YY1 nucleus. Results are representative of n 5 3 independent experiments. (C) ISG20, ISG15, Mx1, and Viperin
were quantified in WT Sw.71 cells and TW-KO cells by PCR. Note the significant decrease in TW-KO cells compared with WT Sw.71 cells. n 5 3 indepen-
dent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) HLA-G expression in WT Sw.71 cells and TW-KO cells by immunofluorescence. HLA-G
expression is a characteristic of EVTs and it is highly expressed in WT Sw.71 cells but is highly reduced in TW-KO cells. Results are representative of
n 5 3 independent experiments.
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of IRF9. Deletion of Twist1 decreases IRF9 mRNA and other ISGs,
impairing the initial antiviral response in infected cells.
Interestingly, although the loss of Twist1 led to decreased basal

IRF9 and ISG levels, it did not affect the canonical response to type I
IFN. In Twist1-deficient cells, IFN-b maintained the ability to lead to
phosphorylation of STAT1 and STAT2, to promote nuclear transloca-
tion of ISGF3, and to induce a significant increase in expression of
ISGs. Consequently, we postulate that Twist1 is an additional mecha-
nism necessary to maintain the basal expression of IRF9/ISGs in the
absence type I IFN or in the presence of low levels of IFN-b.
Basal expressions of IRF9 and ISGs are essential to maintain a

state of “readiness” to combat infection. By itself, IRF9 has low affin-
ity to ISREs and therefore requires additional transcriptional factors to
improve DNA binding (74, 75) and transcriptional activity (68). Our
data demonstrate that Twist1 promotes IRF9 binding to DNA.
IRF9-Twist1 binding requires an intact C-terminal component of

Twist1. Deletion of the WR domain but not the HLH domain
(DNA-binding domain) of Twist1 inhibited the capacity to bind
IRF9 and to enhance ISRE activity. Based on these findings we pos-
tulate that Twist1 interacts with IRF9 in the nucleus and increases
IRF9 transcriptional efficacy for ISRE regulated genes. This interac-
tion ensures the basal expression of ISGs, which is essential for the
early protection against viral infections.
The importance of this basal expression is exemplified during viral

infections such as ZIKV. Viral infections during pregnancy can have
various outcomes ranging from no consequence to spontaneous abor-
tion or successful birth but with associated congenital viral syndromes
(30, 76�78). The outcome seems to be dictated by the gestational

timing of the infections, with early infections being associated with
pregnancy loss and fetal demise (32, 79, 80).
The placenta is an extraembryonic organ that ensures an appropri-

ate supply of nutrients and oxygen to the fetus. In addition to this, it
provides immunological protection and, as such, is a critical regula-
tor of fetal growth and development. The formation of the placenta
takes place during the early stages of embryo implantation and is
the result of the migration of trophoblast cells from the trophecto-
derm and its invasion into the maternal endometrial/decidual tissue.
The process of trophoblast migration and invasion is essential for
the success of the pregnancy and is supported by maternal factors
produced by decidual cells (81, 82). There are many ethical chal-
lenges in the study of human implantation, but the use of in vitro
models that mimic the biological components of human implanta-
tion has overcome some of these limitations. In this study we used a
well-characterized model that mimics, with its clear limitations, the
capacity of the human trophoblast to migrate and invade (42, 43),
and we showed that ZIKV infection perturbs trophoblast migration.
We postulate that by affecting trophoblast migration, ZIKV infection
during early pregnancy may lead to miscarriage. Indeed, pregnancy
loss in women changes as gestational age advances, with a rate of
∼25% at 45 wk, 2% at 20 wk, and 0.1% after 20 wk of gestation
(83). In cases infected with ZIKV, it was reported that a 5.8% mis-
carriage rate and a 1.6% stillbirth rate occur when the women are
infected during the first trimester (84).
Unexpectedly, we found that the impact of ZIKV infection on

trophoblast migration was due to the antiviral response it generates,
which is characterized by the expression of type I IFN-b and

FIGURE 10. Integrity of the type I IFN-b canonical pathway. (A) Schematic representation of the canonical IFN-b pathway. (B) WT Sw.71 cells and TW-KO
cells were treated with IFN-b, and activation of the canonical IFN-b pathway was determined by Western blot. Note the phosphorylation of STAT1 and STAT2
in both WT and TW-KO cells, but IRF9, Mx1, and ISG20 were only detected in WT Sw.71 cells. Results are representative of n 5 3 independent experiments.
(C) Nuclear and cytoplasmic fractionation in WT Sw.71 cells and TW-KO cells following IFN-b treatment. Note the nuclear translocation of p-STAT1 and
p-STAT2 in both WT Sw.71 cells and TW-KO cells, but nuclear IRF9 is only detected in WT Sw.71 cells following IFN-b treatment. Results are representa-
tive of n 5 3 independent experiments. (D) Overexpression of IRF9 in WT Sw.71 cells and TW-KO cells infected with ZIKV. Results are representative of
n 5 3 independent experiments.
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downstream ISGs. Indeed, treatment with IFN-b replicated ZIKV
infection-induced inhibition of trophoblast attachment and migration.
Although mostly characterized for their ability to interfere with

viral replication, IFNs, through specific ISGs, have immunomodula-
tory, cell differentiation, antiangiogenic, and proapoptotic effects (85).
When left unchecked, the deleterious effects have been shown to pro-
duce complications such as autoimmune diseases, which have been
associated with excessive or chronic type I IFN responses (3, 18, 19).
Therefore, regulation of the type I IFN response is critical for an effi-
cient immune response and maintenance of tissue homeostasis. We
observed that the high levels of IFN-b expression in response to
ZIKV infection had a detrimental effect on trophoblast function, and
consequently we sought to identify the mechanism associated with
this effect.

Interestingly, the most predominant gene affected by viral infection
was Twist1, a highly evolutionally conserved basic HLH tran-
scriptional factor that functions as a master regulator of gastrula-
tion and mesodermal development (86�89). In addition to its role
in embryogenesis, Twist1 has been found to be a key regulator in the
inflammatory processes by functioning as a regulator of the NF-kB
signaling pathway (90). Twist1 binds to E boxes present in the pro-
moters of several NF-kB�dependent inflammatory cytokines, such as
TNF-a, IL-1, and IL-6, and it suppresses cytokine production by
blocking NF-kB�dependent transcriptional activation (38, 91). Sharif
et al. reported the interaction between type I IFNs, Twist1, and the
NF-kB pathway (39). They found that type I IFNs suppressed the
production of TNF-a through the regulation of the expression of the
receptor tyrosine kinase Axl and downstream induction of Twist1

FIGURE 11. ISRE transcriptional activity in WT Sw.71 cells and TW-KO cells. (A) ISRE/luciferase (Luc)/Renilla (Ren) reporter system was trans-
fected in WT Sw.71 cells and TW-KO cells together with IRF9 and/or Twist1 as indicated. Note the significant decrease in ISRE activity in TW-KO
cells, which was rescued with cotransfection of IRF9 and Twist1. n 5 3 independent experiments performed in triplicate. ***p < 0.001. (B) Schematic
illustration of Twist1 protein and the deletions used to identify the domain required for binding to IRF9. Twist1 N-terminal deletion mutants have a Flag
tag and C-terminal deletions have a Myc tag. (C) ISRE activity was measured in TW-KO cells transfected with IRF9 and different Twist1 constructs as
indicated. Transcriptional activity is observed following cotransfection with IRF9 and Twist. Deletions at the N-terminal and the WR domain but not at
the HLH domain are associated with loss of transcriptional activity. WT cells are used as a positive control. n 5 3 independent experiments done in tripli-
cate. **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) TW-KO cells were cotransfected with Twist and IRF9. Whole-cell lysates were used to immunopre-
cipitate the corresponding tag on Twist1 and IRF9, and immunoprecipitated complexes were probed to detect the presence of Twist and IRF9. IgG was
used as control for all immunoprecipitates. Representative data are from three independent experiments. (E) Proposed model for Twist1 and IRF9 interaction.
See text for details.

FIGURE 12. Twist�IRF9 interaction
maintains basal ISG expression. Protein�
protein interaction between Twist1 and
IRF9 provides early protection against
viral infections. Activation of the IFNAR
pathway leads to Twist degradation and
release of IRF9, allowing the interaction
with p-STAT1 and p-STAT2 and forma-
tion of the ISGF3 complex.
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(39); however, the type of interaction between Twist1 and type I IFN
was not defined. Our findings revealed that as result of the type I IFN
response to ZIKV, IFN-b inhibits Twist1 expression, a necessary step
to mount a strong antiviral response; unfortunately, inhibition of
Twist1 will also impact the capacity of the trophoblast to migrate and
invade, two essential aspects for the success of the pregnancy.
In summary, we demonstrate that there is a direct interaction between

Twist1 and IRF9, which leads to enhanced IRF9 transcriptional activity.
To our knowledge, these findings demonstrate a novel mechanism
of antiviral awareness necessary for an early response.
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