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a b s t r a c t

Introduction: Cultured primary human trophoblasts (PHT), derived from term placentas, are relatively
resistant to infection by diverse viruses. The resistance can be conferred to non-trophoblastic cells by
pre-exposing them to medium that was conditioned by PHT cells. This antiviral effect is mediated, at
least in part, by microRNAs (miRNA) expressed from the chromosome 19 microRNA cluster (C19MC).
Recently we showed that PHT cells and cells pre-exposed to PHT medium are also resistant to infection
by Zika virus (ZIKV), an effect mediated by the constitutive release of the type III interferons (IFN) IFN
lambda-1 and IFN lambda-2 in trophoblastic medium. We hypothesized that trophoblastic C19MC
miRNA are active against ZIKV, and assessed the interaction of this pathway with IFN lambda-1 -
mediated resistance.
Methods: Term PHT cells were cultured using standard techniques. An osteosarcoma cell line (U2OS) was
used as non-trophoblastic cells, which were infected with either ZIKV or vesicular stomatitis virus (VSV).
Trophoblastic extracellular vesicles (EVs) were produced by gradient ultracentrifugation. RT-qPCR was
used to determine viral infection, cellular or medium miRNA levels and the expression of interferon-
stimulated genes.
Results: We showed that C19MC miRNA attenuate infection of U2OS cells by ZIKV, and that C19MC
miRNA or exosomes that contain C19MC miRNA did not influence the type III IFN pathway. Similarly, cell
exposure to recombinant IFN lambda-1 had no effect on miRNA expression, and these pathways did not
exhibit synergistic interaction.
Discussion: PHT cells exert antiviral activity by at least two independent mechanisms, mediated by
C19MC miRNA and by type III IFNs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Infection of pregnant women by certain viruses, such as CMV,
Rubella, and parvovirus, have been associated with congenital
anomalies and other devastating pregnancy outcomes [1,2]. In
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humans and non-human primates, Zika virus (ZIKV), an arthropod-
borne flavivirus, has recently been linked to severe birth defects,
including brain parenchymal lesions, microcephaly, ocular lesions
and other developmental abnormalities [3e6]. The barrier that
protects a fetus from vertical transmission of pathogens is the
placenta, which forms the main interface of the fetus with the
maternal host. In mammalian species, such as primates and rodents
that possess a hemochorial placenta [7], placental trophoblasts are
directly bathed in maternal blood and form the forefront of fetal
exposure to maternal blood-borne pathogens.
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Among the more than 400 species of microRNAs (miRNA)
expressed by human trophoblasts, the chromosome 19 microRNA
cluster (C19MC) constitutes the largest human miRNA cluster [8].
C19MC miRNA are expressed from chromosome 19q13.41. This
cluster includes 58 mature miRNA species that are encoded by 46
miRNA genes, spanning over 100 kb [8]. Intriguingly, this cluster is
expressed exclusively in primates, and expressed almost exclu-
sively from the placenta [8e10].

The full landscape of trophoblast-dependent mechanical and
immunological defense pathways against viral infection remains
under-explored. We recently found that cultured primary human
trophoblasts (PHT), derived from term placentas, are relatively
resistant to infection by diverse DNA and RNA viruses [11]. We also
reported that cultured medium that was conditioned by PHT cells
can attenuate subsequent viral replication in non-trophoblastic
cells. PHT conditioned medium contains C19MC miRNA in PHT-
derived extracellular vesicles (EVs) or in a protein-bound form.
Indeed, C19MC miRNA or exosomes containing these miRNAs also
reduce viral replication in non-placental cells, an effect mediated
by induction of autophagy [11]. We recently also showed that pri-
mary syncytiotrophoblasts, through the constitutive production of
the type III interferon (IFNs), including IFN lambda-1, are resistant
to ZIKV and can confer that resistance to recipient non-placental
cells by pre-exposing these cells to conditioned medium,
including that depleted of exosomes [12]. By contrast, a primitive
type of trophoblast that can be generated from pluripotent stem
cells by a simple differentiation protocol involving BMP4 and
inferred to be homologous to the very early placenta that surrounds
the embryo proper during very early pregnancy [13], is highly
susceptible to ZIKV and appears not to express type III IFNs [14].
Whether or not C19MC miRNA can attenuate ZIKV infection in any
of these model systems remains unknown. Therefore, we tested the
hypothesis that trophoblastic C19MC can reduce ZIKV infection in
non-trophoblastic cells. Here we provide evidence that the C19MC
miRNAs stimulate resistance to ZIKV through a type III IFN-
independent pathway. Moreover, the antiviral pathways by
C19MC miRNA and IFN lambda-1 are autonomous, and do not
exhibit synergistic interactions.

2. Methods

2.1. Culture of PHTs and purification of extracellular vesicles

PHT cells were isolated from healthy singleton term pregnan-
cies, based on previously published protocols, by using trypsin-
DNase-dispase/Percoll method [15,16]. Placenta collection and
isolation of cells for culture were reviewed and approved protocols
from the Institutional Review Board at the University of Pittsburgh.
PHT cells were cultured in 7 � 15 cm plates at 37 �C for 72 h in 5%
CO2 air atmosphere, grown in DMEM supplemented with 1% anti-
biotics and 10% fetal bovine serum (FBS) that had been depleted of
bovine exosomes (A27208-01, Thermo Fisher Scientific). Cell qual-
ity was monitored by microscopy and production of human cho-
rionic gonadotropin (hCG), quantified by ELISA (EIA-1911R, DRG
Instrument GmbH, Marburg, Germany). Medium conditioned by
PHT cells was collected at 72 h, when the majority of the cells had
differentiated to syncytialized cells [15]. The conditioned medium
was collected and vesicles were isolated by using differential ul-
tracentrifugation and OptiPrep continuous gradient ultracentrifu-
gation, according to a previously described protocol [17].

2.2. Trophoblasts from induced human embryonic stem cells

H1 human embryonic stem cells were differentiated to tro-
phoblasts by use of BMP4 and inhibitors of FGF2 and activin
signaling through use of previously published protocols [13]. Cell
lysates for C19MC expression analysis were prepared at days 0, 2, 4,
6, and 8 of differentiation.

2.3. Cells and viruses

Human osteosarcoma U2OS cells were cultured in DMEM sup-
plementedwith 10% bovine growth serum (BGS) and 1% antibiotics.
BeWo cells were maintained in F12K Kaighn's modified medium
supplemented with 10% BGS and antibiotics. ZIKV Paraiba 2015 was
propagated in Vero cells. Viral titers were determined by fluores-
cent focus assay, with anti-double stranded RNA monoclonal anti-
body (a gift from Abraham Brass, University of Massachusetts).
Experiments measuring infection of ZIKV were performed by using
1 focus-forming unit/cell for 24 h. Viral titers were determined by
fluorescent focus assay, as previously described [18]. Infection of
ZIKV or VSV was determined by RT-qPCR, measuring the respective
viral transcripts. Experiments measuring vesicular stomatitis virus
(VSV) infections were performed using a multiplicity of infection
(MOI) of 1 for approximately 5 h or until cytopathic effects were
evident.

2.4. RNA extraction, cDNA synthesis, and RT-qPCR

For cellular mRNA analysis and miRNA analysis, total RNA was
extracted with TRI reagent (Cat# TB 126, MRC, Cincinnati, OH) as
we previously described [19]. RNA samples were exposed to RNAse-
free DNase (Cat# 79254, Qiagen, Valencia, CA). For mRNA analysis,
total RNA was reverse transcribed by using High-Capacity cDNA
Reverse Transcription kit (Cat# 4368814, Thermo Fisher Scientific)
according to the manufacturers protocol. RT-qPCR was performed
by means of SYBR Select (Cat# 4472908, Thermo Fisher Scientific)
in a ViiA 7 system (Life Technologies). Gene expression was calcu-
lated by the 2�DDCT CT method normalized to GAPDH [20].

2.5. RT-qPCR primers

The following RT-qPCR primers were used: GAPDH (50-
GAAGGTCGGAGTCAACGGATTT -30 and 50-GAATTTGCCATGGGTG-
GAAT -30); ZIKV (50-AGATGACTGCGTTGTGAAGC-30 and 50-GAGCA-
GAACGGGACTTCTTC-30); OAS1 (50-ATAAAAGCAAACAGGTCTGG-30

and 50-TCTGGCAAGAGATAGTCTTC-30); IFI44L (50-TGCAGA-
GAGGATGAGAATATC-30 and 50-ACTAAAGTGGATGATTGCAG-30);
VSV (50-TGCAAGGAAAGCATTGAACAA-30 and 50-GAGGAGT-
CACCTGGACAATCACT-30); IFIT1 (50-CAACCAAGCAAATGTGAGGA-30

and 50-GGAGACTTGCCTGGTGAAAA-30); IFIT2 (50- ACCATGAGTGA-
GAACAATAAG-30 and 50- TTAGATAGGCCAGTAGGTTG-30).

2.6. RT-qPCR for miRNA

cDNA synthesis and qPCR were performed with miRScript PCR
system (Cat# 218161, Qiagen) and ViiA 7 Real Time PCR system
according to the manufacturer's protocols. RNU6B was used for
normalization, and relative fold change was determined by the
2�DDCT CT method, as previously reported [20]. The catalog number
for the miRScript primer pairs were: miR-517a-3p (MS00004459),
miR-525-5p (MS00004557), miR-1323 (MS00014658), RNU6B
(MS00033740), miR-512-3p (MS00007000), and miR-516b
(MS00007749).

2.7. miRNA mimics and transfections

Mimics for C19MC miRNAs (miRIDIAN) as well as non-targeting
control miRNA mimic were obtained from Thermo Fisher Scientific
(Dharmacon) as described [21]. U2OS cells were reverse transfected



Fig. 1. C19MC miRNAs confer resistance to ZIKV. (A) U2OS osteosarcoma cells were
transfected with a non-targeting control miRNA mimic, a pool of 4 miRNAs from the
C19MC (miR-512-3p, miR-525-5p, miR-516b-5p, and miR-517a) to a final concentration
of 40 nM, or a corresponding concentration of non-C19MC miRNA mix (miR-141, miR-
29b, miR-320). PHT conditioned medium (CM), prepared as described in Methods, was
used as a positive control. At 48 h after transfection, cells were infected with VSV for
5 h, and viral RNA levels were determined by RT-qPCR. (B) The same experiment was
performed using ZIKV, infected for 24 h. (C) Cellular miRNA levels for miR-512-3p,
miR-517a, and miR-516b-5p were measured by RT-qPCR from ESC differentiated into
an early trophoblast lineage at day 0, 2, 4, 6, and 8. Differences were determined using
ANOVA, with post hoc Bonferroni correction. Experiments were performed three in-
dependent times. Data are shown as mean ± SD. (*p < 0.05).
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with one or multiple miRNA mimics or miRNA mimic control (final
concentration 40 nM for individual mimics, or an equal concen-
tration for combined mimics) by using HiPerFect Transfection Re-
agent (Cat# 301704, Qiagen) according to the manufacturers
protocol. Cells were assayed 48 h post-transfection. The total con-
centration of the non-targeting control miRNA mimic was adjusted
to that of all active miRNA mimics.

2.8. C19MC BAC preparation and recombinant IFN

U2OS cells stably expressing a bacterial artificial chromosome
(BAC) containing 160 kb of genomic DNA from the q13-42 region of
chromosome 19, which contains the entire C19MC miRNA cluster,
was generated as previously reported [11]. Recombinant IFN beta
(100 U/mL; PBL Source), or recombinant IFN lambda-1 (10 ng/mL;
R&D Systems) was added to cells. After 24 h exposure, the RNAwas
harvested and analyzed for miRNA levels.

2.9. Statistics

Experiments were performed at least in triplicate as detailed in
the figure legends. Data are presented as the mean ± SD. Except
where specified, a Student's t-test was used to determine statistical
significance for virus infection assays when two sets were
compared, and one-way ANOVA with a Bonferroni correction for
multiple comparisons applied post hoc to determine statistical
significance. Specific p values are provided in each figure legend.

3. Results

3.1. C19MC miRNAs attenuate infection by ZIKV in non-
trophoblastic cells

To assess the ability of C19MC miRNAs to confer resistance to
ZIKV, we transfected four of the most highly expressed members of
the cluster that we previously showed to have anti-viral activity
(miR-512-3p, miR-516b, miR-517a, and miR-525-5p) [11] into U2OS
cells. 48 h following introduction of miRNAs, we infected the cells
with ZIKV or with VSV, as control [11,12]. We found that the C19MC
miRNA mimic-mix, but not non-C19MC mix or scramble RNA
control, reduced ZIKV and VSV infection, as evident by a ~50%
reduction in the production of viral RNA (vRNA) (Fig. 1AeB).

Yabe et al. recently showed that ESCs that were exposed to bone
morphogenic protein 4 (BMP-4), activin A inhibitor and FGF2
signaling inhibitor differentiate into trophoblasts resembling tro-
phoblasts of the primitive placenta during implantation [13].
Interestingly, these cells express ZIKV attachment factors and can
be readily infected by ZIKV [14]. Based on our results, we surmised
that these cells might have a lower expression level of C19MC
miRNAs. Using RT-qPCR, we found that the level of three highly
expressed C19MC miRNA, miR-512-3p, miR-516b, and miR-517a,
declined significantly immediately after initiating differentiation
to trophoblasts ([13], and Fig. 1C), which is consistent with their
enhanced susceptibility to infection by ZIKV relative to ESC [14].

3.2. Trophoblastic exosomes do not induce IFN-stimulated genes

We recently reported that PHT cells constitutively release type
III IFNs, including IFN lambda-1, which can reduce infection by ZIKV
in non-trophoblastic cells through paracrine effects [12]. We also
showed that trophoblastic exosomes, which contain C19MC,
exhibit antiviral activity [11,17,21]. To assess the impact of tropho-
blastic EVs on the expression of interferon stimulated genes (ISGs),
we added EVs that we isolated from PHT cells to U2OS cells, and
assessed the induction of IFN-induced protein 44-like (IFI44L) [22],
as well as IFN-induced protein with tetratricopeptide repreats
(IFIT)-1 and -2, and ISG 20-50 oligoadenylate synthase 1 (OAS1) (see
also Fig. 4). Whereas PHT conditioned medium stimulated the in-
duction of all ISGs tested, none of the trophoblastic EVs recapitu-
lated this effect (Fig. 2A). We further confirmed this effect using
individual C19MC miRNA, and found that unlike the robust in-
duction of the ISGs by recombinant IFN lambda-1, transfection of
the highly expressed miR-512-3p, miR-516b, or miR-517a had no
effect on ISG expression (Fig. 2B). Together, these results suggest
that the antiviral effects observed using trophoblast exosomes or
C19MC miRNAs are independent of the ISG induction by type III
IFNs.
3.3. Type III IFNs do not affect the expression levels of miRNAs

To determinewhether or not exposure to type III IFNs influences
C19MCmiRNA levels, we exposed the trophoblast line BeWo, which
endogenously expresses C19MC, to recombinant IFN lambda-1.
Notably, these cells do not express IFN lambda-1. We found that
while IFN lambda-1 had a negligible, yet statistically significant
effect on miR-1323 (<20%), with no change in any of the other
miRNA tested (Fig. 3A). Similarly, exposure of cells to recombinant
IFN beta also had no effect on C19MC miRNA expression (not
shown). Using U2OS cells that were stably transfected with a bac-
terial artificial chromosome that contained the entire C19MC gene
[11], we also found no effect of recombinant IFN lambda-1 on the



Fig. 2. Trophoblastic extracellular vesicles or C19MC miRNAs do not enhance the
expression of ISGs. (A) RT-qPCR analysis of IFI44L expression in U2OS cells exposed to
the PHT-derived extracellular vesicles apoptotic bodies (AB), microvesicles (MV), or
exosomes (EX). PHT conditioned medium (CM) was used as a positive control. Results
are expressed relative to non-conditioned medium (CTRL). (B) RT-qPCR analysis of the
expression of the ISGs IFI44L, IFIT1, IFIT2 and OAS1 in U2OS cells transfected with
either 40 nM of miR-517a, miR-516b-5p, miR-512-3p, or an equal concentration of
control non-targeting miRNA (Neg CTRL). 10 ng IFN lambda-1 was used as a positive
control. Experiments were performed three independent times. Data are presented as
fold-change relative to control non-targeting miRNA, and shown as mean ± SD
(*p < 0.05). Differences were determined using ANOVA, with post hoc Bonferroni
correction.

Fig. 3. C19MC miRNA levels are unaffected by exposure of cells to IFN lambda-1.
The levels of C19MC miRNA were determined by RT-qPCR in BeWo cells (A) or U2OS
cells stably expressing a BAC containing the C19MC miRNA cluster (B). The cells were
exposed to IFN lambda-1 (10 ng), and the expression levels of miR-512-3p, miR-517a,
miR-525-5p, and miR-1323 were quantified, normalized to RNU6B. Experiments were
performed three independent times. Data are shown as mean ± SD (*p < 0.05).
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expression levels of representative C19MC miRNA, including miR-
517a, -512-3p, -1323, and -525-5p (Fig. 3B).

3.4. Type III IFNs and C19MC miRNAs function independently to
attenuate viral infection

To assess whether or not C19MC miRNAs and type III IFNs were
synergistic in their antiviral effects, we first compared the level of
ISG induction in U2OS cells that stably express the C19MC BAC to
that in wild type control U2OS cells, and found that the addition of
recombinant IFN lambda-1 had no effect on the induction of the ISG
IFN-induced protein with tetratricopeptide repeats 1 (IFIT1,
Fig. 4A). We next added isolated EVs, derived from PHTcells, to wild
type U2OS cells, in the presence or absence of recombinant IFN
lambda-1. Comparing the effects of microvesicles or exosomes
derived from PHTs in the absence or presence of IFN lambda-1, we
observed no significant difference in the expression of OAS1
(Fig. 4B). To assess functional synergy in the antiviral activity of IFN
lambda-1 and trophoblastic exosomes, we exposed U2OS cells to
IFN lambda-1, in the presence or absence of PHT exosomes, and
then infected them with VSV. As expected, both IFN lambda-1 and
PHT exosomes, when used alone, significantly reduced the levels of
VSV in U2OS cells. Exposure of cells to IFN lambda-1 and PHT
exosomes together led to a significant additive effect on VSV levels.
Furthermore, we exposed U2OS cells to IFN lambda-1, in the
presence or absence of C19MC miRNAs, and found a similar effect
on infection by VSV or ZIKV, even though the reduction in ZIKV
infection when cells were exposed to IFN lambda-1 and C19MC
miRNAswas not significantly different from C19MC alone. Together,
these results support the conclusion that PHT cells employ at least
two distinct and non-interacting antiviral mechanisms.

4. Discussion

We have previously shown that the resistance of PHT cells to
viral infection, and the ability of these cells to attenuate viral
replication in non-trophoblastic cells, is mediated by at least two
pathways: (a) the expression of human trophoblast-specific C19MC
miRNA, and (b) the production of the type III IFNs, including IFN
lambda-1 [11,23,24]. Both C19MC miRNA and IFN lambda-1 are
released from PHT cells, and may therefore influence other, non-
trophoblastic cells in a paracrine manner. Building on our previ-
ous observations, we have now expanded our studies, and showed
that C19MC miRNAs limit ZIKV infection. We observed a reduction
in ZIKV infection in cells that were transiently transfected with
miRNAmimics from the C19MC. Additionally, the resistance to ZIKV
seen in ESC is lost in embryonic stem cells when they are differ-
entiated into an early trophoblast lineage. This increased vulnera-
bility correlates with a decline in miRNA expression ([14,25] and
Fig. 1B). These data suggest that term trophoblasts utilize a diverse
array of antiviral pathways to protect the placenta, and conse-
quently, the fetus, against ZIKV infection, but that very early in
pregnancy, when embryonic lineages are being specified, there is
likely a period of trophoblast vulnerability which ends when the
subsequent villous placenta emerges and begins to mature.

Our data also indicate that the two antiviral pathways are
distinct: we showed that C19MC miRNAs do not influence type III
IFN pathways, examined by the level of diverse ISGs, including
IFI44L, IFIT1, IFIT2, and OAS1 in U2OS cells. This is consistent with
our previous finding that C19MC mimics do not enhance the
expression of IFIT1 [11]. Likewise, recombinant IFN lambda-1 had



Fig. 4. IFN lambda-1 and C19MC miRNAs function independently to confer viral
resistance. (A) The level of the ISG IFIT1 was determined by RT-qPCR in U2OS cells
stably expressing the C19MC BAC compared to wild-type, non-transfected cells. Cells
were exposed to 10 ng of IFN lambda-1. (B) The level of the ISG OAS1 was determined
by RT-qPCR in U2OS cells exposed to microvesicles (MV), or exosomes (EX) with or
without the addition of IFN lambda-1 (10 ng). (C) U2OS cells exposed to PHT-derived
EX with or without the addition of IFN lambda-1 (10 ng) were infected with VSV at an
MOI of 1 for 5 h, and infection was determined by RT-qPCR. Infection level was
expressed relative to negative control non-conditioned medium. (DeE) Represent the
same experiments as in (C), but with C19MC mix (Fig. 1) replacing the EX in cells
infected by VSV (D) or ZIKV (E). Experiments were performed three independent
times. Differences were determined using ANOVA, with post hoc Bonferroni test. Data
are shown as mean ± SD. (*p < 0.05).
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no impact on C19MC miRNAs expression. Finally, we found no ev-
idence for functional synergy in the antiviral activity of IFN and
C19MC miRNA signals in non-trophoblastic cells. However, we did
observe an additive effect, supporting the hypothesis that the two
pathways operate independently of one another. While the precise
mechanism bywhich C19MCmiRNAs stimulate autophagy [11] and
exert antiviral action remains to be determined, our results strongly
suggest that the two antiviral pathways are independent of each
other.

Our results described here and in our previous publications
[11,12,23,24,26] shed light on pathways that may explain the rela-
tive resistance of villous trophoblasts to infection by ZIKV and other
viruses. Recently published histopathological analyses of placentas
from human pregnancies infected by ZIKV at different gestational
ages showed that ZIKV was localized mainly to Hofbauer cells and
other villous core cells [27e31], with some staining in the amnion
[32]. A relatively higher affinity to Hofbauer cells was found by
several groups using cultured placental cells [33,34]. The suscep-
tibility of human amniocytes to ZIKV infection was also shown by
using primary cell culture [35]. Other researchers infected
trophoblast cultures and placental explants and detected some
level of ZIKV in trophoblasts [36,37] yet with greater susceptibility
of first trimester cytotrophoblasts to ZIKV infection [35,38]. In a
mouse model reported by Miner et al., placental infection by ZIKV
was more prominent in the spongiotrophoblast than in cyto-
trophoblasts or syncytiotrophoblasts of the labyrinth layer, which,
in the mouse, forms the main interface with the maternal blood-
stream [4]. Infection in mouse trophoblasts and endothelial cells
has been documented by some researchers [39], but was found to
be less defined by others [6,40,41]. While our results, and infor-
mation published by others, suggest that human trophoblasts are
less permissive than other placental cell types to ZIKV infection,
definitive conclusions are hampered by insufficiently large studies
performed on human placentas infected in vivo, and a lack of sys-
tematic analyses of human and non-human primate placentas
infected following infection with a wider range of ZIKV strains and
performed at different stages of pregnancy. Importantly, the rela-
tive resistance of villous trophoblasts to ZIKV infection may not
prevent feto-placental infection that occurs via the fetal mem-
branes [35] and/or extravillous trophoblasts at the of the placental
anchoring villi [14].
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