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ABSTRACT Zika virus (ZIKV) has emerged as a cause of congenital brain anomalies
and a range of placenta-related abnormalities, highlighting the need to unveil the
modes of maternal-fetal transmission. The most likely route of vertical ZIKV transmis-
sion is via the placenta. The earliest events of ZIKV transmission in the maternal de-
cidua, representing the maternal uterine aspect of the chimeric placenta, have re-
mained unexplored. Here, we show that ZIKV replicates in first-trimester human
maternal-decidual tissues grown ex vivo as three-dimensional (3D) organ cultures. An
efficient viral spread in the decidual tissues was demonstrated by the rapid upsurge
and continued increase of tissue-associated ZIKV load and titers of infectious cell-
free virus progeny, released from the infected tissues. Notably, maternal decidual
tissues obtained at midgestation remained similarly susceptible to ZIKV, whereas
fetus-derived chorionic villi demonstrated reduced ZIKV replication with increas-
ing gestational age. A genome-wide transcriptome analysis revealed that ZIKV
substantially upregulated the decidual tissue innate immune responses. Further
comparison of the innate tissue response patterns following parallel infections with
ZIKV and human cytomegalovirus (HCMV) revealed that unlike HCMV, ZIKV did not
induce immune cell activation or trafficking responses in the maternal-fetal interface
but rather upregulated placental apoptosis and cell death molecular functions. The
data identify the maternal uterine aspect of the human placenta as a likely site of
ZIKV transmission to the fetus and further reveal distinct patterns of innate tissue re-
sponses to ZIKV. Our unique experimental model and findings could further serve to
study the initial stages of congenital ZIKV transmission and pathogenesis and evalu-
ate the effect of new therapeutic interventions.

IMPORTANCE In view of the rapid spread of the current ZIKV epidemic and the se-
vere manifestations of congenital ZIKV infection, it is crucial to learn the fundamen-
tal mechanisms of viral transmission from the mother to the fetus. Our studies of
ZIKV infection in the authentic tissues of the human maternal-fetal interface unveil a
route of transmission whereby virus originating from the mother could reach the fe-

February 2017 Volume 91 Issue 4 e01905-16 Journal of Virology

PATHOGENESIS AND IMMUNITY

l.)

Check for
updates

Received 21 September 2016 Accepted 1
December 2016

Accepted manuscript posted online 14
December 2016

Citation Weisblum Y, Oiknine-Djian E,
Vorontsov OM, Haimov-Kochman R, Zakay-
Rones Z, Meir K, Shveiky D, Elgavish S, Nevo Y,
Roseman M, Bronstein M, Stockheim D, From |,
Eisenberg |, Lewkowicz AA, Yagel S, Panet A,
Wolf DG. 2017. Zika virus infects early- and
midgestation human maternal decidual
tissues, inducing distinct innate tissue
responses in the maternal-fetal interface.
JVirol 91:e01905-16. https://doi.org/10.1128/
JVI.01905-16.

Editor Stanley Perlman, University of lowa

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.
Address correspondence to Dana G. Wolf,
dana.wolf@ekmd.huji.ac.l.

Y.W. and E.O.-D. contributed equally to this
work.

jviasm.org 1

d04d/dSN-seoaaloligig ap opmﬁalm ewsilsIS Aq /T0Z ‘22 1aquanoN uo /6J0'LUS'€'!/\[//:d11H wiol} paspeojumod


https://doi.org/10.1128/JVI.01905-16
https://doi.org/10.1128/JVI.01905-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:dana.wolf@ekmd.huji.ac.il
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01905-16&domain=pdf&date_stamp=2016-12-14
http://jvi.asm.org
http://jvi.asm.org/

Weisblum et al.

tal compartment via efficient replication within the maternal decidual aspect of the
placenta, coinhabited by maternal and fetal cells. The identified distinct placental tis-
sue innate immune responses and damage pathways could provide a mechanistic
basis for some of the placental developmental abnormalities associated with ZIKV in-
fection. The findings in the unique model of the human decidua should pave the
way to future studies examining the interaction of ZIKV with decidual immune cells
and to evaluation of therapeutic interventions aimed at the earliest stages of trans-
mission.

KEYWORDS congenital HCMV, congenital Zika virus, decidua, decidual innate
immune response, intrauterine transmission, organ culture, placenta

ika virus (ZIKV), a mosquito-borne flavivirus, has recently emerged as a cause of

severe birth defects (1, 2). Congenital ZIKV infection is associated with microceph-
aly and a range of neurological anomalies (2-6), as well as with placenta-related
abnormalities, including placental calcifications, intrauterine growth restriction (IUGR),
and fetal loss (2, 3, 5-11). Since its introduction into Brazil in 2015, ZIKV has been rapidly
spreading worldwide, highlighting the urgent need to unveil the mode(s) of maternal-
fetal transmission and develop preventive measures.

The developing fetal brain has been identified as the end-organ target for ZIKV
infection (10, 12-16), Yet, the mechanism of vertical transmission has remained largely
unknown. Whereas no other flavivirus has been definitively associated with birth
defects in humans, a similar range of congenital malformations is caused by human
cytomegalovirus (HCMV) (17), a leading cause of congenital infection (18-20). HCMV is
known to infect and injure the human placenta (19, 20), and it is likely that lessons
learned from studies of HCMV transplacental transmission would facilitate the under-
standing of congenital ZIKV infection.

ZIKV RNA and antigens have been detected in amniotic fluid and placental biopsy
specimens from cases of ZIKV-related fetal malformations and loss (2, 6, 21-23). These
findings, coupled with recent studies in mouse vertical ZIKV transmission models (13,
15, 24, 25) and in nonhuman primate models (26), suggest that the placenta is the most
likely route of ZIKV transmission to the fetus.

The human placenta is a chimeric organ, containing both maternal and fetal
structures: the maternal decidua—the specialized endometrium of pregnancy, consti-
tuting the uterine implantation site—and the fetus-derived chorionic villi (Fig. 1A) (20).
During normal placental development, invasive fetal cytotrophoblasts (CTBs), originat-
ing from anchoring chorionic villi, invade the maternal decidua, which constitutes a
unique multi-cell-type tissue, coinhabited by the invasive CTBs and maternal epithelial,
stromal, endothelial, and immune cells (Fig. 1). Importantly, the placenta is known to be
armed with physical and innate immune barriers against invading pathogens (20, 27),
and recent studies have revealed the importance of both systemic and local placental
innate immune responses in the defense against ZIKV (27-31).

Thus far, what has been experimentally learned about ZIKV infection of the human
placenta comes from studies in isolated primary placental cells, demonstrating the
susceptibility of placental macrophages (Hofbauer cells) and CTBs to ZIKV (1, 32, 33).
Importantly, a recent study showed that ZIKV replicates in an explant model of
first-trimester chorionic villi (32). Together, these studies have addressed crucial infec-
tion patterns at the fetal aspect of the placenta. Yet, it has remained unknown how ZIKV
spreads from the mother to the fetal compartment to reach these cells. Here, we
reasoned that the initial events of transmission could occur at the maternal decidua,
where invasive fetal CTBs are buried within a multitude of maternal cells. To gain
insight into these earliest events of viral tissue interplay within the authentic uterine
environment, we have employed ZIKV infection in decidual tissues maintained as
integral three-dimensional (3D) organ cultures. This ex vivo infection model has been
successfully employed by us for studies of HCMV transmission (20, 34). In the present
study, we show that ZIKV efficiently infects and spreads through both early- and
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FIG 1 Schematic presentation of the maternal-fetal interface, depicting potential ZIKV transmission routes. (A) Chimeric maternal-fetal interface: the
fetus-derived placental villi, composed of floating villi and anchoring villi, invading the maternal decidua. The solid and dashed squares mark a placental villus
and the maternal decidua, shown in detail in panels B and C, respectively. (B) Placental anchoring and floating villi, bathed in maternal blood within the
intervillous space. The surface of the villous tree is composed of a multinucleated syncytiotrophoblast cell layer, covering a subjacent layer of cytotrophoblasts.
The villous core contains stromal cells, Hofbauer cells, and fetal blood capillaries. Extravillous trophoblasts invade and anchor the placenta to the maternal
decidua. (C) Overview of the maternal decidua. Invasive extravillous trophoblasts, originating from anchoring villi (see also panel B), partially replace the resident
maternal endothelium and commingle with multiple types of maternal cells, including epithelial, decidual, endothelial, and immune cells: decidual NK cells,
macrophages, dendritic cells, and T cells. The enlarged insets in panels B and C depict potential routes of maternal-fetal viral transmission: from the maternal
blood via the placental villi (B) or through the maternal decidua (C) aspects.

midgestation human maternal decidual tissues. Employing parallel infections with ZIKV
and HCMV, we further identify distinctive virus-specific innate tissue response patterns
in the maternal-fetal interface.

RESULTS

ZIKV infects and spreads through early- and midgestation decidual tissues. To
evaluate the susceptibility of decidual tissues to ZIKV, first-trimester decidual tissues
were infected with ZIKV strain PRVABC59 (derived from the current epidemic). We have
already shown that these tissues remain viable and retain their natural histology for ~2
weeks under optimized growth conditions and that they are susceptible to HCMV
replication (34). Organ cultures of chorionic villus tissues obtained from the same
donors were infected in parallel. We monitored the kinetics of viral infection and
spread, first measuring the accumulation of viral RNA in the infected tissues by
quantitative real-time PCR. As shown in Fig. 2A, there was a rapid and consistent
increase in decidual tissue viral RNA over time, with an ~2-log increase measured over
7 days postinfection (dpi)—suggesting viral replication in the tissues. We next quanti-
fied the viral RNA and determined the titers of the infectious virus in the respective
cleared supernatants of the same infected tissues. As shown in Fig. 2B and C, there was
a surge in extracellular viral RNA, and increasing titers of infectious cell-free viral
progeny were consistently released from the infected decidual tissues. Together, these
findings revealed active ZIKV replication in the decidual cultures.

Similarly, and in agreement with a recent report (32), ZIKV replication was demon-
strated in first-trimester chorionic villi infected in parallel (Fig. 2A to Q).

There are separate African and Asian lineages of the virus (35), and the latter strain
has caused the current epidemic, associated with congenital infection and birth defects.
In comparative experiments examining parallel infections with strains PRVABC59 and
MP1751 (previously isolated in Africa), we found that the two ZIKV strains similarly
replicated in both the decidual and chorionic villus tissues (Fig. 2C).

In accordance with previously reported findings by us and by others, we showed
that the same tissues, infected in parallel, were susceptible to HCMV infection and
spread (Fig. 2D) (34, 36). There was a 1- to 1.6-log increase in viral DNA accumulation
in the tissues (Fig. 2D). It should be noted that the pattern of HCMV infection and
spread has been found to be highly consistent among hundreds of tissues which we
have studied so far and has been described in detail before (34). The kinetics and
pattern of infection and spread differed between ZIKV and HCMV, which may be due
to the much-shorter replication cycle of ZIKV and to the different modes of spread of
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FIG 2 ZIKV infection kinetics in maternal-decidual and fetus-derived chorionic villus organ cultures. Decidual and chorionic villus cultures were infected in
parallel with ZIKV or HCMV (5 X 10% PFU/well). (A, B, and E) Levels of ZIKV RNA, determined by quantitative RT-PCR, at the indicated times postinfection. The
levels of tissue-associated ZIKV RNA in infected tissues, normalized to B-actin, are shown in panels A and E. The copy number of extracellular ZIKV RNA measured
in the supernatants of the early-gestation-infected tissues is shown in panel B. (C) Infectious ZIKV progeny titers in the supernatants of the same infected tissues
at the indicated times postinfection, determined by a standard plaque assay. (D) Levels of HCMV DNA, normalized to RNase P, in tissues infected in parallel to
those in panel A. (E) Levels of tissue-associated ZIKV RNA following infection of tissues obtained at midgestation. (F) Comparison of normalized tissue-associated
ZIKV and HCMV genome copies following infection of tissues obtained at early gestation versus midgestation. The data shown are representative of 3
independent experiments. Each point represents the mean * SEM from 5 biological replicates. PR, ZIKV strain PRVABC59, isolated in Puerto Rico in 2015; AFR,

ZIKV strain MP1751, isolated in Uganda, Africa, in 1962.

the two viruses in the same tissues: following HCMV infection, individual HCMV-
infected cells were detected at 2 dpi, with gradual progression of infection between 3
and 7 dpi. In contrast with the cell-free pattern of ZIKV spread (as revealed by the large
amounts of released infectious virus [Fig. 2B and C]), HCMV demonstrated a dominant
cell-associated pattern of viral spread, and no infectious HCMV could be detected in the
supernatants of infected cultures even at late times postinfection.

Temporal patterns of ZIKV susceptibility in decidual and chorionic villus tis-
sues during gestation. While a strong temporal link of severe congenital abnormalities
with first-trimester infection was revealed (2, 37, 38), adverse pregnancy outcomes have
been reported following infection later during gestation (3, 5, 8). Having demonstrated
ZIKV infection in early-gestation tissues, we also examined the kinetics of ZIKV repli-
cation in decidual and chorionic villus tissues obtained at midgestation (weeks 19 to 21)
(Fig. 2E). Interestingly, we found that midgestation decidual tissues remained suscep-
tible to ZIKV replication, whereas midgestation chorionic villi (obtained from the same
donors and infected in parallel) demonstrated significantly reduced viral replication
(~2-log reduction) compared to the decidual tissues (P = 0.001) (Fig. 2E and F). This
finding was consistently observed in 3 tissues from independent donors and appeared
to be specific to ZIKV, as the susceptibility of the same tissues to HCMV was not altered
by the gestation stage (Fig. 2F). The combined results suggest the potential role of the
maternal decidua as an ongoing site of ZIKV transmission beyond early gestation.

We further evaluated the in situ distribution of infected cells (Fig. 3). Immunohisto-
chemical analysis of the infected tissue sections at 2 dpi revealed multiple newly
appearing ZIKV antigen-positive cells distributed throughout the decidual tissue sec-
tions. In the chorionic villus tissue sections, fetal CTBs (positive for cytokeratin 7) were
positive for ZIKV antigen (in agreement with reference 32), whereas the adjacent
superficial syncytiotrophoblast layer covering the chorionic villi was consistently neg-
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FIG 3 Immunohistochemistry analysis of ZIKV-infected maternal-decidual and chorionic villus tissues.
Decidual and chorionic villus organ cultures were mock infected or infected with ZIKV (5 X 104 PFU/well).
Sections were obtained at 2 days postinfection (dpi) and subjected to immunohistochemistry analysis for
ZIKV glycoprotein E (gE) and cytokeratin 7 (CK7; an epithelial/cytotrophoblast cell marker). Red indicates
positive antibody staining. The arrows point to the ZIKV E antigen- and CK7 antigen-positive cytotro-
phoblast cell layer in the corresponding panels of chorionic villi. Arrowheads point to the ZIKV E
antigen-negative superficial syncytiotrophoblast layer in placental villi. Bar, 20 um.

ative for ZIKV antigen. Control tissues infected for 1 h and then washed extensively
were negative for ZIKV E antigen staining, indicating that the observed staining at 2 dpi
is likely to reflect viral replication. Control infected tissue sections reacted with sec-
ondary antibodies only were negative by immunohistochemical staining.

ZIKV induces distinct innate immune responses in the maternal-fetal interface.
Having shown that ZIKV effectively replicates in the maternal and fetal facets of the
placenta, we proceeded to study the innate tissue responses to the virus. Analysis of the
innate response within the authentic environment of multicellular integral tissues
might closely recapitulate the tissue responses in vivo. We further compared the innate
tissue responses between ZIKV and HCMV, demonstrated to replicate in the same
tissues (see above) (Fig. 2) (34, 39). To this end, we performed a genome-wide
transcriptome analysis of infected versus mock-infected tissues (Fig. 4). Decidual and
chorionic villus tissues were infected in parallel by ZIKV and HCMV, using the same viral
inoculum titer, and the transcriptome analysis was conducted at 2 dpi. This time point
was chosen based on the observed rapid replication kinetics of ZIKV in these tissues,
showing peak viral replication at 2 dpi (Fig. 2), and on our recent demonstration that
while HCMV infection and spread are slower in the tissues (Fig. 2D and reference 34),
the innate immune response in the decidual tissue is already induced at early times
postinfection and reaches its peak at 24 to 48 h postinfection (39).

Decidual tissue innate responses. We found that infection with both ZIKV and
HCMV substantially dysregulated the gene expression profile in the decidual tissue (Fig.
4A). Despite the more robust replication of ZIKV observed in the tissue, ZIKV exerted a
relatively restricted decidual tissue response compared to HCMV (Fig. 4A and B). This
was reflected by the lower number of differentially expressed genes following ZIKV
infection (Fig. 4A and B), along with a lesser extent of gene upregulation, as measured
by the fold changes from mock-infected tissues (Fig. 4B), compared to the effect of
HCMV on the decidua. Interestingly, while the HCMV response (as revealed by gene
ontology analysis) was dominated by upregulation of immune cell activation, prolifer-
ation, and cell trafficking pathways, these pathways were not significantly altered by
ZIKV (Fig. 4C; see also Fig. ST in the supplemental material). Nonetheless, ZIKV signif-
icantly upregulated some innate immunity genes in the decidual tissue, in particular
genes related to the antiviral interferon signaling pathways (Fig. 4C and 5). Of note,
gamma interferon (IFN-vy), which was upregulated by ~78-fold following HCMV infec-
tion (increase from mock), was not affected by ZIKV (Fig. 5; also see Fig. S1 in the
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FIG 4 Decidual and chorionic villus tissue innate responses to ZIKV and HCMV infection. Decidual and chorionic villus organ cultures were mock infected or
infected in parallel with ZIKV or HCMV (5 X 10* PFU/well). At day 2 postinfection, RNA was extracted and subjected to transcriptome analysis. To account for
the potential donors’ tissue-to-tissue variability, decidual and chorionic villus tissues from the same donors were infected in parallel with ZIKV and HCMV. Two
pools (each representing a mixture of 5 independent donor tissues) for each experimental condition were used, together representing 10 tissues from different
individuals. (A) Number of overlapping and uniquely differentially expressed genes under the different indicated conditions. The numbers in parentheses
represent the total number of significantly differentially expressed genes under each of the indicated experimental conditions. The number in each cell represents the
number of significantly differentially expressed genes in the corresponding category. (B) Number of genes upregulated or downregulated under each indicated
condition shown in relation to the magnitude of the fold change from mock-infected tissue. (C and D) Molecular functions enriched under each condition. Ingenuity

pathway analysis was used to summarize the molecular functions most significantly changed in infected decidual (C) and placental villus (D) tissues.

supplemental material). The HCMV-mediated upregulation of IFN-y was similarly ob-
served in tissues from HCMV-seronegative and -seropositive donors (39). The absence
of IFN-y induction following ZIKV infection was further confirmed by quantitative
real-time reverse transcription-PCR (RT-PCR) (Fig. 6A) and implies that unlike HCMV,
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FIG 5 The interferon signaling pathway as differentially regulated by ZIKV and HCMV in maternal-decidual and fetus-derived chorionic villus tissues. Pathway
enrichment of differentially expressed genes (FDR of <0.1) in decidual tissue (A) and placental villus (B) was carried out with ingenuity pathway analysis (IPA).
Gene upregulation is depicted in shades of red, from white (not significantly changed, to dark red (highly upregulated).

ZIKV did not activate the decidual tissue immune cell response. In contrast, ZIKV
infection substantially induced the expression of type | and type Il IFNs, IFN-«, IFN-f3,
and IFN-A, in the decidual tissues (Fig. 6A). Heat maps representing cytokine and
chemokine expression levels in infected and mock-infected decidual tissues showed
the distinctive upregulation of cytokines, such as IFN-«, migration inhibition factor
(MIF), CXCL6, AIMP1, and leukemia inhibitory factor (LIF), by ZIKV, whereas HCMV
upregulated a wide array of different cytokines/chemokines, including (in addition to
the above-mentioned IFN-y), CXCL10 (IP10), CXCL9, tumor necrosis factor (TNF),
interleukin-6 (IL-6), IL-1B, and IL-15 (for detailed representation of the cytokines and
chemokines with the greatest expression variability, see Fig. S1A in the supplemental
material).

Chorionic villus tissue innate responses. Compared with the broad effect on the
decidual tissues, the impact of both viruses on the chorionic villus tissue transcriptome
was relatively restricted, as revealed by the much smaller number of differentially
regulated genes (Fig. 4A and B). Notably, ZIKV and HCMV induced divergent cytokines,
i.e, type | and type Ill IFNs were induced by ZIKV, whereas multiple other cytokines/
chemokines were specifically affected by HCMV (see Fig. S1B in the supplemental
material) along with divergent regulatory pathways in placental villi (Fig. 4A and D). In
fact, the differences between the innate responses to the two viruses were even more
pronounced in chorionic villus tissues than in the decidual tissues (Fig. 4A, C, and D).
Chorionic villus responses to ZIKV were distinctively enriched for apoptosis, cell death,
and necrosis molecular functions (the enriched gene transcripts related to these
functions included MUC1, SP110, PNPT1, EIF2AK2, IRF9, MX1, ISG15, ST00A4, IFIH1, IRF7,
GEM, GLS, PLSCR1, OAS1, DDX58, KRT17, USP18, IER3, HSH2D, DHX58, NT5C3A, and
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FIG 6 IFN expression in infected and mock-infected decidual and placental tissues. (A) Decidual and
placental cultures were infected in parallel with ZIKV or HCMV. RNA was extracted at 7 dpi, and the
indicated IFN mRNA levels were analyzed by quantitative RT-PCR and normalized by the housekeeping
gene B-actin. Results are shown as fold change from mock-infected tissues. The data shown are
representative of at least three independent experiments, each tested in 5 replicates. (B) RNA was
extracted at 7 days postculture from mock-infected organ cultures of decidual and placental tissues
obtained at early gestation or midgestation. The indicated IFN mRNA levels were analyzed by quanti-
tative RT-PCR and normalized by the housekeeping gene B-actin. Results are shown as averages from 3
different tissues obtained from different individuals.

IFI127), whereas HCMV-triggered responses were dominated by upregulation of leuko-
cyte migration, mobilization, and homing functions (Fig. 4D; also see Fig. S1B in the
supplemental material).

Temporal patterns of IFN expression in decidual and chorionic villus tissues
during gestation as related to ZIKV susceptibility. Having shown the significantly
reduced ZIKV replication in midgestation chorionic villus tissues compared with con-
currently obtained decidual tissues and with early-gestation tissues (Fig. 2E and F), we
further sought to examine whether differences in the tissue innate immune state
could be related to the differences in ZIKV susceptibility. We examined the expres-
sion of type |, type Il, and type Il IFNs in mock-infected decidual and chorionic villus
tissues obtained at early gestation and midgestation. As shown in Fig. 6B, while
there was an expected tissue-to-tissue variation among different donors, higher
expression levels of type | IFNs were found in midgestation chorionic villus tissues
than in midgestation decidual tissues (P = 0.004 for IFN-B; P = 0.068 for IFN-«) and
compared to early-gestation chorionic villus tissues (P = 0.003 for IFN-B; P = 0.018
for IFN-a). IFN-A mRNA levels were also found to be higher in midgestation
chorionic villi (Fig. 6B), and yet these differences did not reach statistical signifi-
cance. This inverse correlation between the levels of IFN expression and the
temporal pattern of ZIKV susceptibility suggests that the increased expression of
innate tissue antiviral factors during gestation could be related to the reduced ZIKV
susceptibility of midgestation chorionic villi.
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DISCUSSION

In light of the rapid spread of the current ZIKV epidemic and the severe manifes-
tations of congenital ZIKV infection, it is crucial to learn the mechanisms of viral
transmission through the maternal-fetal interface.

While extensive experimental data supporting transplacental transmission have
been recently obtained from mouse and nonhuman primate models (25, 26), from
studies in primary human placental cells (27, 33), and from an explant model of
first-trimester chorionic villi (32) (representing the fetal part of the human placenta), the
earliest events of ZIKV transmission in the maternal uterine environment have re-
mained unexplored. Our findings identify the human maternal decidua as a likely route
of vertical ZIKV transmission to the fetus.

Active viral replication in the decidual tissues was demonstrated by the rapid
upsurge and continued increase of tissue-associated ZIKV RNA load, along with the
production and release (to the medium) of large amounts of infectious progeny virus
from the infected decidual tissues. The rapid kinetics of ZIKV spread as demonstrated
in both the decidual and chorionic villus tissues differed from the slower kinetics of
HCMV infection in the same tissues (Fig. 2 and reference 34), a difference which may be
partly due to the much shorter replication cycle of ZIKV than of HCMV. In particular, the
efficient cell-free mode of spread of ZIKV contrasted with the predominant cell-to-cell
mode of spread of HCMV in the same tissues, revealed by the complete absence of
cell-free virus release (see also reference 34), and could have implications for the
potential effectiveness of antibody-mediated preventive approaches.

We show that ZIKV targets the fetal CTBs within first-trimester chorionic villi (positive
for ZIKV antigens and for cytokeratin 7 [Fig. 3]). This finding is in accordance with a
recent report which showed that ZIKV infects CTBs in first-trimester chorionic villi (32).
ZIKV replication has been also demonstrated in placental macrophages (Hofbauer cells)
within first-trimester chorionic villi (32), as well as in human primary amniotic epithelial
cells, trophoblast progenitor cells, placental fibroblasts, endothelial cells, Hofbauer cells,
and CTBs isolated from mid- and late-gestation placenta (5, 32, 33). Likewise, ZIKV was
found to infect trophoblasts of the maternal and fetal placenta along with placental
endothelial cells in a mouse transplacental transmission model (24). Importantly, we
also found that the superficial syncytiotrophoblast layer, covering the villous core and
directly contacting the maternal blood in the intervillous space (Fig. 1B), was consis-
tently spared from ZIKV infection (Fig. 3). This finding is in agreement with the lack of
ZIKV NS3 protein production in these cells, as reported by Tabata et al. (32). The
resistance of the syncytiotrophoblast cell layer to ZIKV infection could be related to the
recent finding that syncytialized trophoblasts from term placenta are refractory to ZIKV
infection due to their constitutive secretion of type Ill IFNs (27). It remains unclear how
ZIKV could bypass this placental barrier layer to access the subjacent fetal cells. In this
regard, the hereby-demonstrated viral replication in the maternal decidua, where fetal
cells directly interact with maternal cells, could represent at least one mechanism
whereby virus originating from the mother could circumvent innate placental defenses
(Fig. 1Q).

Routes of vertical transmission and their relative impact can vary with the gesta-
tional stage (5). While a compelling association of severe outcome with first-trimester
infection was identified (2, 37, 38), it is now realized that ZIKV can also infect and
damage the fetus later during gestation (3, 5, 8). Our finding that midgestation decidual
tissues remain susceptible to ZIKV replication, in contrast to the reduced susceptibility
of chorionic villi at this gestational stage (Fig. 2E and F), highlights the potential role of
the decidua as a site of ongoing ZIKV transmission beyond early gestation.

Given the central role of placental CTBs in anchoring and perfusion placental
functions (20), it is plausible that direct targeting of these cells by ZIKV would signifi-
cantly impair placental development and function (19). In addition to the deleterious
effects of direct infection per se, it is increasingly recognized that the innate tissue
responses to the virus can play a crucial role in the pathogenesis and outcome of
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congenital viral infections (29, 39-41). We therefore examined the global impact of ZIKV
on decidual and chorionic villus tissues, in comparison with HCMV, employing genome-
wide transcriptome analysis following parallel infection of the same tissues. In evalu-
ating the decidual tissue response, one should bear in mind that the maternal decidua
constitutes a specialized immunological site, geared to allow immune tolerance of the
semiallogeneic fetus (20), and that the immune-privileged environment in the decidua
is tightly controlled by the composition of its immune cell population, dominated by
decidual NK (dNK) cells (20, 42-44) (Fig. 1). While both ZIKV and HCMV generally
upregulated the decidual tissue antiviral innate immune responses and interferon
signaling pathway (Fig. 4 to 6; see also Fig. S1 in the supplemental material), HCMV
innate responses and the cytokine alteration profile were dominated by upregulation
of immune cell activation, proliferation, and trafficking pathways, pathways which were
not modified by ZIKV (Fig. 4C). Importantly, IFN-y, known to be exclusively expressed
by immune cells, was among the most upregulated genes in HCMV-infected decidual
tissues and was not affected by ZIKV (Fig. 5 and 6; also Fig. S1 in the supplemental
material), further implying that unlike HCMV, ZIKV does not appear to activate decidual
tissue immune cell response and trafficking. Conversely, ZIKV stimulated the expression
of type | and type Il IFNs, not remarkably affected by HCMV (Fig. 6A; also Fig. S1 in the
supplemental material). These differences further argue for the important role of IFNs
and interferon-stimulated genes (ISGs) rather than immune cell activation, in the early
responses to the rapidly replicating ZIKV within the maternal-fetal interface tissue.

In line with the divergent decidual tissue responses to the two viruses, chorionic
villus tissue response to ZIKV was distinctively enriched for apoptosis, cell death, and
necrosis molecular functions, whereas the HCMV-triggered responses were dominated
by upregulation of leukocyte migration, mobilization, and homing functions (Fig. 4D;
also Fig. ST in the supplemental material). The direct relation of these findings to clinical
pathogenesis should be further studied. In view of these findings, it is noteworthy that
the histopathology of naturally infected placenta in congenital HCMV cases is indeed
characterized by immune cell infiltration (40, 41), whereas limited pathological inves-
tigations of congenital ZIKV infection did not show increased inflammatory cell infil-
tration (23). Based on our findings, it is tempting to speculate that following HCMV
infection, innate immune responses may dysregulate the immunotolerance of the
maternal-fetal interface, whereas at least some of the adverse pregnancy outcomes
associated with ZIKV could be mediated by the virus-induced direct tissue damage
pathways.

In summary, we have shown that ZIKV efficiently replicates in decidual tissues,
identifying the maternal uterine aspect of the human placenta as a likely route of ZIKV
transmission to the fetus. The data further reveal distinct patterns of placental-tissue
innate immune responses to ZIKV and HCMV. Our unique ex vivo experimental model
and findings could further serve to study the initial stages of transmission and patho-
genesis of congenital ZIKV infection and evaluate the effect of new therapeutic
interventions in the otherwise inaccessible human maternal-fetal interface.

MATERIALS AND METHODS

Cells and viruses. Vero cells (obtained from the American Type Culture Collection) were used for
ZIKV propagation. Cells were infected with ZIKV strain PRVABC59, a low-passage-number, sequence-
verified strain isolated from an infected patient in Puerto Rico in December 2015 (5) (generously provided
by S. Lanciotti, U.S. Centers for Disease Control and Prevention), or with ZIKV strain MP1751, isolated from
Aedes africanus mosquitoes captured in the Zika Forest, Uganda, in November 1962 (45) (purchased from
Public Health England), at a multiplicity of infection (MOI) of 0.01. At 2 days postinfection (dpi),
supernatants were collected, centrifuged to remove cellular debris, and frozen at —80°C. Virus titers were
determined by a standard plaque assay. Primary human foreskin fibroblasts (HFF; provided by A. Lifshitz,
Hadassah Medical Center Clinical Virology Laboratory) were used for HCMV propagation (34). The HCMV
strain used was TB40/E expressing IE2-fused enhanced yellow fluorescent protein (EYFP) (strain RV1164;
generously provided by M. Winkler, Germany [34]). All cell lines have been tested for mycoplasma
contamination.

Preparation and infection of decidual and chorionic villus organ cultures. Decidual and chori-
onic villus organ cultures were prepared as previously described (34). In brief, decidual and chorionic
villus tissues, obtained from women undergoing first-trimester elective pregnancy terminations, were
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kept on ice until sectioning, washed with phosphate-buffered saline (PBS), sectioned by a microtome into
thin slices, and incubated in decidual medium: Dulbecco’s modified Eagle’s medium (DMEM) with 25%
Ham’s F-12 medium, 10% fetal bovine serum, 5 mM HEPES, 2 mM glutamine, 100 IU/ml penicillin, 100
ng/ml streptomycin, and 0.25 ug/ml amphotericin B (Biological Industries), at 37°C with 5% CO,. Tissue
viability was monitored as described previously (34). For infection of organ cultures, the tissues were
placed in 48-well plates and inoculated with the indicated virus (5 X 10* PFU/well) for 12 h, for optimized
viral adsorption. Following viral adsorption, the cultures were washed extensively and further incubated
for the duration of the experiment, with medium replacement every 2 to 3 days.

Immunohistochemistry analysis. Mock- and ZIKV-infected decidual and chorionic villus tissues
were formaldehyde fixed, paraffin embedded, and sectioned (5-um thickness). Sections were placed in
0.01 M citrate buffer, warmed in a pressure cooker to 110°C for 5 min, and cooled to room temperature,
followed by incubation with primary mouse monoclonal antibodies (MAbs) to flavivirus glycoprotein E
(E; clone D1-4G2-4-15; Millipore) and rabbit monoclonal antibody to the epithelial/cytotrophoblast cell
marker cytokeratin 7 (CK7; clone EPR1619Y; Abcam) diluted in CAS-Block (Zymed Laboratories) or with
CAS-Block containing no primary antibody to serve as a negative control. Sections were then washed and
incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse or anti-rabbit secondary
antibodies (Biocare Medical). The sections were washed again, and the antigens were detected by the
HRP substrate 3-amino-9-ethylcarbazole (AEC; Sigma), followed by counterstaining with hematoxylin.

RNA and DNA purification and quantification. Infected and mock-infected decidual and chorionic
villus tissues were washed and stored at —80°C until assayed. DNA-free RNA was extracted (NucleoSpin
RNA isolation kit; Macherey-Nagel) and subjected to reverse transcription (GoScript; Promega), followed
by quantitative real-time PCR (7900HT; Applied Biosystems). ZIKV oligonucleotide sequences were as
follows: forward, 5" CCACTAACGTTCTTTTGCAGACAT 3’; reverse, 5" CCGCTGCCCAACACAAG 3’; probe, 5’
6-FAM (carboxyfluorescein)/AG CCT ACC T/ZEN/T GAC AAG CAG TCA GAC ACT CAA/3’" IABKFQ (35).
B-Actin oligonucleotide sequences were as follows: forward, 5' CCTGGCACCCAGCACAAT 3’; reverse, 5’
GCCGATCCACACGGAGTACT 3’; probe, 5" 6-FAM/AT CAA GAT C/ZEN/A TTG CTC CTC CTG AGC GC/3’
IABKFQ. Interferon (IFN) oligonucleotide sequences were as follows: IFN-«, forward, 5" GGCTGTGAGGA
AATACTTCCAAAGAA 3’; reverse, 5" GATCTCATGATTTCTGCTCTGACAAC 3’; IFN-B, forward, 5" TGGGAGG
CTTGAATACTGCCTCAA 3’; reverse, 5" TGCGGCGTCCTCCTTCTGGA 3'; IFN-v, forward, 5" GCAACAAAAAG
AAACGAGATGACTTCG 3’; reverse, 5" TGAGTTCATGTATTGCTTTGCGTTG 3'; IFN-A1, forward, 5" CGCCTTG
GAAGAGTCACTCA 3’; reverse, 5" GAAGCCTCAGGTCCCAATTC 3'; IFN-A2, forward, 5" ACATAGCCCAGTTC
AAGTC 3'; reverse, 5" GACTCTTCTAAGGCATCTTTG 3’ (27, 39).

DNA was extracted using the NucleoSpin tissue kit (Macherey-Nagel) and quantified as previously
described (34).

cDNA library preparation, deep sequencing, and bioinformatics analysis. Transcriptome libraries
were prepared using the lllumina TruSeq RNA library preparation kit (Illumina RS-122-2001), according to
the manufacturer’'s recommended protocol, starting with around 450 ng of total RNA. The amplified
indexed libraries were quantified using an Invitrogen Qubit fluorometer and equally pooled according to
pool design. Pooled libraries were run on a 4% agarose gel, and DNA around 270 bp (the length of RNA
inserts plus the 3’ and 5’ adapters) was size selected and recovered in 15 ul elution buffer (Qiagen).
Size-selected libraries were then quantified again using the Qubit fluorometer. Size was verified using the
High Sensitive DNA gels on an Agilent 2200 TapeStation instrument. Libraries were sequenced on a
NextSeq 500 instrument using the NextSeq 500 High-Output V2 sequencing kit (FC-404-2005), in a
single-end configuration, reading 75 bases.

Raw reads were quality trimmed at both ends, using in-house Perl scripts, with a quality threshold of 32.
Adapter sequences were removed using Cutadapt (46) (version 1.7.1; https://cutadapt.readthedocs.org/en/
stable/). The remaining reads were further filtered to remove low-quality reads, using the fastq_quality_filter
program of the FASTX package (version 0.0.14; http://hannonlab.cshl.edu/fastx_toolkit/), with a quality
threshold of 20 in at least 90% of the read’s positions. The processed fastq files were mapped to the
human genome GRCh38 using TopHat (47) (v2.0.14), with Ensembl release 78 annotations. Quantification
of raw counts per gene was done with the Cufflinks package (48, 49) (v2.2.1), using the cuffquant and
cuffnorm programs. Normalization and differential expression were done with the DESeq2 package (50)
(version 1.6.3) of the Bioconductor project separately for each tissue. Quality control assays were
performed to ensure that the data meet the assumptions of the statistical tests and to assess the inter-
and intraconditional group variations. Genes with a total of less than 2 counts in all samples were filtered
out prior to normalization. Differential expression was run with default parameters, where the signifi-
cance threshold for a gene was set to a P, of <0.1.

Differential expression results were visualized in R (version 3.1.1, using the packages Venn-
Diagram_1.6.16" and pheatmap_1.0.8") (51). Pathway and molecular function and disease enrichment
analysis of the significantly differentially expressed genes (false discovery rate [FDR] of <0.1) was carried
out using Qiagen’s ingenuity pathway analysis (IPA; Qiagen, Redwood City, CA).

Statistical analysis. All data (means * standard errors of the means [SEM]) were analyzed using
unpaired, two-tailed t tests for comparisons between two groups; P values of <0.05 were considered
significant. Statistical analysis of the transcriptome data was done as described in the Fig. 4 legend.

Ethics statement. The study was approved by the Hadassah Medical Center Institutional Review
Board (0138-08-HMO) and performed according to the Declaration of Helsinki, Good Clinical Practice
guidelines, and the Human-Experimentation Guidelines of the Israeli Ministry of Health. All participants
signed written informed consent.
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