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Zika Virus Replicates in Proliferating Cells in Explants
From First-Trimester Human Placentas, Potential Sites for
Dissemination of Infection
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Background. Maternal Zika virus (ZIKV) infection with prolonged viremia leads to fetal infection and congenital Zika syn-
drome. Previously, we reported that ZIKV infects primary cells from human placentas and fetal membranes. Here, we studied viral
replication in numerous explants of anchoring villi and basal decidua from first-trimester human placentas and midgestation amni-
otic epithelial cells (AmEpCs).

Methods. Explants and AmEpCs were infected with American and African ZIKV strains at low multiplicities, and ZIKV pro-
teins were visualized by immunofluorescence. Titers of infectious progeny, cell proliferation, and invasiveness were quantified.

Results.  In anchoring villus, ZIKV replicated reproducibly in proliferating cytotrophoblasts in proximal cell columns, divid-
ing Hotbauer cells in villus cores, and invasive cytotrophoblasts, but frequencies differed. Cytotrophoblasts in explants infected by
Nicaraguan strains were invasive, whereas those infected by prototype MR766 largely remained in cell columns, and titers varied
by donor and strain. In basal decidua, ZIKV replicated in glandular epithelium, decidual cells, and immune cells. ZIKV-infected

AmEpCs frequently occurred in pairs and expressed Ki67 and phosphohistone H3, indicating replication in dividing cells.

Conclusions.

ZIKV infection in early pregnancy could target proliferating cell column cytotrophoblasts and Hofbauer cells,

amplifying infection in basal decidua and chorionic villi and enabling transplacental transmission.
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Zika virus (ZIKV) is a mosquito-borne flavivirus responsible
for the 2015-2017 pandemic in the Americas. ZIKV infec-
tion during pregnancy is associated with devastating birth
defects designated congenital Zika syndrome (CZS), which
includes microcephaly, neurological impairment, cerebral
calcification, and retinal damage [1-5]. Over 2700 CZS cases
have been reported in 207 000 confirmed maternal infections
(incidence 1.3%) during ZIKV epidemics in the Americas in
2015-2017 [6]. ZIKV RNA has been found in the brain, pla-
centa, and amniotic fluid of infected babies and in maternal
blood for prolonged periods in cases of congenital infection
[3, 7, 8]. ZIKV was first isolated in 1947 in an African for-
est but epidemics in the South Pacific and the Americas that
caused human disease were first reported in 2007 and 2015,
respectively, and may be associated with adaptations to the
human host [9, 10].
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How ZIKYV crosses the placental barrier and reaches the fetus
is unknown. We reported that the African prototype ZIKV
strain MR766 and American strains from Nicaragua (Nical-16
and Nica2-16) infect primary cells isolated from human placen-
tas and amniochorionic membranes and replicate in anchoring
villus explants producing infectious progeny [11]. In addition,
human T-cell immunoglobulin and mucin-domain containing
protein 1 (TIM1), uniformly detected in human placentas, func-
tions as a membrane cofactor for ZIKV infection. We found that
infected villus explants express the ZIKV nonstructural protein
3 (NS3) and envelope protein (E) in cytotrophoblasts (CTBs)
of proximal cell columns and in Hofbauer cells (fetal macro-
phages) in the villus core, but overlying syncytiotrophoblasts
(STBs) are not infected. These results suggest that ZIKV spreads
from maternal circulation to basal decidua and chorionic villi in
the interstitial blood space and to amniochorionic membranes
in contact with parietal decidua [11].

Trophoblasts, important targets of ZIKV infection in human
placentas, differentiate by fusing into STBs or remain single
CTBs that invade the uterine wall and vasculature, thereby
anchoring the placenta to the uterus and accessing the mater-
nal blood supply. At the tips of chorionic villi, CTBs proliferate
forming proximal cell columns that are suspended in the mater-
nal blood space [12, 13]. In distal columns, CTBs differentiate
into an endothelial phenotype, invade decidua, and remodel
uterine blood vessels. To facilitate these functions, CTBs
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upregulate key integrins alp1 and avp3, secrete matrix metallo-
proteinase MMP-9, and express MHC class I molecule HLA-G
[14-16]. Throughout development, placentas form branching
villi from proliferating CTB sprouts that increase in size by infil-
tration of mesenchymal cells and vascularization [17].

Here, we analyzed ZIKV replication in explants of chori-
onic villus, basal decidua, and midgestation amniotic epi-
thelial cells (AmEpCs) at low multiplicities of infection to
simulate natural levels of viremia during pregnancy [18].
ZIKV proteins were detected in cell column and invasive
CTBs and Hofbauer cells in villus cores, and virus replicated
in glandular epithelium, decidual cells, and immune cells in
basal decidua. Analysis of anchoring villus explants indicated
that CTBs infected with the Nicaraguan ZIKV strains differ-
entiated and invaded the extracellular matrix, whereas cells
infected with the prototype Uganda strain MR766 were largely
impaired in invasion. Detection of infection by African and
American strains in paired neighbor cells and costaining for
markers of cell proliferation showed that infected cells con-
tinue to divide. Our results suggest that ZIKV replication
in basal decidua and chorionic villi could lead to prolonged
infection and increase the viral load in the maternal blood
space, contributing to transplacental transmission in the first
trimester of gestation.

MATERIALS AND METHODS

ZIKV Strains and Infection

Prototype (Uganda 1947, MR766; resequenced, GenBank
accession KX421193), Dakar41519 isolated in 1984 from mos-
quitoes in Senegal, and Puerto Rico PRVABC59 strains were
a gift from Michael S. Diamond (Washington University, St.
Louis). Nical-16 and Nica2-16 (GenBank accession KX421195
and KX421194) were isolated from ZIKV-infected patients
(National Virology Laboratory, Ministry of Health, Managua,
Nicaragua), propagated in C6/36 cells and used at low passage
[11]. Cell-free supernatants were harvested 3 days postinfection
(dpi) and stored at —80°C.

Infection of Placental Villus and Decidua Explants

The Institutional Review Board of the University of California
San Francisco approved this study. Anchoring villi were pre-
pared from placentas (1 at 7.5 weeks, 2 at 8 weeks, 2 at 10 weeks,
and 2 at 11 weeks’ gestation) and attached basal decidua (8 and
11 weeks gestation) from elective terminations (Advanced
Bioscience Resources). Chorionic villi were isolated and cul-
tured on Millicel-CM inserts (0.4 um pore size, 12 mm,
Millipore) coated with Matrigel [11]. Twenty hours after attach-
ment, explants were rinsed with fresh medium, infected with
ZIKV MR766, Nical-16, or Nica2-16 (5 x 10* focus forming
units [FFU]/explant) overnight and maintained for 3 days
[11, 19]. Four decidua explants (approximately 2-4 mm) were
plated on Matrigel-coated inserts (30 mm) and cultured in

96.5% Dulbecco's Modified Eagle's Medium (DME) H-21 with
2.5% fetal bovine serum (FBS).

Amniotic Epithelial Cell Isolation, Culture, and Infection

Primary AmEpCs were isolated from membranes at 19.4 and
21.2 weeks’ gestational age and cultured as published [11, 20].
ARPE-19 cells were grown in DMEM (Gibco) supplemented
with 10% FBS. AmEpCs (passage 1) were infected with MR766,
Nical-16, Nica2-16, Dakar41519, and PRVABC59 at multiplic-
ities of infection (MOI) of 0.003-0.03.

Antibodies and Reagents

Commercial antibodies were: rabbit polyclonal anti-TIM1
and anti-Ki67, and mouse monoclonal anti-Ki67 (Abcam);
anti-CD68 and cytokeratin 7 mouse mAb (Dako); rabbit poly-
clonal anti-ZIKV proteins (E) (GeneTex); and rabbit monoclo-
nal antiphosphohistone H3 (Ser10) (Cell Signaling Technology).
Rat anti-human cytokeratin mAb (clone 7D3) reactive with tro-
phoblasts was a gift from Susan Fisher (University of California
San Francisco) [21]. Anti-DENV nonstructural protein 3
(NS3) mAb E1D8 was generated by the Harris laboratory [22].
Antienvelope (E) mAb 4G2 was obtained from the American
Type Culture Collection.

ZIKV Titration
Titers were determined by immunofluorescence-based focus-
forming assay in ARPE-19 cells [11] using mAb 4G2 [23].

Immunofluorescence Staining

Cells or tissue sections were incubated with primary anti-
bodies and secondary antibodies labeled with fluorescein
isothiocyanate (FITC), rhodamine red-X (RRX), or Cy5
(Jackson ImmunoResearch). Nuclei were counterstained with
4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories).
Images were obtained using a Nikon Eclipse 50i microscope
with a SPOT 7.4 Slider camera (Diagnostic Instruments) con-
trolled by Spot advanced software or using a Leica DMi8 micro-
scope with a Leica DFC9000GT camera controlled by Leica
Application Suite X software.

RESULTS

ZIKV Replicates at Consistent Sites in Explants of First-Trimester
Placentas

In an anchoring villus explant grown on Matrigel, villus cores are
surrounded by CTBs in cell columns and outgrowths of invasive
cells (Figure 1Ai). The diagram illustrates villus architecture, direc-
tion of CTB migration from the cell column, and how sectioning
planes capture villus cores, proximal cell columns, and invasive
CTBs (Figure 1Aii). Sections immunostained for cytokeratin 7
(CK), expressed by CTBs, shows villus cores and proliferating
CTBs in proximal cell columns, a branching villus, and zones of
invasive CTBs surrounding cell columns (Figure 1B). To identify
ZIKV-infected cells, explants were infected with Nica2-16, fixed
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Anchoring villus explant model of ZIKV infection in first-trimester human placentas. Aj, Explant of an anchoring chorionic villus at 4 days after attachment and

3 days postinfection (dpi). Virus inoculum was added 24 hours after explants were dissected and plated on Matrigel, an extracellular matrix of laminin and collagen, and
removed 24 hours later. White rectangle indicates an area of active cytotrophoblast (CTB) invasion corresponding to immunostained section in (C). Aji, Diagram of anchoring
chorionic villus explant plated on Matrigel-coated Transwell filter 34 days after plating with extensive CTB invasion. Explants were embedded, frozen, and sectioned in the
planes indicated. B, Villus explant sections immunostained for the CTB marker cytokeratin 7 (CK) identifying cell columns (CC) and invasive CTBs. C, Anchoring villus section
immunostained for ZIKV E protein and CK at 3 dpi. Dashed circle indicates a focus of infection in a cell column, where CTBs proliferate. Scale bars = 100 pm. Explants in panels

(A) and (C) were from placenta #1 (8 weeks' gestation).

at 3 dpi and immunostained for ZIKV E and NS3. A section of
a villus explant shows a focal site of infected CTBs proximal to
the villus core and a broad zone of invasive CTBs (Figure 1C).
In the invasion zone, approximately 25% of CTBs were infected
and intermingled with uninfected CK-positive cells. These results
show that Nica2-16-infected CTBs differentiate and invade
together with uninfected cells.

Figure 2 illustrates the 3 sites of ZIKV infection consistently
observed in anchoring villi (n = 180) from 6 first-trimester

placentas: CTBs in proximal columns of proliferating cells, CTBs
within zones of differentiating/invasive cells, and Hofbauer
cells, often as pairs, in villus cores. At the first site, a focus of
ZIKV MR766 infection contained 5 pairs of infected CTBs in
a proximal cell column at 3 dpi (Figure 2Aij; enlargement in
Figure 2Ci), and a Nical-16-infected villus contained 3 pairs
of infected CTBs in a proximal cell column at 1 dpi (Figure
2Aii). At the second site, shown in a Nica2-16-infected villus,
CTBs were detected in a zone of differentiating/invasive cells at
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Figure 2. Consistent sites of ZIKV infection in anchoring villus explants. A, Villus explants infected with MR766 (i), Nica1-16 (i), or Nica2-16 (iii, iv) and immunostained
for cytokeratin 7 (CK) and ZIKV E protein at 1 or 3 days postinfection (dpi). Typical images of infected cells selected from n =180 villi from 6 placentas. B, Nica1-16—infected
explants immunostained for CK and CD68 (1), ZIKV NS3 (iiand iv), or E protein (ii). Ci, Magnification of cell column (CC) area from (A) (dashed square). Cii—iv, MR766-infected
villus explants immunostained for NS3 and Ki67. Dj, ii, Nica1-16—infected villus explant immunostained for CK and NS3. Diii, iv, Uninfected villus explants immunostained
for CK, phosphohistone H3 (PH3), and either Ki67 (/i) or CD68 (iv). Dashed circles indicate cells in M phase based on PH3 signal. Yellow circles in all panels indicate pairs of
infected cells (Aii, Ci, Civ, Dii) or proliferating cells (Diii). Except as indicated in (Biii), scale bars = 100 pm. Abbreviation: VC, villus core.

3 dpi, intermingled with CK-positive uninfected cells (Figure the third site of infection, Hofbauer cells expressing NS3 and E
2Aiii,iv). However, in an MR766-infected villi, infected CTBs were observed in cores of Nical-16-infected villi (Figure 2B, ii),
in cell columns failed to become invasive (Figure 2Ci-iv). At small branching villi (Figure 2Biii), and sprouts (Figure 2Biv).
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Next, we showed that ZIKV-infected cells proliferate by immu-
nostaining phosphohistone 3 (PH3), indicating M phase, and
Ki67, indicating active proliferation. In proximal cell columns,
MR766-infected CTBs were found in pairs (Figure 2Ci), suggest-
ing they arose from division of single infected cells. Also, pairs
of NS3-expressing cells occurred in areas with Ki67-positive cells
and often continued to express Ki67 (Figure 2Cii-iv). Likewise,
3 pairs of dividing NS3-expressing Hofbauer cells were found in
the villus core of a Nical-16-infected explant (Figure 2Dj,ii). The
configurations of infected CTBs in proximal cell columns and
Hofbauer cells in villus cores resembled those of proliferating
cells in control explants. CTBs expressing PH3 were found among
many Ki67-positive cells in a proximal column (Figure 2Diii),
and PH3-positive CTBs and nearby Hofbauer cells were present
in adjacent villi (Figure 2Div). A survey of 7 MR766- and Nica-
infected explants showed that 14 pairs of infected CTBs were in
proximal cell columns and 5 pairs still expressed Ki67 at 3 dpi.
Although far fewer Nica2-16-infected CTBs were found in prox-
imal cell columns, these occurred in pairs at 1 dpi (Figure 2Aii);
however, the villi contained predominately invasive infected
CTBs at 3 dpi (Figure 2Aiii,iv). Together, these results showed
that both ZIKV strains replicate in proliferating CTBs in prox-
imal cell columns and Hofbauer cells in villus cores, but that
Nicaraguan strains also replicate in invasive CTBs.

We then infected anchoring villi alongside floating villi,
which mostly lack cell columns and invasive CTBs. Analysis of
45 floating villi from placenta 5 indicated that only occasional
truncated cell columns developed, proliferating CTBs were
rare, and few were infected (Figure 3Aj,ii). When Hofbauer
cells were infected, single cells or pairs were found near breaks
in surface STBs (Figure 3Aiii,iv). In contrast, anchoring villi
contained invasive CTBs expressing E protein alongside many
uninfected CK-positive CTBs (Figure 3Bi) and a pair of infected
Hofbauer cells near proliferating CTBs in proximal cell columns
(Figure 3Bii). Further, we found that Nica-2-16-infected float-
ing villi produced low titers, averaging 40-60 FFU/mL, whereas
titers from anchoring villi from placenta 5 were considerably
higher (Supplementary Figure S1). These results confirmed that
the Nicaraguan ZIKV strains replicate in cell-column CTBs and
invasive CTBs and suggests that the low virus output from float-
ing villus explants is due to the absence of these target cells.

To determine whether the adjacent basal decidua could serve
as a source of infectious ZIKV released into the maternal blood
space, decidua explants were infected with Nicaraguan strains
and prototype MR766. Glandular epithelia were most fre-
quently infected and expressed ZIKV E protein, which was also
detected in flanking decidual and dendritic cells (Figure 4Di-v).
Titration of infectious progeny showed that Nicaraguan ZIKV
strains produced higher virus titers than MR766-infected
decidua (Supplementary Figure S1).

Table 1 summarizes the sites of infection in 355 sections
of anchoring villi representing 180 villi from 6 first-trimester

infected placentas. We observed infected cells expressing ZIKV
E or NS3 proteins in: (1) proliferating CTBs in proximal cell
columns (Nica [12%] vs MR766 [39%]); (2) zones of differen-
tiating/invasive CTBs (Nica [55%] vs MR766 [7%]); and (3)
Hofbauer cells in villus cores (Nica [37%] vs MR766 [24%]).
The frequencies of infection depended primarily on the ZIKV
strain. Nical-16-infected villi from placentas 1, 3, and 4 con-
tained infected invasive CTBs in 89%, 50%, and 67%, respec-
tively, and produced the highest titers (Supplementary Table
S1). In MR766-infected explants, cell columns were most fre-
quently infected (39%) but not invasive CTBs (7%). Hence, pla-
centas 6 and 7, which contained few villi with infected invasive
CTBs, produced lower virus titers (Supplementary Figure S1).
Hofbauer cell infection was more frequent in Nica-infected
(37%) than MR766-infected (24%) villi, and was higher in pla-
centas 3, 4, and 5, which were collected close to the end of first
trimester, when Hofbauer cell density increases [24]. Notably,
Hofbauer cell infection was independent of nearby CTB infec-
tion, suggesting that virus spread does not require cell-cell
contact (Figure 2Bi-iv, Di,ii). Together, these results show
consistent sites of ZIKV replication in proliferating CTBs and
Hofbauer cells in villus cores and zones of invasive CTBs, with
frequencies that vary by strain and gestational age. Moreover,
ZIKV replicates in basal decidua, targeting glandular epithe-
lium and decidual cells, suggesting that the adjacent decidua
could amplify the viral load.

Nica-Infected CTBs Differentiate/Invade But Cells Infected With MR766
Prototype ZIKV Are Impaired

Table 1 indicated differences in the ability of MR766- and Nica-
infected CTBs to become invasive cells. Detailed comparison
of CTBs in MR766-infected villi showed that few infected
CTBs left the proximal cell columns to invade the extracellu-
lar matrix, although many uninfected CK-positive CTBs were
invasive (Figure 5Aj,ii). However, in Nica-infected villi, many
E- and NS3-expressing CTBs invaded alongside uninfected cells
(Figure 1C, Figure 5Aiii,iv). Scale bars of 100 um (Figure 5A4,ii)
and 400 um (Figure 5Aiii,iv) for the MR766- and Nical-16-
infected villi, respectively, indicate significantly greater average
invasion distance by the Nical-16-infected cells. We then mea-
sured invasion distances for all infected cells in 30 anchoring
villi (15 each for Nica and MR766) and calculated an average
migration distance (Figure 5B). The average of all invasion dis-
tances for Nica-infected CTBs was 350 pm and MR766-infected
CTBs was 60 um, indicating that Nica-infected cells were 6
times more invasive. Only 4 Nica-infected CTBs failed to leave
cell columns, but as many as 83 MR766-infected CTBs did not
invade (Figure 5B, circled numbers). Occasionally, infected
CTBs fragmented at short distances from villus cores, but dif-
ferences between strains were not significant (not shown).
These data show that CTBs infected with Nicaraguan strains
differentiate and invade side-by-side with uninfected cells;

1206 « JID 2018:217 (15 April) « Tabata et al



however, these functions are impaired in CTBs infected with
strain MR766.

Proliferating Amniotic Epithelial Cells Are Infected With American and
African ZIKV Strains

Next, we determined whether ZIKV replicates in proliferat-
ing AmEpCs isolated from fetal membranes, as suggested by
the patterns of PH3-positive cells and Ki67-positive infected
CTBs and Hofbauer cells in anchoring villi. Many pairs and
triplets of Nical-16-infected AmEpCs expressed both NS3
and Ki67 (Figure 4Ai) or PH3 (Figure 4Aii), indicating that
the infected cells divided. Likewise, MR766-infected AmEpCs
showed a similar configuration of PH3-positive infected cells
(Figure 4Aiii). To determine whether other ZIKV strains behave

similarly, AmEpCs were also infected with the African ZIKV
strain Dakar41519 (hereafter called Dakar) (Figure 4Bi,ii),
and PRVABC59, a contemporary American ZIKV strain
from Puerto Rico (Figure 4Biii,iv). NS3 protein was detected
in infected AmEpCs that also express PH3, indicating that
the infected cells enter mitosis. We then determined whether
TIM1, which serves as a cofactor for ZIKV infection [11],
was expressed in proliferating AmEpCs. TIM1 was intensely
stained in the plasma membranes and cytoplasm of uninfected
cells, in pairs of mitotic cells and in Nical-16-infected cells
(Figure 4Ci,ii).

To quantify the contribution of proliferating infected
cells to overall ZIKV infection, we counted pairs and larger
foci expressing E and NS3 in midgestation AmEpCs at 1 dpi

Floating Villi

Nica2-16

Nica2-16

Nica2-16

Nica2-16

Anchoring Villi

CC

Figure 3. ZIKV infects Hofbauer cells and few CTBs in floating villus explants. Sections of floating (A) and anchoring villus explants from placenta 5 (B) infected with
Nica2-16 or MR766 and immunostained for cytokeratin (CK) and ZIKV NS3 and E. Aj, /i, Nica2-16—infected cytotrophoblasts (CTBs, arrows) at a site of proliferation and (Aiii,
iv) Nica2-16—infected Hofbauer cells (arrowheads) in villus cores (VC). B, Nica2-16—infected CTBs in a zone of invasive CTBs (dashed circles) in anchoring villi and (/1) MR766-
infected Hofbauer cells (arrowheads) in villus core near a cell column (CC). Scale bars = 200 pm (A), 50 um (Aii), and 100 pm (Aiii, Aiv, and B).
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Figure 4.  ZIKV replicates in midgestation amniotic epithelial cells that divide and glandular epithelium in basal decidua. A, Primary midgestation amniotic epithelial cells
(AmEpCs) infected with Nica1-16 or MR766 and immunostained for ZIKV NS3 and either Ki67 (/) or phosphohistone H3 (PH3; /i, /i) at 1 day postinfection (dpi). Magnified
images show infected cell pairs. B, Dakar- and PRVABC59-infected AmEpCs immunostained for NS3 and PH3. C, Nica1-16—infected AmEpCs immunostained for ZIKV E and
TIM1 at 1 dpi showing infected cell pairs (magnified images). [, First-trimester basal decidua explants (n = 2) infected with Nica strains or MR766 and immunostained for
cytokeratin (CK) and ZIKV E protein at 3 dpi. Diiv, E protein detected in infected glandular epithelial cells immunostained for CK, and flanking stromal decidual cells. Yellow
circles indicate infected glandular epithelial cells (/~iv) and dashed circle infected decidual cells (/, left). Arrows indicate infected immune cells (/). Dv, An E protein-positive
dendritic cell from MR766-infected decidua. Scale bars = 100 ym (A, C, Di, /i), 50 pm (B, Diii), and 20 pm (v).
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Table 1. Reproducible Sites of Zika Virus Infection in Anchoring Villus Explants From First-Trimester Human Placentas
Nica MR766
1 3 4 5 Totals 7 6 3 5 Totals

Placenta No.2 Nica MR766
Gestational 8 10 1 1 75 8 10 1

age (weeks)
Anchoring villus 41 10 42 150 243 44 1 8 49 12

sections®©

Cell columns? 13/36 (36%)

Zones of invasive  31/35 (89%) 2/4 (50%)
CTBs®

Hofbauer cells in
villus cores?f

1/4 (25%)  0/30 (0%) 3/69 (4%)
16/24 (67%) 7/38 (18%)

6/34 (18%)

17/139 (12%)
56/101 (55%)

4/6 (67%) 19/36 (53%) 24/67 (36%) 53/143 (37%)

18/35 (61%) 8/11 (73%) 5/10 (50%) 4/34 (12%)
117 (6%) 111 (M%) 2/8(25%)  0/23 (0%)

35/90 (39%)
4/59 (7%)
10/40 (25%)

1/10 (10%) 0/11 (0%)  10/28 (36%) 21/89 (24%)

Abbreviations: CTB, cytotrophoblasts; NS3, nonstructural protein 3; ZIKV, Zika virus.

2Analysis of 6 placentas ranging in gestational age from 75 to 11 weeks, as indicated. Placenta numbers correspond to those presented in Supplementary Figure S1.

SAIl villi with positive immunostaining for ZIKV E and/or NS3 were examined for sites of infection. Numbers of villi showing infection at a given site are indicated relative to the number of

infected villi examined.

¢Analyzed at 3 days postinfection, 2 sections examined for most villi. Nica designates Nical-16— and Nica2-16-infected explants.

dproliferating CTBs in proximal cell columns.

¢Zones refers to all invasive CTBs radiating from one villus. Differentiation/invasion of infected CTBs varied widely, with Nica-infected cells migrating more frequently and farther than MR766-
infected cells (Figure 3). Infected zones were considered to be those with at least 5 infected CTBs.

finfection of Hofbauer cells occurred in villus cores of both larger villi and smaller branching villi and was independent of nearby CTB infection (Figure 2).

(Supplementary Table S1). In Nica-infected AmEpCs at 19.4
weeks gestation, 43.7% were in pairs and 1.7% in triplets. In
Nica-infected AmEpCs at 21.2 weeks™ gestation, 48.6% were
pairs and 8.4% triplets. In MR766-infected AmEpCs, 60.4%
were pairs and 2.7% were triplets. Moreover, 74% of infected
cells in pairs expressed Ki67 as compared with 37% of single
cells, suggesting a subset continued to divide.

To estimate the ability of African and American strains to
replicate in midgestation AmEpCs, we compared the kinetics
of production and titers of infectious progeny. The African
prototype MR766 reached peak titers earlier than other ZIKV
strains (Supplementary Figure S1), both African strains gen-
erated higher titers than the American strains Nical-16 and
PRVABC59, and Dakar-infected cells produced the highest
virus titers. Together, these results showed that ZIKV replicates
in proliferating AmEpCs expressing TIM1, increasing the pop-
ulation of infected cells, and the kinetics of viral replication are
strain dependent.

DISCUSSION

In this study, we used low-multiplicity ZIKV infection to sim-
ulate maternal viremia associated with transplacental transmis-
sion [18, 25]. We showed that ZIKV infects consistent sites in
anchoring villi and replicates in basal decidua from first-trimes-
ter human placentas, illustrated in a model of infection at the
uterine—placental interface (Figure 6). ZIKV infects proliferat-
ing CTBs in cell columns that differentiate into invasive CTBs,
as well as Hofbauer cells that proliferate in the villus core. We
found that the frequency of infection at different sites depends
on the virus strain. Furthermore, Nicaraguan ZIKV strains and
the African prototype MR766 have different effects on CTB
invasiveness, required for anchoring the placenta to the uterus.

CTBs infected with Nicaraguan strains differentiated and
invaded extracellular matrix, but MR766-infected cells were
functionally impaired and largely restricted to foci of prolifer-
ating cells in proximal columns. High virus titers in anchoring
villi correlated with numerous zones of Nica-infected invasive
CTBs. In basal decidua, Nicaraguan strains infected glandu-
lar epithelium and dendritic cells and produced higher virus
titers than MR766. ZIKV replication in decidua, also reported
by others [26, 27], could contribute to infection of cell column
CTBs by increasing the viral load in the interstitial blood space,
and infected invasive CTBs could amplify infection in decidua.
Pairs and triplets of infected AmEpCs expressing Ki67 or PH3
suggested that the number of proliferating ZIKV-infected cells
increased in parallel with virus output. Likewise, proliferating
infected Hofbauer cells could increase the viral load in villus
cores, independent of CTB infection, and spread virus to the
fetal circulation.

Analysis of numerous anchoring villus explants from first-tri-
mester placentas confirms and extends the results of our pub-
lished studies that CTBs and Hofbauer cells are targets of ZIKV
infection [11]. Here we show that Nicaraguan ZIKV-infected
CTBs proliferate, differentiate, and invade extracellular matrix
alongside uninfected cells, thus generating a potential source
of persistent viremia [7, 8]. The ability of Nica-infected cells
to invade alongside uninfected cells implies that they express
key molecules for invasion, cell-cell and cell-matrix adhe-
sion receptors, possibly absent from MR766-infected CTBs
[21]. However, MR766-infected cells express HLA-G [11], an
unusual differentiation antigen whose transcripts accumulate in
cell column CTBs well before the protein is made [28]. Whether
MR766-infected CTBs have impaired de novo transcription
of integrins required for invasion or whether reorganization
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cell columns. Red bars represent average invasion distance for each strain.

of microtubules into replication factories reduces invasiveness
remains to be studied [29]. It is notable that Nica-infected
explants develop robust zones of invasive CTBs and release
infectious progeny. Interestingly, pathogenic strains of human
cytomegalovirus (HCMV) infect proliferating CTBs in cell
columns but upregulate viral and cellular factors that impair
invasiveness [19, 30, 31]. Moreover, HCMV-infected AmEpCs
proliferate and release low virus titers for months, suggesting
persistent infection [20]. Processes that lead to transplacen-
tal transmission and contribute to pathology and fetal growth
restriction in ZIKV-infected placentas, which differ from con-
genital HCMYV infection, remain to be determined [1, 32-35].
The finding that ZIKV replicates in proliferating Hofbauer cells
and AmEpCs has relevance for transmission and diagnosis of
congenital infection. Analysis of a placenta from congenital ZIKV
infection with microcephaly showed enlarged chorionic villi with
extensive proliferation of Hofbauer cells in villus cores that were
positive for ZIKV RNA [2, 36]. Moreover, ZIKV replicates in
Hofbauer cells isolated from human placentas [26, 37]. Hotbauer
cell proliferation increases during the first half of gestation, and
these multifunctional, highly mobile cells have angiogenic prop-
erties, modulate villous branching and produce proinflamma-
tory cytokines [24, 38-41]. Replication of ZIKV in proliferating

AmEpCs also has implications for diagnosis of congenital infec-
tion by detection of viral RNA in amniotic fluid and inflamma-
tory responses in the fetal compartment [42, 43]. However, some
results could prove to be false negatives. For example, amniotic
fluid from congenital ZIKV infection was positive when tested at
midgestation, but negative when retested later in pregnancy [8].
Likewise, we found that ZIKV titers were reduced in AmEpCs
from third-trimester placentas, suggesting slowed proliferation
contributes to negative results later in pregnancy [11].

How ZIKV breaches the protective architecture of chorionic
villi is puzzling, considering that infection of Hofbauer cells in
villus cores occurs without nearby simultaneous CTB infec-
tion. Recently, mutations in the nonstructural protein (NS1)
were shown to enhance ZIKV infectivity in mosquitoes [44].
Possibly, NSI virus stocks enhance infection of villus explants.
NS1 disrupts the glycocalyx on the surface of endothelial cells,
leading to endothelial hyperpermeability [45] and might per-
turb the loosely associated cell column CTBs by cleaving pro-
teoglycans in the glycocalyx, thereby increasing permeability
and providing virus access to Hofbauer cells, where locally pro-
duced NSI in villus cores could facilitate ZIKV transmission
across the endothelium to fetal circulation. NS1 of American
strains contains an intertwined loop that forms a hydrophobic
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spike, thought to contribute to membrane association, which
is not present in NS1 of dengue or West Nile viruses [46]. NS1
could also trigger innate immune responses, leading to release
of proinflammatory cytokines [47]. Together, our results show
that ZIKV replicates in anchoring villi and basal decidua from
first-trimester placentas, generating a source of prolonged
viremia during early development, leading to transplacental
transmission.
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