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Cytomegalovirus (CMYV), the major viral cause of congenital disease, infects the uterus and developing placenta
and spreads to the fetus throughout gestation. Virus replicates in invasive cytotrophoblasts in the decidua, and
maternal immunoglobulin G (IgG)-CMYV virion complexes, which are transcytosed by the neonatal Fc receptor
across syncytiotrophoblasts, infect underlying cytotrophoblasts in chorionic villi. Immunity is central to protection
of the placenta-fetal unit: infection can occur when IgG has a low neutralizing titer. Here we used immunohisto-
chemical and function-blocking methods to correlate infection in the placenta with expression of potential CMV
receptors in situ and in vitro. In placental villi, syncytiotrophoblasts express the virion receptor epidermal growth
factor receptor (EGFR) but lack integrin coreceptors, and virion uptake occurs without replication. Focal infection
can occur when transcytosed virions reach EGFR-expressing cytotrophoblasts that selectively initiate expression of
aV integrin. In cell columns, proximal cytotrophoblasts lack receptors and distal cells express integrins a131 and
aVB3, enabling virion attachment. In the decidua, invasive cytotrophoblasts expressing coreceptors upregulate
EGFR, thereby dramatically increasing susceptibility to infection. Our findings indicate that virion interactions with
cytotrophoblasts expressing receptors in the placenta (i) change as the cells differentiate and (ii) correlate with

spatially distinct sites of CMV replication in maternal and fetal compartments.

Human cytomegalovirus (CMV) is the leading cause of con-
genital viral infection in children, with an incidence in the
United States of about 1 to 3% of live births. Primary CMV
infection during gestation poses a 40 to 50% risk of intrauter-
ine transmission (5), whereas reactivated infection in seropos-
itive women rarely causes symptomatic disease, highlighting
the role of immunity in fetal protection (16). Symptomatic
infants have intrauterine growth restriction, and most survivors
(28%) have permanent sequelae, including neurological de-
fects, mental retardation, retinopathy, and sensorineuronal
deafness (12). Although virus transmission can occur through-
out pregnancy, congenital disease is more severe when primary
infection takes place during early gestation (54). Intrauterine
growth restriction and loss of the fetus without virus transmis-
sion, which are associated with congenital CMV infection,
originate in placental pathology (3, 21).

Placentation is a stepwise process whereby specialized cy-
totrophoblast progenitor cells leave the basement membrane
to initiate blood flow, differentiating along two pathways de-
pending on their location (Fig. 1). In floating villi, cells fuse to
form a multinucleate syncytial covering attached at one end to
the tree-like fetal portion of the placenta. Covered by syncy-
tiotrophoblasts, these villi float in a stream of maternal blood,
a source of nutrients and immunoglobulin G (IgG) transported
to the fetus. In anchoring villi, cytotrophoblasts switch from an
epithelial to an endothelial phenotype controlled through the

* Corresponding author. Mailing address: Department of Cell and
Tissue Biology, School of Dentistry, University of California San Fran-
cisco, 513 Parnassus, C-734, Box 0640, San Francisco, CA 94143.
Phone: (415) 476-8248. Fax: (415) 502-7338. E-mail: lenore.pereira
@ucsf.edu.

¥ Published ahead of print on 21 February 2007.

4701

coordinated actions of numerous interrelated factors (17, 26,
63). The cells express adhesion molecules—integrins, Ig super-
family members, and proteinases that enable invasiveness—
and immune-modulating factors for maternal tolerance of the
hemiallogeneic fetus (8, 9, 41). Villus cytotrophoblasts express
integrin subunits B4, B5, and B6 (63), whereas interstitial in-
vasive cells upregulate expression of integrin a1p1 (11). En-
dovascular cytotrophoblasts express o VB3 and vasculogenic
factors and receptors, including VE (endothelial)-cadherin and
vascular endothelial adhesion molecule 1, that mimic the sur-
face of vascular cells (9, 63). Invasive cytotrophoblasts upregu-
late matrix metalloproteinase 9, which degrades the extracel-
lular matrix of the uterine stroma (31), and the nonclassical
major histocompatibility complex class Ib molecule HLA-G
(30, 38) and interleukin-10 for immune tolerance and modu-
lation of metalloproteinases and invasiveness (49, 50).

Our studies on intrauterine CMV infection have revealed
patterns of replication in the decidua, mirrored in the placenta
and dependent in part on maternal immune responses (15, 44).
In early gestation, the neonatal Fc receptor transcytoses IgG
and some immune complexes of virions across syncytiotropho-
blasts that contain CMV glycoprotein B (gB) in caveolae with-
out infection (33). With low neutralizing antibodies, CMV
replication proteins are found in decidual and placental com-
partments. With moderate neutralizing titers, cytotrophoblast
infection is reduced in the decidua, and occasional focal infec-
tion is found in the placenta. With high neutralizing titers, few
cytotrophoblasts stain for viral replication proteins in the de-
cidua, and none stain in the placenta. In syncytiotrophoblasts,
the neonatal Fc receptor transcytoses complexes of maternal
IgG and CMV virions that infect underlying cytotrophoblasts
(33). Consistent patterns of CMV replication in cytotropho-
blast progenitor cells in floating villi and invasive cells in the
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FIG. 1. Diagram of the placental (fetal)-decidual (maternal) interface near the end of the first trimester of human pregnancy (10 weeks
gestational age). A longitudinal section includes floating and anchoring chorionic villi. The floating villus (FV) is bathed by maternal blood. The
anchoring villus (AV) functions as a bridge between the fetal and maternal compartments. Cytotrophoblasts in the AV form cell columns that
attach to the uterine wall. They invade the decidua and uterine vasculature, anchoring the placenta and gaining access to the maternal circulation.
Colors illustrate different cell types: beige, syncytiotrophoblasts (ST); light green, cytotrophoblast (CTB) progenitors and invasive cells; green,
decidual cells; yellow, endothelial cells; brown, smooth muscle cells; gray, glandular epithelial cells; light purple/pink, macrophage/dendritic cells
(M¢/DC); red, polymorphonuclear neutrophils (PMN); fuchsia, natural killer cells (NK).

uterine decidua suggest that viral receptors are regulated dur-
ing development. In vitro studies from other groups reported
that viral entry and replication in human fibroblasts require
expression of the epidermal growth factor receptor (EGFR)
(60) and coreceptors such as integrins VB3, a2p1, and a6p1
(14, 59). Inasmuch as CMV glycoproteins gB and gH bind
different receptors—EGFR and integrin B1 (gB) and «VB3
integrin (gH)—virion internalization activates independent
signaling pathways (14, 59). Currently, receptors that mediate
productive CMV infection in vivo are unknown.

In the present study, we examined the role of potential
receptors for CMV virion entry and replication in placentas
naturally infected in utero. Receptor expression in cytotropho-
blasts was modeled in villus explants ex vivo, and functions
were evaluated in differentiating/invading cells infected in
vitro. Our results show that cytotrophoblast progenitor cells in
chorionic villi and differentiating/invading cells upregulate
functional receptors. In contrast, syncytiotrophoblasts and ex-
travillous cytotrophoblasts in cell columns that largely escape
infection lack these proteins. Use of different receptors in
spatially distant sites suggests that CMV subverts cytotropho-
blast development in the maternal and fetal compartments.

MATERIALS AND METHODS

Tissue biopsies and villus explant cultures. Approval for this project was ob-
tained from the Institutional Review Board of the University of California, San
Francisco. First- and second-trimester placentas were obtained from women with
normal pregnancies prior to elective termination for nonmedical reasons. Biopsy
specimens were analyzed from 45 first-trimester placentas, and villus explant cultures
were established from 22 of them. Chorionic villi were dissected from individual
placentas as previously described (18). Dissected villi (wet weight, 5 to 10 mg) were
cultured on 12-mm (0.4-pm pore) Millicell-CM inserts (Millipore Inc., Bedford,
MA) coated with 100 pl of Matrigel (BD Discovery Lab Inc., Bedford, MA) in

Dulbecco’s modified Eagle’s medium-F-12 culture medium (Gibco BRL, Indianap-
olis, IN) supplemented with 10% fetal bovine serum (HyClone, Logan, UT). Neu-
tralizing titers of IgG purified from conditioned medium of villus explants were
quantified as previously reported (37).

Cytotrophoblast isolation. Cytotrophoblasts were isolated from 10- to 16-week
placentas as previously described (31). Purified cells were resuspended in Dul-
becco’s modified Eagle’s medium containing 2% Nutridoma (Roche Diagnostics,
Indianapolis, IN) to obtain a density of 10° cells/ml and plated on 6.5-mm
Transwell filter inserts with a 5-um pore size (Corning Inc., Corning, NY) coated
with 10 pl of Matrigel. After 12 h, cultures were fixed and stained with rat
monoclonal antibody to cytokeratin (an epithelial cell protein) (10), rabbit IgG
to von Willebrand factor (an endothelial cell marker), mouse monoclonal anti-
body (MADb) to vimentin (a fibroblast protein), and mouse MAb CH160 to CMV
immediate-early proteins 1 and 2 (IE1 and -2), a marker of viral replication (13).
Staining patterns indicated the purification level of isolated cytotrophoblasts,
which were used for experiments only when 95 to 99% of cells were positive for
cytokeratin. Failure of antibodies to CMV replication proteins to immunostain
cytotrophoblasts indicated that cells were uninfected, as reported previously (15,
33, 44, 55). Cytotrophoblasts plated on Matrigel were a replica for differentiat-
ing/invading cells that switched their integrin phenotype.

Stock virus and infection. The genetic content of the clinical viral strain
Toledo (6) has been published. Construction and properties of the recombinant
virus (Toledo™¢), which expresses the gene that encodes enhanced green fluo-
rescent protein, have also been published (61). Villus explants were infected with
Toledo and Toledo™® stock virus (5 X 10° PFU) in serum-free medium. Explants
were washed with phosphate-buffered saline (PBS), and fresh culture medium
supplemented with 10% fetal bovine serum was added. Cytotrophoblasts from
12-h cultures were infected with CMV strains AD169, Toledo, and Toledo™* (5
PFU/cell) in serum-free medium. For virion binding assays, cytotrophoblasts
were washed with ice-cold PBS and incubated with filtered (0.45-pm-pore-size)
Toledo™*-green fluorescent protein at 4°C for 1 h. Cells were fixed, and virion
aggregates were visualized by laser confocal microscopy. Binding of Toledo™*
virions (green) appeared as punctate fluorescence signal comparable to immu-
nostaining of the virion tegument protein pp65 (data not shown). Upon produc-
tive replication of Toledo™<, infected cells showed intense nuclear and cytoplasmic
fluorescence (33, 61).

Serological reagents. Mouse monoclonal antibodies to CM V-infected-cell pro-
teins were produced in the Pereira laboratory. Pooled antibodies to infected-cell
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FIG. 2. Uptake of CMV virions in villus trophoblasts expressing EGFR and oV integrin infected in utero. (a) Diagram of virion proteins and focal
infection (red) in trophoblasts of a floating villus. AV, anchoring villi; FV, floating villi; BV, blood vessel; CC, cell column. The light blue field represents
the localization of virions in panels b, c, d, and e. The insets in panels b, ¢, and e correspond to the outlined areas in each panel. (b) CMV gB (red) in
syncytiotrophoblasts (ST) and progenitor cytotrophoblasts (CTB) that express EGFR (green) and in villus core (VC) macrophages (M¢) that sequester
gB. (c) CMV gB (green) detected in progenitor cytotrophoblasts reactive with antibodies to integrin oV (red). (d) Virion nucleocapsids (white
arrowheads) in syncytiotrophoblasts. Magnification, X4,000 (left panel) and X10,000 (right panel). (¢) CMV DNA (red) in cytoplasm of syncytiotro-

phoblasts and select cytotrophoblasts. Nuclei were counterstained with TO-PRO-3 iodide (blue) and YO-YO-1 iodide (green).

proteins included antibodies to gB (46), gH (CH438, UL75), alkaline nuclease
(CH19, UL98/UL99), pp65 (CH65, UL83), IE1 and -2 (CH160, UL122/123), and
1CP22 (CH41, US22). Guinea pig antiserum to gB was a gift from Chiron Corp.
(Emeryville, CA). Rat anti-human cytokeratin antibody (7D3) was generated in
Susan Fisher’s laboratory (10). Rabbit IgG to von Willebrand factor was pur-
chased from Novocastra Laboratories Ltd. (Newcastle upon Tyne, United King-
dom), and mouse MAD to vimentin was obtained from Sigma-Aldrich Co. (St.
Louis, MO). Function-blocking and immunostaining mouse anti-human antibod-
ies to integrins al, VB3, and a5 were obtained from Chemicon International
(Temecula, CA), and antibodies to integrin 31 (AIIB2) were obtained from the
Developmental Studies Hybridoma Bank, University of Iowa. Antibodies to
EGFR, caveolin-1, and species-specific isotype control IgG were purchased from
BD Biosciences (San Diego, CA). Secondary antibodies were goat anti-mouse
1gG F(ab’) fragments labeled with fluorescein isothiocyanate (FITC) or tetra-
methyl rhodamine isothiocyanate (TRITC), goat anti-rat IgG F(ab’) fragments
labeled with TRITC, and goat anti-guinea pig IgG F(ab’) fragments labeled with
FITC or TRITC. Nuclei were counterstained with TO-PRO-3 or YO-YO-1
iodides (Molecular Probes, Eugene, OR).

Immunofluorescence assays. Villus explants, placental biopsy specimens, and
isolated cytotrophoblasts were processed for immunohistochemistry as described

elsewhere (15). For double labeling, cells were simultaneously incubated with
primary antibodies from various species and with secondary antibodies labeled
with FITC or TRITC. Tissue sections and cells were analyzed with a Bio-Rad
MRC1024 confocal OptiPhot IT Nikon microscope using Comos software. Data
analysis was performed using NIH Image and Adobe Photoshop software.
Inhibition of CMV infection by antibodies to viral receptors and soluble
integrins. After cytotrophoblasts were isolated, the cells were cultured for 12 h
to restore expression of cell surface receptors. Cells were fixed with 3% para-
formaldehyde and coimmunostained for cytokeratin, EGFR, and integrins o1,
oS, B1, and a VB3 to verify surface expression of receptors. Function inhibition
experiments were performed with CMV strains AD169 and Toledo. First, infec-
tion was inhibited by preincubating cytotrophoblasts with antibodies to potential
receptors. Cells were washed with ice-cold PBS and preincubated on ice (40 min)
with the function-blocking antibodies (Chemicon International Inc.) to integrins
o5, al, B1, «VB3, and EGFR. Control infected cells were incubated with mouse
IgG. Antibodies (20, 40, and 80 pg/ml) were added to serum-free medium. After
treatment, the cells were washed with ice-cold PBS and infected (5 PFU/cell) in
serum-free medium for 40 min on ice. Cells were washed with ice-cold PBS to
remove unbound virions, and warm (37°C) culture medium was added. After
24-h incubation at 37°C, cells were fixed and immunostained for CMV IE1 and
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FIG. 3. CMV replicates in cytotrophoblasts expressing EGFR and 'V integrin in villus explants infected in vitro. (a) Diagram showing focal
infection in a floating villus. The light blue field represents the localization of CMV structural and replication proteins in panels b and c. Explants
were fixed at 24 h postinfection. (b) Toledo™ virions bound to apical microvilli of syncytiotrophoblasts (ST). Selected cytotrophoblasts (CTB), but
not syncytiotrophoblasts, reacted with antibody to aV integrin (red). (c) Underlying cytotrophoblasts stained intensely with EGFR-specific

rec

antibody (red); replicating Toledo

broadly expressed green fluorescent protein in nuclei of infected cells. Nuclei were counterstained with

TO-PRO-3 iodide (blue). (d) Villus cytotrophoblasts infected with Toledo™ simultaneously expressed «V integrin (red) and EGFR (blue).

-2 proteins and cytokeratin. The second means of inhibiting infection was by
preincubating virions with soluble integrins. Virions used as controls were incu-
bated with medium alone. Virus was filtered through a 0.45-pm membrane,
incubated at 37°C for 1 h with soluble integrins (10, 20, and 40 pg/ml), and then
used to infect cytotrophoblasts. At 24 h after infection, cells were fixed and
immunostained for CMV IE1 and -2 proteins and cytokeratin. Nuclei were
counterstained with TO-PRO-3. CMV infection was determined by counting the

IE1- and -2-positive nuclei to calculate the numbers of them per 200 cytokeratin-
positive cytotrophoblasts in 10 to 30 fields. Independent experiments were per-
formed using cytotrophoblasts isolated from three placentas.

Fluorescence in situ hybridization and electron microscopy. Placental biopsy
tissues were processed, fixed, and embedded as described previously (15). Sec-
tions (5 to 7 wm) were cut on a Hacker-Slee cryostat and collected on silane-
coated glass slides. DNA-DNA hybridization was performed using the DNA
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