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ABSTRACT

Human cytomegalovirus (HCMV) is the leading cause of
congenital disease in the developed world. Transmission of
HCMV to the fetus can occur through the villous placenta.
Previously, we have shown that although syncytiotrophoblast
(ST) can be productively infected, it is more likely that HCMV
reaches the fetus through breaks in the ST than through basal
release of progeny virus from infected ST. Progeny virus released
on the maternal side could interact back with the ST and
accumulate. In pregnancy, the organ distribution of disease
burden is dramatically shifted, with the placenta reported as a
reservoir for some pathogens. Thus, we propose that the ST layer
functions as a viral reservoir, where HCMV is harbored and
ultimately protected from degradation. Using primary cytotro-
phoblasts differentiated into an ST culture in vitro and
challenged with HCMV, we have defined reversible binding
between the virus and trophoblasts that protects the virus from
degradation. This is blocked by treatment with low pH and
neutralizing intravenous immunoglobulin. This reversible bind-
ing likely is to heparan sulfate proteoglycans, because heparin
treatment blocks it. Importantly, we show that bound and
released virus maintained in culture for at least 48 h results from
inoculum and not progeny virus. Thus, the placenta has the
potential to accumulate a relatively high steady-state level of
virus within the intervillous space resulting from localized
binding and release at the ST. A better understanding of the
molecular interactions between HCMV and ST will provide
insights regarding interventions to prevent or minimize congen-
ital transmission.

fetal, human cytomegalovirus, infection, maternal, microvilliation,
placenta, pregnancy, syncytiotrophoblast, viral reservoir

INTRODUCTION

Human cytomegalovirus (HCMV), from the Herpesviridae
family, is transmitted in utero to approximately 40% of fetuses
from mothers who develop a primary infection during
pregnancy [1]. Whereas the most severe adverse neonatal
outcomes are reported in this group, congenital infections are
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also found in approximately 1% of newborns from women with
prepregnancy immunity [2, 3]. Neonatal sequelae range from
no symptoms to significant neurodevelopmental problems,
including sensorineural hearing loss, and in some cases can
also lead to death. Importantly, asymptomatic congenital
infections can also lead to late-onset, long-term complications
[4, 5]. The importance of preventing HCMV congenital
infections is exemplified in the considerable societal economic
burden of caring for and supporting these children; in the
1990s, the estimated annual cost in the United States was $1.86
billion [6]. Seale et al. [7] reported that the Advisory
Committee on Immunization Practices in the year 2000
estimated that implementation of an effective and fully utilized
HCMYV vaccine program could equate to a savings of $4 billion
in U.S. health care costs.

Primary infections, reactivation, or reinfection with another
strain during pregnancy are risk factors for intrauterine HCMV
transmission to the fetus [8]. These types of infections can in
part be differentiated by the presence of immunoglobulin M
(primary, reactivation, and reinfection) or detection of multiple
viral strains (reinfection). All lead to an active infection;
however, viral load in blood [9, 10] or urine [11] does not
correlate with intrauterine transmission, which occurs even
when the virus level in these compartments is low or
undetectable.

In pregnancy, the organ distribution of disease burden for
some infections is dramatically shifted [12]. For example, the
intracellular bacteria Listeria monocytogenes continues to
replicate in the placenta of resistant female mice even though
it is effectively cleared from the livers of these same mice [13].
In the guinea pig, a continuous placental infection with L.
monocytogenes leads to repeated reinfection of the maternal
organs until removal of the placenta [14]. Similarly, the
intracellular parasite Plasmodium falciparum, which causes
malaria, parasitizes red blood cells, which are predominantly
found in the villous placenta of pregnant women. They bind to
chondroitin sulfate A, which is highly expressed in the
placental syncytiotrophoblast (ST) layer, where they cause
placental damage associated with low-birth-weight babies [15,
16]. Furthermore, lymphocytic choriomeningitis virus, a
single-stranded RNA virus, in the mouse is rapidly cleared
from all tissues except for the placenta [17]. The above are
striking examples of possible adverse consequences of the 12-
m? surface area of placental trophoblast present in term
pregnancies that has been characterized as an immune-
privileged site [18, 19]. To our knowledge, whether the
placenta sequesters HCMV even when cleared from maternal
blood and urine, as happens with L. monocytogenes, and
thereby facilitates fetal infection or prolongs maternal disease
has not been explored. It has been suggested that the guinea pig
placenta acts as a viral reservoir for guinea pig CMV [20, 21].
Here, the virus is protected from circulating maternal
antibodies, thereby maintaining the infection throughout
gestation [22].
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In the placenta, maternal blood is separated from fetal blood
vessels and stromal tissue by trophoblasts. The villous
trophoblast consists of a mature, multinucleated ST layer that
faces maternal blood and an underlying layer of replicative
mononuclear cells, called cytotrophoblasts (CT), that replenish
the ST by fusion to its basal surface. Using sensitive PCR, viral
DNA has been detected in all cell types of the placenta at much
higher rates than initially believed: 63% of first-trimester
placentas [23], 74% of second-trimester placentas [24], and
9.8%—62% of term placentas [23-26]. However, evidence for a
widespread, productive infection as detected by viral gene
expression, particularly in the ST layer, is limited [27, 28],
even though mature virus is often found associated with ST.
Collectively, these animal models and human studies suggest
that the placenta acts as a repository to collect and protect
mature and infectious virus, which increases the risk of fetal
infection [29]. The ST layer is highly microvilliated and
functions as a barrier between maternal and fetal circulations,
in part through several mechanisms that contribute to immune
privilege. These characteristics suggest that HCMV is being
sequestered and thereby protected from inactivation in and
around the ST layer of the placenta. The initial attachment of
HCMYV to cells involves tethering by viral envelope glycopro-
teins to cell surface heparan sulfate proteoglycans (HSPGs) that
act as low-affinity receptors [30, 31]. Using a model of highly
purified villous CT differentiated with epidermal growth factor
(EGF) into ST-like cultures [28, 32], we tested the hypothesis
that HCMV binds to HSPGs on ST and is protected from
degradation.

MATERIALS AND METHODS

Cell Preparations and Culture

Isolation and culture of term villous CT. Placentas were obtained with
patient consent as approved by the Human Ethics Research Board at the
University of Alberta and Alberta Health Services after normal term delivery or
elective cesarean section from uncomplicated pregnancies. Isolation of villous
CT (purity, >99.99%) by trypsin/DNase digestion of minced chorionic tissue
and immunoabsorption onto immunoglobulin-coated glass bead columns has
been previously described [33]. Immunoelimination was carried out with anti-
CD9 (Clone 50H.19), anti-major histocompatibility complex (MHC) class I
(W6/32; Harlan Sera-Lab), and anti-MHC class II (Clone 7H3) antibodies.
Trophoblasts were isolated from five different placentas and cryopreserved for
use in the present study. Isolated CT were cultured in Iscove modified
Dulbecco medium (IMDM; Gibco) supplemented with 10% fetal bovine serum
(FBS) and 50 ng/ml of gentamicin in the absence of recombinant human EGF
(rhEGF; Pepro-Tech). An ST culture is defined as CT that are syncytialized by
treatment with 10 ng/ml of thEGF for 5 days [28, 32]. Syncytialization was
confirmed by immunohistochemically staining fixed cells with anti-desmopla-
kin monoclonal antibody (Sigma Immunochemicals) to visualize desmosome-
containing tight junctions as previously described [34]. All trophoblast
preparations contained fewer than five vimentin-positive cells (nontropho-
blasts) per well in a 96-well culture plate (seeded with 1 X 10° cells/well) as
assessed by immunohistochemistry with vimentin antibody (Clone V9; DAKO
Corporation).

Human embryonic lung fibroblasts. Human embryonic lung (HEL)
fibroblasts (a gift from Dr. J. Preiksaitis, Dept. of Medicine, University of
Alberta) are highly sensitive to HCMV infection and were used in two ways for
the present study. First, they were used as a comparison for binding and release
studies in trophoblast cultures. Second, they were used as an indicator cell line
to quantify viral titer of stock virus and experimental virus released into
supernatants or remaining cell adherent [28]. HEL fibroblasts (4 X 10* cells)
were plated in 100 pl of Eagle minimum essential medium supplemented with
10% FBS and 50 pg/ml of gentamicin in 96-well tissue culture wells and
cultured to confluency. All cultures were used within 48 h of plating.

CaCo?2 cells. Human epithelial colorectal adenocarcinoma cells (CaCo2
cells; a gift from Dr. T. Hobman, Dept. of Cell Biology, University of Alberta)
represent another tight junctioned, microvilliated, epithelial cell type [35]. They
were used as a comparison for binding and release studies in trophoblast
cultures. CaCo2 cells (2 X 10° cells) were plated in 100 pl of Dulbecco
modified Eagle medium supplemented with 10% FBS and 50 pg/ml of

gentamicin in 96-well tissue culture wells and cultured to confluency. All
cultures were used within 48 h of plating.

Stock Virus Preparation and Quantification of Viral Titer

Virus stock preparations. An HCMV laboratory strain, AD169, and a low-
passage (maximum, seven passages) HCMV clinical isolate, Kp7 (a gift from Dr. J.
Preiksaitis, Dept. of Medicine, University of Alberta), were propagated in HEL
fibroblasts as previously described [28]. Briefly, infected cells and supernatant were
removed from the flask with a cell scraper (Becton Dickinson) and sonicated on ice
with a Vibracell sonicator (Sonics and Materials, Inc.). The virus preparation was
purified by passage through a filter (pore size, 0.45 um; MILLEX-HV; Millipore
Products Division) and stored in liquid nitrogen until use.

Quantification of viral titer. Stock virus titer was assessed by serial
dilution into HEL fibroblast microcultures, which were then centrifuged to
increase the sensitivity of detection [36] and cultured for a further 18 h as
previously described. Infectious virions were quantified by counting nuclei
positive for HCMV immediate early (IE) antigen [28, 37]. The titer was
determined within a linear dose-response concentration range as infectious
virions per milliliter.

Experimental Protocols

Addition of inoculum virus. Inoculum virus was added at various
multiplicity of infection (MOI), as described in each figure legend, in 2% FBS/
IMDM at 37°C in 5% CO2 in the presence (10 ng/ml; ST cultures) or absence
(CT, CaCo2, and HEL fibroblast cultures) of rhEGF. The ST, CT, and CaCo2
were challenged with 1, 10, or 20 MOI, and HEL fibroblasts, which are more
readily infected in culture, were challenged with 0.2 MOI. The plates were
immediately centrifuged at 2500 rpm for 30 min [36], followed by incubation
for 4 or 24 h before treatment as outlined below and in the individual figure
legends. MOI was calculated as the number of infectious virions per nuclei per
well. The number of nuclei per well was calculated in parallel wells stained
with hematoxylin (Sigma) by multiplying the mean number of nuclei counted
in five 0.25-mm? fields by the total number of fields per well (123 fields at
200X magnification).

Culture treatments. After initial incubation with inoculum virus, before
any treatment listed below, all cultures were thoroughly washed five times with
serum-free IMDM to remove any loose and nonadherent virus.

After washing, cultures with adherent inoculum virus were refed with 2%
FBS/IMDM and further incubated as noted in individual figure legends.
Removal of adherent inoculum virus was performed as follows: For low-pH
treatment, cultures after washing were incubated with a PBS solution (pH 3.0)
for 2 min to remove adherent virus [38], washed three times with IMDM, refed
with fresh 2% FBS/IMDM, and further incubated as noted in the individual
figure legends. For intravenous immunoglobulin (IVIG) treatment, cultures
after washing were incubated with IVIG (a gift from Talecris Biotherapeutics),
which contains neutralizing antibodies to HCMV [39], at a concentration of 10
mg/ml for 48 h (see Figs. 1 and 2) or for varying periods of time (0-360 min),
followed by a thorough wash and a further 6-h incubation (see Fig. 6). The
lowest concentration of this batch of IVIG that gives more than 95% inhibition
of infection on HEL fibroblasts after a 10-min preincubation is 10 mg/ml
(results not shown). These experiments were repeated at 4°C to prevent viral
entry [30]. Thirty minutes before incubation with or without IVIG, cell culture
plates were placed at 4°C, and the remainder of the experiment was carried out
at this temperature.

Following addition of inoculum virus and centrifugation at 2500 rpm for 30
min, some cultures were treated with 40% polyethylene glycol for 30 sec and
then extensively washed to increase adherence of virus to cells [40]. Some
cultures were treated with cycloheximide (1 pg/ml) to prevent viral replication
30 min before addition of inoculum virus and throughout the culture period.

Virus was treated for 30 min at 37°C with 20 pg/ml of heparin sodium salt
(H9399; Sigma-Aldrich) before addition to cell cultures.

Some cultures were fixed in 4% paraformaldehyde before addition of
inoculum virus to provide evidence that protection of HCMV by reversible
binding is an active cellular process.

Quantification of inoculum virus remaining cell adherent or released
into supernatants. Culture supernatants were removed at various times after
the above-mentioned treatment protocols and frozen at —80°C until assessed for
viral titer. Cell cultures were washed three times with PBS, lysed in 100 pl of
2% FBS/IMDM by freezing and thawing three times, and stored at —80°C until
assessment of viral titer (cell adherent virus). Viral titers were quantified on
confluent HEL fibroblast cultures as described above.

Assessment of HCMV IE antigen production in ST, CT, HEL, or CaCo2
cultures after treatment. Evidence for infection of all cell cultures after the
above-mentioned treatments was determined by the presence of HCMV IE-
positive nuclei using immunohistochemistry. The average percentage of IE-
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FIG. 1. Strongly adherent inoculum virus that is released into ST culture
supernatants and remains infectious over 48 h is dramatically reduced by
low-pH or neutralizing antibody treatment. An HCMV laboratory strain,
AD169, was added to ST cultures at an MOI of 10 for 24 h, then washed
five times with IMDM and further incubated for 48 h. Some cultures were
then incubated for 2 min in PBS (pH 3.0), washed well, and further
incubated for 48 h (low pH). Other cultures were incubated in 10 mg/ml
of IVIG for 48 h following the initial IMDM wash (IVIG). Cell adherent and
supernatant infectious virus was assessed as described in Materials and
Methods. Results are presented as the mean * SEM from three
independent experiments. &, significantly different from IMDM (P <
0.05); *, significantly different from cell adherent virus (P < 0.05); nd, not
detected.

positive nuclei from five 0.25-mm? fields in each microwell was assessed and
reported as the mean *= SD of three microwells. All primary trophoblast
preparations were assessed for a preexisting HCMV infection by staining
control cultures unchallenged by virus for IE antigen expression as described
below. Additionally, all trophoblast preparations were negative for HCMV
glycoprotein B as assessed by real-time PCR. None of the trophoblast
preparations used in the present study stained positive for IE antigen before
addition of inoculum virus. Productive infection (production of progeny virus)
in ST or CT cultures has previously been shown in our lab to be slower than
that found in fibroblast cultures (96 h compared to 48 h) [28].

Immunohistochemistry

Infected and uninfected cultures were washed twice with PBS, fixed in ice-
cold methanol for 10 min at —20°C, and washed three times with PBS.
Endogenous peroxidase activity was neutralized by a 30-min incubation at
room temperature with 3% H,0, and followed by a 1-h blocking incubation at
room temperature in 10% nonimmune goat serum (Zymed/Intermedico).
Primary antibodies detecting HCMV IE (p72; Specialty Diagnostics, Dupont)
or its isotype control, IgG, (Zymed/Intermedico), were added, after which the
plates were sealed with parafilm and incubated overnight at 4°C. After thorough
washing with PBS, secondary antibody (biotinylated goat anti-mouse IgG) and
streptavidin-peroxidase conjugate (Streptavidin Biotin System, Histostain-SP
Kit; Zymed) were added according to the manufacturer’s instructions.
Following a PBS wash, amino-ethyl carbazole substrate was added for 2-5
min, yielding a red precipitate. The wells were then washed with double-
distilled water and the number of IE-positive nuclei assessed per microwell.

Statistics

Cryopreserved trophoblasts from five different placentas were used in these
experiments. Whereas the ability of HCMV to infect a given trophoblast
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FIG. 2. Release of strongly adherent infectious inoculum virus in CT,
HEL, and CaCo2 culture supernatants. AD169 was added to CT (A) and
HEL (B) cultures, and Kp7 was added to CaCo2 cultures (C), at an MOI of
10 for 24 h, then extensively washed five times with IMDM. Some
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cultures were then incubated for 2 min in PBS (pH 3.0) and again washed
well (low pH). After a further 48 h (A and C) or 24 h (B) of incubation in
2% FBS/IMDM, cell adherent and supernatant infectious virus was
measured as described in Materials and Methods. Other cultures were
incubated in 10 mg/ml of IVIG for 48 h (A and C) or 24 h (B) following the
initial IMDM wash. Results are presented as the mean = SEM from three
independent experiments. &, significantly different from IMDM (P <
0.05); *, significantly different from cell adherent virus (P < 0.05); nd, not
detected.
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FIG. 3. Time course of cell adherent and released virus in ST cultures. An

HCMV clinical isolate, Kp7, was added to ST cultures at an MOI of 10 for
4 h, then washed five times with IMDM. The cultures were then further
incubated in 2% FBS/IMDM for various periods of time (0.5-24 h). Cell
adherent and supernatant infectious virus was assessed as described in
Materials and Methods. Results are presented as the mean = SEM from
three independent experiments. *, significantly different from cell
adherent virus (P < 0.05).

preparation is consistent in experiments repeated on different days, the fraction
of infected cells in different preparations can be considerably variable even if
examined at the same time. However, the trends remain consistent between
different trophoblast preparations: Regardless of what the infected fraction of a
cell preparation is on Day 2, it is 20%—50% higher on Day 8. However, the
large variability in absolute number between placental preparations prevents
pooling results from multiple experiments done with cells isolated from
different placentas. Thus, the results presented here are from triplicate
experiments performed with a single representative trophoblast preparation.
When statistics are carried out, Student r-test is used to compare the error
between two groups, and one-way ANOVA with Fisher post-hoc test is used
for multiple comparisons (P < 0.05).

smmm Supernatant
105 ; == Cell Adherent

" 104 % *
c
2
S
S 108
72}
2
= 102
(S}
(<]
L
= 10

10

100

IMDM  Cycloheximide

FIG. 4. Strongly adherent inoculum virus and its release in ST cultures is

not affected by cycloheximide treatment. An HCMV clinical isolate, Kp7,
was added to ST cultures at an MOI of 10 for 4 h, followed by further
incubation for 24 h in the presence and absence of 1 pg/ml of
cycloheximide. Results are presented as the mean * SEM from three
independent experiments. *, significantly different from cell adherent
virus (P < 0.05).
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FIG. 5. HCMV infection efficiency in cell cultures as a function of initial
virus exposure time. AD169 was added to ST and CT cultures (A), and Kp7
was added to ST and CaCo2 cultures (B), at an MOI of 10. AD169 was
added to HEL fibroblast cultures (A) at an MOI of 0.2. After a 2- or 24-h
challenge time, each culture was washed five times in IMDM, incubated
for a further 48 h (ST, CT, or CaCo2) or 18 h (HEL), and immunohisto-
chemically stained for HCMV IE antigen. Percentages were calculated by
dividing the total number of IE-positive nuclei by the total number of
nuclei per well and these are reported as the mean = SEM of triplicate
wells from three independent experiments. *, significantly different from
2-h time point (P < 0.05).

RESULTS

Inoculum Virus Strongly Adheres to ST, Is Released Back
into Culture Supernatants, and Remains Infectious

ADI169, a laboratory strain of HCMV, was added to ST
cultures at an MOI of 10 for 24 h. The cultures were
extensively washed with IMDM to remove loosely adherent
virus and further incubated with fresh 2% FBS/IMDM for an
additional 48 h. Equivalent amounts of infectious inoculum
virus were detected in both culture supernatants (released virus)
and washed cell lysates (cell adherent virus) (Fig. 1). Treatment
of cultures with PBS (pH 3.0) for 2 min before the extensive
washing step to remove surface-bound virus dramatically
reduced cell adherent and released virus after 48 h (Fig. 1).
Treatment with neutralizing antibodies to HCMV (10 mg/ml of
IVIG) after the extensive washing step to capture any released
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FIG. 6. Neutralizing antibody treatment time dependently reduces the

amounts of released and cell adherent virus. After addition of Kp7 for 4 h
at an MOI of 10 followed by five IMDM washes, IVIG was added to ST
cultures for varying periods of time (x-axis) followed by a thorough wash
and a further 6-h incubation in 2% FBS/IMDM. Supernatants (A) and cell
lysates (B) were assessed for infectious virus as described in Materials and
Methods. Cell-adherent virus after IVIG treatment was graphed as the

virus also reduced cell adherent and released virus after 48 h of
additional incubation. Neither a 2-min PBS treatment at pH 3.0
nor a 2-day IVIG treatment affected the total number of nuclei
in any culture (results not shown).

To determine if inoculum virus could remain infectious over a
similar time period in the presence of other types of cells, we
repeated these experiments in less differentiated trophoblasts
(CT), fibroblasts (HEL), and CaCo2 (Fig. 2). Both CT and CaCo2
showed results similar to those found with ST. In contrast, the
remaining inoculum virus levels in HEL cultures were approx-
imately 100-fold less (Fig. 2). HEL cultures were incubated for 24
h rather than 48 h to ensure no progeny virus would be produced.

Infectious Virus Detected in Supernatants and Cell Lysates
Is Not Due to Progeny Virus Produced by Infected Cells

It is important to note that infectious virus recovered at this
time point in ST cultures likely is inoculum virus (that added at
the beginning of the experiment) and not progeny virus (that
produced by infected cells), because we have previously shown
in these cells that production of progeny virus requires at least 4
days [28]. Two further experiments were done to confirm this.
First, a shorter time for initial viral contact with the cells (4 h)
before extensive washing was followed by further incubation in a
time course from 0.5 to 24 h to ensure the total length of time was
less than that required for production of progeny virus in these
cultures. In these and other experiments, we used a low-passage
clinical isolate, Kp7, rather than the laboratory strain, AD169, to
confirm that this effect was not caused by the many gene
deletions found in AD169 [41]. Both cell adherent and released
virus were detected at all time points (Fig. 3) and were
significantly reduced by low-pH treatment (results not shown),
as seen in Figures 1 and 2. However, the total amount of Kp7
detected was significantly less than that of AD169, likely because
of the reduced viral challenge time in the Kp7 experiments. As
well, only 25.2% of total Kp7 recovered 24 h after extensive
washing was found in the supernatants (Fig. 3), compared to
69.2% of total AD169 (Fig. 1). The second experiment to show
that virus detected in these experiments was not due to progeny
virus was to treat the ST cultures with cycloheximide to inhibit
viral protein synthesis. This treatment had no effect on released or
cell adherent virus (Fig. 4). Taken together, the results with
AD169 and Kp7 demonstrate that strongly adherent virus (i.e.,
virus that remains after the extensive washing step) is released
into the supernatant quickly (<30 min), with equilibration
occurring between released and adherent infectious inoculum
virus for at least 48 h after initial exposure of the cultures to virus.

Low Infection Levels in ST Are Not Affected by Low-pH
or IVIG Treatments

Further support for detection of inoculum rather than
progeny virus in these experiments is the finding that the ST
is poorly infected, as previously seen [28]. The total amount of
recovered virus from extensively washed but otherwise
untreated cultures was 3.55 X 10* plaque-forming units. The
total number of nuclei in these cultures is approximately 4 X
10*. Thus, the maximum expected infection efficiency would
be approximately 90%. The finding of a low level of infection
in these cultures 48 h after the extensive washing step (2.6% *

d
N

natural log over time (C). The slope of this line was used to calculate the
rate of release as a percentage of the bound virus at time zero. Results are
presented as the mean = SEM from three independent experiments. *,
significantly different from zero time point (P < 0.05).
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0.5%) that is not affected by low-pH treatment (2.4% = 0.3%)
or treatment with IVIG (1.9% = 0.2%) suggests that the
majority of strongly adherent virus in ST cultures does not
enter and infect the cells. However, increasing the contact time
of virus to cells or centrifugation of virus onto cell cultures
significantly increases infection efficiency in all cell types
tested (Fig. 5). Likewise, increasing adherence and fusion of
the virus to the cells using polyethylene glycol treatment [40]
also increased infection efficiency (data not shown). Overall,
ST cultures showed the poorest infection efficiency, followed
by CT cultures, with the highest infection efficiency in HEL
cultures (Fig. SA). The infection efficiency in CaCo2 cultures
was similar to that of CT cultures (Fig. 5).

Neutralizing HCMV Antibody Treatment Time Dependently
Reduces Cell Adherent and Released Virus in ST Cultures

One mechanism for the equilibration of inoculum virus
between cell adherent virus and that found in supernatants over
time is through repeated binding and release or reversible
binding, as previously shown over a much shorter time frame
in mouse fibroblasts [42]. To evaluate this possibility in ST
cultures, neutralizing antibodies to HCMV were used to
inactivate any virus reaching the supernatant (Fig. 6). The
half-life of supernatant virus was 6.91 = 0.10 min, and the
half-life of cell adherent virus was 9.24 = 1.24 min over a 60-
min time frame (no significant difference), showing that
equilibrium had been reached (Fig. 6, A and B). Released
virus is inactivated by IVIG and, thus, is unable to rebind to the
ST, resulting in a continual decrease in the amount of cell
adherent virus compared to the amount found with no IVIG
treatment over the same time (Fig. 6, A and B). By treating the
cultures with IVIG for various time points after the extensive
washing step followed by another thorough wash and further
incubation, we found approximately 4.98% of the inoculum
was released per minute (Fig. 6C). The rate of release was
calculated from the slope of the natural log of the bound virus
versus time of IVIG treatment (Fig. 6C). This experiment was
repeated at 4°C with equivalent results (data not shown).

Pretreatment of Virus with Heparin Significantly Reduces
Reversible Binding

The HSPGs are low-affinity receptors used for initial
binding by HCMYV on a variety of cell types [30, 31]. In vitro,
HCMV virions are initially dissociable from the cell surface of
fibroblasts by soluble heparin, suggesting that HSPGs could be
the receptors involved in reversible binding [30, 31]. To
determine if reversible binding is dependent on HSPGs, we
pretreated virus with 20 pg/ml of heparin for 30 min at 37°C
and then challenged ST cultures with pretreated or untreated
virus at an MOI of 10 for 4 h. The cultures were extensively
washed with IMDM to remove loosely adherent virus and
further incubated with fresh 2% FBS/IMDM for 30 min or 2, 4,
or 24 h. Equivalent amounts of infectious inoculum virus were
detected in both culture supernatants (released virus) and
washed cell lysates (cell adherent virus) from cultures receiving
untreated virus (Fig. 7A). However, the amount of virus
detected in the supernatants and cell lysates from cultures
receiving the heparin-treated virus was dramatically less than
that detected in cultures receiving untreated virus (Fig. 7B).

Maintenance of Infectious Cell Adherent and Supernatant
Virus Over Time Is Dependent on the Presence of Live Cells

To determine if the maintenance of cell adherent virus and
that found in the supernatants in ST cultures over time was an
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FIG. 7. Pretreatment of virus with heparin dramatically reduces
reversible binding of HCMV to ST. The ST cultures were challenged for
4 h atan MOI of 10 with untreated Kp7 or with Kp7 pretreated with 20 pg/
ml of heparin for 30 min. Cultures were then extensively washed and
further incubated as described in Materials and Methods, and infectious
virus was isolated from supernatants and cell lysates at the respective time
points. A) Untreated virus. B) Virus pretreated with heparin. Results are
presented as the mean * SEM from three independent experiments. The
lack of detectable error bars is due to very little interexperimental error. *,
significantly different from cell adherent virus (P < 0.05).

active process requiring live cells, experiments were repeated
either in the absence of cells or in the presence of cells fixed
with paraformaldehyde. The rate of loss of infectious virus over
a 24-h time period was significantly greater in cell-free (Fig.
8A) or fixed ST cultures (Fig. 8B) compared to live ST cultures
(P < 0.05).

DISCUSSION

Human cytomegalovirus is the most common cause of
congenital infection in newborns [1]. It was initially thought
that almost all symptomatic congenital HCMV infections
occurred after a primary maternal infection; however, it is now
known that recurrent maternal infections also lead to
symptomatic congenital infections [43]. These two scenarios
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FIG. 8. HCMV is protected from inactivation by live ST cultures. A) Kp7

was added at an MOI of one to ST cultures or to microwells containing
medium only (no cells). Supernatants were removed from triplicate wells
at each time point and assessed for infectious virus as described in
Materials and Methods. Results are presented as the percentage (mean =
SEM) of infectious virus remaining relative to the original inoculum. B)
Kp7 was added (at an MOI of 10) to live ST cultures or ST cultures fixed
with 4% paraformaldehyde. Infectious virus from combined cell lysates
and supernatants were assessed as described in Materials and Methods.
Results are presented as the mean = SEM from three independent
experiments. *, significantly different from live ST (P < 0.05); nd, not
detected.

create a danger for every pregnant woman, because developing
an effective means for screening and/or prevention for HCMV
remains an obstacle [21]. In the present study, we examined the
relationship between HCMV and the cell layer that forms a
barrier between maternal and fetal circulations, the ST. Using
neutralizing antibodies, we showed that HCMV can reversibly
bind to ST cultures and be protected from degradation for over
48 h in culture. Importantly, we confirmed that the detected
infectious virus was inoculum virus and not progeny virus.
Although microvilliation may be important for the reversible-
binding process, ST cultures were poorly infected even after
longer exposure times. This demonstrated that even when virus

was continuously present, the ST still functioned as a barrier to
HCMV by preventing infection. However, these data support
the concept that virus being sequestered within the ST would
have ready access to the fetus through breaks in this layer [44].

After thorough washing of ST cultures in which HCMV had
been incubated, we found a pool of infectious HCMYV released
into culture supernatants and a pool remaining adherent to ST.
This distribution of virus was maintained for at least 48 h. Both
cell adherent and supernatant virus were significantly reduced
by low-pH treatment and by treatment with immunoglobulin
containing neutralizing antibodies to HCMV. Because low-pH
treatment removes strongly adherent virus from the cell
surface, these results indicate that strongly adherent virus does
not enter the ST for the most part but remains infectious and is
released back into culture supernatants. Infectious virus that
remains adherent after extensive washing binds reversibly to
the ST and when released is neutralized by IVIG treatment,
preventing rebinding. In a clinical study conducted by Nigro et
al. [45], pregnant women with primary HCMV infections, as
defined by seroconversion and HCMV DNA-positive amniotic
fluid, were treated by IVIG at a one-time dose of 200 U/kg
maternal weight. It was concluded that IVIG may be effective
in the treatment and potential prevention of congenital HCMV
infection, because only 3% of babies born to the IVIG-treated
group were born with HCMV disease, compared to 50% of
babies born to the untreated group [45]. It has been suggested
that the function and health of the placenta is improved by
IVIG treatment [46]. Our results support these conclusions by
providing a mechanism whereby IVIG neutralizes the active
virus and prevents it from readhering to the ST in the placenta.

Importantly, the infectious virus detected in supernatants
and adherent to cells was found to be from the original
inoculum and not progeny virus produced by infected cells.
Indeed, our experiments done in the presence of cyclohexi-
mide, to inhibit viral protein synthesis, did not affect reversible
binding. This is further supported by our previous study
showing that progeny virus production in ST cultures does not
occur until 4 days after exposure to HCMV [28]. The inoculum
virus remained infectious only in the presence of live cells and
not in cultures fixed in formaldehyde or in cell-free medium.
Interestingly, when reversible-binding experiments utilizing
IVIG treatment were done at 4°C, the results were similar to
those at 37°C. Whereas the trophoblast is the most metabol-
ically active tissue in the placenta [47] and HCMV entry into
cells is not metabolically silent [48], these results suggest that
metabolic activity is not necessary for reversible binding to
occur.

Reversible binding of HCMV to the ST in the local
environment of the placenta could lead to sequestration of the
virus even in the presence of a properly established immune
response. In a murine model, lymphocytic choriomeningitis
virus can be effectively removed from the maternal system
through an active virus-specific, CD8 T-cell response yet still
remain present in the placenta [17]. This indicates that the lack
of clearance from the murine placenta is not caused by the lack
of a maternal immune response [17]. The increased and
prolonged presence of HCMV within the placenta increases the
probability of entry into the fetal compartment even when viral
levels are low or undetectable in maternal blood or urine [20].
Thus, the placenta has the potential to accumulate a relatively
high steady-state level of virus within the intervillous space
resulting from localized binding and release events at the ST.
These data are consistent with those of previous studies that
suggest the placenta functions as a viral reservoir for guinea pig
CMV, which can cross the guinea pig placenta and cause an
infection in utero [12, 49, 50]. It appears as though the physical
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structure of the ST layer in the human placenta, which provides
protection for the fetus, inadvertently also protects HCMV by
allowing it to bind in and around its receptors in the ST layer.
Thus, a viral reservoir is created where HCMV is maintained,
although ST is not readily infectable.

Considerable reversible binding occurs in ST and CaCo2
cultures, which are both highly microvilliated [35, 44]. In
contrast, fibroblasts with no microvilliation showed 100-fold
less reversible binding but the highest infection levels. CT
cultures show reversible binding similar to that of the ST,
which likely is attributable to the differentiation that immedi-
ately begins as soon as CT cells are plated in culture [32].
Indeed, CT cells at term show some microvilliation when
examined under the electron miscroscope, although not to the
extent of that seen in the ST [51]. CT cells isolated using the
same methodology as we have described and cultured for 24 h
spontaneously develops microvillae [32]. Thus, we speculate
that microvilliation may be an important cellular requirement
for reversible binding of HCMV. Interestingly, ST cultures
display the lowest infection levels, with CaCo2 cultures
showing a 2.5-fold higher infection efficiency at 2 h and 3-
fold higher at 24 h. Thus, ST is functioning as a strong
protective barrier to viral infection even in the prolonged
presence of HCMV through reversible binding. The difference
between infection efficiency of ST and CaCo2 could be
attributed to the differences in expression of cell-specific
receptors for HCMV tethering, docking, and entry.

The initial tethering of HCMV is to HSPGs, which act as
low-affinity receptors, and this is followed by high-affinity
binding to cell surface receptors, committing the virus to cell
entry [30, 31]. It has previously been shown that HSPGs are a
vital first step in HCMV infection; for example, HCMV does
not bind to or infect fibroblast cells lacking HSPGs [30]. We
postulated that the reversible binding in ST cultures occurs by
continuous reversible interactions of the virus with HSPGs. We
found that pretreatment of virus with heparin dramatically
reduced reversible binding in ST cultures. Heparin binds to
viral glycoproteins, blocking HCMV binding to HSPGs and
implicating HSPGs as the viral receptor responsible for
reversible binding. It is possible, however, that the initial
binding of HCMV to HSPGs is required for subsequent
binding to another unidentified, low-affinity receptor that is
responsible for the reversible binding. This intermediate step is
unlikely, because at least in fibroblasts, progression from low-
affinity binding to HSPGs progresses directly to high-affinity
binding to other cell surface receptors that commits the virus to
cell entry [30, 31]. HSPGs can act as either receptors or
coreceptors for various ligands, stimulating signal transduction
leading to gene regulation [52]. It is therefore likely that in
addition to sequestering virus in the placenta, reversible
binding of HCMV to HSPGs also stimulates cell signaling.
Viral attachment alone is known to stimulate the cell to
produce prostaglandins, reactive oxygen species, and activation
of nuclear factor kappa B, leading to production of inflamma-
tory cytokines [53, 54]. This has important implications for
normal placental function, particularly with respect to immune
privilege.

Placental infection precedes fetal infection, as shown by the
presence of RNA transcripts for viral proteins in each trimester
and in all cell types [25, 55]. We and others have previously
shown that term ST can be productively infected in culture [28,
56]. However, progeny virus is mostly retained by these cells,
with less than 30% released apically (maternal side) and less
than 1% released basally (fetal side) [57]. It is therefore
unlikely that an ST infection leads directly to a fetal infection;
however, progeny virus released into the local placental

environment on the maternal side from either intact or sloughed
infected ST could interact back with the ST, accumulate
through reversible binding, and be protected from inactivation.
Interestingly, one study showed that mouse CMV binds to
fibroblasts in a stable but reversible manner before infecting,
which leads to an equilibrium of bound and free virus [42]. In
this case, however, the reversible binding only occurs over a
short time frame of 5 min in vitro [42]. We find a similar
interaction with trophoblasts, which suggests that virus
generated during maternal viremia or released from infected
ST could be sequestered and thereby inadvertently protected by
the 12-m? ST layer and increase the viral load in the placenta.
This occurs in the presence of an established immune response
to which the placenta is not susceptible, but the ST still
effectively prevents a high infection level through some
cellular mechanism yet undefined. It has been shown that the
interaction of HCMV with innate immune coreceptors CD14
and TLR2, on the surface of cultured ST, increases tumor
necrosis factor alpha expression and induces apoptosis in
neighboring uninfected cells, ultimately leading to damage of
the villous trophoblast [44, 58]. Thus, the continual proximity
of infectious virus in or around the ST would increase the
potential for breaks and also accessibility of HCMV to fetal
tissues through breaks in the ST layer [44] or through Fc
receptor uptake of virus-antibody complexes [59] and ulti-
mately increase fetal infection. Indeed, high levels of virus
localized to the placenta increased the risk of in utero
transmission in the guinea pig [49].

In the present study, we demonstrate that the placenta can
serve as a reservoir for HCMV through reversible binding of
virus to HSPGs in and around the ST layer. Reversible binding
protects HCMYV, thereby facilitating its prolonged presence in
and around the placenta. This observation and the knowledge
that during an active infection, correlation is lacking between
viral load in blood [2, 4] or urine [11] and intrauterine
transmission have important implications for prevention and
prophylactic treatment of viral infections during pregnancy. It
is important to focus on the correlation of viral load in the
placenta to clinical diagnosis of congenital HCMYV infection.
Insights regarding the interaction of the placenta and virus will
provide data to further understand the progression of congenital
HCMYV infections.
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