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Abstract

Human cytomegalovirus (CMV) infection of the developing fetus can result in adverse pregnancy outcomes including death
in utero. Fetal injury results from direct viral cytopathic damage to the CMV-infected fetus, although evidence suggests CMV
placental infection may indirectly cause injury to the fetus, possibly via immune dysregulation with placental dysfunction.
This study investigated the effects of CMV infection on expression of the chemokine MCP-1 (CCL2) and cytokine TNF-a in
placentae from naturally infected stillborn babies, and compared these changes with those found in placental villous
explant histocultures acutely infected with CMV ex vivo. Tissue cytokine protein levels were assessed using quantitative
immunohistochemistry. CMV-infected placentae from stillborn babies had significantly elevated MCP-1 and TNF-a levels
compared with uninfected placentae (p= 0.001 and p= 0.007), which was not observed in placentae infected with other
microorganisms (p= 0.62 and p= 0.71) (n= 7 per group). Modelling acute clinical infection using ex vivo placental explant
histocultures showed infection with CMV laboratory strain AD169 (0.2 pfu/ml) caused significantly elevated expression of
MCP-1 and TNF-a compared with uninfected explants (p= 0.0003 and p,0.0001) (n= 25 per group). Explant infection with
wild-type Merlin at a tenfold lower multiplicity of infection (0.02 pfu/ml), caused a significant positive correlation between
increased explant infection and upregulation of MCP-1 and TNF-a expression (p= 0.0001 and p= 0.017). Cytokine
dysregulation has been associated with adverse outcomes of pregnancy, and can negatively affect placental development
and function. These novel findings demonstrate CMV infection modulates the placental immune environment in vivo and in
a multicellular ex vivo model, suggesting CMV-induced cytokine modulation as a potential initiator and/or exacerbator of
placental and fetal injury.
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Introduction

Human cytomegalovirus (CMV) is the leading infectious cause

of congenital malformation in developed countries, with a mean

global incidence of 0.64% [1]. Up to 32% of mothers with

a primary CMV infection will vertically transmit virus [1].

Congenital CMV may result in the development of serious clinical

sequelae [2–4], or at the most severe, fetal and neonatal death [5–

7]. Reactivation of latent CMV results in at least as many adverse

outcomes as primary infections [8]. Infection of the placenta, with

transplacental movement of CMV across the materno-fetal

interface, is a pre-requisite for infection of the fetus [9,10]. Fetal

injury results from direct viral cytopathic damage to the CMV-

infected fetus [11]. However, infection can also be restricted to the

placenta [6,12], and there is increasing evidence that indirect

effects of CMV through placental infection contribute to adverse

pregnancy outcomes [6,13].

Normal cytokine profiles are essential for successful establish-

ment and maintenance of a healthy pregnancy, regulating

interactions between the semi-allogeneic placenta and maternal

immune system. Cytokines directly influence placental develop-

ment and function including growth of anchoring and floating villi,

which are essential for delivery of oxygen, nutrients and maternal

IgG to the developing fetus [14]. CMV has immunomodulatory

properties that alter the host immune response to infection [15]

which may affect cytokine profiles within CMV-infected placentae

and at the materno-fetal interface. Recent studies also indicate

CMV induces a Th1 biased profile in clinically evident, primary

infection of renal transplant recipients [16], and in amniotic fluid

following congenital infection [17]. CMV-induced dysregulation

of normal cytokine profiles during pregnancy is therefore

a potential mechanism for placental dysfunction and subsequent

fetal injury.
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The chemokine MCP-1 (CCL2) and cytokine TNF-a have

strong pro-inflammatory effects and perform vital functions in

placental development, maintenance of pregnancy and protection

against pathogens. MCP-1 is produced during all stages of

gestation and is involved in endometrial angiogenesis, regulation

of trophoblast invasion and proliferation, cellular differentiation

and apoptosis [18,19]. It is a potent chemoattractant chemokine

for monocytes, macrophages and other leukocytes to sites of

inflammation [20]. TNF-a is primarily expressed during early and

late (rather than mid) gestation [21]. TNF-a functions during

pregnancy to enhance blastocyst implantation, control trophoblast

proliferation, migration and differentiation, balance trophoblast

turnover and renewal, and stimulate uterine activity during

parturition, as reviewed in [21]. It functions during inflammation

to recruit immune effector cells, induce apoptotic cell death and

has multiple functions in the septic response. While both MCP-1

and TNF-a have important roles in regulating placental de-

velopment and function, aberrant expression has been associated

with detrimental effects on pregnancy, which may lead to fetal

injury and death [21–24].

The importance of cytokines in normal pregnancy, and existing

evidence that CMV alters cytokine levels in various settings, led us

to examine the effects of CMV infection on MCP-1 and TNF-

a expression in placentae from CMV-infected stillborn babies and

model this in ex vivo infected placental villous explant histocultures.

The results show CMV infection induces changes to the immune

environment within the placenta which continue after acute

infection, and may be implicated in adverse pregnancy outcomes.

Results

MCP-1 and TNF-a Expression is Elevated in CMV-infected
Placentae from Stillborn Babies
MCP-1 and TNF-a were elevated in CMV-infected placentae

delivered from infected women, compared with placentae infected

with other microorganisms and uninfected placentae (Figure 1). In

the naturally infected placentae, MCP-1 and TNF-a expression

were significantly elevated in CMV-infected compared with

uninfected placentae (p=0.001 and p=0.007 respectively)

(Figure 1A). MCP-1 levels were also significantly elevated in

CMV-infected placentae compared with placentae infected with

other microorganisms (p=0.011), while TNF-a levels were not

significantly different (p=0.038) using the highly conservative

Bonferroni-corrected threshold for significance (p,0.0167). No

significant difference was found in MCP-1 or TNF-a levels for

placentae infected with other microorganisms compared with

uninfected placentae (p=0.62 and p=0.71 respectively), suggest-

ing this was a CMV-specific effect.

MCP-1 and TNF-a protein localised in syncytiotrophoblast,

cytotrophoblast, mesenchymal and endothelial cells of chorionic

villi in CMV-infected placentae, placentae infected with other

microorganisms and uninfected placentae from stillborn babies

(Figure 1B). Staining was not observed in any control sections

incubated with IgG isotype negative control primary antibody in

parallel with experimental sections (data not shown).

Modelling in vivo CMV Infection of the Placenta Using ex
vivo Placental Explant Histocultures
Term placental villous explants remain viable for up to 21 days

in ex vivo culture and are more readily infected indirectly via an

underlying feeder cell monolayer as opposed to direct virus

inoculation [25]. In this study, the majority of chorionic villi

remained morphologically normal, and expression of placental

hormones placental lactogen and chorionic gonadotropin contin-

ued to be detected by immunofluorescence at day 12 of explant

culture, consistent with continuing explant viability. However,

isolated syncytiotrophoblast detachment was observed in some

peripheral villi of CMV- and mock-infected explants, presumably

as a consequence of placental dissection, as has been previously

observed [26]. Cytomegalic cells were also readily observed in

chorionic villi of CMV-infected explants which were not observed

in uninfected control explants (data not shown).

Productive CMV infection of villous explants was demonstrated

using immunofluorescence detection of CMV immediate early/

early (IE/E), pp65 early/late and gB late protein in consecutive

histological sections (Figure 2). Staining for CMV antigens was

negative in mock-infected explants, and no staining was observed

in sections incubated with IgG isotype negative control primary

antibody (data not shown).

Villous explants infected with AD169 or Merlin showed virion

proteins in syncytiotrophoblasts, cytotrophoblasts and mesenchy-

mal cells of chorionic villi. Cytotrophoblast and mesenchymal cells

were permissive for productive viral infection as determined by

immunofluorescence detection of CMV IE/E and pp65 antigens

in adjacent nuclei of consecutive histological sections. However,

CMV IE/E protein was rarely detected, and pp65 never detected,

in syncytiotrophoblast nuclei of CMV-infected explants (n=50),

suggesting abortive infection or (less likely) significantly delayed

growth kinetics within these cells (Figure 3). Furthermore, there

were two distinct staining patterns observed for CMV gB protein

in CMV-infected explants - limited punctate staining, or diffuse gB

accumulation within cell cytoplasm, representing non-replicating

viral particles and late productive infection respectively [10].

Punctate staining was observed in syncytiotrophoblast, cytotro-

phoblast and mesenchymal cell cytoplasm, however, the diffuse

accumulation of gB protein was only detected in cytotrophoblast

and mesenchymal cells and not in syncytiotrophoblasts (data not

shown).

While both AD169- and Merlin-infected explants showed

productive infection within the explant tissue, significantly lower

levels of cell associated viral protein was observed in Merlin-

infected compared with AD169-infected explants (p = 0.0002)

(Figure 4A and 4B). This is consistent with the different

multiplicities of infection (MOI) used for the CMV AD169 and

Merlin strains (0.2 pfu/ml and 0.02 pfu/ml respectively). No

significant difference in villous explant area (mm2) was observed

between the AD169- and Merlin-infected explants (p=0.1)

(Figure 4C).

CMV Infection of ex vivo Placental Explants Induced
Upregulation of MCP-1 and TNF-a Expression in
Response to Infection
Compared with uninfected placental villous explants, AD169

infection of explants at an MOI of 0.2 pfu/ml resulted in

significantly elevated expression of MCP-1 and TNF-a (p=0.0003

and p,0.0001 respectively) (Figure 5A). Merlin infection at

a tenfold lower MOI of 0.02 pfu/ml did not show a significant

difference in MCP-1 or TNF-a expression compared with mock-

infected placental explants (p=0.82 and p=0.054 respectively).

Given the lack of significance for CMV Merlin strain compared

with mock-infected explants and limited amount of infection

observed, we further explored the relationship between CMV

infection and upregulation of MCP-1 and TNF-a expression by

plotting the number of CMV positive cells/mm2 of explant tissue

against the corresponding cytokine response (Figure 5B). Merlin-

infected explants showed a significant positive correlation between

degree of explant infection and MCP-1 and TNF-a expression

(p,0.0001 and p=0.008 respectively) demonstrating Merlin

CMV-Induced Cytokine Changes within the Placenta
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infection of placental explants was associated with upregulation of

MCP-1 and TNF-a in response to clinical infection. AD169

showed a similar significant positive correlation for degree of

explant infection and MCP-1 and TNF-a expression (p=0.01 and

p=0.049 respectively).

Cytokine protein localised in chorionic villi of the placental

explants in a manner analogous to localisation seen in clinically

infected and uninfected placental tissue from stillborn babies

(Figure 1B).

Discussion

Expression of the pro-inflammatory chemokine MCP-1 and

cytokine TNF-a was elevated in CMV-infected placentae from

stillborn babies, and this was reflected in results from acute

infection of a primary multicellular placental model. CMV-

induced upregulation of MCP-1 and TNF-a expression is

consistent with previous studies investigating CMV-induced

immune modulation in other settings including renal transplants

[16], cell culture studies [27,28] (including our own unpublished

findings), and our recent observations in amniotic fluid of CMV-

infected pregnant women [17]. This may be a more general

feature of CMV infection in vivo or may be a feature of immune

compromised populations.

The congruence between elevated MCP-1 and TNF-a in

amniotic fluid of CMV-infected pregnant women and tissue fixed

cytokine in both CMV-infected stillbirth placentae and ex vivo

placental explant histocultures suggests the amniotic fluid cytokine

changes are related to placental changes. The placental source of

these cytokines with pro-inflammatory effects are likely to be

placental trophoblasts, fetal macrophages (Hofbauer cells) and

stromal cells [29,30] consistent with our immunohistochemical

findings (Figure 1B).

While AD169 infection of placental explants produced a signif-

icant MCP-1 and TNF-a response compared with mock-infected

explants, these results were not reflected with the wild-type Merlin

strain. This is primarily attributed to the differences in multiplicity

of infection (MOI) used between the AD169 and Merlin strains

(0.2 and 0.02 pfu/ml respectively), due to the relationship between

MOI used to initially infect the underlying cell monolayer and

subsequent number of cells expressing CMV antigen in the

explant tissue (Figure 4). In support of this, there was a consistent,

significant positive correlation between Merlin infection and

cytokine upregulation (Figure 5B). The slower growth kinetics of

Figure 1. MCP-1 and TNF-a expression is elevated in CMV-infected placentae from stillborn babies. (A) MCP-1 and TNF-a expression in
uninfected (CMV2/Other2), other microorganism-infected (CMV2/Other+) and CMV-infected (CMV+/Other2) placentae from stillborn babies. Data
presented as box plots with median value, Q1, Q3 and range. Significant differences between groups were determined with the Mann-Whitney U test
and threshold for significance adjusted to account for multiple comparisons using Bonferroni’s correction; *p,0.0167, **p,0.003. (B) Representative
images of immunohistochemical localisation of MCP-1 and TNF-a protein (red staining) in uninfected and CMV-infected placental tissue from stillborn
babies. In chorionic villi, cytokine localised in syncytiotrophoblast (st) and cytotrophoblast (ct) cells, mesenchymal stromal cells (msc) and endothelial
cells of fetal capillaries (ec). Scale bars represent 70 mm.
doi:10.1371/journal.pone.0052899.g001
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Merlin compared with AD169 is responsible for the limitation in

achieving a high enough inoculation dose for Merlin [31], and

may also be a contributing factor in the cytokine expression

differences observed for the two viruses.

Figure 2. CMV productively infects placental villous explants. Productive AD169 and Merlin infection of villous explants was determined by
staining for CMV immediate early/early (IE/E), early/late (pp65) and late (gB) protein. Representative images are of AD169 and Merlin infected villous
explants 12 days post inoculation. Scale bars represent 50 mm.
doi:10.1371/journal.pone.0052899.g002

Figure 3. CMV actively replicates in cytotrophoblast and mesenchymal cells, but not syncytiotrophoblasts, of placental villous
explants. CMV laboratory strain AD169 and wild-type Merlin infected syncytiotrophoblasts (CK7+/VIM2/hPL+), cytotrophoblasts (CK7+/VIM2/
hPL2) and mesenchymal cells of the villous stroma (CK72/VIM+/hPL2) as determined by staining for CMV immediate early/early protein. Active
replication (CMV IE/E+, pp65+) was observed in both cytotrophoblasts and mesenchymal cells but not syncytiotrophoblasts (CMV IE/E+, pp652)
(inserts and arrow heads). Representative images are of 4 mm consecutive histological sections of AD169 infected villous explants 12 days post
inoculation. No difference in cellular tropism was observed between AD169 and Merlin strains. Scale bars represent 100 mm.
doi:10.1371/journal.pone.0052899.g003
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Elevated MCP-1 expression has been associated with adverse

pregnancy outcomes including preeclampsia [32], intrauterine

growth restriction, spontaneous abortion, pregnancy loss [22] and

preterm delivery [33]. All of these outcomes (excepting pre-

eclampsia) have also been shown to result from congenital CMV

infection in previous clinical studies. Increases in macrophage

populations aberrantly activated by human lipopolysaccharide are

associated with decreased cytotrophoblast invasion of uterine

decidua [23] and apoptosis of the syncytiotrophoblast layer [34]

in vitro. Given the potent effects MCP-1 has on macrophage

activation and chemotaxis, CMV-induced MCP-1 increases may

similarly affect cytotrophoblast invasiveness of the uterine decidua

during placental development and syncytiotrophoblast function

during gestation. Furthermore, elevated MCP-1 levels could assist

virus dissemination through recruitment of monocytes and

macrophages to sites of infection.

Elevated TNF-a has been linked to adverse effects on pregnancy

and placental function including embryonic death, spontaneous

abortion and preterm labor in amniotic fluid of animal (mouse)

models [24,35,36], reduced migration and invasion capabilities of

cytotrophoblast cells in vitro in placental explant and trophoblast

cell cultures [37,38], apoptosis of syncytiotrophoblasts [34,39],

diminished trophoblast syncytialisation [21], degradation of de-

cidual extracellular matrix [37,40], and diminished expression of

hormones such as hCG in cell culture models [41]. Normal

cellular processes for these functions are critical for successful

establishment and maintenance of pregnancy, and the reductionist

and animal models described show TNF-a has a significant effect

on most of them in these models.

The non-permissive nature of syncytiotrophoblasts to CMV

infection found here in acute infection of term placental explants ex

vivo is consistent with previous findings in both clinical and ex vivo

placental tissue [10,42]. Similar results have been reported by

other groups for placental infection by herpes simplex virus [43],

adenovirus [44] Listeria monocytogenes and Toxoplasma gondii [26].

Our results further support the hypothesis of Robbins et al. [26]

and others [42,43] that the syncytiotrophoblast layer acts as

a general barrier to placental infections, thereby requiring

infectious agents to employ specific adaptive strategies to cross

the materno-fetal interface and disseminate through the fetal

tissues.

These data suggest CMV-induced placental upregulation of

cytokines with pro-inflammatory effects such as MCP-1 and TNF-

a could lead to fetal injury, and in some cases fetal demise, via

several different mechanisms including: i) placental insufficiency

resulting from shallow placentation [23,37,38] and/or diminished

function of the syncytiotrophoblasts in nutrient and gas exchange

across the materno-fetal interface [21,39]; ii) increased materno-

fetal virus transmission and dissemination due to compromised

integrity of the syncytiotrophoblast barrier to placental infection

[26,34,39,43]; iii) adverse downstream effects on other cellular

proteins critical for successful pregnancy such as placental

Figure 4. CMV infection is significantly greater in AD169- compared with Merlin-infected placental villous explants. (A)
Representative images of CMV immediate early/early (IE/E) antigen detection in AD169- (left) and Merlin-infected (right) placental villous explants 12
days post inoculation (CK7; Cytokeratin-7). Scale bar represents 70 mm. (B) Number of cells per mm2 of villous explant tissue expressing CMV IE/E
protein in AD169- compared with Merlin-infected explants. (C) No significant differences in villous explant area (mm2) were observed between the
CMV-infected explant groups (p=0.1). Data presented as box plots with median value, Q1, Q3 and range. Significant differences between groups
(denoted as *) were determined using a one-tailed Spearman’s correlation.
doi:10.1371/journal.pone.0052899.g004
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hormones [41], matrix metalloproteinases [45] and adhesion

molecules [39]; and/or iv) loss of immune tolerance to the semi-

allogeneic placenta resulting from a CMV-induced Th1 shift in

placental cytokine profiles during gestation [17]. While our data

do not specifically address these mechanistic questions, they do

provide novel insights into CMV-induced immune modulation

within both naturally infected placentae and an ex vivo placental

explant model.

The placental explant histocultures provide a primary multi-

cellular model of the human placenta that more accurately reflects

the in vivo placental environment than other model systems, such

as cell culture monolayers and animal models. Continuous

placental cell lines lack gene expression profiles of their primary

cell counterparts due to cellular transformation [46], while

primary placental cell monocultures lack the protein network

interactions between different cell types found in a multicellular

system. Animal models provide useful whole-animal models, with

fetal outcome data available, but do have the limitations of

significant differences in placental development, morphology and

function between species [47], and the necessity of using species-

specific strains of CMV in these models [48], overcome to some

extent by the use of humanised animals [49]. Here we demonstrate

that placental explant histocultures provide a unique and robust

research tool for future investigations into the placental immune

response to infection and subsequent effects on placental function.

This novel study is the first to specifically investigate CMV-

induced cytokine changes in placentae from stillborn babies and

utilise placental explant histocultures to model in vivo immunolog-

ical changes in response to in vitro microbiological infection. These

data suggest a possible indirect mechanism for CMV-induced fetal

injury via placental upregulation of cytokines and chemokines with

pro-inflammatory effects. Clearly the placenta responds to CMV

infection acutely in vitro, and chronically in vivo with a Th1 biased

response, on the basis of our observations here in the placenta, and

elsewhere in the amniotic fluid [17]. This suggests these cytokine

changes may be used as markers of adverse pregnancy outcomes

from CMV infection, and potentially as therapeutic targets.

Methods

Ethical Statement
This study was conducted according to the principles expressed

in the Declaration of Helsinki. Approval for this study was

obtained from South Eastern Sydney and Illawarra Area Health

Service Human Research Ethics Committee (04-210 [11 August

2005] and 09-012 [19 June 2009]), and site-specific approval was

provided by the Children’s Hospital at Westmead (MR 2009-04-

03 [27 February 2009]) and the Prince of Wales Hospital (09-G-

019 [21 July 2009]) in Sydney, Australia. All patients provided

Figure 5. CMV infection of placental villous explants results in upregulation of MCP-1 and TNF-a expression. (A) MCP-1 and TNF-
a expression in mock-infected, AD169-infected (0.2 pfu/ml) and Merlin-infected (0.02 pfu/ml) villous explants. Data presented as box plots with
median value, Q1, Q3 and range. Significant differences between groups were determined with the Mann-Whitney U test and threshold for
significance adjusted to account for multiple comparisons using Bonferroni’s correction; *p,0.025, **p,0.005 and ***p,0.0005. (B) Correlation
between degree of CMV placental explant infection with corresponding MCP-1 and TNF-a expression. MCP-1 and TNF-a protein expression was
plotted against the number of cells expressing CMV immediate early/early (IE/E) protein per mm2 of AD169 and Merlin infected villous explant tissue.
Significant correlations (denoted by *) were determined by two-tailed nonparametric spearmans correlation with trend plotted as straight lines.
doi:10.1371/journal.pone.0052899.g005
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written informed consent for the collection of samples and

subsequent analysis.

Stillbirth Case Series and Specimen Collection
Specimens were selected from a retrospective case series of

formalin fixed, paraffin-embedded placentae collected from

stillborn infants at post-mortem examination during the period

January 2005 through December 2006. Bacterial cultures and

multiplex PCR were performed for all specimens as previously

described [6]. Placental specimens were classified as: i) CMV-

infected placentae, ii) placentae infected with other microorgan-

isms (including enterovirus, herpes simplex virus, human herpes

virus 8, human herpes virus 7, Mycoplasma hominis, Mycoplasma

genitalium, or Group B Streptococcus), and iii) uninfected placentae

(n = 7 per group). Specimens were matched for gestational age

between groups with a median age within each group of 35 weeks

(range: 21–42 weeks).

Viruses
Wild-type CMV strain Merlin (UL128+, RL132) was derived

from a Merlin-BAC recombinant, pAL1120, kindly provided by

Richard Stanton (University of Cardiff). DNA was transfected and

propagated in ARPE-19 cells (ECACC) in DMEM/F12+Gluta-

MAX (Invitrogen) +5% fetal bovine serum (FBS; Bovagen) and

100 U/ml penicillin G, 100 ug/ml streptomycin and 29.2 ug/ml

L-glutamine (16PSG, Invitrogen), with one passage in MRC-5

cells to increase viral titre, as previously described [50]. Merlin was

propagated in ARPE-19 cells following single passage in MRC-5

fibroblasts demonstrating supernatant virus from Merlin-infected

MRC-5 cells retained epithelial cell tropism. CMV laboratory

strain AD169 (ATCC) was cultured in MRC-5 fibroblasts

(ECACC) with MEM (Invitrogen) supplemented with 2% FBS

and PSG. The titre of virus stocks was quantified using standard

plaque assay.

Placental Villous Explant Histocultures
Placental tissue was cultured ex vivo, and infected with CMV,

using methods similar to those previously described to examine

placental cytokines [51] and CMV infection of placentae ex vivo

[25] with some minor modifications. Four term placentae were

collected with consent from women undergoing elective Caesarean

section delivery who had a healthy pregnancy and were not in

labor. The uninfected status of each placenta used in experiments

was verified by multiplex PCR [6].

Five days prior to collection of placentae, 6-well culture plates

with 90% confluent monolayers of MRC-5 fibroblasts were

inoculated with CMV wild-type strain Merlin or laboratory

adapted strain AD169 (n= 6) at a multiplicity of infection (MOI) of

0.02 or 0.2 pfu/ml, respectively, in MEM supplemented with 10%

FBS and 16PSG. Mock infected (media only) cultures were

established concurrently (n = 6). Following centrifugation of plates

at 7706g for 30 min and one hour incubation at 37uC with 5%

CO2, supernatant was removed and replaced with 2 ml RPMI-

1640 (Invitrogen, USA) supplemented with 15% FBS and 16PSG.

Virus- and mock-infected MRC-5 cultures were re-incubated at

37uC with 5% CO2 for four days. An additional 3 ml of RPMI-

1640 media supplemented with 15% FBS and 1% PSG was added

to the CMV- and mock-infected MRC-5 cultures one hour prior

to collection of placentae.

Placentae were collected and dissected within three hours of

delivery to obtain placental cotyledons. The cotyledons were

washed in three changes of 0.9% sodium chloride solution

supplemented with 16PSG and cut to obtain 3–5 mm2 chorionic

villi explants. Explants were placed on sterile collagen sponge gels

(Pharmacia and Upjohn, USA) with four-five villous explants per

sponge. Sponge gels with villous explants were added to the CMV-

and mock-infected MRC-5 culture wells (one sponge per well) and

explants cultured at the liquid-air interface bathed in culture

media. There was no direct contact between the sponge gels and

underlying MRC-5 monolayer. The placental explant histocul-

tures were incubated for four days at 37uC with 5% CO2 with

explants basted in 1 ml volumes of culture media several times

each day. At day five, the explants and collagen sponge gels were

transferred to fresh 6-well plates containing 5 ml fresh culture

media, but with no underlying cell monolayer, and incubated for

a further seven days. At day nine of explant culture, 3 ml of fresh

culture media was again added to the explant histocultures.

Histocultures were gently agitated each day to assist nutrient and

virus dissemination through the explant tissue. The mock-,

AD169- and Merlin-infected villous explants (n = 25 per group)

were harvested at day 12 of explant culture, fixed in 10% buffered

formalin and paraffin embedded.

Cytokine Protein Detection by Immunohistochemistry
De-paraffinised and rehydrated 4 mm placental sections were

incubated with 0.5% Tween20 in PBS for 10 min, peroxidase

blocking reagent (Dako) for 15 min, then 2% bovine serum

albumin (BSA) in PBS for 30 min. Cytokine protein was detected

by incubating sections with mouse monoclonal anti-human MCP-

1 (R&D Systems; 1:30 dilution) or mouse monoclonal anti-human

TNF-a (R&D Systems; 1:20 dilution) primary antibody for

90 min, HRP-labelled polymer anti-mouse secondary antibody

(Dako) for 40 min followed by 3-amino-9-ethylcarbazole (Dako)

for 15 min. Sections were counterstained with Mayer’s haematox-

ylin (Dako) and sealed with CC/Mount (Sigma). Infected and

uninfected sections incubated with IgG isotype primary antibody

(Dako) served as a negative control and were included with each

experiment in parallel. Stained sections were digitally scanned

using the ScanScope XT Slide Scanner (Aperio) and analysed

using ImageScope area quantitation software (Positive pixel count

v9; Aperio). Percentage of cytokine protein expression was the

number of positive pixels detected divided by total number of

pixels present in 20 fields of view for each stillbirth placenta and

one entire section for each villous explant.

Co-localisation of Viral and Cellular Proteins by Dual
Immunofluorescence
De-paraffinised and rehydrated 4 mm placental sections were

subjected to antigen retrieval using Tris-EDTA buffer pH 9.0 for

20 min at 95uC followed by 30 min incubation at room

temperature. Non-specific staining was blocked with 2% BSA for

30 min. CMV was detected by 60 min incubation with mouse

monoclonal anti-CMV Immediate Early and Early (IE/E)

antibody (Clones DDG9 and CCH2; Dako; 1:100 dilution),

mouse monoclonal anti-CMV pp65 antibody (Abcam; 1:200

dilution), or mouse monoclonal anti-CMV gB antibody (Abcam;

1:200 dilution) followed by 40 min incubation with Alexa Fluor

594 IgG goat anti-mouse secondary antibody (Invitrogen; 1:1000

dilution). Sections were then incubated with primary antibodies for

mouse monoclonal anti-human cytokeratin-7 (Abcam; 1:100

dilution), mouse monoclonal anti-human vimentin (ICN; 1:20

dilution) or rabbit polyclonal anti-human placental lactogen

(Abcam; 1:200 dilution) for 60 min, followed by 40 min in-

cubation with Alexa Fluor 488 IgG1 goat anti-mouse or Alexa

Fluor 488 IgG donkey anti-rabbit secondary antibodies (Invitro-

gen; 1:1000 dilution). ProLong Gold Antifade Reagent containing

DAPI (Invitrogen) was added to each slide and mounted with

a coverslip. Infected and uninfected sections incubated with IgG
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isotype primary antibody served as a negative control. Imaging of

stained tissue sections were carried out using a Nikon Eclipse E400

light microscope with a Y-FL Epi Fluorescence attachment and

a DS camera control unit DS-L2, DS camera head DS-Fi1

(Nikon).

Correlation between Viral Infection and Cytokine
Expression
A representative section from each AD169-infected and Merlin-

infected explant was stained for CMV IE/E protein as described.

The total number of CMV IE/E positive cells for each explant was

calculated and divided by total area of the section (mm2) to give

a normalised value of CMV positive cells per mm2 tissue. Explant

section area was determined by the Aperio ImageScope area

quantitation software. The number of CMV positive cells/mm2

tissue was then plotted against the corresponding MCP-1 or TNF-

a protein expression results for each infected explant.

Statistical Analysis
Data were not normally distributed and so non-parametric tests

were used for analyses. Differences between groups were assessed

using the Mann-Whitney U test. Bonferroni’s correction was

applied to adjust for multiple comparisons where applicable. The

Bonferroni-corrected threshold for significance was calculated by

dividing the conventionally set level of significance (p,0.05) by the

number of comparisons. The association between two continuous

variables was assessed using a one-tailed Spearman’s correlation

coefficient test. Data were analysed using SPSS Statistics (Version

20, IBM Corporation).
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