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Abstract
Congenital human cytomegalovirus (HCMV) infection is a leading cause of birth defects, yet there are no established treat-
ments for preventing maternal–fetal transmission. During first trimester, HCMV replicates in basal decidua that functions as a 
reservoir for virus and source of transmission to the attached placenta and fetal hemiallograft but also contains immune cells, 
including natural killer cells, macrophages, and T cell subsets, that respond to pathogens, protecting the placenta and fetus. 
However, the specific cellular and cytokine responses to infection are unknown, nor are the immune correlates of protection 
that guide development of therapeutic strategies. Here we survey immune cell phenotypes in intact explants of basal decidua 
infected with a clinical pathogenic HCMV strain ex vivo and identify specific changes occurring in response to infection in 
the tissue environment. Using 4-color immunofluorescence microscopy, we found that at 3 days postinfection, virus replicates 
in decidual stromal cells and epithelial cells of endometrial glands. Infected cells and effector memory CD8+ T cells (TEM) 
in contact with them make IFN-γ. CD8+ TEM cells produce granulysin and cluster at sites of infection in decidua and the 
epithelium of endometrial glands. Quantification indicated expansion of two immune cell subtypes—CD8+ TEM cells and, 
to a lesser extent, iNKT cells. Approximately 20% of immune cells were found in pairs in both control and infected decidua, 
suggesting frequent cross-talk in the microenvironment of decidua. Our findings indicate a complex immune microenviron-
ment in basal decidua and suggest CD8+ TEM cells play a role in early responses to decidual infection in seropositive women.
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Introduction

Congenital human cytomegalovirus (HCMV) infection is 
a leading cause of permanent birth defects in the United 
States and worldwide, causing neurological defects ranging 
from mild hearing loss to deafness, severe cognitive deficits, 
microcephaly, and premature death. Most severe outcomes 
are associated with maternal infection in the first trimester of 
pregnancy [1–4]. Prior maternal exposure to HCMV reduces 
the risks of transmission and severe outcomes but does not 

eliminate them. Currently, there are no effective vaccines 
to prevent infection and no accepted treatments to prevent 
transmission to the fetus. Furthermore, immunohistological 
studies of placentas and serological analysis of maternal and 
cord blood from asymptomatic deliveries suggest that con-
genital infection (i.e., transmission) may be more common 
than previously thought, potentially causing unanticipated 
long-term sequelae in those that go undiagnosed.

The determinants and immune correlates of HCMV 
transmission are poorly understood. Analysis of placental 
and decidual biopsy specimens has revealed that HCMV 
replicates more often in the decidua than in the placenta, 
suggesting that the uterus functions as a reservoir for infec-
tion [5–7]. HCMV replicates consistently in epithelial cells 
of endometrial glands in basal decidua in first trimester and 
parietal decidua at term [5, 8, 9, 7]. In reactivation, HCMV 
DNA was frequently detected along with the DNA of other 
viruses and pathogenic bacteria, suggesting the presence of 
other pathogens may trigger viral reactivation. In women 
with intermediate to high neutralizing titers, infection 
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in decidua is suppressed, and the placenta spared [5, 8]. 
However, in a study of placentas from HCMV seropositive 
women, although neutralizing antibodies were detected, the 
placentas still contained viral DNA [10]. Moreover, placen-
tas from seropositive women with pregnancies complicated 
by intrauterine growth restriction and preterm deliveries 
contain focal infection and fibrosis in parietal decidua and 
evidence of infection in epithelial cells of amniotic mem-
branes, indicating virus transmission to the fetus [7, 11].

Comparison of HCMV and Zika virus showed similar 
replication patterns in epithelium of decidual glands and 
decidual stromal cells [12], but cytokines associated with 
immune cell activation and migration were upregulated in 
HCMV-infected decidua [13]. Nonetheless, both cellular 
and humoral responses reduce transplacental HCMV trans-
mission. Analysis of immune cells in the circulation after 
primary infection showed early development of CD8 + and 
CD4+ T cells and antibodies to the viral pentamer complex 
gH/gL-pUL128-131 in mothers who protect their babies 
from congenital infection [14, 15].

Given strong evidence that HCMV spreads from decidua 
to anchoring chorionic villi in early gestation, we carried 
out a preliminary survey of immune cells in basal decidua 
from first-trimester placentas infected ex vivo with a clini-
cal pathogenic strain. Immunofluorescence analysis revealed 
changes indicative of inflammation and activation of cellular 
immune responses in the microenvironment of infected tis-
sue, as described here.

Materials and methods

Infection of decidua explants

The Institutional Review Board of the University of Cali-
fornia San Francisco approved this study. Basal decidua 
was isolated from placentas from elective terminations 
(Advanced Bioscience Resources). Basal decidua explants 
(approximately 2–3 mm) were isolated and plated on Mil-
licell-CM inserts (0.4 μm pore size, 30 mm (Millipore-
Sigma, Burlington, MA); 2–4 explants per insert) coated 
with Matrigel (B-D Biosciences, Franklin Lakes, NJ; diluted 
1:1), and cultured in 96.5% Dulbecco’s Modified Eagle’s 
Medium (DME) H-21 with 2.5% fetal bovine serum (FBS). 
Twenty hours after attachment, explants were rinsed with 
fresh medium, infected with HCMV VR1814 strain (3 × 106 
PFU) and maintained for 3 days before fixation and frozen 
embedding in optimal cutting temperature compound.

Antibodies used in immunofluorescence

Sections of control and infected decidua were immu-
nostained for immunofluorescence using standard methods 

and mounted in VectaShield with DAPI (Vector Labora-
tories, Burlingame, CA). Antibodies used include mon-
oclonal antibody CH443 targeting HCMV IE, produced 
in the Pereira laboratory, and the following antibodies 
obtained from commercial sources: mouse and rabbit anti-
CD3 mAbs (Abcam, Cambridge, United Kingdom), rabbit 
anti-CD4 mAb (Abcam, Cambridge, United Kingdom), 
rat anti-CD4 mAb (BioRad Laboratories, Hercules, CA), 
and mouse anti-CD8 mAb (BD Pharmingen, San Diego, 
CA), rabbit anti-IFN-γ polyclonal antibody (Abcam, Cam-
bridge, MA) mouse anti-granulysin mAb (Santa Cruz Bio-
technology, Dallas, TX), rabbit and mouse anti-CD32A 
(Abcam, Cambridge, United Kingdom), goat anti-CD56 
polyclonal antibody (R&D Systems, Minneapolis, MN), 
rabbit anti-CD163 polyclonal antibody (Abcam, Cam-
bridge, United Kingdom), rabbit anti-CD209 (DC-SIGN) 
polyclonal antibody (Abcam, Cambridge, United King-
dom), rabbit anti-cytokeratin 7 polyclonal antibody (Novus 
Biologicals, Centennial, CO), mouse anti-cytokeratin 7 
mAb (Dako Products, Santa Clara, CA), rabbit anti-vimen-
tin mAb (Abcam, Cambridge, United Kingdom), mouse 
anti-vimentin IgM mAb (Sigma-Aldrich, St. Louis, MO). 
Fluorescently labeled secondary antibodies (FITC, Rho-
damine RX, and Cy5) were obtained from Jackson Immu-
noresearch (West Grove, PA).

Immunofluoresence analysis and quantification

Fluorescent immunostains were imaged using a Leica DMi8 
microscope with a Leica DFC9000GT camera controlled 
by Leica Application Suite X software. Quantification of 
immune cell types based on marker staining was performed 
manually using Adobe Photoshop.

Results

CD56+ cells accumulate at sites of infection 
in the tissue microenvironment and interact 
with infected decidual cells

Antiviral responses often involve the activities of cyto-
toxic cells, including both NK cells and CD8+ effector 
memory T (TEM) cells, both of which express CD56 [16]. 
To determine whether CD56+ immune cells are recruited 
to sites of infection, we immunostained sections of control 
and VR1814-infected decidual explants for HCMV IE pro-
teins, CD56, and vimentin, a marker of decidual stromal 
cells, and examined the spatial relationships between foci 
of infection and CD56+ cells. We found variable densities 
of CD56+ cells in control decidua but these were typi-
cally distributed randomly (Fig. 1a). In infected decidua 
explants, in contrast, CD56+ cells accumulated within and 
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near foci of infection (Fig. 1b, c). Immunostaining indi-
cated these cells also expressed CD8 (data not shown), 
indicating these are CD8+ TEM cells. Vimentin staining 
confirmed that infected cells were decidual stromal cells; 
however, unexpectedly, CD56 signal could be seen side-
by-side and within some of the infected cells, suggesting 

uptake from the immune cells. Indeed, CD56+ vimentin-
negative cells could be seen interacting with infected 
decidual cells (orange boxes in Fig. 1c, d and correspond-
ing enlargements in panels e and f). Close examination 
confirmed that CD56 was densely concentrated in the 
plasma membranes of infected decidual cells (yellow and 
blue boxes in Fig. 1c, d and corresponding enlargements 
in panels g–j).

Interferon‑γ is upregulated in both immune 
and decidual cells at sites of infection

As interferon-γ (IFN-γ) is a multifunctional cytokine 
and central mediator of local immune responses to infec-
tions leading to activation of immune cells, we examined 
IFN-γ accumulation at sites of HCMV infection. In paral-
lel sections, clusters of infected decidual cells (Fig. 2a) 
and clusters of cells with increased levels of IFN-γ signal 
coincided (Fig. 2a, b). Higher magnification images of the 
areas delineated by colored boxes in panel (b) (Fig. 2c–e, 
corresponding to the red, blue, and yellow boxes in panel 
b) reveal intimate relationships between CD8+ TEM cells 
and infected decidual cells, with both cell types exhibiting 
increased levels of nuclear IFN-γ.

Fig. 1   CD56+ immune cells in basal decidua make direct contact 
with HCMV-infected cells. Sections of VR1814-infected explants 
of basal decidua immunostained at 3  days postinfection for CD56, 
HCMV IE proteins, and vimentin, a marker of decidual stromal cells. 
a Broad distribution of CD56+ cells in control decidua. b, c CD56+ 
effector memory CD8+ T (TEM) cells cluster and contact infected 
decidual cells. d Vimentin costaining of section in C shows HCMV 
replicates in decidual stromal cells. e, f Enlargements of areas deline-
ated by orange boxes in c and d showing interaction of CD56+ TEM 
cells with infected decidual stromal cells. g–j Enlargements of areas 
delineated by yellow boxes (g, h) and blue boxes (I, j) in c and d 
show cells coexpressing CD56, HCMV IE, and vimentin, suggesting 
that infected cells acquire CD56 by contact with TEM cells. Scale bar 
in a = 25 µm for a, c and d, and 50 µm for b 

Fig. 2   IFN-γ is upregulated at foci of HCMV infection. a, b Parallel 
sections of decidua infected with VR1814 and stained for CD56 and 
HCMV IE proteins (a) and CD56 and IFN-γ (b) at 3 days postinfec-
tion. Dashed boxes surrounding clusters of infected cells in a indicate 
approximate positions of corresponding colored boxes in b where 
IFN-γ is upregulated. c–e High magnification images of regions 
delineated by colored boxes in b. Blue, red, and yellow boxes cor-
respond to panels c–e, respectively. Scale bar in b = 50 µm for a, b 
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CD8+ TEM cells contact HCMV‑infected decidual 
epithelium

To examine the relationship of CD56+ immune cells to 
infection in decidual glands, we immunostained sections 
of VR1814-infected decidua for CD56 and cytokeratin 19, 
a marker of epithelial cells. We found that CD56+ cells 
in VR1814-infected decidua explants infiltrate and trav-
erse the infected epithelium (Fig. 3a). Figure 3b shows 
an enlargement of the region defined by the yellow box in 
Fig. 3a, highlighting the intermingling of the CD56+ cells 
with glandular epithelial cells. Immunostaining of parallel 
sections for CD3 and CD8 suggest these are CD8+ TEM 
cells (data not shown). Immunostaining for HCMV IE pro-
tein identified three infected epithelial cells in this section, 
at a site separate from the region of extensive infiltration 
of CD8+ TEM cells in panel Fig. 3b. Figure 3c shows 
an enlargement of the region defined by the white box in 
panel Fig. 3a corresponding to the cluster of infected cells 
(Fig. 3d), revealing contact between CD8+ TEM cells and 
infected epithelial cells.

CD8+ TEM cells express granulysin and those 
with polarized granules increase in density at sites 
of infection

To determine whether CD56+ cells at sites of infection have 
cytotoxic potential, we immunostained infected decidua for 
CD56 and granulysin (GNLY), granzyme B, and perforin. 
Staining for granzyme B and perforin was negative (data not 
shown). However, we found that virtually all CD56+ cells 
near a focus of infection stained strongly for GNLY (Fig. 4a, 
b), and cells within the focus of infection had a distinctly 
polar distribution (Fig. 4b, blue and red rectangles, and 
enlargements in panels c and d, respectively). In contrast, 
CD56+ cells more distal to infection frequently exhibited a 
diffuse granular distribution of GNLY (Fig. 4b, yellow box, 
and corresponding enlargement in panel e). CD56+ cells in 
control decidua also expressed GNLY with both polar and 
diffuse distributions (Fig. 4f and enlargement in Fig. 4g). In 
some cells, GNLY and CD56 colocalized (Fig. 4d, e). These 

Fig. 3   CD56+ TEM cells contact HCMV-infected decidual glands and 
traffic across the gland epithelium. VR1814-infected decidual explant 
immunostained for CD56, HCMV IE, and cytokeratin 19 (CK19), a 
marker of decidual gland epithelium, at 3 days postinfection. a CD56 
and CK19 costaining shows CD56+ cells below, within, and above 
the glandular epithelium. b Enlargement of region delineated by the 
yellow box in a. c Enlargement of region delineated by the white box 
in a. d Corresponding HCMV IE signal shows infected epithelial 
cells (arrowheads) with nearby CD56+ signal. Scale bar in a = 50 µm

Fig. 4   Granulysin-expressing CD56+ cells proximal to HCMV-
infected decidual cells in explants. a, b Parallel sections of VR1814-
infected decidua immunostained for CD56 and HCMV IE (a) and 
CD56 and granulysin (GNLY) (b) at 3 days postinfection. c–e High 
magnification images of regions delineated by the blue and red boxes 
in b, proximal to the focus of infection (c, d), and yellow box in b, 
distal to infection (e). f Section of control decidua immunostained for 
CD56 and GNLY. g High magnification image of region delineated 
by box in f. Scale bar in b = 100 µm for a, b, and f 



479Medical Microbiology and Immunology (2019) 208:475–485	

1 3

results suggest that the CD8+ TEM cells are attracted to 
sites of infection and that proximity to infected cells may 
promote the polar distribution of GNLY in these cells.

Immune cell types in uninfected and HCMV‑infected 
decidual explants and cellular interactions

To survey immune cell types in decidua explants, we immu-
nostained sections of control and VR1814-infected decidua 
explants for CD3, CD8, and CD56 and found several 

different cellular phenotypes based on expression of the 
three markers (Fig. 5). We noted an apparent increase in 
the relative frequency of CD56+ CD8+ T cells in infected 
decidua relative to control decidua, later supported by 
quantification (Table 1). Split images of a single section of 
infected decidua immunostained for CD3, CD8+ and CD56 
reveal TEM cells expressing all three markers (Fig. 5a, b; 
dashed enclosures). We also observed frequent occurrences 
of immune cells in pairs, including both homotypic (e.g., 
two CD8+ dNK cells) and heterotypic pairs (e.g., a decidual 
NK (dNK) cell and a CD8+ T cell). Approximately 20% of 
all cells counted were part of a pair. An example is presented 
in Fig. 5c and d, where a CD8+ dNK cell is in contact with 
one of the three CD3+ CD8− CD56− T cells (i.e., likely 
CD4+ T cells).

Different immune cell frequencies in uninfected 
and HCMV‑infected decidual explants suggest 
expansion of some cell types upon infection

To determine whether there were meaningful differences in 
the frequencies of immune cell types in control and infected 
decidua explants, we quantified the phenotypes in decidua 
explants in 14 images of uninfected control and 11 images 
VR1814-infected decidual explants from two independ-
ent basal decidua from seropositive donors fixed at 3 days 
postinfection and immunostained for CD3, CD8, and CD56 
(Table 1). A total of 357 cells expressing at least one of 
the three markers were counted in control decidua, and a 
total 374 cells expressing at least one marker were counted 
in VR1814-infected decidua. The most frequent cell type 
was dNK (61.6% in control and 49.7% in infected explants), 
some of which expressed CD8 (18.2% of dNK cells in con-
trol and 24.7% of dNK cells in infected explants). The next 
most frequent cell type was CD8+ T cell (29.7% in control 
and 33.5% in infected explants). Notably, there was a large 
difference between these two CD8+ T cell populations in 

Fig. 5   Immune cell types in HCMV-infected basal decidua. a–d 
VR1814-infected decidua immunostained for CD3, CD8, and CD56 
and separately showing the CD3 and CD8 signals (a, c) and CD56 
and CD8 signals (b, d) at 3  days postinfection. Dashed circles in a 
and b highlight CD56+ TEM cells expressing all three markers. c, d 
Show an interaction between CD4+ T cells and a CD8+ decidual NK 
(dNK) cell. Scale bar in d = 20 µm for a–d 

Table 1   Immune cell types in basal decidua of first-trimester human placentas

a T cell CD8αβ, NK cell CD8αα [58]
b Infected ex vivo with HCMV strain VR1814

Marker Cell type

CD8+ T CD8+ TEM dNK dNK iNKT CD4+ T

CD3 + + − − + +
CD8a + + − + − −
CD56 − + + + + −
CD4 − − − − − +

Explant Percentage of immune cell total

Control 28.3 1.4 50.4 11.2 4.5 2.5
Infectedb 23.0 11.5 37.4 12.3 11.2 4.3
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the frequency of CD56 expression, with only 4.7% of CD8+ 
T cells expressing CD56 in control and 34% of CD8+ T 
cells expressing CD56 in infected explants, indicating 
expansion of CD8+ TEM cells in response to HCMV infec-
tion. Although fewer in number, there was also a modest 
increase in the relative frequency of CD56+ CD3+ cells in 
VR1814-infected decidua relative to control decidua (4.5% 
in control and 11.2% in infected explants), potentially rep-
resenting iNKT and/or CD56+ CD4+ T cells. However, 
immunostaining for CD56 and CD4 reveals few double posi-
tives, suggesting most of the CD56+ CD3+ cells are iNKT 
cells. There was a small increase in the frequency of CD3+ 
CD8 − CD56-cells in infected relative to control decidua 
(2.5% in control and 4.3% in infected explants). Costaining 
for CD3, CD4, and CD8 revealed small numbers of CD4+ 
T cells and rare CD3+ CD4 − CD8 − γδ T cells (data not 
shown).

Decidual macrophages/dendritic cells express Fc 
receptors that could mediate antibody‑dependent 
enhancement of immune responses 
in HCMV‑infected decidua

To determine whether Fc receptors are present in decidua, 
we immunostained sections of decidua for the activating IgG 
receptor FcγRIIA (CD32A) and the intracellular neonatal 
Fc receptor FcRn and markers of decidual macrophages and 
dendritic cells. We found coexpression of FcγRIIA and the 
macrophage marker CD163 (Fig. 6a) and of FcRn with the 
dendritic cell/macrophage marker CD209 (Fig. 6b). We also 
found that most FcγRIIA-expressing cells also expressed 
FcRn, suggesting that most decidual macrophages and 
potentially dendritic cells (although few in number) express 
both FcγRIIA and FcRn.

Discussion

In the present study, we used four-color immunofluorescence 
microscopy to phenotype immune cells in explants of basal 
decidua from first-trimester human placentas and survey the 

local cytokine-driven responses to infection ex vivo in the 
tissue microenvironment. Our analysis found that the clini-
cal HCMV strain VR1814 replicates in decidual cells and 
epithelial cells of endometrial glands. IFN-γ was detected in 
infected decidual cells and highly differentiated CD8+ TEM 
cells in contact with them. Both dNK cells and CD8+ TEM 
produced GNLY, and the latter clustered at sites of infected 
decidual cells and infiltrated glandular epithelium at distal 
sites, suggesting chemoattraction. Quantification of immune 
cells indicated expansion of two subtypes—CD8+ TEM 
cells and, to a lesser extent, iNKT cells. Approximately 20% 
of immune cells were found in pairs, both homotypic and 
heterotypic, in both control and infected decidua, suggesting 
frequent cross-talk in the cytokine microenvironment at the 
uterine-placental interface.

An illustration of the architecture of the uterine-pla-
cental interface in first trimester shows a developing cho-
rionic villus and the adjacent basal decidua (Fig. 7, left). 
Basal decidua is in intimate contact with cytotrophoblasts 
(CTBs) in the cell columns of anchoring villi of the placenta, 
thereby providing a means of virus spread from infected 
decidual cells to placental CTBs and eventually the villus 
core and fetal blood vessels. HCMV infection has also been 
confirmed in parietal decidua, in contact with most of the 
amniochorionic membrane by midgestation (Fig. 7, right). 
Although less well studied, the parietal decidua may also 
mediate virus transmission to the fetal compartment via 
the amniochorionic membrane, as suggested for Zika virus 
infection [17]. dNK cells, macrophages, and other immune 
cells present in human decidua, and HCMV-reactive CD8+ 
TEM cells in seropositive women, permit invasion of the 
basal decidua by the hemiallogeneic CTBs. Nonetheless, 
exposure to HCMV in early pregnancy leads to increased 
production of IFN-γ and potentially a variety of cellular 
responses, including activation and proliferation of immune 
cells already present and additional recruitment of virus-
specific immune cells from circulation [18–20].

In support of this possibility, HCMV-seropositive women 
have increased levels of circulating CD8+ TEM cells that 
could protect against virus transmission [21, 22]. A large 
percentage of CD8+ T cells isolated from decidua are 

Fig. 6   Decidual macrophages 
and dendritic cells express 
the cell surface Fc receptor 
FcγRIIA and the intracellular 
neonatal Fc receptor FcRn. 
Basal decidua infected with 
VR1814 and immunostained 
for CD163 and FcγRIIA (a), 
CD209 and FcRn (b), and both 
FcγRIIA and FcRn (c) at 3 days 
postinfection. Scale bar in a 
= 20 µm for a–c 
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effector memory, suggesting recruitment from the circulat-
ing pool [23, 24]. Accordingly, the cellular immune response 
may include proliferation of TEM cells, consistent with our 
finding of increased frequencies of CD8+ TEM cells in 
VR1814-infected versus control decidual explants at 3 days 
postinfection.

Human pregnancy presents an immunological chal-
lenge—simultaneously allowing development of the allo-
geneic fetus and placenta and the capability to control 
disseminated viral infections. Recent studies described 
lymphoproliferative responses after primary HCMV infec-
tion in mothers who transmit virus compared to those who 
do not [25]. During the first month after seroconversion, 

expansion of IFN-γ-producing HCMV-specific CD4 + and 
CD8+ T cells correlated with virus clearance from blood. 
Delayed expansion of these cells was observed in infected 
mothers who transmitted virus as compared with those who 
did not, suggesting the T cell immune response influences 
vertical transmission. Further analysis found that HCMV-
specific CD45RA+ CD4+ and CD8+ TEM cells increased 
up to 3 months after primary infection, with significantly 
high levels maintained in mothers who did not transmit 
infection [14], and TEM IL-7R-negative cells were main-
tained in seropositive women long after primary infection 
[22]. HCMV serostatus has a profound effect on maternal 
immune cell phenotype and cytokine profile in healthy 

Fig. 7   HCMV infection and repertoire of immune cells at the uter-
ine-placental interface. Diagram of two zones of uterine-placental 
interface depicting HCMV infection (red cytoplasm) in explants of 
first-trimester chorionic villi and basal decidua and biopsy speci-
mens from term placentas (modified from [57]). Left: the placental 
interface with basal decidua. Red arrow indicates direction of trans-
mission of infection. In chorionic villus explants, HCMV replicates 
in cytotrophoblasts (CTBs) in cell columns (Zone II). In decidual 
explants, HCMV replicates in decidual stromal cells, epithelial cells 
of endometrial glands (EG), and macrophages/dendritic cells (Mϕ/
DCs; Zone III). Other immune cells include decidual natural killer 

(dNK) cells, CD8+ T cells, CD8+ CD56+ effector memory T cells 
(CD8+ TEM), CD56+ CD3+ natural killer T (NKT) cells, and CD4+ 
T cells. Right: the amniochorionic membrane interface with parietal 
decidua, which forms by mid-gestation with the growth of the fetus 
and enlargement of the amniotic sac. At delivery, HCMV infection 
is found in amniotic epithelial cells of the amniochorionic membrane 
surrounding the fetus, as well as trophoblast progenitor cells of the 
chorion and  the CTB layer interposed between membrane and pari-
etal decidual cells. Below: cell surface molecules that function as 
HCMV receptors/co-receptors and function in the immune responses 
to infection
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pregnant women by modulating changes in CD8+ T cells 
during gestation [21]. Naive CD8+ T cells that were CCR7+ 
CD45RA+ were reduced significantly in HCMV-seroposi-
tive women, whereas the proportion of CD8+ T cells that 
were CCR7 − CD45RA+ increased, demonstrating an accu-
mulation of highly differentiated HCMV-specific T cells in 
circulation in the course of pregnancy.

Our preliminary results suggest that context-dependent 
cytokine signaling influences immune cells in the microenvi-
ronment of human decidua and that inflammatory cytokines 
could activate antiviral responses in utero. We found that 
the density of decidual CD8+ TEM cells increases around 
foci of infection, possibly driven by IFN-γ, and these cells 
produce GNLY, suggesting they engage in antiviral activi-
ties. It was recently shown that cytotoxic T cells target intra-
cellular pathogens using a combination of perforin, GNLY, 
and granzyme B [26]. Despite mixed signals of tolerance 
and immunity and low levels of perforin and granzyme B, 
highly differentiated CD8+ TEM cells isolated from decidua 
degranulate upon in vitro stimulation [23, 27]. GNLY also 
functions as a chemoattractant at a range of concentrations 
that increase the chemotaxis of CD8+ TEM and dNK cells 
[28]. IFN-γ has multiple functions, suggesting it could also 
increase the abundance of CD8+ TEM cells by local pro-
liferation [29]. Moreover, IFN-γ is a dominant paracrine 
trigger that skews CD8+ T cell differentiation by contact-
dependent T cell-T cell interactions and localized IFN-γ 
secretion among activated cells [30]. Following bacterial 
infection, IFN-γ costimulation by integrins at cell–cell syn-
apses modulates CD8+ T cell differentiation and shows how 
cell clusters and the microenvironment drive unique biol-
ogy. Another striking feature of the cell–cell interactions we 
observed was the density of CD56 in the plasma membranes 
of TEM cells at sites of contact with infected decidual cells 
expressing HCMV IE proteins (Figs. 1, 2, 3, 4). Although 
CD56 (neural cell adhesion molecule, NCAM) is considered 
a marker of NK cells, it is expressed by many more immune 
cell types with strong immunostimulatory effector functions 
and efficient cytotoxic capacity [16, 31]. It is possible that 
TEM cells use CD56 to engage infected decidual cells via 
the fibroblast growth factor receptor to deliver signals and 
modulate cytokine production [32–35].

Moderate expansion of iNKT cells was also observed in 
HCMV-infected decidua. iNKT cells have diverse immune 
stimulatory and regulatory activities through their ability 
to release cytokines and to kill or transactivate target cells 
[36]. In mice, iNKT cells produce IFN-γ that stimulates NK 
and CD8+ T cells to eliminate influenza virus [37, 38]. It 
remains to be determined whether specific cytokines drive 
iNKT cell expansion in infected decidua as reported for 
murine CMV-infected mice [39].

Vaccines to HCMV are under development, but the opti-
mal targets of neutralization have not yet been defined, and 

antiviral functions attributed to neutralizing antibodies are 
poorly understood, as shown by a subunit gB vaccine that 
proved only partially protective [40–42]. Of importance 
to development of humoral immune responses to HCMV, 
we found macrophages and dendritic cells in basal decidua 
express FcγRIIA and FcRn that cooperate during binding 
and degradation of immune complexes for antigen presenta-
tion and activation of T cells [43–45]. In this regard, studies 
of women who seroconverted during early pregnancy and 
were treated with hyperimmune globulin [46–48] showed 
protection against severe outcomes, but the results varied 
[49]. In fact, the mechanisms by which HCMV-specific anti-
bodies influence transmission have not been determined, nor 
have the protective antibodies to specific glycoproteins been 
clearly defined. Our results suggest that HCMV-specific IgG 
could also have effects on immune cells bearing FcRs in 
basal decidua [50, 43] and might activate “memory-like” 
dNK cells, leading to proliferation and antiviral effects at 
local sites of infection [51, 52]. It is possible that monoclo-
nal antibodies with defined properties that bind FcRs could 
mimic these protective effects and greatly improve upon 
them as the critical mechanisms of protection are uncovered.

In conclusion, in situ analysis of immune cells in basal 
decidua has allowed us to document spatial relationships, 
including the highly localized upregulation of IFN-γ at foci 
of infection, the frequent occurrence of both homotypic 
and heterotypic cell pairs, suggesting extensive cross-talk 
among immune cells in the natural environment, and the 
extraordinary comingling of CD56+ cells with glandular 
epithelia, suggestive of aggressive surveillance of epithelial 
barriers at a site HCMV frequently targets during pregnancy. 
Analysis of isolated immune cells from maternal circula-
tion [21] and basal and parietal decidua provides a collec-
tive picture of phenotypes and shows activation in vitro by 
HCMV infection [23, 27], indicative of dynamic interactions 
between virus and T cells. Nonetheless, the battle against 
transmission occurs at foci of infection in the microenvi-
ronment and is dependent at early stages on cells that have 
already been recruited to and continue to be maintained in 
basal decidua. More detailed analysis of the phenotypes of 
immune cells, their specific relationships to other cells and 
sites of infection, cytokine production, etc., may therefore 
reveal the complexity of interactions and specific responses 
not easily studied or anticipated by studies on isolated 
cells or peripheral blood cells. This is particularly true for 
cell types that are less abundant but could play a critical 
role in the overall response to focal HCMV infection. For 
example, remodeling of lipids in vesicles associated with 
viral assembly and egress [53] could activate iNKT cells 
that recognize endogenous lipids in the context of CD1d 
molecules and lead to enhanced priming of antigen-specific 
T cell responses [36, 54]. Whether CD8+ TEM cells that 
target foci of HCMV infection in basal decidua have the 
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phenotype of resident CD8+ T cells that are recruited from 
circulation to sites of persistent infection is unknown [55]. In 
this regard, the presence of CD8+ TEM and HCMV-specific 
neutralizing antibodies is advantageous to reduce the viral 
load and prevent transmission but could also lead to immune 
senescence in multiparous women. Recently, a detailed anal-
ysis of maternal and fetal cells in early pregnancy at the 
single-cell level generated a repository of ligand-receptor 
complexes that predict the cell-type specificity of cell–cell 
communication via these molecular interactions [56]. Many 
regulatory interactions that prevent harmful innate or adap-
tive immune responses in this microenvironment were iden-
tified and include the interactions critical for reproductive 
success. Cross-talk between immune cells and their targets 
that occurs as HCMV replicates in the microenvironment at 
the uterine-placental interface remains to be fully elucidated.
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