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Abstract
Vertical transmission accounts for the majority of pediatric cases of hepatitis C viral (HCV) infection. In contrast to the adult
population who develop persistent viremia in ,80% of cases following exposure, the rate of mother-to-child transmission
(2–6%) is strikingly low. Protection from vertical transmission likely requires the coordination of multiple components of the
immune system. Placenta and decidua provide a direct connection between mother and infant. We hypothesized that
innate immune responses would differ across the three compartments (decidua, placenta and cord blood) and that hepatitis
C exposure would modify innate immunity in these tissues. The study was comprised of HCV-infected and healthy control
mother and infant pairs from whom cord blood, placenta and decidua were collected with isolation of mononuclear cells.
Multiparameter flow cytometry was performed to assess the phenotype, intracellular cytokine production and cytotoxicity
of the cells. In keeping with a model where the maternal-fetal interface provides antiviral protection, we found a gradient in
proportional frequencies of NKT and cd-T cells being higher in placenta than cord blood. Cytotoxicity of NK and NKT cells
was enhanced in placenta and placental NKT cytotoxicity was further increased by HCV infection. HCV exposure had
multiple effects on innate cells including a decrease in activation markers (CD69, TRAIL and NKp44) on NK cells and a
decrease in plasmacytoid dendritic cells in both placenta and cord blood of exposed infants. In summary, the placenta
represents an active innate immunological organ that provides antiviral protection against HCV transmission in the majority
of cases; the increased incidence in preterm labor previously described in HCV-seropositive mothers may be related to
enhanced cytotoxicity of NKT cells.
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invading microorganisms [10]. Although the precise mechanisms
as they pertain to HCV are still unclear, it is known that during
normal pregnancy, the human decidua contains a high number of
immune cells, including macrophages, T cells, and natural killer
(NK) cells [10]. Clearly, the placental immune system represents
an active immunological organ that functions critically as a
regulator between the mother and the fetus and is capable of
responding to pathogens [10]. Moreover, a placental infection that
elicits the production of inflammatory cytokines such as IFN-c and
TNF-a could activate the maternal immune system, leading to
placental damage and preterm labor [10]. In this regard, infection
with HCV is a newly identified independent risk factor for preterm
delivery, perinatal mortality, intrauterine growth restriction, and
other complications [11–13].
The placenta provides the direct connection to maternal
decidua and is separated from maternal blood supply by only
one to three cells [14]. Despite this close connection, placental
tissue from term infants has not been characterized with respect to
immune composition or function. In contrast, decidua has been
well characterized in association with fertility and fetal loss with

Introduction
Hepatitis C virus (HCV) is the most common blood borne
infection in the United States (US), with an overall prevalence of
1.8% [1] that varies according to racial and ethnic groups. The
most striking clinical features of infection with HCV are its
extraordinarily high propensity to develop persistent viremia
(,80%) [2], and the high proportion of patients who develop longterm complications including cirrhosis and liver failure [3,4].
Approximately 1% of pregnant women have HCV infection [5,6],
corresponding to 40,000 births annually in the United States. With
vertical transmission rates between 2–6% in women without HIV
co-infection, vertical transmission accounts for the vast majority of
pediatric HCV cases [7]. In light of the high rate of chronic
infection developed in the non-pregnant state and the significant
rate (15–35%) in HIV, the remarkably low rate of HCV infection
following exposure in utero and at delivery, warrants further study
[8,9]. Protection from vertical transmission of HCV likely requires
coordination of multiple components of the immune response
including cell migration for surveillance and recognition of
PLoS ONE | www.plosone.org
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the majority of the tissue examined from first and second trimester
losses [15–17]. Notably, the decidual NK cell population consists
of more CD56bright than CD56dim, although the former population has been shown to decline during each trimester [18].
Functional evaluation has not shown decidua cytotoxicity to be
elevated, despite an increase in activation markers and cytokine
production [19,20]. Cord blood from term infants has also been
well-characterized in both immune composition and function due
to the use of cord blood stem cells for bone marrow transplant
[21,22]. It is known that cord blood NK cells have decreased
cytokine production compared to peripheral blood [22,23].
Recognizing that pregnancy represents a unique immune
condition and the apparent paradox of the low rate of HCV fetal
transmission (compared to adults with acute infection), we
hypothesized that the innate immune profiles would be different
in placenta, decidua and cord blood and that HCV infection
would modulate innate immunity at these sites. We thus undertook
the first prospective study of the immune function of these
components in pregnant women with chronic HCV infection and
their infants.

Table 1. Maternal HCV (PCR) viral load.

HCV (IU/ml)

HCV Risk Factor

1

.7,692,310

Blood Transfusion

2

2,080,840

No Known

3

377,125

No Known

4

368,344

IVDU, Tattoo

5

328,662

IVDU, Tattoo

6

262,534

No Known

7

140,548

No Known

8

,43

Blood Transfusion

9

,43

No Known

10

,43

Blood Transfusion

11

,43

No Known

12

,43

IVDU

Viral load on the day of delivery with 5 mothers demonstrating HCV Ab
positivity with HCV RNA negativity. Maternal HCV risk factors are listed with
50% having no known HCV risk factor or exposure.
IVDU = Intravenous Drug Use.
doi:10.1371/journal.pone.0012232.t001

Results
Study population
The study population was comprised of 12 treatment naı̈ve HCV
dyads (HCV-seropositive women and their infants) and 16 healthy
pregnant non-HCV-seropositive control dyads. The populations
did not differ significantly in maternal age, race/ethnicity, infant
sex, infant gestational age or infant weight (p.0.17). The HCV
dyad mothers had a median age of 30.5 years (20–45 years), 42%
were Caucasian and 42% Hispanic. The infants in the HCV dyad
group had a median gestational age of 39+3 weeks with a median
birth weight of 3255 grams (range 1765–4560 grams). The control
group was similar with mothers having a median age of 26 years
(19–35 years), 31% were Caucasian and 56% Hispanic. Control
infants had a median gestational age of 39+2 weeks with a median
birth weight of 3440 grams (range 3100–4455 grams). The infants
were equally divided between males and females in both the HCV
and control groups. All HCV-infected mothers with identifiable
virus (n = 8) were genotype 1a. Maternal viral loads measured the
day of delivery are shown in Table 1.

mothers. Specifically, B lymphocyte levels are higher in HCV
exposed CB compared to controls (p = 0.04) with the highest levels
detected in HCV decidua (Table 2).

Dendritic cells
Dendritic cells (DC) (Lin2DR+BDCA+) link the innate and
adaptive immune responses and are known to be decreased in
number and function during HCV infection [24–27]. During
pregnancy, DCs have been shown to display decreased activity in
decidua tissue as a mechanism of increased tolerance of fetal
antigens; however, DCs have not previously been evaluated in
placental tissue [28,29]. We found plasmacytoid DCs (pDC) to be
decreased in HCV-exposed infants compared to controls, both
in CB (p = 0.02) and placenta (p = 0.0005) (Figure 1a). No
differences were seen between CB and placenta in both controls
and HCV-exposed or between HCV-exposed and controls
subjects in the myeloid dendritic cell (mDC) population. Due to
limited numbers of available cells, DCs were not evaluated in
maternal decidua or PBMCs.

Direct ex vivo lymphocyte composition of placenta
Fetal placental tissue has not previously been characterized with
respect to overall lymphocyte composition, and information on the
immune composition of term maternal decidual tissue is sparse.
The innate immune system plays a central role in protection from
viral infection and is therefore the primary focus of this analysis. In
addition, this unique study cohort allowed us to study the impact
of HCV exposure on these tissue lymphocytes.
The overall lymphocyte composition of placenta is remarkably
similar to cord blood (CB) and decidua with only a few noted
differences between tissues and HCV exposure groups (Table 2).
Cord blood and maternal peripheral blood mononuclear cells
(PBMC) also demonstrate similar compositions with differences
only noted in T lymphocytes and natural killer T cells (NKTs)
(Table 2). NK cells, central to innate immunity against viral
pathogens, trend to higher levels in decidua than placenta and CB
in both controls and HCV exposed subjects. NKT (CD3+CD56+)
populations were found at greater frequencies within the placenta
relative to CB in control and HCV-exposed infants (p,0.008).
NKT cells increased in HCV-exposed placenta compared to
control placenta (p = 0.04) (Table 2). B lymphocyte frequency
trended higher in HCV exposed infants and HCV infected
PLoS ONE | www.plosone.org
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NKT and gamma delta T cells
Conventional T cells expressing clonotypic receptors (TCRs)
which recognize peptide fragments of protein antigens complexed
with MHC class I (CD8+ cytotoxic T cells) or class II (CD4+ helper
T cells) molecules are central players in adaptive immune
responses [13,30]. However, diverse populations of T cells express
antigen receptors of limited diversity that are not restricted by
conventional polymorphic MHC molecules [13]. These nonconventional T cells have antigen recognition mechanisms,
cytokine profiles and responses to stimulation which differ
significantly from those of conventional T-cell populations and
some of which are shared with NK cells. Thus, they are thought to
represent important innate immune effector populations likely to
be important in the first line of defense against viral and other
pathogens [31]. The majority of non-conventional T cells also
express NK activating and inhibitory receptors and are termed
NKT cells. A small subset of NKT expresses an invariant TCR
consisting of the Va24JaQ-chain with a limited number of
b-chains (Vb8 or Vb11) [32,33]. The majority of conventional T
2
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Table 2. Lymphocyte composition of cord blood, PBMC, placenta and decidua in control and HCV dyads.

T Lymphocytes
(CD3+)

NK Cells
(CD3-CD56+)

CD56+ NKT
(CD3+CD56+)

B Lymphocytes
(CD19+)

Macrophages
(CD14+)

Total Dendritic
Cells

Control Cord Blood

42.0%
(20.9–79)

7.1%
(2.3–24)

0.20%
(0.1–0.7)

8.6%
(4.3–24.0)

7.9%
(3.1–21.2)

0.30%
(0.42–1.38)

HCV Cord Blood

39.7
(11.5–60)

6.9
(2.7–12.4)

0.25
(0.1–0.7)

12.54
(6.5–18.4)

7.2
(3.1–11.4)

0.18
(0.13–0.30)

HCV PBMC

69.51
(25.1–74.8)

10.3
(2.4–41.4)

2.9
(1.9–11.3)

14.5
(7.2–17.6)

11.9
(1.9–23.7)

NA

Control Placenta

43.7
(30.9–58.8)

10.72
(5.4–20.3)

0.703
(0.1–1.3)

8.3
(3.6–16.4)

5.7
(2.8–44.8)

0.22
(0.15–0.36)

HCV Placenta

45.3
(21.7–50.2)

7.1
(6.1–25.2)

1.1
(0.6–1.5)

13.5
(3.7–22.9)

5.7
(2.1–9.2)

0.12
(0.6–0.27)

Control Decidua

45.1
(18.3–57.9)

19
(13.5–33.2)

2.2
(1.0–3.0)

12.2
(10.1–33.6)

6.3
(1.7–12.7)

NA

HCV Decidua

38
(29.8–50.0)

18.9
(8.3–21.9)

1.4
(0.8–3.0)

19.3
(13.5–25.7)

6.3
(1.7–22.9)

NA

1

HCV PBMC T Lymphocytes higher than HCV cord blood (p = 0.02).
Decidua NKs higher percentage than Placenta and cord blood (p,0.05).
Placenta with higher percentage of NKTs than cord blood (p = 0.005). HCV Placenta higher than Control placenta (p = 0.05). Control placenta less than control decidua
(p = 0.005). PBMC NKTs higher than HCV and control cord blood (p#0.03).
4
Decidua B Lymphocytes higher than cord blood (p,0.05). HCV cord blood higher than control cord blood. (p,0.05).
NA = Not assessed; PBMCs were available for HCV-infected mothers only. Median and range are shown.
doi:10.1371/journal.pone.0012232.t002
2
3

cells express the ab-TCR, however, approximately 5% of
peripheral T cells express an alternative cd-TCR [34]. They
possess oligoclonal or invariant TCRs that recognize a wide array

of antigens including soluble non-peptide antigens and stressinducible proteins without the need for MHC restriction and
accumulate at sites of infection [34].

Figure 1. Innate lymphocyte composition of cord blood, placenta and decidua in control and HCV dyads. Plasmacytoid dendritic cells
(pDC) were detected at similar levels in cord blood and placenta. Decreased pDCs were observed in HCV-exposed subjects compared to healthy
controls. Representative flow dot plots for cord blood are shown (a). NKT cells were elevated in decidua compared to placenta and in placenta
compared to cord blood. NKT cells are increased in HCV-exposed placenta compared to controls. Multiparameter flow analysis dot plot
demonstrating identification of NK, and NKT cell populations (b). Gamma Delta (cd) T cells are increased in placenta compared to cord blood. HCVexposed cord blood and placentas had increased cd T cells compared to healthy controls. Representative flow analysis plot demonstrating cd T cells
in HCV-exposed cord blood (c).
doi:10.1371/journal.pone.0012232.g001
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Early HCV infection is associated with a decrease in NKT
cells [35,36]. Spontaneous recovery from HCV infection is
associated with NKT cells that demonstrate a more activated
phenotype [36]. NKT cells are known to be increased in
decidua with a proposed role in the Th1/Th2 balance [20]. In
our study, NKT cells are higher in control decidua than in
placenta (p = 0.02). Both control and HCV-exposed placenta
demonstrate higher proportional frequency of NKT than CB
(p = 0.0007 and p = 0.008). NKT cells were increased in HCV
exposed placenta compared to control placenta (p = 0.04)
(Figure 1b). Moreover, the cytotoxicity of NKT cells (assessed
by CD107a expression) was greater in placenta than CB and
was further increased in HCV-exposed dyads (Figure 2a).
Invariant NKT cells (Va24+Vb11+) are present in both CB and
placenta, but are less than 1% of lymphocytes in both controls
and HCV exposed.
Gamma Delta (cd) T cells comprise another innate immune
population likely to play a significant role in protection from viral
infection [37]. With a proposed role in protection from
intrauterine infection [38] during pregnancy, cd-T cells are
known to be increased in healthy term decidua compared to first
trimester decidua. As expected, we found cd-T cells are more
prevalent in placenta than CB (p = 0.0005). Furthermore, HCV
exposure increased the presence of cd-T cells in both CB and
placenta (p = 0.03, p = 0.03) (Figure 1c).

NK cell frequency, phenotype and function
Impairment of NK cells (decreased number and function) in
acute HCV has been shown to lead to chronic HCV [3,39]. In
HCV infection, the impaired NK cells may be the result of
decreased IFN-a production by pDC resulting in impaired NK
cell and T-cell activation [40–42].
NK (CD32CD56+) cells are central to the innate immune
system [42–46]. In HCV infection, NK cells in the peripheral
blood are decreased and subset frequencies are altered, e.g.,
decreased CD56dim or the so-called effector NK cells, and
decreased cytokine production [39,44]. In addition, HCV
infection has been shown to alter NK cell surface receptors and
NK cell functionality leading to chronic infection [30]. During
pregnancy, NK cells are known to predominate maternal decidua
with a CD56bright phenotype; however no analysis has been
completed on placental tissue [19,47]. We found that CD56bright
NK cells were more frequent in the decidua as compared to
placenta (Supplemental Figure S1). NK cells, as a percentage of
total lymphocytes, trended higher in decidua compared to
placenta with no effect from HCV exposure (Figure S1).
As NK cells represent one of the primary anti-viral innate
immune effector population likely to be involved in protection
from HCV acquisition in the face of exposure, we tested the
hypothesis that heightened NK cell activity would be protective,
perhaps accounting for the low rate of vertical transmission from

Figure 2. NKT and NK cell cytotoxicity. NKT and NK cell cytotoxicity was measured using flow cytometric analysis of CD107a after stimulation as
described in the methods section. NKT cell cytotoxicity was increased in placenta compared to cord blood and is further amplified following HCV
exposure. Representative CD107a histogram on placenta (a). NK cell cytotoxicity is increased in placenta compared to cord blood (b). NK cell
production of IFN-c is robust in all compartments (c).
doi:10.1371/journal.pone.0012232.g002
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to be elevated in decidua compared to maternal peripheral blood
[46]. In our current study, we found higher proportions of CD69+
NK cells in both control and HCV-exposed placenta than in CB
(p = 0.02 and p = 0.003) and compared to HCV decidua (p = 0.04)
(Figure 3a). In contrast to the finding that the frequency of
CD69+ NK cells in the peripheral blood does not differ between
normal controls and HCV-infected patients [48], we found
decreased numbers of CD69+ NK cells in CB, placenta, and
maternal decidua exposed to HCV (Figure 3a). This pattern was
consistent when examining the CD56bright and CD56dim populations (data not shown).
Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), is a cytotoxicity receptor and another activation marker
found on NK cells [49,50]. TRAIL has been described to be
increased in chronic HCV [51]. TRAIL has not been evaluated on
placenta. In our dyads, TRAIL was lower in NK cells of CB and
placenta in the HCV exposed infant group (p = 0.002 and
p = 0.0005) and lower in decidua of HCV infected women
(p = 0.02). Additionally, TRAIL was higher in placenta than in
CB and decidua of controls (p = 0.05 and p = 0.05) (Figure 3b).
Dysregulated expression of natural cytotoxicity receptors (NCR;
e.g., NKp30, NKp44, and NKp46) in HCV infection have been
described by a number of groups [52]. NKp44 mediates activation
of NK cells and is increased in peripheral blood of adults who clear
HCV infection [52]. During pregnancy, decidua NK cells express
NKp44 with a strong correlation with cytokine production and
cytotoxicity [53]. In contrast, maternal peripheral blood NK cells
are devoid of NKp44 [53]. In our study, NKp44 is identified at
lower frequency in HCV-exposed CB and placenta (p = 0.003 and

an infected mother. We directly ex vivo characterized the function and phenotype of NK cell populations from CB and placenta
as well as term decidua. Cytotoxicity was evaluated as an
indication of NK cell function using the CD107a degranulation assay. Following stimulation with PMA and Ionomycin,
placenta demonstrated greater cytotoxicity than CB (p = 0.0054)
(Figure 2b). As an additional functional correlate, cytokine
production was assessed. CB is known to have decreased cytokine
production compared to peripheral blood [23]. No differences in
IFN-c (Figure 2c) or TNF-a (data not shown) production were
seen between placenta and CB in controls versus the HCVexposed. It is interesting to note that robust IFN-c production was
seen in both placenta and cord blood despite HCV exposure.
NK cells use a variety of cell surface receptors to control their
activation, effector functions and even proliferation [19]. Following the identification of increased cytotoxicity in placenta, we
evaluated the phenotype of the NK cells to identify any markers of
increased activation or decreased inhibition in this population.
The phenotype of NK cells was evaluated with particular attention
to activating receptors CD69, TRAIL and NKp44 (Figure 3 and
supplemental Table S1). In addition NKG2A, NKG2C,
NKG2D, CD158a, CD158b, NKp46, NKp30 and CD161 were
also assessed (supplemental Table S2).
CD69 is an early activation marker expressed on a number of
cell types. In HCV infection, CD69 on peripheral NK cells
(CD56dim subset) has been shown to correlate with serum ALT as
surrogate marker of liver necroinflammation and its expression on
the CD56bright subset correlated with serum HCV RNA levels
[48]. In pregnancy, CD69+ NK cells have previously been shown

Figure 3. NK cell surface receptor expression. Placenta and decidua NK cells express elevated CD69 compared to cord blood. HCV exposure
results in decreased NK cell CD69 expression in all tissues. Representative plots of CD69 expression on cord blood are shown (a). Placenta NK cells
have increased TRAIL compared to cord blood and decidua. TRAIL is decreased in HCV exposure in all tissues (b). NKp44 expression trends higher in
placenta NK cells compared to decidua. NKp44 expressing NK cells are decreased on HCV exposure. Representative multiparameter flow analysis of
HCV-exposed and control cord blood NKp44 expression on NK cells is shown (c).
doi:10.1371/journal.pone.0012232.g003
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pathogens. NKT cells have been shown to be important for
clearance of HCV in the acute setting [30] and a decrease in
intrahepatic NKTs has been associated with more severe
pathology in chronic HCV infection [35]. cd-T cells are part of
the innate immune response and are widely distributed in
peripheral blood and epithelial surfaces of the skin, lung, and
reproductive tract and gut. cd-T cells are known to be important
in the initial viral control of Herpes Simplex Virus, Varicella, and
West Nile virus (a flavivirus like HCV) in mouse models
[35,54,55]. The fact there is enrichment of NKT and cd-T cells
in placenta (relative to CB), and this was increased further in
HCV-exposed dyads might provide an explanation for the low
rate of HCV vertical transmission.
HCV infection has been shown to alter NK cell surface
receptors and NK cell functionality leading to chronic infection
[30]. We found that HCV infection decreased the relative
expression of activation markers CD69, TRAIL and NKp44 in
decidua, placenta and CB. Despite these phenotypic changes,
cytokine production by NK cells remained robust and NKT
cytotoxicity was increased in HCV infection. These results
represent a potential mechanism by which the placenta prevents
vertical transmission during pregnancy, and because infection
elicits NKT cytotoxicity, a mechanism that may contribute to the
observed increase in preterm labor in HCV infection [10]. Of the
16 mothers identified for the study, 3 (18%) had premature
delivery resulting in two fetal losses and one 24 week infant.
In summary, this study identifies novel data related to the
differential frequency and phenotype of innate immune cells in
paired placental-cord blood samples and provides the first formal
demonstration that HCV affects the immunobiology of the
maternal-fetal interface. Work is ongoing to define how innate
immune responses shape adaptive immune responses and protect
against vertical transmission.

p = 0.004). In addition, NKp44 trends lower in control decidua
than in control placenta (Figure 3c). No consistent differences
were seen in the relative expression of NKG2A, NKG2C,
NKG2D, CD158a, CD158b, NKp46, NKp30 and CD161
(Table S2). Maternal PBMCs were also compared with
differences only in CD158b (Table S2).

Discussion
Early inhibition of innate immunity contributes to the
development of persistence in HCV infection [54]. In order to
define the role placental immune function plays in protection from
vertical transmission of HCV infection, we performed the first
thorough characterization of innate cells on term placenta paired
with CB and decidua using multiparameter flow cytometry. The
principal findings of this study can be summarized as follows: 1)
the overall lymphocyte composition of placenta is remarkably
similar to CB and decidua, although NK and NKT cells are found
at greater frequencies within decidua than placenta or CB; 2)
plasmacytoid DCs are decreased in the CB and placenta of HCVexposed infants; 3) NK cells demonstrated greater activation
(CD69-positivity) in the placenta than in decidua or cord blood; 4)
HCV exposure increases the proportion of NKT cells and cd-T
cells in the placenta; 5) HCV infection leads to decreased numbers
of CD69+ NK cells within the three compartments (maternal
decidua, placenta, and CB), as well as lower expression of TRAIL
and NKp44, also involved in activation; 6) robust IFN-c
production by NK cells is detectable in all three compartments
and NK cytotoxicity is greater in placenta than CB. Our analyses
of placental lymphocyte composition and phenotype support the
concept that the placenta and decidua protect the infant from viral
infiltration.
The differences in innate immune composition include
increased NKT cells in placenta compared to cord blood, in
keeping with previous studies documenting increased NKT cells in
maternal decidua compared to maternal peripheral blood [20]. It
has been proposed that the NKT cells play a significant role in
determining the Th1/Th2 balance in decidua and it is likely they
have a similar function in placenta [20]. The ability of NKT cells
to quickly produce cytokines and therefore stimulate the innate
immune response could explain their increased presence in
placenta and decidua tissue. In addition to increased NKT cells,
cd-T cells are increased in placenta compared to CB. This again
parallels the increases seen in decidua [38]. Further, our analysis
supported the previous findings of elevated NK (CD32CD56+)
cells in the decidua [19], [47]. It is interesting to note the increase
is not also seen in placenta tissue. While the control placenta NK
cells are not increased compared to CB, they do demonstrate a
more activated phenotype with elevated NKG2C, CD69 and
TRAIL (Figure 3 and Table S2). More importantly, the
cytotoxicity of placenta is higher than CB. Taken together, these
data support a conceptual paradigm with a relative gradient of
NK, NKT, and cd-T cells to maximize antiviral protection for the
infant.
HCV has been shown to dysregulate a number of components
of the host immune response, but its effect on the placental-fetal
microenvironment had not been previously characterized. Circulating pDC have been shown to demonstrate diminished IFN-a
production, potentially impairing T-cell and NK-cell activation
[40,41]. In keeping with these studies in adult peripheral blood, we
found that pDC were decreased in number in both CB and
placenta in HCV-exposed infants.
NKT and cd-T cells are non-conventional T cells that likely
provide an important first line of defense against infectious
PLoS ONE | www.plosone.org

Materials and Methods
Ethics Statement
The study protocol was approved by the Institutional Review
Boards at the University of Colorado and Denver Health Medical
Centre. Both written and oral consent was obtained before
samples were collected.

Study Population
The study group was comprised of HCV exposed (n = 12) and
healthy control (n = 16) mother infant pairs recruited from two
sites. All HCV infected mothers were HCV antibody positive prior
to enrollment with no treatment for HCV prior to or during
pregnancy. The study protocol was approved by the appropriate
institutional review board. Informed consent was obtained from
each subject.

Sample preparation and storage
Placental tissue (average 100 grams) was collected immediately
following delivery. The maternal basal plate (decidua) was
manually dissected from the fetal placental tissue. After separation
the tissue was mechanically disrupted and enzymatically digested
with collagenase 1A (Sigma Aldrich, St Louis, MO) for 60 minutes
on a rocker at 37uC. Placental and decidual mononuclear cells
were collected by Ficoll (Amersham Biosciences, Piscataway, NJ)
density gradient centrifugation. The mean placental sample
yielded 180 million mononuclear cells. Isolated mononuclear cells
were then cryopreserved (20% dimethyl sulfoxide in fetal bovine
serum) for subsequent analysis. Cord blood (80–125 ml) was
collected at the time of delivery. Mononuclear cells from cord
6
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blood were collected by density gradient centrifugation and stored
as above with an average yield of 120 million mononuclear cells.
Cell viability was confirmed by trypan blue staining. Dead cells
were excluded following thawing utilizing appropriate forward and
side scatter selection on flow cytometry, per the laboratory
standard protocol.

Statistical analyses

Multiparameter flow cytometry was performed using a BD
FACSCanto II instrument (BD Biosciences, San Jose, CA)
compensated with single fluorochromes and analyzed using
FACSDiva software (BD Biosciences).

Results are expressed as median (range). Mann-Whitney U test
or Wilcoxon Matched Pairs test were used to compare differences
between patient groups as appropriate with a significance level of
0.05. Comparisons were made between the physiologic pairs of
cord blood and placenta and, decidua and placenta to minimize
comparisons. No adjustment for multiple comparisons was used as
this was an exploratory study aimed at hypothesis generation.
Decidua and cord blood were only compared for NK cell
percentages given the significant existing data on decidua. Prism 5
by Graphpad (San Diego, CA) statistical and graphing package
was used.

Cell surface Staining and antibodies

Supporting Information

Fluorochrome-labeled monoclonal antibodies (MAb) specific for
TCR ab/cd, CD3, CD4, CD8, CD14, CD19, CD56, CD158a,
CD161, HLA-DR, CD69, CD45RA, Lin, NKp46 and NKp30,
were purchased from BD Biosciences (San Jose, CA). AntiTRAIL, and anti-NKG2A/C/D antibodies were supplied by
R&D Systems (Minneapolis, MN) and anti-Vb11 by Beckman
Coulter (Brea, CA). Anti-Va24 was obtained from Immunotech
(Prague, Czech Republic), CD158b and anti-BDCA-2 (pDCs),
BDCA-1 (mDCs) MAbs from Miltenyi (Auburn, CA). Thawed
fetal cord blood, maternal PBMC from HCV-infected mothers,
fetal placental and maternal decidual mononuclear cells were
stained for cell surface antigen expression at 4uC in the dark for
30 min, washed twice in 2 ml phosphate-buffered saline containing 1% bovine serum albumin and 0.01% sodium azide
(fluorescence-activated cell sorter wash), and subsequently fixed
in 200 ml of stabilizing fixative (BD). Isotype-matched control
antibodies were used to determine background levels of staining.

Figure S1 NK cell and CD56bright NK cells in placenta and

Flow cytometric analysis

decidua. NK cells trend higher in decidua compared to placenta
(a). CD56bright NK cells trend higher in control decidua compared
to placenta (b).
Found at: doi:10.1371/journal.pone.0012232.s001 (0.67 MB TIF)
Table S1 Innate immune cell lines and cell surface markers of
interest (median and range).
Found at: doi:10.1371/journal.pone.0012232.s002 (0.04 MB
DOC)
Table S2 Stimulatory and inhibitory NK cell surface markers

Percent of lymphocytes (median and range). *NKG2C is higher in
control placenta compared to cord blood. (p = 0.01) ‘NKG2D is
lower in control placenta compared to cord blood (p = 0.001) and
decidua (p = 0.002). HCV exposure results in increased NKG2D
(p = 0.01) +CD158b in increased in control placenta compared to
cord blood (p = 0.0004) and in HCV placenta compared to HCV
cord blood (p = 0.02). CD158b is higher in HCV PBMC
compared to both HCV cord blood and control cord blood
(p,0.03). &Control placenta has lower NKp46 compared to
control cord blood (p = 0.007) ¥ Control placenta is lower than
control cord blood (p = 0.0002) and control decidua (p = 0.005) P
Control placenta is lower in CD161 compared to control cord
blood (p = 0.0006) and control decidua (p = 0.02).
Found at: doi:10.1371/journal.pone.0012232.s003 (0.04 MB
DOC)

Cytokines/Intracellular Staining
Cytokine production by cord blood mononuclear cells and
placental mononuclear cells was analyzed after a 6 hour
stimulation with PMA (10 ng/ml, Sigma-Aldrich) and Ionomycin
(1 ug/ml, Sigma-Aldrich) at 37uC. Golgi Stop solution (BD
Bioscience, San Jose, CA) was added to each sample. Intracellular
cytokine staining (ICS) was carried out using Caltag solutions A
and B (Fix and Perm solutions) according to the manufacturer’s
instructions (Caltag, Burlingame, CA). Anti- TNF-a and IFN-c
antibodies were purchased from BD Biosciences.

Acknowledgments
Many thanks to Jessica Randall for her assistance with sample preparation
and experiment completion. Allan Prochazka, Jeri Forster Harwood and
Stephen Scott for participating in Christine Waasdorp Hurtado’s thesis
committee and the patients for their participation in this novel study.

Degranulation Assay
CD107a (LAMP) degranulation assay was performed as a well
accepted indirect measure of cytotoxicity. Cord blood and
placental mononuclear cells were stimulated, as above (PMA),
for 1 hour and then incubated for 5 hours with GolgiStop in the
presence of anti-CD107a-PerCP antibody from BD Biosciences
(San Jose, CA). Degranulation was determined by flow cytometric
analysis of increased CD107a expression on gated NK cell
populations (CD32CD56+). Cells cultured under the same
conditions in absence of stimulation served as controls.

Author Contributions
Conceived and designed the experiments: CEWH LGM MRN HRR.
Performed the experiments: CEWH MB. Analyzed the data: CEWH LGM
HRR. Contributed reagents/materials/analysis tools: LGM HRR. Wrote
the paper: CEWH LGM MRN HRR. Assisted with patient identification
and enrollment and sample collection: MK.

References
1. Jonas M (2002) Children with Hepatitis C. Hepatology 36: S173–S178.
2. Smyk-Pearson S, Tester I, Klarquist J, Palmer B, Pawlotsky J, et al. (2008)
Functional suppression by FoxP3+CD4+CD25high regulatory T cells during
acute hepatitis C virus infection. J Infect Dis 197: 46–57.
3. Golden-Mason L, Rosen HR (2006) Natural killer cells: primary target for
hepatitis C virus immune evasion strategies? Liver Transpl 12: 363–372.
4. Iorio R, Giannattasio A, Sepe A, Terracciano LM, Vecchione R, et al. (2005) Chronic
hepatitis C in childhood: an 18-year experience. Clin Infect Dis 41: 1431–1437.
5. Fischler B (2007) Hepatitis C virus infection. Seminars in Feral and Neonatal
Medicine 12: 168–173.

PLoS ONE | www.plosone.org

6. Airoldi J, Berghella V (2006) Hepatitis C and pregnancy. Obstetrical and
Gynecology Survey 61: 666–671.
7. Hayashida A, Inaba N, Oshima K, Nishikawa M, Shoda A, et al. (2007) Reevaluation of the true rate of hepatitis C virus mother-to-child transmission and
its novel risk factors based on our two prospective studies. J Obstet Gynaecol
Res, 33: 417–422.
8. McIntyre J (2006) Strategies to prevent mother-to-child transmission of HIV.
Current Opinions Infectious Disease 19: 33–38.
9. Capparelli E, Rakhmanina N, Minochmich M (2005) Pharmacotherapy of
perinatal HIV. Seminars Fetal Neonatal Medicine 10: 161–175.

7

August 2010 | Volume 5 | Issue 8 | e12232

Immunity in HCV+ Pregnancy

10. Mor G, Cardenas I (2010) The Immune System in Pregnancy: A Unique
Complexity. Am J Reprod Immunol 63: 425–433.
11. Simms J, Duff P (1993) Viral hepatitis in pregnancy. Semin Perinatol 17:
384–393.
12. Zanetti AR, Tanzi E, Newell ML (1999) Mother-to-infant transmission of
hepatitis C virus. J Hepatol 31: 96–100.
13. Fox A, Maddox J, de Veer M, Meeusen N (2010) Gammadelta TCR+ cells of the
pregnant ovine uterus express variable T cell receptors and contain granulysin.
J Reprod Immunol 84: 52–56.
14. Pereira L, Maidji E, McDonagh S, Tabata T (2005) Insights into viral
transmission at the uterine-placental interface. Trends Microbiol 13: 164–174.
15. Boyson J, Rybalov B, Koopman L, Exley M, Balk S, et al. (2002) CD1d and
invariant NKT cells at the human maternal-fetal interface. Proc Natl Acad
Sci U S A 99: 13741–13746.
16. Huang YC, Hung SW, Jan TR, Liao K, Cheung C, et al. (2008) CD5-low
expression lymphocytes in canine peripheral blood show characteristics of
natural killer cells. J Leukoc Biol 84: 1501–1150.
17. Le Bouteiller P, Tabiasco J (2006) Killers become builders during pregnancy.
Nat Med 12: 991–992.
18. Wilczynski JR, Tchorzewski H, Banasik M, Glowacka A, Wieczorek P, et al.
(2003) Lymphocyte subset distribution and cytokine secretion in third trimester
decidua in normal pregnancy and preeclampsia. Eur J Obstet Gynecol Reprod
Biol 109: 8–15.
19. Santoni A, Zingoni A, Cerboni C, Gismondi A (2007) Natural killer (NK) cells
from killers to regulators: distinct features between peripheral blood and
decidual NK cells. Am J Reprod Immunol 58: 280–288.
20. Tsuda H, Sakai M, Michimata T, Tanebe K, Hayakawa S, et al. (2001)
Characterization of NKT cells in human peripheral blood and decidual
lymphocytes. Am J Reprod Immunol 45: 295–302.
21. Canto E, Rodriguez-Sanchez JL, Vidal S (2005) Naive CD4+ cells from cord
blood can generate competent Th effector cells. Transplantation, 80: 850–858.
22. Cohen SB, Perez-Cruz I, Fallen P, Gluckman E, Madrigal JA (1999) Analysis of
the cytokine production by cord and adult blood. Hum Immunol 60: 331–336.
23. Nomura A, Takada H, Jin CH, Tanaka T, Ohga S, et al. (2001) Functional
analyses of cord blood natural killer cells and T cells: a distinctive interleukin-18
response. Exp Hematol 29: 1169–1176.
24. Kanto T, Hayashi N (2007) Innate immunity in hepatitis C virus infection:
Interplay among dendritic cells, natural killer cells and natural killer T cells.
Hepatol Res 37: S319–S326.
25. Mengshol JA, Golden-Mason L, Castelblanco N, Im K, Dillonet S, et al. (2009)
Impaired plasmacytoid dendritic cell maturation and differential chemotaxis in
chronic hepatitis C virus: associations with antiviral treatment outcomes. Gut 58:
964–973.
26. Saito K, Ait-Goughoulte M, Truscott SM, Meyer K, Blazevic A, et al. (2008)
Hepatitis C virus inhibits cell surface expression of HLA-DR, prevents dendritic
cell maturation, and induces interleukin-10 production. J Virol, 82: 3320–8.
27. Kanto T, Inoue M, Miyatake H, Sato A, Sakakibaraet M, et al. (2004) Reduced
numbers and impaired ability of myeloid and plasmacytoid dendritic cells to
polarize T helper cells in chronic hepatitis C virus infection. J Infect Dis 190:
1919–1926.
28. Collins MK, Tay CS, Erlebacher A (2009) Dendritic cell entrapment within the
pregnant uterus inhibits immune surveillance of the maternal/fetal interface in
mice. J Clin Invest 119: 2062–2073.
29. Aldebert D, Diallo M, Niang M, Sarr D, Cisse C, et al. (2007) Differences in
circulating dendritic cell subtypes in peripheral, placental and cord blood in
African pregnant women. J Reprod Immunol 73: 11–19.
30. Golden-Mason L, Castelblanco N, O’Farrelly C, Rosen H (2007) Phenotypic
and functional changes of cytotoxic CD56pos natural T cells determine outcome
of acute hepatitis C virus infection. J Virol 81: 9292–9298.
31. Doherty DG, O’Farrelly C (2000) Innate and adaptive lymphoid cells in the
human liver. Immunol Rev 174: 5–20.
32. Exley M, Garcia J, Balk SP, Porcelli S (1997) Requirements for CD1d
recognition by human invariant Valpha24+ CD42CD82 T cells. J Exp Med
186: 109–120.
33. Lantz O, Bendelac A (1994) An invariant T cell receptor alpha chain is used by a
unique subset of major histocompatibility complex class I-specific CD4+ and
CD4282 T cells in mice and humans. J Exp Med 180: 1097–1106.

PLoS ONE | www.plosone.org

34. Groh V, Steinle A, Bauer S, Spies T (1998) Recognition of stress-induced MHC
molecules by intestinal epithelial gammadelta T cells. Science 279: 1737–1740.
35. Deignan T, Curry MP, Doherty D, Golden-Mason L, Volkov Y, et al. (2002)
Decrease in hepatic CD56+ T cells and V alpha 24+ natural killer T cells in
chronic hepatitis C viral infection. J Hepatol 37: 101–108.
36. Golden-Mason L, Palmer BE, Kassam N, Townshend-Bulson L, Livingstone S,
et al. (2009) Negative immune regulator Tim-3 is overexpressed on T cells in
hepatitis C virus infection and its blockade rescues dysfunctional CD4+ and
CD8+ T cells. J Virol 83: 9122–9130.
37. Szekeres-Bartho J, Barakonyi A, Miko E, Polgar B, Palkovics T (2001) The role
of gamma/delta T cells in the feto-maternal relationship. Semin Immunol, 13:
229–233.
38. Ditzian-Kadanoff R, Garon J, Verp MS, Zilberstein M (1993) Gamma delta T
cells in human decidua. Am J Obstet Gynecol 168: 831–836.
39. Meier UC, Owen RE, Taylor E, Worth A, Naoumov N, et al. (2005) Shared
alterations in NK cell frequency, phenotype, and function in chronic human
immunodeficiency virus and hepatitis C virus infections. J Virol 79:
12365–12374.
40. Dolganiuc A, Chang S, Kodys K, Mandrekar P, Bakis G, et al. (2006) Hepatitis
C virus (HCV) core protein-induced, monocyte-mediated mechanisms of
reduced IFN-alpha and plasmacytoid dendritic cell loss in chronic HCV
infection. J Immunol 177: 6758–6768.
41. Yonkers NL, Rodriguez B, Milkovich KA, Asaad R, Lederman M, et al. (2007)
TLR ligand-dependent activation of naive CD4 T cells by plasmacytoid
dendritic cells is impaired in hepatitis C virus infection. J Immunol 178:
4436–4444.
42. Bancroft GJ (1993) The role of natural killer cells in innate resistance to
infection. Curr Opin Immunol 5: 503–510.
43. Golden-Mason L (2009) Natural killer cells play divergent roles in shaping the
outcome of hepatitis C virus recurrence following liver transplantation. Liver
Transpl 15: 357–359.
44. Golden-Mason L, Madrigal-Estebas L, McGrath E, Conroy M, Ryan E, et al.
(2008) Altered natural killer cell subset distributions in resolved and persistent
hepatitis C virus infection following single source exposure. Gut 57: 1121–1128.
45. Le Bouteiller P, Piccinni MP (2008) Human NK cells in pregnant uterus: why
there? Am J Reprod Immunol 59: 401–406.
46. Moffett-King A (2002) Natural killer cells and pregnancy. Nat Rev Immunol 2:
656–663.
47. Tabiasco J, Rabot M, Aguerre-Girr M, El Costa H, Berrebi A, et al. (2006)
Human decidual NK cells: unique phenotype and functional properties – a
review. Placenta 27: 34–39.
48. Oliviero B, Varchetta S, Paudice E, Michelone G, Zaramella M, et al. (2009)
Natural killer cell functional dichotomy in chronic hepatitis B and chronic
hepatitis C virus infections. Gastroenterology 137: 1151–1160.
49. Falschlehner C, Schaefer U, Walczak H (2009) Following TRAIL’s path in the
immune system. Immunology 127: 145–154.
50. Zamai L, Ahmad M, Bennett I, Azzoni L, Alnemri E, Perussia B (1998) Natural
killer (NK) cell-mediated cytotoxicity: differential use of TRAIL and Fas ligand
by immature and mature primary human NK cells. J Exp Med, 188:
2375–2380.
51. Ahlenstiel G, Titerence RH, Koh C, Edlich B, Feld J, et al. (2010) Natural killer
cells are polarized toward cytotoxicity in chronic hepatitis C in an interferonalfa-dependent manner. Gastroenterology 138: 325–335.
52. Nattermann J, Feldmann G, Ahlenstiel G, Langhans B, Sauerbruch T,
Spengler U (2006) Surface expression and cytolytic function of natural killer
cell receptors is altered in chronic hepatitis C. Gut 55: 869–877.
53. El Costa H, Tabiasco J, Berrebi A, Parant O, Aguerre-Girr M, et al. (2009)
Effector functions of human decidual NK cells in healthy early pregnancy are
dependent on the specific engagement of natural cytotoxicity receptors. J Reprod
Immunol 82: 142–147.
54. Selin LK, Santolucito PA, Pinto AK, Szomolanyi-Tsuda E, Welsh R (2001)
Innate immunity to viruses: control of vaccinia virus infection by gamma delta T
cells. J Immunol 166: 6784–6794.
55. Wang T, Gao Y, Scully E, Davis C, Anderson J, et al. (2006) Gamma delta T
cells facilitate adaptive immunity against West Nile virus infection in mice.
J Immunol 177: 1825–1832.

8

August 2010 | Volume 5 | Issue 8 | e12232

