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Immune activation during the implantation phase
causes preeclampsia-like symptoms via the
CD40–CD40 ligand pathway in pregnant mice

Keiichi Matsubara, Yuko Matsubara, Miki Mori, Yuka Uchikura, Katsuyuki Hamada, Toru Fujioka,
Hisashi Hashimoto and Takashi Matsumoto

The CD40 ligand (CD40L) is expressed by T cells and has a critical role in immune system regulation. Interventions targeting

CD40L interactions following embryo implantation represent an approach to preventing preeclampsia (PE). To better understand

the role of CD40L in PE, we developed a PE mouse model in which we examined how CD40L-induced immune activation

affects embryo implantation. Blastocysts were incubated with CD40L-expressing adenovirus and then were transferred into the

uterine horns of pseudopregnant ICR mice. Histology, biochemistry and flow cytometry experiments were performed to examine

the characteristics of the mouse model. In early pregnancy, decidualization and spiral artery remodeling were reduced in CD40L-

transfected mice (CD40L mice) compared with control mice. Hematoxylin–eosin (HE) staining revealed hemorrhaging and excess

fibrin deposition at the labyrinth layer-junctional zone interface of the placenta, and PAS staining demonstrated prominent focal

and segmental sclerosis with collapsed glomerular capillaries in the kidneys of the CD40L mice. Flow cytometry data showed

that interferon-γ production derived from CD4+ T cells was elevated in the splenic cells of CD40L mice. Blood pressure

(measured by the tail-cuff method) and urine albumin concentrations were significantly increased in CD40L mice compared with

control mice. Furthermore, the plasma concentrations of soluble Flt-1 and soluble endoglin were increased in CD40L mice, as

occurs in human patients with PE. Thus, CD40L-induced T-helper cell type 1 differentiation during embryo implantation may

have a critical role in the pathogenesis of a PE-like presentation in a novel mouse model of PE.
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INTRODUCTION

Preeclampsia (PE) is a pregnancy-induced hypertensive disorder that
most often occurs after the 20th gestational week and is associated
with proteinuria or severe organ disorders.1 Currently, delivery of the
fetus and placenta represent the only effective means of avoiding
eclampsia; however, preterm delivery is often associated with adverse
effects for the fetus.
Vascular dysfunction resulting in poor placentation is

thought to be the primary cause of PE.2,3 Early in pregnancy,
abundant neovascularization at the implantation site is essential
for placental development and the reduction of uterine vascular
resistance. Cytotrophoblasts migrate into the decidua and the
uterine myometrium, resulting in the subsequent invasion
of spiral arteries and remodeling.4,5 However, in PE, this remodel-
ing does not extend to the myometrium due to disturbed immune
tolerance of allografts (cytotrophoblasts).6 Reduced trophoblast
invasion might be associated with high uterine artery
resistance during the second trimester in PE,7 leading to maternal
hypertension.8,9

Helper T (Th) cells are classified into various functional subsets,
including Th1 and Th2 cells, defined on the basis of the cytokines that
they produce. During normal pregnancy, the Th cell profile is
predominated by Th2 cells10,11due to increased estradiol, which
prevents Fas-dependent apoptosis of Th2 cells.12 Moreover, human
leukocyte antigen G is abundantly expressed by trophoblasts, thereby
reducing Th1 activity and stimulating the Th2 activity associated with
reduced allograft immunity.13,14

Conversely, immune responses associated with a dominant Th1
profile are associated with excessive maternally mediated inflammatory
responses, resulting in the inhibition of trophoblast invasion and in
endothelial cell dysfunction via activated allograft immunity that can
lead to spontaneous abortion15 and PE.16 Thus, Th1/Th2 imbalance
appears to be important in mediating PE pathogenesis.17

CD40, which is a member of the TNF receptor superfamily, and
CD40 ligand (CD40L), a glycoprotein related to TNF-α, are expressed
on the surface of activated T cells, macrophages and endothelial
cells.18,19 Recently, it has been reported that CD40/CD40L signaling is
essential to elicit immune and inflammatory processes.20 It is therefore
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possible that the interaction between CD40 and CD40L induces the
synthesis of proinflammatory cytokines21 that may have roles in the
pathogenesis of PE by altering the Th1/Th2 balance.
The present study describes a new PE mouse model enabling the

study of implantation in PE via immune-related mechanisms.

METHODS

Mice
Timed matings were performed by pairing male and female imprinting control
region (ICR) mice (8–12 weeks old; CLEA Japan, Tokyo, Japan) that received
an intraperitoneal injection of human chorionic gonadotropin (5 units;
Sigma-Aldrich, St Louis, MO) and pregnant mare’s serum gonadotropin
(5 units; Sigma-Aldrich) to induce superovulation. Mice were sacrificed 4 days
later, and blastocysts were collected from the uterine horns. Blastocysts were
incubated in complete human tubal fluid medium (Irvine Scientific, Santa Ana,
CA, USA) and infected with adenoviral vectors (500 PFU (plaque forming
units)) containing the CD40 ligand gene (Ad-CD40L) or the β-galactosidase
control gene ([LacZ]: Ad-β-gal). A nonpathogenic adenoviral vector plasmid
(ad5CMVK-p16) was prepared by inserting the hCD40L gene (kindly provided
by Dr Fukushima, Eisai, Tsukuba, Japan) or LacZ cDNA (kindly provided by
Dr Hamada, Ehime University, Ehime, Japan). Several female mice were mated
with vasectomized males, and the day of vaginal plug detection the next
morning was designated as embryonic day (E) 0.5 in pseudopregnant mice.
Vector-infected embryos were transferred into the uterine horns (5 embryos
per horn) in the pseudopregnant mice. All procedures were approved by the
animal care and use committee of Ehime University. Pregnancy outcomes were
assessed by measuring the weights of live pups delivered at E17.5.

Physiological measurements
Blood pressure (BP) was measured each morning by the tail-cuff method using
a BP-98E (Softron, Tokyo, Japan) from E8.5 until the day of delivery (E17.5).
Systolic BP (SBP) was measured at least three times, and the mean was
recorded. After E8.5, all mice were placed in individual metabolic cages, and
urine samples were automatically collected for 24 h. Urine total albumin
content was measured using an albumin ELISA kit (Albuwell M; Exocell,
Philadelphia, PA, USA), and the total creatinine content was measured using a
creatinine chemical assay kit (Creatinine Companion; Exocell) according to the
manufacturer’s instructions. Urine albumin concentrations were reported as the
albumin/creatinine ratio (mg g− 1).

Histological analyses of placentas and kidneys
Euthanasia was performed by cervical dislocation. At E6.5 and E17.5, placenta
and uterine sections were stained by hematoxylin and eosin (HE). At E17.5,
kidney sections were stained with periodic acid-Schiff (PAS).

Immunohistochemistry
Immunohistochemistry was performed on placenta and uterus sections from
LacZ gene-transfected mice (LacZ mice) and CD40L gene-transfected mice
(CD40L mice) at E6.5 (cytokeratin-7 (CK-7)) and E10.5 (forkhead box P3
([FOX-P3]). Immunolabeling was carried out with a catalyzed signal amplifica-
tion system (Dako's Corporate, Glostrup, Denmark). After blocking non-
specific staining of tissues, the sections were incubated with a primary rabbit
antibody specific for FOX-P3 (1:200, Bioss, Woburn, MA, USA) to detect
regulatory T cells (Treg), for CK-7 (1:200, Bioss) to evaluate spiral artery
construction, or with control IgG overnight (4 °C). After washing, the tissue
sections were incubated with biotinylated secondary antibodies (1:1000; 30 min,
37 °C) and then with streptavidin–peroxidase complex for an additional 30 min
(RT). Labeling was visualized, and counterstaining was performed with
hematoxylin.

Flow cytometric analyses
Spleens were dissected with tweezers, and spleen cells were dispersed in Hank's
balanced salt solution (Life Technologies, Carlsbad, CA, USA). For the
detection of intracellular cytokines, the cells were incubated in RPMI-1640
medium (Life Technologies, Waltham, MA, USA) containing brefeldin A with

or without monensin or with a mixture of monensin, phorbol 12-myristate

13-acetate (PMA) and ionomycin (4 h, 37 °C). Thereafter, the cells were

incubated at RT for 15 min with antibodies specific for the cell surface

molecules CD4 (conjugated with peridinin chlorophyll; 1:200, Bioss), CD8

(conjugated with phycoerythrin (PE); 1:200, AbD Serotec, Raleigh, NC, USA),

and CD40L (conjugated with fluorescein isothiocyanate; 1:200, Santa Cruz

Biotechnology, Dallas, TX, USA) or isotypic control IgG. For intracellular

immunolabeling, the cells were fixed and permeabilized using Intraprep reagent

buffer (BD Biosciences, San Jose, CA, USA) (20 min, RT). In addition, the cells

were labeled with fluorescein isothiocyanate-conjugated anti-mouse IFN-γ
antibody (1:200; Immunotec, Vaudreuil-Dorion, Quebec, Canada) and

PE-conjugated anti-mouse IL-4 antibody (1:200; Immunotec), or

PE-conjugated anti-mouse IL-17 antibody (1:200; BioLegend, San Diego, CA,

USA) (15 min, RT). Data acquisition was performed using a FACScan

cytometer (FACScan, BD Biosciences) and analyzed with CellQuest software

(BD Biosciences). The results were reported as the percentage of total

leukocytes that were immunopositive (% gated) and the mean fluorescence

intensity of positive cells.
Peripheral blood samples were obtained via cardiopuncture. Whole periph-

eral blood was stained with fluorescein isothiocyanate-conjugated anti-mouse

CD40L antibody (1:200, Santa Cruz Biotechnology) and PE-conjugated anti-

mouse F4/80 antibody (1:1000, BMA Biomedicals AG, Augst, Switzerland)

(20 min, 4 °C). Data acquisition and analyses were performed using a FACScan

cytometer and Cell Quest software.

ELISA
Blood samples were collected by cardiac puncture and centrifuged immediately

to obtain plasma specimens. The plasma concentrations of soluble fms-like

tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng) were measured with

Quantikine enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems;

Minneapolis, MN, USA) and an iMark multiplate reader (Bio-Rad, Hercules,

CA, USA). Standard solution, control and plasma samples (100 μl per well)

were diluted with assay diluent in microplate wells. The plates were

subsequently incubated for 2 h at room temperature, washed and then

incubated for another 2 h at room temperature with vascular endothelial

growth factor R1 or endoglin conjugate. After washing again, the plates were

developed with substrate solution for 30 min at room temperature in the dark.

The reaction was stopped and the absorbance was measured at 450 nm

(primary wavelength) and 540 nm (secondary wavelength). The absorbance

at 540 nm was subtracted from the absorbance at 450 nm. The sFlt-1

and sEng concentrations were calculated from standard curves created in

Microplate Manager 6, Version 6.3. All values were confirmed by duplicate

measurements.

Statistical analysis
Data were expressed as means± s.e. One-way ANOVA were performed for

statistical analyses. For blood pressure and proteinuria, statistical significance

was analyzed using two-way ANOVA. Differences were considered to be

significant at Po0.05.

RESULTS

Blood pressure and proteinuria
From the beginning of pregnancy, the SBP of CD40L mice gradually
increased (Figure 1a); however, LacZ mice did not exhibit any
significant changes in SBP during pregnancy. CD40L mice exhibited
an increased SBP (125± 1 mmHg, n= 6, Po0.05) compared with
that of LacZ mice (108± 4 mmHg, n= 6) at E17.5.
CD40L mice exhibited increased gestational albuminuria at E13.5

that peaked at E16.5. A significant increase was observed in the
albumin/creatinine ratio (4135.0± 724.7 mg g− 1, n= 5) of CD40L
mice compared with LacZ mice (1251.4± 230.2 mg g− 1, n= 5,
Po0.05) at E16.5 (Figure 1b).
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Pregnancy outcomes
The mean litter body size at birth was significantly lower in CD40L
mice (1.18± 0.11 g, n= 7) compared with the litter body size of LacZ
mice (1.51± 0.09 g, n= 14, Po0.05) (Figure 1c). By contrast, the
placental size was not different between CD40L mice (0.17± 0.03 g,
n= 7) and LacZ mice (0.19± 0.01 g, n= 14) (Figure 1c).

Histological analyses of the placentas and kidneys
The placental labyrinth in LacZ mice contained organized vessels with
well-developed branching (Figure 2a). However, hemorrhage and
excess fibrin deposition were observed at the interface of the labyrinth
layer and the junctional zone in the placentas of CD40L mice
(Figure 2b). Furthermore, CD40L placentas presented with extensive
cellular disorganization and narrow capillaries in the labyrinth layer
(Figure 2d) compared with the normal structured labyrinth layer in
LacZ placentas (Figure 2c). Normal renal glomeruli in LacZ mice
exhibited a thin layer consisting of PAS-positive hyaline material
(mesangial matrix), as well as enlarged capillaries (Figure 2e).
In contrast, the renal glomeruli of CD40L mice presented with
prominent focal and segmental sclerosis, as well as the collapse
of some glomerular capillaries exhibiting the accumulation of
PAS-positive hyaline material (Figure 2f).
FOX-P3 was detected in the lymphocytes present at the junctional

zone of LacZ mice at E10.5 (Figure 2g), but was absent from the
uteroplacental surface of CD40L mice (Figure 2h).
At E6.5 in LacZ mice, decidualization was apparent, and the stromal

cells on the maternal side of the uterus were inflamed and edematous
(Figures 2i and k). In addition, the spiral artery vessel walls were
deformed and enlarged in LacZ mice. Trophoblast invasion of the
vessel walls was observed in uteri derived from LacZ mice (Figure 2m).
Conversely, decidualization was insufficient in uteri derived from

CD40L mice compared to LacZ mice (Figures 2j and l). Furthermore,
the spiral arteries were less deformed and enlarged. Trophoblast
invasion of the vessel wall was also decreased in CD40L mice
(Figure 2n).

Analysis of CD40L expression by spleen cells and peripheral blood
macrophages
The ratio of CD40L-positive Th cells (CD4+) derived from the spleens
of CD40L mice was significantly increased (1.64± 0.41, n= 6)
compared to that of the spleen cells of LacZ mice (0.44± 0.16,
n= 6, Po0.05) (Figure 3a). The expression of CD40L by Th cells
harvested from CD40L mice was also significantly increased
(7.96± 0.23, n= 6) compared to that observed for LacZ mice
(5.92± 0.79, n= 6, Po0.05). The ratio of CD40L-positive cytotoxic
T cells (CD8+) presented in CD40L mice was also significantly
increased (3.36± 0.76, n= 6) compared to that of LacZ mice
(1.43± 0.24, n= 6, Po0.05). However, the expression of CD40L by
cytotoxic T cells was not significantly different between CD40L
(6.27± 0.10, n= 6) and LacZ mice (5.31± 0.43, n= 6, P= 0.06).
The ratio of CD40L-positive macrophages derived from peripheral

blood was significantly increased in CD40L mice (10.22± 2.00, n= 6)
compared with LacZ mice (4.18± 1.27, P= 6, Po0.05) (Figure 3b),
and the expression of CD40L by macrophages was significantly
increased in CD40L mice (10.97± 0.65, n= 6) compared with the
expression levels observed in LacZ mice (8.17± 0.50, n= 6, Po0.05).

Intracellular cytokine analyses
Changes in the intracellular cytokine profile of CD4+ cells were
examined (Figure 4). The ratio of interferon (IFN)-γ-positive Th cells
was significantly increased in CD40L mice (86.6± 4.4, n= 8)
compared with that of LacZ mice (62.1± 5.4, n= 8, Po0.05)

Figure 1 Phenotypes of CD40L and LacZ mice. (a) Systolic blood pressure (SBP) in CD40L mice increased from E13.5 onward compared with the SBP of
LacZ mice. Closed circles represent CD40L mice and open circles represent LacZ mice. (b) Proteinuria in CD40L mice (closed circles) increased from E13.5
onward compared with LacZ mice (open circles). (c) The litter weight (open column) of CD40L mice was significantly lower than the litter weight of LacZ
mice at E17.5. The placental weight (closed column) of CD40L mice did not differ from that of LacZ mice. Data are expressed as means± s.e. (*Po0.05).
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(Figure 4a). The expression of IFN-γ in Th cells was also significantly
increased in CD40L mice (17.1± 1.6, n= 8) compared with LacZ mice
(12.2± 1.1, n= 8, Po0.05). The ratio of IL-4-positive Th cells, the
expression of IL-4 on Th cells, the ratio of IL-17-positive Th cells and
the expression of IL-17 in Th cells were not significantly different
between CD40L and LacZ mice (Figures 4b and c).

Cytokine plasma concentrations
Plasma concentrations of sFlt-1 were significantly increased in
CD40L mice (10 634.3± 748.1 pg ml− 1, n= 4, Po0.05) compared to
LacZ mice (8706.9± 162.6 pg ml− 1, n= 4) (Figure 5a). Plasma

concentrations of sEng were also significantly increased in CD40L
mice (4713.9± 140.3 pg ml− 1, n= 4, Po0.001) compared with LacZ
mice (2678.0± 286.9 pg ml− 1, n= 4) (Figure 5b).

DISCUSSION

PE is a severe obstetric disease that is a major cause of maternal and
fetal mortality. The ability to predict which patients may develop PE
and to prevent its pathogenesis would be a major step toward reducing
the PE-associated mortality rate. In particular, understanding the early
stages of PE pathogenesis as they occur in early pregnancy would be
pivotal to predicting and preventing the onset of PE. PE progresses in

Figure 2 Histopathological evaluation of placentas and kidneys from CD40L and LacZ mice. (a) A low-power magnification survey of representative placental
sections from LacZ mice at E17.5 stained with hematoxylin and eosin (HE). Scale bar, 200 μm. (b) A representative placenta from a CD40L mouse shows
bleeding and excess fibrin deposition in the labyrinth layer. Scale bar, 200 μm. (c, d) A high-power magnification survey of representative sections of HE-
stained placenta at E17.5. (c) Dilation of the maternal vascular sinus of the labyrinth layer can be seen within the placenta of LacZ mice. (d) The vascular
sinus of the labyrinth layer is narrow in CD40L mice. Scale bar, 200 μm. (e) Representative photographs of periodic acid-Schiff (PAS)-stained kidney
specimens from LacZ mice. Scale bar, 20 μm. (f) A representative PAS-stained kidney from CD40L mice showing changes ranging from focal to segmental
glomerulosclerosis at E17.5. Scale bar, 20 μm. (g, h) Immunohistochemical staining for FOX-P3 on the uteroplacental surface of LacZ and CD40L mice at
E10.5. (g) Arrows indicate FOX-P3-positive cells (brown staining). Some FOX-P3-positive cells can be seen at the junctional zone of the placenta in LacZ
mice (h) but not in CD40L mice. Scale bar, 25 μm. (i–n) Representative sections of decidua and spiral arteries at E6.5 in CD40L mice and LacZ mice.
(i) HE staining shows that the decidual layer is edematous and that spiral artery formation is disorganized and dilated in LacZ mice at E6.5, (j) but that the
decidualization and spiral artery remodeling is reduced in CD40L mice. Scale bar, 200 μm. (k, l) High-power magnification analysis of representative sections
of HE-stained placenta and uterus sections collected at E6.5 demonstrate spiral artery deformation in LacZ mice. Scale bar, 200 μm.
(m, n) Immunohistochemical analysis of CK-7 revealed evidence of trophoblast infiltration (arrow) in the spiral arteries; (n) however, this infiltration was
scarce in CD40L mice. Scale bar, 200 μm.
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two stages. In the first stage, there is poor placental development due
to inadequate immune stimulation. In the second stage, a hypoxic
environment develops secondary to the disordered placenta; this
environment is associated with the generation of humoral factors that
are secreted into the maternal systemic circulation, leading to
hypertension and proteinuria.22

Placental angiogenesis is essential for maintaining pregnancy. PE is
known to begin with disturbed trophoblast invasion, followed by
disordered neovasucularization. This abnormal vasculature leads to the
increased placental secretion of humoral factors into maternal
circulation. If sustained, these humoral factors can disrupt the
physiology of multiple organs, resulting in the clinical manifestation

Figure 3 The percentage of CD40L-expressing mononuclear cells in maternal spleens and macrophages derived from maternal peripheral blood at E17.5.
(a) The proportion of CD40L-positive CD4+ cells was significantly increased in CD40L mice (n=6) compared to LacZ mice (n=6). CD40L expression by
CD4+ cells was also significantly increased in CD40L mice (n=6) compared with LacZ mice (n=6). The number of CD40L-positive CD8+ cells was also
significantly increased in CD40L mice (n=6) compared with LacZ mice (n=6). In contrast, CD40L expression by CD8+ cells did not differ significantly
between CD40L (n=6) and LacZ mice (n=6). (b) The number of CD40L-positive macrophages was significantly increased in CD40L mice (n=6) compared
with LacZ mice (n=6). CD40L expression by macrophages was also significantly increased in CD40L mice (n=6) compared with LacZ mice (n=6). Data are
expressed as means± s.e. (*Po0.05).
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of PE. Placental growth factor and vascular endothelial growth factor
have long been recognized as critical factors in placental angiogenesis.
In addition, Levine et al. have reported that serum concentrations of

the angiogenic proteins sFlt-1 and sEng are significantly increased
before the onset of clinically diagnosable PE.23,24 sFlt-1 inhibits the
angiogenic effect of placental growth factor and vascular endothelial

Figure 4 The percentage intracellular cytokine-positive cells among CD4+ T cells derived from maternal spleens at E17.5. (a) IFN-γ-positive CD4+ T cells were
significantly increased in CD40L mice (n=8) compared with LacZ mice (n=8). The production of IFN-γ by CD4+ T cells in CD40L mice (n=5) was also
significantly increased compared with LacZ mice (n=3). (b) The number of IL-4-positive CD4+ T cells was not significantly different between CD40L (n=8)
and LacZ mice (n=8). The production of IL-4 by CD4+ T cells was also not significantly different between CD40L (n=8) and LacZ mice (n=8). (c) The
number of IL-17-positive CD4+ T cells was not significantly different between CD40L (n=5) and LacZ mice (n=3). The production of IL-17 by CD4+ T cells
derived from maternal spleen also did not differ between CD40L (n=5) and LacZ mice (n=3) at E17.5. Data are expressed as means± s.e. (*Po0.05).
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growth factor, whereas sEng inhibits transforming growth factor
(TGF-β1) signaling in vascular tissues. Hence, both proteins may act
to reduce placental angiogenesis and disturb endothelial function,
thereby resulting in proteinuria and hypertension during pregnancy.
Our findings of elevated sFlt and sEng plasma concentrations in
CD40L mice suggest that the CD40L mouse is good model of PE,
particularly with respect to the early pathogenesis of PE in human
patients. This model can therefore be used to elucidate the mechan-
isms underlying first-stage PE, which have not been fully examined
due to the lack of an appropriate animal model.
This mouse model allowed us to demonstrate that the first stage of

PE pathogenesis presenting early in pregnancy is a consequence of
CD40L pathway activation, which was associated with polarized Th1
responses.
Maternal immune reactions against paternal antigens are typically

tolerated during pregnancy and are necessary to maintain a healthy
pregnancy.25 During early pregnancy, the expression of major
histocompatibility complex class II is downregulated, and antigen-
presenting cells (APCs) react with the embryo via major histocompat-
ibility complex class I molecules, thus inducing specific immune
tolerance.26 Conversely, PE is associated with proinflammatory
immune responses initiated by APCs that in turn hinder immunolo-
gical tolerance at the maternal–fetal interface.27 Because APC proin-
flammatory responses are activated following their interaction with
CD40 and CD40L,28,29 it is possible that increased levels of embryonic
CD40L expression stimulate APC-mediated maternal immune
responses at the implantation site that may interfere with placentation,
thereby resulting in the clinical presentation of PE.30 In this study, the
expression of CD40L confirmed CD4+ cell and macrophage activation,
demonstrating the activation of the immune system.
CD40–CD40L signaling can stimulate IFN-γ production in mono-

cytes following their activation by antigen presentation.28 Thus, the
inhibition of CD40–CD40L signaling leads to the suppression of
Th1-type cytokine production and the long-term survival of
allografts.31,32 In contrast, Th2 responses induce allograft survival.
Our results demonstrate that CD40L stimulated the development of
Th1 cells in this mouse model. In PE, CD40–CD40L signaling may

stimulate Th1 cell development, which impairs Th2-cell subset
progression and triggers apoptosis in extravillous trophoblasts and
the reduction of trophoblast invasion.16 Indeed, patients with PE
present with increased serum concentrations of Th1-type cytokines as
early as the first trimester.16,17 In contrast, normal pregnancy is
primarily thought to be associated with Th2 responses, which enable
fetal survival as a consequence of their ability to suppress potentially
harmful Th1-induced maternal cytotoxic responses.10

Tregs and CD4+ IL-17-producing T cells (Th17) are also thought to
participate in PE pathogenesis, and it has been reported that PE
patients have a lower Treg/Th17 ratio.33 Tregs can reduce
Th1-induced inflammation by secreting transforming growth factor-
β (TGF-β) and IL-10, resulting in the maintenance of immunological
self-tolerance.34 Zenclussen et al.35 have reported that pregnancy-
induced Treg activation has a vital role in maternal tolerance to the
allogeneic fetus by inhibiting Th1 differentiation. It is known that
Tregs in the peripheral blood and placenta are significantly decreased
in patients with PE,36 indicating that maternal tolerance to the
allogeneic fetus is inhibited. The present study also demonstrated that
maternal immune tolerance was reduced because the Treg distribution
was decreased in placentas collected from CD40L mice. Th17s produce
IL-17, which recruits and activates neutrophils, thereby inducing
inflammation. Furthermore, Th17s are involved in graft rejection.37

However, we could not demonstrate a change in Th17 cells in CD40L
mice. Collectively, these results suggest that signaling via the
CD40–CD40L pathway might be involved in allograft survival through
the modification of helper T-cell differentiation during pregnancy.
Our study demonstrated that CD40L overexpression at the

implantation site leads to hypertension and proteinuria with poor
placentation in mice, similar to that in humans. Our results demon-
strated that the first stage of the disorder in the two-stage theory is
involved in the pathogenesis of PE. However, trophoblast invasion of
the uterine wall in pregnant mice is low compared with the level of
invasion observed in pregnant women. Therefore, experiments
characterizing murine pregnancy may not mirror what is observed
in humans. However, our results in mice demonstrate that immune
responses at the implantation site are involved in the progression of
PE-like clinical phenotypes. Understanding these responses is impor-
tant for evaluating the early stages of pathogenesis leading to PE,
because it is difficult to perform these studies early in human
pregnancy.38,39 Further analyses of early pregnancy are needed to
further elucidate the mechanisms resulting in the development of PE.
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