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Preeclampsia (PE) is initiated by abnormal placentation in the early
stages of pregnancy, followed by systemic activation of endothelial
cells of the maternal small arterioles in the late second or third
trimester (TM) of pregnancy. During normal pregnancy, placental
cytotrophoblasts (CTBs) invade the maternal uterine wall and spiral
arteries, whereas this process is interrupted in PE. However, it is not
known how the malformed placenta triggers maternal endothelial
crisis and the associated manifestations. Here, we have focused on the
association of CD81 with PE. CD81, a member of the tetraspanin
superfamily, plays significant roles in cell growth, adhesion, and
motility. The function of CD81 in human placentation and its associ-
ation with pregnancy complications are currently unknown. In the
present study, we have demonstrated that CD81 was preferentially
expressed in normal first TM placentas and progressively down-
regulated with gestation advance. In patients with early-onset severe
PE (sPE), CD81 expression was significantly up-regulated in syncytio-
trophoblasts (STBs), CTBs and the cells in the villous core. In addition,
high levels of CD81 were observed in the maternal sera of patients
with sPE. Overexpressing CD81 in CTBs significantly decreased CTB
invasion, and culturing primary human umbilical vein endothelial cells
(HUVECs) in the presence of a high dose of exogenous CD81 resulted
in interrupted angiogenesis and endothelial cell activation in vitro.
Importantly, the phenotype of human PE was mimicked in the CD81-
induced rat model.
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Preeclampsia (PE) is characterized by a new onset of hyper-
tension and proteinuria after 20 wk of gestation. Early-onset

severe PE (sPE, ≤ 34 wk) is associated with a high incidence of
eclampsia, cerebrovascular complications, and fetal growth re-
striction, which severely threaten maternal and fetal health (1).
Although the etiology of PE remains elusive, this disease has two
known stages: In stage I, inadequate cytotrophoblast (CTB) in-
vasion early in the pregnancy causes abnormal placentation; in
stage II, systemic endothelial cell activation and clinical manifes-
tations occur in the second or third trimester (TM), which are
associated with the release of molecules and factors from the
shallowly implanted placenta (2, 3).
CD81 is a widely expressed tetraspanin that provides a scaffold

for signaling molecules and orchestrates interactions between
membrane-associated proteins to initiate signaling cascades that
regulate cell adhesion, migration, and invasion (4–7). CD81 is also
a tumor suppressor that inhibits the migration and invasion of some
malignant tumor cells (8, 9). In addition, an increasing number of
studies have reported that CD81 is one of the main components
of exosomes and can be released into maternal circulation or de-
livered to certain organs and tissues (10–12). Our previous study
showed that CD81 is highly expressed in LPS-treated HTR-8/SV
neo cells derived from human first TM extravillous trophoblast
cells and induces trophoblast syncytialization (13); however, the

role of CD81 in human placentation and PE development
remains unknown.
CTBs play a pivotal role in the development and maintenance

of a successful pregnancy. During human pregnancy, villous CTB
progenitors follow one of two differentiation pathways, becom-
ing either syncytiotrophoblasts (STBs) or extravillous CTBs (14).
STBs play roles in maternal–fetal nutrient exchange, immuno-
logical defense, and placental endocrine hormone secretion (15).
Extravillous CTBs invade the maternal decidua and the adjacent
third of the myometrium during interstitial invasion; they also
penetrate the walls of the uterine spiral arteries, replace the en-
dothelium, and disrupt the vascular smooth muscle, transforming
these vessels into large-diameter, low-resistance conduits that
enable the increased maternal blood perfusion that is required to
develop the fetoplacental unit (16). Shallow CTB invasion and
insufficient spiral artery modification are the hallmarks of PE (17).
CTB invasion is tightly regulated both temporally and spatially

in an autocrine or paracrine manner by trophoblastic and uterine
factors at the maternal–fetal interface. During pro-CTB invasion,
through the regulation of conventional proangiogenic factors,
CTBs adopt vascular phenotypes and become more invasive (18).
Additionally, CTBs can secrete matrix metalloproteinases to fa-
cilitate their invasion into the maternal endomyometrium and
uterine spiral arteries (19, 20). At the same time, CTB invasion is

Significance

Preeclampsia (PE) is a severe trophoblast-related disorder that
threatens the health of mother and fetus. Impaired placentation in
the early stages of pregnancy and the subsequent systemic en-
dothelial cell activation constitute the principle pathogenic mech-
anisms of PE. Currently, themolecules involved in the pathogenesis
of PE that link the two stages of this disorder remain elusive. Our
study demonstrates that CD81 is associated with key pathological
changes that occur in both the placenta and maternal endothelial
cells of patients with severe PE (sPE). Importantly, overexpression
of CD81 induces a PE-like phenotype in pregnant rats. This study
provides evidence of the involvement of CD81 in the pathogenesis
of PE and supports the use of CD81 as a potential biomarker for PE.

Author contributions: L.S., Y.Z., and Y.H. designed research; L.S., Z.D., R.-T.L., H.D., G.Z., M.L.,
and Y.Z. performed research; H.-X.S., G.-J.Y., Z.W., R.-T.L., Y.D., J.W., J.L., M.Z., and P.X.
contributed new reagents/analytic tools; L.S., Z.D., H.-X.S., G.-J.Y., Y.Z., and Y.H. analyzed
data; and L.S., Z.D., Y.Z., and Y.H. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1L.S. and Z.D. contributed equally to this work.
2To whom correspondence may be addressed. Email: yalihu@nju.edu.cn or Yan.Zhou@
ucsf.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1617601114/-/DCSupplemental.

1940–1945 | PNAS | February 21, 2017 | vol. 114 | no. 8 www.pnas.org/cgi/doi/10.1073/pnas.1617601114

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1617601114&domain=pdf
mailto:yalihu@nju.edu.cn
mailto:Yan.Zhou@ucsf.edu
mailto:Yan.Zhou@ucsf.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617601114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617601114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1617601114


negatively regulated by a series of antiangiogenic factors and tu-
mor suppressors, such as sFlt1, sEng, and SEMA3B, which tightly
control the depth of CTB invasion (21–23).
In this study, we hypothesized that the autocrine and paracrine

regulation of CD81 plays an important role in normal human
placentation and that the dysregulation of CD81 signaling con-
tributes to abnormal placentation and the pathogenesis of PE. We
demonstrated that CD81 is preferentially expressed in first TM
human placentas and progressively down-regulated with gestation
advance in normal physiological conditions; CD81 up-regulation is
detected in STBs, CTBs, cells in the villous core, and maternal
sera of patients with early-onset sPE. The overexpression of CD81
in CTBs inhibits CTB invasion, and exposing primary human
umbilical vein endothelial cells (HUVECs) to a high dose of ex-
ogenous CD81 induces endothelial cell activation and pathogenic
angiogenesis. Furthermore, the overexpression of CD81 in preg-
nant rats triggers PE-like manifestations in vivo.

Results
CD81 Expression Is Progressively Down-Regulated on CTBs with
Gestation Advance. We first evaluated CD81 expression in hu-
man placental villi at different gestational stages by immuno-
staining. An anti-cytokeratin 7 (CK) antibody was used to identify
the trophoblasts. The immunostaining of normal first, second, and
third TM samples indicated that CD81 expression was tightly
regulated with gestation advance. In the anchoring villi (AV),
strong CD81 staining was detected on CTBs in the proximal col-
umn (P-col) from first TM placentas, with much less intense
staining observed on CTBs in the distal column (D-col). CD81 was
also strongly expressed by the initiating layer of the proximal CTB
column and was dramatically down-regulated on the following
layers of the proximal and distal CTB columns and the interstitial
CTBs in second TM placentas. In the third TM placentas, CD81
staining was barely detectable on the invading CTBs (Fig. 1A). In
the floating villi (FV), CD81 was localized on the villous CTB
layer in the first TM placentas, exhibited discontinuous expression
in the second TM placentas, and was barely detected in the third
TM placentas. There was no detectable CD81 staining on STBs
(Fig. 1B). In the villous core, vimentin-, CD45-, and CD66-positive
staining were also observed (Fig. S1), suggesting that CD81 was
expressed on multiple types of cells, including Hofbauer, stromal,
and vessel cells.
To determine whether CD81 expression is regulated at the

transcriptional or translational level in CTBs isolated from first,
second, and third TM placentas, quantitative real-time polymerase
chain reaction (qRT-PCR) and Western blotting analyses were
used to quantify the levels of CD81 mRNA and protein. Com-
pared with the CTBs from the first TM villi, lower CD81 mRNA
and protein expression levels were observed in CTBs from the
second TM placentas, and CD81 protein expression was signifi-
cantly down-regulated in CTBs from the third TM placentas (Fig.
1 C–E). In addition, when CTBs isolated from 6- to 8-wk villi were
cultured for 12 h to mimic CTB differentiation in vitro, we ob-
served down-regulation of both CD81 mRNA (Fig. 1F) and pro-
tein (Fig. 1 G and H).

CD81 Expression Is Up-Regulated in the Placentas and Maternal Sera
of Patients with sPE. During the development of PE, the expres-
sion of the molecules that restrict CTB invasion and differentiation
is dysregulated. Therefore, we examined CD81 expression in pla-
cental tissue sections from patients with early-onset sPE and from
gestational age-matched patients who experienced noninfected
preterm birth (nPTB). Using immunostaining, we found significant
CD81 up-regulation at the maternal–fetal interface. Intense CD81
immunoreactivity was detected on the extravillous CTBs in the
placental basal plates of patients with sPE but not on those of
patients with nPTB (Fig. 2A and Fig. S2A). We then identified a
significant up-regulation of CD81 expression on the majority of

cells in the FV in sPE, which included STBs and villous CTBs (Fig.
2B and Fig. S2B), as well as on the cells and blood vessels in the
villous core (Fig. 2C). Although syncytial knots were observed in
the FV of both sPE and nPTB patients, CD81 up-regulation was
only detected on the syncytial knots of sPE patients (Fig. S3). To
quantify the changes in CD81 levels in patients with sPE, placental
lysates and isolated CTBs were subjected to immunoblotting
analysis. Higher levels of CD81 were detected in both the placental
lysates and CTBs from patients with sPE (Fig. 2 D–G).
Because CD81 expression was significantly up-regulated in the

sPE placentas, we examined whether these placentas released
increased levels of CD81 protein into maternal circulation. A
total of 24 serum samples were collected, including 12 from
patients with early-onset sPE and 12 from gestational age-
matched nPTB. An immunoblotting analysis showed that serum
CD81 levels were significantly increased in the patients with sPE
(Fig. 2 H and I).
CD81 is a main component of exosomes in many cell types

(10–12, 24). Based on its association with the cellular membrane,
CD81 can be found in either a soluble or insoluble form (12). To
determine whether CD81 was packaged in exosomes and then
released into maternal circulation or directly released into ma-
ternal circulation, we separated the serum samples from patients
with sPE and gestational age-matched nPTB into exosome-con-
taining and exosome-free fractions by differential centrifugation
(25). Compared with the control samples, CD81 levels were sig-
nificantly up-regulated in the sPE exosome-free samples (Fig. 2 J
and K) and only slightly increased in the sPE exosome-containing
samples (Fig. 2 L and M). Because placental alkaline phosphatase

Fig. 1. CD81 expression is progressively down-regulated on CTBs with ges-
tation advance. Placental tissue sections were double-stained with anti-CK and
anti-CD81 by immunofluorescence. (A) CD81 expression on the cell columns of
the AV (6 and 15.3 wk) and the basal plate (BP, 38 wk). CD81 immunostaining
intensity was down-regulated in D-col of villi compared with the P-col. The
data were representative of the analysis of first, second, and third TM pla-
centas; n = 5 in each group. (Scale bar, 25 μm.) (B) CD81 expression in FV of the
first, second, and third TM placentas (6, 15.3, and 38 wk; n = 5 in each group).
(Scale bar, 25 μm.) (C) CD81 transcriptional levels in CTBs isolated from the first,
second, and third TM placentas by qRT-PCR analysis (first TM vs. second TM, P <
0.01). (D and E) CD81 protein levels in CTBs during gestation by Western
blotting (first TM vs. second TM, P < 0.01; first TM vs. third TM, P < 0.01).
(F) The transcription of CD81 along the CTB differentiation in vitro. CD81
mRNA level was detected at the 12-h time course (0 h vs. 12 h, P < 0.05). (G and
H) CD81 protein along CTB differentiation in vitro (0 h vs. 12 h, P < 0.01). The
result was from three independent experiments in first TM CTBs. All Western
blotting and qRT-PCR data are presented as mean ± SD. The relative intensity
of CD81 levels was assessed by Image J. *P < 0.05, **P < 0.01.
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(PLAP) is considered as a placental origin marker for exosomes (26),
we compared PLAP expression levels in the exosome-containing
serum samples and found no significant difference between the sPE
and nPTB groups (Fig. 2L).

CD81 Plays an Inhibitory Role in CTB Invasion and Disturbs Endothelial
Cell Function. CTB migration and invasion are critical events in hu-
man placentation. Therefore, we tested the hypothesis that CD81
up-regulation inhibits CTB invasion in an autocrine manner. To
determine how CD81 controls CTB invasion, we took advantage of
the fact that isolated CTBs spontaneously invade when plated onto a
layer of Matrigel (19). Using this model system, we generated a
CD81-positive adenovirus, Ad-CD81, and a CD81-negative adeno-
virus, Ad-CTL, and then used both viruses to infect CTBs isolated
from first TM villi. GFP and anti-CK staining indicated that the
infective efficiency in CTBs was ∼95% (Fig. 3A). An immunoblot

analysis showed that CD81 expression was increased by 2.72-fold in
CTBs infected with Ad-CD81 (Fig. 3B). After a 36-h incubation, the
invasive activity of the CTBs was assessed. Invasiveness was signifi-
cantly decreased by ∼60% in Ad-CD81–infected CTBs compared
with Ad-CTL–infected CTBs (Fig. 3 C and D), which suggests that
CD81 inhibits CTB invasion during human placentation.
The principal pathogenesis of PE is thought to be associated

with maternal endothelial cell activation (27). In an attempt to
understand the pathogenic role of CD81 in sPE, we tested the
hypothesis that increased CD81 levels in maternal circulation
cause endothelial lesions. We performed a tube formation assay
with HUVECs using recombinant CD81. As shown in Fig. 3 E–G,
HUVECs treated with recombinant CD81 exhibited a smaller
regular tube area and formed fewer tubes than the negative con-
trol cells. The activation of endothelial cells is considered as a key
pathological event in the second stage of sPE (27). Therefore, we
next examined the expression of molecules involved in endothelial
cell activation, including vascular cell adhesion molecule-1
(VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1),
in HUVECs overexpressing CD81. We infected HUVECs with
either Ad-CD81 or Ad-CTL and observed that both VCAM-1 and
ICAM-1 were up-regulated in the cells overexpressing CD81
compared with the Ad-CTL–infected control cells (Fig. 3H and I).
Furthermore, we found that the expression levels of VCAM-1 and
ICAM-1 were increased in HUVECs treated with recombinant
CD81 (Fig. S4). These results further support our proposed hy-
pothesis that CD81 is associated with the pathogenesis of PE.

CD81-Induced Rat Model Mimics the Phenotype of Human PE. In
previous studies, a low-dose infusion of LPS into rats at the early
stages of pregnancy successfully triggers a PE-like phenotype

Fig. 2. CD81 expression is up-regulated in CTBs, STBs, and the cells in villous
core and sera of patients with early-onset sPE. (A) CD81 staining on the CTBs in
basal plate (BP) of sPE and nPTB. (Scale bar, 25 μm.) (B) CD81 staining in FV of
patients with sPE and nPTB by immunofluorescence. (Scale bar, 25 μm.) The
figures were representative of the results of 12 individual placentas in each
group. (C) CD81 staining in the villous stroma of patients with sPE and nPTB by
immunofluorescence. (Scale bar, 25 μm.) BV, blood vessel. (D and E) Immu-
noblotting of CD81 in the placental lysates from patients with sPE (n = 15) and
nPTB (n = 15) (sPE vs. nPTB, P < 0.01). (F and G) Immunoblotting of CD81 in the
CTBs isolated from patients with sPE and nPTB (n = 3 in each group; sPE vs.
nPTB, P < 0.05). (H and I) Immunoblotting of CD81 in the sera from sPE (n = 12)
and gestational age-matched nPTB (n = 12) (sPE vs. nPTB, P < 0.01). (J and K)
CD81 expression in exosome-free sera from sPE by Western blotting (sPE vs.
nPTB, P < 0.01; n = 12 in each group). (L and M) CD81 and PLAP expression in
serum exosomes from sPE byWestern blotting (sPE vs. nPTB, P < 0.05; n = 12 in
each group). All Western blotting data are presented as mean ± SD. The rel-
ative intensity of CD81 levels was assessed by Image J. GA, gestational age.
*P < 0.05, **P < 0.01. Fig. 3. CD81 overexpression inhibits CTB invasion and interrupts endothelial

cell functions. CTBs isolated from first TM placentas were infected with Ad-
CD81 for 36 h. Ad-CTL served as the control. (A) Adenovirus infection efficiency
was identified by GFP and anti-CK double immunofluorescence staining. (Scale
bar, 25 μm.) (B) The expressional level of CD81 protein on Ad-CD81–infected
CTBs was determined by Western blotting analysis. I-CTB, first TM CTB. (C and
D) CTB invasion was assessed on Ad-CD81–infected CTBs by transwell invasion
assay. After 36-h incubation, CTBs invaded to the bottom side of the insert
membrane were stained by anti-CK and counted under a Leica DMR micro-
scope. (Scale bar, 25 μm.) The results were repeated five times (Ad-CD81 vs. Ad-
CTL, P < 0.01). (E–G) HUVECs were plated in the Matrigel-coated plates and
incubated in cell-conditioned medium from Ad-CD81–infected HTR-8/SV neo
cells. Ad-CTL media served as the control. After 6-h incubation, HUVEC tube
formation was observed under a Leica DMIL microscope and assessed by the
number and area of the formed tubes (Ad-CD81 vs. Ad-CTL, P < 0.05 and P <
0.01). (Scale bar, 500 μm.) (H and I) ICAM-1 and VCAM-1 expression in CD81-
overexpressed HUVECs by Western blotting analysis. Ad-CTL served as the
control. The result was from three independent experiments in HUVECs iso-
lated from three different umbilical cords of normal fetuses. MOI, multiplicity
of infection. The data of Western blotting, CTB invasion, and HUVEC tube
formation are presented as mean ± SD. *P < 0.05, **P < 0.01.
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(28–30). Inspired by this model, we tested the hypothesis that
CD81 overproduction participates in preeclamptic placentation
and triggers the clinical manifestations of PE.
Pregnant rats were infected with either Ad-CD81 or Ad-CTL

on the 5th day of gestation (GD5). As controls, nonpregnant rats
were also infected on the same day. The blood pressure and
proteinuria of the rats were monitored, and both groups of rats
were euthanized either 10 or 14 d after infection (at GD15 or
GD19). CD81 expression and trophoblast-directed uterine spiral
artery remodeling were also analyzed. Compared with the Ad-
CTL–infected rats, the Ad-CD81–infected rats exhibited a
significant elevation in systolic blood pressure (SBP; 113.5 ±
1.95 mmHg vs. 108.76 ± 4.62 mmHg) on GD6, and this elevation was
maintained until GD14. Interestingly, Ad-CD81–infected nonpregnant
rats showed no obvious changes in SBP during the same time period

(Fig. 4A). In addition, elevated urinary protein concentrations were
observed on GD6 in Ad-CD81–infected pregnant rats (2.52 ± 0.17)
compared with Ad-CTL–infected pregnant rats (2.20 ± 0.18) and
Ad-CD81–infected nonpregnant rats (2.13 ± 0.25). This trend was
also sustained until GD14 (Fig. 4B). Additionally, we analyzed the
percentage of fetal resorption, fetal weight, and placental weight in
both pregnant groups. The percentage of fetal resorption was 9.88%
(8/81) and 3.53% (3/85) in the Ad-CD81–infected and Ad-CTL–
infected rats, respectively (P < 0.01). Compared with the Ad-CTL–
infected rats, fetal weight was mildly, but not significantly, reduced in
the Ad-CD81–infected group (0.279 ± 0.103 vs. 0.281 ± 0.075 g, P >
0.05), which may be due to the early euthanization time point (a full-
term pregnancy in a rat, 21 d). In addition, no differences in pla-
cental weight were detected between the two groups (Ad-CD81 vs.
Ad-CTL, 0.194 ± 0.084 vs. 0.209 ± 0.070 g, P > 0.05). To evaluate
the final pregnancy outcomes, we examined SBP, urinary protein
concentration, fetal weight, and the percentage of fetal resorption
in the adenovirus-infected pregnant rats that were euthanized at
GD19. As shown in Fig. 4A, the SBP of Ad-CD81–infected rats was
lower on GD18 than on GD14, but it was still higher than that of the
Ad-CTL–infected rats on GD18 (106.70 ± 4.58 vs. 100.04 ± 3.07,
P < 0.05). The urinary protein concentration was higher in the Ad-
CD81–infected rats than in the controls on GD18 (Fig. 4B, P <
0.05). The fetal weight was significantly reduced in the Ad-CD81–
infected rats compared with the Ad-CTL–infected rats (2.455 ±
0.256 vs. 2.554 ± 0.238, P < 0.01). Additionally, the percentage of
fetal resorption was higher in the Ad-CD81–infected rats than in the
Ad-CTL–infected rats [10.67% (16/150) vs. 2.03% (3/148), P < 0.01]
(Table 1).
We next examined CD81 expression in the placentas from Ad-

CD81–infected rats. An immunohistochemistry analysis showed
that CD81 expression was up-regulated in the labyrinth, spongio-
trophoblast, and trophoblast giant cells of the placentas from Ad-
CD81–infected rats on GD15 compared with those from Ad-CTL–
infected rats (Fig. 4C). An immunoblotting analysis confirmed the
up-regulation of CD81 in the placentas from Ad-CD81–infected
rats (Fig. 4 D and E, P < 0.05). Meanwhile, we examined the in-
fection efficiency of adenovirus vector by detecting the expression
of GFP (Fig. S5) to rule out the effect of adenovirus infection. As
shown in Fig. S6, the placentas from the Ad-CTL– and Ad-CD81–
infected rats expressed nearly equal levels of GFP.
In addition to the increased blood pressure and proteinuria, the

PE model rats also exhibited reduced trophoblast-directed uterine
spiral artery remodeling (31). To determine how increased CD81
expression affects trophoblast-directed uterine spiral artery
remodeling, an anti-CK antibody was used to probe trophoblasts
in the placenta and uterus. The tissue sections containing the
spiral arterial channel from the infected rats were identified, and
all arteries in these sections were analyzed (32). All of the arteries
in each of the sections were examined, and the minimal diameter
across the center of each artery was measured. Compared with the
diameters of the arteries in the mesometrial triangle of the myo-
metrium from the Ad-CTL–infected rats, the diameters of the
arteries in the Ad-CD81–infected rats were significantly smaller
(71.53 ± 6.39 vs. 105.05 ± 13.40 μm, P < 0.01; Fig. 4 F and G).
Taken together, our data indicate that Ad-CD81–infected

pregnant rats mimic not only the manifestations of PE but also

Fig. 4. Ad-CD81 infection triggers PE-like syndrome in pregnant rats. (A) SBP
and (B) urinary protein concentration were increased in Ad-CD81–
infected pregnant rats on GD15 and GD19 but not in the adenovirus-
infected nonpregnant rats. GD, gestational day; NP, nonpregnant; P, pregnant.
Ad-CD81+P-GD15 (n = 6) vs. Ad-CTL+P-GD15 (n = 7), P < 0.05; Ad-CD81+
P-GD19 (n = 11) vs. Ad-CTL+P-GD19 (n = 11), P < 0.05; Ad-CD81+NP-D15 (n =
4) vs. Ad-CTL+NP-D15 (n = 5), P > 0.05. (C) CD81 expression in the placentas
of rats at GD15 by immunohistochemistry. IHC, immunohistochemistry.
(Scale bar, 50 μm.) (D and E) CD81 protein expression in Ad-CD81– and Ad-
CTL–infected rat placentas at GD15 by Western blotting (Ad-CD81 vs. Ad-
CTL, P < 0.05). The relative intensity of CD81 levels was assessed by Image J.
(F) Placenta and the attached mesometrial triangle of the myometrium from
Ad-CD81– and Ad-CTL–infected rats at GD15 were immunostained with anti-
CK. The data were representative of the analysis of samples from 13 dif-
ferent placentas. IHC, immunohistochemistry. (Scale bar, 100 μm.) (G) The
measurement on diameters of all arteries in the sections of uterine meso-
metrial triangle from rats at GD15 (Ad-CD81 vs. Ad-CTL, P < 0.01). All
quantified data are presented as mean ± SD. *P < 0.05, **P < 0.01.

Table 1. Pregnancy outcomes of rats in different pregnant groups

Analyzed items Ad-CTL, GD15 n = 82 Ad-CD81, GD15 n = 73 Ad-CTL, GD19 n = 145 Ad-CD81, GD19 n = 134

Fetal weight, g 0.281 ± 0.075 0.279 ± 0.103 2.554 ± 0.238 2.455 ± 0.256**
Placental weight, g 0.209 ± 0.070 0.194 ± 0.084 0.418 ± 0.076 0.419 ± 0.065
Fetal resorption, % 3.53 (3/85) 9.88 (8/81)** 2.03 (3/148) 10.67 (16/150)**

n, the number of fetuses that were weighted in each pregnant group. The data of fetal weight and placental weight are presented
as mean ± SD. **P < 0.01.
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the specific PE-induced pathological changes in the placenta and
placental bed biopsies.

Discussion
The development of PE occurs in two stages: It is first initiated by
reduced placental perfusion resulting from insufficient spiral ar-
tery remodeling, and then impaired placentation causes systemic
pathophysiological changes in the maternal circulation. In the
present study, we first assessed the expression pattern of CD81 in
placentas from normal pregnancies. In normal pregnancy, CD81 is
preferentially expressed by trophoblastic progenitors and CTBs in
the P-col of AV and is progressively down-regulated with gestation
advance when the number of trophoblastic progenitors is reduced.
In patients with early-onset sPE, CD81 expression is up-regulated
in the extravillous CTBs, STBs, and cells in the villous core and
maternal sera. We demonstrated that overexpressing CD81 in
CTBs in vitro negatively impacted CTB invasion and that exposing
HUVECs to exogenous CD81 led to endothelial cell activation. In
addition, pregnant rats overexpressing CD81 displayed a placental
phenotype consistent with human PE, specifically that of poor
uterine artery modification by trophoblasts, further supporting the
conclusion that CD81 is involved in PE.
Physiological CTB invasion must be tightly regulated to ensure

that the depth of CTB invasion proceeds to the appropriate extent
but no further. Failure or exacerbation of CTB invasion results
in pregnancy complications. For example, shallow invasion and
minimal vessel remodeling are characteristics of PE (33), whereas
aggressive invasion is characteristic of placental site tumors or
choriocarcinoma (34, 35). Therefore, pro- and anti-invasive
mechanisms function simultaneously and are delicately balanced
to keep normal human placentation. The identification of CD81
as a negative mediator of CTB invasion broadens our under-
standing of the molecular mechanisms of CTB invasion.
As CD81 overexpression-induced repression of CTB invasion

appears to be one of the mechanisms mediating abnormal pla-
centation in sPE, the increased levels of serum CD81 in patients
with sPE suggest that this molecule may be involved in mediating
the symptoms and signs development of this disorder. After sep-
arating serum samples into exosome-containing and exosome-free
fractions, we observed a dramatic up-regulation of CD81 in the
exosome-free fraction of sera from patients with sPE, suggesting
that soluble CD81 could be delivered to its targets through ma-
ternal circulation. To determine the potential adverse effects of
soluble CD81 on the key cells involved in PE onset, maternal
endothelial cells, we performed a HUVEC tube formation assay
and assessed the endothelial expression of VCAM-1 and ICAM-1
by exposing these endothelial cells with HTR-8/SV neo cell-con-
ditioned medium. The results revealed that a high dose of CD81
elicited poor tube formation corresponding to VCAM-1 and
ICAM-1 up-regulation in HUVECs, suggesting cross-talk between
trophoblasts and endothelial cells through CD81. Therefore,
CD81 shed from the placenta into the maternal circulation may
mediate the dysfunction of maternal endothelial cells and drive
the development of the maternal manifestations of sPE. To test
this hypothesis, it may be important to understand the molecular
mechanisms of placental original CD81 webs or tetraspanin-
enriched microdomains (36).
Our in vivo rat model provided additional evidence of CD81

involvement in the development of sPE. By injecting pregnant

rats with Ad-CD81, we successfully generated a human PE-like
syndrome that resulted in high blood pressure, proteinuria, and
some adverse pregnancy outcomes. In contrast, injecting Ad-
CD81 into nonpregnant rats did not trigger PE-like symptoms,
suggesting that the placenta is necessary to induce these changes
in rats, which is consistent with a critical feature of human PE.
In conclusion, our present study reports that CD81 levels are

increased in the extravillous CTBs, STBs, and maternal circula-
tion of pregnant women with sPE. Our in vitro results confirmed
that the overexpression of CD81 inhibits CTB invasion and
mediates endothelial cell dysfunction. The overexpression of
CD81 in vivo causes PE symptoms and impairs spiral arterial
modulation in a rat model. Our findings indicated that CD81
may be a potential biomarker for the early diagnosis of PE and
that attenuating CD81 actions might be a more specific and safer
therapeutic method for treating patients with PE.

Materials and Methods
Detailed descriptions of all materials and methods used in this study, including
the placenta and serum samples (37), serum exosome isolation (25), human CTB
isolation (38) and culture (Fig. S7), HTR-8/SV neo cells and HUVECs (39), gen-
eration of recombinant adenoviruses and recombinant CD81, the animal
model (30, 32, 40), qRT-PCR, Western blotting, immunohistochemistry, CTB
invasion assay, HUVEC tube formation, and statistical analysis, are presented in
SI Materials and Methods. Demographic information on the patients who
provided samples for this study is included in Table 2. This study was approved
by the Scientific Research Ethics Committee of the Drum Tower Hospital
(2009041), and informed consent was obtained from all participants. All ani-
mal protocols were approved by the Experimental Animals Management
Committee (SYXK 2014–0052, Jiangsu, China).
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