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Abstract
Placental tissue expresses many lymphatic markers. The current study was undertaken to examine
if D2-40/podoplanin, a lymphatic endothelial marker, was expressed in the human placentas, and
how it is altered developmentally and pathologically. We studied D2-40/podoplanin and
VEGFR-3 expressions in placentas from normotensive pregnancies at different gestational ages
and in placentas from women with clinically defined preeclampsia. D2-40 expression in systemic
lymphatic vessel endothelium served as a positive control. Protein expression for D2-40,
VEGFR-3, and β-actin were determined by Western blot in placentas from normotensive (n=6)
and preeclamptic (n=5) pregnancies. Our results show that D2-40/podoplanin was strongly
expressed in the placenta, mainly as a network plexus pattern in the villous stroma throughout
gestation. CD31 was limited to villous core fetal vessel endothelium and VEGFR-3 was found in
both villous core fetal vessel endothelium and trophoblasts. D2-40/podoplanin expression was
significantly decreased, and VEGFR-3 significantly increased in preeclamptic placental tissues
compared to normotensive placental controls. Placental villous stroma is a reticular-like structure,
and the localization of D2-40 to the stroma suggests that a lymphatic-like conductive network may
exist in the human placenta. D2-40/podoplanin is an O-linked sialoglycoprotein. Although little is
known regarding biological functions of sialylated glycoproteins within the placenta, placental
D2-40/podoplanin may support fetal vessel angiogenesis during placenta development and
reduced D2-40/podoplanin expression in preeclamptic placenta may contribute to altered
interstitial fluid homeostasis and impaired angiogenesis in this pregnancy disorder.
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Introduction
During pregnancy, maternal uterine blood vessels undergo dramatic vascular remodeling to
accommodate the increased utero-placental blood flow, which supports growth and
development of the placenta and the fetus. Adequate utero-placental blood flow is essential
for normal placental perfusion and critical to fetal health, survival and successful pregnancy.
Recent work indicates that like uterine blood vessels, dramatic changes in the uterine
lymphatic vessel system also take place in the vascular remodeling process during
pregnancy1, 2.

In general, the lymphatic vasculature acts for a parallel collection circuit to blood vessels in
most tissues and organs, possibly even the brain3, actively regulating fluid balance, lipid
transport and immune cell trafficking. Lymphatics are the main route for collection of
filtered interstitial fluid and cells in tissues. Although the lymphatic system plays an
important role in vessel remodeling and fluid homeostasis in the uterus during pregnancy, no
lymphatic vessels have been reported in the placenta and interstitial fluid homeostasis in the
placenta remains enigmatic. Recently, a study by our group did show that many lymphatic-
associated markers are expressed in the placenta including VEGF-C, VEGF-D, and
VEGFR-3/Flt-44. Lymphatic vascular hyaluronan receptor LYVE-1 is expressed in
trophoblasts, which appears to compensate for the absence of CD44 in the placenta4.

D2-40 is a recently developed monoclonal antibody raised against an M2A antigen5, 6, a Mr
40,000 surface sialoglycoprotein associated with germ cell neoplasia and fetal testicular
gonocytes. In tumor pathology, D2-40 has been used to detect lymphatic invasion in tumor
tissues. D2-40 specifically recognizes human podoplanin, and has been demonstrated as a
selective marker for lymphatic endothelium. To determine if D2-40/podoplanin is expressed
in the human placenta, immunoreactivity of D2-40/podoplanin was examined in the 1st, 2nd,
and 3rd trimester placentas. VEGFR-3, the main lymphatic endothelial growth factor
receptor, and CD31, a marker for blood vessel endothelium, were also examined. There was
a unique pattern of D2-40 expression in villous stroma in the human placenta. D2-40/
podoplanin was expressed in the human placenta throughout pregnancy and its expression
was significantly reduced in placentas from preeclamptic pregnancies. This suggests that
D2-40/podoplanin is developmentally expressed in the normally human placenta, and that
alterations in D2-40 expression during preeclampsia may underlie interstitial imbalances
seen in this pregnancy disorder.

Materials and Methods
Tissue sample collection

The third trimester placentas from normotensive and preeclamptic pregnancies were
collected from the main hospital, Louisiana State University Health Sciences Center in
Shreveport (LSUHSC-S). First and second trimester placentas were collected from selective
pregnancy terminations at the Department of Obstetrics and Gynecology, the First Hospital
of Harbin Medical University, China. Placenta collection was approved from both
Institutions. Normal pregnancy is defined as maternal blood pressure lower than 140/90mm
Hg with no other medical complications. Preeclampsia is defined as blood pressure higher
than 140/90mm Hg for at least two separate readings with proteinuria (>1+) at dipstick, or
higher than 300mg protein/24h urine. Placentas from patients showing signs of infection
were excluded from this study, as were smokers.

Subcutaneous fat tissue from normotensive pregnant women was obtained during cesarean
section delivery. Subcutaneous fat tissue sections were stained and used as control for D2-40
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expression of lymphatic vessel endothelium. Tissue collection was approved by the IRB at
LSUHSC-S.

Immunohistochemsitry
Expressions of D2-40/podoplanin and CD31 were examined by immunohistochemistry in
tissue sections of placentas from 1st, 2nd, and 3rd trimester pregnancies. D2-40/podoplanin
and VEGFR-3 expressions were also examined in placental tissues delivered by
normotensive and preeclamptic pregnant women. The immunohistochemistry procedure was
performed as previously described7. Briefly, tissue sections were deparaffinized with xylene
and run through graded ethanol series. Antigen retrieval was accomplished by boiling tissue
slides in citrate buffer, and endogenous peroxidase was quenched by 0.1% hydrogen
peroxide (30mins). After blocking with goat serum, the slides were incubated with mAb of
D2-40 (Covance), CD31 (Dako), VEGFR-3 (Santa Cruz), and anti-human podoplnin
antibody (Abcam) at 4C over night. Slides stained with the same antibody were processed
all together for uniformity. Corresponding secondary antibodies, AB enzyme and DAB
detection kit were purchased from Vector Laboratories, Inc. (Burlingame, CA). The nuclei
were counterstained with haematoxylin. Stained slides were examined by an Olympus
microscope (Olympus IX71, Tokyo, Japan). Images were captured by a digital camera with
PictureFrame computer software (Uptronics, Inc., Sunnyvale, CA) and recorded via
microscope-linked PC.

Protein expression
Expressions of D2-40/podoplanin and VEGFR-3 were also examined by Western blotting
using tissue homogenate samples. An aliquot of 50μg total protein was used to run SDS-
PAGE and transferred to Hybond-protein transfer membrane (Amersham Corp, Arlington
Heights, Ill). The membrane was probed with antibodies against D2-40/podoplanin and
VEGFR-3. Bands were visualized with an enhanced chemiluminescent detection kit
(Amersham). β-actin expression was also determined. Band density was scanned and
analyzed by NIH Image 1.16. Relative densities for D2-40/podoplanin and VEGFR-3
expressions were normalized using βactin expression in each sample.

Statistical Analysis
The protein expression data for D2-40/podoplanin and VEGFR-3 between normotensive and
preeclamptic placentas are expressed as mean ± SE. Statistical analysis was performed using
unpaired t-test and Whitney U-test by computer software Statview (Cary, NC). A p<0.05
was considered statistically significant.

Results
D2-40/podoplanin expression in villous stroma

To determine if D2-40/podoplanin is expressed in the human placenta, we first examined
immunoreactivities of D2-40, CD31, and VEGFR-3 by immunostaining of serial tissue
sections of placentas from normotensive pregnancies (n=3). CD31 was used as a blood
vessel endothelial marker and VEGFR-3 was used as a lymphatic vessel endothelial marker.
Very interestingly, a strong D2-40 expression was detected in the villous stroma (Figure
1A), in the area of sub-syncytiotrophoblasts towards stroma (Figure 1D), and around villous
core fetal vessels (Figure 1E). Positive D2-40 staining was also noticed in some stromal
cells (Figure 1F). In contrast, CD31 was only expressed in the villous core fetal vessel
endothelium (Figure 1B) while VEGFR-3 was expressed in both villous core fetal vessel
endothelium and syncytiotrophoblasts (Figure 1C). Tissue sections stained with isotype IgG
(Figure 1G) or only stained with secondary antibody showed negative staining. To further
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determine positive D2-40 expression in lymphatic vessels, but not in blood vessels, we
examined D2-40 expression in systemic subcutaneous fat tissue sections and umbilical cord
sections. Our results confirmed that D2-40 was expressed only in lymphatic vessel
endothelium and not in blood vessel endothelium (Figure 2A). Umbilical vein endothelium
expresses both CD31 and VEGFR-3, but not D2-40, further confirming D2-40 expression in
the lymphatic tissue (Figure 2) (n=3). However, D2-40 was detected in the amniotic
epithelium and underlying Wharton's Jelly matrix (Figure 2E). These results suggest that
D2-40 reacts with podoplanin or podoplanin-like polypeptides localized in the villous
stroma within the umbilical cord and placenta.

D2-40 is expressed in villous stroma throughout pregnancy
We next examined if D2-40 was differentially expressed in placentas from early versus later
gestational stages. Tissue sections from 1st, 2nd, and 3rd trimester placentas were stained
with D2-40 and CD31 antibodies. To verify D2-40 staining, antibody specifically against
human podoplanin was also used since D2-40 specifically recognizes human podoplanin.
Our results showed that D2-40 was expressed in villous stroma in all tissues that we
examined, 4 from 1st trimester (8-10 weeks), 4 from 2nd trimester (16-18 weeks), and 4
from 3rd trimester (37-38 weeks). Podoplanin staining revealed the same pattern as D2-40,
localized in villous stroma, whereas CD31 was only expressed in villous core fetal vessels
(Figure 3). Inserts in the B and C series show a higher magnification of D2-40 and
podoplanin staining (1,000x), respectively. In addition, we also noticed that in the 1st
trimester placenta, fetal vessels with positive CD31 staining are close to the cytotrophoblasts
in villous core tissues (Figure 3A1), which suggest that factors produced by cytotrophoblasts
might play a role in placental vascular development.

Reduced D2-40 expression in placentas from preeclampsia
We next examined if D2-40/podoplanin expression was altered in preeclamptic placentas
compared to placentas from normotensive pregnant controls. D2-40 and VEGFR-3
expressions were determined by immunohistochemical staining of tissue sections and by
Western blot of whole tissue homogenate samples. A total of 11 samples were examined (6
from normotensive and 5 from preeclamptic pregnancies). Patient clinical information is
shown in Table 1. Figure 4 upper panel shows representative D2-40 and VEGFR-3
immunostaining in placental tissue sections from normotensive and preeclamptic
pregnancies. D2-40 immunoreactivity is localized in the stromal area of villous tissue
sections and D2-40 expression is markedly reduced in the preeclamptic tissue sections
(Figure 4B) compared to the normotensive tissue sections (Figure 4A). VEGFR-3
immunoreactivity is localized in both trophoblasts and villous core vessel endothelium. In
contrast to D2-40 expression, VEGFR-3 expression is markedly increased in preeclamptic
placental tissues (Figure 4D) compared to normotensive tissue sections (Figure 4C). Figure
4 lower panel shows D2-40 and VEGFR-3 protein expressions by Western blot. β-actin
expression was also determined as the internal control for each sample. Relative band
densities for D2-40 and VEGFR-3 expressions after normalized by β-actin expression are
shown in Figure 4 lower panel bar graph. The results of immunostaining and Western blot
are consistent in that D2-40 expression was significantly reduced but VEGFR-3 expression
was significantly increased in preeclamptic placentas compared to those from normotensive
controls.

Discussion
D2-40 is a monoclonal antibody directed against human podoplanin, a transmembrane
mucoprotein that is expressed in lymphatic endothelial cells. D2-40 reacts with an O-linked
sialoglycoprotein (MW 40K) found on lymphatic endothelium, but does not react with blood
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vessel endothelium8. Thus, D2-40 has been used as lymphatic endothelial marker to study
lymph-angiogenesis in physiological and pathological tissue samples and has been proved to
be helpful in determining lymphatic invasion in tumor tissues9-12. Using D2-40 as a
lymphatic marker, we examined D2-40/podoplanin expressions in the human placenta.
Complementary immunostaining of blood vessels was obtained with established endothelial
marker CD31. VEGFR-3 expression, a lymphatic-selective endothelial marker, was also
examined for comparison. Interestingly, we found compartmental differences for D2-40
(podoplanin), CD31, and VEGFR-3 distribution in the placental villous tissue. D2-40
localized in the stroma exhibited a network plexiform distribution, CD31 was found in
endothelium of villous core fetal vessels, and VEGFR-3 was localized to both trophoblasts
and fetal vascular endothelium. The network pattern for D2-40 (podoplanin) expression in
the placental stroma was additionally confirmed by examining D2-40 (podoplanin)
expression in the 1st, 2nd, and 3rd trimester placental tissue sections (Figure 3). We found
evidence for abundant expression of podoplanin in the normal placental tissue.

Podoplanin/D2-40 is a mucin-type transmembrane glycoprotein which was originally found
on the surface of rat glomerular epithelial cells (podocytes), loss of podoplanin has been
linked to the flattening of foot processes that occurs in glomerular diseases13. Podoplanin
shows features of a membrane mucoprotein with conserved O-glycosylation sites. Although
the precise biological function of podoplanin is not clear, podoplanin is known to be one of
the most highly expressed lymphatic-specific transcripts in human lymphatic endothelial
cells14. Therefore, D2-40/podoplanin expression has been used to define lymphatic vascular
density in tumor tissues associated with lymphatic metastasis and poor prognosis. One study
has also shown that heavily O-glycosylated mucoproteins probably function as counter-
receptors for adhesion molecules like selectins which mediate cell attachment15, indicating
mucoproteins may have important cell adhesion functions. While the placenta has no proven
lymphatic vessels, the placenta has a high density blood vascular supply constantly
undergoing dynamic angiogenesis throughout the first, second and early third trimesters. A
well-functioning, fully developed placenta ensures a healthy fetus and a successful
pregnancy. Although the biological function of podoplanin in the placenta is not known,
based on the assigned role of this glycoprotein in interstitial fluid balance, placental
podoplanin may support fetal vessel angiogenesis during placenta development within the
villous stroma.

Placental villous tissue contains abundant mesenchymal and matrix channels, especially in
the immature intermediate villi. Placental villous stroma is a unique channel-like
structure16. It consists of a network of cells and fibers with fetal vessels. Within the stroma,
it forms a fluid compartment with Hofbauer cells suspended in the interspaces16.
Mesenchymal and matrix channels provide a path for Hofbauer cells to patrol the villous
core. The distribution of D2-40/podoplanin in the stroma suggests that a lymphatic-like
conductive network might exist in the human placenta. In addition to lymphatic endothelial
cells and kidney podocytes, podoplanin is also expressed in germ cells, mesothelial cell,
stromal reticular cells and many types of tumor tissues17. At present, we did not know as to
what cells (Hofbauer cells/macrophages or fibroblasts) produce or secrete podoplanin in the
placenta, even though we did notice D2-40 positive cells within villous stroma. Further
studies to identify the cell type(s) that express and produce D2-40/podoplanin would be
worth pursuing. Nonetheless, the network plexus pattern of D2-40/podoplanin in the
placenta villous core stroma is highly unique, since none of the matrix proteins (including
laminin α1, α2, α3, α5, β1, β2, and γ1 chains and extradomain A, extradomain B, and
oncofetal fibronectin) showed a similar distribution pattern as to podoplanin18. Although
D2-40/podoplanin is a marker for lymphatic endothelium, our data suggest that cells other
than lymphatic endothelial cells express D2-40 within the placenta.
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Interestingly, we found reduced D2-40/podoplanin expression in placentas from women
with preeclampsia compared to those from normotensive pregnant controls. Reduced D2-40
expression is demonstrated by both immunostaining of villous tissue sections and by total
protein expression of snap frozen placental tissue homogenates. It is well known that
abnormal angiogenesis occurs in the placenta during preeclampsia. This has been
demonstrated by reduced expression and production of placental growth factor (PlGF) and
vascular endothelial growth factor (VEGF-A) and increased expressions and production of
anti-angiogenic factors of sFlt-1 and sEng19, 20. Defective trophoblast invasion and
angiogenesis are believed to contribute significantly to the placental pathophysiology in
preeclampsia.

Increased VEGFR-3 expression is another finding of the present study. VEGFR-3 is also
considered a marker for lymphatic endothelium. In contrast to D2-40, we found that
VEGFR-3 expression is localized in trophoblast cells and in villous core vessel endothelium.
The pattern of VEGFR-3 expression is similar to LYVE-1 expression in the placental villous
tissue as we previously reported4. In addition, we also found increased VEGFR-3 expression
in preeclamptic placentas compared to those from normotensive controls. The reason for
increased VEGFR-3 expression in preeclamptic placentas is not clear. However, this could
be linked to the hypoxia condition that is believed to be associated with placental
pathophysiology in preeclampsia. Although direct evidence of VEGFR-3 up-regulation by
hypoxia in the placenta is lacking, an in vitro study did show that hypoxia could promote
VEGFR-3 expression in MCF7 and A549 adenocarcinomal cells21. In addition, hypoxia-
driven vascular development requiring the activity of VEGFR-3 has also been demonstrated
during mouse embryonic stem cell differentiation22. Increased VEGFR-3 expression could
be a compensative mechanism to overcome increased oxidative stress and promote placental
angiogenesis in the preeclamptic placenta.

At present, the outcome of reduced D2-40 in preeclamptic placenta is not clear. However,
reduced D2-40 expression in quantity and quality may contribute to placental dysfunction in
preeclampsia. Reduced D2-40 expression may lead to failure of interstitial fluid conduction,
and subsequently increase in interstitial fluid accumulation, pressure, and edema. Poor
placental tissue perfusion in preeclampsia might provoke higher perfusion pressures, which
are pathognomonic for preeclampsia. Whether reduced D2-40/podoplanin sialoglycoprotein
expression and/or dysregulation of the protein function contribute to improper trophoblast
invasion, abnormal placental angiogenesis, and maladaptive immunity in preeclamptic
placenta warrant further investigation.
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Figure 1.
Immunostaining of D2-40, CD31, and VEGFR-3 in serial villous tissue sections of a normal
term placenta. Please note the compartmental difference in D2-40 (A, in stroma), CD31 (B,
in villous core vessel endothelium), and VEGFR-3 (C, both trophoblasts and villous core
vessel endothelium) distributions in placental villous tissue. Bar = 100 micron for A, B, and
C. High magnification for D2-40 staining is shown in D (in the area of sub-
syncytiotrophoblasts), E (around villous core fetal vessels) and F (some stromal cells, arrow:
negative staining cells and arrowhead: positive staining cells), bar = 20 micron. Isotype IgG
negative staining is shown in F, bar = 100 micron.

Wang et al. Page 8

Placenta. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Immunostaining of D2-40 in systemic vessels, and D2-40, CD31, and VEGFR-3 in placental
umbilical cord. A: D2-40 staining in maternal vessels from normal pregnant women.
Positive D2-40 staining is only seen in lymphatic vessel endothelium, but not in arterial or
venous blood vessel endothelium. B, C, and D: Immunostaining of CD31, D2-40, and
VEGFR-3 in umbilical cord, respectively. Negative D2-40 (C), but positive CD31 (B) and
VEGFR-3 (C), staining is seen in umbilical vein endothelium. E: Positive D2-40 staining is
also observed in cord membrane (amniotic epithelium) and underlying matrix (Wharton's
Jelly) (E: insert).
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Figure 3.
Immunostaining of CD31, D2-40, and podoplanin in 1st, 2nd, and 3rd trimester placentas.
Note positive CD31 staining in villous core vessel endothelium. The network pattern of
D2-40 staining is seen in villous stromal throughout pregnancy. Podoplanin expression
exhibits the same pattern as D2-40 in villous stromal throughout pregnancy. Bar = 100μm.
Insert in the B and C series shows a higher magnification of D2-40 and podoplanin staining
(1,000x), respectively.
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Figure 4.
Expressions of D2-40 and VEGFR-3 in placentas from normotensive and preeclamptic
pregnancies. Upper panel: A and B are representative immunostaining of D2-40 and C and
D are representative immunostaining of VEGFR-3 in normal and PE placentas. Bar=100μM.
Lower panel: Western blot of D2-40 and VEGFR-3 expressions in normal (n=6) and PE
(n=5) placental tissues. The bar graph shows the band density of Western blots. The
immunostaining results and Western blot data are consistent that D2-40 expression was
significantly reduced and VEGFR-3 expression was significantly increased in placentas
from PE compared to normotensive pregnant controls, * p<0.05, respectively.
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Table 1

Demographic data in normotensive and preeclamptic pregnancies

Variables Normal (n=6) Preeclampsia (n=5) p value

Maternal age (years) 28 ± 6 23 ± 6 0.193

Racial Status

    White 0 1 ---

    Black 5 4 ---

    Other 1

Gestational Age (weeks) 30 ± 8 33 ± 4 0.504

BMI (at admission) 31 ± 5 37 ± 8 0.175

Blood Pressure (mmHg)

    Systolic 113 ± 14 175 ± 12 <0.001

    Diastolic 69 ± 11 101 ± 6 <0.001

Mode of Delivery

    Vaginal 4 0 ---

    Caesarean Section 2 5 ---

Data presented as mean ± SD.
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