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Cytotrophoblast induction of arterial apoptosis
and lymphangiogenesis in an in vivo model
of human placentation
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We studied the vascular effects of invasive human cytotrophoblasts in vivo by transplanting placental villi to
the fifth mammary fat pads or beneath the kidney capsules of Scid mice. Over 3 weeks, robust cytotrophoblast
invasion was observed in both locations. The architecture of the mammary fat pad allowed for detailed analy-
sis of the cells’ interactions with resident murine blood vessels, which revealed specific induction of apoptosis
in the endothelial cells and smooth muscle walls of the arterioles. This finding, and confirmation of the results
in an in vitro coculture model, suggests that a parallel process is important for enabling cytotrophoblast endo-
vascular invasion during human pregnancy. Cytotrophoblast invasion of the kidney parenchyma was accom-
panied by a robust lymphangiogenic response, while in vitro, the cells stimulated lymphatic endothelial cell
migration via the actions of VEGF family members, FGF, and TNF-o. Immunolocalization analyses revealed
that human pregnancy is associated with lymphangiogenesis in the decidua since lymphatic vessels were not a
prominent feature of the nonpregnant endometrium. Thus, the placenta triggers the development of a decid-
ual lymphatic circulation, which we theorize plays an important role in maintaining fluid balance during

pregnancy, with possible implications for maternal-fetal immune cell trafficking.

Introduction

During human pregnancy, placental cytotrophoblasts of fetal ori-
gin invade the uterine wall. This process has 2 components. In the
first, cytotrophoblasts invade the uterine parenchyma, where they
interact with the stromal compartment and a resident immune pop-
ulation that includes primarily NK cells with some dendritic cells,
macrophages, and T lymphocytes. In the second, a subpopulation
of cytotrophoblasts invades uterine blood vessels, with subsequent
colonization of the arterial side of the circulation. Although some
is known about the molecular basis of the latter process, a great deal
remains to be learned because there has been no method for study-
ing the vascular component of cytotrophoblast invasion in vivo.
For example, the mechanism whereby cytotrophoblasts replace the
maternal endothelial lining of uterine arterioles and intercalate with-
in the surrounding smooth muscle layer is unknown (1). In addition,
the possibility that cytotrophoblasts interact with resident lymphatic
vessels has yet to be addressed.

In humans, trophoblast remodeling of arterioles is more exten-
sive than in many other species, including mice. With regard to
the mechanisms involved, these placental cells undergo an ecto-
dermal-to-vascular transformation that involves a dramatic switch
in their repertoire of cell adhesion molecules (2). In previous work,
we established that the distinct patterning of vascular invasion is
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attributable to a switch from a venous to an arterial phenotype
in terms of the cells’ expression of Eph and ephrin family mem-
bers that control vessel identity (3). We also showed that human
trophoblasts express a broad range of factors that regulate con-
ventional vasculogenesis and angiogenesis, including VEGF-C
and its receptor, VEGFR3, and angiopoietin-2 (Ang-2) (4, 5). The
latter findings were unexpected since these molecules are largely
involved in lymphatic development within embryonic and adult
tissues (6-8). Gene deletion studies in mice showed that VEGF-C/
VEGFR3 and Ang-2 are required for these processes, and ectopic
expression of the 2 ligands elicits lymphohyperplasia (9, 10).

Relatively little is known about uterine lymphatics in either the
nonpregnant or the pregnant state. Given its importance in other
organs and tissues, this circulation could play a crucial role in estab-
lishing and maintaining pregnancy. For example, the lymphatic sys-
tem returns excess interstitial fluid to the bloodstream and organizes
adaptive immune responses by providing a vascular-type network for
trafficking of immune cells for surveillance purposes (11). As a result,
individuals with lymphatic defects are highly susceptible to debilitat-
ing lymphedema and chronic unresolved infections (12, 13). Given
these critical functions, lymphatic vessels, which are present in most
tissues, are particularly abundant at sites that come in contact with
the external environment, where microbial pathogens reside.

Thus, it is surprising that the endometrium, the mucosal sur-
face of the uterus, is thought to lack lymphatic vessels; these are
instead believed to be restricted to the deeper myometrial and
serosal segments of this organ. This arrangement, which has been
observed in mice (14), rats (15), rabbits (16), and humans (17), is
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Figure 1

Human cytotrophoblasts induce arterial apoptosis during vascular remodeling in vivo.
Implants (first trimester human placental villi in Scid mouse mammary fat pads) were
excised by dissection after 3 weeks and examined histologically. (A and B) Cytokeratin
7—positive cytotrophoblasts invaded murine stromal tissue, where they interacted with
arteries (a) and veins (v). CD31 stain indicates endothelial cells. Arrow denotes apparent
colocalization (yellow) within the vein wall. Nuclei were stained with DAPI. CK, cytokeratin.
(C) Invading cytotrophoblasts displaced murine endothelial cells (arrow) and extended
their cellular processes along the basal lamina (arrowhead). (D) a-SMA distribution in
adjacent sections identified arteries, which had thicker tunica media than did veins. (E)
Cytotrophoblast invasion disrupted arterial integrity and resulted in platelet deposition,
visualized by staining for CD41. (G and H) TUNEL labeling revealed that cytotrophoblasts
induced apoptosis of arterial smooth muscle and endothelial cells (arrowheads) but did
not affect veins. (F and I) Staining TUNEL-labeled tissue sections for a-SMA (F) or CD31
(I) revealed that both cell types underwent apoptosis. (I) High-magnification image of a
dying endothelial cell. (J and K) Cytotrophoblasts induced UtMVEC apoptosis in vitro.
(J) After coculture with cytokeratin-positive cytotrophoblasts, approximately half the cyto-
keratin-negative UtMVECs that remained attached to the culture substrate were TUNEL
labeled. (K) Coculture also increased the number of UtMVECs that underwent apoptosis
and detached. CTB, cytotrophoblasts. Values are mean + SEM from multiple experiments.
*P < 0.01. Scale bars: 50 um (A, D, and G); 40 um (B, E, and H); 10 um (C, F, I, and J).

thought to isolate the endometrium from the lymphatic system.
In support of this supposition are data showing that dyes and cells
are readily taken up from the myometrial region and transported
to local lymph nodes, whereas introduction of the same reagents
into the lumen or endometrium results in uterine localization (15,
18). Thus far, the reasons for excluding lymphatics from the endo-
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The Journal of Clinical Investigation  http://www.jci.org

Number 10

metrium remain obscure but could include the
complexities of organizing, on a monthly basis,
both angiogenesis and lymphangiogenesis. In
contrast to the nonpregnant state, it is unclear
whether lymphatic vessels are present in the
gravid endometrium, termed decidua. However,
anatomists have noted hyperplasia of the lym-
phatic vessels of the pelvic region during preg-
nancy (19), suggesting that lymphangiogenesis
could be part of the decidualization process.

To address mechanisms of trophoblast-medi-
ated arterial remodeling and possibly lym-
phangiogenesis, we devised an in vivo model
— implantation of chorionic villi into the mam-
mary fat pads or under the kidney capsules of
Scid mice — to study both processes. The results
showed histological evidence of robust cyto-
trophoblast invasion of vessels in both regions.
Further analysis showed that cytotrophoblasts
induced apoptosis only in the endothelial and
smooth muscle layers of arteries, revealing
additional insight into the mechanisms that
allow the cells to colonize these vessels rather
than veins. With regard to lymphangiogenesis,
we found that in contrast to the nonpregnant
endometrium, the human decidua contained
numerous lymphatic vessels. A similar response
was not observed in the decidua of pregnant
mice. In vivo, human (but not mouse) tropho-
blast invasion of the kidney capsule was accom-
panied by a robust infiltration of murine lym-
phatic endothelial cells and subsequent vessel
formation. Thus, our results suggest a model
whereby human placental cells in the uterus
during pregnancy induce both arteriole-specific
apoptosis of the resident maternal cells and a
dramatic lymphangiogenic response. Each of
these processes is likely to play a crucial role in
the formation of the maternal-fetal interface.

Results

An in vivo model of cytotrophoblast invasion shows
that placental cells induce arterial apoptosis. To assess
the relationship between invasive cytotropho-
blasts and vascular cells in vivo, we transplanted
human placental villi under the kidney capsules
or into the fifth mammary fat pads of Scid mice.
Both locations supported cytotrophoblast inva-
sion. However, we primarily used the mammary
fat pads as the recipient site to analyze vascular
invasion because of their larger vessel size, which
allowed us to identify arteries and veins using
morphological criteria. In this location, cytokera-
tin-positive cytotrophoblasts extensively invaded

the stroma and blood vessels (Figure 1, A and B). There they inter-
acted with both arteries and veins, as demonstrated by staining with
an antibody that specifically recognizes murine PECAM (CD31)
expressed by endothelial cells. Arteries were identified by their more
extensive 0-SMA distribution (Figure 1D). By 3 weeks, the cells had
traveled up to 250 um from the site where the villi were implanted.
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Further analysis showed that the integrity of several arteries
was disrupted, as demonstrated by extravascular platelet deposi-
tion visualized by staining with an antibody that recognizes CD41
(Figure 1E). Similar to our previous analysis of human uterine vas-
cular remodeling in situ (20), many cytotrophoblasts appeared to
be in the process of displacing resident endothelial cells (Figure
1C). Furthermore, this subpopulation had undergone pseudovas-
culogenesis, verified by staining for 3; integrins and VEGFR3 (data
not shown). TUNEL staining showed that the cytotrophoblasts
induced apoptosis of arterial smooth muscle and endothelial cells
(Figure 1, F-I). TUNEL-positive cells colocalized with a-SMA
(Figure 1F) and CD31 (Figure 1I), confirming that apoptosis had
occurred in the smooth muscle and endothelial cell populations,
respectively. In contrast, stromal cells and veins lacked TUNEL
reactivity (Figure 1, G and H). The latter observation could not be
explained by a failure of trophoblast cells to interact with veins.
On average, we observed apoptosis in 6 arterial vessels per implant
site, with approximately 9 cytotrophoblasts in contact with each
vessel. Approximately 2 veins with much larger diameters than the
arteries were present in each tissue section. Typically, 10 cytotro-
phoblasts were interacting with each vessel. Finally, no apoptosis
among invasive cytotrophoblasts was detected (Figure 1, G and
H), a finding confirmed by costaining additional serial sections
with cytokeratin and TUNEL reagents (data not shown). Thus,
these experiments established what we believe to be a novel in vivo
model of cytotrophoblast invasion and vascular remodeling, dur-
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Figure 2

Endometrial lymphangiogenesis occurs during human pregnancy.
(A—E) Immunostaining tissue sections of the nonpregnant endome-
trium (A) and the pregnant endometrium/decidua (B—E, diagrammed in
G) with the lymphatic endothelial-specific marker LYVE-1 revealed that
these lymphatic vessels (LV) were present only in the pregnant uterus.
Nuclei were stained with DAPI. Glands (A and B) and cytotrophoblasts
(D and E) were labeled with an antibody that reacts with cytokeratin.
(C) LYVE-1 also labeled cells of the monocyte/macrophage lineage,
including Hofbauer cells, within the placenta. (F) LYVE-1—positive ves-
sels (arrows) were excluded from the decidua during murine pregnan-
cy. (G) Diagram showing the decidual regions analyzed in the coordi-
nately labeled panels: decidua parietalis (B), decidua basalis (C), and
decidua capsularis (E). Dots indicate the placenta. Scale bars: 200 um
(A-C, E, and F); 50 um (D and inset in C).

ing which interactions between placental cells and murine arteries
are easily differentiated from those with veins.

To verify the results of these experiments in terms of cytotro-
phoblast-induced apoptosis, we cocultured these cells with uter-
ine microvascular endothelial cells (UtMVECs) and monitored
the extent of programmed cell death in the attached and detached
subpopulations by TUNEL reactivity. In the attached cells, control
monocultures of UUMVECs and cytotrophoblasts showed very low
levels of apoptosis: <1% and <5%, respectively (data not shown).
In the cocultures, about half the adherent cytokeratin-negative
UtMVECs were TUNEL labeled, suggesting that they had initiated
programmed cell death (Figure 1J), with no discernible change in
cytotrophoblast apoptosis. We also assessed the extent of apopto-
sis among the cells that detached from the culture substrate and
floated in the medium (Figure 1K). After coculture with cytotro-
phoblasts for 14 hours, apoptosis of nonadherent, cytokeratin-
negative UUMVECs increased to 7.0% + 1.73% of the cells that were
originally plated compared with 0.2% + 0.08% in monocultures of
the latter cell type. In contrast, the rate of apoptosis among the
cytokeratin-positive nonadherent cytotrophoblast population was
not significantly different in coculture compared with monocul-
ture conditions. Together, the results of these experiments suggest-
ed that these specialized placental cells have the ability to induce
endothelial cell apoptosis.

Human pregnancy induces endometrial lymphangiogenesis. Immuno-
staining tissue sections of the nonpregnant human endometri-
um (Figure 2A) and decidua (Figure 2, B-E) with the lymphatic
endothelial-specific marker, lymphatic vessel endothelial receptor 1
(LYVE-1), revealed that lymphatics were normally only present
in the pregnant uterus (Table 1). Not all decidual biopsy samples
included LYVE-1-positive vessels; nevertheless, they were abundant
in all regions of this tissue (Figure 2G and Table 1). Lymphatic ves-
sels were prominent in the regions of the uterus that were invaded
by fetal cytotrophoblasts, including the decidua basalis (Figure 2,
C and D), where the placenta attaches, and the decidua capsularis,
which is adjacent to the extraembryonic membranes (Figure 2E).
Although they are routinely in close proximity, we failed to observe
cytotrophoblast invasion of decidual lymphatic vessels (Figure
2D). In regard to distribution, the decidual capsularis contained
the highest vessel density, but there was no correlation between
this parameter and gestational age (Table 1). LYVE-1 also labeled
cells of the monocyte/macrophage lineage, including Hofbauer
cells, within the placenta (Figure 2C). In contrast to human decid-
ual samples, LYVE-1-positive vessels were restricted to the myome-
trial layer of the pregnant murine uterus (Figure 2F).
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Table 1
Lymphatic vessels in the uterus

Donors  Tissue sections
(no.) examined (no.)

Nonpregnant
Endometrium (proliferative phase) 6 6
Endometrium (secretory phase) 11 11
Pregnant
First trimester decidua 10 22
Second trimester decidua basalis 12 16
Second trimester decidua capsularis 5 5
Third trimester decidua basalis 13 13
Third trimester decidua capsularis 7 7
Murine decidua® 5 5

LYVE-1-positive vessels

No. sections No. sections No. sections
with 0 vessels with <10 vessels with >10 vessels

Average vessel
no. per section

0 6 0
0 10 0 1A
4 8 8 6

54 4 8 4

>25 1 1 3

3.25 2 9 2

>30 1 0 6
0 5 0 0

ASample contained a large number of CD45-positive cells indicating possible inflammation. BObtained during gestational days 9—15.

Because LYVE-1 is expressed on venous sinusoids in some tis-
sues (21, 22), we examined the expression of additional markers
specific for lymphatic endothelium (CC chemokine ligand 21
[CCL21] and integrin o) to confirm the identity of these vessels.
In situ hybridization revealed CCL21 mRNA expression (Figure
3A). Immunostaining adjacent sections with LYVE-1 established
that this molecule and CCL21 colocalized (Figure 3A); the same
distribution was observed for integrin aof3; (Figure 3B). In addition,
we investigated the localization of ephrinB2, which is required for
lymphangiogenesis in murine dermal lymphatic vessels (23). A pan-
ephrin antibody failed to label decidual lymphatic vessels. Instead,
staining was localized to cytotrophoblasts within the uterine wall
(Figure 3C), the expected result based on our previous work describ-
ing the cells’ extensive repertoire of these molecules (3). Taken
together, these data established that pregnancy is associated with
robust growth of lymphatic vessels in the uterine lining and that
invading cytotrophoblasts do not breach these structures.

Cytotrophoblast-derived factors stimulate lymphatic endothelial cell
migration in vitro. Given our previous work showing that invasive
cytotrophoblasts produce lymphangiogenic molecules (4), we
investigated the hypothesis that placental cells trigger the appear-
ance of new uterine lymphatic vessels during pregnancy. In these
experiments, we tested the ability of cytotrophoblast-conditioned
medium to stimulate human dermal lymphatic endothelial cell
migration in vitro. Similar to a growth factor cocktail, cytotropho-
blast-conditioned medium significantly increased the migration
of purified LYVE-1-positive human lymphatic endothelial cells
(Figure 4A and Supplemental Figure 1; available online with this
article; doi:10.1172/JCI27306DS1), while medium conditioned by
NIH 3T3 fibroblast cultures did not. In addition, the cytotropho-

Figure 3

LYVE-1—positive vessels in the human decidua express other markers
of lymphatic endothelium. (A) Adjacent sections were analyzed. In situ
hybridization with a CCL21-specific probe (green, left panel) showed
that LYVE-1—positive vessels (brown, right panel) in the decidua
express this chemokine. (B) Immunostaining of adjacent sections
revealed the colocalization of LYVE-1 and integrin agf1. (C) In con-
trast, a pan-ephrin antibody failed to label decidual lymphatic vessels
(arrows), but stained invasive cytotrophoblasts (3). Scale bar: 50 um.
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blast-derived activity was entirely abolished when the medium was
first subjected to heat inactivation.

To gain insight into the mechanisms that were involved we
blocked the activity of several molecules, including known lym-
phangiogenic factors (Figure 4B). When anti-PDGF or Tie-2-Fc
were included in the cytotrophoblast-conditioned medium, migra-
tion levels were similar to those observed in control wells that con-
tained nonimmune mouse IgG or CD6-Fc. In contrast, VEGFR1-Fc,
VEGFR3-Fc, anti-FGF-2, and anti-TNF-a inhibited migration
by an average of 31% + 13%, 28% + 4%, 42% + 7%, and 45% + 9%,
respectively. Addition of all 4 blocking reagents reduced lymphatic
endothelial cell migration by 75% + 17%.

An in vivo model of cytotrophoblast invasion shows that human placental
cells induce lymphangiogenesis. Initially, we explored the utility of the
mammary fat pad implant model for studying cytotrophoblast-
induced lymphangiogenesis. However, the large number of macro-
phages that expressed LYVE-1 made interpretation of the results
difficult. Therefore, we explored the possibility of transplanting cho-
rionic villi under the kidney capsules of Scid mice as an alternative.

Cytotrophoblast invasion in the kidney was even more robust
than that in the mammary fat pads, extending up to 500 wm at 1
week after implantation (Figure SA). After 3 weeks, the invasion
front reached 2 mm, with a few cell clusters migrating to even

A
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deeper regions (Figure 5B); this phenomenon is also observed
during the early stages of human placentation. Reminiscent of
cytotrophoblast interactions with decidual cells, zones that were
occupied by trophoblasts also contained intact kidney tubules
that were not undergoing apoptosis, as demonstrated by the lack
of TUNEL staining (data not shown). As early as the 1-week time
point, staining for CD31 expression revealed the appearance of new
murine vascular networks that were detected only in areas of cyto-
trophoblast invasion (Figure SC). As to the route, cytotrophoblast
migration was restricted to the peritubular spaces (Figure 5, D and
E). Double staining with CD31 and cytokeratin revealed that the
cells were closely associated with blood vessels that travel in these
areas (Figure SF). Staining with CD41 showed that the cells also
breached these vessels, as demonstrated by platelet deposition that
occurred only in areas of cytotrophoblast invasion (Figure 5SG). In
control kidney tissue, CD41 localization was restricted to cells
within blood vessels, presumably platelets (data not shown). This
pattern is similar to cytotrophoblast invasion of the uterine wall in
situ, in which the cells breach decidual blood vessels and activate
platelet adhesion (24). The cytotrophoblasts displayed a molecular
phenotype, in terms of stage-specific antigens, that was the same
as that in the equivalent population within the uterine wall in situ.
Specifically, they stained with antibodies specific for HLA-G (Fig-
ure SH), the cells’ distinctive MHC molecule, and human placental
lactogen (data not shown). We also noted differences in nuclear
size of the cytotrophoblast progenitors that were associated with
the original villous implants and the cells that had invaded the
kidney tissue. Specifically, the nuclear diameter in the invading
cells increased substantially (Figure SI), a phenotype associated
with the hyperdiploid state of invasive cytotrophoblasts (25).

To test the hypothesis that trophoblast-derived lymphangiogenic
molecules induce the development of a decidual lymphatic circula-
tion, we used the kidney capsule implant model described above.
In initial experiments, we stained sections of the implant sites with
LYVE-1. At 1 week after implantation, a few LYVE-1-positive struc-
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Figure 4

Human cytotrophoblasts stimulate lymphatic endothelial cell migra-
tion in vitro. (A) The addition of cytotrophoblast-conditioned medium to
the lower compartment of a Transwell chamber significantly increased
human dermal lymphatic endothelial cell migration compared with con-
trols. The effect, similar to that of a growth factor medium (GFM) control,
was abolished by heat inactivation (HI). (B) The addition of VEGFR1-
Fc, VEGFR3-Fc, anti-FGF-2, and anti-TNF-a, but not anti-PDGF or
Tie-2—Fc, inhibited cytotrophoblast-stimulated lymphatic endothelial cell
migration compared with nonimmune mouse IgG or CD6-Fc. Values
are mean + SEM of multiple experiments. *P < 0.016 versus control.

tures were detected in association with vessels located beyond the
front of cytotrophoblast invasion (Figure 6A), a pattern similar to
that observed in control tissues (Figure 6B). LYVE-1 also stained
CD45-positive macrophages within the kidney capsule (Figure 6,
A, C, D, and H-J). In contrast, after 2 weeks, cells that stained for
LYVE-1 began to infiltrate the implants (Figure 6C), a phenomenon
observed at an even greater extent at the 3-week interval (Figure 6D
and Table 2). Because we did not observe uterine lymphangiogenesis
in pregnant mice, we implanted mouse trophoblast stem cells under
the kidney capsule as a control. Similar to the results obtained when
murine blastocysts were implanted into the same location (26, 27),
the cells invaded the kidney parenchyma (Figure 6E) and induced
blood flow into this region. In contrast to human trophoblasts,
the murine cells failed to recruit a LYVE-1-positive cell population
(Figure 6, F and G, and Table 2), showing that lymphangiogenesis
specifically occurs in response to human placental cells.

The possibility that the LYVE-1-positive cells infiltrating human
placental implants were macrophages was excluded by staining
for CD45, which was negative (Figure 6, H-]). In addition, the cells
were murine in origin, since the antibody we used did not react with
human LYVE-1 in other tissues (data not shown). Infiltrating lym-
phatic endothelial cells were closely associated with cytotrophoblasts
and contained many extended processes (Figure 7A). By 3 weeks,
some LYVE-1-positive structures had the morphological appearance
of lymphatic vessels, including the presence of lumens (Figure 7B).

Discussion

Here we report the development of what we believe to be a new in
vivo model of human cytotrophoblast-mediated vascular remodel-
ing and offer evidence of its utility in studying this process, which is
difficult, if not impossible, to model in vitro. First, using this tech-
nique, we showed that placental villi that were implanted into the
mammary fat pad gave rise to invasive cytotrophoblasts that specif-
ically induced apoptosis in arterial smooth muscle and endothelial
cells. Within the uterine wall, cytotrophoblasts remodeled maternal
spiral arterioles by replacing their endothelial layers and intercalat-
ing within the surrounding tunica media. The data we present give
additional insights into the molecular mechanisms underlying this
enigmatic process. Specifically, our findings suggest that apoptosis
of the resident arterial cells is a key element of vascular remodeling
of uterine spiral arterioles. Implicit in this finding is the concept
that placental cells play a key role in triggering this process, which,
in ectopic pregnancy, can involve vessels outside the uterus. Previ-
ously, in vitro assays suggested that the Fas/Fas ligand system func-
tions during vascular remodeling (28). Interrupting receptor-ligand
interactions decreased endothelial apoptosis in explanted vessels
infused with isolated cytotrophoblasts. It would be interesting to
investigate whether the expression patterns of molecules in this
Volume 116 2647
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Figure 5

Kidney capsule implantation as an in vivo model of cytotrophoblast invasion. Pla-
cental explants were surgically placed under the kidney capsules of Scid mice
and maintained for 1 (A, C, D, and F—H) or 3 weeks (B, E, and I) before histologi-
cal analyses. (A) Villous cores (arrows) mark the original implantation sites. One
week after implantation, cytotrophoblasts invaded murine renal tissue. (B) After
3 weeks the amount of cytotrophoblast-occupied renal parenchyma increased
dramatically, extending well into the cortex, with select clusters migrating even
deeper. Many kidney tubules within remained intact (arrow). (C) CD31 staining
revealed, within areas of cytotrophoblast invasion, vascular networks (arrow)
with very different morphology from resident renal vessels (compare inset with
F). (D and E) Higher-magnification images of A and B show that the migration
route of invasive cytotrophoblasts was restricted to the peritubular spaces. (F)
CD31 and cytokeratin double staining revealed that cells were closely associ-
ated with blood vessels coursing through these areas. (G) Cells also breached
these vessels, as demonstrated by platelet deposition (red), which occurred only
in areas of cytotrophoblast invasion. (H) Cytotrophoblast expression of stage-
specific antigens mimicked the pattern observed during human uterine invasion.
(I) Nuclear volume increased, indicative of chromosome amplification associated
with cytotrophoblast invasion (25), as illustrated by the relatively small nuclear
diameter of progenitor cells (arrow; left inset) compared with that of invasive
cells (arrowheads; right inset). Scale bars: 500 um (A—C); 20 um (C, inset);
50 um (D-1); 5 um (I, insets).

to the menses, which includes apoptotic cells and their
contents, a possible source of autoantigens. At the same
time, this arrangement could prevent production of anti-
bodies against sperm, an important risk factor associated
with infertility (29).

The development of a decidual lymphatic system dur-
ing pregnancy also implies possible functional relevance
to pregnancy outcome. For example, maintaining fluid
balance in this region is of critical importance. During
pregnancy, placenta-induced vascular changes vastly
increase uterine blood flow, which perfuses the placenta.
This process is likely accompanied by increased vascular
leakage, made even more probable given the relining of
these vessels by cytotrophoblasts, which — based on scan-
ning electron microscopic analyses of remodeled arteri-
oles — is incomplete in some regions (K. Red-Horse and
SJ. Fisher, unpublished observations). In the fetal com-
partment, amniotic fluid levels must be tightly regulated,
because changes in normal volumes increase perinatal
morbidity and mortality (30, 31). Excess amniotic fluid
is removed by fetal swallowing and absorption through
extraembryonic membranes, where it is taken up by fetal
blood and maternal tissues (32). In this context, it is
interesting to note that, within the decidua, the region
adjacent to the chorionic and allantoic membranes had
the greatest density of lymphatic vessels.

Lymphangiogenesis in the pregnant uterus may also
have implications for maternal-fetal immunity. During
this time, the mother must balance protection of the fetus
with tolerance of its hemiallogeneic tissues. Enhanced sur-
veillance of the maternal-fetal interface could help prevent
infections, which are associated with preterm labor (33).
Additionally, these results suggest possible mechanisms
for establishing maternal tolerance. We failed to find evi-
dence that placental cells enter the lymphatic circulation;
however, dendritic cells, also numerous at the maternal-
fetal interface, could traffic to regional lymph nodes for
the purpose of presenting fetal antigens. In this role, den-
dritic cells could stimulate the production of factors that
dampen impending anti-fetal responses and/or the gen-
esis of a regulatory population of immune cells.

family are consistent with this hypothesis and whether these mol-
ecules function during in vivo remodeling of the murine vascula-
ture, experiments made possible by our new model.

In additional work we showed that the human nonpregnant
endometrium lacked lymphatic vessels and that pregnancy
induced lymphangiogenesis in the decidual portions of the uter-
us. In parallel analyses we failed to detect lymphatic vessels in
pregnant murine endometrium. The reasons for this difference
are obscure, but could lie in the structural and functional varia-
tions between the human and mouse placenta and decidua. In
addition, the fact that murine pregnancy occurs over a 20-day
period rather than the 9 months of gestation that is typical in
humans may also be responsible for species-specific differences
in pregnancy-associated lymphangiogenesis.

What are the functional implications of the lack of uterine lym-
phatic circulation in the nonpregnant state and the rapid assembly
of these vessels in the decidua? With regard to the nonpregnant
state, exclusion of lymphatic vessels from the endometrium could
protect a woman from monthly exposure of her immune system
2648
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In addition to the mammary fat pad, we also established an in vivo
model that involves implantation of placental tissue under the kid-
ney capsule. These implants gave rise to invasive cytotrophoblasts
that breached murine blood vessels. Using this assay, we were able
to provide evidence that the placenta plays a governing role in estab-
lishing uterine lymphatic circulation during human pregnancy.
Specifically, human placental implants induced the infiltration of
LYVE-1-positive lymphatic endothelial cells that formed vessels,
while murine trophoblasts did not. This finding supports a model
in which human cytotrophoblasts drive uterine lymphangiogenesis
and is in accord with our immunolocalization data showing the
appearance of new lymphatic vessels in the human uterus during
pregnancy, a phenomenon that did not occur in mice. Further-
more, cytotrophoblast-conditioned medium stimulated lymphatic
endothelial cell migration in vitro (34). In vitro blocking experi-
ments established that this activity was attributable to several well-
described lymphangiogenic molecules including VEGF and FGF
family members. In addition, TNF-a, whose effect on lymphatic
endothelial cells has not been previously described to our knowl-
October 2006
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Human cytotrophoblasts induce lymphatic endothelial cell infiltration. (A—D) Double staining of histological sections of human placental implants.
Cytotrophoblasts were visualized by cytokeratin 7 staining, and lymphatic endothelial cells were labeled with LYVE-1. Merged images include
DAPI staining (blue). (A) At 1 week after implantation, preexisting LYVE-1—positive vessels were detected beyond the front of cytotrophoblast
invasion. Insets show higher-magnification views of the boxed areas. Anti—-LYVE-1 also stained CD45-positive macrophages within the kidney
capsule (arrowheads in A, C, and D). (B) LYVE-1 (red) and DAPI (blue) staining in control kidneys. (C) After 2 weeks, cells that stained for LYVE-1
began to infiltrate the implants (arrows). (D) By 3 weeks, infiltration had increased (arrows). (E-G) In contrast, mouse trophoblast implants (dotted
line, E) did not contain LYVE-1—positive cells (F). (G) Nuclei were labeled with DAPI. (H-J) Immunohistochemistry of adjacent sections showed
that within the renal parenchyma, which the cytotrophoblasts invaded (H), LYVE-1 expression did not colocalize with CD45 staining (arrows,
I and J). Tissue macrophages within the capsule that stained for CD45 also reacted with LYVE-1 (arrowheads, | and J). Scale bars: 500 um

(A=G); 20 um (A, insets); 50 um (H-J).

edge, also had very significant activity with regard to stimulating
migration of lymphatic endothelial cells. Thus, cytotrophoblasts
likely use these molecules to invoke the lymphangiogenic response
that occurs in the human uterus during pregnancy.

In summary, we established 2 in vivo assays that recapitulate some
aspects of human cytotrophoblast invasion and vascular remodel-
ing by implanting placental villi into either the mammary fat pads
or beneath the kidney capsules of Scid mice. In the mammary fat
pad, arterial and venular vessels are easily identified by morphologi-
cal criteria, making this location amenable to studies aimed at evalu-
ating cytotrophoblast interactions with these distinct components
of the vasculature. In comparison, cytotrophoblasts implanted
under the kidney capsule invaded much further into murine tis-
sues, suggesting that this site may provide the extracellular matrix
cues that better support trophoblast migration. However, there are
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limitations to studying these processes at extrauterine sites. The
uterus is thought to possess unique qualities that support success-
ful implantation. Histological observations of murine trophoblasts
describe the aggressive nature of invasion at sites outside the uterus,
including the destruction of nearby cancer cells (35). But there were
also many similarities to uterine invasion, as shown by the numer-
ous parallels that emerged from the data presented here. Thus, these
in vivo models will be a valuable adjunct to our in vitro systems for
analyzing the crucial processes by which the maternal-fetal interface
forms during human pregnancy. In addition, they will likely lead
to a better understanding of the pathologies underlying pregnancy
complications, such as preeclampsia, that are associated with faulty
uterine vascular remodeling. To our knowledge, this is the first in
vivo model employing human trophoblasts for testing theories
regarding the etiology of this enigmatic pregnancy complication.
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Table 2
LYVE-1-positive cells in human and mouse trophoblast kidney
capsule implants

Duration Implants (no.) LYVE-1-positive cells
Humans

1wk (n=3) 3 -

2wk (n=3) 3 ++

3wk (n=3) 3 +++

Mice

25wk (n=9) 9 -

—, no LYVE-1—positive cells; ++, some LYVE-1—positive cells; +++, sub-
stantial LYVE-1—positive cells.

Methods
Human tissue collection. Informed consent was obtained from all tissue
donors. Placental and decidual tissue from elective terminations of preg-
nancy (6-22 weeks) was collected into 10% formalin (for in situ hybridiza-
tion) or 3% paraformaldehyde (for immunofluorescence) or washed repeat-
edly in PBS containing antibiotics and placed on ice (for cytotrophoblast
isolation and implantation).

Endometrial tissue was obtained from normally cycling women aged
18-49 years after informed consent, under an approved protocol by the
Stanford University Committee on the Use of Human Subjects in Medi-
cal Research. Endometrium from the proliferative and secretory phases
of subjects who were documented not to be pregnant and had no history
of endometriosis was fixed in 4% paraformaldehyde. Hysterectomy speci-
mens were embedded in an orientation that allowed examination of the
full thickness of the endometrium.

In vivo transplantation. In all cases, homozygous C.B-17 scid/scid mice
(Taconic) were the recipients. For mammary fat pad implantations, placen-
tal villi were dissected into S-mm? pieces and placed within a small incision
made below this region, which was subsequently sutured. In toto, tissue
from 4 placentas was transplanted to 11 mice. Four animals with implants
from 2 different placentas had histological evidence of vascular invasion.
For kidney capsule implantation, placental villi (n = 3; placentas at 6-7
weeks of gestation) were dissected into 2-mm? pieces and implanted under
the capsular membrane (n = 15 mice; all samples implanted for 2 weeks
or more had histological evidence of lymphangiogenesis) using surgical
methods (36, 37). Alternatively, 1 x 10° murine trophoblast stem cells, pro-
duced as previously described (38), were injected under the kidney capsule
(n = 9). Mice were maintained under pathogen-free conditions for 1-3
weeks, at which time the experiment was terminated and either whole
kidneys containing implants or implants dissected from a portion of the
fat pads were immediately placed in 3% paraformaldehyde. Tissues were
fixed for 3 hours at 4°C before being passed thorough a sucrose gradi-
ent, snap-frozen in liquid nitrogen, and sectioned. Histological analysis
allowed examination of the distance between the implanted villi and cells
that had invaded murine tissues. Protocols involving animals and human
fetal tissue were approved by the UCSF Committee on Animal Research
and the UCSF Committee on Human Research, respectively.

Immunohistochemistry, apoptotic cell labeling, and in situ hybridization.
Immunofluorescence was carried out as previously described (3). Primary
antibodies included those specific to human and mouse LYVE-1 (Research
Diagnostics) used at a dilution of 1:200 (vol/vol). Mouse LYVE-1 specifi-
cally reacts with the murine protein. Cytokeratin 7 (Dako); HLA-G 48H4
(produced in the laboratory of S.J. Fisher) (39); placental lactogen (Chemi-
con International); a-SMA (Sigma-Aldrich); and CD31, CD41, and CD45
(BD Biosciences — Pharmingen) were used at a dilution of 1:100. Antibod-
2650
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ies that recognize integrin owf; (AbD Serotec) and the pan-ephrin antibody
(Santa Cruz Biotechnology Inc.) were used on freshly frozen tissues that
were fixed with methanol before immunolocalization. Primary antibody
incubation was 1 hour at room temperature. Staining was detected using
Alexa 488- and Alexa 594-conjugated secondary antibodies (Invitrogen).
Apoptotic cells were identified by the TUNEL method, a commercial kit
that fluorescein-labels DNA strand breaks (Roche Diagnostics). Murine
placentas and decidua used for LYVE-1 staining were obtained from
C57BL/6 mice between days 9 and 14 of gestation. Histological analysis
was confined to the mesometrial region.

For in situ hybridization experiments, tissues were fixed at room tempera-
ture for 12-24 hours. The distribution of lymphatic vessels was determined
by staining adjacent sections with a LYVE-1-specific antibody (Research
Diagnostics) following antigen recovery using DakoCytomation Target
Retrieval Solution (Dako). Antibody binding was detected using VECTA-
STAIN ABC and DAB Peroxidase Substrate Kits (Vector Laboratories).

In situ hybridization was carried out using previously described methods
(40) and formalin-fixed, paraffin-embedded tissue sections of the maternal-
fetal interface. Antisense [*S]-labeled probes were produced using linearized
plasmids encoding cDNA for CCL21 (40). Pseudocolor hybridization signals
were generated in Photoshop (version 9.0; Adobe). The sense controls used in
these experiments have been described previously (40).

Cytotrophoblast isolation and culture. Cells were isolated from pools of first-
or second-trimester human placentas by previously described methods
(41, 42). Briefly, placentas were subjected to a series of enzymatic digests,
which detached cytotrophoblast progenitors from the stromal cores of
the chorionic villi. Cells were then purified over a Percoll gradient and cul-
tured on substrates coated with Matrigel (BD Biosciences) in serum-free
medium: Dulbecco’s modified Eagle’s medium, 4.5 g/l glucose (Sigma-
Aldrich) with 2% Nutridoma (Roche Diagnostics), 1% penicillin/strepto-
mycin, 1% sodium pyruvate, 1% HEPES, and 1% gentamicin (UCSF Cell
Culture Facility). Medium was collected after 48 hours of culture and used
in subsequent migration assays.

Cytotrophoblast coculture with UtMVECs. Tissue culture plates (24-well) or
coverslips (10 mm) that were transferred to tissue culture wells were coated
with Matrigel (undiluted), and 1 x 10 UtMVECs were plated on the matrix

Merg

Figure 7

Human cytotrophoblasts induce lymphatic vessel formation. (A) Dou-
ble staining labeling cytotrophoblasts (cytokeratin 7) and lymphatic
endothelial cells (LYVE-1) revealed the close association of the 2 cell
types (merged image) in implants maintained for 2 weeks. (B) After 3
weeks, the implant sites contained LYVE-1—positive structures that had
the morphological appearance of lymphatic vessels, including the pres-
ence of lumens (arrows). Scale bars: 50 um.
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substrate. After 8 hours, 1 x 10° cytotrophoblasts were added. After 14
hours, the cultures were fixed in 3% paraformaldehyde and permeabilized
with cold methanol. The nuclei were imaged by DAPI staining. Cytokeratin
expression, to distinguish cytotrophoblasts, and TUNEL reactivity, to visu-
alize cells undergoing programmed cell death, were evaluated as described
above. Control monocultures contained either purified cytotrophoblasts
or UtMVECs. The percentage of cells undergoing apoptosis was quantified
by collecting the cells from the culture medium and scoring the number of
cytokeratin-negative or -positive cells that exhibited TUNEL staining. The
entire experiment was repeated 3 times.

Migration assays. To assess the effects of cytotrophoblast-conditioned
medium on lymphatic endothelial cell migration, we used a modified
Boyden-chamber assay according to previously described methods (3). Pri-
mary human lymphatic endothelial cells, which were isolated from skin,
were provided by M. Skobe (Mount Sinai Institute of Medicine, New York,
New York, USA; ref. 34) or purchased from Cambrex and maintained in
endothelial cell growth medium (Cambrex). The undersides of Transwell
inserts (8-um pore size; Corning Inc.) were incubated overnight at 4°C or
for 1 hour at room temperature with 10 ug/ml human plasma fibronec-
tin (Roche Diagnostics) and then washed with PBS. Primary lymphatic
endothelial cells (2.0 x 10° cells in 200 ul serum-free medium without
growth factors) were added to the upper compartments, and the inserts
were placed in 24-well plates that contained 500 ul serum-free medium
that had been cultured either with Matrigel alone (control) or with cytotro-
phoblasts at a concentration of 1.0 x 10° cells/ml. Endothelial cell growth
medium containing FCS, human epidermal growth factor, VEGF, human
epidermal growth factor-B, and insulin-like growth factor-1 at the con-
centrations provided by the manufacturer served as positive controls. To
assess the functional contributions of particular molecules we added either
blocking antibodies (anti-human PDGF, 10 ug/ml; R&D Systems; anti-
human FGF-2, 5 ug/ml; Upstate USA Inc.; anti-human TNF-o., 10 ug/ml;
Ancell) or recombinant human Fc chimeras (Tie-2, VEGFR1, and VEGFR3,
10 ug/ml; R&D Systems), either alone or in combination. Cytotrophoblast-
conditioned medium or endothelial cell control medium to which antibod-
ies and/or Fc chimeras were added was incubated in the lower well of the
inserts for 0.5 hours at 37°C prior to addition of the lymphatic endothelial
cells. A recombinant human CD6-Fc chimera (10 pg/ml; R&D Systems)
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and nonimmune mouse IgG (5.6 ug/ml; Jackson ImmunoResearch Labo-
ratories Inc.) were added as controls. To assess migration, the cells were
incubated for 3 hours under standard tissue culture conditions, washed in
PBS, and fixed in 3% paraformaldehyde. Cells in the upper chamber were
removed with a cotton swab, and those remaining on the underside of the
filter were stained for 5 minutes with crystal violet (0.5% in 20% methanol)
and then washed with water. Membranes were destained in 1 ml of 10%
acidic acid. Migration was quantified by determining the Ago of the latter
solution (43). Migration data were expressed as a percentage of control
values (set as 100%). Experiments to assess the effects of cytotrophoblast-
conditioned medium were repeated 5 times (first trimester, n = 2; second
trimester, 7 = 3). Experiments to assess the effects of particular molecules
were repeated 4 times (first trimester, 7 = 2; second trimester, n = 2).

Statistics. All statistical analyses, including the calculation of mean val-
ues * SD, were performed using Microsoft Excel software version 11.1.1.
Two-tailed Student’s ¢ tests were used in our analysis. P values less than
0.05 were considered significant.
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