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Trophoblast phagocytic program:
roles in different placental systems
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ABSTRACT Although not belonging to the class of professional phagocytes, in many species
trophoblast cells exhibit intense phagocytic activity. The complete range of physiological func-
tions of trophoblast phagocytosis has not yet been fully characterized. Close association between
the trophoblast and nutrition was determined many years ago. Hubrecht (1889) when proposing
for the first time the name trophoblast to the external layer of the blastocyst, directly established
the nutritive significance of this embryonic layer. Indeed, histotrophic phagocytosis, i.e. the
internalization of maternal cells and secreted materials, is considered an important function of the
trophoblast before the completion of the placenta. Recently, however, unexpected characteristics
of the trophoblast have significantly enhanced our understanding of this process. Roles in
acquisition of space for embryo development, in tissue remodeling during implantation and
placentation and in defense mechanisms are highlighting how this cellular activity may be

relevant for the maternal-fetal relationship beyond its nutritional function.
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Introduction

Phagocytosis is a specific form of endocytosis involving the
engulfment and destruction of extracellular materials, primarily
associated with nutrition in unicellular organisms (phagotrophic
nutrition) and to innate and adaptive immunity in mammals. In this
context, the ability to promptly internalize microorganisms, to
either induce or control inflammation and, to activate the adaptive
immune response is pivotal to defense mechanisms against a
variety of pathogens. Similarly to professional phagocytes (mac-
rophages, dendritic cells and granulocytes) that have phagocyto-
sis as their primary functions, other cells can also phagocytose
some particles, as it happens when apoptotic cells are engulfed
by a neighbor to maintain the tissue homeostasis.

During early embryogenesis in mammals, the blastocyst differ-
entiation originates the polar and mural trophectoderm, a cellular
layer acting as a transducer between maternal and fetal signaling
pathways. Among the multiple functions spatial and temporally
distributed along gestation, in many species these cells also
exhibit phagocytosis. This process is not an exclusive feature of
invasive implantations in which maternal material can be de-

stroyed or replaced by trophoblastic tissue, but is also observed
in epitheliochorial placentas where trophoblast and uterine epi-
thelium cohabit in perfect homeostasis.

The current literature shows different roles played by this
trophoblast activity in a number of models and conditions. The
main focus of attention is obviously on invasion and nutritional
aspects of the trophoblast phagocytosis. However, an overview
on trophoblast gene expression throughout pregnancy shows
new avenues for phagocytosis contribution to the gestational
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Fig. 1. Mouse implantation site, day 5 of gestation. (A) Light microscopy, Toluidine blue
staining. The trophoblast (T) is attached to the uterine epithelium (uE). On the left, few cells of
the embryoblast can be seen (e). (B-F) Electron micrographs. The figures show a sequence of
epithelial uterine (UE) invasion by trophoblast giant cells (T). Arrowheads identify trophoblast
projections intruding among epithelial cells and asterisks phagosomes with phagocytosed
material. In (E), a whole epithelial cells can be recognized within a trophoblast phagosome. (S)
endometrial stroma. Bar in (F) equivalent to: 50 um (A), 15 um (B), 5um (C), 2 um (D,F) and 1.5

um in (E).

successful. Here, the phagocytic potential of trophoblast from
early to mid-term pregnancy is discussed, highlighting important
key aspects of this evolutionarily conserved process.

Endocytosis — phagocytosis before embryo implanta-
tion

Several reports have emphasized the extensive endocytic
activity by the embryo at early developmental stages (Enders and
Nelson, 1973; Parr and Parr, 1974). This process seems to be
closely associated with intake of small particle and fluid for
embryo nutrition, but have also been suggested to participate in
the embryo attachment to the uterus (Enders, 1976) and transport
of crucial survival factors from the mother organismto the embryo,
such as insulin and IGF-I insulin growth factor | (Heyner et al.,
1989; Smith et al., 1993). Endocytosis of extracellular material
requires a receptor-mediated pathway and specific regulatory
mechanisms. At the nutritional context, cubilin, a multiligand
receptor for vitamin, iron, and protein uptake in adult tissues is
thought to account for the protein and cholesterol uptake by the
trophectoderm (Assémat et al., 2005). Receptor-mediated en-
docytosis has also been implicated in uptake of uterine gland
secretions by the pig blastocyst trophectoderm (Baumbach et al.,
1990). In spite of its importance to the embryo development, little
is known concerning the trophectoderm endocytosis and a num-
ber of issues remain unsettled.

Phagocytosis of large particles has also been demonstrated at
this early stage of embryo development in studies using latex
compound (1-3 um) in in vitro conditions (Rassoulzadegan et al.,
2000). Although phagocytosis is generally considered a marker
for trophoblast differentiation in giant cells during embryo implan-
tation in rodents, it showed to be early preprogrammed at pre-

implantation steps in this study. Furthermore,
the phagocytic activity of the trophoectoderm
obeyed a specific graded pattern, becoming
more expressive at the abembryonic than
embryonic pole and suggesting a regulatory
mechanism controlled by embryoblast signals.

Trophoblast phagocytosis during em-
bryo implantation: histotrophic nutri-
tion

As embryo implantation progresses, more
evidence of phagocytosis is observed in spe-
cies in which implantation involves invasion
and occupation of uterine territories for further
developing of endotheliochorial (in carnivores,
for example) or hemochorial placentas (pri-
mates and rodents) (Enders and Schlafke,
1969; Knoth and Larsen, 1972; Clint et al.,
1979; Hata et al., 1981; Bevilacqua and
Abrahamsohn, 1988, 1989; Jones et al., 2001;
Enders and Carter, 2006; Enders et al., 2006).

Particularly in rodents, in the course of em-
bryo implantation trophoblast cells acquire a
typical phagocytic phenotype, which is ex-
pressed in close association with other mor-
phological and biochemical characteristics in
consequence of a complex differentiation program, triggered
during trophectoderm formation at the morula-blastocyst stage
(Red-Horse et al., 2004). In these animals, giant and polyploid
cells differentiate from the mural and polar trophectoderm, which
constitute the outermost trophoblast layer and exhibit intense
phagocytosis and a remarkable ability to invade uterine tissues
(Al-Abbass and Schultz, 1966; Gardner, 1975; Bevilacqua and
Abrahamsohn, 1988, 1989; Gongalves et al., 2003; Zybina and
Zybina, 2005).

In mice (Enders, 1976; Bevilacqua and Abrahamsohn, 1988,
1989) processes of trophoblast giant cells penetrate through
contiguous uterine epithelial cells (Fig. 1), completely embracing
and internalizing them. Detached apoptotic epithelial cells are
also involved and phagocytosed by trophoblast giant cell pro-
cesses. After perforating the basal lamina of the uterine epithe-
lium the trophoblast reaches the decidua where it establishes
contact with healthy decidual cells and with those showing signs
of cellular disorganization. Phagosomes containing decidual cell
fragments identify the phagocytic activity of this invasive tropho-
blast population. Variations in this implantational invasion pro-
cess occur among the different species; trophoblast is thought to
invade either apoptotic epithelial and decidual cells in mice and
rats (Welsh and Enders, 1985; Katz and Abrahamsohn, 1987) or
healthy cells in cricetid rodents (Parkening, 1976; Ferro et al.,
1994), but in all, phagocytosis seems to proceed similarly to
eliminate the maternal barriers interposed into its invasion path-
way. Likewise normal gestation, the phagocytic activity of tropho-
blast associated with invasion is also seen in experimentally
induced ectopic gestation (Fig. 2, Bevilacqua and Abrahamsohn,
1994). Although this process seems to significantly contribute to
acquisition of space for the developing embryo, it is also impli-
cated in providing embryo nutrition (histotrophic nutrition) before
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ing an inadequate local inflammatory reaction. In
baboon, phagocytic cytotrophoblast cells differenti-
ate between days 23 to 25 of gestation, actively
phagocytosing maternal necrotic cells at maternal-
placental interface (Jones et al., 2001). In humans
necrotic decidual cells was also found in the
phagosomal vacuoles within cytotrophoblast cells
(Hata et al., 1981). It is also especially relevant in
rodents since no other phagocytic cells have been
found at the endometrial-trophoblast boundary
(Bevilacqua and Abrahamsohn, 1989).

"% Tissue remodeling

Fig. 2. Ectoplacental cone experimentally transplanted to subcutaneous tissue of

female mice. After 96 h, the explant developed as hemorrhagic nodules associated with
intense trophoblast invasion and phagocytosis. (A) The rupture of the host vessels by the

A role in tissue remodeling during implantation
and placentation has also been included as a func-

invasive trophoblast lead to the formation of blood-containing nodules (triangle) lined by tjon of the phagocytosis exhibited by the trophoblast

trophoblast giant cell cells (T). (B) At the limit (arrowhead) of the graft with the connective
tissue (*), trophoblast cells (T) show phagocytic activity (arrows). Bars: (A) 25um, (B) 15um.

placentation is complete (Welsh and Enders, 1985; Bevilacqua
and Abrahamsohn, 1989; Enders and Carter, 2006).

However, regardless the invasion degree into the uterus,
histotrophic nutrition is a widely spread feature among species
(see Enders and Carter, 2006, and references therein), not only
as a nutritional source before placentation but also as a comple-
mentary uptake of specialized material after placenta develop-
ment. In many species, it is accomplished by specialized regions
for ingestion of uterine secretions, cellular debris and erythro-
cytes combining endocytic and phagocytic processes. These
regions vary from simple areas of uterine glandular secretion
ingestion by the trophoblast, as seen in man (Burton et al., 2002)
to more specialized structures, as the areolae with significant
endocytosis of secretions and the hemophagous areas, with
phagocytosis of blood cells. Such structures are seen forinstance
in the placenta of bitches, in which ingestion of protein occurs in
the hemophagous region by phagocytosis and immunoglobulin
transfer is peculiar to the labyrinth (Stoffel et al., 2000).

Beyond the limits of the histotrophic nutrition, the phagocytic
ability of trophoblast cells throughout the gestation in the different
species may be of fundamental importance for the removal of cell
debris in the maternal-fetal interface. In this context, the physi-
ological turnover of uterine epithelial cells in the epitheliochorial
placenta and of endometrial cells in endotheliochorial and
hemochorial placentas could be rapidly assured without trigger-
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Fig. 3. Mouse implantation site, day 7.5
of gestation. The photomicrographs show
invasive and phagocytic trophoblast giant
cells (T) in contact with decidual cells;
frequently this are contain cell debris (*).(B)
A similar region seen in (A) (hematoxylin
and eosin stained) where cathepsin D has
been immunolocalized. The arrows indi-
cate the contact areas where trophoblast
processes are internalizing extracellular
matrix and cell debris. Bars in (B) represent
20 um (A) and 40 um (B).

by Manyonda and Choy (1999). The authors show
evidences of phagocytosis directed mainly towards
extracellular matrix proteins participating of decidual
remodeling.

The proteolysis of matrix components for phagocytosis may be
extracellularly mediated by aspartate (cathepsin D), cysteine
(cathepsin B, K, L and S) and serine proteases (plasmin, tissue
plasminogen activator and urokinase-type plasminogen activa-
tor) and matrix metalloproteinases (MMPs).

Human and rodenttrophoblast produces MMPs, but this secre-
tion has been chiefly correlated to the trophoblast invasive behav-
ior (Peters et al., 1999; Cohen and Bischof, 2007). In contrast, the
expression of cathepsin proteases seems to be associated to the
trophoblast differentiation program (Simmons et al., 2007), intra-
cellular breakdown of molecules phagocytosed by trophoblast
cells during its invasive activity, and with extracellular digestion of
matrix molecules for further phagocytosis (Afonso et al., 1997).
As in invasive tumors (Joyce and Hanahan, 2004), trophoblast
cells express cathepsins B, L, and D, capable of digesting matrix
molecules including laminin, collagen 1V, and fibronectin and of
activating the metalloproteinase, stromelysin and pro-urokinase-
type plasminogen activator (Murphy et al., 1992; Goretzki et al.,
1992; Afonso el al, 1997, Varanou et al., 2006). All of these
enzymes related to tissue remodeling have been shown to be
produced by mouse trophoblast (Harvey et al., 1995; Alexander
etal.,1996; Teesalu et al., 1996). Cathepsin D isimmunolocalized
in the cytoplasm of trophoblast giant cells and in the extracellular
matrix embraced by trophoblast projections likelihood for phago-
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cytic purposes (Fig. 3). More expressive than acid phosphatase
activity, cathepsin D seems to be a characteristic of the phagocy-
tosing trophoblast. Biochemical analyses of hemophagous region
ofthe cat placenta, characterized by intense erythrophagocytosis
show a low acid phosphatase activity (44 %) and high values in
cathepsin D activity (> 300 %) in relation to the nonphagocytic
areas of the placenta (Minazaki et al., 2008). Immunohistochem-
istry also confirmed these results (Fig. 4). Moreover, experimental
induction of low IFN-vy profile in pregnant mice females increases
immunoreactivity for cathepsin D in trophoblast giant cells and
also phagocytic markers such as Lamp-1 and Rab-5 (personal
communication).

Erythrophagocytosis

Very likely, the most notable histotrophic nutrition activity
exhibited by trophoblast cells is the phagocytosis of erythrocytes.
It evolved in many unrelated groups of Eutherian mammals
(Burton, 1982; Enders and Carter, 2006; Mess and Carter, 2006)
and has been studied in different species with varied placentation
processes (Seal et al., 1972 and references therein). Erythroph-
agocytosis can be found either in individual cell with phagocytic
activity in the trophoblastic layer or in specialized areas, as the
hemophagous regions. Erythrocyte internalization is directly re-
lated to the protein and iron transfer to the embryo/fetal circula-
tion. Tracing the maternal-fetal iron circuit through Fe-hemoglo-
bin- labeled red cells in different models, Seal and collaborators
(1972) showed that transfer of iron to the fetal circulation is
temporally faster in absorptive processes in hemochorial placen-
tas than in phagocytosis of extravasated maternal red blood cells
within hemophagous organs in epitheliochorial and endothelio-
chorial placentas. It is important to note that receptor-mediated
endocytosis as a biological event is much faster than phagocyto-
sis, which does not invalidate the breakdown of the erythrocyte
and release of hemoglobin in trophoblast cells as an effective
mechanism.

Histotrophic nutrition and hemophagous organs in different
species and in different placental structure have been recently

Fig. 4. Hemophagous region of the cat paraplacenta. Very intense
erythrophagocytosis is exhibited by cytotrophoblast cells (T). (A) Mater-
nal erythrocytes (arrow) are seen internalized at the trophoblast cyto-
plasm. (B) Asterisk shows reactive cytotrophoblast cells to cathepsin D
(immunohistochemistry, monoclonal anti-human cathepsin D, Dako,
USA). Bar in (B) equivalent to 50 um (A) and 40 um (B).

Fig. 5. Calomys callosus (Rodentia, Cricetidae) implantation site:
Day 7.5. Erythrophagocytosis by trophoblast giant cells (T). (A) Light
microscopy. Maternal blood (mb) is extravasated into the lacunas of the
trophoblast network surrounding the embryo. (B,C) Trophoblast giant cell
cytoplasm containing erythrophagosomes in different stages of degrada-
tion (arrows) and erythrocytes during early phagocytosis steps, adhered
to the trophoblast surface (asterisk). The inset shows trophoblast projec-
tions surrounding part of an erythrocyte. (D) Decidua. Barin (A) equivalent
to (A) 50 um; (B) and inset, 5 um and (C) 2 um.

revisited by Enders and Carter (2006). The advantages in having
an additional nutritive phagocytic region are emphasized by these
authors as highly specialized regions that do not interfere or
compete with noble plasma membrane areas working on absorp-
tion of several other products.

In the hemochorial placenta of rodents and primates, eryth-
rophagocytosis is an early activity of the invasive trophoblast in
individual (rodents and primates) or in syncytial organization
(primates). In rodent, erythrophagocytosis is particularly exacer-
bated during embryo implantation as soon as giant trophoblast
cells reach endometrial capillary network, replacing endothelial
cells and establishing a direct contact with maternal blood. This
activity exhibited by the outermost giant trophoblast layer (Fig. 5)
peaks on the first half of gestation when fetal hemopoesis is
prominent, decreasing thereafter, when likely iron uptake in
labyrinthine hemochorial exchange areas are completely differ-
entiated.

In vitro studies are also consistent with in vivo observations.
Human trophoblast cells are able to interiorize and digest eryth-
rocytes, releasing to the culture medium products yielded from
this degradation (Contractor and Krakauer, 1976). Choy and
Manyonda (1998) showed the capability of the extravillous tro-
phoblast to ingest blood cells, bacteria and fungi particles, but not
with the same avidity as seen in professional phagocytes. Mice
cultured trophoblast cells also showed lower rates of erythroph-



agocytosis even when trophoblast were obtained from post-
implantation stage, period in which these cells are active phago-
cytes (Albieri and Bevilacqua, 1996; Albieri et al., 1999, 2005).
Regulators of professional phagocytes such as phorbol myristate
acetate (PMA), all-trans-retinal and IFN-y however, change this
profile and trophoblast giant cells rapidly respond by increasing
relevantly the erythrophagocytic rate (Albieri and Bevilacqua,
1996; Albieri et al., 1999, 2005), suggesting that trophoblast
phagocytosis is not only a spatially and temporally regulated
process but also requires activation by specific regulators. This
might explain why under in vitro conditions trophoblast expresses
low phagocytic activity, but it also raises the question about which
might be the mediators controlling the trophoblast phagocytosis
in vivo.

Phagocytosis as adefense mechanism at the maternal
fetal interface

Trophoblast phagocytosis has also been implicated in defense
mechanisms. Evidences show that interposed between maternal
and fetal organisms, trophoblast may act as a physiological and
not only a physical barrier against potentially harmful components
present at the maternal-fetal interface. In humans, phagocytosis
of cells with atypical tumoral characteristics by syncytiotropho-
blast was observed in a woman with acute lymphatic leukemia
suggesting a role for trophoblast phagocytosis in preventing
transplacental metastasis of leukemic cells (Wang et al., 1983).
Phagocytosis by trophoblast in chorioamnionitis has also been
indicated as having a key role in the pathogenesis of this infection
(Matsubara et al., 2000). During a casual contamination with
Candida albicans cultured trophoblast exhibited phagocytic activ-
ity and ability to restrict the growth and evolution of the microor-
ganism (Foldes et al., 1973). Although not as efficiently as
professional phagocytes Choy and Manyonda (1998) also dem-
onstrated phagocytosis of bacteria and yeast by human tropho-
blast primary culture. Immunosurveillance at maternal-fetal inter-
face through phagocytosis of immune complexes has also been
considered a defense role of the trophoblast phagocytosis (Frauli
and Ludwig, 1987).

A number of recent studies examined the mice trophoblast
phagocytosis in vivo and in vitro leading to similar results
(Schlesinger and Koren, 1967; Delgado and Santos-Buch, 1978;
Pavia, 1983; Drake and Rodger, 1987; Albieri et al., 2001;
Amarante-Paffaro et al., 2004; Neres et al., 2008). Fetal transmis-
sion of Trypanosoma cruzi experimentally infected in pregnant
females depended on pathogenicity of the strain and trophoblast
phagocytosis. Parasites are observed in the chorionic tropho-
blast, but in the complete absence of fetal infection (Delgado and
Santos-Buch, 1978). Similarly, Neres et al. (2008) found alter-
ations in the mouse placenta after plasmodium infection, but not
parasites in the fetal circulation neither positive parasitemia in
newborns. This finding points to an efficient placental trophoblas-
tic layer able to block parasite crossing to the fetal blood. The
mechanism is not explained by the authors, but phagocytosis
stimulated by inflammatory mediators is cogitated as a possibility.
In addition, phagocytosis of zymosan particles administered in
pregnant female on day 13.5 of gestation can be seen at placental
trophoblast giant cells for subsequent 12 hours. In culture, the
internalization of these particles was relevantly accelerated and
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intensified after trophoblast activation by IFN-y (Albieri et al.,
2001; Amarante-Paffaro et al., 2004). Furthermore, compara-
tively to zymosan, Escherichia coli particles were internalized by
placental trophoblast more rapidly, suggesting that phagocytosis
may depend on the nature of the target organism and possibly to
specific patterns of recognition (Amarante-Paffaro et al., 2004).
The mechanism by which trophoblast cells can recognize phago-
cytic particles remains to be defined. Interestingly, expression of
Toll-like receptors (TLR)-2 and 4, which are crucial regulators of
the innate immune system by recognizing molecular patterns
expressed by microorganisms and by promoting bacterial phago-
cytosis through induction of a phagocytic gene program (Doyle et
al., 2004) was found in the cytotrophoblast and syncytiotropho-
blast (Abrahams and Mor, 2005; Ma et al., 2007) and in the mouse
placenta (Salminen et al., 2008). Clearly more studies are needed
to decipher whether in trophoblast cells TLRs are also involved
with acquisition of a phagocytic phenotype and host defense
mechanisms.

Mediators of the trophoblast phagocytosis

Phagocytic receptors

The events leading to particle engulfment during phagocytosis
are, in fact, extremely complex. It starts after adherence of a
particle/organism to the phagocyte plasma membrane, step that
may be associated with different types of receptors. Among them,
are highlighted those for component 3 (C3R) of the complement
system, Fc region of immunoglobulins (FCcR), mannose ubiqui-
tously expressed on the surface of pathogens and fibronectin.
Phagocytosis can be dramatically enhanced when, under certain
circumstances, the particles are coated (opsonized) by the spe-
cific ligand of these receptors, i.e.: IgG, C3b, fibronectin or
mannose (opsonins) (Swanson and Hoppe 2004).

Important association with selective transfer of maternal IgG
across the placenta is attributed to FcR. The localization of IgG
and human neonatal Fcy-receptor (hFcRn) in the syncytiotropho-
blast suggests that hFcRn is a relevant mediator of the 1gG
transcytosis, although part of the internalized IgG is not trans-
ferred to the fetal organism, but directed to a degradative path-
way, into acidic early endosomes (Fuchs and Ellinger, 2004). The
exact mechanisms of the selective and active transfer of IgG
across the placental barrier are not fully understood, but there is
no doubt that receptors for Fc region of IgGs are important. In this
contexttherole played by FcR-1gG as a scavenger mechanism for
clearance of immune complexes at the maternal fetal interface
has been left aside.

Complement plays a major role in the defense against micro-
organisms. The protein C3 of complement complex participatesin
both, antibody dependent classical and antibody independent
alternative pathways (Leslie and Nielsen, 2004). Cleavage of C3
yields biologically active fragments named C3a, a vasoactive
peptide and C3b, able to bind to cell surface of foreign particles
and mediating phagocytosis. Albieri et al. (1999) evaluated the
role of C3b-opsonic phagocytosis as an effector mechanism of
the mouse implanting trophoblast. Very low levels of phagocytic
activity were seen when the plasma was C3-complement defi-
cient. In contrast, phagocytosis of C3b-bound zymosan was
remarkably increased in comparison with zymosan alone. Al-
though C3b-Receptor (also named CR1, it binds to the comple-
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ment proteins C1q (subunit C1 of serum complement system),
C4b (complement component 4b) and C3b and it is able to
function as opsonins for several microorganisms) has been
immunolocalized in cultured trophoblast cells, it is unclear, which
are the molecular mechanisms underlying this finding and obvi-
ously, more studies are needed to assess the real contribution of
C3bR in the trophoblast phagocytosis.

Specific CR1 binding to their ligands alone does not mediate
internalization of a particle without additional signals, but can

|

Fig. 6. Co-cultures of A31 mesenchymal cell line and mice ectopla-
cental cones. (A) Confluent A31-cell line before the introduction of the
ectoplacental cones observed at inverted light microscopy (ILM). (B-D)
Ectoplacental cone (white star) and A31 cells respectively at 6, 24 and 48
hafter co-culturing (ILM). (E,F,G) Details of the trophoblast giant cells (T)-
A31 cells (asterisks) interface (arrowheads), respectively through ILM
and light microscopy in Toluidine blue staining. Arrows identify detached
A31 cells over the layer of trophoblast giant cells. These cells show
picknotic nuclei and changed shape typically of degenerative cells. The
bar in (G) = 250 um in (A,B,D,F); 200 um in (C); 85 um in (E) and 30 um
in (G).

enhance others receptor-mediated phagocytosis.‘/n vitro, this
activation signal can be stimulated with phorbol esters (Underhill
and Ozinsky, 2002).

Both fibronectin and vitronectin can also play roles as nonspe-
cific opsonins for pathogens and cell debris. Professional phago-
cytes and nonphagocytic cells can recognize these extracellular
matrix components mainly through o581 and avf3 integrins and
internalize them. Similarly to complement receptors, a second
signalis neededtotriggerthe particle internalization. The integrins
avp3 and the vitronectin-binding integrin, av5, can also interact
with the surface molecule CD36 to mediate phagocytosis of
apoptotic cells (Underhill and Ozinsky, 2002 and references
therein). In addition, in nonprofessional phagocytes integrin-
mediated phagocytosis is considered an important mechanism
for removal of extracellular matrix components during tissue
remodeling or tumor invasion (Lee et al., 1996; Coopman et al.,
1998). The expression of these integrins by the extravillous
cytotrophoblast has been associated with an invasive phenotype
to anchor the embryo to the uterine wall (Burrows et al., 1996), but
not in the context of trophoblast phagocytosis, which also can be
occurring.

IFN-yinduced phagocytosis and nitric oxide production
Chemical modification of the particles to be phagocytosed is
also a remarkable feature of professional phagocytes. It ranges
from plasma membrane alteration to cell death induced by cyto-
toxic highly reactive oxygen species (hydrogen peroxide, active
oxygen species, and peroxidase) and nitrogen intermediates
(nitric oxide) generated by the oxidative burst. Exposure to IFN-
v greatly enhances this microbicidal/citotoxic activity of macroph-
ages and induces them to secrete nitric oxide and cytokines such
as IL-1, IL-6, IL-8, and TNF-o (Gattoni et al., 2006). Similarly to
professional phagocytes, the effect of IFN-y on mice trophoblast
cells also is associated with activation of phagocytosis (six-fold
increase upon IFN-y exposure, Albieri et al., 2005), nitric oxide
production and protein and gene expression of nitric oxide syn-
thase isoforms, including the macrophage, inducible isoform that
was specifically stimulated by this cytokine (Gagioti et al., 2000).
IFN-y-receptor triggers a signaling pathway through Janus ty-
rosine kinases (JAK) that phosphorylate tyrosine residues of the
cytoplasmic domain of the receptor and signal transducer and
activators of transcription (STATs). Homodimers of phosphory-
lated STAT-1 translocate to the nucleus, activating specific gene
program IFN-y-dependent (Darnell et al., 1994). In support of this
and as previously reported in macrophages, IFN-y increases the
gene expression of INOS and STAT-1 in trophoblast cells, but not
of STAT2, related to regulatory pathways other than IFN-y(Leanza
etal., 2007). Up-regulation of STAT1 is involved with the intensity
of IFN-yresponses atinflammatory sites and thereby, considered
an additional regulatory mechanism for IFN-y-induced responses.
In the trophoblast cells it might be a means by which trophoblast
cells could extend its phagocytic activity. The interruption of
tyrosine kinase R—dependent phosphorylation by staurosporine
reduces JAK-STAT gene expression and completely abolishing
iINOS expression. Expression of INOS is essential for control of
several experimental infections and might be at least one key to
understanding the participation of the trophoblast in preventing
transplacental infection of Trypanosoma cruzi or Plasmodium
berghei (Delgado and Santos-Buch, 1978; Neres et al., 2008) as



previously mentioned. IFN-y signal transduction in macrophages
also involves TLR 2 (Lafuse et al., 2006; Arko-Mensah et al.,
2007; O’'Mahony et al., 2008). As recently shown by Salminen et
al. (2008) lipopolysaccharides from gram-negative bacteria mostly
increased the expressions of TLR and cytokines by uterine and
placental cells. Experimental design crossing IFN-y signal trans-
duction, TLR and phagocytosis in trophoblast would be interest-
ing and elucidating.

Reactive oxygen species and trophoblast phagocytosis

Protective phagocytosis also induces NADPH-oxidase activ-
ity, which is the major source of reactive oxygen species (chiefly
superoxide anion radical, hydrogen peroxide, hydroxyl radical,
singlet oxygen, hypochlorite and indirectly, nitric oxide) in mac-
rophages and neutrophils (Nathan et al., 1983; Babior, 2004).
These molecules react with DNA, lipids, carbohydrates and
proteins causing severe damage to membranes and organelles,
leading to cell senescence and death (Badwey and Karnovsky,
1980). Although not unique in this production, NADPH-oxidase
and iNOS are exclusive enzymes specialized in antimicrobial
activity and therefore, able to provide essential protection against
infection in vivo by Kkilling pathogens (Shiloh et al., 1999). Mac-
rophage deficientin inducible nitric oxide synthase and/or NADPH-
oxidase revealed that these enzymes are essential for the tran-
scriptional changes associated with macrophage activation. Ph-
agocytosis is not a pre-requisite for reactive oxygen species
(ROS) production, since the NADPH oxidase complex may also
be activated by varied stimuli, which includes PMA and all-trans-
retinal among several others (Babior, 2004).

In 1995, Gagioti and collaborators estimate the production of
ROS by the post-implanting mouse embryo using luminol-sensi-
tized chemiluminescence. The embryos were stimulated with
PMA or retinal and reaction kinetics followed over 10 minutes.
ROS secretion was directly proportional to the number of embryos
and was suppressed at 56 % by superoxide dismutase, 25% by
mannitol and 16% by catalase, specific scavengers of superoxide
anion, hydroxyl radical and hydrogen peroxide, respectively.
Embryos deprived of trophoblast showed no light emission,
suggesting that the source of ROS generation was in the tropho-
blast. Recently, the transcription of the NADPH oxidase compo-
nents in the mouse trophoblast has been deeply studied by
Gomes and Bevilacqua (2008). The main components of this
enzymatic complex, the membrane gp91phox and p22phox, and
the cytosolic p67phox, p40phox, p47phox, and Racl were ex-
pressed in stimulated and unstimulated trophoblast cells. Assem-
bly of the NADPH oxidase on trophoblast membrane upon stimu-
lated conditions was also analyzed by confocal microscopy and
corroborates the phagocyte character of the NADPH-oxidase in
trophoblast cells (Rocha et al., 2007; Lorenzon et al., 2008).

The possibility of ROS release into extracellular compartment
during phagocytic process has been related to the cytolytic effect
exhibited by these molecules and, perhaps by this means, the
trophoblast may play active role in the phagocytosis of maternal
cells during embryo implantation process and microorganisms at
the maternal-placental interface. Welsh and Enders (1991) sug-
gested that the trophoblast might be acting on, inducing or still,
accelerating, the uterine cells death process during early stages
of implantation. Nevertheless, it is generally accepted that the
epithelial and decidual cells regulate the invasiveness of tropho-
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Fig. 7. Co-cultured ectoplacental cones and A31 cells. Representative
confocal microscopy images from 24 h (A,B) and 48 h (C,D) co-cultures
after 3 min incubation with FITC-albumin (3 mg/mL) and further washing
in PBS. Normasky contrast from the same fluorescence field (A,B) is
shown in (B,D), respectively. Note the A31 labeled cells at the periphery
of outgrowth ectoplacental cone (arrows). (C,D) An invasive giant tropho-
blast cell that lacks continuity with the ectoplacental cone. Label is
evident in many cells, demonstrating the permeability of FITC-albumin
through the plasma membrane, which does not occur in viable cells. The
inset in (D) shows TUNEL reaction in a similar region.

blast cells by programming their cell death. In this context,
trophoblast invasiveness would depend on not only of develop-
mental regulatory genes but also of microenvironmental-derived
extrinsic signals to express specific molecular repertoire and
advance stepwise towards an invasive phenotype. To investigate
whether ROS produced by implanting trophoblast might be play-
ing a role in this process, co-cultures of A31 embryonic mesen-
chymal cell line and ectoplacental cone were performed.

After confluence, these cells still showed high rates of prolifera-
tion and very low indices of cell death as indicated by proliferating
cell nuclear antigen (PCNA) immunolocalization (5.2 % in sub
confluent cultures and 3.8 % in confluent cultures) and Trypan
blue exclusion applied directly to the monolayer or terminal
transferase-mediated dUTP nick end-labeling (TUNEL) reaction
(index of cell death for confluent and subconfluent cultures was
0.05 %).

Ectoplacental cone adhesion to the mesenchymal cells and
trophoblast invasion is depicted in the Figure 6 along 72 h of co-
culture. On the bordering between the invasive trophoblast and
A31 cell monolayer, cells with degenerative characteristics are
evident along the time of co-culturing. At this particular region,
cells with morphological characteristics of apoptosis and mainly
necrosis are seen at light and electron microscopy. Beside the
typical nuclear changes, necrosis is characterized by a severe
cellularinsult with lack of plasma membrane integrity, allowing the
diffusion of macromolecules. Based on this, necrosis was deter-
mined by using FITC-albumin (Sigma Chemical Co., USA) and
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Fig. 8. 48 h co-cultured ectoplacental cones and A31 cells. Electron
micrographs. /nterface of contact between trophoblast giant cells (T)
and A31 cells (**). (A-D) Arrows highlight trophoblast processes sur-
rounding A31 cells. (C) A phagosome (*) containing part of a cell is shown;
(D) part of the trophoblast cytoplasm with numerous late phagosomes.
(E-G) Briggs reaction (arrowheads) for ultrastructural localization of
hydrogen peroxide sites (details of the reaction in Gagioti et al., 1995).
Note in (E,F) that the electrondense precipitated reaction is exclusively
found at the trophoblast surface that faces A31 cells and particularly at
the contact areas with degenerated cells (**). (G) Reactive vesicles are
also evident in the apical trophoblast cytoplasm. The bar in (F) is equiva-
lent to 2um (A), 5 um (B,C,E,F), 10 um (D) and 80 um (G).

labeled cells were visualized through confocal microscopy (Fig.
7). TUNEL positive staining has been used as an indicator of
apoptotic cell death; the indices of apoptosis, however, were
always very low (0.1 %). On contrary, necrosis was a prevalent
feature of the cells in contact with the invasive trophoblast (Fig. 7).

Phagocytosis is also intense at the trophoblast-A31 cells
interface (Figs. 8 A-D), cytochemical reaction for hydrogen perox-
ide-producing sites (Brigg's reaction, Briggs, 1975) localized this
ROS molecule at the trophoblast surface exclusively at sites in
which phagocytosis of degenerative A31 cells were in progress
(Figs. 8 E-G).

In this experimental invasion assay not only invasion activity
could be followed but also the parallel phagocytic behavior at the
growing edge of the trophoblast, which is an additional advan-
tage. Our interpretation to these results leads to the perspective
that the release of ROS might determine the capability of tropho-
blast cells to interfere in vivowith the viability of surrounding cells,

being these uterine cells interposed at the invasive pathway either
pathogens that have reached the maternal-placental interface by
tissue or blood circulation route.

Furthermore, several complications of human pregnancy as
preeclampsia for instance, have been associated with an imbal-
ance in both invasive trophoblast activity and placental oxidative
metabolism (Myatt and Cui, 2004). Both biological phenomena
are closely related to phagocytosis in mice trophoblast. In this
point of view, kept the intrinsic differences among the species,
perhaps this system can help to understand the changes in the
gene program and behavior of the trophoblast concerning inva-
sion and, reactive species production and balance.

Cues from genes

The extremely fast development of scientific tools in the last
years is opening a completely new perspective for the biological
understanding of cellular functions. The screening of 1,000 gene
expression in post-implantation trophoblast can give us a minimal
idea of this universe and challenged to understand the pathways
and networks that account for the multiple phagocytic responses.
Among 376 genes expressed in trophoblast cells at this period,
124 are direct or indirectly associated to the phagocytic process
and other 40 to immune responses in general (Hoshida et al.,
2007). Some are closely related to the lysosome structure and
function as the lysosomal membrane glycoprotein 1 and 2,
cathepsin D and L, but, many of them are also associated with
phagocytic process and defense mechanisms. For example, we
can mention genes involved in integrin-dependent phagocytosis
(Cd63, Cd9, Cd81, Cd82 and Cd151) and phagocytic surface
receptors (Cd68 and Cd14), complement system (complement
receptor related protein [Crry], complement component 1, q
subcomponent binding protein [C1gbp]), among many others.
This broad spectrum of gene expressions seems to provide a
strong potential for trophoblast cells to participate in particle
recognition and phagocytosis and clearly emphasizes its critical
role in placental development.

Conclusion

Phagocytosis is a complex process requiring specific signaling
pathways and leading to events as diverse as particle engulfment,
microorganisms killing and, production of inflammatory mediators
that may modulate the immune response. The consequences of
phagocytosis vary, and depend on its purpose: nutritional, remod-
eling or protective. Trophoblast phagocytosis is of special inter-
est, because it is closely connected to the embryo implantation
and placentation process, but moreover, it is a challenge as it
apparently integrates different roles. A rapid overview on these
roles in different species and some associated signaling mol-
ecules has been here described. Key information emerged from
these multiple phagocytic activities and responses, but they are
in their infancy and thus, certainly there still is a lot for coming.
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