Special Section

The Cytokine Networ k during Embryo I mplantation

Hong-Yuan Huang*?, MD

Embryo implantation is an essential step in mammalian pregnancy. The molecular
events of embryonic attachment to the endometria epithelium and the subsequent invasion
of the stroma have long been of interest. The process involves both the scientific interest of
reproductive biologists and clinical interest of physicians that care for infertility couples.
Understanding the molecular factors involved in each phase of the implantation process is
critical to comprehending the mechanisms that control reproduction, especially as part of a
human in vitro fertilization program. This review will focus on the role during early embry-
onic development and implantation of two distinct cytokines, the interleukin-1 (IL-1) system
and interleukin-18 (IL-18) system; it will also examine the role of the matrix metallopro-
teinases (MMP) and their inhibitors as well as vascular endothelial growth factor (VEGF)
system. The possible influence of the cytokines on other systems involved in embryonic
implantation, including the embryonic-endometrial dialogue, the subsequent invasion and
neoangiogenesis will be discussed. These suggest a role for the two cytokine families in
early embryonic development. (Chang Gung Med J 2006; 29: 25-36)
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ccessful embryo implantation requires an appro-
griate interaction between the blastocyst and a
well-prepared uterine endometrium that has had ade-
guate steroid hormonal stimulation during the luteal
phase of the cycle. This involves the sequential
action of estradiol and progesterone on the
endometrium to induce secretory glandular epitheli-
um and the subsequent decidual transformation of
the stromal cells.® Although the factors that are
involved in the regulation of blastocyst implantation
are incompletely understood, increasing evidence
suggests that growth factors and cytokines play a
crucial role in the maternal-fetal interaction during
embryonic implantation.® In addition, the human
endometrium is known to be an active site for
cytokine production and action.®9

Human endometrium undergoes tissue-specific
cyclic changes during proliferation and secretion that

eventualy result in the endometrium being shed and
menstrual bleeding occurring when no embryonic
implantation occurs. Uterine endometrium therefore
is the anatomic prerequisite for the continuation of
our species, and its main purpose during female
reproductive age is to communicate with the embryo
during the implantation process.®

The pre-implantation embryo produces several
factors during its development to communicate and
signal its presence to the maternal endometrium.
Cytokines and growth factors and their correspond-
ing receptors are the major candidates for these mol-
ecular events. The appropriate interaction between
the preimplantation embryo and maternal endometri-
um is at least partly controlled by paracrine
cytokines and this subject has been extensively cov-
ered by severa reviews.™ [t is known that both the
endometrium and the preimplantation embryo
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express severa of these cytokines and growth factors
and their corresponding receptors at the time of
embryonic implantation. Recently, an increasing
amount of knowledge about the actual role of these
factors has become available. A better understanding
of these factors during early embryonic devel opment
and implantation could lead to improved in vitro cul-
ture conditions and enhance the outcome of human
in vitro fertilization (IVF) program.

Theinterleukin-1 (IL-1) system

Recently, the interleukin-1 system has also been
implicated as a mgjor factor in the events associated
with embryonic implantation. IL-1 is a family of
polypeptides that comprises two agonists; inter-
leukin-1a and B (IL-1a and IL-1f3) and an inhibitor,
interleukin-1 receptor antagonist (IL-1ra).® Two
receptors (IL-1 R) have been identified and charac-
terized as type | (IL-1R tl) and type Il (IL-1 R
tl).4213 Both IL-1 agonist and antagonist are recog-
nized by IL-1R tl, and they trigger signal responses
in target cells.® |L-1 R type Il is the major form
found in many cells but primarily neutrophils, mono-
cytes, and B-lymphocytes. Recent knowledge of 1L-1
expression in both the human endometrium and the
embryo has led to a better understanding of implan-
tation events. The presence of the IL-1 system has
been documented in human endometrium©® and IL-
1 mediated inhibition of endometrial stromal cell dif-
ferentiation has also been described.®®

Human endometrium has also been shown to
express more IL-1rain the follicular phase compared
to luteal phase.® In addition, repeated injections of
the IL-1ra into pregnant mice, beginning two days
before the onset of implantation, has been shown to
result in an apparent failure of blastocyst to implant;
this suggests an inhibitory effect of IL-1ra on
embryo implantation.® The mechanism by which
this occurs remains unclear, although it has been sug-
gested that IL-1ra prevents embryo implantation by a
direct effect through the microvilli of the mouse
endometrium.® Interestingly, repeated injections of
recombinant IL-1rain pregnant wild type or IL-1R tl
null female mice do not inhibit embryo implanta-
tion.® [t has been previously demonstrated that the
ratio of IL-1f to IL-1ra in human endometrial stro-
mal cells remained constant even in the presence of
increasing concentrations of IL-1[3, suggests that an
appropriate ratio of both agonist to antagonist may
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be relevant to embryo implantation.?” On the other
hand, it has been demonstrated that the prevention of
embryonic implantation by IL-1ra in the mouse
model may be mediated by a direct effect on the
morphology of endometrial epithelium and not an
effect on the pre-implantation embryo. This is
because there is an inhibition of the transformation
of the epithelial plasma membrane at the time of
implantation, presumably related to the ateration in
the a4, av, and 3 3 adhesion molecules.®

The results obtained from immunohistochemical
studies have aso localized the complete IL-1 system
in human oocytes and embryos at al developmental
stages.®*? Preimplantation human and mouse
embryos are known to express IL-1 agonist, IL-1
receptor antagonist and their common receptor, the
IL-1 receptor type 1.%>® These results suggest that
the entire IL-1 system may play an important role in
embryo implantation and decidualization of stromal
cells.

The human fallopian tube is the site of oocyte
capture and migration, sperm migration, fertilization,
and early embryonic development. The fallopian
tube is also the most common implantation site for
extra-uterine gestation. The fallopian tubes are
regarded as being biologically active, providing an
environment that sustains and enhances fertilization
during early embryonic development as the embryo
traverses the tubes and moves toward the uterine
cavity.”*® The anatomy, histology and physiology of
the human fallopian tube all contribute important
information to our understanding of the role of
cytokines in the human fallopian tube and their
impact on embryonic development. Moreover, it has
been shown that improved embryo morphology,
development, and hatching as well as better implan-
tation rates are obtained after embryos are cocultured
on feeder layers of human oviduct cells.® Cytokines
have recently been identified within human fallopian
tubes, including EGF, TGF-a, IGF, TGF-3, GM-
CSF, GNRH and LIF.

It has been demonstrated that complete IL-1
system mRNA and protein expression occurs in fal-
lopian tubes during ectopic pregnancies. When fal-
lopian tubes with ectopic pregnancies are compared
to normal control tubes, IL-1( expression is
decreased and IL-1ra and IL-1R tl expression is
increased. Thereisalower ratio of IL-1B to IL-1raat
the mRNA level in fallopian tubes with ectopic preg-
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nancies suggesting that an inappropriate ratio of IL-
lagonist to antagonist and a higher expression of the
receptor in fallopian tubes may be implicated in
ectopic pregnancy implantation in the oviduct.®”

Matrix metalloproteinases (M M Ps) and tissue
inhibitor of metalloproteinase (TIM Ps)

The mechanism underlying cellular invasion
includes tissue remodeling of the extracellular
matrix, which is regulated in part by matrix metallo-
proteinases. This multigene family of endopeptidases
is capable of degrading components of the extracel-
lular matrix and is important to many physiological
and pathological processes, including embryo
implantation and cyclic endometrial breakdown. So
far, at least twenty-five members of the MMP family
have been identified in human beings.®® Earlier stud-
ies showed that MMPs and their inhibitors, the tissue
inhibitors of metalloproteinase, are crucial during
implantation and mediate in vitro trophoblast pene-
tration. They are regulated by several cytokines,
including IL-1 and TGF-3, which are expressed by
decidual stromal cells and trophoblast cells.®

The MMPs share several important characteris-
tics, such as common mode of activation, a con-
served amino acid sequence at the putative metal
binding-active site region, and inhibition by specific
proteinase inhibitors known as tissue inhibitors of
metall oproteinases.“> MMP-9, an important enzyme
involved in the degradation of the basement mem-
brane (primarily collagen type 1V), is crucial to the
invasive ability of trophoblast cells.“+* MMP-2 (72
kd) and MMP-9 (92 kd) have been shown to cleave
native collagen into two fragments at a single site*
and are expressed by migrating trophoblasts from
outgrowth mouse blastocysts.“® The regulation of
MMP-2 and MMP-9 expression may play a central
role in embryo implantation and placentation.“” The
naturally occurring specific inhibitors, tissue
inhibitors of metalloproteinases, of decidual or tro-
phoblast cell origin also have an important physio-
logical role in regulating trophoblast invasion.“®
TIMP-1 is a glycoprotein with a molecular mass of
28.5-kDa that binds in a stoichiometric manner to
form a complex with activated interstitial collage-
nase, stromelysin and MMP-9.49 TIMP-2 is closely
related in activity to TIMP-1.%® TIMP-3, a novel
member of the TIMP family, has been shown to have
inhibitory activity against stromelysin-1, collage-
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nase-1 and MMP-9.6Y Studies have demonstrated
that the expression of TIMP in mouse uterine wall®?
and hatching blastocysts“*® results in an attenuation
of trophoblast penetration in vitro. Significant
expression of TIMP-3 is seen in materna cellsin the
area surrounding invading mouse embryonic tis-
sue.®

Simultaneous expression of MMP-9 and its
inhibitors in early human decidua suggests that the
activity of MMP-9 is also regulated by TIMP and
this may play an important role in the myometrial
invasion of trophoblast cells.®*® Human endometrium
is an active site for cytokine production and action.®
Both IL-1 and tumor necrosis factor (TNF-3) stimu-
late the secretion of MMPs by the cultured stromal
cells in a concentration dependent manner.®®
Furthermore, TGF-[3, a putative regulator of tro-
phoblast function, and IL-1 may also play an inter-
mediary role in trophoblast invasion by regulating
trophoblast expression of MMP-9.6? MMP-9 and its
inhibitors MRNA expression has been demonstrated
in cultured human endometrial stromal cells.® It has
further been hypothesized that both IL-1 and TGF-3
may play acrucial rolein embryo implantation at the
embryo-maternal interface by regulating stromal cell
expression of MMP-9 activity aswell as TIMP-1 and
TIMP-3 protein expression.

Thevascular endothelial growth factor (VEGF)
system

Mammalian embryonic development and
growth depends on the trophoblast cell and the
embryo must be capable of adhering to the maternal
uterine surface to allow the rapid invasion that
ensures successful implantation.® After invading the
maternal endometrium, embryonic development is
characterized by a dramatic growth of vascular mem-
branes and the formation of the placenta; thisis regu-
lated mainly by VEGF system.

The VEGF system is composed of one agonist,
two transmembrane receptors, the kinase insert
domain containing receptor (KDR) and the fms-like
tyrosine kinase (Flt-1), as well as one soluble recep-
tor (sflt) that acts as antagonist. The agonist, VEGF,
is a dimeric heparin-binding glycoprotein that has
been purified as a vascular permeability factor from
various tumor cell lines and that has been shown to
increase the proliferative ability of vascular endothe-
lial cellsin vitro by acting as a highly specific mito-



gen in these cell types.®*® The VEGF ligand system
is composed of five isoforms created by alternative
splicing of the VEGF mRNA. The human VEGF
proteins have been characterized to consist of 121,
145, 165, 189 and 206 amino acids.®** All isoforms
contain exon 1 to 5 and 8. They differ only in having,
in addition, various combinations of the other exons.
Biologically, VEGFi21, VEGFss5 and VEGF1es are
secreted forms, while VEGFise and VEGF20s appear
to be bound to the cell surface.®¢)

There are two major transmembraneous tyrosine
kinase receptors VEGFR-1 (Flt-1) and VEGFR-2
(KDR) that bind to all the secreted VEGF-isoforms.
Binding of VEGF to either of the receptors induces
autophosphorylation and signal transduction but the
initiation of a biological response is facilitated
through the binding of VEGF to KDR rather than to
Flt-1.¢ There is also a soluble form of the Flt-1
receptor called sflt, which is generated by alternative
splicing of the FIt-1 mRNA and this mMRNA encodes
a protein similar to the Flt-1 protein but without the
transmembraneous region and the intracellular
kinase-insert domain. This soluble receptor acts as a
specific high-affinity antagonist of VEGF function
by competitively binding with VEGF; this prevents
the agonist-receptor interaction and thus the induc-
tion of abiological response. ™

In the human endometrium, VEGF has been
detected at the mRNA and protein levels throughout
the menstrual cycle with maximal expression during
the secretory phase endometrium. The protein is pre-
dominantly localized in glandular epithelial cells,
suggesting VEGF may play a central role during
embryo implantation. The level of mMRNA expression
of the transmembraneous receptors Flt-1 and KDR as
well as the soluble receptor (sflt) in human
endometrium has been determined throughout the
menstrual cycle. The results show that while mRNA
for the transmembrane receptors Flt-1 and KDR was
expressed at an ailmost constant level throughout the
menstrual cycle, the soluble receptor shows a three-
time higher level of expression during the prolifera-
tive phase compared to the secretory phase.™™ This
down-regulation of sflt, which functions as a VEGF
antagonist during the secretary phase of menstrual
cycle may result in the initiation of the maternal
endothelial receptors to angiogenetic stimuli secreted
by the implanting embryo. In addition, VEGF
MRNA expression has been demonstrated during the
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first cleavages of human preimplantation embryo
development. Furthermore, it was demonstrated in
another study that blastocysts express the mRNAs
encoding for the free VEGF proteins, enabling the
implanting embryo to immediately induce angiogen-
esis at the implantation site by VEGF proteins bind-
ing to the endometrial receptors.™

Gonadotropin releasing hormone (GnRH) sys-
tem

GnRH regulates gonadotropin biosynthesis and
release from the anterior pituitary via a specific
receptor. Expression and action of GnRH has been
demonstrated in several extrapituitary organs.™
Recently, a possible role for GnRH in pre-implanta-
tion embryonic development, endometrial prepara-
tion and implantation has been suggested. It has been
shown that both GnRH and its receptor are expressed
by the human endometrium at the mRNA and protein
level in vivo throughout the entire menstrual
cycle.®® Moreover, it has also demonstrated that
preimplantation embryos (mouse and human) and the
fallopian tube also express this hormone and its
receptor, suggesting that GnRH may play arole in
the embryonic/endometrial dialogue during early
implantation.

GnRH agonists are now used routinely in con-
junction with exogenous gonadotropins in most ovu-
lation induction protocols during human in vitro fer-
tilization (IVF). The benefits of using these ana-
logues are an increase in the overall pregnancy rate
by preventing premature LH surge and an increase in
the number of retrieved oocytes and embryos trans-
ferred.® In addition, inadvertent GnRH administra-
tion during early pregnancy has suggested that there
may be a role for extrapituitary GnRH in human
early embryonic implantation.®

GnRH is the hypothalamic hormone that con-
trols secretion of both FSH and LH from the anterior
pituitary.® It is also one of the paracrine/autocrine
regulators of human trophoblast HCG secretion dur-
ing early pregnancy.®® Embryo implantation is the
result of an embryonic-maternal dialogue, in which
the embryo and the endometrium induce changes in
each other to promote successful placentation and
pregnancy. The role of GnRH in controlling placen-
tal HCG production and secretion has been fully
demonstrated both in vitro® and in vivo,® especial-
ly in the first-trimester placenta. An increasing body
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of evidence indicates that, in addition to this central
action, a variety of human tissues express extra-
hypothalamic GnRH that is immunological, biologi-
cally, and chemically identical to the hypothalamic
hormone.®

Recent studies have demonstrated the expres-
sion of human GnRH-receptor mRNA in several
extrapituitary organs such as the placenta, myometri-
um, breast, prostate, and ovary.™*-* Studies have
shown that the expression of extra-hypothalamic
GnRH is regulated by IL-1f and this is assumed to
be of embryonic origin in cultured human endometri-
a stromal cdlls; this demonstrates a possible role for
this decapeptide in the embryonic-endometrial dia-
logue necessary for embryo implantation.® This is
compatible with the physiological level of IL-1 dur-
ing embryo peri-implantation interface.®® These
results are concordant with an earlier report that
infertile women undergoing IVF have a significantly
higher success rate and implantation rate if the
administration of the GnRH agonist is maintained
during the early stages of embryo development and
impl antation. &)

Interleukin-18 (IL-18) system

The immune system’s action on the endometri-
um could be modulated by various locally produced
cytokines, such as TNF, IL-1, IL-16, IL-8 and IL-15.
@10 Recently, the existence for the possible roles
of the interleukin-18 (IL-18) system throughout the
human reproductive system has been amply docu-
mented; however, I1L-18 expression does not seem to
show any characteristic variations during the men-
strual cycle.® |L-18 is a new member of the inter-
leukin family.t%9 The |L-18 system is a family of
polypeptides comprised of 1L-18, 1L-18 receptor (IL-
18R), IL-18 binding protein (IL-18BP) and IL-18
precursor (prolL-18). IL-18 was originally identified
as a circulating molecule in endotoxin-challenged
mice following bacterial priming, and was cloned
from activated macrophages as interferon-y inducing
factor (INF-y). IL-18 is produced as a biologically
inactive precursor, and active IL-18 is secreted after
cleavage by caspase-1 or other caspases.t®® |L-1is
also processed by the same pathways.®ouw
Structurally, IL-18 is similar to the IL-1 family of
proteins. Functionally, 1L-18 promotes a T-helper 1
(TH1) response through induction of INF-y.®213 |n
addition, IL-18 stimulates the production of IL-1[3,
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which exerts pro-inflammatory effects through the
IL-18 receptor that are identical to IL-1 receptor
binding protein. @4

A soluble binding protein for IL-18 (designated
IL-18BP) identified in human urine, acts as a natural
inhibitor of IL-18-induced IFN-y, and suppresses the
TH1 response.® |L-18BP has been shown to neu-
tralize IL-18 function, suggesting that the I1L-18 sys-
tem operates via collaboration between its receptor
and binding protein. IL-1(3 and IL-18 are structurally
homologous proteins, as are their receptors, and
together they are members of the IL-1R/toll-like
receptor superfamily. This superfamily exhibits simi-
lar signal and signal transduction mechanisms.

Similarities between IL-1f and IL-18 exist at
severd levels. Unlike the IL-1 system, the IL-18 sys-
tem does not have an antagonist. A secreted soluble
binding protein for 1L-18 has been recently charac-
terized in human urine as IL-18 hinding protein and
acts as a natural inhibitor of IL-18-induced IFN-y,
and suppresses the Thl response. Similar to the
effect of neutralizing antibodies of IL-18, the IL-
18BP prevents LPS-induced IFN-y production. In
addition, similar to anti-1L-18 antibodies, IL-18BP
does not affect IFN-y production after stimulation
with mitogens such as concanavalin A. It has
become clear that IL-18 is a proinflammatory
cytokine and that its mechanism of action may be
independent of its ability to induce IFN-y. IL-18BP
circulates in healthy humans at a concentration of
2.15 = 0.15 ng/ml (range 0.5-7).9 In general, the
molar excess of 1L-18BP to IL-18 is on the order of
20-30-fold. It seems that IL-18BP is an effective
inhibitor of immune and inflammatory disease that
may be associated with increased production of IL-
18.

The presence of the complete IL-18 system,
including mRNA expression and protein production
has been demonstrated in both the proliferative and
secretory phases of the endometrium. Moreover, the
steady state amount of human endometrial 1L-18 sys-
tem mRNA expression and ratio of 1L-18 to its
inhibitor, IL-18BP, in the human endometrium at dif-
ferent times during the menstrual cycle has been
measured. Both IL-18 and IL-18R mRNA expression
decreased, and, 1L-18BP expression increased, in
human endometrium during the secretory phase com-
pared to the proliferative phase. In addition, thereisa
significantly lower ratio of 1L-18 to IL-18BP pro-



teins in secretory endometrium compared to prolifer-
ative phase endometrium. The presence of a com-
plete IL-18 system in human endometrium may play
acrucial role in embryo-maternal interactions during
the process of early embryonic implantation.
Expression and the appropriate ratio of 1L-18 agonist
to IL-18 BP during the implantation period of secre-
tory endometrium may modulate the TH1/TH2
cytokine networks during embryo implantation.®”

In summary, embryo implantation is a progres-
sive process that requires communication between
two different organisms, the embryo and endometri-
um, and consists of three consecutive phases; apposi-
tion, adhesion and invasion. It must be realized that
the period called the “window of implantation” is
characterized by morphological and biochemical
changes to the endometrium including plasma mem-
brane transformation as well as the presence of vari-
ous specific adhesion molecules, cytokines, growth
factors, proteinases and neoangiogenesis factors, al
of which can have a wide range of paracrine,
autocrine and endocrine activities (Fig. 1). Further
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studies on cytokine and growth factor expression in
the endometrium and in preimplantation embryos
will provide a better understanding of their roles in
human infertility and pregnancy loss; this should
open the way to the identification of new IVF treat-
ment options.
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