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Chemokine Expression and Function at the Maternal-Fetal Interface
by
Penelope M. Drake

Graduate Advisor: Susan J. Fisher, Ph.D.

ABSTRACT

A long-standing unanswered biological question is how the placental-fetal unit
avoids rejection by the maternal immune system. The unusual anatomy of the maternal-
fetal interface suggests that the mechanisms must include a regulatory dialog between the
mother and fetus that subverts the standard methods of maternal self-identification and
immune surveillance. Several unique immunological aspects of pregnancy have been
identified; one of the most striking is the unorthodox maternal leukocyte population that
homes to the pregnant uterus—decidual granulated leukocytes. Dominated by
specialized CD56™#" NK cells, these leukocytes are the maternal immune ambassadors
that accompany the engrafted fetus through gestation. Presumably they are selected for

their ability to tolerate paternal allo-antigens, yet respond to pathogens.
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This thesis focuses on the influence of chemokines, molecules that control the
migration and activation of leukocytes, on the decidual leukocyte population and immune
responses in the placental bed. Through a combination of molecular techniques we
showed that placental cells (cytotrophoblasts) produced and secreted the chemokine MIP-
la that induced a calcium flux in cells with compatible receptors. Additionally, MIP-1a
was a major contributor to the chemotactic activity in cytotrophoblast conditioned
medium. Neutralization of MIP-1a in the medium abrogated nearly half of the monocyte
and CD56™#" NK cell migration towards cytotrophoblast conditioned medium in in vitro
chemotaxis assays. The results of this study suggest the specific conclusion that
cytotrophoblasts can attract monocytes and CD56™#" NK cells by producing MIP-1a, and
the more general hypothesis that these cells may organize and act on leukocytes at the

maternal-fetal interface.

The analysis of MIP-1a expression and function at the maternal-fetal interface
suggested that this molecule belonged to a network of chemokines and their receptors
expressed in the pregnant uterus. Accordingly, additional experiments were initiated to
identify other components of this circuitry. The results of in situ hybridization and
RNase protection studies showed abundant and specific expression of chemokines and

their receptors in both the placental and uterine compartments. Furthermore, the
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reciprocal expression of ligand-receptor pairs by decidual leukocytes and uterine tissues
suggested that the expression patterns observed had functional consequences. Other
localization patterns suggested that chemokines expressed at the maternal-fetal interface
had novel non-immune functions, likely related to vasculogenesis/angiogenesis and
autocrine regulation of cytotrophoblast differentiation. Together, the results presented
suggest that chemokines are an integral component of the unusual cell-cell interactions

that lead to normal placentation and immune tolerance of the hemi-allogeneic fetus.

The provocative results described here suggest numerous models of chemokine
action at the maternal-fetal interface, and provide a solid informational foundation for
future research that addresses specific functional questions. These include investigations
into mechanisms of decidual leukocyte and Hofbauer cell recruitment, chemokine
regulation of vasculogenesis/angiogenesis in both maternal and fetal compartments, and
chemokine participation in placental development, particularly with regard to
cytotrophoblast differentiation. Importantly, the resulting paradigms will give new
insights into both normal placentation, and pregnancy complications related to placental
abnormalities, such as preterm labor and preeclampsia. The results of these future studies
will advance our knowledge of specific processes in human reproduction, and will

provide a novel contribution to our understanding of chemokine biology.
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Chapter One - Placentation and Cytotrophoblast Differentiation

Implantation

The initial stages of preimplantation development, from zygote to morula, occur as
the embryo encased within the non-adhesive zona pellucida transits the fallopian tube
(Figure 1-1). The morula reaches the uterine cavity approximately two to three days
postconception. Within 72 hours, the embryo enters the blastocyst stage and hatches
from the zona, exposing its outer covering of trophoblasts. The few human embryos that
have been recovered after maturation in vivo appear to be covered by multinucleate
(syncytial) trophoblasts (Hertig and Rock, 1973); whereas at least some embryos that
develop in vitro are covered by mononuclear cytotrophoblasts. Because of this
discrepancy, the trophoblast cell type that mediates adhesion to the uterus remains
unknown. Implantation occurs around the sixth to seventh day postconception. By day
10 postconception, the blastocyst is completely embedded in subepithelial, interstitial
stromal tissue, the uterine epithelium regrows over the implantation site, and
mononuclear cytotrophoblasts stream out of the trophoblastic shell, further invading the

uterus (Benirschke and Kaufmann, 1991) (see Fig. 1-1).
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Figure 1-1. Sequence of Events Surrounding Fertilization and Implantation. The early
stages of development are illustrated, beginning with fertilization and cleavage of the
zygote, which occur in the uterine tube. By the time it reaches the uterine cavity, the
conceptus has progressed to the blastocyst stage. Implantation occurs over the next
week, and initial placental development begins with the establishment of primary villi

and a cytotrophoblastic shell. (Adapted from Moore and Persaud 6" Ed.)



Following implantation, the endometrial stroma around the blastocyst commences a
reaction which eventually spreads outward to include the entire endometrium. This
process, known as decidualization, consists of a modification of stromal cells and an
increase in the number of maternal leukocytes within the tissue, and is completed around
day seventeen to eighteen (reviewed in (Hamilton, 1972)). When the stromal cells have
fully differentiated to their decidual phenotype, they can assume a number of different
morphologies which probably relate to distinct functions within the tissue. Nevertheless,
a typical decidual cell is polyhedral in shape and contains vacuoles filled with glycogen
and lipids. The three histologically distinct layers characteristic of non-pregnant
endometrium (stratum compactum, stratum spongiosum, stratum basale) are retained in
the decidualized uterus (Figure 1-2). Similar to the secretory phase endometrium,
decidualized uterine glands are very convoluted and tortuous. The glands actively secrete
a nutritive mixture of proteins, mucopolysaccharides, glycogens and lipids, which
contributes to the maintenance of the early blastocyst before a blood supply is

established.



Placental development and structure

The human placenta is comprised of two types of chorionic villi—floating villi and
anchoring villi (Figure 1-3). Both are composed of a stromal core encased in a basement
membrane overlain by cytotrophoblast stem cells. These stem cells can adopt one of two
differentiation fates. In floating villi—so called because they float in a pool of maternal
blood—<cytotrophoblast stem cells fuse to form a multi-nucleate syncytium
(syncytiotrophoblasts) that covers the villus. Gases, nutrients and wastes are exchanged
between mother and fetus across this syncytial surface. Similarly, in anchoring villi—so
called because they form a physical attachment that anchors the placenta to the
uterus—most cytotrophoblast stem cells fuse into a syncytial covering over the villus.
However, at selected sites stem cells break through the syncytium and form a column of
non-polarized cells. Where these cell columns touch the uterine wall, the
cytotrophoblasts invade the maternal tissue, thus physically joining the placenta and
uterus. Upon breaching the uterus, cytotrophoblasts leave the column and invade the
decidua as single cells, migrating through the endometrium and as far as the first third of
the myometrium. A portion of these invasive cytotrophoblasts home specifically to
maternal spiral arterioles (Figure 1-2). They remodel these vessels and replace the

endothelial cells lining the lumen. A fully remodeled arteriole is a large bore vessel with
5



fetal cytotrophoblast cells in place of maternal endothelial cells (Figure 1-3). The
molecular aspects of the invasive differentiation pathway have been more extensively
characterized than those of the fusion pathway, largely because in vitro techniques are
available to manipulate invasive (extravillous) cytotrophoblast cell differentiation.
Cytotrophoblast stem cells can be isolated as a highly pure population of cells and
cultured on an extracellular matrix substrate (Fisher et al., 1989; Librach et al., 1991).
The isolation and culture conditions force the cells down the invasive differentiation
pathway and with time in culture they recapitulate much of the in vivo differentiation
program. This allows for manipulation of the differentiation process whereby factors can
be directly tested for their effect on cytotrophoblasts. Much of the following data has

been obtained using this culture system.
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Figure 1-2. Strata of the Uterine Wall. The uterine wall is composed of three zones:
perimetrium, myometrium and endometrium. The outer region, perimetrium, is a sheet of
peritoneum that is firmly attached to the underlying muscular myometrial layer.
Endometrium, the lining of the uterine cavity, develops over the course of the menstrual
cycle in preparation for implantation. The blastocyst embeds itself into the endometrial
lining, and invasive fetal cytotrophoblasts stream from the placenta, infiltrating the
endometrium and the first third of the myometrium. Implantation induces a
decidualization reaction in the endometrium, a process which includes influx of a
specialized population of maternal immune cells termed decidual granulated leukocytes.
As they leave the placenta proper to invade the uterus, fetal cytotrophoblasts come into
contact with these maternal leukocytes. Many of the invasive fetal cells home to and
remodel maternal spiral arterioles within the endometrium and myometrium, removing
the vessels’ muscular wall and replacing the lining of endothelial cells. This results in a
second region of contact between the fetal cells and the maternal immune
system—exposure to peripheral blood leukocytes circulating through remodeled vessels.

(Adapted from Moore and Persaud 6™ Ed.)
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Figure 1-3. The Cellular Architecture of the Human Fetal-Maternal Interface. The basic
structural unit of the placenta is the chorionic villus, composed of a stromal core with
blood vessels, wrapped in a basement membrane and overlain by cytotrophoblast (CTB)
stem cells. As part of their differentiation pathway, these stem cells detach from the
basement membrane and adopt one of two lineage fates as depicted in Panel A. The cells
either fuse to form the syncytiotrophblast which covers floating villi (FV), or join a
column of extravillous CTBs at the tips of anchoring villi (AV). The syncytial covering
of floating villi mediates the nutrient, gas and waste exchange between fetal and maternal
blood. The anchoring villi, through the attachment of CTB columns, establishes physical
connections between the fetus and the mother. Invasive CTBs penetrate the uterine wall
up to the first third of the myometrium encountering a population of maternal immune
cells, termed decidual granulated leukocytes, resident to the uterine stroma. As depicted
in Panel B, a portion of the extravillous CTBs home to uterine spiral arterioles. They
remodel these vessels by destroying the muscular wall and replacing the endothelial
lining. Thus, CTBs encounter distinct populations of maternal leukocytes in two
locations—the decidual granulated leukocytes in the uterine wall, and the peripheral
blood leukocytes circulating through remodeled uterine vessels. (Figure by Mike

McMaster, Ph.D.)
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Differentiation of cytotrophoblasts

A successful pregnancy depends on a functioning placenta, which in turn depends
on the proper differentiation of its trophoblast populations. Little is known about the
transcriptional regulation of either the fusion or the invasive differentiation pathways,
but studies of placental development in the mouse provide clues. Mash2, a mammalian
homologue of Drosophila achaete/scute complex genes, is involved in the maintenance
of the murine trophoblast stem cell population, a critical determinant of placental
growth potential. Commitment to the differentiation pathway that leads to the invasive
population of murine trophoblast cells is characterized by the downregulation of the
expression of inhibitor of DNA binding proteins (Ids) (Jen et al., 1997), the mSNA zinc
finger transcription factor (Nakayama et al., 1998), and OCT-4 (Palmieri et al., 1994).
Upregulated expression of the positive regulator Hand1 is required to complete this
differentiation process (Firulli et al., 1998; Riley et al., 1998). Although there are
numerous differences between the mouse and the human placenta at a morphological
level, many of the same transcriptional regulators that control murine placentation are
expressed by human trophoblasts (Janatpour et al., 1999). Functional evidence supports
the hypothesis that they also play an important role in human placental development.

For example, Id-2 regulates aspects of cytotrophoblast differentiation along the invasive
11



pathway (Janatpour et al., 2000), and OCT-4 overexpression silences BhCG expression
(Liu and Roberts, 1996). Finally, the human system has been used to discover novel
transcriptional regulators that play critical roles in placental development. For example,
Northern blot analyses showed that the human homologue of Drosophila glial cells

missing (GCM), a major regulator of neuronal cell fate, is primarily expressed in human

;e y ~ =
-
cytotrophoblasts (Janatpour et al., 1999). Gene deletion studies in mouse later F
confirmed that GCM regulates crucial aspects of epithelial-mesencymal interactions ,
during the initial stages of murine placentation (Anson-Cartwright et al., 2000). ' _
> a2kl -
, : : . Pl
Interestingly, retroviral gene products also appear to be important in placental Tl s
development. The syncytin protein, expressed in human syncytiotrophoblasts, may be :: .
,:f’n\

involved in the formation of the multi-nucleate syncytium which covers most of the
placenta. Evidence for this role comes from in vitro studies demonstrating that syncytin

expression is sufficient to induce fusion in cell lines (Mi et al., 2000).

Invading cytotrophoblasts extensively modulate their adhesion molecule expression
in a stepwise fashion. Particularly striking is the downregulation of adhesion receptors
characteristic of cytotrophoblast stem cells (integrin «6p4 and epithelial cadherin) and the

onset of expression of adhesion receptors characteristic of endothelium, including
12



cadherins (vascular endothelial cadherin and cadherin-11), immunoglobulin-family
receptors (vascular cell adhesion molecule-1, platelet-endothelial cell adhesion molecule-
1 and Mel-CAM), and integrins (aVB3, 1Bl and a5p1) (Damsky and Fisher, 1998). In
addition to allowing cytotrophoblasts that line maternal vessels to masquerade as vascular
cells, many of these receptors also play important roles in invasion. Analysis of the
effects of adding function-perturbing antibodies to the in vitro model of cytotrophoblast
invasion reveals a delicate balance. For example, integrins aVB3 and a1p1 promote
cytotrophoblast invasion, but a581 restrains it (Damsky et al., 1994). In vivo, trophoblast
invasion is likely influenced by uterine ECM components (e.g., laminin, fibronectin, and

osteopontin) that are ligands for trophoblast integrins (Lessey and Arnold, 1998).

Invading cytotrophoblasts also extensively modulate their proteinase repertoire
(Huppertz et al., 1998). Of particular importance is their ability to express and activate
matrix metalloproteinase-9 (MMP-9), a major regulator of cytotrophoblast invasiveness
in vitro (Librach et al., 1991). The simultaneous upregulation of tissue inhibitor of
metalloproteinase-3 (TIMP-3) expression is another example of the balancing
mechanisms that hold cytotrophoblast invasion in check (Bass et al., 1997). Although
trophoblast-associated urokinase-type plasminogen activator is probably not involved in

invasion, it, like the aforementioned adhesion molecules, may play a role in vascular
13



mimicry (Queenan et al., 1987). A subset of these proteinases and inhibitors (e.g., MMP-

9, TIMP-3) is produced by human embryos in vitro, suggesting that they could function

from implantation onward.
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Chapter Two - The Maternal Inmune Response to Pregnancy

Factors involved in maternal tolerance

Mammalian pregnancy necessitates that the maternal immune system, in defiance
of all known laws of allo-transplantation, tolerates the presence of an hemi-allogeneic
conceptus. This immunological paradox poses a compelling problem for biologists (for
a current review see (Thellin et al., 2000)). Evidence suggests that this phenomenon is
regulated by many systems acting at multiple levels.

Syncytiotrophoblasts and invasive cytotrophoblasts are presumed to be essential to
maternal tolerance because they lie at the maternal-fetal interface (Figure 1-3), where
they are in direct contact with cells of the maternal immune system. Several studies
suggest that none of the trophoblast subpopulations express major histocomplatibility
complex (MHC) class II molecules (Bulmer and Johnson, 1985; Redman, 1983), and
that both cytotrophoblast stem cells and syncytiotrophoblasts lack MHC class I
expression. In contrast, extravillous cytotrophoblasts increase expression of the
nonclassical MHC class I protein HLA-G as they differentiate and invade the uterus
(Ellis et al., 1990; Kovats et al., 1990; McMaster et al., 1998). This pattern of

expression, together with the fact that HLA-G exhibits limited polymorphism
15



(Bainbridge et al., 1999), suggests it has an important function in maternal tolerance.
However, the exact mechanisms involved remain enigmatic. One obstacle has been the
identification of HLA-G receptor(s) on relevant cells, a controversial area (Bainbridge et

al., 1999).

Although it is clear that immune recognition of paternally-derived antigens occurs
during pregnancy (Tafuri et al., 1995), cytotoxicity against trophoblast must be inhibited.
The factors responsible for this localized immunosuppression are unclear, but likely
include cytotrophoblast-derived IL-10, a cytokine that inhibits alloresponses in mixed
lymphocyte reactions (Roth et al., 1996). Interestingly, steroid hormones including
progesterone can have similar effects (Pavia et al., 1979). Progesterone signaling to the
thymus is also necessary during pregnancy. Such signals induce thymic involution and a
consequent loss of T-cell precursors. If thymic involution is blocked in pregnant mice,

fertility is impaired (Tibbetts et al., 1999).

The expression of macrophage migration inhibitory factor (MIF) by placental
cytotrophoblasts may be another component contributing to maternal tolerance. MIF is
expressed in other areas of immune privilege such as the anterior chamber of the eye

(Wistow et al., 1993), where it inhibits the NK-mediated lysis of corneal epithelial cells
16
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(Apte et al., 1998). This capacity to inhibit cytolysis by NK cells could be important at
the maternal-fetal interface, where NK cells are the most abundant population of
maternal leukocytes. Cytotrophoblast production and secretion of MIF has been
demonstrated (Arcuri et al., 1999), but the functional effects of cytotrophoblast-derived

MIF on NK cells have not been shown.

Similarly, the placenta is reported to express Fas ligand (Bamberger et al., 1997,
Hunt et al., 1997), a molecule which induces apoptosis in target cells bearing the
receptor Fas. This system is used by cytotoxic T cells and NK cells to kill targets, and is
also maintains leukocyte homeostasis (for reviews see (Depraetere and Golstein, 1997,
Juetal., 1999)). Fas ligand expression has been widely touted as a mechanism for
establishing immune privilege, and for this reason it has been studied in the context of
maternal tolerance (reviewed in (Guller and LaChapelle, 1999)). Studies in both mouse
and human describe Fas ligand production by the placenta (Runic et al., 1996), and the
soluble form of this molecule is found in cytotrophoblast conditioned medium (Penelope
Drake, unpublished data). Furthermore, mice genetically deficient in Fas ligand are
reported to have multiple fertility problems, including leukocytic infiltrates at the site of

implantation, and small litter sizes (Hunt et al., 1997).
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Other factors that are likely involved in maternal tolerance include the complement
system because deletion of the complement regulator, Crry, leads to fetal loss secondary
to placental inflammation in mice (Xu et al., 2000). Additionally, pharmacological data,
also from work in mice, suggest that trophoblasts express an enzyme, indoleamine 2,3-
dioxygenase, that rapidly degrades tryptophan, which is essential for T-cell activation
(Munn et al., 1998). Whether this same mechanism operates in humans is not yet
known, although syncytiotrophoblasts express indoleamine 2,3-dioxygenase (Kamimura
et al., 1991) and systemic tryptophan levels fall during pregnancy (Schrocksnadel et al.,

1996).

Effects of the maternal immune system on pregnancy

An intact maternal immune system is not absolutely required for implantation and
pregnancy maintenance although certain immune cells or their products may be
necessary to achieve an optimal pregnancy. For example, lack of uterine NK cells is
associated with placental and decidual defects and small litters of underweight pups in
the mouse (Guimond et al., 1997; Guimond et al., 1998). Furthermore, it appears that

uterine NK cells are involved in the remodeling of uterine arteries during pregnancy, a
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critical requirement for optimal blood flow to the placenta (Croy et al., 2000). However,
women with agammaglobulinemia can reproduce, and studies in SCID (severe combined
immunodeficient) mice suggest that T lymphocyte-derived cytokines are not necessary
for successful pregnancy (Croy and Chapeau, 1990). Moreover, genetically identical
mice have been bred for generations refuting the notion that HLA antigen dissimilarity is
necessary for reproduction. This notion is further weakened by genetic analyses of these

antigens in couples who experience recurrent spontaneous abortions (Jin et al., 1995).

Immunological causes have been implicated in up to 60 percent of women with
recurrent pregnancy loss (Hill, 1994). These include abnormalities in both humoral and
cellular immunity. Antiphospholipid autoantibodies are associated with recurrent
pregnancy loss (Yasuda et al., 1995), but the mechanism responsible for adverse fetal
outcome in such women is poorly understood. Although more controversial, an
association between antisperm antibodies and recurrent abortion has been noted (Witkin
and Chaudhry, 1989). The hypothesis that antitrophoblast antibodies may be involved in
reproductive failure has also been proposed, but not substantiated. In a subset of
women, recurrent abortion may result from abnormal maternal Ty 1-type cellular immune

response involving the cytokines, interferon-y and tumor necrosis factor, which are toxic
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Chapter Three — The Immune Compartments of the Placenta

Part One: Decidual granulated leukocytes

Phenotype and distribution

From an immunologic perspective, one of the most interesting populations of
uterine cells are decidual granulated leukocytes (DGLs). Although estimates vary, a
minimum of 10 to 15 percent of all cells found in the decidua are leukocytes, many of
which are found in large lymphoid clusters (Mincheva-Nilsson et al., 1994). DGLs are
comprised predominantly (~70%) of specialized (CD56"""/CD16°) natural killer (NK)
cells, monocytes (~15%) and T cells (~15%), which include equal ratios of CD4 and CD8
cells (Fig. 3-1) (Bulmer et al., 1991b; King et al., 1989b). The pregnant uterus represents
one of the only known sites where NK cells preferentially concentrate in vivo. However,
this phenomenon is not unique to humans; uterine NK cell populations have also been
described in mouse (Croy and Kiso, 1993; Croy et al., 1996; Head, 1996), rat and pig

(Engelhardt et al., 1997; Yu et al.,, 1993; Yu et al., 1994).
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Figure 3-1. Comparison of CD3 and CD56 Expression on Peripheral Blood
Mononuclear Cells (PBMCs) and Decidual Granulated Leukocytes (DGLs). Isolated
PBMCs (Top panel) and DGLs (Middle panel) were labeled with fluorescence-labeled
antibodies and analyzed by flow cytometry. Note the shift from a predominant CD3+ T
cell population in the blood, to a predominantly CD56+ bright NK cell population in the
uterus. The bottom panel shows DGLs in situ. As shown, they commonly form

aggregates and are frequently found near glands. (Penelope Drake, unpublished data).
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Like invasive cytotrophoblasts, these maternal leukocytes have unusual properties.
The decidual NK cells are distinct from the average peripheral blood NK cell.
Specifically, decidual NK cells express the antigen CD56 at a very high level on the cell
surface, and they are thus designated CD56™#" cells, along with 10% of peripheral blood
NK cells that share this phenotype (Lanier et al., 1986). Conversely, 90% of all
peripheral blood NK cells express low cell surface levels of CD56, and are referred to as
CD56%™. Other phenotypic differences between these populations of NK cells include
the expression of CD16 and CD57 on CD56%™ cells and their absence on CD56™¢" cells.
In the expression of these three antigens, decidual NK cells are indistinguishable from the

peripheral blood CD56""#" population (reviewed in (King and Loke, 1991)).

Decidual NK cells and peripheral blood CD56""" cells share other similarities,
among them the constitutive expression of the high-affinity IL-2 receptor, and
responsiveness to low concentrations of IL-2 (Saito et al., 1996) (Nagler et al., 1989;
Nagler et al., 1990; Nishikawa et al., 1991). Both of these cell populations have a high
capacity for proliferation and a low capacity for cell killing as compared to CD56*™ NK
cells (Ferry et al., 1990; Nagler et al., 1989). However, it is not known whether the pool

of peripheral blood CD56™"" cells represents the source of decidual NK cells, or whether
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the decidual NK cells emigrate as a different, perhaps less differentiated cell, and adopt
the decidual NK cell phenotype in situ. Little is known about the function of the
peripheral CD56™" NK cells or their relationship to CD56%™ peripheral NK cells,
although it is postulated that CD56""®" cells are immature precursors to CD56%™ cells

(Nagler et al., 1989).

Surface antigens expressed by decidual NK cells suggest the cells are activated.
They express CD49a (VLA-1), VLA-4, PECAM, increased levels of CD54 (I-CAM) and
decreased levels of CD45RA, accompanied by increased CD45RO (Burrows et al., 1993;
Burrows et al., 1995; Geiselhart et al., 1995; Haynes et al., 1997; Marzusch et al., 1993;
Mincheva-Nilsson et al., 1992; Ruck et al., 1994). Additionally, decidual NK cells and T
cells express CD69 (Nishikawa et al., 1991), the transferrin receptor (CD71) and Fas
(Penelope Drake, unpublished data. See Figs. 3-2 and 3-3). Furthermore, the cells
express an arsenal of cytotoxic molecules that are also useful as markers of activation
(Griffiths and Mueller, 1991). Among these, decidual NK cells contain perforin,
granzyme A and TIA-1 (T cell intracellular antigen-1) (Gulan et al., 1997; King et al.,
1993; Lin et al., 1991; Rukavina et al., 1995). The expression of these factors indicates
that the cell is equipped for killing, and raises the obvious question—what prevents a

cytolytic attack by maternal leukocytes against fetal trophoblasts?
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NK cells will preferentially kill a cell that lacks surface major histocompatibility
(MHC) class I proteins, but engagement of an inhibitory receptor on the NK cell by a
class I molecule on the target cell prevents this killing (reviewed in (Lanier, 1998; Lanier
etal,, 1997; Long, 1999)). Inhibitory receptors, widely expressed on peripheral NK cells
and CD8+ T cells, are also found on decidual leukocytes. In the human, there are three
class of inhibitory receptors, the KIR (killer immunoglobluin receptor) and ILT
(immunoglobulin-like transcript) families, which are part of the immunoglobulin
superfamily, and the CD94/NKG2 family of lectin-like molecules (reviewed in (Lépez-
Botet et al., 2000)). Although the extracellular domains of these inhibitory molecules
differ, they all employ MHC class I molecules as ligands, and their
intracellular domains contain immunoreceptor tyrosine-based inhibition motifs (ITIMs),
which are responsible for propagation of the inhibitory signal within the cell. As is
characteristic of the complex and balancing nature of the immune system, inhibitory
receptor families also contain activating members whose effect is to enhance cell killing.
In place of the ITIM, the intracellular domain of activating receptors contains an ITAM
(immunoreceptor tyrosine-based activation motif) sequence that mediates downstream
signaling. Decidual NK cells and T cells express members of each class (KIR, ILT and

CD94/NKG?2) of inhibitory molecules and their activating counterparts (Figure 3-4)
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(Biassoni et al., 1999; Hiby et al., 1997; Miki et al., 1998; Verma et al., 1997). The

functional implications of this expression will be discussed later in this chapter.
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Figure 3-2. Summary of the Phenotype of CD56+ Decidual NK Cells. Isolated DGLs
were labeled with fluorescently-conjugated antibodies and analyzed by flow cytometry.
Expression of CD markers was compared to that of peripheral blood NK cells. For
DGLs, n = from 1 to 6, depending on the marker, with the mean value of n = 3.4. For
PBMCs, n = from 2 to 4, with the mean value of n = 3.7. Error bars represent the

standard deviation (Penelope Drake, unpublished data).
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Figure 3-3. Summary of the Phenotype of CD3+ Decidual T Cells. Isolated DGLs were
labeled with fluorescently-conjugated antibodies and analyzed by flow cytometry.
Expression of CD markers was compared to that of peripheral blood T cells. For DGLs,
n = from 1 to 6, depending on the marker, with the mean value of n = 3. For PBMCs, n =
from 1 to 3, with the mean value of n = 1.8. Error bars represent the standard deviation

(Penelope Drake, unpublished data).
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Figure 3-4. CDS56+ Decidual Leukocytes Express Inhibitory Receptors. Isolated DGLs
were labeled with fluorescently-conjugated antibodies recognizing specific inhibitory
receptors and analyzed by flow cytometry. CD94 (Top panel) and CD161 (Middle panel)
are members of the lectin-like inhibitory receptors. KIR3DL1 (Bottom panel) is a
member of the killer immunoglobluin receptor family, part of the immunoglobulin

superfamily (Penelope Drake, unpublished data).
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Function

The in vivo function of human uterine NK cells is unknown, although in mouse,
their absence has been associated with the lack of metrial glands (a specialized region of
murine decidua), small placentas and small litter sizes (Guimond et al., 1997; Guimond et
al., 1998). In the context of the paradoxical phenomenon of maternal immune tolerance,
much investigation has been made into the cytotoxic capabilities of decidual leukocytes. .
Most of these studies have used in vitro chromium release assays to compare the killing
of various target cell lines by decidual leukocytes and peripheral blood leukocytes. Of
note is the difficulty of interpreting the results of these experiments, due to failure to
incorporate appropriate controls. For example, many studies fail to analyze non-

trophoblasts adherent targets in parallel.

In general, these studies show that decidual leukocytes are capable of inducing lysis
in NK-sensitive target cells, albeit at a lower efficiency than peripheral blood leukocytes
achieve against the same targets (Ferry et al., 1990). Pre-incubation with IL-2 increases
the cytotoxicity of decidual leukocytes (Ferry et al., 1991; King and Loke, 1990;
Manaseki and Searle, 1989; Saito et al., 1993). Target cells that are subject to lysis by

the latter cells include the K562 and .221 lymphoblastoid cell lines, which lacks
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endogenous MHC class I expression. Transfection of class I expressing plasmids into
.221 cells confers protection from lysis by NK cells, including decidual NK cells, by

allowing the NK cells’ inhibitory receptors to bind their class I ligands.

One important unanswered question concerning maternal tolerance and the function
of decidual leukocytes is the role played by HLA-G, a non-classical MHC class I protein
(see Figs. 3-5 and 3-6 for MHC structure and processing). HLA-G is a pregnancy-
associated class I molecule whose protein expression is limited to fetal cells of the
placenta—specifically, to extravillous cytotrophoblasts in the uterus and to both
amniocytes and extravillous cytotrophoblasts of the chorion in the amnion-chorion
(Chumbley et al., 1993; Ellis et al., 1990; Kovats et al., 1990; McMaster et al., 1998;
McMaster et al., 1995; Yelavarthi et al., 1991). The only other known site of HLA-G
protein expression in normal tissues is in a subpopulation of thymic epithelial cells (Crisa
et al.,, 1997). Reports of extravillous cytotrophoblasts expressing HLA-C and HLA-E
remain controversial(King et al., 2000a; King et al., 1996a; King et al., 2000b; Proll et
al., 1999). Given this conspicuous expression of HLA-G, accompanied by the lack of
other placental HLA proteins an attractive model for maternal tolerance invokes the
interaction of HLA-G with inhibitory receptors to prevent cytolytic attack by NK cells.

Simultaneously, the limited polymorphism of HLA-G suggests the possibility that it acts
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as a universally recognized self molecule that would not trigger a T-cell mediated attack.
In this regard, the possibility that certain tumor cells express HLA-G is under intense
investigation. Thus far, expression of this class Ib molecule has been detected in human

melanoma cells (Paul et al., 1998).

Although pieces of this puzzle are in place, the big picture remains obscure.
Transfection of .221 cells with HLA-G can protect the target from NK lysis, by both
direct and indirect means (Allan et al., 1999; King et al., 1993) reviewed in (L6pez-Botet
et al., 2000). The indirect protection (demonstrated in .221 cells) is rendered through
HLA-E, another non-classical class I protein. This molecule, which is constitutively
expressed, binds the HLA-G leader sequence and is transported to the cell surface. In
this location, HLA-E interacts with the inhibitory receptor CD94/NKG2a, which is

expressed on nearly all NK cells, including the decidual population.

HLA-G can also protect a target cell from lysis by directly interacting with
inhibitory receptors. Among the receptors currently known to directly engage HLA-G
are ILT2 (LIR-1), ILT4 (LIR-2) and KIR2DLA. Through interaction with these
receptors, the placental specific class I molecule is able to decrease the cytotoxicity of

effector cells in in vitro assays. Much has been made of the possibility that it plays a
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similar protective role in vivo, downregulating the hostile advances of maternal
leukocytes against fetal tissues. The spatial and temporal distribution of HLA-G supports
this in vivo role, as does the distribution of HLA-G compatible inhibitory receptors
(reviewed in (Lanier, 2000)). ILT2 (LIR1) is expressed on subsets of NK cells (including
decidual NK cells), T cells, B cells, monocytes and macrophages, while ILT4 is
expressed only on monocytes, tissue macrophages and dendritic cells (reviewed in

(Lopez-Botet et al., 2000)).
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Figure 3-5. Structure of an MHC Class I Molecule. The molecule is composed of a
heavy chain with three globular domains (o, a,, 0;), non-covalently complexed with a
smaller globular protein, B, microglobulin. The membrane-proximal portions (o, and B,
microglobulin) are classic Ig domains, while the distal globular segments («,, o,) come
together as o-helices on a B-pleated sheet. A groove is formed between the o-helices,
and the molecule complexes with short (~9 residues) peptides, which bind this pocket.
Peptide binding is required to stabilize the molecules before transport to the cell surface.
The peptide binding groove is demonstrated from the superior view (A) and the lateral

view (B). (Adapted from Roitt 8" Ed.)
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Figure 3-6



Figure 3-6. Processing and Peptide Loading of an MHC Class I Molecule. Proteins in
the cytoplasm are degraded into peptides by the proteasome. The peptides are then
translocated into the endoplasmic reticulum (ER) by TAP1/TAP2 membrane transporters.

In the ER, the association of MHC class I heavy chain with g, microglobulin and peptide

R Y

is coordinated by multiple chaperone proteins. After the MHC is fully assembled, it is
transported to the membrane for antigen presentation on the cell surface. (Adapted from

Roitt 8" Ed.)
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The distribution of KIR2DLA4 is somewhat controversial, with one report that it is
exclusively expressed on decidual NK cells and another that it is expressed on all NK
cells (reviewed in (L6opez-Botet et al., 2000)). The functional importance of both
KIR2DLA4 and ILT2 expression remain in question, as HLA-G tetramers bind to
peripheral blood monocytes (predominately via ILT4) but not NK cells (Allan et al.,
1999). However, as these tetramers were made using HLA-G expressed in E. coli they
lack carbohydrate structures that may be relevant to binding in vivo. Primary
cytotrophoblasts modify HLA-G by adding a large polylactosamine chain (McMaster et
al., 1998). This is in contrast to simple biantennary structures carried on most class I
molecules, including HLA-G produced by cell lines. The unusual glycosylation on
endogenously produced HLA-G may change its binding properties—one explanation for
the failure to detect interactions between inappropriately glycoslyated tetramers and NK
cells. Additionally, the effect of polylactosaminylation on peptide loading has yet to be

considered.

Furthermore, expression of KIR2DL4 in some, but not all, NK cell lines inhibits
lysis of HLA-G bearing target cells (Rajagopalan and Long, 1999). Thus, the cellular
context in which the HLA-G/KIR2DLA4 interaction occurs is important. This

phenomenon could be related to the unusually short intracytoplasmic domain of the KIR,
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which contains only one, as opposed to the usual two ITIM motifs. KIR2DL4 also
contains a charged residue within its transmembrane domain, a characteristic feature of
the activating members of the KIR family (reviewed in (L6pez-Botet et al., 2000)). As
the activating receptors lack intrinsic signaling domains, this charged residue facilitates
interactions with other membrane proteins that effect downstream signaling. An
interaction of this sort between KIR2DL 4 and a second signaling molecule could have
profound implications for the function of HLA-G and decidual NK cells. These
pathways, if they exist, have yet to be elucidated (Biassoni et al., 1999; Colonna et al.,

1998).

In conclusion, the alluring hypothesis that HLA-G interactions with inhibitory
receptors on decidual leukocytes results in maternal tolerance is still only a theory.
Among the remaining questions to be directly addressed is the protective role of HLA-G
expressed on cytotrophoblast cells. In vitro, cytotrophoblasts are resistant to NK-cell
lysis (Ferry et al., 1991; King et al., 1989a; King and Loke, 1990), but thus far HLA-G

has not been directly linked to this protection.
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Recruitment

The recruitment of DGLs to the uterus has long been a black box, although by
analogy to other systems, chemokines—molecules involved in leukocyte trafficking—are
likely to be important. To our knowledge, this thesis is the first study to identify both a
panel of chemokines expressed in the decidual stroma and a concurrent array of
chemokine receptors expressed by DGLs (Chapter Seven). Cognate chemokine receptor-
ligand pairs suggest functional roles for these molecules in leukocyte homing to the
pregnant uterus. Implications of these studies and of the role of chemokines in DGL

recruitment are further discussed in Chapters Four and Seven.

Leukocyte trafficking to the uterus is not limited to pregnancy, for example, the
composition and abundance of leukocytes in the non-pregnant uterus changes over the
course of the menstrual cycle (Bulmer et al., 1991b; Kamat and Isaacson, 1987; King et
al., 1989b).(See Fig. 3-7 for a summary of the cycle). In terms of abundance, during the
proliferative phase, leukocytes account for ~8% of all endometrial cells. This number
increases to ~23% in late secretory endometrium (Bulmer et al., 1991b). In terms of
composition, the leukocytes that populate non-pregnant endometrium are distinct from

the decidual leukocyte population (Fig. 3-8). In proliferative and early secretory
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endometrium, CD3+ T cells comprise nearly half and CD14+ macrophages one-third of
the total leukocyte population. CD56+ NK cells account for less than half of the total

endometrial leukocytes.

During the late secretory phase (and continuing into the first trimester of
pregnancy, if pregnancy is established) the proportion of leukocytes in the stroma
increases. Concomitant with this increase in total cell number is a rise in the number of
CD56+ NK cells, such that these cells comprise ~57% of uterine leukocytes in the late
secretory phase and ~75% of decidual leukocytes during early pregnancy (Bulmer et al.,
1991b). The total number of T cells remains the same during the expansion of the
leukocyte compartment; thus reducing the contribution of T cells to ~20% of all
leukocytes in the late secretory phase and ~15% of decidual leukocytes in the first
trimester of pregnancy. Similarly, the macrophage contribution diminishes to ~26% of
cells in the late secretory phase and ~15% of decidual leukocytes (Bulmer et al., 1991b).
If pregnancy is not established, neutrophils infiltrate the uterus at the onset of menses,
presumably to act as scavengers and prevent infection (Poropatich et al., 1987). Of note
is the fact that both the leukocytes and endometrial cells are lost during menstruation,

thus each ensuing endometrial proliferation entails leukocyte recruitment.
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Several mechanisms likely account for the recruitment and retention of specific
leukocyte populations within the uterine wall. With regard to menstruation, founder cells
have to be recruited to the endometrium and replaced. Expansion of particular sub-
populations is also likely to play a role. Evidence suggests that at least some of the
increase in uterine NK cells during the menstrual cycle and early pregnancy is due to
proliferation of these cells in situ; they express the proliferation marker Ki67 (King et al.,
1991; Pace et al., 1989). However, the extent to which mitosis accounts for this increase

in cell number is not known.

The tight coordination of the endometrial/decidual leukocyte cell populations with
hormonal status suggests that the latter molecules play a role in regulating leukocyte
recruitment to the uterus. This hypothesis is supported by several observations. First,
recruitment of decidual leukocytes may occur normally with an ectopic pregnancy
(Stewart-Akers et al., 1997; Vassiliadou and Bulmer, 1998). This implies that systemic
signals of pregnancy are sufficient to induce leukocyte infiltration and proliferation.
Second, studies of ovariectomized women demonstrated that exogenous administration of
both estrogen and progesterone are required for CD56+ leukocytes to localize to the

decidua (Loke, 1995). Additionally, withdrawal of progesterone appears to be involved
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in the influx of neutrophils and monocytes that precedes menses (Critchley et al., 1996;

Staples, 1983).
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Figure 3-7. Summary of Events in the Menstrual Cycle. The fluctuations in blood levels
of various hormones are correlated with the development of the ooycte and the
maturation of the uterine lining in preparation for fertilization and implantation. Note
that estrogens rise in the early (proliferative) phase of the cycle, followed by an LH surge
which signals ovulation. Subsequently, during the late (secretory) phase of the cycle
progesterone levels rise. If fertilization does not occur, estrogen and progesterone levels
fall, leading to the sloughing of the uterine lining and menstruation. (Adapted from

Moore and Persaud 6" Ed.)
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Leukocyte subsets as a proportion of the total leukocyte population

Antigen Mean % of CD45-positive population

Proliferative  Early secretory Late secretory  Early pregnancy

CD38 523 45.6 61.3 75.4
CD56 48.2 474 57.2 79.4
CD2 54.8 56.7 524 57.2
CD3 454 375 21.5 18.9
CD8 28.5 24.0 14.9 15.7
CD16 34 2.6 1.9 1.4
CD14 33.6 27.2 26.4 379
Class I MHC 50.1 41.9 40.2 46.7
Figure 3-8
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Figure 3-8. Changes in the Composition of Uterine Leukocytes Throughout the
Menstrual Cycle. Decidual NK cells, demonstrated in this figure as CD56+ and CD38+
cells, dominate the CD45+ decidual granulated leukocyte compartment at the beginning
of pregnancy. The decidual NK cell prominence begins during the late secretory phase of
the menstrual cycle, when NK cell numbers rise concomitant with a drop in T cells and
macrophages. The resulting decidual leukocyte population is very distinct from that
occuring earlier in the menstrual cycle, during the proliferative and early secretory
phases, which is characterized by large T cell and macrophage components. (Adapted

from Bulmer, et al. 1991)
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As leukocytes themselves lack hormone receptors (Bulmer et al., 1991a; King et al.,
1996b; Loke, 1995), their responses to estrogen and progesterone levels must be
mediated indirectly. The most likely intermediaries to coordinate leukocyte recruitment
with the hormonal cycle are chemokines. Chemokines are known regulators of leukocyte
trafficking, and their expression is influenced by a number of factors. Although we are
only beginning to explore the role of chemokines in the uterus and placental bed, initial
results already link chemokine expression to the menstrual cycle. In particular, the
expression of IL-8 and MCP-1 in the endometrium is regulated during the menstrual
cycle (reviewed in (Garcia-Velasco and Arici, 1999)). IL-8 is expressed in smooth

muscle cells surrounding blood vessels, in glands and in lumenal epithelia; levels peak

during the early to mid-proliferative phase and again during the late secretory phase A

(Jones et al., 1997; Milne et al., 1999). MCP-1 has a similar expression pattern, but
levels increase in the premenstrual phase and peak in the menstrual endometrium.
Evidence that these changes in MCP-1 and IL-8 expression are due to fluctuations in
hormone levels is provided by studies demonstrating that in vivo withdrawal of
progesterone by administration of mifepristone (RU486) to women prior to vacuum

aspiration increases the expression of IL-8 and MCP-1 in the decidua. In vitro studies on
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endometrial explants and cell lines show similar effects (Critchley et al., 1999; Critchley

et al., 1996; Kelly et al., 1997; Kelly et al., 1994).

It should be noted that the cycling endometrium also modulates the expression of
adhesion molecules used by leukocytes to effect cell trafficking. The expression patterns
of I-CAM-1, PECAM, VCAM-1 and E-selectin vary throughout the menstrual cycle
(Tabibzadeh et al., 1994; Tawia et al., 1993). Thus, the means of leukocyte recruitment
to the uterus are modulated both at the level of chemotactic factors and adhesion
receptors, implying coordination of signals that regulate this process. Comparing the
expression patterns of these factors in the decidua to the few other tissues in which NK
cells are known to concentrate—most notably the murine liver in response to mCMV
infection, and early in allografted tissues (Nemlander et al., 1983; Salazar-Mather et al.,
2000) —might reveal commonalities in chemokine and adhesion molecule regulation that

could be linked to NK cell recruitment.

This thesis greatly expands what is known about the expression of chemokines in
the pregnant uterus (Chapter Seven). In addition, it provides the first evidence that
placental interactions with the uterus influence the recruitment and retention of decidual

leukocytes. Specifically, the chemokine MIP-1a is produced by isolated cytotrophoblasts
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in vitro and by extravillous cytotrophoblasts in vivo (Chapter Six). MIP-1a can effect the
migration of NK cells, monocytes and T cells in vitro, and cytotrophoblasts may use it to
regulate the movement of leukocytes on a local level. Together, the results of these
studies suggest that integration of chemokine and chemokine receptor networks at the
maternal-fetal interface are a key component of the immunological mechanisms that

operate in this unique environment.
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Part Two: Hofbauer cells

The second population of immune cells in the basal plate is a cohort of
macrophages designated Hofbauer cells (reviewed in (Benirschke, 2000)). These cells
are confined to the fetal compartment of the placenta, residing in the stroma of placental
villi (Figure 6-1). Their arrangement and number is similar to the specialized
macrophage population found in the liver, namely Kupffer’s cells. As the dominant
population of leukocytes within this tissue (mast cells are also seen on occasion), the
function of Hofbauer cells is intriguing and still unknown. Hofbauer cells are first seen
in the villi on day 18 post-coitus and remain until the end of pregnancy (Boyd, 1970).
They are pleomorphic cells with many vacuoles and a granulated cytoplasm. The origin
of Hofbauer cells is not known, though it is generally believed that they are fetal-derived
cells perhaps arising from stromal cells within the villus core. It has also been proposed
that Hofbauer cells may have different origins throughout gestation and thus may actually

represent a heterogenous population of cells (reviewed in (Benirschke, 2000)).

Although nothing is known about the role of Hofbauer cells in pregnancy,
descriptions of their capabilities and antigen expression shed light on their possible in

vivo actions. Hofbauer cells can divide both in vivo and in vitro (Castellucci et al., 1987;
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Frauli and Ludwig, 1987). They express CD4 (Goldstein et al., 1988; Lairmore et al.,
1993; Nakamura and Ohta, 1990), CD14 (Bulmer, 1984; Zaccheo et al., 1989), Fc
receptors (Goldstein et al., 1988; Oliveira et al., 1986), and MHC class I and II on their
cell surface (Bulmer et al., 1988; Sutton et al., 1986; Uren and Boyle, 1985), and secrete

the cytokines IFN-a, IFN-B and IL-1 (Bulmer et al., 1990; Flynn et al., 1985; Glover et

al., 1987; Howatson et al., 1988; Toth et al., 1991). They are phagocytic cells, capable in
vivo of ingesting material surrounding them in the villus stroma. Together, these qualities
suggest the potential for Hofbauer cells to monitor their environment and to initiate an

immune response against pathogens.

The migration patterns of Hobauer cells further support this idea (reviewed in

(Benirschke, 2000)). During the first half of pregnancy Hofbauer cells reside -

predominantly inside collagen-free intercommunicating stromal channels within the
villus core (Castellucci, 1984; Castellucci, 1980; Castellucci, 1982). These channels,
which have been likened to a lymphatic system, run parallel to the long axis of the villus
and communicate with channels from neighboring villi. Evidence that Hofbauer cells
move from channel to channel, and between channels and the surrounding stroma, led to
the hypothesis that these macrophages might participate in host defense, or perhaps in

remodeling of the villus core during placental development (Castellucci, 1980). Finally,
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an additional role proposed for Hofbauer cells is the regulation of cytotrophoblast growth
and differentiation along the syncytial pathway, as suggested by in vitro experiments
combining Hofbauer cell conditioned medium and isolated cytotrophoblasts (Khan et al.,

2000).

Unfortunately, little else is known about these interesting cells. The work
presented here further underscores their importance, as many of the chemokines
expressed within the villus stroma act on macrophages, and may be involved in recruiting
and regulating the actions of these cells. Furthermore, as macrophages also produce
many of the chemokines localized to the villus stroma, Hofbauer cells are a likely source

of this abundant expression.
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Chapter Four — Chemokines

Chemokines as chemoattractants

Members of the cytokine superfamily, chemokines (short for chemoattractant
cytokine) are small, secreted proteins. As their name suggests, chemokines are capable
of inducing the directed migration of cells bearing the appropriate target, one of a family
of seven transmembrane-spanning G-protein coupled receptors. Although their sphere of
influence is probably broader, chemokines are best understood for their role in leukocyte
trafficking—in situations of inflammation and in homeostatic migration throughout the

body.

Among the first chemokines to be described were protoypes of three of the major
subclasses of this group, IP-10 (Luster et al., 1985), IL-8 (Yoshimura et al., 1987) and
MCP-1 (Matsushima et al., 1989). Distinctions between these molecules and the subsets
they represent are based upon sequence homology that has corresponding functional
consequences. Now comprising some 30 members and still growing (reviewed in
(Zlotnik et al., 1999)), the chemokine field has exploded in the past eight years as

bioinformatics and expressed sequence tag databases (dbEST) have made it possible to
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rapidly identify and clone new ligands and receptors according to their sequence
homology to known molecules. There are at least 14 known chemokine receptors, most
of which promiscuously recognize multiple ligands. Similarly, a given chemokine ligand
generally interacts with more than one receptor. A chart of chemokines and their
receptors is given in Figure 4-1. This complex web of ligand-receptor interactions
complicates the biology of chemokine actions. Consequently, we are only beginning to
understand the function and in vivo relevance of most chemokines. In situ hybridization
has been particularly useful in elucidating function, as expression patterns suggest
molecular actions. Definitive proof comes from the generation of mice carrying null
mutations in either the ligands or receptors. Again, the promiscuity of family members

sometimes complicates interpretation of resulting phenotypes.

The chemokine family can be subdivided into four classes, designated according to
the arrangement of the first two of four conserved cysteine residues (reviewed in (Zlotnik
et al., 1999) and (Schall and Bacon, 1994)). The a-chemokines, also called the CXC
family, have one amino acid residue between the first and second conserved cysteines.
This class can be further subdivided based on the presence or absence of a three-amino
acid sequence, Glu-Leu-Arg, immediately preceding the CXC residues. This sequence,

called the ELR motif, confers many functional properties upon the chemokine, including
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the ability to bind the receptor CXCR2 which is expressed on neutrophils. ELR-
containing CXC chemokines such as IL-8 are generally neutrophil chemoattractants,
while CXC chemokines lacking the ELR, such as IP-10, primarily bind other CXC

receptors and act as lymphocyte chemoattractants.

oo
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Chemokine Receptors

CC Receptors
CCR1
CCR2
CCR3
CCR4
CCRS
CCR6
CCR7
CCR8
CCR9
CCR10

CXC Receptors
CXCR1
CXCR2
CXCR3
CXCR4
CXCRS5

C Receptors
XCR1

CX3C Receptors
CX3CR1

romis IS
DARC

Viral Receptors
CMYV US28

Chemokines

Compatible Ligands

MIP-1a, RANTES, MCP-3

MCP-1, MCP-2, MCP-3, MCP-4

Eotaxin, Eotaxin-2, RANTES, MCP-2, -3, -4
TARC, MDC

RANTES, MIP-1a, MIP-1B
MIP-3o/LARC/Exodus

MIP-3p/ELC, 6Ckine/SLC, Exodus 2
I-309,TARC, MIP-1p

MCP-1, -2, -4, MIP-1q, -1B, RANTES, Eotaxin, HCC
MCP-1

IL-8, GCP-2
ELR, C-X-C
IP10, Mig, I-TAC
SDF-1
BCA-1/BLC

Lymphotactin

Fractalkine/Neurotactin

Many CC and CXC Chemokines

CC Chemokines

Figure 4-1
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Figure 4-1. Chemokines and Their Cognate Receptors. This list depicts the four classes
of chemokines, determined by the conservation and spacing of specific cysteine residues.

The promiscuity of chemokine receptors and some ligands is evident. (Adapted from

Kunkel, 1999)
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In the B-chemokines, also called the CC chemokines, the first two cysteine residues
are adjacent to one another. CC chemokines such as MCP-1 generally act on monocytes,
lymphocytes, basophils and eosinophils. Together, the CXC and CC chemokines
represent the majority of known chemokines, however two other classes exist that contain
a total of three genes. The C class consists of lymphotactin and its highly homologous
sister SCM-1p, and the CX,C class is fractalkine. Lymphotactin has lost the first of its
conserved cysteines and fractalkine has three amino acids separating its first and second
cysteine residues. Both of these unusual chemokines are chemotactic for
lymphocytes—including T cells and NK cells. Fractalkine also attracts monocytes

((Bazan et al., 1997; Imai et al., 1997), reviewed in (Zlotnik et al., 1999)).

Chemokines are secreted, highly basic proteins capable of binding “presentation
molecules” in the extracellular space—sulfated proteins and proteoglycans on cell
surfaces and in the extracellular matrix. They can also exist and function as soluble
molecules, an attribute perhaps more important in vitro than in vivo (reviewed in (Schall
and Bacon, 1994)). The binding capacity of chemokines allows for the establishment of a
concentration gradient along which cells can migrate (Butcher and Picker, 1996). The

discovery that chemokine expression can be induced in a range of tissues was the first
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indication that these molecules could be produced as part of an immune response. This
and related observations quickly led to the revelation of chemokines’ first accredited
biological function—their role in leukocyte recruitment to areas of inflammation.
Subsequently, chemokines were also shown to be mediators of the homeostatic migration
of leukocytes throughout the body (reviewed in (Cyster, 1999; Schall and Bacon, 1994;
Zlotnik et al., 1999)). It is now established that chemokines regulate the cyclic
trafficking of immune cells (from blood to lymph to blood, or to sites of infection)

throughout the body.

Chemokine function beyond chemotaxis

The homing of a leukocyte to a particular location requires more than a chemotactic
gradient. Generally, the leukocyte is passing through a tissue in a blood vessel and must
escape from this compartment and extravasate into the tissue before following the
chemotactic trail. Extravasation has been extensively studied (Figure 4-2); four steps
have been identified: i) leukocyte rolling along the endothelium; ii) activation of integrin
expression on the leukocyte; iii) tight adhesion of the leukocyte to the endothelium; iv)

diapedesis of



Figure 4-2
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Figure 4-2. Leukocyte Exit From the Bloodstream Involves Chemokines. As depicted
in the panels above, leukocyte emigration to tissues is a multi-step process. It begins
with an adhesive interaction between the leukocytes and endothelium, mediated by
selectins and specific carbohydrate moieties, which causes circulating leukocytes to slow
by rolling along the vessel wall. Next, chemokines in the local environment cause the
leukocyte to activate its integrins such that it is now able to bind counter-receptors on the
endothelial wall. This third step yields tight binding of the leukocyte to the vessel wall,
preparing it for the final step of extravasation—diapedesis, the physical act of crawling
between endothelial cells and exiting the lumen. Chemokines may also be involved in

this final step, directing the leukocyte in its migration. (Adapted from Janeway 3" Ed.)
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the leukocyte across the endothelium into the tissue (reviewed in (Butcher and Picker,
1996; Springer, 1995)). In addition to the chemotactic gradient that aids cells undergoing
step iv (see next section and (Nieto et al., 1998)), chemokines also function at step ii of
the extravasation pathway (Campbell et al., 1998). In this case, certain

chemokines induce integrin activation, conformational changes that render the cells
ready to bind (Campbell et al., 1998). The interaction of these integrins with counter-
receptors expressed on the endothelium confers tight binding, halting the rolling

leukocyte at the appropriate place for diapedesis.

As discussed above, chemokine function encompasses more than the attractive
activities for which the molecules are named. Many chemokine effects can be described
using the broad term activation. In general, recognition of a chemokine primes a cell to
act—either to extravasate, to engage another cell, to kill a target cell, or to produce
cytokines (Loetscher et al., 1996; Maghazachi et al., 1996; Nieto et al., 1998; Taub et al.,
1995). One particularly interesting property of the CXC chemokines is their ability to
promote or inhibit angiogenesis. CXC chemokines containing an ELR motif are
angiogenic, while those lacking the motif are angiostatic. This functional distinction is
attributable to the presence or absence of the ELR motif (Strieter et al., 1995).

Chemokines also have mitogenic or anti-mitogenic effects on hematopoietic cells (as well
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as endothelial cells), and certain chemokines protect against death by apoptosis (reviewed
in (Zlotnik et al., 1999)). The CXC chemokine SDF-1 is necessary for normal brain
development, demonstrating that chemokines play as yet undefined roles in non-immune

contexts (Ma et al., 1998).

Chemokines and NK cells

The interplay between chemokines and NK cells is not yet well understood,
although the groundwork has been laid. As suggested by the preceding section,
chemokines have multiple affects on NK cells. Chemoattractants of these cells include
lymphotactin, fractalkine, SLC, CKg-1l, MIP-1a, MIP-18, RANTES, MCP-1, MCP-2,
MCP-3, SDF-1, MDC and IP-10 (Allavena et al., 1994; Giancarlo et al., 1996; Godiska et
al., 1997; Loetscher et al., 1996; Maghazachi, 1997; Maghazachi et al., 1994,
Maghazachi et al., 1997; Taub et al., 1995) (Maghazachi et al., 1996) (Bazan et al., 1997;
Hedrick et al., 1997; Imai et al., 1997). Most of these factors also induce granule

exocytosis and increase the cytotoxicity of the NK cell.

Interestingly, chemokines can induce the polarization of NK cells (and T cells)

bound to endothelial cells or to extracellular matrix (Nieto et al., 1997; Nieto et al.,
68



1998). Polarization of cells is required for many functions associated with chemokine
action—cell migration, degranulation, target cell recognition and conjugate formation
between target and effector cells (reviewed in (Nieto et al., 1998)). Presumably, the
mechanism by which chemokines increase the cytotoxicity of NK cells is through the
polarization of the NK cell, which precedes the aforementioned actions. Chemokine-
induced polarization results in two separate areas of membrane specialization on the NK
cell (Nieto et al., 1998). Chemokine receptors are localized to the leading edge of the
migrating cell, which allows it to follow a chemotactic gradient. Opposite the leading
edge, on the trailing side of the NK, cell another specialized region develops called the
uropod, which bears a concentration of cell adhesion receptors such as ICAM-1 and
ICAM-3. The NK cell engages its target at the leading edge, but it interacts with other
NK cells through the adhesion molecules on its uropod. Thus, the uropod functions as a

recruitment device for concentrating lymphocytes near cellular targets.

NK cells not only respond to chemokines, but also produce them, for example
lymphotactin, MIP-1a and IL-8 (Bluman et al., 1996; Hedrick et al., 1997; Somersalo et
al., 1994). The fact that NK cells both produce and respond to lymphotactin and MIP-1«
suggests the possibility of a self-regulating amplification system that allows the small

number of NK cells that initially respond to a pathogen or a tumor to recruit additional
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NK cells and other effector cells. This model is strengthened by the observation that NK
cells increase their chemokine production when conjugated to a target cell (Nieto et al.,

1998).

Chemokines and leukocyte trafficking in the placental bed

The concentration of CD56"™" NK cells in the pregnant uterus is an unusual
phenomenon, and the mechanisms underlying the specific recruitment of these cells are
not well understood. One confounding issue is that no single chemokine has been
identified that attracts NK cells but not other leukocytes. The most specific NK cell
attractants also act on T cells (i.e., lymphotactin, fractalkine) (Hedrick et al., 1997; Imai
et al., 1997) and most chemokines that attract NK cells affect a wide spectrum of
leukocytes (e.g. MIP-1a) (Schall et al., 1993). Another difficulty when considering
CD56™" cell trafficking is that very few descriptions of chemokine action on NK cells
distinguish between CD56%™ and CD56™*" populations. Therefore, we know almost
nothing about differential effects of chemokines on the latter cells. One exception is the
observation that SLC and CKp-11, both ligands for the CCR7 receptor, preferentially

attract CD56"#" cells over CD56%™ cells (Kim et al., 1999). However, both of these
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molecules are also chemotactic for T cells, B cells and dendritic cells (reviewed in (Kim

et al., 1999)).

Molecular mechanisms that regulate leukocyte trafficking in other locations may
provide a model for NK cell concentration in the decidua (Butcher and Picker, 1996). It
is likely that the homing of specific leukocyte populations to the uterus is the end result
of the combinatorial actions of molecules that influence individual steps in the
extravasation process (Figure 4-2). For example, a cell might use the following
receptor/ligand pairs to extravasate at a site of inflammation: step i, rolling ( L-selectin:
GlyCAM-1); step ii., integrin activation (SLC: CCR7); step iii., firm adhesion (ICAM-1:
aLB2 integrin) and step iv., cell polarization and directed migration (MIP-1a: CCRS). It
is established that each of the four stages of extravasation is reversible and independent;
each requires a signal generated from the appropriate ligand-receptor interaction before
passing on to the next stage. In the absence of the appropriate signal, the cell eventually
detaches from the endothelium and moves on. Therefore, each event of extravasation
becomes a checkpoint, which admits only cells that express the proper molecules. Given
the diversity of molecules that could potentially regulate each step, it would be easy to

generate unique combinations that could be used to achieve specific homing of leukocyte
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subsets. For a thorough discussion of this model see Butcher and Picker, 1996 or

Springer, 1995.

Can unique combinatorial subsets of adhesion molecules and chemokines be
identified in the decidua and on decidual leukocytes? In terms of chemokine expression
in the decidua, very little is known at present. Out of more than 30 identified
chemokines, only three (MCP-1, IL-8 and RANTES) have been previously described in
the decidua or cycling endometrium. Published studies on chemokines in the uterus have
focused largely on two molecules involved in neutrophil and monocyte recruitment, IL-8
and MCP-1, respectively, because the neutrophil influx that immediately precedes
menstruation serves as a well-defined cell trafficking event. Both IL-8 and MCP-1 are
produced in the endometrium (reviewed in Garcia-Velasco and Arici, 1999), and their
expression, which is coordinated with the menstrual cycle, is probably regulated at some
level by hormones (see Chapter Three). RANTES expression in the endometrium has
also been described (Hornung et al., 1997). Additionally, a few studies have shown that
cultured decidual cells can be stimulated with cytokines or bacteria to produce MIP-1a
(Dudley et al., 1995). This thesis significantly extends the above information by defining
the expression patterns of ten chemokines at the maternal-fetal interface, i.e., placental

and uterine tissues (Chapter Seven). Additionally, it delineates a set of chemokine
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receptors that are expressed by decidual granulated leukocytes (Chapter Seven).
Together, this data establishes new ligand-receptor pairs that could be involved in

recruitment of these cells at two stages (ii and iv) of the extravasation process.

In terms of adhesion molecules expressed in the placental bed,
immunohistochemical studies reveal an abundance of functionally relevant molecules on
uterine endothelium, including NCAM (Yan Zhou/Susan Fisher, personal
communication), ICAM-1, VCAM-1, PECAM, a684, avBl, avp3, a6p4 and VLA-1
through —6 (Haynes et al., 1997; Ruck et al., 1994). Although some of these factors may
be involved in anchoring the endothelium to its underlying basement membrane, others
are likely to participate in the recruitment of decidual leukocytes. In support of this
hypothesis, the latter cells express counter-receptors such as CD56 (NCAM), ICAM-1,
PECAM, LFA-1, and VLA-1, -3, -4 and -5. Additionally, in vitro studies of peripheral
NK cell adhesion to endothelium under static conditions indicate that in the absence of
stimulation, LFA-1/ICAM-1 is the predominant adhesion pair used by NK cells. In the
presence of activated endothelium, the interactions of VLA-4 (on the NK cell) and
VCAM-1 (on the endothelium) also produce significant adhesion(Allavena et al., 1991).

Subsequent to extravasation, decidual leukocyte expression of integrins such as avpl,
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aMB2, aVp3, aER7 may help their migration through decidual stroma via adhesion to

extracellular matrix components(Ruck et al., 1994).

It should be emphasized that the highly specific expression of NCAM on decidual
endothelium, accompanied by the dense expression of NCAM on decidual NK cells
(which are identified by their CD56""®" phenotype—see Chapter Three) suggests a
homing mechanism that exploits the homophillic binding properties of this molecule.

This model is easily testable, although to our knowledge has not been studied to date .

In summary, a great deal remains to be learned about leukocyte trafficking to the

uterus in both the pregnant and non-pregnant states. The following addresses the former

question and sets the stage for additional work addressing the latter.
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Chapter Five - Materials and Methods

Human Tissue Collection

Informed consent was obtained from all patients from whom tissue or blood was
collected. Placental and decidual tissue from elective termination of pregnancy (6-22
wk) or from normal term delivery (34-40 wk) was collected within one hour of isolation,
washed thoroughly in PBS with antibiotics and placed on ice. Tissue that was to be used
for immunohistochemistry was immediately fixed for 5 minutes in 3% paraformaldehyde
(PFA), washed thoroughly in PBS, then embedded in OCT and frozen in liquid nitrogen.
Tissue that was to be used for in situ hybridization was immediately put in 10% buffered
formalin. After overnight fixation, tissue was transferred to 70% ethanol and embedded
in paraffin.

Buffy coats used as a source of peripheral blood mononuclear cells (PBMCs) were
obtained from Blood Centers of the Pacific, San Francisco, CA. No information was

available regarding the sex, age or pregnancy status of the blood donors.
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Cell Isolation and Conditioned Medium (CM) Preparation
Cytotrophoblast and Villous Stroma

CTBs were isolated from pooled first- or second-trimester (Fisher et al., 1989;
Librach et al., 1991) and individual third-trimester (Kliman et al., 1986) human placentas
by published methods. Briefly, placentas were subjected to a series of enzymatic digests,
which detached CTB stem cells from the underlying stromal core of the chorionic villus.
Detached CTBs were purified over a Percoll gradient, and were cultured on Matrigel-
coated substrates (Collaborative Biomedical Products, Bedford, MA) for varying lengths
of time in serum-free medium [DMEM 4.5 g/L glucose (Sigma Chemical Co., St. Louis,
MO), with 2% Nutridoma (Boehringer Mannheim Biochemicals, Indianapolis, IN), 1%
penicillin/strepomycin, 1% sodium pyruvate, 1% Hepes, 1% gentamycin (UCSF Cell
Culture Facility)]. The connective tissue villus cores which remained after enzymatic
removal of CTBs were further trypsinized, then cultured in serum-free medium (SFM) for
varying lengths of time to obtain stromal conditioned medium (CM). As a control for all
CTB CM, SFM was cultured on Matrigel-coated plates with no cells (SFM/MG) for

varying lengths of time.
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Placental Fibroblasts and JAR Cells

Placental fibroblasts were isolated from first-trimester placentas as previously
described (Fisher et al., 1989). Cells were cultured in DMEM H-21 with 10% fetal bovine
serum (FBS), 5% glutamine, 1% penicillin/strepomycin, 1% gentamycin. CM was
collected from the cells every 72 hours. The JAR choriocarcinoma cell line was

maintained as previously described (Fisher et al., 1989).

Preparation of Decidual Granulated Leukocytes

Decidua was minced with a razor blade, then incubated at 10ml/g of tissue in
RPMI-1640 (UCSF Cell Culture Facility) containing 10% FBS, 0.1% collagenase (Sigma
Chemical Co., St. Louis, MO), 0.02% DNAse I (Boehringer Mannheim) and 0.02%
EDTA (Sigma) for one hour at room temperature. Following this digestion, the
supernatant was removed and centrifuged. The cell pellet was resuspended in Hank’s
buffered saline solution (HBSS), layered over Ficoll-Paque (Pharmacia Biotech AB,
Uppsala, Sweden and centrifuged for 30 minutes 900 x g. The band of DGLs at the

interface was removed, washed 3 times in PBS and cultured in SFM for 24 to 72 hours.
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Isolation of Human Peripheral Blood Mononuclear Cells

Human PBMC:s were prepared from a buffy coat by erythrocyte sedimentation
with 6% dextran T500 (Amersham Pharmacia Biotech AB, Uppsala, Sweden) followed by
Histopaque-1077 (Sigma Chemical Co.) separation. PBMCs were washed in PBS and
resuspended at 1 x10” cells/ml in DME-H21 (UCSF Cell Culture Facility) containing 1.0%

BSA (Sigma Chemical Co.).

Chemotaxis Assay

Chemotaxis assays were carried out by published methods (Morales et al., 1999).
CM with initial MIP-1a concentrations of between 50 and 100 ng/ml as determined by
ELISA (see below) were used in the assay. In some cases, up to 7 cytotrophoblast CM
samples were pooled according to gestational age in trimesters and concentrated with a
Centriprep-3 centrifugal concentrator (Amicon Inc., Beverly, MA). The CM was diluted
with in DME-H21 (UCSF Cell Culture Facility) containing 1.0% BSA (Sigma Chemical
Co.), hereafter referred to as blank medium, to produce samples with MIP-1«
concentrations ranging from 100 ng/ml to 10 pg/ml. Transwell inserts (6.5 mm in
diameter, S-um pore ; Corning Inc., Corning, NY) were placed in 24-well plates. 600 pl
of cytotrophoblast CM, blank medium, or blank medium supplemented with recombinant

human MIP-1a (R&D Systems Inc., Minneapolis, MN) was added to the bottom
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compartment of each insert, and 100 pl of a human PBMC cell suspension containing 1 x
10° cells was added to the top. Where indicated, 5 pg/ml of control goat IgG (R&D
Systems) or anti-MIP-1a IgG that neutralized activity (R&D Systems) was added to the
cell suspension. Negative controls included blank medium and SFM/MG. Positive
controls included blank medium to which recombinant MIP-1a was added. After
incubation for 3 h at 37°C in a standard tissue culture incubator, the Transwell inserts
were removed and a known number of 15-um microsphere beads (Bangs Laboratories,
Fishers, IN) was added to the wells before the medium and cells in the bottom
compartment were transferred to polystyrene tubes. Cells and beads were pelleted by
centrifugation (300 g; 10 min). All but 100-200 pl of the supernatant was removed, and
fluorochrome-conjugated antibodies recognizing CD14 (which labels monocytes), CD56
(which labels NK cells) and CD3 (which labels T cells) (Becton Dickinson; San Jose,
CA) were added to the tubes, which were then incubated at 4°C in the dark for 1 h. Cells
were washed twice in PBS containing 2% FCS. The mixture of cells and beads was
analyzed by flow cytometry on a FACScan (Becton Dickinson) with CellQuest software
(Beckton Dickinson). The absolute number of cells that migrated was extrapolated from

the percent recovery of the beads. All assays were done in triplicate.
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Ca™ Flux Assays

Reporter cell lines were generated as previously described (Gosling et al., 1997,
Myers et al., 1995; Tsou et al., 1998). HEK-293 parental cells were transfected with
human CCR1 (Ben-Baruch et al., 1995; Gao et al., 1993; Neote et al., 1993) and CCR2
(Charo et al., 1994; Franci et al., 1995; Myers et al., 1995), and 300-19 parental cells were
transfected with CCR3 (Combadiere et al., 1995; Daugherty et al., 1996; Kitaura et al.,
1996; Ponath et al., 1996), CCRS (Combadiere et al., 1996; Raport et al., 1996) and
CX3CR1 (Combadiere et al., 1998; Imai et al., 1997). The non-transfected parent lines
served as negative controls. Prior to analyses, medium samples were concentrated 5-10
fold (v/v) over a heparan sulfate column according to the manufacturer’s directions
(Amersham Pharmacia Biotech AB), after which they were dialyzed against PBS
overnight at 4°C. Intracellular Ca™ release was monitored as previously described (Myers
et al., 1995). Briefly, the target cells were preloaded with the Ca™ -sensitive dye calcein
AM (Molecular Probes Inc., Eugene, OR), washed, and resuspended in 1 pl of RPMI-
1640. The experiment started with the addition of 20 pl of concentrated cytotrophoblast
CM, 20 pl of concentrated SFM/MG as a negative control, or 5 pl of a stock solution (10
mM) of the relevant recombinant chemokine as a positive control (MIP-1a, MCP-1,
eotaxin, RANTES or fractalkine). The magnitude of the Ca* flux was determined

spectrofluorometrically.
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In Situ Hybridization

In situ hybridization was carried out using published methods (44). Isolated
cytotrophoblasts were cultured (as described above) on a 200-pl plug of Matrigel in a
Millicell-CM culture insert, 12 mm in diameter, 0.4-um pore (Millipore). After 24 h in
culture, the cells, together with the Matrigel substrate, were dissected from the inserts and
fixed in 3% paraformaldehyde for 30 min at 4°C. Then the cytotrophoblasts and Matrigel
were subjected to an increasing gradient of sucrose in PBS. After 20 min each in 5%,
10% and 15% sucrose, the cells were incubated overnight in a 1:1 (v/v) mixture of
optimum cutting temperature (OCT) compound and 15% sucrose. The next day, the cell
plug was embedded in OCT and frozen in liquid nitrogen. Sections (5 um) were cut,
mounted on poly-L-lysine-coated slides, and stored at -20°C until use.

Placental villi, basal plate and membrane specimens to be used in in situ
hybridization were fixed with 10% formalin in phosphate-buffered-saline (PBS) at room
temperature overnight, washed twice in PBS, dehydrated through a graded ethanol series,
cleared in xylene, and paraffin embedded. Sections (5 pm) were cut and mounted on poly-
L-lysine coated slides, deparaffinized and rehydrated before use.

To produce labeled probes, the EST plasmid clone ID# 154848, which contains an

837-bp insert of the human MIP-1a cDNA, was cut with either Not1 or EcoR1 (Gibco
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BRL, Rockville, MD). The linearized vectors were used as templates for the synthesis of
3S-cRNA probes using T3 (antisense) or T7 (sense) RNA polymerases (Melton et al.,
1984).

On day 1 of the in situ hybridization, slides were allowed to sit at room
temperature for 5 min. Then they were placed in PBS for 5 min, before incubation at
room temperature in 4% paraformaldehyde in PBS for 10 min, followed by a 5-min wash
in 0.5X SSC (1X =150 mM NaCl, 15 mM sodium citrate, pH 7.4). Sections were
deproteinated with 1 pg/ml proteinase K for 10 min at room temperature, then washed for
10 min in 0.5X SSC. Then they were fixed again in 4% paraformaldehyde for 3 min,
followed by a final wash in 0.5X SSC for 5 min. After a 3-h prehybridization at 55-60°C
in rHB2 buffer (50% formamide, 0.3 M NaCl, 20 mM Tris, pH 8.0, 5 mM EDTA, 1X
Denhardt’s [0.02% ficoll, 0.02% polyvinylpyrrolidone, 0.02% BSA], 10% dextran
sulfate, 10 mM dithiothreitol), the slides were incubated overnight at 55-60°C in a
humidified chamber with 200 pl of hybridization buffer: rHB2 buffer containing 500
pg/ml yeast tRNA and 1,200,000 cpm of **S-labeled antisense (experimental) or sense
(negative control) cRNA probes. After hybridization, sections were washed twice, 10
min each, in 2X SSC (300 mM NaCl, 30 mM Na citrate) with 10 mM B-mercaptoethanol
and ImM EDTA. Slides were then immersed in an RNase A solution (500 mM NaCl, 10

mM Tris, pH 8.0, and 10 pg/ml RNase A) for 30 min at room temperature and washed
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twice, 10 min each, in 2X SSC/B-mercaptoethanol/EDTA. Then the sections were
subjected to a high stringency wash (0.1X SSC, 10 mM B-mercaptoethanol, 1 mM
EDTA) for 2-3 h at 60° C before they were washed twice, 10 min each, in 0.5X SSC
without B-mercaptoethanol or EDTA. Finally, the sections were dehydrated (2 min/step)
in a series of graded (30%, 60%, 80%, 95% and 100%) ethanol solutions that contained
0.3 M NH,Ac. The slides were dried for 2 h in a fume hood before being dipped in
Kodak NTB-2 liquid emulsion. Afterwards they were dried overnight in the dark, boxed,
and stored at 4°C until they were developed. The sections were stained with hematoxylin
and eosin before they were examined in both dark and bright field using a Zeiss Axiophot

microscope.

Immunohistochemistry

Antibodies included anti-cytokeratin, 7D3 rat anti-human (Damsky et al., 1992)
and anti-CD45Rb, PD7/26 mouse anti-human (Dako). Sections of cell aggregates were
prepared as described above and then antibody binding was detected using Vectastain
ABC kits (PK-6102 and PK-6104) according to the manufacturer's instructions (Vector
Laboratories, Burlingame, CA). Signal was detected with a DAB peroxidase substrate kit
(Vector Laboratories). As a negative control, primary antibody was omitted on some

sections. Slides were counterstained with hematoxylin and eosin prior to analysis.
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Northern Hybridization

Total RNA was extracted from cytotrophoblasts immediately after the cells were
isolated or after 12, 24, or 36 h in culture, according to published methods (Chomczynski
and Sacchi, 1987). Blots were prepared as follows. 10 pg of total RNA was separated by
formaldehyde-agarose gel electrophoresis, transferred to Nytran membranes (Schleicher
and Schuell, Inc., Keene NH), and analyzed by Northern blot hybridization as previously
described (De et al., 1990; Lehrach et al., 1977; McMaster et al., 1995). Gels were stained
with acridine orange before transfer to ensure integrity of the RNA samples and to
confirm that equal amounts of RNA had been loaded in each lane. The MIP-1a-specific
probe (see above) was generated by using standard methods (Tabor, 1993). [**P]CTP
random oligonucleotide primers (Amersham Life Science, Inc.; Piscataway, NJ) and the
Klenow fragment of DNA polymerase I (Gibco BRL, Rockville, MD) were used to label

the probe, which had a specific activity of 2 x 10° dpm/pg.

Immunoblotting
Samples of cytotrophoblast CM were concentrated by heparin affinity
chromatography as described above. Then proteins were separated by SDS-PAGE on

10% gels and transferred to nitrocellulose membranes (Schleicher and Schuell, Inc.).
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Nonspecific antibody binding was blocked by incubating the membranes for 1 h at room
temperature in MT-PBS: PBS containing 5% nonfat dried milk (Carnation Nestle USA
Inc., Solon, OH) and 0. lv% Tween-20 (Sigma Chemical Co.). Then the membranes were
incubated overnight at 4°C with the primary antibody—anti-MIP-1a goat polyclonal IgG
(Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:20 (v/v) in MT-PBS. The
membranes were washed three times, 10 min each, in PBS containing 0.1% Tween-20 (T-
PBS), before they were incubated for 1 h at room temperature in the secondary
antibody—horseradish peroxidase-conjugated donkey anti-goat IgG (Jackson
ImmunoResearch Labs Inc., West Grove, PA) diluted 1:3000 (v/v) in MT-PBS. Finally,
the membranes were washed three times, for 10 min each, in T-PBS and processed for
detection of bound antibody by chemiluminescence according to the manufacturer’s

instructions (ECL; Amersham, Buckinghamshire, UK).

ELISA
Quantikine human MIP-1a ELISA kits (catalog # DMAOQO) were purchased from
R&D Systems and were used according to manufacturer’s instructions.

Endotoxin Detection
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The Endotoxin Detection Kit (catalog # 3070000) from ICN Pharmaceuticals, Inc.
(Costa Mesa, CA) was used according to the manufacturer’s instructions.
Statistical Analysis

To describe the general effects of cytotrophoblast CM on cell migration, data
from all chemotaxis experiments were analyzed together. Because the data were
nonparametrically distributed, the results were reported as the median and interquartile
range. To determine the significance of the effect of neutralizing the MIP-1a in the
chemotaxis assays, each experiment was considered individually. Data within individual
experiments were normally distributed and were analyzed with a two-tailed Student’s ¢
test. Subsequently, the mean percentage change (and standard deviation) in migration due
to addition of a neutralizing antibody was calculated for all experiments. For ELISA,
analysis of variance, followed by a Student-Newman-Keuls test, was used to compare the
concentration of MIP-1a in medium from first trimester, second trimester and term
cytotrophoblasts. The Spearman Rank Order Correlation was used to test for a trend
between presence of endotoxin and levels of MIP-1a in cytotrophoblast conditioned

medium.
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RNase Protection Assay

Total RNA from decidual granulated leukocytes was prepared as described above
(see Northern Hybridization). RiboQuant multi-probe RNase protection assay kits were
purchased from Pharmingen and were used according to manufacturer’s instructions.
Briefly, three probe sets (hCRS, hCR6 and hCR8), encompassing a total of seventeen
receptors, were labeled with *?P and hybridized to RNA (from 2 to 20 pg) from decidual
leukocytes. After RNAse digestion, protected bands were resolved on sequencing gels
and identified by size, using undigested probe as a reference size marker. Positive
controls included probes for L32 and GAPDH transcripts, to confirm RNA integrity and

loading. Yeast and PBMC RNA comprised additional controls for expression.
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Chapter Six - Human Placental Cytotrophoblasts Attract Monocytes and
CD56""*" NK Cells Via the Actions of MIP-1c

Abstract

During human pregnancy, the specialized epithelial cells of the placenta
(cytotrophoblasts) come into direct contact with immune cells in several locations. In the
fetal compartment of the placenta, cytotrophoblast stem cells lie adjacent to macrophages
(Hofbauer cells) that reside within the chorionic villous stroma. At sites of placental
attachment to the mother, invasive cytotrophoblasts encounter specialized maternal NK cells
(CD56*"®), macrophages and T cells that accumulate within the uterine wall during
pregnancy. Here we tested the hypothesis that fetal cytotrophoblasts can direct the
migration of these maternal immune cells. First, we assayed the chemotactic activity of
cytotrophoblast conditioned medium samples, using human PBMC:s as targets. The
placental samples preferentially attracted NK cells (both CD56*™ and CD56°**"), monocytes
and T cells, suggesting that our hypothesis was correct. A screen to identify chemokine
activity through the induction of a Ca*™ flux in cells transfected with individual chemokine
receptors suggested that cytotrophoblasts secreted MIP-1a. This was confirmed at the
mRNA level, both in vitro and in vivo, by in situ hybridization. MIP-1a protein in
conditioned medium was further characterized by immunoblotting and ELISA.
Immunodepletion of MIP-1a from cytotrophoblast conditioned medium showed that this
chemokine was responsible for a significant portion of the induced monocyte and CD56™"
NK cell chemotaxis. These data suggest the specific conclusion that cytotrophoblasts can
attract monocytes and CD56"" NK cells by producing MIP-1«, and the more general
hypothesis that these cells may organize and act on leukocytes at the maternal-fetal interface.
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Introduction

During human pregnancy, leukocytes traffic to areas where placental
cytotrophoblasts reside. The histology of these areas is diagrammed in Fig. 1 (see also
(Boyd, 1970; Brosens and Dixon, 1966; Cross et al., 1994; Damsky and Fisher, 1998)).
The fetal portion of the placenta is made up of individual units termed chorionic villi. Each
villus has a connective tissue core that contains fetal blood vessels and numerous
macrophages, termed Hofbauer cells. The macrophages often lie adjacent to a thick
basement membrane, which underlies a layer of cytotrophoblast stem cells that are the

progenitors of all the trophoblast lineages.

The differentiation pathway the cytotrophoblast stem cells take depends on their
location. In floating villi, the cytotrophoblasts fuse to form a multinucleate syncytial
covering. These villi are attached at only one end to the tree-like fetal portion of the
placenta. The rest of the villus floats in a stream of maternal blood, which optimizes
exchange, across the syncytium, of substances between the mother and fetus. In anchoring
villi, cytotrophoblast stem cells detach from the basement membrane and form a column of
non-polarized mononuclear cells that invade the uterus. As a result, these villi are attached
at one end to the fetal portion of the placenta and at the other end to the uterus. This
arrangement anchors the villus to the uterine wall. Invasive cytotrophoblasts rapidly
traverse most of the uterine parenchyma (interstitial invasion). They also breach the uterine
veins and arteries they encounter (endovascular invasion). Their interactions with veins are
confined to the portions of the vessels that lie near the inner surface of the uterus, but
cytotrophoblasts migrate in a retrograde direction along much of the intrauterine course of

the arterioles. Eventually these fetal cells completely replace the maternal endothelial lining
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and partially disrupt the muscular wall of these vessels. This unusual process diverts

uterine blood flow to the floating villi.

Endovascular invasion places fetal cells from the placenta in direct contact with
maternal blood in the uterine vessels. Our previous work shows that endovascular
cytotrophoblasts modulate their adhesion molecule phenotype to resemble that of endothelial
cells, a phenomenon we termed pseudovasculogenesis (Damsky and Fisher, 1998).
Interstitial invasion brings cytotrophoblasts into direct contact with maternal immune cells in
the uterus, termed decidual granulated leukocytes (DGLs). Both invasive cytotrophoblasts
and DGLs have unusual immunological properties. For example, the fetal cells express the
nonclassical MHC class Ib molecules HLA-G and HLA-E, rather than the classical
molecules HLA-A and -B (Copeman et al., 2000; Ellis et al., 1990; Kovats et al., 1990).
The expression of HLA-C by cytotrophoblasts has also been reported(King et al., 2000).
The maternal DGLs have an unusual composition: ~70% are specialized (CD56*¢"/CD16’)
NK cells and the remainder include equal contributions of monocytes (~15%) and T cells
(~15%) (Bulmer et al., 1991). During the first half of human pregnancy, DGLs account for
more than half of the maternal cells within the uterus (Starkey et al., 1988). This
phenomenon is not unique to humans, as recruitment of uterine NK cell populations during
pregnancy has also been described in mouse (Croy and Kiso, 1993; Croy et al., 1996;
Head, 1996) and pig (Engelhardt et al., 1997; Yu et al., 1993). Although the functional
consequences of cytotrophoblast interactions with DGLs are not well understood,
experimental evidence in the mouse suggests that the immune cells promote endovascular
invasion and placental development (Croy et al., 2000; Guimond et al., 1998). This idea is
in accord with observations in other tissues that immune cells, primarily macrophages,
secrete trophic factors that promote the growth and differentiation of resident cells (Rappolee
and Werb, 1988; Rappolee and Werb, 1992).
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The mechanisms underlying DGL recruitment to the uterus during pregnancy are not
understood, but in the context of their known functions, chemokines are likely to be
involved. Chemokines are a family of structurally related molecules that mediate immune
cell trafficking to sites of inflammation (Schall and Bacon, 1994) and to secondary
lymphoid organs (Cyster, 1999). Here we used an in vitro model to test the hypothesis that
chemokines derived from fetal cytotrophoblasts play a role in maternal DGL trafficking to
the uterus during pregnancy. In this model, samples of human cytotrophoblast conditioned
medium (CM) and human peripheral blood leukocytes were placed on opposite sides of a
Transwell filter membrane. We found that the medium samples recruited a leukocyte
population with a composition that was very similar to DGLs. Then, we used this model to
show that a cytotrophoblast-derived chemokine, monocyte inflammatory protein-1oa (MIP-
la), is one of the factors in the CM that plays a major role in attracting monocytes and NK
cells in vitro. Since we also detected MIP-1ao mRNA expression in cytotrophoblasts in situ
at the human maternal-fetal interface, we hypothesize that this chemokine has similar effects

during pregnancy.

Results

Cytotrophoblast Conditioned Medium Attracts NK Cells, Monocytes and T Cells.
As an initial test of our hypothesis that placental cells can direct the migration of decidual
leukocytes, we characterized the chemoattractant properties of CM harvested from cultures
of primary cytotrophoblasts, using human PBMCs as targets. Freshly isolated
cytotrophoblasts are a mixture of stem cells and cells in the initial stages of differentiation.

After 24-48 h in culture, the cytotrophoblasts have fully differentiated along the pathway
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that leads to invasion of the uterine wall, a process that places them in direct contact with
resident maternal cells, including leukocytes (reviewed in ref. 4). Thus, CM samples were
harvested after the cells had been in culture for > 12 h. Preliminary experiments showed
that cytotrophoblast CM isolated from first, second and third trimester placentas induced
the chemotaxis of monocytes, NK cells and T cells from peripheral blood. The results
suggested that cytotrophoblasts produce soluble factors that can direct the migration of

leukocytes found at the maternal-fetal interface during pregnancy.

A Chemokine in Cytotrophoblast Conditioned Medium Signals Through MIP-1«a
Receptors. Next, we investigated whether the chemotactic factors in the CM included
chemokines. Cell lines transfected with individual chemokine receptors were challenged
with cytotrophoblast CM that was concentrated over a heparan sulfate column. Positive
controls included exposure of each cell line to a ligand that activated the relevant receptor.
Cells expressing one of the following receptors were exposed to the ligand indicated:
CCRI1/RANTES, CCR2/MCP-1, CCR3/eotaxin, CCR5/MIP-1a, and CX3CR 1/fractalkine.
In all cases, addition of the recombinant chemokine induced a robust Ca** influx in the
transfected line (data not shown). Negative controls included exposure of the transfected
cells to serum-free control medium incubated on Matrigel in the absence of cells (SFM/MG),

and addition of cytotrophoblast CM to the corresponding untransfected parental cell line.

Results typical of these experiments are summarized in Fig. 2. Concentrated
cytotrophoblast CM, but not concentrated SFM/MG, induced a Ca™ flux in cells expressing
CCRI1 (Fig. 2A; n = 4) and CCRS (Fig. 2B; n = 5), but not CCR2, CCR3 or CX3CR1
(data not shown; n = 4, n=4 and n=3, respectively). CM samples from all three trimesters

had the same pattern of activity, although the magnitude of the response varied among
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samples. Since MIP-1a is the only chemokine that is a ligand for both CCR1 and CCRS,
but not CCR3, we hypothesized that MIP-1a was present in the CM.

Cytotrophoblasts Express MIP-1a mRNA in vitro. To confirm that
cytotrophoblasts secreted MIP-1a, we first examined production of MIP-1oo mRNA by
isolated cells. Initially, we used in situ hybridization for this purpose. The cytotrophoblasts
were cultured for 24 h on Matrigel, and then the cells together with the substrate were fixed
and sectioned prior to hybridization (see Material and Methods). Fig. 3A is a micrograph of
a histological section of the cultured cells that was stained with hematoxylin and eosin. The
morphology is typical of cytotrophoblasts cultured under these conditions (Librach et al.,
1991). The cells rapidly aggregate and those in direct contact with the matrix invade the
substrate, which is no longer visible due to solubilization during the hybridization
procedure. In situ hybridization with sense (Fig. 3B) and antisense probes (Fig. 3C)
showed that cytotrophoblasts synthesize MIP-1a mRNA. Immuno-histochemistry on
adjacent sections was performed to demonstrate that the cell aggregate was comprised of
cytotrophoblasts, particularly to exclude the possibility of macrophage contamination. The
staining revealed the presence of cytokeratin, a cytotrophoblasts marker, (Fig. 3 D) and the

absence of CD45Rb, a marker for bone marrow-derived cells (Fig. 3 E).

We used Northern blot hybridization to quantify cytotrophoblast expression of MIP-
la mRNA as a function of differentiation/invasion in vitro. Membranes with RNA samples
isolated from first trimester cytotrophoblasts were hybridized with a *?P-labeled cDNA
probe to MIP-1a. The results are shown in Fig. 4. Freshly isolated cytotrophoblasts
expressed very low levels of the 800 bp mRNA that encodes this chemokine. Expression of
an RNA of the expected size was dramatically upregulated by approximately 30-fold after 12
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hin culture. Levels remained high at the 24-h time point and decreased after 36 h in culture.
RNA samples that were isolated from second trimester cells showed the same upregulation
of MIP-1oo mRNA expression during the first 12 h of culture. Neither placental fibroblasts
nor the choriocarcinoma (malignant cytotrophoblast) JAR cell line expressed detectable
levels of MIP-1a mRNA.

Cytotrophoblasts Express MIP-1a Protein in Vitro. We also examined the cells’
expression of MIP-1a at the protein level using two methods. In the first, immunoblot
analyses were performed using a MIP-1a-specific IgG. The results are shown in Fig. SA.
This antibody reacted with a single band of the expected size (12 kD) in a sample of
recombinant MIP-1o. Immunoreactive bands of the same estimated molecular mass were
present in concentrated CM samples of cytotrophoblasts isolated from first, second and third
trimester placentas. Neither the control SFM/MG medium nor placental fibroblast CM (data

not shown) contained proteins that reacted with anti-MIP-1c.

We used an ELISA to quantify MIP-1a in cytotrophoblast CM from first trimester
(n=17), second trimester (n=18), and term (n=7) cells that were cultured for 12-48 h.
Levels of this chemokine detected in individual samples ranged from 1.2 - 82 ng/ml (Fig.
5B). CM from five preparations of first trimester and one preparation of second trimester
cytotrophoblasts contained amounts of MIP-1a protein that were below the <7 pg/ml lower
detection limit of the assay. Analysis of variance, followed by the Student-Newman-Keuls
test, demonstrated that term cytotrophoblasts produced significantly more (P< .05) MIP-1a
than cytotrophoblasts isolated from first and second trimester placentas. As expected, MIP-
la was not detected in control SFM/MG or placental fibroblast CM (data not shown). The
five pairs of connected data points in Fig. 5B show MIP-1a levels in medium samples from
the same culture over time. In accord with the results of the Northern blot hybridization
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analyses of MIP-1o. mRNA levels, the corresponding protein accumulated in the medium

during the course of the experiment.

To ensure that the MIP-1a detected in the CM samples represented cytotrophoblast-
derived chemokine, and not chemokine produced by contaminating monocytes within the
primary culture, we compared the levels of MIP-1a in the medium with the presence or
absence of endotoxin, a factor that stimulates chemokine production by monocytes but not
cytotrophoblasts. Twenty samples of cytotrophoblast CM were simultaneously assayed for
endotoxin by the Limulus Amebocyte Lysate assay and for MIP-1a protein concentration by
ELISA. There was no correlation between the two variables, as determined by the
Spearman Rank Order Correlation test (Figure SC). This result shows that cytotrophoblasts

are the source of MIP-1a protein in the medium.

Cytotrophoblasts Express MIP-1o. mRNA in vivo. As a final step in assessing
cytotrophoblast production of MIP-1a, we used in situ hybridization to study mRNA
expression by cells in situ at the maternal-fetal interface (n=9). Fig. 6A shows a micrograph
of a histological section that was stained with hematoxylin and eosin. The morphology is
typical of the uterine wall at term—the cytotrophoblasts lie within a loose meshwork of
extracellular matrix components. Hybridization of these tissue sections with **S-labeled
antisense probe (Fig. 6B) revealed MIP-1o mRNA expression by cells within anchoring
villi and by extravillous cytotrophoblasts within the uterine wall. As a negative control,

adjacent sections were hybridized with sense probe (Fig. 6C), which yielded no signal.

MIP-1c in Cytotrophoblast CM Induces the Migration of Monocytes and CD56""*"
NK cells. Having shown that cytotrophoblasts produce MIP-1a, we assessed the
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contribution of this chemokine to the CM activity originally observed: induction of
monocyte, NK cell and T cell chemotaxis. First, we performed control experiments to
characterize the chemotactic activity of MIP-1a in our system, using recombinant
chemokine with unstimulated PBMCs as targets (Fig. 7). A range of concentrations that
encompassed those found in cytotrophoblast CM was tested. This control system also
allowed us to demonstrate the efficacy of the function-perturbing anti-MIP-1a antibody

which was used in subsequent experiments.

The results showed that the response to recombinant MIP-1« varied among the
various PBMC populations we analyzed. As reported by other investigators (Wang et al.,
1993) large numbers of monocytes migrated in every experiment (n = 8). The results of a
typical analysis are shown in Fig. 7A. Monocyte chemotaxis peaked at a MIP-1a
concentration of 10 ng/ml, addition of anti-MIP-1a returned migration to baseline levels,
and a control IgG antibody added at the same concentration had no effect. NK cells also
responded to recombinant MIP-1q, although somewhat less consistently. In 6 out of 9
experiments CD56™#" and CD56“™ NK cells migrated towards recombinant MIP-1a (Fig.
7B and C, respectively). Again, chemotaxis was not observed in the presence of anti-MIP-
la. Finally, the effects of MIP-1a on T cells were highly variable. In three of nine
experiments we observed chemotaxis that was reversed by the addition of anti-MIP-1a

(data not shown).
Next we assayed the chemotactic activity of cytotrophoblast CM, using PBMCs as

targets. In these experiments, MIP-1a in cytotrophoblast CM was quantified by ELISA,
then the medium was diluted to produce CM samples that contained from 100 ng/ml to 10
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pg/ml of this chemokine. The chemoattractant activity of these CM samples is summarized

in Fig. 8A.

Monocyte migration toward cytotrophoblast CM typically peaked at 10 ng/ml of
MIP-1a (six of eight times) as did the migration of these cells in response to the
recombinant chemokine (compare Fig. 7A and Fig. 8A). At the peak, 16% (3% to 53%) of
all monocytes migrated (median and interquartile range; n = 8). Since the Matrigel
extracellular matrix preparation is a potential source of chemoattractants, basal migration
toward medium that was incubated with the matrix substrate in the absence of cells
(SFM/MG) was also tested. In this control situation, 1.5% (0.5% to 5%) of the cells
migrated. Taken together, these data showed that cytotrophoblast CM stimulated a 7-fold

(3.7-fold to 16.6-fold) increase in migration over control levels.

Cytotrophoblast CM also attracted CD56"" and CD56""*" NK cells. In all but one
instance (eight out of nine times) NK cell migration was still increasing at the highest CM
(MIP-1a) concentration that was tested (Fig. 8A). At this point 4% (0.6% to 5%) of all
CD56%" cells and 5.4% (1.8% to 10.5%) of all CD56""®" cells migrated. Basal migration
stimulated by control medium was similar for both NK subtypes: 0.4% (0.1% to 0.9%) for
CD56" cells and 0.6% (0.2% to 1%) for CD56"*" cells. Thus, cytotrophoblast CM
induced a 7.7-fold increase (5-fold to 12-fold) in the migration of CD56*" cells and a 5.5-
fold increase (2.8-fold to 6.5-fold) in the migration of CD56™" cells.

The pattern of T cell migration in response to cytotrophoblast CM followed that of
NK cells, i.e. a peak was not observed within the range of cytotrophoblast CM (MIP-1a)
concentrations tested (Fig. 8A). At the highest concentration, 1.7% (1.3% to 3.5%; n = 9)
of T cells migrated as compared to basal migration, which was 0.5% (0.4% to 1.22%).
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Accordingly, cytotrophoblast CM increased T cell migration by 2-fold (1.7-fold to 4-fold)
over basal levels, a relatively modest response compared to that of monocytes and NK

cells.

Finally, we analyzed the effects of adding function-perturbing anti-MIP-1a on
cytotrophoblast CM-induced PBMC chemotaxis. In five experiments, neutralizing MIP-1a
activity reduced monocyte migration at its peak by 44.2% + 10.0% (mean + SD) as
compared to the addition of a control IgG. Fig. 8B shows the results of a typical analysis.
Here and subsequently we used a two-tailed Student’s t-test to further analyze the data from
individual experiments. The results of three experiments achieved statistical significance (P
<.05). Data from the other two experiments were less significant (P < .075 and P < .20).
In four experiments, abolishing MIP- 1« activity in the CM reduced migration of CD56""
NK cells by 66.8% + 20.0% as compared to the control IgG. An example of these data is
shown in Fig. 8C. The results of three experiments were highly significant (P < 0.005). In
one case the data were less significant (P < 0.1). Although cytotrophoblast CM was
chemotactic for both CD56“™ NK cells and T cells, antibody neutralization showed that this
effect did not depend on MIP-1a activity, suggesting a more complex phenomenon (data not

shown).

Discussion

The mechanisms whereby the human hemi-allogeneic placenta avoids rejection by
the maternal immune system are under intense investigation. In accord with the central role
of placentation in pregnancy maintenance, current evidence suggests multiple levels of
regulation. There are several notable examples in which fetal trophoblasts produce soluble
factors with activities that have the potential to modify maternal immune functions. These
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molecules include cytokines and growth factors, such as IL-10 (Roth et al., 1996), TGF83
(Dungy et al., 1991; Kauma et al., 1990) and MIF (Arcuri et al., 1999), that downregulate
immunological responses in other settings (Apte et al., 1998; Bejarano et al., 1992; Letterio
and Roberts, 1998). Interestingly, the placenta has also adopted strategies to regulate the
immune system at a metabolic level by producing the enzyme indoleamine 2,3-dioxygenase,
which catabolizes tryptophan needed by activated T cells (Munn et al., 1998). Finally,
several novel mechanisms of immune regulation are used at the maternal-fetal interface,
including high local levels of progesterone (Pavia et al., 1979), and expression of the non-
classical MHC class I molecule, HLA-G (Kovats et al., 1990), which also has a soluble
form. All of these products downregulate the immune response—particularly the activities

of T cells and NK cells, the primary mediators of allogeneic graft rejection.

Now, we add chemokines, regulators of leukocyte trafficking, to the list of placenta-
derived immunomodulators. In this report we demonstrate that cytotrophoblasts express
chemokines that can direct the migration of leukocytes similar to those found at the maternal-
fetal interface. In vitro chemotaxis assays characterized the effects of cytotrophoblast CM
on peripheral blood leukocytes. The chemotactic responses of the target cells to the CM
resembled those observed when leukocytes are challenged with chemokines, in terms of
concentration dependence, time course and efficacy with regard to cell number (Baggiolini et
al., 1994; Loetscher et al., 1996; Premack and Schall, 1996). Accordingly, we used
reporter cells transfected with specific receptors to test for the presence of chemokines in the
medium. This assay revealed the presence of MIP-1q, a result we confirmed by
complementary analyses at both the RNA and protein levels. Freshly isolated
cytotrophoblast stem cells expressed very low amounts of MIP-1o. mRNA, although
expression increased dramatically as the cells differentiated in culture. This suggested that
in vivo, cytotrophoblasts upregulate the expression of this chemokine as they
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differentiate/invade the uterine wall (see Fig. 1). In situ hybridization analyses of tissues
that contained the maternal-fetal interface confirmed that cytotrophoblasts inside the uterine
wall express MIP-1ao mRNA in vivo. Although the production of MIP-1a by
cytotrophoblasts was highly reproducible, the concentration of secreted chemokine varied
among cell preparations, ranging from < 7 pg/ml to 82 ng/ml in the CM. This finding
correlates with similar observations of variability in cytokine (e.g., IL-10) and hormone
(e.g., placental lactogen) production among different placentas (Paradowska et al., 1997,
Roth et al., 1996; Suwa and Friesen, 1969). As each individual is the product of a unique
genetic, hormonal and immunological environment, it follows that production of

downstream effector molecules by tissues from individual donors reflects these differences.

In spite of this variability in chemokine production, specific aspects of the
chemotactic properties of cytotrophoblast CM were clearly attributable to the presence of
MIP-1¢, since eliminating its activity from the cytotrophoblast CM altered the chemotaxis
of target cells in our in vitro assay. In general, these effects reflected the previously
published actions of this chemokine on leukocyte subsets. For example, MIP-1a in the
cytotrophoblast medium strongly attracted monocytes, well-established targets for this
molecule (Wang et al., 1993). The fact that the dose-response curves for monocyte
chemotaxis towards cytotrophoblast CM and recombinant MIP-1a were essentially
superimposable suggested that this chemokine was a dominant cytotrophoblast-derived
factor regulating monocyte migration. Additionally, in terms of absolute cell numbers,
cytotrophoblast CM stimulated migration of approximately 15% of the target monocytes,
and addition of anti-MIP-1a to cytotrophoblast CM reduced monocyte migration by
approximately 45%. Together, these data indicate that cytotrophoblasts rely heavily on

MIP-1a in the CM to regulate monocyte chemotaxis. Other cytotrophoblast-derived
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chemokines, such as RANTES, may also contribute to this phenomenon (Hornung et al.,

1997).

Cytotrophoblast CM was also highly chemotactic for NK cells, another established
target of MIP-1a (Loetscher et al., 1996; Taub et al., 1995). As the NK cells that reside in
the uterus during pregnancy are of the CD56"®" rather than the CD56%™ phenotype, we
analyzed the chemotaxis of each population of cells separately. Since CD56™" cells
comprise only 10% of all circulating NK cells, most studies investigating chemokine activity
have not distinguished between the two subtypes. One exception is the report that SLC and
CKB-11, both ligands for the CCR7 receptor, preferentially attract CD56™#" over CD56%™
cells (Kim et al., 1999). Here, we report that MIP-1a activity in cytotrophoblast CM is
responsible for nearly 70% of the migration of CD56™" cells we observed. In contrast, the
contribution of this chemokine to the migration of CD56%™ cells is less clear, suggesting that
other factors in cytotrophoblast CM may be responsible for this activity. Therefore, in this
system MIP-1a has differential effects on these two NK subsets. Thus, via MIP-1a,
cytotrophoblasts are equipped with a potent mechanism that may allow them to direct the
movement of the two major populations of leukocytes, monocytes and CD56"" NK cells,

with which they interact at the maternal-fetal interface.

Finally, although MIP-1a is a reported attractant for activated T cells, it was not
responsible for the migration of these cells towards cytotrophoblast CM. In accord with
previously published data, the unstimulated T cells within our PBMC target population did
not migrate towards recombinant MIP-1a (Taub et al., 1993). Similarly, the migration of

unstimulated T cells towards cytotrophoblast CM was not affected by addition of anti-MIP-
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la to the medium. These findings suggest the presence in the CM of T cell chemoattractants

whose identity we have not yet established.

To our knowledge, this report is the first demonstration that cytotrophoblasts may
be capable of contributing to the recruitment of decidual leukocytes. It should be noted that
the uterine stroma itself is capable of attracting circulating leukocytes, as distinct
populations of immune cells migrate through the uterus during the course of the menstrual
cycle (Bulmer et al., 1991). Furthermore, decidual leukocytes can be found in the decidua
in the event of an ectopic pregnancy, when the placenta has implanted outside of the uterus
(Vassiliadou and Bulmer, 1998). Therefore, decidual leukocyte infiltration is also
regulated by the decidual vasculature, as is suggested by the highly specific combinatorial
expression of adhesion molecules in pregnant mouse uterine blood vessels (Kruse et al.,
1999). These adhesion molecules are intergral to a multi-step homing process that also
requires chemokines. In mouse the absence of MIP-1a or one of its receptors (CCRS) did
not affect NK cell infiltration of the pregnant uterus (Chantakru et al., 2001). Given the
number of known chemokines and receptors, it is likely that mouse and human employ

distinct sets of these molecules to influence decidual leukocyte chemotaxis.

Here, we demonstrate that the human cytotrophoblasts produce MIP-1a, which
endows them with the capacity to direct the migration of NK cells, monocytes and T
cells—cells that compose the decidual granulated leukocyte population with which the
placenta co-exists. This activity could contribute to the recruitment of decidual leukocytes,
or may be used at a local level to manipulate the micro-immune environment at the maternal-
fetal interface. Either scenario affords fetal cytotrophoblasts an additional level of control in

regulating the immune activity of maternal cells in this sensitive location.
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Figure 6-1. Anatomy of the Placental Bed. At the fetal-maternal interface, fetal placental
cells (cytotrophoblasts) are in close proximity to maternal leukocytes that reside within the
uterine wall. The chorionic villus is the basic structural unit of the placenta. A subset,
termed anchoring chorionic villi (AV), establish physical connections between the fetus and
the mother. Anchoring villi form when cytotrophoblast stem cells detach from their
basement membrane and form a column of non-polarized mononuclear cells that invade the
uterus. These invasive cytotrophoblasts rapidly traverse most of the uterine parenchyma,
where they encounter numerous maternal immune cells: predominantly CD56"#" NK cells,
but also macrophages and T cells. Invasive cytotrophoblasts target uterine spiral arterioles
for invasion. They remodel these vessels by replacing the endothelial lining and destroying
the muscular wall. Thus, cytotrophoblasts are in direct contact with both maternal

peripheral blood (sites marked 1) and decidual leukocytes (sites marked 2).
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Figure 6-2. Cytotrophoblast Conditioned Medium Signals Through MIP-1a Receptors.
Cytotrophoblast (CTB) conditioned medium (CM) was screened for its ability to induce a
calcium flux in reporter cells transfected with individual chemokine receptors. Negative
controls included exposure of the transfected cells to serum-free control medium incubated z
with Matrigel in the absence of cells (SFM/MG) and addition of cytotrophoblast CM to the

corresponding untransfected parental cell line. Recombinant chemokines were used as o

positive controls. Concentrated cytotrophoblast CM induced a Ca*™ flux in cells expressing

CCRI1 (A) and CCRS5 (B), but not CCR2, CCR3 or CX3CRI1 (data not shown). - ;
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Figure 6-3. In Situ Hybridization Demonstrates That Cultured Cytotrophoblasts
Synthesize MIP-1o mRNA In Vitro. (A) Bright field micrograph of a histological section
of cultured cytotrophoblast cells that was stained with hematoxylin and eosin (HE). Dark
field micrographs of control sense probes (B) were negative, while experimental antisense
probes (C) revealed cytotrophoblast expression of MIP-1a mRNA, detected as white dots
(4 wk exposure). Immunohistochemistry on adjacent sections demonstrated positive

staining for the cytotrophoblast marker cytokeratin (D) and the absence of staining for the

macrophage marker CD45Rb (E).
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Figure 6-4. Northern Blot Hybridization Shows That Cytotrophoblasts Modulate MIP-
la mRNA Expression in Culture. (Top panel) Cytotrophoblast expression of MIP-1a
mRNA was quantified as a function of differentiation/invasion in vitro. Total RNA was
isolated from first trimester placental fibroblasts (FIB), from the choriocarcinoma cell line
JAR, and from first (I) and second (II) trimester cytotrophoblasts either immediately after
isolation (0 h) or after culturing the cells for the times indicated. Northern blot analysis was
performed using a MIP-1a specific probe. Prior to culture, first and second trimester cells
expressed very low levels of this mRNA, but its expression was upregulated by
approximately 30-fold after 12 h in culture. Neither placental fibroblasts nor the JAR cell
line expressed MIP-1a mRNA. (Bottom panel) Acridine Orange staining of the gel prior to
transfer demonstrated equal loading of RNA.
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Figure 6-5. Cytotrophoblasts Secrete MIP-1a Protein In Vitro. (A) Immunoblotting

with a MIP-1a-specific polyclonal IgG. This antibody reacted with a single band of the

expected size (12 kD) in a sample of recombinant MIP-1a (rMIP). Immunoreactive bands

of the same estimated molecular mass were present in concentrated CM samples of

cytotrophoblasts isolated from first (I), second (II) and third (III) trimester placentas, but

not the control serum-free medium (SFM). (B) MIP-1a concentrations in cytotrophoblast s
CM as assessed by ELISA. CM was harvested from first trimester, second trimester, and

term cells that were cultured for 12-48 h. Levels of this chemokine detected in individual

samples ranged from 1.2 - 82 ng/ml. The five sets of connected data points show MIP-1a .
levels in medium samples from the same culture over time, demonstrating that the protein ;
accumulated in the medium during the course of the experiment. As expected, MIP-1a was
not detected in control SFM/MG or placental fibroblast CM (data not shown). (C) The
presence or absence of endotoxin was compared to the concentration of MIP-1a protein in
cytotrophoblast CM. Twenty medium samples were assayed, four of which were positive
for endotoxin. Chemokine concentrations in the samples ranged from 0.6 to 60 ng/ml.

The Spearman Rank Order Correlation, which tests for trends between data sets, failed to

show a correlation between the two variables.
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Figure 6-6. Invasive Cytotrophoblasts Express MIP-1a mRNA In Vivo. In situ
hybridization on tissue sections of the maternal-fetal interface demonstrates the presence of
MIP-1a mRNA in cytotrophoblasts within the uterine wall. (A) Bright field micrograph of
a histological section that was stained with hematoxylin and eosin (HE). Clusters of
cytotrophoblasts are easily seen within a loose meshwork of extracellular matrix
components. (B) Dark field micrograph of the same section. White dots indicate signal
from *°S-labeled MIP-1a antisense probe (8 wk exposure). This signal is absent in an
adjacent section (C) that was incubated with sense probe as a negative control. AV:

anchoring villus.
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Figure 6-7. The Effects of Recombinant MIP-1a on PBMC Chemotaxis. (A-C) Results
of a representative experiment. (A) Monocyte chemotaxis towards a dilution series of
recombinant MIP-1a (rMIP-1a) peaked at a concentration of 10 ng/ml. Addition of a
neutralizing anti-MIP-1a IgG (NIgG) returned migration to baseline levels, and a control
IgG antibody (CIgG) added at the same concentration had no effect. (B) CD56™" and (C)
and CD56%™ NK cells also responded to recombinant MIP-1c, but their migration did not
peak within the range of concentrations tested. Addition of anti-MIP-1a reduced NK cell

migration to baseline.

120

‘t-‘"-v T



No. cells migrated

No. monocytes migrated

T
1 10 100

MIP-1a (ng/ml)

MIP-1a (ng/ml)

Figure

121

6-8

—0—CD3+ T cells

—0—CD56+ NK cells
—O0— CD14+ monocytes

solid line: CTB CM
dashed line: SFM/MG control

—_0—
R —
R, W

EEEY. CETS

CTB CM
CTB CM + CigG
CTB CM + NigG
SFM/MG




No. CD56"" cells migrated

250
m-
150
100
50 P!
IR i # LTI - LCEELLEEED - et -
0.01 0.1 1 10 100
MIP-1a (ng/mi)
Figure 6-8
122

—0O—CTB CM
—o0— CTB CM + CigG
----0--- CTB CM + NIgG
---A---SFM/MG

‘\F.;



Figure 6-8. Cytotrophoblast CM Attracts Monocytes and CD56™=" NK Cells Via the
Action of MIP-1a. Panels A-C depict the results of a representative experiment. MIP-1a
levels in cytotrophoblast CM samples were determined by ELISA. The chemoattractant
activity of cytotrophoblast CM that contained from 0.01 to 100 ng/ml MIP-1a is
summarized in (A). In all experiments the migration of cells toward serum-free medium that
was incubated with Matrigel alone (SFM/MG) was used to assess basal migration.
Monocyte movement towards the CM peaked at 10 ng/ml of MIP-1a, while NK-cell and T-
cell migration was still increasing at the highest concentration of CM (chemokine) tested. (B
and C) Addition of a neutralizing anti-MIP-1a IgG (NIgG) significantly reduced the
migration of PBMCs towards cytotrophoblast CM. (B) At its peak, monocyte migration
was reduced by 44.2% + 10.0% (mean + SD) as compared to the addition of a control IgG
(CIgG). (C) Chemotaxis of CD56™" NK cells was diminished by 66.8% + 20.0% as
compared to the control IgG. Neither CD56“™ NK-cell nor T-cell migration was affected by

neutralization of MIP-1a activity (data not shown).
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Chapter Seven — Chemokine Expression in the Placental Bed

Abstract

Although first identified as chemoattractants involved in inflammation, subsequent
studies uncovered numerous other processes in which chemokines participate (Chapter
Four). Chapter Six described the expression of a particular chemokine, MIP-1q, by
cytotrophoblasts, and the effect of its activity on the in vitro chemotaxis of leukocytes.
The immune subsets that migrated towards cytotrophoblast CM represent the same cells
found in the pregnant uterus, suggesting the possibility of a similar in vivo effect. We
reasoned that this paradigm might involve other chemokines. Therefore, we screened the
chemokine database for molecules that were expressed in placenta and pregnant uterus.
These factors were then localized at a transcriptional level by in situ hybridization on
uterine and placental tissues. Simultaneously, expression of chemokine recepetors by
decidual leukocytes was studied by RNAse protection. Together, these results suggest
that a number of receptor-ligand pairs are involved in decidual leukocyte recruitment.
The expression patterns suggest chemokine involvement in other processes at the

maternal-fetal interface such as angiogenesis and cytotrophoblast differentiation.
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Introduction

As shown in Figure 1-3, the maternal-fetal interface covers essentially two
compartments, the uterus and the placenta. Specific chemokine expression patterns in
these two compartments raised the possibility of regulatory networks acting in cis and
trans. The functional ramifications of these expression patterns will require years to
elucidate. Nevertheless, these data strengthen the hypothesis that chemokines play a

critical role in placentation.

The maternal compartment: chemokine expression in the uterine wall

Successful human pregnancy requires that the maternal immune system, in defiance
of all known laws of transplantation, tolerate the presence of a conceptus expressing
paternal-antigens. The mechanisms behind this immunological paradox constitute an
area of active investigation. In accord with its biological importance, current evidence
points to multiple levels of regulation supporting maintenance of the fetal hemi-allograft
(Thellin et al., 2000). For example, the exclusive expression of the non-classical class I
molecule HLA-G (Kovats et al., 1990) by extravillous cytotrophoblasts probably plays a
role in the downregulation of NK cell cytotoxicity via interaction with inhibitory

receptors on the latter cells.
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Limiting immune cell access to the fetal allograft may be another mechanism
involved in maternal tolerance. Accumulating evidence supports this hypothesis. First, a
large and specific population of immune cells, termed decidual leukocytes, infiltrates the
pregnant uterus. Accounting for at least 15% of all cells in the decidualized uterine wall,
these immune cells are identifiable from early pregnancy through term (Yan Zhou, Susan
Fisher, personal communication), although their presence at the latter time is
controversial (Dallenbach-Hellweg, 1981; Starkey, 1993). As discussed in Chapter
Three, the decidual leukocyte population is unique: comprised predominately (~70%) of
an unusual type of NK cell (CD56"®"/ CD16-) with contributions from T cells (~15%)
and monocytes (~%15) (Bulmer et al., 1991; King et al., 1989). Based upon the
expression of markers such as Fas, CD69 and CD71 (Figure 3-2), these cells are
activated. However, their cytolytic capacity is limited in comparison to that of peripheral
NK cells (Ferry et al., 1990). Taken together, these special features of decidual
leukocytes imply that maternal tolerance relies, at least in part, on the presence of a

selected population of immune cells at the maternal-fetal interface.

Second, by comparison to other systems (Cyster, 1999), it is likely that the

specificity of decidual leukocyte composition is governed at the level of cell trafficking.
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This has been demonstrated in the mouse, where microdomains of differentially
expressed adhesion molecules involved in cell homing have been identified within the
pregnant uterus. This expression is functionally correlated with the distinct localization
of neutrophils, monocytes and NK cells to different portions of the uterus. Accordingly,
each leukocyte subset expresses adhesion molecules that interact with the endothelial

counter-receptors in its respective microdomain (Kruse et al., 1999).

Finally, although the contribution of chemokines to the recruitment of decidual
leukocytes has not been previously considered, these molecules are required for effective
leukocyte homing in other systems (Butcher and Picker, 1996) and likely play an
analogous role during pregnancy. To date, only IL-8, MCP-1 and RANTES have been
localized to the pregnant human uterus (Garcia-Velasco and Arici, 1999; Hornung et al.,
1997), and the possible effects of this expression on decidual leukocytes have not been
investigated. Therefore, this thesis advances the literature in two important ways. First,
it presents the expression patterns of a panel of nine chemokines in the decidua. Next, it
examines chemokine receptor expression by decidual leukocytes. When analyzed
together, these data identify potential ligand-receptor pairs involved in leukocyte

trafficking to the pregnant uterus.
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The fetal compartment: chemokine expression in the placenta

Placental development entails the growth of a fibroblastic villous core encased
within a basement membrane covered by a layer of cytotrophoblast stem cells (Figure 1-
3). The latter cells can adopt one of two differentiation fates, either fusing to from a
multi-nucleate syncytium covering most of the villous surface, or detaching from the
basement membrane to join a column of mononuclear cells that migrate into the uterine
wall. These invasive cells firmly anchor the placenta to the uterine wall, remodel
maternal arteries and divert blood flow to the intervillous space (reviewed in (Cross et al.,
1994; Damsky et al., 1993)). In the latter location, nutrients, gases and wastes are
transported between the syncytium and fetal blood vessels that course through the stromal

villous cores.

Early in placental development, a special population of immune cells takes up
residence in the villous stroma. These cells are macrophages of unknown origin and
function, termed Hofbauer cells. They are numerous throughout the stroma, but are
especially prominent along the basement membrane, just deep to the cytotrophoblast stem
cells and syncytium. Based upon their expression of several markers, Hofbauer cells

appear to be capable of capturing and presenting antigens (reviewed in (Benirschke,
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2000)). However, the significance of this observation is unclear, as classical partners for
antigen presentation, T cells and B cells, are not typically found in the villous stroma

(Benirschke, 2000).

By analogy to other systems, many of these developmental events could be
regulated by chemokines. Four broad areas of potential influence can be identified:
proliferation, cell fate, angiogenesis, and leukocyte trafficking. With regard to mitosis,
chemokines commonly stimulate proliferation in target cells (Schall and Bacon, 1994,
Zlotnik et al., 1999). The link to cell fate is less clear, however the receptor CXCR4 and
its ligand SDF1 are expressed in complementary patterns in the developing neuronal,
cardiac, vascular, hematopoietic systems, as well as the craniofacial region of the mouse
(reviewed in (McGrath et al., 1999)). Null mutations in either of these genes yield
defects in these systems and locations. Even more intriguingly, receptor and cognate
ligand are also expressed in a reciprocal fashion during gastrulation, when migrating cells
(mesoderm and definitive endoderm) express CXCR4 mRNA while embryonic ectoderm
cells express SDF1 message (McGrath et al., 1999). Finally, the role of chemokines in

angiogenesis and cell trafficking has been well-established (Chapter Four).
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To our knowledge, the role of chemokines has not been considered in the context of
placental development. This thesis, which describes the mRNA expression of the
aforementioned panel of nine chemokines in the placenta, is the first study to address this
issue. Importantly, the results identify molecules that may participate in the
developmental processes described above, and set the stage for functional experiments to

confirm the hypotheses suggested by the data.

Results

Multiple chemokines are expressed at the maternal-fetal interface. As a first
approach to our studies of chemokine expression in the placental bed, we narrowed the
list of candidate molecules by selecting chemokines known to be expressed in the
appropriate tissues. Information in a database of expressed-sequence tagged clones
(http://cytokine.medic.kumamoto-u.ac.jp/CFC/CK/Chemokine.html) allowed us to select
chemokines that had been cloned from expression libraries of pregnant uterus or placenta.
At the time this work was inititated, fifteen chemokines fit the established criteria. Since
then the list has grown to include twenty-one members (Table 7-1). Based on initial

results, we chose nine of the original chemokines for in depth analysis by in situ
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hybridization studies localizing mRNA expression within tissue sections of the maternal-
fetal interface. The tissues examined included portions of floating villi, anchoring villi,
and the placental bed—decidualized uterus, with accompanying decidual leukocytes and
invasive cytotrophoblasts (Figure 6-1). Positive controls included in situ hybridization on
other tissues of known chemokine expression; negative controls consisted of sense probes
hybridized to adjacent sections. The results show that both fetal and maternal tissues are

richly endowed with chemokines.
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Chemokines Cloned from Human Pregnant Uterus or Placenta

CC Family CXC Family CX3C Family '
CCKl1 BRAK Fractalkine*
Eotaxin GCP-2 ..
HCC-1* GCP-2-like* -
MCP-1* GRO1
MCP-3 IL-8
MIP-1 alpha* IP-10*
MIP-4 ITAC*
RANTES MIG*
SLC PBP
SDF1* -

Source: Chemokine website ~
http://cytokine.medic.kumamoto- :
u.ac.jp/CFC/CK/Chemokine.html Last updated 4/6/01

Table 7-1
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Table 7-1. Numerous chemokines have been cloned from expression libraries of
placenta or pregnant uterus. Chemokines thus identified are listed by class. Molecules
selected for expression studies are designated with an asterisk. Source: chemokine

website (http://cytokine.medic. kumamoto-u.ac.jp/CFC/CK/Chemokine.html). Last

updated 4/6/01.
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Figures 7-1 through 7-19 present representative expression patterns for
fractalkine, GCP-2-like, HCC-1, IP-10, ITAC, MCP-1, MIG, MIP-1a, SDF1 and MIP-4.
The results are summarized in Table 7-2. Several patterns emerged. In general,
chemokines were abundant; mRNA for a variety of molecules was intensely expressed
and widely distributed among cell types in both the maternal and fetal compartments .
With the exception of SDF1, expression was remarkably stable across gestation, and in
general, expression patterns were highly reproducible (n = from 5 to 19). Interestingly,
several of the chemokines shared a common expression pattern. Many factors were
broadly distributed throughout the stroma. In the fetal compartment, expression was
detected in the villous cores. In the maternal compartment, expression was detected in
the decidua. Additionally, individual chemokines were also produced by resident

immune cells and by extravillous cytotrophoblasts.

Fractalkine, HCC-1 and ITAC had very similar expression patterns. Both villous
cores (Figures 7-1 and 7-2, B and D; Figure 7-3, B, D and F) and decidual stroma
(Figures 7-1 and 7-2, D; Figure 7-3, F) were strongly positive with an evenly distributed
signal derived predominately from fibroblasts. GCP-2-like mRNA was expressed in a

similar pattern (Figure 7-4, B and D) with less consistency and intensity (n=3 positive out
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of 8 total samples). Occasional samples did not fit the dominant pattern. For example,
ITAC expression by decidual leukocytes was observed in only one sample (data not R

shown).
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Table 7-2. Summary of chemokine expression in the placental bed. Results of in
situ hybridization studies on tissues from the maternal-fetal interface are shown.
Expression was assessed in both the fetal and maternal compartments. "n" = number of
individual placentas analysed. "++" indicates strong expression, "+" intermediate
expression, and "-" the absence of expression. Cases in which non-uniform expression
was detected are noted. ** Invasive cytotrophoblasts were only present in 9 samples

hybridized to MIP-1a. 1T: first trimester, 2T: second trimester.
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MCP-1 and MIP-1a yielded a strong punctate signal in both villous and decidual
stroma (Figure 7-5, B, D and F; Figure 7-6, B and D). This characteristic distribution
pattern suggested expression by the resident immune populations, Hofbauer cells in the
placenta and decidual leukocytes in the uterine wall. Both of these factors were also
broadly expressed at a lower level throughout the decidual and villous stroma (e.g.,
Figure 7-6, B and D). Of special note was the highly consistent expression of MIP-1a by
extravillous cytotrophoblasts (Figure 7-6, F), both in cell columns and in the uterine wall
(n=17 of 19). As described in Chapter Six, this expression contributes to the ability of

cytotrophoblasts to influence the migration of NK cells, monocytes, and T cells.

IP-10 displayed a distinct expression pattern in patches associated with leukocyte
clusters in the decidual stroma (Figure 7-7, B and F). Although expression by leukocytes
could not be excluded, at least a portion of the signal was derived from the intercalated
stromal cells. Infrequently, IP-10 expression was observed (n = 2 of 9) in the villous

stroma (Figure 7-7, D).

SDF1 also generated a unique signal. Unlike the other eight chemokines in the

study, production of this molecule appeared to be regulated with gestation. Of the
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specimens examined, four of five first trimester samples were negative, while two second
trimester samples revealed interesting patterns. In the latter cases, specific expression
was seen in several regions. For example, some extravillous cytotrophoblasts were
positive for SDF1 (Figure 7-8, F and H). Strikingly, expression of SDF1 mRNA was
detected in association with the cells that lined uterine blood vessels (Figure 7-8, D and
F). These cells likely included both endothelial and invasive cytotrophoblast populations.
Additionally, a broad signal in the villous stroma suggested SDF1 production by
fibroblasts (Figure 7-8, B). The lone positive first trimester sample demonstrated a

punctate signal consistent with decidual leukocyte expression (data not shown).

MIG was rarely expressed in the placental and decidual tissues examined. With
respect to the maternal compartment, one out of five specimens showed patchy
expression in decidual stroma (Figure 7-9, B). Similarly, in the fetal compartment, the

villous stroma was positive in only two of nine samples (Figure 7-9, D).

139



Decidual leukocytes express chemokine receptors that bind ligands produced by
cells in the uterine wall. As a second step in assessing the contribution of chemokines to
decidual leukocyte recruitment, we examined the expression of chemokine receptors by
these cells at the transcriptional level. Decidual leukocyte RNA (n = 9) was analyzed for
evidence of chemokine receptor expression using RNase protection assays. Three probe

sets, encompassing a total of seventeen receptors, were used.

RNA corresponding to multiple receptors, capable of binding a spectrum of CXC,
CC and CX,C chemokines, was expressed by the immune cells. Given that the decidual
leukocyte mRNA was isolated from a heterogenous mixture of NK cells, monocytes and
T cells, the data did not give information about receptor expression in specific cell types.
Nevertheless, at the population level, the results revealed several interesting findings.
The data are shown in Figure 7-11 and are summarized in Table 7-3. Receptor
expression was remarkably consistent among samples. Accordingly, CCR1, CCRS,
CCR7, CXCR3, CXCR4, CX,CRI and the orphan receptor STRL33 were highly
expressed. CCR2a, CCR2b and CCR4 expression was consistent, though slightly
weaker. Occasional expression of CCR8, CXCR1, CXCR2, CXCRS and the orphan

receptor GPR1 was noted. A few samples containing the minimum amount of RNA
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(2pg) yielded fewer bands, providing possible clues about the relative expression levels

of these factors in decidual leukocytes.
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Table 7-3. Decidual leukocytes express a panel of chemokine receptors. The expression
of the former molecules was assessed by RNAse protection assay using three probe sets
(hCRS, hCR6 and hCR8) that represented a total of seventeen receptors. Expression was
remarkably consistent between nine RNA samples from first and second trimester
decidual leukocytes. The results from each probe set are depicted in separate boxes
within the table. The gestational age of the samples, and the quantity of RNA hybridized
per sample are listed across the top of each box. Gestational age is given in weeks.
Inclusion of a letter distinguishes multiple samples of the same gestational age.
Receptors that were assayed in more than one probe set are designated with a superscript

symbol (* © ¢4 1),
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Discussion

Given the immunologically sensitive aspect of pregnancy in which the conceptus
avoids rejection by the maternal immune system, one might predict the relative absence
in the placenta and uterus of chemokines, molecules that attract leukocytes to tissues.
However, the unusual recruitment of specific subsets of leukocytes to the uterus during
pregnancy suggests an alternative hypothesis under which chemokines are expressed in a
tightly controlled manner. The data described in this chapter strongly supports the latter
theory. In situ hybridization showed widespread expression of chemokine mRNA in the
chorionic villous stroma and decidua. Very specific expression patterns in other cell
types, including cytotrophoblasts and decidual leukocytes, were also noted. The fact that
decidual leukocytes express a broad repertoire of chemokine receptors suggests that they
can respond to the complex chemokine milieu at the maternal-fetal interface. Together,
these data strongly suggest that chemokines are an integral part of placentation, playing

important roles in both immune, and non-immune functions.

The maternal compartment
Decidual leukocyte recruitment In the uterine wall, the paramount interest in

chemokine function is their role in the recruitment of decidual leukocytes, part of the
144



holy grail of understanding maternal tolerance. As this thesis describes the distribution of
chemokine ligands in the decidua, and the expression of chemokine receptors by decidual
leukocytes, it is possible to establish receptor-ligand pairs that might be involved in
leukocyte recruitment (Table 7-4) including: CCR1/HCC-1, CCR2/MCP-1, CCRS/MIP-
la, CXCR1/GCP-2-like, CXCR3/ITAC, CXCR4/SDF1 and CX,CR1/Fractalkine. It is
interesting to note that all of the chemokines expressed in the uterus, a partner receptor is

expressed by the decidual leukocytes.

In general, the observed chemokine receptor expression reflects what is known
about the decidual leukocyte population. For example, receptors that are expressed only
on cell subsets not normally found in the pregnant uterus, such as CCR3 on eosinophils,
were not identified in our screen. Conversely, chemokine receptors characteristic of NK
cells, T cells and monocytes were abundant (e.g., CX,CR1, CXCR3, CCRS). The two
decidual leukocyte samples that exhibited CXCR1 and CXCR2 expression, typical of
neutrophils, may have contained the latter cells, which can infiltrate the placental bed in

pathological processes.

A few other correlations between chemokine receptor expression by decidual

leukocytes and other immune populations are noteworthy. CCR7 is commonly expressed
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on naive and Thl-polarized T cells, and on resting but not activated leukocytes.
Likewise, CXCR4 is expressed on CD34+ progenitor cells, as well as on numerous
mature leukocytes. In contrast, CCR4 expression is not normally found on naive cells,

but is characteristic of memory T cells, especially among subsets that home to the skin.

In terms of receptor expression, the decidual leukocytes resemble both Thl and
Th2 cohorts, although the stronger expression is towards the Th1l group. CCRS and
CCR7, common on Thl-polarized cells, are both highly expressed, while CCR4 and
CCR8, preferentially expressed by Th2-polarized cells, are produced at lower levels.
This finding is in agreement with previous work from our laboratory, that reported the
production of both Th1 and Th2 cytokines at the maternal-fetal interface (Roth et al.,
1996). In summary, the majority of decidual leukocyte chemokine receptor expression
correlates with a Th1-biased population of activated T and NK cells. However, the
presence of resting or naive cells is also suggested (e.g., CCR7 and CXCR4 expression).
A flow cytometry-based investigation of chemokine receptor expression on subsets of
decidual leukocytes would be most informative (Chapter Eight). Such a study could
provide clues to cell function, by analogy to other systems, and simultaneously yield

information about the mechanisms of leukocyte recruitment.
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On a teleological note, it is interesting that many of the same receptor-ligand pairs
expressed at the maternal-fetal interface are also expressed in rejected allogeneic organ
grafts. Specifically, chemokine and chemokine receptors have been identified in rejected
cardiac and renal transplants. Rejected murine cardiac tissue expresses fractalkine, IP-10,
MIG and ITAC, which are absent in non-rejected grafts. The activated T cell infiltrate
expresses CXCR3 (and presumably CX,CR1). CXCR3 expression has also been noted in
rejected human cardiac transplants. In mouse, this receptor is required for acute graft
rejection; blocking its function significantly prolongs graft survival. Finally, CXCR4 is
expressed on the abundant leukocyte infiltrate in rejected human renal transplants, while

normal kidneys lack detectable CXCR4.

Given the reciprocal chemokine receptor and ligand expression described above,
how might the identified receptor-ligand pairs help cells traffic appropriately through the
decidua? Two models help us understand how decidual leukocytes may interact with
their complex molecular environment. First, the multi-step combinatorial model of cell
homing (Butcher, 1991; Butcher and Picker, 1996) (see Chapter Four) describes four
discrete steps that must occur for a cell to extravasate into a tissue. These steps
predominately involve the actions of two classes of factors—chemokines, which provide

directional cues, and adhesion molecules, which provide the cell with purchase on its
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surroundings. In the combinatorial model, specifity of a tissue-bound leukocyte
population is achieved by the requirement of a particular set of chemokine receptors and
adhesion molecules to gain entry to the tissue. In this scenario, only a defined and
limited subset of all circulating leukocytes possesses the necessary combination of factors
to access a confined area. Thus specifity is accomplished. This model has been borne
out by numerous examples in the mouse where distinct compartmentalization of
leukocyte subsets occurs on the basis of their expression of chemokine receptors (Cyster,
1999). Presumably, such a system applies to the homing of decidual leukocytes, although
we are only beginning to describe molecules that might be involved. Supporting
evidence again comes from the mouse, in which specific adhesion molecule pairs are
reciprocally expressed by discrete immune cell subsets and vascular endothelium in

particular microenvironments within the pregnant uterus (Kruse et al., 1999).

The second model describes how decidual leukocytes might interact sequentially
with the numerous, overlapping chemokines expressed in the uterine wall. This
hypothesis, based on experiments testing the effects of conflicting chemotactic signals on
neutrophil migration in agarose, holds that cells retain memory of their recent
environment (Foxman et al., 1999). This quality allows them to prioritize a new, weaker

chemotactic signal over an older, stronger one. Accordingly, the cell can follow one
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attractant after another, using combinations of molecules to guide it in a step-by-step
fashion to its destination within a tissue. For example, a possible combination of factors
acting on the migration of decidual leukocytes would be: SDF1/CXCR4, to extravasate;
HCC-1/CCR1, to move within the decidual stroma; IP-10/CXCR3, to cluster the cells

near glands.
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Table 7-4. Compatible chemokine receptor and ligand expression in the placental bed
identifies candidate molecules as decidual leukocyte recruitment effectors. The receptor-
ligand pairs listed were deduced by combining in situ hybridization data on chemokine
expression in the uterine wall, and RNAse protection data on chemokine receptor

production by decidual leukocytes.
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Given the vital nature of reproduction, it is likely that redundancies are built into its
critical components. Our data suggests that this principle applies to chemokine function.
For example, several of these molecules shared identical expression patterns at the
maternal-fetal interface (HCC-1, ITAC, fractalkine). Additionally, some of the
molecules expressed in similar locations share the same receptors (e.g., HCC-1 and MIP-
la each bind CCR1) suggesting overlapping functions. Finally, our results are in
agreement with gene deletion studies in mice that show that the loss of individual
chemokines or receptors (Chantakru et al., 2001) does not affect leukocyte composition

in the pregnant uterus.

Regulation of angiogenesis  The need to establish maternal blood flow to the
placenta requires remodeling of maternal arterioles and increased uterine blood flow
(Figure 1-3). Accordingly, factors that regulate critical aspects of
vasculogenesis/angiogenesis are likely involved, a hypothesis that is substantiated by
recent findings from the Fisher laboratory concerning the role of VEGF family members
(Yan et al, manusp in prep). However, as elsewhere, vasculogenesis/angiogenesis at the
maternal-fetal interface must be tightly regulated. An interesting role for chemokines is
emerging. Certain of these molecules have modulatory effects, either promoting or

restraining blood vessel growth, activites that depending on the presence or absence,
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respectively, of a three amino acid sequence dubbed the ELR motif (Strieter et al., 1995).
In this thesis, the majority of chemokines identified in the uterine wall are angiostatic
factors lacking this motif (Zlotnik et al., 1999). An example is SDF1, which among the
factors localized in our study had a striking and unique pattern of expression by
endothelium and endovascular cytotrophoblasts within a subset of uterine vessels.
Similarly, ITAC, another angiostatic molecule, is broadly produced within the decidual
stroma. However, parallel studies in our laboratory found expression of angiogenic
chemokines in patterns overlapping those of the angiostatic molecules described here
(Kristy Red Horse, personal communication). Thus, as in most biological processes,
including conventional situations in which vasculogenesis/angiogenesis occurs, there is a

delicate balance between pro and counteractive forces.

Cytotrophoblast differentiation  Part of the invasive cytotrophoblast
differentiation pathway involves the localization of a subset of these cells to maternal
spiral arterioles. These endovascular cytotrophoblasts are integral to pregnancy success,
as they remodel the arterioles to increase blood flow to the placenta. When these vessels
are not adequately remodeled, the fetus suffers from intrauterine growth restriction—a
condition that has recently been related to numerous adult health problems including

cardiovascular disease and diabetes (Barker, 1999; Barker, 2000). Although the
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molecular explanation for this connection is enigmatic, the data are incontrovertible.
Additionally, faulty remodeling of the uterine arteries also puts the mother at risk for a
potentially catastropic pregnancy complication termed preeclampsia, which is
characterized by the sudden onset of high blood pressure and proteinurea, signs of

widespread systemic vascular damage.

The mechanisms that allow cytotrophoblasts to occupy maternal vessels and
function as an endothelium are not understood. The observation that uterine veins are
only rarely breached by fetal cells led to the hypothesis that oxygen tension targets the
invasive cells preferentially towards arteries (Genbacev et al., 1996; Genbacev et al.,
1997). The specific expression of SDF1 by endothelial cells and invasive
cytotrophoblasts suggests that chemokines also regulate this process. Although
traditionally considered to be regulators of leukocyte trafficking, the role of chemokines
in the directed migration of other cells is gaining increasing acceptance as more examples
are described. For instance, metastatic tumors upregulate the expression of chemokine
receptors, and this expression is involved in the preferential seeding of particular tumor
cells to specific secondary organs (Muller et al., 2001). In this context, it will be
interesting to identify chemokine receptors expressed by cytotrophoblasts, and to test the

effects of exogenous chemokine application on their differentiation, which includes a
154



novel switch of their adhesion phenotype such that these epithelial cells take on vascular

and tumor like properties (Chapter Eight).

The Fetal Compartment

Hofbauer Cell Recruitment and Function Early in placental development, a
specialized population of macrophages, termed Hofbauer cells, takes up residence in the
villous stroma. The mechanisms underlying recruitment of these cells are not known.
Furthermore, their source has not been elucidated. The target population could reside in
either the fetal or maternal circulation (Figure 1-3). This question is an area of active
investigation in our laboratory. Regardless of their origin, the fundamental processes
involved in leukocyte trafficking are probably conserved in Hofbauer cell recruitment.
Of the chemokines expressed in the villous stroma, many act on monocytes and
macrophages. MCP-1, MIP-1a, HCC-1 and fractalkine are ideal candidates for

molecules regulating the homing of these cells to the fetal villous stroma.

Additionally, Hofbauer cells themselves may be a source of chemokines. In
correlation with chemokine production by macrophages in other tissues, Hofbauer cells in
the villous stroma appear to produce both MCP-1 and MIP-1a. Interestingly, their

localization within the villi, predominately near the basement membrane, just deep to the
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cytotrophoblast stem cells and the overlying syncytium, is an ideal position for sampling
factors crossing the syncytium, one possible entry point for invading pathogens. Another
entry point, the amnio-chorion, also contains a resident macrophage population that

might serve a similar function, although even less is known about these cells.

Indeed, evidence suggests that Hofbauer cells are capable of antigen uptake and
presentation (Chapter Two). In the event of an infection, these macrophages, which as a
class are potent producers of chemokines and other cytokines, could recruit leukocyte
effectors in response to aberrant chemokine expression. In an ongoing study of placental
specimens obtained from patients who gave birth prematurely after premature rupture of
the membranes and infection, we have noted several examples of abnormal immune cell
infiltrates (Yan Zhou, Ling Huang, personal communication). Of these, the single
specimen examined for chemokine production thus far demonstrated an irregular

expression pattern: IP-10 was produced in the villous stroma.

Other examples of aberrant chemokine expression noted in this study (Table 7-2)
may also be due to underlying pathologies. In a separate study, we found that placentas
from mothers that smoked during pregnancy (> 20 cigarettes/day) sometimes exhibited

anomalous chemokine expression patterns (Kristy Red Horse and Penelope Drake,
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unpublished data). Future studies will examine in depth the relationship between

chemokine expression and pathology (Chapter Eight).

Development of Fetal Blood Vessels in the Villous Stroma In general, fetal
development is an explosive process. Rapid angiogenesis within the placenta proper
must occur in advance of fetal growth. Accordingly, this process must be tightly
controlled to avoid developmental problems. As described above, CXC chemokines can
have both angiogeneic or anti-angiogeneic activities, depending on the presence or
absence, respectively, of the ELR motif. In parallel with the results obtained in the
uterine wall, the chemokine expression described in the villous stroma consists
predominantly of angiostatic factors, largely because most of the molecules selected for
study lacked the ELR motif and were thus angiostatic. The one angiogeneic molecule
described, GCP-2-like, was broadly expressed in the villous stroma, albeit at a lower
frequency than most other chemokines studied. However, concurrent work in our
laboratory demonstrated the expression of ELR-containing chemokines in the villous
stroma (Kristy Red Horse, personal communication). Thus, as in the uterine wall, it
appears that chemokines contribute both positively and negatively to angiogensis in the

placenta.
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Cell Fate and Placental Development A transitory organ, the placenta undergoes
its entire lifespan in nine months, during which time many important processes, including
proliferation, patterning and differentiation occur. Evidence points to a role for
chemokines in similar events during organogenesis in the fetus (Ma et al., 1998). With
this in mind, possible chemokine actions in the placenta are numerous. Particularly
intriguing is the potential for these molecules to regulate cell fate decisions. Expression
patterns of GCP-2-like and fractalkine often revealed a signal gradient in the villous
stroma that peaked at the base of a cell column. Parallel work on other chemokines in
our laboratory has demonstrated even more specific patterns, whereby these factors are
produced only by the cells immediately opposite the basement membrane from sites of
cell column initiation (Kristy Red Horse, personal communication). These patterns
suggest the hypothesis that chemokines influence the differentiation of cytotrophoblast
stem cells opposite the basement membrane, inducing them to adopt the invasive, rather
than the syncytial, phenotype. Although little is known about the role of chemokines in
directing cell fate, the expression patterns of SDF1 and CXCR4 in the mouse embryo and
blastocyst (McGrath et al., 1999) along with the phenotypes of mice carrying deletions in
the respective genes, suggest that this ligand/receptor pair may play a role in
developmental decisions. Our work supports this hypothesis and suggests that this is a

fertile area for new research.
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Finally, chemokines can also exert broad effects such as the induction of
proliferation in target cells (Schall and Bacon, 1994; Zlotnik et al., 1999). As the
placenta must rapidly grow and develop, apace with the fetus, chemokine action on
mitosis of placental targets—villous fibroblasts and cytotrophoblast stem cells—may also
be very important. Functional experiments addressing the effects of chemokines on these

target cells are important and technically feasible (Chapter Eight).

Summary  Through the description of nine chemokine expression patterns at the
maternal-fetal interface, this thesis significantly advances our understanding of the
importance of these molecules in pregnancy. Normal expression patterns have been
established, and variations on these patterns may be used in the future as pathological
markers (Chapter Eight). Furthermore, through the concurrent identification of
chemokine receptor expression by decidual leukocytes, this thesis sets forward a set of
receptor-ligand pairs as candidates for decidual leukocyte homing. We speculate that a
subset of these mechanisms are also used in Hofbauer cell recruitment. In conclusion,
this work provides a foundation from which to launch future investigations into the

biology and function of chemokines at the maternal-fetal interface.
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Figure 7-1
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Figure 7-1. Fractalkine is expressed in villous and decidual stroma. In situ hybridization
on tissue sections of the maternal-fetal interface demonstrates the presence of fractalkine
mRNA in the stromal compartments of villi and decidua. (A, C, E) Bright field
micrographs of histological sections stained with hematoxylin and eosin (H&E); (B, D,
F) dark field micrographs of the same sections. White dots (B) indicate signal from **S-
labeled antisense probe that was hybridized to a section of first trimester tissue (5 wk
exposure). A similar pattern was observed when a fractalkine antisense probe was
hybridized to second trimester tissue (D). In contrast, no signal was observed when
tissue sections were hybridized with a sense probe (e.g., F). vs: villous stroma, uw:

uterine wall, col: cytotrophoblast cell column, bv: blood vessel, fv: floating villi.
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HCC-1 Expression

Figure 7-2
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Figure 7-2. HCC-1 is produced by villous and decidual stroma. Panels A, C and E are
bright field micrographs of histological sections stained with H&E; Panels B, D and F are
dark field micrographs of the same sections. In situ hybridization on first trimester (B)
and second trimester (D) tissues revealed abundant HCC-1 expression in the stromal
compartments of villi and decidua. White dots indicate signal (8 wk exposure) from an
5S-labeled antisense probe. There was no signal in sections that were hybridized to a

sense probe as a negative control (F). av: anchoring villus.
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ITA'C: Expression
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Figure 7-3



Figure 7-3. ITAC is produced by villous and decidual stroma. In situ hybridization on
first trimester (B), second trimester (D) and term (F) tissues revealed ITAC expression in
the stromal compartments of villi and decidua. Panels A, C, E and G are bright field
micrographs of histological sections stained with H&E; Panels B, D, F and H are dark
field micrographs of the same sections. White dots indicate signal (8 wk expression)
from an *S-labeled antisense probe (B, D and F). Sense probe hybridized to adjacent

sections as a negative control yielded no signal (H).
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GCP-2-like Expression

Figure 74
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Figure 7-4. GCP-2-like is expressed in villous and decidual stroma. In situ
hybridization on first trimester (B) and second trimester (D) tissues revealed GCP-2-like
signal in the stromal compartments of villi and decidua. Panels A, C and E are bright
field micrographs of histological sections stained with H&E; Panels B, D and F are dark
field micrographs of the same sections. White dots indicate signal (9 wk exposure) from

an **S-labeled antisense probe (B, D). Sense control was negative (F).
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MCP-1 Expression
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Figure 7-5



Figure 7-5. MCP-1 is expressed by Hofbauer cells and decidual leukocytes. In situ
hybridization on first trimester (B), second trimester (D) and term (F) tissue sections of
the maternal-fetal interface demonstrated a punctacte expression pattern in both decidual
and villous stroma. Panels A, C, E and G are bright field micrographs of histological
sections stained with H&E; Panels B, D, F and H are dark field micrographs of the same
sections. White dots indicate signal (8 wk exposure) from an **S-labeled antisense probe
(B, D and F). The distribution of this signal was consistent with production by decidual
leukocytes and Hofbauer cells in their respective compartments. Signal was absent on

tissue sections incubated with sense probe as a negative control (H).
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MIP-10o Express

ion
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Figure 7-6



Figure 7-6. MIP-1a is expressed by villous stroma, decidua and extravillous
cytotrophoblasts. In situ hybridization on first trimester (B), second trimester (D), and
term (F) tissue sections of the maternal-fetal interface revealed abundant MIP-1a mRNA
expressed in the villous and decidual stroma. In these compartments, signal was
composed of even background stromal ex<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>