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Abstract

The period between mating and implantation is characterised by a rapid and dramatic series of
remodelling events in the endometrium, which culminate in a transient state permitting attachment and
implantation of the embryo. Events during this period are now recognised to be critical to the outcome
of pregnancy. The mechanisms underlying these steroid hormone-driven processes are not clearly
defined, but recent studies implicate lymphohemopoietic cytokines as molecular mediators of
remodelling at the cellular level. In this study, granulocyte-macrophage colony stimulating factor
(GM-CSF) and interleukin-6 (IL-6) are identified as members of a family of cytokines that are
synthesised by the epithelial cells in the murine uterus. GM-CSF and IL-6 appear to be important
components of a local cytokine network that is initiated as an inflammatory response 1o seminal factors
at mating. This network appears to coordinate the recruitment and behaviour of endometrial
leukocytes, and is implicated in establishing an immunological environment that can accommodate the
semi-allogeneic conceptus.

These studies were initiated following the recognition that lymphohemopoietic cytokines can
act as paracrine regulators of the growth and function of the placenta. The initial aim of this study was
to investigate whether cytokines might also influence the development of the embryo prior to
implantation. GM-CSF was identified as potentially important in this capacity when it was found to
promote the attachment and outgrowth of blastocysts in vitro. Blastocysts were found to express GM-
CSF receptor in both radiolabelled-ligand binding studies and reverse-transcription polymerase chain
reaction (RT-PCR) analysis of GM-CSF receptor mRNA expression.

This activity was postulated to be of physiological relevance when it was found that GM-CSF
is synthesised during the pre-implantation period of pregnancy within the endometrium in vivo. A
dramatic but transient increase in the uterine luminal fluid GM-CSF content was found to occur as a
consequence of the interaction between seminal components and the endometrium following mating.
Matings with accessory gland deficient mice, together with preliminary chromatographic analyses
implicated a specific, high molecular weight factor/s of seminal vesicle origin as the inducing stimulus.

GM-CSF was found to be constitutively synthesised in vitro by endometrial cells harvested at
oestrus and during early pregnancy. The endometrial-cell derived cytokine was immunologically and
physiochemically indistinguishable from GM-CSF synthesised by other tissues. In Northern blot
analysis endometrial cells were found to express a 1.2 kb GM-CSF mRNA both in vitro and in vivo.
GM-CSF mRNA was expressed at peak levels in the day 1 uterus.

The TL-6 content of uterine luminal (luid was also found to be markedly elevated after mating,
and endometrial cells released IL-6 activity in culture. In contrast, no evidence was found for IL-1,
TNFo, IL-2, or IL-3 bioactivities in the luminal fluids or culture supernatants of endometrial cells
prepared from mice at oestrus or during early pregnancy.

In view of reporis suggesting that T-lymphocytes are the origin of GM-CSF in the mid-

gestation mouse uterus, uterine GM-CSF and IL-6 synthesis were examined in genetically lymphocyte-



deficient strains of mice. The GM-CSF and IL-6 contents of luminal fluids and of endometrial cell
supernatants from nude, SCID and beige mice were found to be similar to those prepared from
immunocompetent mice. To determine the cellular origin of these cytokines, a panning technique
employing monoclonal antibodies against a range of leukocyte and other lincage markers was used to
isolate uterine cell subsets in vitro. These experiments identified glandular and/or luminal epithelial
cells as the major source of GM-CSF and IL-6 in oestrous and pregnant uteri. For GM-CSF, this was
confirmed by in situ hybridisation data indicating that within the intact endometrium GM-CSF mRNA
is expressed predominantly by the luminal and to a lesser degree the glandular epithelium.

The role of ovarian steroid hormones in GM-CSF synthesis was examined by measuring the
GM-CSF content of supernatants from short-term primary cultures of endometrial cells prepared from
mice in which steroid levels were perturbed by ovariectomy and steroid replacement, or by steroid
antagonists. GM-CSF synthesis was found to fluctuate through the oestrous cycle, with maximal
secretion from endometrial cells harvested at oestrus. Endometrial cells derived from ovariectomised
mice secreted 25-fold less GM-CSF than cells from oestrous mice, and production was restored by
administration of oestrogen, but not progesterone. GM-CSF output was significantly enhanced in
cultures derived from ovariectomised mice as early as 3 hours after administration of oestrogen,
suggesting that upregulation of synthesis was a direct consequence of oestrogen action. The oestrogen
antagonist ZK 119,010 blocked GM-CSF output whereas the anti-progestin RU486 enhanced its
synthesis. These studies demonstrated that GM-CSF synthesis by uterine epithelial cells is stimulated
by oestrogen with progesterone having a moderate inhibitory effect. In vitro, GM-CSF output was
also found to be modulated by factors including bacterial LPS and the T-lymphocyte and NK-cell
product IFNY, but factors that act to promote GM-CSF synthesis from other cell types, including IL-1,
TNFo and prostaglandins, did not alter the release of this cytokine from epithelial cells.

GM-CSF is characteristically a regulator of the recruitment, proliferation and functional
activation of macrophages and granulocytes in peripheral tissues. There are large populations of these
cells in the virgin and particularly in the day 1 pregnant uterus. That the uterus contains GM-CSF
responsive cells was suggested by the finding, using RT-PCR analysis, that mRNA for both the o and
B chains of the GM-CSF receptor were strongly expressed in uterine tissue at oestrus and during early
pregnancy. Binding of radiolabelled 125GM-CSF 1o uterine tissue sections localised GM-CSF receptor
expressing cells 1o the subepithelial endometrial stroma, suggesting that endometrial leukocytes are
targets of GM-CSF action. To investigate the influence of local release of GM-CSF on the recruitment
and activation of leukocytes, the densities and distributions of macrophages and granulocytes in the
uterus were examined immunohistochemically after instillation of recombinant GM-CSF into the
uterine lumen of ovariectomised mice. This treatment resulted in a striking influx into the endometrium
of eosinophils, and to a lesser degree macrophages, suggesting that the recruitment of these cells into
uterine tissues is a physiological action of this cytokine. Furthermore, leukocyte infiltration was
associated with an increase both in the number of endomeltrial glands and in the overall size of the

uterus, implicating GM-CSF responsive leukocytes as mediators of endometrial growth.
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Together, these studies identify GM-CSF and IL-6 as potentially important members of a
family of cytokines, also including CSF-1, LIF, TNFo,, and TGFf3 , that are released by epithelial cells
in the pregnant uterus. GM-CSF and IL-6 are likely to be of special importance during the
preimplantation period, when a striking increase in their secretion is stimulated by specific factors in
the ejaculate. Itis postulated that the cascade of events initiated by this surge of cytokine activity has
repercussions that help to generate a 'receptive’ endometrial microenvironment. GM-CSF appears to
have a role in coordinating the infiltration and behaviour of macrophages and granulocytes, which have
the capacity to synthesise an array of bioactive substances in a microenvironment specific manner.
These leukocytes may have critical roles both in tissue remodelling and in establishing a local immuny
milieu that is tolerant of the semi-allogeneic conceptus. The finding that the embryo is also a target for
GM-CSF action, suggesting that this factor may be an important component of a cytokine circuit

interlinking the resident and hemopoietic cells in the uicrus with the developing conceptus.
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1.1 Introduction

Local events within the uterus during very early gestation are of paramount importance in
determining the outcome of pregnancy. A less than optimal interaction between the embryo and
maternal tissues at implantation compromises placental development. The result may be
spontaneous abortion, which occurs in up to 70% of human pregnancies (Chard 1991), or low birth
weight and attendant health problems through post-natal and adult life (Barker ez al. 1989 and
Barker 1991).

Successful implantation and placentation are dependant on the 'receptivity' of the
endometrium, which is characterised by;

(1) an endometrial surface which will allow the embryo to attach and invade, and;

(2) an immunological environment which will allow the semi-allogeneic embryo to escape

rejection.

The uterine environment at implantation is the culmination of a rapid and dramatic reorganisation of
uterine tissue during the preceding oestrous cycle and primarily, as argued later in this thesis, during
the period between exposure to semen at mating and implantation. This process involves a steroid
hormone-orchestrated cascade of communicative events, linking both immunocompetent cells and
resident cells within the uterus, and the developing conceptus (Fig 1.1).

Evidence emerging over recent years has revealed that, as in other tissues, polypeptide
growth factors comprise the basis for an inter-cellular signalling language in the uterus. A subset of
growth factors known as 'lymphohemopoietic cytokines' because of their origins in, or actions on
cells of hemopoietic origin are now implicated as pivotal components of this communication
network. In this capacity, it is speculated that cytokines may play a central role in protecting the
fetal allograft by recruiting leukocytes into the uterus and coordinating their behaviour. In addition,
the effects of cytokines on the development and function of the placenta may directly influence
embryonic growth.

This discussion will focus on recent advances in our understanding of the molecular and
cellular mechanisms at play in the uterus during the oestrous cycle and during early pregnancy, with

a special emphasis on the roles of cytokines and the leukocytes with which they interact.

1.2 The pre- and peri-implantation period in murine pregnancy
1.2.1 The mouse as a model for human pregnancy

Rodents, like humans, have interstitial implantation and hemochorial placentas, and so
provide a valuable model species in which to study aspects of reproductive physiology that are
potentially common to pregnancy in humans. The mouse has a relatively short oestrous cycle and
gestation period, and has been the species of choice for many reproductive biologists because of the

availability of genetically defined inbred strains, and an extensive range of probes and reagents with



which to identify leukocytes and cytokines. The physiology of the murine oestrous cycle and
pregnancy are comparatively well studied and are comprehensively described in Finn and Porter
(1975), Hogan et al. (1986) and Allen (1921). Data described in this review will be confined to

murine studies unless otherwise indicated.

1.2.2 Mating and the ejaculate

The mouse has a 4 day oestrous cycle which is synchronous with a diurnal rhythm, and
mating coincides with ovulation just after midnight in the middle of the oestrous period. The
ejaculate is composed of sperm delivered from the epididymis, bathed in fluid derived from the
accessory glands (which include the seminal vesicle, prostate and coagulating gland). The seminal
plasma provides a nutritive and protective medium for sperm transport, and in the rodent it contains
enzymes that interact with coagulating factors to form the copulation plug.

Whilst embryo transfer experiments have shown that seminal factors are not an absolute
requirement for successful pregnancy, implantation rates are reduced in the rat in the absence of
insemination (Carp et al. 1984) and fertility in rodents is reduced when male accessory glands,
particularly the seminal vesicle, are removed (Pang et al. 1979; Queen et al. 1981). The importance
of exposure to seminal fluid may be heightened when fertility is otherwise compromised (Pollard et
al. 1991a). In the human, exposure to semen reduces the risk of pre-eclampsia (Klonoff-Cohen et
al. 1989), and enhances the implantation rate in gamete intrafallopian tube transfer (GIFT; Marconi
et al. 1989) and in vitro fertilisation (IVF) programs through an effect on the endometrium (Bellinge
et al. 1986). Furthermore, seminal vesicle deficiency or obstruction is a cause of infertility in men
(Dominguez et al. 1991, Abbitt er al. 1991). In the pig, pre-exposure of gilts to seminal plasma
increases litter size through more efficient implantation and enhanced placental function (Murray et
al. 1986; Stone et al. 1987; Bischoff et al. 1990).

1.2.3 Implantation

In the mouse, the conceptus develops in the oviduct and is delivered into the uterus as a 16-
32 cell morula on day 3, 60-72 hours (h) after fertilisation. Apposition, attachment and
implantation take place during the subsequent 24-30 h period on day 4. Implantation is a complex
phenomenon encompassing a series of interactive processes in which both the conceptus and
maternal tissues participate. The molecular and cellular mechanisms underlying these major tissue
remodelling events are poorly understood. For a full discussion of the implantation process the
reader is referred to Weitlauf (1988) or Finn (1977). This review will briefly describe the process of
implantation, with an emphasis on the factors that appear to be important determinants for a

successful outcome.

a. Uterine receptivity

Certainly the single most important determinant in the success or otherwise of implantation

is the 'receptivity' of the endometrium. A receptive uterus is, by definition, in an exclusive and
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Figure 1.1 Uterine 'receptivity' at implantation. Receptivity is viewed as the
culmination of a series of steroid hormone-driven events, during which communication
between immunocompetent cells and resident cells within the uterus, and the
developing conceptus, gives rise to (1) an endometrial surface which will allow the
embryo to attach and invade, and (2) an immunological environment which will allow
the semi-allogeneic embryo to escape rejection.



transient state during which embryo attachment and implantation can occur. The concept of
receptivity arose after embryo transfer experiments in the rabbit demonstrated the importance of
chronological synchrony between the embryo and the uterus. Preparation of the uterus for
implantation begins during the oestrous cycle, when prominent changes occur in the cytology of the
endometrium, which is the mucosal lining of the uterine wall. Ovarian steroid hormones induce
proliferation and differentiation of resident epithelial and stromal cells (described in detail in Finn
and Porter 1975), accompanied by major changes in the density and composition of infiltrating
leukocytes. At mating, mechanical stimulation of the cervix promotes central nervous system-
regulated release from the pituitary of the anti-luteotrophic hormone prolactin, which prolongs the
life of the corpus luteum and ensures the continued secretion of pregnancy hormones.

Studies in ovariectomised mice have defined the precise ovarian steroid hormone parameters
necessary to induce the characteristic sequences of proliferation and differentiation in the luminal
and glandular epithelium and endometrial stroma that culminate in the receptive state (Finn 1977,
Psychoyos 1986). Priming of the uterus with progesterone for about 48 h gives rise to a pre-
receptive, 'neutral’ state. A short phase of receptivity occurs in response to a minute amount of
'nidatory' oestrogen in the progesterone conditioned uterus, but within 36 h this is followed by a
state of refractoriness in which the endometrium becomes hostile to unimplanted embryos. These
constraints appear to be specific to the uterus: in extrauterine sites or in culture, embryos can attach
and grow regardless of the hormonal environment. /n vitro co-culture experiments suggest that
factors that act to inhibit embryonic development may be secreted by the endometrium during the
pre-receptive phase, whilst the refractory action of a post-receptive uterus may be mediated by
embryotoxic molecules (O'Neill and Quinn 1983; Glasser et al. 1991). In the mouse, the
dependence of implantation on the state of the uterus is demonstrated clearly by the 'delayed
implantation' phenomenon. The blastocyst can exist in a dormant state within the uterine lumen
during a prolonged phase of pre-receptivity, before implanting normally in response to nidatory
oestrogen. Delayed implantation can be induced experimentally in progesterone-maintained,
ovariectomised mice, and occurs naturally in lactating mice (Weitlauf 1988).

The recent findings that various growth factors, including cytokines, are synthesised in
uterine tissues in response to the actions of ovarian steroid hormones (see 1.7) has led to the
proposal that these factors mediate many of the actions of steroid hormone at the cellular level
(Pollard 1990). Interestingly, perturbation in ovarian steroid levels by stimulation with
superovulating agents interferes with embryonic survival and implantation (Beaumont and Smith

1975) and this appears to be mediated through reduced uterine receptivity (Fossum et al. 1989).

b. Apposition and attachment

Murine embryos enter the uterus from the oviduct on day 3, and become spaced at regular
intervals along the length of the horn, where with time they become apposed more closely to the
antimesometrial side of the luminal epithelium. Endocrine-dependant resorption of fluid from the

uterine lumen and oedema of the endometrium, together with contractile activity in the



myometrium, contribute to uterine closure, and the clasping and spacing of the embryos. During
this period local protease activity dissolves the zona pellucida.

The molecular basis for the initial adhesion of the embryonic trophoblast cells to the luminal
epithelium is not yet determined, although there is evidence that binding is mediated by the
expression of complimentary surface membrane molecules. Modulation of cell surface
glycoconjugates of both the uterine epithelium and the trophectoderm accompany a decrease in both
the surface charge and the thickness of the epithelial glycocalyx immediately prior to implantation
(Weitlauf 1988). Heparin or heparan sulphate proteoglycans are major cell surface components of
embryos and agents that remove or compete with heparin block the attachment and spreading of
embryos on laminin, fibronectin, and uterine epithelial cells in vitro (Farach et al. 1987). The
trophectoderm expresses a receptor for a hormone-dependant epithelial glycoconjugate carrying a
structure related to the milk oligosaccharide lacto-N-fucopentaose I (LNF-I)(Lindenberg et al. 1990,
Kimber and Lindenberg 1990), and LNF-I blocks the adhesion of murine blastocysts to epithelial
cells in vitro (Lindenberg et al. 1988). The affinity of this trophectoderm receptor for fucosylated
lactosamines suggests it may be a member of the 'selectin’ family of cell adhesion molecules
(CAMs)(Vestweber 1992). Lactosaminoglycans are cell surface components of uterine epithelial
cells in the mouse, and the finding that the blastocyst expresses the complimentary ligand galactosyl
transferase just prior to implantation (Dutt ez al. 1987; Sato et al. 1984) suggests that these may also

be important cell adhesion molecules during the initial stages of implantation.

C. Decidualisation and invasion

As the apposition phase proceeds there is evidence typically of death and detachment of the
underlying epithelial cell layer, which allows trophoblast cells to penetrate the basal lamina and
stroma in the first stages of placental formation. 'Decidual transformation’ begins prior to death of
the overlying epithelial cells. There are conspicuous changes in the morphology of the adjacent
endometrial stroma, including proliferation and differentiation of stromal fibroblast cells into the
characteristic binucleate and polyploid 'decidual cells', which have a typical epithelioid appearance.
These changes, together with tissue oedema resulting from local increases in vascular permeability,
soon result in grossly observable increases in the size and weight of the uterus (Finn et al. 1989;
Weitlauf 1988). The earliest development of fenestrations between endometrial epithelial cells at
implantation sites can occur even while blastocysts are still enclosed in the zona pellucida, and so
do not require direct epithelial/ trophoblast cell contact (McLaren 1969).

Decidualisation rarely occurs spontaneously in the uteri of psuedopregnant animals,
demonstrating that a signal of embryonic origin is needed to induce the local changes within the
implantation site. A role for embryo-derived prostaglandins, histamine, and various other proteins
and metabolites in this capacity have been postulated (Weitlauf 1988). Rodent embryos have
steroid synthesising enzymes and although studies with anti-oestrogens implicate oestrogen of
embryonic origin in implantation, embryo-associated steroids and their metabolites have been

difficult to detect (Weitlauf 1988). Platelet activating factor (PAF) is a vasoactive and



immunoactive phospholipid (Braquet and Rola-Pleszczynski 1987) secreted by mouse and human
embryos, as well as by endometrial cells, during the pre-implantation period (O'Neill 1991). A role
for PAF in embryonic development and in the maternal tissues at implantation is suggested by the
finding that PAF antagonists inhibit implantation (Spinks et al. 1990), and that PAF can induce
decidualisation (Acker et al. 1989). However these results have not been confirmed by others
(Milligan and Finn 1990).

Decidual transformation in the uterine endometrium can be induced by a variety of physical
and chemical stimuli during a limited period (corresponding to the period of receptivity to
implantation) in psuedopregnant or ovariectomised mice treated with the appropriate steroids (Finn
1977; Finn et al. 1989). Interestingly, various inflammatory cytokines (Choudhuri and Wood 1991)
and some lectins (Shaw and Murphy 1992) can induce decidual reactions in psuedopregnant mice,
presumably by mimicking an embryo-derived signal to the epithelium.

The ability of such a wide range of agents to induce the decidual response suggests that they
may all stimulate production by the endometrium of a common factor. Indeed, studies in mice with
de-epitheliated uteri (Lejeune et al. 1981) show that the epithelium may have a critical role in
transmitting the decidualising stimulus. The nature of the epithelial cell-derived factors in this
process remain unknown, but various biological mediators have been implicated on the basis that
they are released locally in the uterus at implantation as well as in response to various artificial
stimuli. One such factor is histamine, which is released from mast cells in response to oestrogen
together with a factor of blastocyst origin (Cocchiara et al. 1992). Histamine can induce
decidualisation when instilled into the uterine lumen of rats, and both histamine antagonists and
inhibitors of histamine release from mast cells can block implantation and decidualisation
(Shelesnyak 1952; Dey et al 1978).

Several studies implicate prostaglandins, particularly prostaglandin E, (PGE,), in the
development of endomeirial vascular permeability and decidual transformation during implantation.
The most compelling evidence in this regard is the finding that prostaglandin levels are elevated in
implantation sites and in artificially induced deciduomata, and that indomethecin blocks
implantation and decidualisation in many species. This effect is, at least partly, overcome with
exogenous PGE,. Intraluminal PGE, administration induces decidualisation, and stromal cell

expression of PGE, receptors parallel the decidual response (Weitlauf 1988).

1.3 Immunological Considerations
1.3.1 Pregnancy is an immunological phenomenon

Viviparity implies direct physical contact between genetically disparate maternal and fetal
cells, and of necessity has required the evolution of efficient mechanisms for nurturing the young in
the face of a functional immune system able to detect and eliminate alien cells. The trophoblast,
derived from the conceptus, expresses paternal transplantation antigens and so would be expected to

elicit an allo-reaction by the maternal immune system, resulting in rejection. Trophoblast cells of



the placenta and extra-placental membranes are exposed to maternal blood and tissues from the time
of zona dissolution and for the duration of pregnancy.

However, far from being detrimental to pregnancy outcome, genetic disparity between
parents appears to contribute positively to the health and size of the placenta and hence the fetus,
and is the basis for 'hybrid vigour' in both rodents and humans (Gill 1983; MclIntyre and Faulk
1983; Beer et al. 1975; Beer and Billingham 1974). A selective advantage of placental
alloantigenicity has been suggested to be a driving force behind maintenance of major
histocompatibility (MHC) locus polymorphism and heterozygotic diversity within a species (Lewis
et al. 1986). Indeed, some pregnancy disorders have been attributed to inadequate activation of the
maternal immune system to paternal alloantigens (Mowbray 1990) when there is sharing of MHC
alleles between parents (Lewis et al. 1986; Scott et al. 1987; Redman and Sargent 1986). How
these advantages of placental allo-reactivity can be reconciled with the ability of the semi-
alloantigenic conceptus to evade rejection by the maternal immune system remains an area of
considerable conjecture.

Together, these data suggest that the maternal immune system has an important role in
recognising and promoting development of the products of conception. In normal circumstances,
the status of the endometrial immune environment would therefore be a consideration of utmost

importance in determining the outcome of implantation and placentation.

1.3.2 Maternal immune responses to semen

During pregnancy, the maternal immune system is interactive with events in the
reproductive tract as early as at the time of mating. Sperm and seminal fluid carry various antigens,
including MHC antigens and minor histocompatibility antigens including H-Y, blood group
antigens, trophoblast-lymphocyte cross-reactive antigen (TLX, or CD356) and sperm specific
autoantigens, as well as leukocytes (Clarke 1984; Kajino ez al. 1988; Alexander and Anderson
1987). Washed allogeneic epididymal spermatozoa inoculated directly into the uterine lumen of rats
incite local lymph node enlargement and transplantation immunity (Beer and Billingham 1974).
Seminal plasma contains immunosuppressive and immunoactivating substances and may have a role
in regulating maternal immune responses to insemination (Alexander and Anderson 1987; Thaler
1989; Hadjasavas 1992).

An inflammatory-like response occurs within the endometrium during the 24 h period
following mating. Interleukin-1 (IL-1) and tumor necrosis factor-o. (TNFa) synthesis by leukocytes
within the endometrium is induced within 12 hour after copulation. Although the nature of the
inducing agent is not clear, mating with vasectomised males elicits a similar response implicating
factors other than spermatozoa (McMaster et al. 1992). Upregulation of messenger ribonucleic
acids (mRNAs) encoding TNFo, IL-10 and IL-1f, colony stimulating factor-1 (CSF-1), IL-6 and
granulocyte-macrophage CSF (GM-CSF) in the uterus following mating has also been reported
(Sanford et al. 1992).



These changes in cytokine expression are associated with a dramatic increase in the numbers
of mononuclear phagocytes and neutrophils found in both the endometrium (1.5.2; 1.5.3), and the
uterine lumen (Austin 1960; Ball and Mitchinson 1977). These cells may act to phagocytose micro-
organisms that are introduced at mating, and also the bulk of the sperm, although the basis upon
which some sperm escape phagocytosis is not clear (Cohen 1984). It has been suggested that
maternal immunisation against paternal antigens may be facilitated by the processing of seminal
debris by uterine antigen presenting cells at mating (Kajino ez al. 1988). Uterine luminal epithelial
cells are endocytotic in early pregnancy (Parr 1980) and since they can express class II MHC
antigens (Head 1987) these cells may also present antigen in a role analogous to that of other
epithelia (Mayrhofer er al. 1983; Mayer and Shlein 1987).

1.3.3 Maternal immune responses to the conceptus

The mother appears to recognise the conceptus as an independent immunological entity as
early as implantation. An hypertrophy of the lymph nodes draining the uteri was found to occur
prior to implantation on day 4 after mating to allogeneic, but not syngeneic males. This reaction
was primarily a consequence of exposure to seminal antigens since it also occurred following
ligation of the oviduct (Beer et al. 1975; Beer and Billingham 1974). Lumbar lymph node
hypertrophy was more pronounced in multiparous females (Clarke 1984), and interestingly, was
associated with increased litter sizes. Implantation rates were also enhanced in uteri that had been
previously sensitised to paternal leukocytes or skin grafts. That this increased reproductive efficacy
had a local, immunologic basis was shown by the finding that allo-sensitisation of one horn did not
increase implantation sites in the contralateral horn, and had no effect on the pregnancies resulting
from syngeneic matings (Beer et al. 1975; Beer and Billingham 1974). Dramatic changes in the
weight of the thymus associated with allogencic pregnancy are evident by day 4, and are modified
by prior pregnancy or sensitisation against paternal antigen (Clarke 1984).

MHC antigens have been detected on embryos as early as at the 8-cell stage (Searle et al.
1976; Goldbard et al. 1985; Warner et al. 1988), as well as minor histocompatibility antigens and
stage specific embryonic antigens (SSEA) (Warner ez al. 1988; Hamilton 1983). The embryo is
susceptible to maternal effector cell attack as soon as the physical protection afforded by the zona
pellucida is lost (Warner et al. 1988), and is bathed in maternal immunoglobulin from conception
(Clarke 1984). Allogeneic blastocysts transferred surgically to beneath the kidney capsule of an
immunised host are rejected rapidly, and this attack is directed towards non-MHC
histocompatibility antigens (Searle et al. 1976).

Local mechanisms preventing the initiation of destructive immune processes must therefore
be in place from the moment of primary contact between embryonic and maternal tissues at
implantation. However, the midgestation fetal-placental unit has been the focus of studies aimed at
identifying these mechanisms, and although substantial progress has been made in this area in recent
years, the temporal sequence of their induction during the per-implantation period has been

somewhat ignored.



An effective host anti-graft immune response is dependant on (1) expression of appropriate
allo-antigens by the graft; (2) generation of specific allo-reactive effector cells; (3) physical contact
between graft and effector cells, and (4) susceptibility of the graft to effector-mediated cytolysis.
The following sections summarise what are currently regarded as the major strategies employed at
the matemnal fetal interface to prevent the generation and the execution of maternal rejection

responses.

a. Afferent suppressive mechanisms

Several factors may limit matemal recognition of conceptus antigens. After implantation,
the fetus is anatomically separated from the mother by the placenta and extra-embryonic membranes
and trophoblast is the fetal tissue in direct contact with maternal blood and tissue. Study of the
distribution of MHC antigens in placentae of many species has revealed a lack of class I antigens
and also a highly regulated expression of class I antigens in the placental trophoblast cells to which
the maternal tissues are exposed. There is substantial evidence that class I MHC antigens are not
expressed by the trophoblast giant cells adjacent to maternal tissues after implantation (Head et al.
1987). In humans and rats the non-polymorphic non-classical class I genes HLA-G and Pa
respectively are expressed in place of other class I genes (Hunt and Orr 1992).

Whether a similar situation exists in the mouse is less clear. Expression of class I antigens
occurs at least as early as in the (pre-placental) ectoplacental cone (Hedley et al. 19809).
Immunohistochemical studies have revealed that in the mid-gestation placenta spongiotrophoblast
cells express class I antigens (Redline and Lu 1989), but this appears not to be immunostimulatory,
since no evidence of an enhanced maternal allo-response was found following upreglation of
expression by treatment with interferon—y (IFNy) (Mattsson et al. 1991). Class I protein is not
detected in labyrinthine trophoblast cells, and in situ hybridisation studies show that although class I
heavy chain transcripts are synthesised in these cells their failure to be processed into cell surface
protein is associated with a lack of B,microglobulin mRNA expression (Jaffe et al. 1991). Non-
polymorphic Qa-2 antigen is present on pre-implantation embryos, where its expression appears to
be positively correlated with growth and development (Warner et al. 1988; 1991). However,
classical class I (H-2) antigens have also been reported to be expressed by preimplantation murine
embryos (Searle et al. 1976; Goldbard et al. 1985; Warner et al. 1988).

A block in local antigen handling and processing is a potential mechanism whereby maternal ;
sensitisation to conceptus-derived antigens is inhibited. Lymphatic vessels are not found near the
uterine lumen after mating, nor in the vicinity of the conceptus during or after implantation (Head
and Billingham 1986). There is a paucity in Ta-positive dendritic cells near the implanting
blastocyst, and macrophages are excluded from the vicinity of trophoblast tissue by the decidual
zone from the initiation of implantation onwards (1.5.2). Together, these conditions probably
function to restrict the access of antigenic material to the lymph nodes draining the uterus.

Soluble factors that have immunosuppressive activities in vitro are present within the

pregnant uterus and have been proposed to influence local T-lymphocytes dynamics. T-



Iymphocytes as well as lymphocytes of an unusual non-T phenotype have been implicated as the
source of molecules that may suppress the activation and expansion of effector cells in the mouse
uterus and draining lymph nodes. Hoversland and Beaman (1990) have described a T-suppressor
cell derived, antigen-specific suppressor factor (TsF) that is highly active during implantation. /n
vivo antibody-mediated depletion of either TsF or T-suppressor cells induces abortion (Beaman and
Hoversland 1988; Clark et al. 1989). Non-T suppressor cells appear in the decidua following
implantation and a reduction in their numbers is associated with early pregnancy failure (Clark et al.
1987, Chaouat et al. 1990). These cells secrete a molecule of the transforming growth factor—32
(TGFp2) cytokine family, which suppresses IL-2 mediated activation and proliferation of natural
killer (NK) and T-lymphocytes in vitro (Clark et al. 1988 and 1990; Lea et al. 1992). Successful
pregnancy in humans as well as mice has also been correlated with systemic induction on
lymphocytes of the progesterone receptor, together with the capacity to secrete an NK cell inhibiting
activity after exposure to progesterone (Szekeres-Bartho et al. 1991).

Other soluble factors within the uterus have immunosuppressive activity. Of particular
importance may be PGE,, since indomethacin is a powerful abortifacient. PGE, is produced by
macrophages as well as other resident uterine cells and interferes with activation of T-lymphocytes
and NK cells (Tawfik et al. 1986a and 1986b; Lala ez al. 1988 and 1990). Cytokines including
TGFp, TNFo. and GM-CSF are present within uterine and placental tissues and may have
'immunosuppressive' properties, primarily through inducing suppressive phenotypes in local
leukocyte populations (1.7.1; 1.7.6). The activities and potential functions of cytokines in the

uterus will be considered fully in later sections of this review (1.7).

b. Efferent suppressive mechanisms

Mechanisms that may act to inhibit sensitisation to conceptus antigens are insufficient to
fully account for the survival of the conceptus, since humoral and cellular responses to paternal
class I and minor histocompatibility antigens, as well as to oncofetal antigens, can both occur
naturally in parous animals without obvious detriment to fetal survival (Bell and Billington 1983;
Hamilton 1983; Heyner and Komar 1987). Pregnancy is not compromised in females rendered
hyperimmune to paternal tissue antigens by prior immunisation with paternal leukocytes (Beer and
Billingham 1974). Similarly, passive transfer of in vitro expanded anti-paternal allotype cylotoxic
T-lymphocytes (CTLs) has no effect on pregnancy outcome, although these cells readily mediate
paternal skin graft rejection (even in pregnant mice) (Kamel and Wood 1991). Thus it appears that
mechanisms operating locally in the uterus at the maternal-fetal interface provide a second line of
defence, through blocking of the effector arm of immune rejection.

In the event that specific T-effector cells gain access to the placenta, a further level of
protection is afforded by the resistance of trophoblast cells to T-effector cell attack. Firstly, the
trophoblast cells that are exposed to the maternal tissues do not express the classical MHC
molecules to which anti-patemnal allo-reactive effector cells are targeted (Hunt and Hsi 1990; Head

1989). Furthermore, there is little definitive evidence that cytolytic cells can cause placental
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damage by killing trophoblast cells. Whilst highly activated CTLs can lyse cultured trophoblast
cells in vitro, fresh trophoblast cells prove remarkably resistant (Drake and Head 1989). CTLs
found within resorption sites appear to be present as a consequence rather than a cause of the
pregnancy failure (Head 1989). Trophoblast cells also appear to be protected from NK cell lysis,
and this has been related to their expression of non-classical MHC (Kovats et al. 1990), although
B,microglobulin gene knockout experiments show that MHC expression is not critical to the
success of pregnancy (Koller et al. 1990).

Antibodies to trophoblast membrane proteins, including both major and minor
histocompatibility antigens, are detectable in the serum and placenta during normal rodent (Head
and Billingham 1983; Heyner and Komar 1987) and human (Davies and Browne 1985) pregnancy,
but the trophoblast also appears to be resistant to complement mediated cytolysis. This may be due
to expression by the embryo and placental trophoblast cells of proteins including membrane co-
factor protein (MCP) and decay accelerating factor (DAF) that inhibit activation of the complement
cascade (Holmes and Simpson 1992).

There is evidence that in some circumstances trophoblast cells may be susceptible to killing
by innate immune cells of the NK cell lineage. Uterine NK cells (or granulated metrial gland
[GMG] cells) are abundant in the uterus and decidua during pregnancy. These cells can kill
trophoblast cells in vitro, and so may provide a mechanism whereby excessive placental growth can
be limited (1.5.6).

G Immunotrophism

In an attempt to address the apparent dichotomy between the benefits and potential dangers
of maternal immune recognition of the conceptus, Wegmann et al. (1989; Wegmann 1988) have put
forward the 'immunotrophism' hypothesis which states that certain types of immune responses may
be beneficial to pregnancy and actively prevent rejection of the fetal 'graft’. This concept arose from
studies showing that the elevated rate of fetal resorption in the CBA/J x DBA/2 strain combination
can be reduced to normal levels by active immunisation with cells bearing paternal MHC antigens
(Balb/c spleen cells), and that this leads to a significant increase in fetal and placental size (Chaouat
et al. 1985). Immunisation correlates with the induction of both humoral and cellular responses to
allo-antigen, and with a local recruitment of decidual non-T suppressor cells (Clark et al. 1987), and
a reduction in the accumulation of presumptive NK cells (or GMG cells) at the implantation site
(Gendron and Baines 1988). Protection against abortion can be adoptively transferred with post-
partum serum or CD8§ positive T-cells from immunised or multiparous (by Balb/c males) CBA/J
mice (Chaouat et al. 1985).

It was originally postulated that the beneficial effects of anti-patemal immunity were
mediated through the local release from allo-reactive T-lymphocytes of cytokines that enhance
placental growth and development (Athanassakis et al. 1987). Placental cells were shown to
proliferate and exhibit enhanced phagocytic activity in response to T-cell derived cytokines (1.8.1).

When T-lymphocyte parameters were altered by in vivo administration of monoclonal antibodies
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(mAbs) against CD4 or CD8 during pregnancy, placental proliferation and phagocytosis were
diminished (Athanassakis 1990). However, neither the resorption frequency nor placental or fetal
weights were affected by depletion of CD8 positive T-cells in another study (Sulila et al. 1988).
Further support for a trophic role of activated T-cells came from the observation that depletion of T-
cells in the autoimmune MRL Ipr/ Ipr strain corrected placental hypertrophy and placental
phagocytosis was then normal (Chaouat et al. 1988). These findings have led to the controversial
treatment of recurrent spontaneous abortion in women with immunisation against paternal
leukocytes, but whether this has a beneficial effect on subsequent pregnancy outcome remains
inconclusive (Hill 1991).

However, the validity of the 'immunotrophism' hypothesis was bought into question when it
was found that there is no absolute requirement for an intact maternal immune system for pregnancy
to proceed successfully. Genetically T-cell deficient mice have normal placental and fetal weights
(1.5.1), suggesting that any role of the maternal immune system in promoting successful pregnancy
on the basis of classical anti-alloantigenic reactivity is limited to an adjunctive rather than a
necessary one.

Thus the capacity of both the specific and innate arms of the maternal immune system to
respond appropriately to pregnancy may prove o be more important for pregnancy outcome than
the status of maternal immunity to paternal allo-antigens. This interpretation of the data is
consistent with findings that non-specific immunopotentiating agents such as Freund's complete
adjuvant can prevent fetal resorption as effectively as immunisation with paternal antigens (Toder
and Strassburger 1990), whereas environmental pathogens can have the opposite effect (Hamilton
and Hamilton 1987). A balance between the activities of the two subsets of CD4* T-lymphocytes
(Ty1 and Ty2) has been proposed to be central to the success of pregnancy and may be influenced
by these treatments (Guilbert et al. 1993).

Furthermore, the findings that systemic administration of small quantities of cytokines
during mid-gestation can also enhance fetal survival in abortion-prone mice (Chaouat ez al. 1990)
has led to the extension of this hypothesis to accommodate the concept of cytokine regulatory
networks at the fetal-matemal interface (1.8.5). Local cytokines may alter the outcome of
pregnancy through maintaining an appropriate balance between the cytotoxic actions of uterine NK
cells (1.5.6) and the activity of local immunosuppressive mechanisms. The recruitment,
proliferation and activation of T-lymphocytes are sensitive to the effects of various cytokines, and
so cytokines are also likely to be important in initiating and maintaining the balance between Tyl
and Ty2 cells. The potential roles of cytokines in regulating the functions of immunocompetent

cells are considered in greater detail in later sections of this discussion.

1.4  Leukocyte trafficking

Cycling and pregnant uteri host large and diverse populations of leukocytes. The nature and
behaviour of these cells is presumably central to strategies employed at the maternal fetal interface

to prevent generation or execution of destructive immune responses. Leukocytes, especially those
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of myeloid lineages, also have important roles in the tissue remodelling that accompanies
inflammatory and reparative processes, and may act in similar capacities in the tissue remodelling
that is characteristic of reproductive events. Recent data pertaining to the occurrence and behaviour
of the individual leukocyte populations that are resident within the murine uterus will be discussed
in the following sections of this review, following a brief overview of mechanisms that regulate

leukocyte trafficking through peripheral tissues.

14.1 Inflammation

The nature and degree of the leukocyte infiltrate into the uterus during the oestrous cycle
and early pregnancy, together with the accompanying vascular changes, have caused comparisons to
be drawn between these events and an inflammatory response.

During inflammation leukocytes and serum molecules are diverted towards areas of damage
in peripheral tissues, usually following infection or injury. The principle components of an
inflammatory process include local increases in blood flow and capillary permeability, and the
infiltration of leukocytes including polymorphonuclear cells, lymphocytes and macrophages. The
kinetics of leukocyte recruitment depend on the cell type; neutrophils migrate into tissue within
minutes of stimulation but die within 24 h, whereas macrophages and lymphocytes arrive within
hours and persist (or are constantly renewed) for days or even weeks.

Recent studies in epithelial tissues highlight the importance of resident sessile cells within
tissues in the generation of inflammatory reactions. Non-hemopoietic cells in the skin (including
epidermal keratinocytes and dermal fibroblasts) upon appropriate stimulation produce various
cytokines that can decisively influence the behaviour and function of lymphocytes, granulocytes and
monocyte/macrophages. Many of these cytokines (GM-CSF, IL-1, TNFo) are the same factors that
influence CAM expression by endothelial cells and epithelial cells (Kupper 1990; Carlos and Harlan
1990). Kupper (1990) surmises that "Taken to their logical conclusions, these observations suggest
that nonhemopoietically derived cells of skin, by virtue of their potential for cytokine production,
have the indirect capacity to trap appropriate classes of leukocytes within microvasculature at
precise anatomical sites, guide them through vessel walls and through dermal tissue along
chemotactic gradients, and then activate them in situ." In the case of the lung, recruitment of
granulocytes, particularly eosinophils, follows the upregulated release by pulmonary endothelial and
epithelial surfaces of factors which are chemotactic or enhance CAM expression (Ohtoshi et al.
1991). This may be important in the pathogenesis of asthma (Leff et al. 1991; Corrigan and Kay
1992).

14.2 Leukocyte recruitment

The physiological processes by which leukocytes are selectively exported from the
circulation and trapped at precise anatomical sites within normal or inflamed peripheral tissues are

exquisitely regulated by specific cell-cell and cell-extra cellular matrix (ECM) interactions,
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mediated by integrins and other CAMs, and by the local production of chemotactic factors such as
IL-5, IL-8 and GM-CSF (Albelda and Buck 1990; Osbom 1990; Vestweber 1992).

The endothelial cell-neutrophil interaction has been studied extensively and a model
involving a multi-step recognition process that provides for both specificity and diversity in
leukocyte-endothelial cell recognition has emerged from these studies (Butcher 1991). An
inflammatory reaction begins when resident cells at the site of insult release biologically active
mediators including cytokines (eg. IL-1, TNFa., IFNYy, GM-CSF) or other inflammatory mediators
[eg. leukotrienes, histamine and bacterial products including FMLP and lipopolysaccharide (LPS)]
which act to upregulate expression of endothelial CAMs (Albelda and Buck 1990; Obsorn 1990).
Within minutes after tissue injury, the passage of leukocytes through the local microvasculature is
slowed, as they become loosely associated with the endothelial cell via a primary adhesion pathway
mediated by molecules of the selectin family of CAMs (Vestweber 1992). This allows local
chemoattractant/ activating factors (including cytokines, lipids, complement components and
bacterial products) to induce leukocyte expression of 'activation-dependant’ CAMs that stabilise the
leukocyte-endothelial cell interaction. Finally, leukocytes migrate into the tissue by opening up
tight junctions between endothelial cells. Chemotactic factors produced by cells within the
inflammatory site induce directional migration of leukocytes through the endothelium and into
tissues. The profile of chemoattractant and activating factors disseminating from an inflammatory
site ﬁresumably regulates local endothelial and leukocyte CAM expression and so determines the
composition of the infiltrating leukocyte population (Butcher 1991; Obsorn 1990; Mantovani et al.
1992).

Both T and B lymphocytes leaving the blood are destined to traffic through all peripheral
tissues, but primarily enter either lymphoid tissues or sites of inflammation. Tissue specific
expression of endothelial cell markers or 'vascular addressins' on high endothelial venules in
lymphoid tissues, and the preferential expression of their ligands by specific subsets of
lymphocytes, accounts for the remarkable tissue specificity of lymphocyte extravasation.
Addressins for skin, and for mucosal and peripheral lymphoid tissues have been identified (Albelda
and Buck 1990; Siegelman 1991). Whilst expression of many of these molecules is constitutive, ir.
inflammatory sites lymphocyte-endothelial cell interactions appear to be dependant on activation
(Osborn 1990, Butcher 1991).

1.4.3 Regulation of leukocyte recruitment in the uterus

There is considerable evidence indicating that the trafficking and behaviour of each of the
leukocyte populations resident within the uterus are subject to regulation by ovarian steroid
hormones. For example, macrophages and eosinophils are the largest populations in the oestrous
uterus and their numbers and distribution within the endometrium appear to be regulated by steroid
hormone-induced synthesis of local factors (De and Wood 1991; Lee et al. 1989; 1.4.2 and 1.4.4).
There is increasing evidence to implicate cytokines, acting as chemotactic agents or as inducers of
CAM expression in the local microvasculature, as local mediators of these dramatic cyclic changes

in uterine cytology (see 1.7).
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1.5 Uterine leukocyte populations
1.5.1 T and B Lymphocytes

T-lymphocytes comprise a small proportion of the lymphocytes found in the oestrous and
carly pregnant endometrial stroma (Head 1987; Redline and Lu 1989). A CDS8 positive T-cell
population with suppressive activity that is not MHC restricted accumulates in the oestrous uterus
and persist through the implantation period (Clark et al. 1989). Following implantation, T-
lymphocytes are extremely sparse in the decidua of normal mice and rats, even in the presence of
local Listeria infection (Redline and Lu 1989; Head 1987; Redline and Lu 1988). Only a small
proportion of lymphocytes from murine decidua bear cytotoxic markers (Kearns and Lala 1985).
Exclusion of lymphocytes from decidual tissue may be a function of the decidual cell ECM
[analogous to the mechanism underlying macrophage exclusion described by Redline ez al. (1990)],
but other factors including production of local inhibitory factors (Clark et al. 1985) or lack of
adhesion molecules on the decidual microvasculature may also be important. Expression of the
CDS5 antigen by local endothelial cells has been suggested to be a mechanism which blocks T-
lymphocyte extravasation into the pregnant sheep uterus (Gogolin-Ewens et al. 1989).

Densities of immunoglobulin (Ig)-secreting plasma cells are similar in the reproductive trac:
and the small intestinal tract. Ovarian steroid hormones regulate the migration of these cells into
the murine reproductive tract; at pro-oestrous plasma cells are 2-3 fold increased in number and the
ratio of IgA:IgG secreting cells is relatively greater than at di-oestrous (Rachman ez al. 1983). 1gA-
containing plasma cells are more common in the uterine endometrium and Ig transport across the
epithelium is enhanced following implantation on day 4. These changes are influenced by the
embryo since they do not occur in psuedopregnant mice (Rachman et al. 1986). Both progesterone
and oestrogen were found (o increase the number of plasma cells in the uterus of ovariectomised
mice, suggesting that the marked increase in endometrial plasma cells at implantation is a response
to progesterone acting on an oestrogen primed uterus (Parr and Parr 1986).

T-lymphocytes in the decidua secrete soluble molecules that have immunosuppressive
activity in IL-2 dependant T-cell activation assays in vitro, and studies in which these cells were
depleted with specific mADb in vivo suggest that these cells may have a role in suppressing
destructive maternal immune responses (Beaman and Hoversland 1988)(see 1.3.3).

Cytokines liberated by T-lymphocytes have also been implicated as trophic factors for
trophoblast cells of the developing placenta (1.3.3; 1.8.1). However, experiments with two strains
of genetically T-cell deficient mice have shown that T-cells are not an absolute requirement in
pregnancy. T-and B-lymphocyte, NK cell deficient scid/scid x bg/bg double mutant mice have no
reduction in litter size and placentas of normal weights (Croy and Chapeau 1990), whilst
B,microglobulin deficient mice with defective cytotoxic T-cell function through absence of class 1
MHC expression are also normally fertile (Koller et al. 1990). This finding does not exclude the
possibility that products of lymphocytes (some of which, for example IFNY, are extremely potent)

can not impact directly or indirectly through cylokine networks on placental growth.
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1.5.2 Macrophages

Tissue macrophages are long-lived cells derived from circulating monocytes. These cells
are capable of phagocytosis, antigen processing, antigen presentation, and synthesis of such factors
as cytokines, prostaglandins, vasoactive amines and proteolytic enzymes. Macrophages are,
therefore, equipped to participate in physiological activities as diverse as defence against invading
pathogens or tumor cells, recruitment of leukocytes, suppression or activation of leukocyte activity,
angiogenesis and tissue remodelling (Rappolee and Werb 1989 and 1992; Papadimitriou and
Ashman 1989; Leibovich and Ross 1975; Nathan 1987). Furthermore, their ability to produce
enormous amounts of a specific molecule (eg. TNFor) suggests that macrophages may in some
circumstances amplify signals derived from other types of cells.

The morphological and functional characteristics of tissue macrophages, including their
importance in innate immunity and profile of bioactive products, are extraordinarily sensitive to
local microenvironmental signals. In particular, cytokines can induce and suppress various
properties reversibly, to give rise t0 macrophages with tissue-specific phenotypes (Gordon 1986,
Papadimitriou and Ashman 1989; Mazzei et al. 1990; Turner at al 1991; Heidenreich et al. 1989;
Geppert and Lipsky 1989). Extracellular matrix proteins are also potent mediators of tissue-specific
influences on the profile of cytokines and other mediators released by resident macrophages (Nathan
and Spom 1991).

Macrophages are normally resident in all connective and mucosal tissues, including the
myometrial and endometrial stroma of the virgin and pregnant uterus (Hume et al. 1983; 1984;
1985; Hunt ez al. 1985). De and Wood (1990) have used the macrophage specific mAb F4/80 to
analyse the numbers of macrophages in suspensions of enzymatically digested uterine tissue, and to
demonstrate their distribution in intact tissue from virgin mice. In accord with the findings of Hunt
et al. (1985), these authors report that approximately 10% of collagenase-digested cells from
oestrous uteri are F4/80 positive. However, leukocytes are released preferentially by tissue
disaggregation protocols employing collagenase and this figure may be an over-gstimate of the
proportion in undisrupted tissue (Bulmer 1989). The numbers of leukocyte common antigen
(LCA)-positive and F4/80-positive cells were similar, suggesting that macrophages account for all
or nearly all of the collagenase-extractable leukocytes in the virgin uterus. Macrophages were
evenly distributed through the endometrium and myometrial stroma in di-oestrous uteri, but during
pro-oestrus and oestrus were found to accumulate in the stroma lying immediately subjacent to the
luminal epithelium and around the endometrial glands. Ovariectomy resulted in a significant
decrease in the numbers of uterine macrophages within 6 days, although whether this was the result
of their death, or active migration from the tissue is unknown. Administration of oestrogen or
progesterone to ovariectomised mice restored macrophage numbers and their distribution to an
ocstrous pattern, and oestrogen and progesterone in combination further increased macrophage
levels to 13% (De and Wood, 1990). The authors concluded that ovarian steroids regulate the
quantity and distribution of uterine macrophage populations, and hypothesised that factors which
are chemotactic for macrophages are produced by uterine epithelial cells in response 10 ovarian

steroids.

16



During the 48 h period following natural mating the proportion of F4/80 positive cells in
collagenase preparations increased approximately 2.5 fold. This number declined from 27% on day
2,10 17% and 19% on days 3 and 4 respectively. After implantation macrophages increased to 35-
40% on day 5 through to day 8. Numbers of F4/80 positive cells detected in sections of uterus were
consistent in number with the data derived from cell suspensions for each of the first 8 days of
pregnancy. They were found to be localised predominantly to areas immediately below the luminal
and glandular epithelium, including within the superficial endometrium adjacent to the implanting
embryo (De et al. 1991). Following implantation, F4/80 positive cells are found infrequently in the
expanding primary decidual zone (Redline and Lu, 1989; De and Wood 1991) even in the presence
of local Listeria infection (Redline and Lu 1988). The exclusion of macrophages from the decidua
appears to be a function of the substratum of decidualised stromal cells, which blocks the adhesion,
spreading and lysis of tumor cell by macrophages in vitro (Redline et al. 1990). F4/80 positive cells
were found to accumulate in large numbers in the decidua basalis and the metrial gland area in the
mesometrial triangle until day 12 of pregnancy. At this time, disappearance of luminal epithelium
in the mesometrial uterus leads to regression of these two structures and the coincident
disappearance of F4/80-positive cells. Association of F4/80-positive cells with epithelium was also
found to be a feature in inter-implantation sites throughout pregnancy, and during late gestation as
new luminal epithelium surrounds the fetus and placenta (De and Wood 1991).

The pattern of macrophage distribution is similar in the cycling and pre-implantation rat
uterus. In the virgin rat, cells bearing monocyte/macrophage antigens are most numerous at oestrus,
when they are found to accumulate predominantly in the luminal endometrium. A transient 4-fold
increase in macrophages occurs within the luminal endometrium during the 12 h period following
mating, and this is followed by a progressive decline to oestrous levels over the following 4-5 days
under the influence of progesterone (Kachkache et al. 1991).

The functional status of uterine macrophages has not been studied extensively. Few cells in
suspensions of cells harvested from virgin uterus but approximately 50% of the F4/80 positive cells
in suspensions from pregnant uterus express class I MHC (Ia) antigen, a marker of activation (Hunt
et al. 1985). Similar proportions of class II-positive cells were also observed in sections of pregnant
uterus (Redline and Lu 1989). Isolated stromal cells with a subepithelial distribution, presumed to
be macrophages, have been reported to have greatly increased IL-1 (o and ) and TNFo. mRNA
expression on day 1 of pregnancy (McMaster et al. 1992).

The versatility of the macrophage as a regulator of both immunological and non-
immunological events, coupled with the extraordinary numbers of these cells in the endometrium,
suggests that they may be pivotal cells in uterine processes (Hunt 1989 and 1990). The capacity of
macrophages to synthesise an array of bioactive substances including cytokines, prostaglandins
(PG), vasoactive amines and tissue remodelling enzymes, suggests that these cells may be active
participants in the tissue remodelling that is a characteristic of uterine processes. Macrophages are
thought to have important roles as accessory cells in lymphocyte activation, and may therefore play
a key role in establishing and maintaining an immunological environment that is refractory to
rejection of the fetal graft. For example, GM-CSF and TGFp1 both induce macrophages to assume
an 'immuno-inhibitory' phenotype. TGF1 and TGFB2 are potent inhibitors of the respiratory burst
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(Tsunawaki et al. 1988), and induce secretion of IL-1 inhibitor (Turner et al. 1991). GM-CSFis a
less potent inhibitor of macrophage activation (Tsunawaki et al. 1988), and it also induces secretion
of IL-1 inhibitor (Mazzei et al. 1990; Roux Lombard et al. 1989) and PGE (Heidenreich et al.
1989). IL-1 inhibitor and PGE are both important potentiaily as inhibitors of T-lymphocyte and NK
cell activation processes. By contrast, exposure to IFNy enhances the antigen-presenting
capabilities of macrophages (Geppert and Lipsky 1989). Interestingly, secretion of GM-CSF by
tumor cells is associated with induction of a local immunosuppressive microenvironment that
permits tumor proliferation and metastasis (Tsuchiya et al. 1988; Sotomayor et al. 1991; Fu et al.
1991). A precedent for down-regulation of local immune responses by macrophages ¢xists in the
lung, where suppression of the pulmonary immune response to lung microbial flora appears to be a
major function of the alveolar macrophage (Thepen et al. 1989).

However, the precise significance of the large numbers of macrophages within the uterus is
not clear. Tachi (1991) has shown that carrageenan, a pharmacological suppressor of macrophage
activation, blocks implantation when administered to rats on day 4 (although a non-specific
cytotoxic effect was not ruled out) whilst macrophage activation with yeast glucans had no adverse
effect. Studies employing the genetically CSF-1 deficient op/op mouse have generated data relevant
to the role of macrophages in pregnancy (Pollard et al. 1991a). Homozygous mutant Crosses (oplop
x oplop) were found to be infertile consistently, whilst op/op females mated to heterozygote males
bore litters 46% of the size of those of phenotypically normal heterozygote females. Macrophages
are not detected in the uteri of virgin op/op mice but they were found to accumulate in the uterus
during early pregnancy in numbers approaching those in the heterozygote controls on day 7 and 8.
However, these macrophages exhibited an uncharacteristically rounded morphology (and hence
presumably less differentiated phenotype), failed to persist and were undetectable by day 14. The
finding that op/op females did maintain pregnancies when mated to heterozygote males can be
interpreted as evidence that macrophages are beneficial, but not absolutely critical, to the success of
pregnancy. However, interpretation of these data is difficult since the absence of CSF-1 in these

mice is also likely to contribute to their infertility (1.6.4).

1.5.3 Dendritic cells

Antigen presentation in peripheral tissues is primarily accomplished by Ia antigen-bearing
dendritic cells. Studies on the rat uterus have revealed that the virgin uterus is well endowed with Ia
antigen-bearing cells which are distributed throughout the endometrial stroma, particularly in areas
adjacent to glands. These cells lack non-specific esterase, are dendritic in shape and have been
found to have potent antigen-presenting capacity in vitro (Head et al. 1987) Administration of
oestradiol to ovariectomised animals increased the density of endometrial dendritic cells, suggesting
that, like other myeloid lineages in the uterus, these cells are influenced by steroid hormone levels
(Head and Gaede 1986). During early pregnancy in the rat, the density of Ta-positive cells in the
endometrial stroma was found to decline, particularly in decidualised areas adjacent to the

implantation site (Head and Billingham 1986). Macrophage-like cells with a dendritic morphology
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and antigen-presenting capacity have also been identified in the murine decidua (Searle and
Matthews 1988).

1.5.4 Neutrophils

Polymorphonuclear cells (PMNs), or granulocytes, are classified into neutrophils,
eosinophils and basophils. These cells are not antigen specific and they are short-lived (2-3 days)
and readily-activated phagocytic cells that comprise the immune system's first line of defence.
Neutrophils are the most abundant circulating granulocyte, comprising approximately 50% of the
total blood leukocytes under normal circumstances. They are normally only sparsely distributed in
peripheral tissues, unless associated with an inflammatory response to a pathogenic agent, foreign
body or trauma (Roitt et al. 1985; Male et al. 1987).

De et al. (1991) have quantified PMNs in smears of uterine cells obtained by collagenase
digestion. They comprised only 1% of uterine cells in cycling mice but this proportion increased to
36% on the first day of pregnancy. This concurs with earlier reports that a transient accumulation of
PMNs occurs in the murine uterus within hours after mating (Austin 1960; Ball and Mitchinson
1977). These cells are recruited from the blood, migrate into the endometrium and pass through the
luminal epithelium into the uterine lumen. Here, they appear to have a role in phagocytosis of
sperm and seminal debris. Only a fraction of sperm in an ejaculate escape coating with antibody
and phagocytosis within the female reproductive tract. This has led to hypotheses that leukocytes
can discriminate between sperm and dispose of some selectively, thereby permitting only a fraction
to compete for fertilisation of the oocyte (Cohen 1984). Granulocytes may account for a proportion
of the endometrial leukocytes which exhibit transient upregulation of TNFo and IL-1 (ot and B)
mRNA synthesis following mating (McMaster et al. 1992).

Neutrophil numbers are reduced to 3% of total uterine cells by day 3 of pregnancy and
remain low for the remainder of gestation (De ez al. 1991; De and Wood 1991). Finn and Pope
(1991) have reported histological evidence for a short-lived accumulation of neutrophils in the
endometrial stroma at the implantation site (but not areas between implantation sites) early on day 5
of pregnancy, apparently in response to the decidualising stimulus. This is consistent with the
suggestion that the evolutionary origin of the uterine reaction to the implanting blastocyst may be
the inflammatory reaction to a foreign body (Finn 1986). Activated neutrophils produce several
bioactive substances which could affect the progress of decidualisation but at present no direct
evidence is available for such a role. Neutrophils are not concentrated selectively in the
endometrium underlying implantation sites in the rat (Rogers et al. 1992), suggesting that they may

not have an important role in implantation in all species.

1.5.5 Eosinophils

Eosinophilic leukocytes comprise less than 5% of total blood leukocytes. During the
oestrous cycle in rats, there is an approximately 50-fold increase in the numbers of eosinophils in

the uterus at oestrus. Eosinophils are absent from the uterus of immature and ovariectomised rats,
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but appear in large numbers after oestrogen administration (Ross and Klebanoff 1966; Lee et al.
1989). Tchemitchin ez al. (1974) found that after exposure to oestrogen for 12-24 h the uterus in
immature rats contains as many eosinophils as are found normally in the entire peripheral
circulation. In contrast, progesterone decreases the oestrogen-induced accumulation of eosinophils
in the uterus of the ovariectomised animal (Ross and Klebanoff 1966). Oestrogen induces (but
progesterone inhibits) the synthesis of a 20 kD protein that is chemotactic for eosinophils, and so
may regulate their traffic in the rat endometrium (Lee et al. 1989, Leiva et al. 1991). The dynamics
of eosinophils are similar in the mouse uterus (Paul et al. 1967), and are not dependant on mast cell
activity (Terada et al. 1985). Eosinophil numbers during pregnancy have not been characterised,
apart from a note in Ross and Klebanoff (1966) that they are not found in uterine tissues during late
gestation in the rat.

The striking cyclic variation in eosinophil numbers suggests that these cells participate in
the profound changes in uterine tissue mass and morphology that are characteristic of the oestrous
cycle. Although eosinophils are phagocytic cells, Ross and Klebanoff remark that they found no
evidence for phagocytosis within the uterus; rather the eosinophils themselves undergo lysis late in
oestrus and both whole cells and cellular remnants are phagocytosed by resident macrophages (Ross
and Klebanoff 1966). Oestrogen can induce eosinophils to degranulate and release potent granule
enzymes (Tchernitchin ef al. 1985). Klebanoff (1965) has shown that one of these, eosinophil-
derived peroxidase, can catalyse the inactivation of oestrogen in the presence of hydrogen peroxide
(H,0,), suggesting that one function of cosinophils may be to regulate oestrogen metabolism.
Activated eosinophils are also a major source of PAF (Lec et al. 1984), and it is of interest that an
increase in the uterine and circulating levels of this mediator is one of the earliest responses L0
conception (O'Neill 1991). Eosinophil derived PAF has the potential to act in an autocrine manner,
and thus may act to amplify signals for eosinophil activation and degranulation (Kroegel et al. 1988
and 1989).

1.5.6 Natural killer cells

High levels of natural killer (NK) cell activity are found in early decidua (day 6), but this
activity declines rapidly during maturation of the placenta (Gambel et al. 1985). At about this time
a morphologically distinct, bone marrow-derived population of cells with some NK cell
characteristics (GMG cells), appears and within days becomes a major constituent in the decidua
basalis (Stewart and Peel 1980). It has been demonstrated recently that GMG cells and NK cells
represent distinct stages of differentiation in the same cell lineage. Parr et al. (1991) have shown by
immunohistochemical staining with mAb against the NK cell specific marker LGL-1 that there are
substantial numbers of NK cells in the mouse uterus throughout the oestrous cycle and during early
pregnancy. No substantial influx of these cells was found to be associated with either oestrus or
mating. NK cells were not found in the primary decidual zone but became concentrated in the

mesometrial decidua of the uterus from day 6 of gestation. Cells in this area, but not in inter-
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implantation sites, became enlarged and expressed perforin (implicated as a mediator in cellular
cytotoxicity) and serine esterases as pregnancy progressed. By day 12-14 of gestation the zone of
activated presumptive NK cells was found to have shifted to the metrial gland area in the uterine
periphery. Factors produced locally at implantation sites are implicated in the activation process.
These authors (Parr et al. 1991) excluded the possibility that IL-2 and IFNy may function in this
role, on the basis that these factors were undetectable in the mouse uterus. However, there is a
report that human trophoblast cells can express IL-2 mRNA (Bochm et al. 1989), which if translated
could function to limit placental growth via an NK-cell mediated negative feed-back mechanism.
The functions of uterine natural killer cells remain unknown. Granulated metrial gland
(GMG) cells cultured out of decidual explants can kill freshly isolated trophoblast cells selectively
(Stewart and Mukhtar 1988), and when they have been activated with IL-2 they can become
cytolytic to NK target cell lines (Linnemeyer and Pollack 1991). These observations suggest that
GMG cells may have a role in surveillance against aberrant or overly aggressive trophoblast
proliferation, and in support of this there is a histological correlation between fetal resorption and
the appearance in the vicinity of cells bearing NK markers (Gendron and Baines 1988). Activators
of NK cells such as poly IC or IL-2 cause fetal resorption when they are administered in vivo (Lala
et al. 1990; Kinsky et al. 1990), whereas treatment with anti-asialo-GM-1 (NK cell specific)
antibody reduces the rate of fetal resorption (deFougerolles et al. 1987). Interestingly, a
physiological role for PGE, in suppressing decidual NK cell activity has been suggested by the
finding that the abortifacient effects of indomethacin arc associated with an increase in decidual
asialo-GM-1 positive cells with lytic activity towards trophoblast cells (Lala ez al. 1990).
Furthermore, GMG cells have been shown to produce transcripts and/or bioactivity in vitro for
cytokines, including CSF-1, IL-1 and leukaemia inhibitory factor (LIF) (Croy ez al. 1991).

1.5.7 Other

Small, granulated cells that do not express cither T-cell or myeloid markers appear in the
decidua following implantation. Their appearance seems to be in response to hormonal as well as
trophoblast-derived signals (Clark ez al. 1986). The ontogeny and origin of these cells remains
unclear, but they appear to have a role in maintaining an immunosuppressive uterine environment
through the secretion of a TGFB2-like molecule (Clark et al. 1988). Insufficient activity of these
cells is correlated with fetal resorption (1.3.3).

Numbers of uterine mast cells also fluctuate during the oestrous cycle and during early
pregnancy. Their density peaks during the attachment phase of implantation before declining,
apparently in response to a factor of blastocyst origin. An embryo-derived factor causes the release
of histamine from rat uterine mast cells and this release is enhanced by oestrogen (Cocchiara et al.
1992). These findings, together with the data reviewed in (1.2.3c), suggest that mast cells may have

a role in the process of decidualisation.



1.6 Cytokines

One of the most exciting recent developments in reproductive biology has been the
increasing recognition of the role of polypeptide growth factors, including lymphohemopoietic
cytokines, in intercellular communication networks in reproductive tissues. Of special relevance
has been the finding that cytokines are synthesised by, and can act upon, cells of non-hemopoietic
as well as hemopoietic lineages, including trophoblast cells of the conceptus and placenta.
Cytokines are implicated both directly and indirectly (through the actions of their target cells) as
mediators both of remodelling processes and of immune processes within the pre-implantation
uterus. The following overview will highlight the features common to the cytokine family that
confer their suitability as molecular mediators of reproductive processes. The individual cytokines

that appear to be important in the murine uterus will then be discussed in some detail.

1.6.1 Cyrokines: overview

Polypeptide growth and differentiation factors, collectively termed cytokines, have emerged
as important regulators of a wide variety of physiologic and pathophysiologic processes. Nathan
and Sporn (1991) define a cytokine as "a soluble (glyco)protein ...released by living cells of the
host, which acts nonenzymatically in picomolar to nanomolar concentrations to regulate host cell
function”. Cytokines thus constitute a further class of soluble intercellular signalling molecules,
alongside neurotransmitters, endocrine hormones, and autocoids. They have relatively low
molecular weights, with a proteinaceous core of about 15 kD to which is linked a similar weight of
carbohydrate, often in heterogeneous glycosylated forms. Apart from CSF-1 and TNFo, these
proteins exist as monomers and experiments with recombinant material shows that the carbohydrate
moieties are not required for activity. However, modification of the carbohydrate may promote
degradation of the cytokine.

Although most cytokines were described originally on the basis of their production by
and/or their effects on lymphohemopoietic cells, [and indeed almost all of them are implicated as
regulators of hemopoiesis (Metcalf 1989)], it is now clear that they mediate communication between
cells of diverse lincages. All the cytokines so far described are highly pleiotrophic, acting on
multiple, often unrelated cell types to elicit extraordinarily diverse and sometimes even seemingly
opposing effects on different targets. Almost all data relating to cytokine actions have been
generated in vitro and it is a current challenge to determine how closely these findings apply in vivo.

Cytokines have a number of properties which help to overcome the problems inherent in a
system composed of relatively few factors which share so many targets and functions. Cytokines
are made and secreted at very low levels, and with few exceptions (eg. IL-1, IL-6 and TNFa,) they
are not detected easily in the circulation, unlike endocrine hormones. Cytokines in general act at
short range, having either paracrine, autocrine or juxtacrine effects. The production of cytokines is
usually under tight regulatory control and they are only secreted by most cells in response to an

activation signal. The potency of cytokines is conferred by the ability of only very few molecules to
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elicit a response; receptors are often expressed at only a few hundred per cell (Nicola 1987,
D'Andrea et al. 1990). The finding that combinations of cytokines often act either synergistically or
antagonistically has given rise to the concept that they act in vivo not as single entities but in a
context defined by local levels of other cytokines and environmental factors. Sporn and Roberts
(1988) have provided a useful analogy whereby cytokines can be viewed as 'symbols in an alphabet’.
Target cells are then seen as responding to 'words', as opposed to individual symbols of the cytokine
alphabet. Natural inhibitors including non-signal transducing antagonists [eg the IL-1 inhibitor
(Seckinger et al. 1987; Roux Lombard et al. 1989)], soluble receptors (see 1.6.2) and autoantibodies
(Arend et al. 1991), are also likely to influence cytokine activities. Cytokines are usually
synthesised and secreted as soluble molecules, but differential splicing of mRNA transcript can also
give rise to membrane associated CSF-1 (Rettenmier et al. 1987). Variants of GM-CSF and LIF
that become incorporated into the ECM have also been described (Roberts et al. 1988; Rathjen et al.
1990). Immobilisation at the site of production may serve to restrict the sphere of influence of these
factors. Nathan and Sporn (1991) highlight the importance of the ECM, which is viewed as a
repository of information reflecting a cell's metabolic history, in modifying the production of and
response to cytokines. Temporal or developmental regulation of the cellular receptors, or of the
intracellular signailing molecules mediating cytokine action, may provide controls on the specificity

of cytokines.

1.6.2 Cytokine receptors. overview

There is in general little sequence homology between cytokines at cither the amino acid or
the genomic levels, suggesting that they have evolved independently. In contrast, analysis of their
receptors has revealed several receptor superfamilies (D'Andrea et al. 1990; Gillis 1991; Miyajima
et al. 1992). 'Cytokine' receptors are classified into three distinct families (Miyajima et al. 1992),
all of which are integral membrane proteins that lack tyrosine kinase activity. They include the
receptors for all of the known lymphohemopoietic cytokines apart from CSF-1 receptor and c-kit,
which are members of the 'growth factor' receptor family. The receptors for interleukins 2 through
7, for GM-CSF and granulocyte-CSF (G-CSF) and for erythropoietin (epo), comprise the type-1
cytokine receptors. For IL-3, IL-5, IL-6, LIF and GM-CSF, the receptor binds ligand specifically
but at relatively low affinity and cannot transduce signal. In hemopoietic cells, functional receptors
for these cytokines are heterodimeric combinations of the specific (0.-) subunits with 'adaptor’ or
affinity converter' (B-) subunits, which bind cytokine with high affinity. Formation of a complex
composed of ligand, o—chain and B-subunit facilitates signal transduction (Kitamura et al. 1991,
Miyajima et al. 1992). The B-subunit has a longer cytoplasmic domain than the o-subunit, and it is
proposed that it is this molecule that transmits signal, although it is not clear whether this is
mediated through its association with additional proteins. The relatively recent finding that B-
subunits can associate into complexes with more than one type of o-subunit and different ligands

suggests that different cytokines can elicit the same response by triggering a common intracellular
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signalling pathway (Nicola and Metcalf 1991; Vairo and Hamilton 1991). Competition for B-
subunit would also explain the hierarchal receptor ‘down-modulation’ that cytokines can exert over
each other.

There is evidence that some a-subunits can be claborated as soluble molecules (Raines et al.
1991; Downing et al. 1989; Takaki et al. 1990). These diffusible receptors can act as cytokine
inhibitors by binding factor in the soluble phase (Raines et al. 1991), or they can participate in
formation of signal-transducing receptor-ligand complexes in the vicinity of cells expressing the B-
subunit (Hibi er al. 1990). This provides a potential mechanism whereby cytokines can act upon
cells that do not express specific (o-subunit) receptors. Indeed, the soluble IL-6 receptor/ IL-6
complex has been shown to bind to the B-subunit common to the high affinity IL-6 and LIF
receptors (designated gp 130) on embryonic stem cells (which are IL-6 receptor-negative) and
induce their proliferation (Kishimoto et al. 1992).

1.6.3 Cytokines and cellular differentiation

It is difficult to conceive of how a single cytokine can exert different or even opposite
effects on different target cells, particularly when each target cell expresses receptors for, and can
have the same response to, a number of factors. Lineage commitment in hemopoiesis (Nicola and
Metcalf 1991; Miyajima et al. 1992) presents a model for ligand cross-reactivity and biological
redundancy in the action of cytokines. The 'selection’ theory proposes that hemopoictic progenitor
cells that bear a particular cytokine receptor will proliferate in response to a given cytokine.
According to this hypothesis, the commitment of cells to a particular developmental pathway occurs
through irreversible shutdown of gene programs that are no longer of relevance through an intrinsic
stochastic process that is cytokine independent. In this model, cytokines function merely to activate
committed cells to execute their existing programs. In contrast, the 'instructive' theory proposes that
cell differentiation follows inductive or instructive signals from cytokines and other external stimuli.
There is only limited data available in support of either model. However, the first model allows for
greater flexibility in the response to cytokines that associate with the same B-subunit 'adaptor'
molecules and share common intracellular signalling pathways (Nicola and Metcalf 1991; Vairo and
Hamilton 1991).

Miyajima et al. (1992) have proposed that the cytokine receptor family has evolved in
relatively recent times, along with the evolution of cellular and humoral immunity. In contrast,
growth factor receptors are found in invertebrates. However, it is interesting that embryonic stem
cells express both the o- and B-subunits of the LIF receptor (specific receptor and gp 130) and that
their commitment to differentiate is extremely sensitive to LIF action (Williams et al. 1988). This,
together with the finding that LIF deficient animals cannot support early embryogenesis (Stewart et
al. 1992; 1.7) shows that critical roles for cytokine receptors are not limited to lymphohemopoietic
cells, and suggests that the conceptus and its products may have adopted the use of cytokines from

cells of the immune system.
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1.7 Cytokine synthesis in the pre- and peri-implantation uterus
1.7.1 GM-CSF
a. Biochemistry and Genetics

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a member of the colony-
stimulating-factor (CSF) family of cytokines. These were identified initially by their ability to
stimulate the proliferation and differentiation of primitive hemopoietic precursor cells into
macroscopic colonies in semisolid culture media (Bradley and Metcalf 1966).

The gene encoding murine GM-CSF was cloned from complementary deoxyribonucleic acid
(cDNA) prepared from the T-lymphocyte cell line EL-4 by Gough et al. (1985), and it has been
expressed in both prokaryote and eukaryote systems. The mouse and human genes are 60%
homologous at the cDNA level, and are represented as single copies on chromosome 5and 11
respectively. Both genes are 2.5 kb in length and each contains three introns and four exons (Gough
et al. 1985, Miyatake et al. 1985). Native GM-CSF is synthesised as a 23-29,000 kD
heterogeneously glycosylated protein which has a 16,000 kD proteinaceous core and two intrachain
disulphide bonds that are important for activity (Burgess et al. 1977; Burgess and Nice, 1985;
Sparrow et al. 1985). The mouse and human proteins are 54% homologous in amino acid sequence
and there is no cross-species bioactivity. Interestingly, nonglycosylated recombinant GM-CSF
generated in bacteria is equally or more active (at least in hemopoietic cells) than the glycosylated
native or yeast-derived recombinant forms (Metcalf et al. 1986; Miyajima ez al. 1986).

Structure/ function studies for murine GM-CSF have been performed by in vitro
mutagenesis and critical residues on which binding and function of mouse and human proteins are
dependant have been pin-pointed (Gough et al. 1987; Lopez et al. 1992). A human GM-CSF
analogue with a single amino acid mutation that confers binding but does not transduce signal has
been identified, and will be of use as an experiment antagonist (Lopez et al. 1992).

In vitro studies of GM-CSF synthesis by various cell types have led to the view that GM-
CSF is released as a diffusible protein into intercellular spaces. However it is not clear whether this
is an accurate reflection of the in vivo situation. GM-CSF is one of 2 number of cytokines that is
now known to be sequestered and immobilised in the ECM. Although not detectable in the
supernatant of bone marrow stromal cell cultures, GM-CSF can be eluted from the solid phase of
cultures (Gordon et al. 1987) where it is associated, in a biologically active form, with the major

ECM component heparan sulphate (Roberts et al. 1988).

b. Cellular Sources

Although originally identified as a product of activated T-lymphocytes, GM-CSF is now
known to be a product of a diverse variety of normal and transformed cell lineages. Non-
transformed rodent sources include macrophages (Thorens et al. 1987), T-lymphocytes (Kelso and
Metcalf 1985), mast cells (Wodnar-Filipowicz e al. 1989), osteoblasts (Horowitz et al. 1989),
fibroblasts (Koury and Pragnell 1982), endothelial cells (Malone et al. 1988), astrocytes (Malipiero
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et al. 1990), and renal mesangial cells (Budde et al. 1989). In the human, the list of cellular sources
includes all of the above, plus NK cells and B-lymphocytes (Gasson 1991; Ruef and Coleman 1990;
Baldwin 1992). GM-CSF derived from different cell types appears to have identical physical and
biological characteristics apart from variation in the degree to which the molecule is glycosylated
(Ruef and Coleman 1990). Until relatively recently, epithelial cells were notable for their absence
from the list of cellular sources, but GM-CSF synthesis from keratinocytes (Koury et al. 1983;
Kupper et al. 1988; Chodakewitz et al. 1988), thymus epithelium (Denning et al. 1988; Galy et al.
1990), and rat (Smith et al. 1990) and human tracheal epithelium (Ohtoshi et al. 1991) are now
described.

Uterine tissues have been recognised for some time as potent sources of CSF (Bradley ez al.
1971; Rosendaal 1975). GM-CSF is a component of CSF bioactivity in supernatants from cultures
of human placenta (Burgess et al. 1977) and murine (Wegmann et al. 1989) and rat decidual cells
(Shiverick et al. 1990). GM-CSF mRNA transcripts of conventional and unique sizes have been
detected in murine placental tissues (Crainie et al. 1989). It has been proposed that T-lymphocytes
responding to fetal alloantigens are the origin of decidual GM-CSF (Wegmann 1988; Wegmann ef
al. 1989; Athanassakis ez al. 1987). In situ localisation of GM-CSF mRNA transcripts in murine
placentae show that GM-CSF is synthesised within small round cells (thought to be leukocytes) and
endothelial cells within the decidua, as well as trophoblast-like cells within the spongiotrophoblast
zone of the placenta (Kanzaki et al. 1991).

c. Regulation of Synthesis

Several agents have been identified that alter the synthesis of GM-CSF. Most notable are
IL-1, TNFo and bacterial lipopolysaccharide (LPS), all of which induce synthesis of the cytokine in
macrophages, T-lymphocytes (IL-1 and TNFo) fibroblasts, and endothelial cells. In T-cells, non-
specific mitogens including lectins and phorbol esters stimulate synthesis of GM-CSF and a range
of endogenous and exogenous bioactive agents (including prostaglandins, bacteria and viruses and
various drugs) can also affect production (Ruef and Coleman 1990; Gasson 1991; Baldwin 1992).
IFNy antagonises the synthesis of GM-CSF induced in fibroblast-like synovial cells by TNFo.
(Alvaro-Gracia et al. 1990). It also enhances synthesis of GM-CSF by T-lymphocytes (Lu et al.
1988; Piacibello et al. 1986), while in macrophages it can be either stimulatory or inhibitory,
depending on the dose (Piacibello 1985; Schlick et al. 1985; Thorens et al. 1987). Human blood
monocytes release GM-CSF after crosslinking of type 1 receptors for F.y with mouse IgG,,
(Herrmann et al. 1992).

In murine skin, GM-CSF synthesis is enhanced following topical exposure to inflammatory
diterpene esters (Koury et al. 1983), and airway epithelial cells cultured from inflamed nasal polyps
or from allergic rthinitis tissue synthesise significantly more GM-CSF than cells from normal tissue
(Ohtoshi ez al. 1991). In rats, GM-CSF expression in tracheal epithelial cells is enhanced by LPS
(Smith et al. 1990).
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In vitro culture can lead to GM-CSF expression in macrophages. Fetal calf serum (FCS) is
known to have inflammatory properties in vivo and it has been found to contain a powerful inducing
agent (other than LPS) for GM-CSF synthesis. The potential influence of ECM components in FCS
(Nathan and Sporn 1991) was demonstrated by the ability of fibronectin to stimulate GM-CSF
synthesis (Thorens et al. 1987).

Regulation of GM-CSF gene expression involves transcriptional and post-transcriptional
control mechanisms. The GM-CSF gene is transcribed constitutively at low levels in monocytes,
endothelial cells and fibroblasts, probably because the mRNA has a short half-life (as do mRNAs
for most cytokines) and does not accumulate. Activation of these cell types by a variety of stimuli
leads to transient mRNA accumulation, through increased transcription and by enhanced mRNA
stabilisation (Thorens et al. 1987; Koeffler et al. 1988; Seclentag et al. 1987). Stability is
controlled through AUUU sequences in the 3' untranslated region (Shaw and Kamen 1986; Iwai et
al. 1991). Transcriptional regulation of the GM-CSF gene is important in T-lymphocytes, which
only transcribe the GM-CSF gene after they are activated. In these cells regulation is mediated by
both cis and trans-acting regulatory elements which can have positive or negative effects (Nimer et
al. 1989; Shannon et al. 1990). Transcription factors, including nuclear proteins induced by TNFo
and phorbol ester, bind to consensus sequences in the GM-CSF promoter region that are

homologous to promoter region sequences in IL-3 and other cytokine genes (Shannon et al. 1990).

d. Actions

GM-CSF derives its name from its ability to stimulate the differentiation and proliferation of
myeloid progenitors to produce colonies containing granulocytes and macrophages (Metcalf 1985;
Metcalf et al. 1986; Begley et al. 1988). The molecular cloning and expression of the GM-CSF
gene in bacteria and yeast has since permitted the extensive study of its actions both in vitro and in
vivo. The biological effects of this molecule can be divided into (1) induction of growth of several
different cell lineages, and (2) alterations in the function of relatively differentiated cells. The
effects of GM-CSF are concentration dependant: induction of proliferation by target cells requires
higher concentrations of the factor than does cither differentiation or activation (Metcalf ez al.
1986).

Mature macrophages appear to be dependant on CSF for survival, since its withdrawal from
in vitro cultures of hemopoietic cells leads to cell death by apoptosis (Williams et al. 1990). The
proliferation of monocyte precursors and of elicited peritoneal macrophages is enhanced in the
presence of GM-CSF, and GM-CSF is implicated in promoting the differentiation of blood-borne
monocytes into mature macrophages in the peripheral tissues (Chen et al. 1988a; 1988b;
Chodakewitz et al. 1988). The maturation of other peripheral antigen presenting cells, including
lymph-borne rat dendritic cells (MacPherson 1989; MacPherson et al. 1989) and Langerhan's cells
in murine skin (Heufler et al. 1988) is also mediated by GM-CSF. Markers expressed
characteristically by mature macrophages are induced by GM-CSF. These include expression of

class I MHC and enhancement of antigen presentation (Chantry et al. 1990, Coleman et al. 1988,
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Falk et al. 1988, Fischer et al. 1988). GM-CSF activates macrophages to increase release of
cytokines including TNFo: (Cannistra et al. 1988; Hart et al. 1988), interferon (Wing et al. 1989),
CSF-1 (Horiguchi et al. 1987), and granulocyte-CSF (G-CSF)(Oster et al. 1989), and it also
increases synthesis of enzymes and factors (such as plasminogen activator) implicated in tissue
remodelling (Hamilton et al. 1991). Expression of receptor molecules for CSF-1 by human
myeloid precursors is downregulated in response to GM-CSF (Gliniak and Rohrschneider 1990),
although in tissuc macrophages a transient decrease in CSF-1 receptor numbers was followed by
restoration (and later upregulation) of their expression (Chen ez al. 1988a). Human blood-derived
mononuclear phagocytes accumulate IL-13 mRNA and secrete IL-1B after exposure to GM-CSF
(Oster et al. 1992).

GM-CSF and IENy appear to induce opposite phenotypes in macrophages. Whilst IFNy
enhances the antigen-presenting capabilities of macrophages (Geppert and Lipsky 1989), GM-CSF
can induce macrophages to synthesise 'immunosuppressive’ molecules, which include IL-1 inhibitor
(Mazzei et al. 1990; Roux Lombard et al. 1989) and PGE, (Heidenreich et al. 1989). These
molecules may act to downregulate local T-lymphocyte activation; IL-1 inhibitor by blocking the
binding of IL-1 at the receptor level, and PGE, by inhibiting cytotoxic T-lymphocyte generation
(Hunt et al. 1984, Tawfik et al. 1986a and 1986b) through interfering with the IL-2 dependant
activation sequence (Lala et al. 1988 and 1990). GM-CSF-induced PGE expression also mediates
an autocrine reduction in IL-2 and IENY receptor expression, and this may represent a negative
feedback mechanism for control of monocyte activation (Hancock et al. 1988b; Fischer et al. 1990).
Constitutive secretion of GM-CSF by tumors in mice has been associated with a metastatic
phenotype, and a mechanism has been suggested whereby this affects local monocyte/macrophages
and thus local T-lymphocytes. The effect may be to allow expansion of a T-suppressor population,
which inhibits local anti-tumor defences (Tsuchiya et al. 1988). GM-CSF secretion by mammary
tumors has been found to downregulate the tumoricidal capability of elicited peritoneal
macrophages obtained from tumor bearing mice (Sotomayor er al. 1991). Administration of rGM-
CSF to normal mice caused similar alterations in systemic immune functions, including the
induction of an immunosuppressive macrophage phenotype (mediated at least partially by PGE,
release), suppression of T-lymphocyte responses to mitogens, and reduction of the cytotoxicity of T-
lymphocytes and NK cells (Fu et al. 1991).

The differentiation and survival of dendritic cells in mucosal tissues may also be regulated
by GM-CSF. GM-CSF has been reported o support the outgrowth of mature dendritic cells from
progenitor cells in peripheral blood or bone marrow (Inaba et al. 1992, Caux et al. 1992), to
enhance the accessory activity of lymph node dendritic cells (Bowers et al. 1990), and to increase
the survival of lymph-borne dendritic cells in vitro (MacPherson 1989).

The survival and function of neutrophils and eosinophils is also dependant on GM-CSF
(Lopez et al. 1986). GM-CSF has indirect or 'priming effects’ on neutrophils, whereby it enhances
the response of neutrophils to secondary stimuli, including the bacterial peptide formyl-met-leu-phe
(fMLP), complement component C5a and leukotriene B4 (LTB4). Neutrophils activated by GM-
CSF secrete IL-1 (Lindemann et al. 1988). GM-CSF also primes neutrophils to synthesise
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leukotrienes and PAF (DiPersio et al. 1988; DeNichilo et al. 1991; Stewart et al. 1991), and
enhances their oxidative metabolism (Lopez et al. 1986; Nathan 1989).

GM-CSF has been reported to stimulate the synthesis of leukotrienes and PAF by human
cosinophils (Silberstein et al. 1986; Lee et al. 1984), and it also upregulates their expression of IL-5
receptors (Chihara et al. 1990) and CD23, CD25 and CD4 (Chihara et al. 1992). In the case of
basophils, exposure to GM-CSF induces histamine release (Hirai et al. 1988; Haak Frendscho et al.
1988).

GM-CSF appears to enhance the recruitment of monocytes and granulocytes into
inflammatory sites, possibly through actions at the endothelial cell/ leukocyte interface. It may also
act as a chemotactic factor within tissues. Expression of CAMs by human neutrophils and
monocytes is modulated by GM-CSF. The possible importance of this factor in trapping these cells
within inflammatory sites in vivo is suggested by findings that exposure to GM-CSF in vitro
reduces expression of the MEL-14 homologue LAM-1, whereas CD18/ CD11b (Mac-1) expression
is enhanced (Armaout et al. 1986; Kishimoto et al. 1989; Gamble et al. 1990; Griffen ez al. 1990; Fu
et al. 1992), GM-CSF has also been found to stimulate a CD11/ CD18-mediated increase in the
adhesion of human peripheral blood monocytes to umbilical vein endothelial cells (Elliott et al.
1990; Gamble et al. 1989) and to mesangial cells (Brady et al. 1992). GM-CSF modulates the
adhesiveness of human neutrophils and their sensitivity to chemotactic factors by mobilising
cytoplasmic granules containing both CD11/ CD18 and formyl-peptide receptors (Weisbart ez al.
1986 and 1987; English and Graves 1992). GM-CSF itself is chemotactic for both monocytes and
polymorphonuclear cells; this is demonstrated in experiments in which these cells migrate towards
an increasing concentration of factor (Wang ez al. 1987), or by the inhibition of neutrophil migration
in the presence of a uniform concentration of GM-CSF (Gasson et al. 1984).

Several aspects of the responses of polymorphonuclear leukocytes and macrophages to GM-
CSF in inflammatory sites are important in relation to host defence against pathogenic agents and
tumor cells. GM-CSF upregulates the phagocytic activity (Fleischmann ez al. 1986; Coleman ez al.
1988) and microbicidal activity (Villalta and Kierszenbaum 1986; Handman and Burgess 1979) of
neutrophils and macrophages. Tumor cells are among the variety of target cells killed more readily
by macrophages (Grabstein et al. 1986; Cannistra et al. 1988), neutrophils (Kushner and Cheung
1989; Lopez et al. 1983) and eosinophils (Lopez et al. 1986; Silberstein ez al. 1986) that have been
exposed to GM-CSF. Neutrophil phagocytosis and cylotoxicity are enhanced when target cells or
particles are coated with immunoglobulin. GM-CSF appears to enhance these processes in
neutrophils by upregulating in a period of minutes the number or affinity of receptors expressed by
neutrophils for the Fc component of IgA (Weisbart ez al. 1988) or IgG (Buckle et al. 1990).

Non-hemopoietic cells also respond to GM-CSF. GM-CSF stimulates proliferation in vitro
of human nonhemopoictic tumor cells, including two osteogenic sarcoma cell lines, a breast
carcinoma cell line, and an SV40 transformed marrow stromal cell line (Dedhar ez al. 1988), human
colon adenocarcinoma cell lines (Berdel et al. 1989; 1990), SCCL (small carcinoma of the lung)
cells (Baldwin et al. 1989), and JAR choriocarcinoma cells (DiPersio et al. 1990). There has been

considerable interest in determining whether GM-CSF can exert similar effects on the normal
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counterparts of these cells. GM-CSF stimulates the proliferation of normal human osteoblasts but
antagonises their synthesis of osteocalcin and alkaline phosphatase (Evans et al. 1989). Baldwin et
al. (1992) have reported that primary rat oligodendrocytes proliferate in response to GM-CSF, as do
human keratinocytes (Hancock et al. 1988a). Bussolino et al. (1989a and 1989b) have shown that
exposure of human umbilical vein endothelial cells to GM-CSF induces rapid activation of the Nat/
H+* exchanger followed by increased directional migration and proliferation. Although Yong et al.
(1991) report contradictory data, this may be the result of different culture conditions which may
induce activation-associated autocrine responsiveness to GM-CSF (Baldwin 1992).

Interpretation of the physiological implications of the results of in vitro experiments is
difficult, primarily because in vitro experiments often fail to accommodate the multifactorial role of
the local in vivo microenvironment. In particular, the role of the ECM and of other cytokines on the
response to a cytokine signal are difficult to reproduce. However, many of the biological activities
predicted by in vitro experiments have been substantiated in vivo. Systemic administration of GM-
CSF to mice causes the numbers of circulating macrophages and neutrophils to increase (Metcalf et
al. 1987) and it also enhances Fc receptor and class I MHC expression, IL-1 release and phagocytic
activity by macrophages (Morrissey et al. 1988; Elliott er al. 1991). Transgenic mice that over-
express the murine GM-CSF gene have elevated levels of GM-CSF in the blood and in many other
body fluids. Large, activated macrophages accumulate in the eye, peritoneal and pleural cavities
and within striated muscle tissue (Lang et al. 1987). In humans, administration of GM-CSF leads to
a prominent and dose-dependant increase in the number and survival of hemopoietic progenitor
cells, in mature circulating neutrophils and eosinophils, and monocytes to a lesser degree. The
functional capabilities of cells, in particular the priming of neutrophils, the synthesis of IL-1 by
monocytes and the cytotoxicity of monocytes are also somewhat upregulated in GM-CSF treated
patients (Baldwin 1992).

e. Receptor and Signal Transduction

The bioactivity of GM-CSF is mediated following binding of the protein to its membrane-
bound receptor (Nicola et al. 1988). In hemopoietic cells, the human and mouse GM-CSF receptors
are both heterodimers composed of subunits belonging to the cytokine receptor superfamily
(Gearing et al. 1989; Hayashida et al. 1990; Park et al. 1992; Gorman et al. 1990). The o-subunit
of the mouse GM-CSF receptor is a 387 amino acid protein which binds GM-CSF with low affinity,
and which shares 35% homology with the corresponding subunit of the human GM-CSF receptor
(Park et al. 1992). The B-subunit, designated AIC2B, does not bind GM-CSF by itself, but
together with the o-subunit it forms a high affinity ligand binding complex. Association between
the o- and B-receptor molecules is necessary for receptor activation and growth signal transduction,
at least in hemopoietic cells (Kitamura et al. 1991; Park et al. 1992). However studies with mutant
GM-CSF molecules show that this activation is not dependant upon high affinity binding but is a
consequence of a ligand-induced interaction between the two receptor molecules (Shanafelt and

Kastelein 1992). The mechanism of signal transduction remains unclear, since neither the human
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nor the mouse ¢.-or 3-subunit molecules have obvious signal transducing elements such as tyrosine
kinase or G-protein interaction domains. Despite this, biochemical events including activation of
microtubule-associated protein 2 (MAP-2) kinase (Raines et al. 1991), and phosphorylation of
multiple intracellular substrates (Duronio et al. 1992), follow GM-CSF binding. Critical residucs
for inducing phosphorylation or cell proliferation have been identified in the cytoplasmic domain of
the human f-subunit (Sakamaki ez al. 1992).

AIC2B is also the signal transducing subunit for the IL-3 and IL-5 receptors, and a closely
related molecule, AIC2A, can also act as a B-subunit of the IL-3 receptor (Park et al. 1992; Hara
and Miyajima 1992). This explains the ability of IL-3 to compete for GM-CSF binding and to
dampen GM-CSF responses (Walker et al. 1985; Nicola 1987).

In the human, alternatively spliced mRNAs give rise to at least another two isoforms of the
o-subunit of the GM-CSF receptor in addition to the (o.1)-subunit described above. The functional
significance of the existence of different isoforms is not understood, but it is possible that their
differential expression is lineage-dependant and/ or plays a role in determining the nature of the
cellular response. One of the additional isoforms, designated o2, is expressed in human bone
marrow and placenta and has a longer cytoplasmic domain than the ol molecule (Crosier et al.
1992). This domain is rich in serine residues, a feature that is typical of regions critical for signal
transduction for other receptors of the hemopoietin receptor superfamily. The o2 GM-CSF receptor
was functionally active in a murine myeloid cell line, but whether signal transduction was
dependant upon its association with the murine B-subunit is not clear.

In addition, a soluble form of the GM-CSF receptor o-subunit has been found to be released
from the JAR, BeWo and JEG-3 human choriocarcinoma cells but secretion was not detected from
GM-CSF responsive hemopoietic cells (Raines et al. 1991; Sasaki et al. 1992). This receptor is
transcribed from an alternatively spliced o-subunit mRNA (Raines et al. 1991) that is similar to an
mRNA found in human placental tissue (Ashworth and Kraft 1990). Soluble GM-CSF receptor-
ligand complexes may transmit signal after association with membrane bound (-subunit, as has
been documented for the IL-6 receptor system (Hibi ez al. 1990). Furthermore, in view of the
recent report that GM-CSF has a nucleotide binding site (Doukas et al. 1992), it will be of interest
to determine whether GM-CSF has an altemnative mode of action within the target cell nucleus, as
has been described for the structurally-related protein prolactin (Clevenger et al. 1991).

Expression of the B-subunit has not been detected in non-hemopoietic cells. The mechanism
by which non-hemopoietic cells respond to GM-CSF therefore remains unclear, but may involve the
o2 or other alternatively spliced or nuclear forms of the GM-CSF receptor. Whereas SSCL cells are
reported to express high affinity receptors (Baldwin et al. 1989), other non-hemopoietic cells that
proliferate in response to GM-CSF express low affinity receptors (Baldwin et al. 1989, 1991 and
1992; Bussolino et al. 1989a), in some instances at signiticantly increased numbers (DiPersio et al.
1990). Free or receptor-bound GM-CSF is internalised in human melanoma cells that express only
low affinity receptors (Baldwin et al. 1991), and it is clear that GM-CSF can initiate cytoplasmic
signalling events in non-hemopoietic cells since activation of the N+/ H+ pump follows low affinity
binding of GM-CSF to human endothelial cells (Bussolino et al. 1989b). Whether the o-subunit
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can initiate certain types of signalling in the absence of the B-subunit, perhaps by associating with

other signal transducing proteins, remains to be investigated.

172 CSF-1

CSF-1 (or macrophage-CSF, M-CSF) is a homodimeric glycoprotein with a molecular
weight of 45-90 kD. In humans, alternative promoter usage can give rise to a either a cell
membrane bound form or a soluble form, and a significant proportion of CSF-1 remains bound to
the surface of the cell (Rettenmier ez al. 1987). Two mRNA species (2.3 and 4.6 kb) are transcribed
from a single gene on chromosome 3. Compared to many of the other cytokines, CSF-1 is
relatively restricted in its function as a regulator of the proliferation and differentiation of
mononuclear phagocytes. The importance of CSF-1 in the regulation of this lineage is demonstrated
in mice homozygous for the op mutation, which results in a systemic and specific deficiency in
CSE-1. Oplop mice suffer from congenital osteopetrosis due to a severe deficiency of osteoclasts
and macrophages, despite normal macrophage progenitor activity (Wiktor-Jedrzejczak et al. 1990).

The synthesis of CSF-1 and its potential roles in pregnancy have been studied in detail by
Pollard and colleagues (reviewed by Daiter and Pollard 1992). During pregnancy serum and tissue
concentrations of CSF-1 are elevated approximately 2-fold, and this is associated with increased
numbers of circulating monocytes. Uterine CSF-1 immunoactivity is enhanced 5-fold by day 5, and
it increases progressively during the course of gestation to reach by day 14 levels that are 1,000-fold
higher than are found in non-pregnant uteri (Bartocci et al. 1986). CSF-1 mRNA and CSF
bioactivity are found to be associated predominantly with the extraembryonic tissues of the
concepius (Azoulay et al. 1987). Administration of human chorionic gonadotrophin (hCG) to
cycling mice, but not ovariectomised mice, was found to mimic the increase in activity associated
with early pregnancy, and this suggests a role for ovarian steroid hormones in regulation of uterine
CSF-1 synthesis (Bartocci ez al. 1986). A small increase in CSF-1 synthesis in ovariectomised mice
occurs in response to either oestrogen or progesterone alone, while in combination (in doses
mimicking levels found in early pregnancy) these steroids induce CSF-1 production at physiologicel
levels, especially when accompanied by a decidual stimulus (Pollard et al. 1987).

In situ hybridisation experiments demonstrate clearly that glandular and luminal epithelial
cells are the major cell types responsible for CSF-1 mRNA synthesis in the uterus. In contrast to
other tissues that synthesise CSF-1, the 2.3 kb transcript (which may have a longer half-life than the
4.6 kb alternative) is the dominant transcript in the pregnant uterus (Pollard ez al. 1987). Expression
is detected prior to implantation when the uterus first becomes progestational (day 3), and it reaches
a peak on days 14-15 of pregnancy (Arceci ez al. 1989).

The gene encoding the CSF-1 receptor (c-fims) is expressed by embryos from the 2-4 cell
stage, by trophoblast cells in the blastocyst and by the trophectoderm in the ectoplacental cone
following implantation. As the placenta forms, CSF-1 receptor mRNA expression is highest in

trophoblast giant cells, and weaker in the underlying spongiotrophoblast and labyrinthine layers.
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Maternal decidual cells in the primary decidual zone, probably of stromal fibroblast origin, also
express CSE-1 receptor from day 6 until placentation is complete on day 11 (Arceci et al. 1989).

CSF-1 expression during human pregnancy follows a similar pattern, where it is localised to
maternal epithelial cells, cells lining the blood vessels within the endometrium (presumed to be
either endothelial cells macrophages) and to both trophoblast and stromal cells in the placenta
(Daiter and Pollard 1992; Kanzaki et al. 1991). The production of CSF-1 receptor mRNA in the
placenta increases as pregnancy progresses, and CSF-1 receptor protein is localised by
immunohistochemical staining to placental trophoblast cells, and to epithelial and decidual cells in
the uterus (Pampfer et al. 1992).

1.7.3 TNFo

Tumor necrosis factoro. (TNFoy) is a trimeric molecule composed of 17 kd subunits. It was
identified originally as a product of activated macrophages, with potent cytotoxic effects that were
responsible for many of the symptoms of endotoxic shock. TNFois now identified as a product of
many different cell lineages, and it is clear that it has important functions as a pleiotrophic regulator
of the growth and function of a variety of hemopoietic and non-hemopoietic cells in normal
physiological processes (Tovey et al. 1988; Vassalli 1992). These include a recently discovered
role in the differentiation of monocyte precursors in hemopoiesis (Witsell and Schook 1992;
Jacobsen et al. 1992). The actions of this factor exhibit a remarkable degree of overlap with those
of IL-1 (Rosenblum and Donato 1989; Vassalli 1992). TNFo. expression is regulated at both the
transcriptional and translational levels by a variety of factors which include cytokines and bacterial
products (Beutler and Cerami 1989; Beutler ez al. 1992).

Various actions are relevant to the role of this factor in the uterus during early pregnancy.
This cytokine can influence the expression of a variety of genes in target cells (Vassalli 1992).
TNFo. is chemotactic for monocytes and neutrophils (Ming et al. 1987; Newman and Wilkinson
1989). In addition to the cytotoxic properties after which this factor was originally characterised
and named, TNFo. has growth stimulating effects for some types of cells (Baglioni 1992). The
activation of distinct intracellular signalling pathways, as a result of the differential expression of
the two TNFo. receptor proteins, is thought to determine the effect of TNFouin a target cell. There
is evidence that this factor may have a role in angiogenic processes; TNFo-treated endothelial cells
undergo marked but reversible changes in shape and function, associated with intercellular gap
formation. This effect appears to be mediated by the autocrine actions of PAF (Camussi et al.
1991).

Hunt and colleagues have studied in detail the expression of TNFo mRNA and protein in
reproductive tracts of humans and rodents. In the cycling rat and mouse uterus, synthesis was found
by in situ hybridisation to be associated primarily with epithelial cells lining the lumen and the
endometrial glands. The signal was also associated strongly with stromal macrophages [which on a
quantitative basis are likely to be very significant sources of this factor (Beutler et al. 1992)] and

weakly with myometrial fibroblasts (Yelavarthi et al. 1991; Hunt 1993). Following implantation,
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TNFo expression was found to be increased first in uterine epithelial cells, and later in the primary
decidua (Yelavarthi et al. 1991). Within the placenta, cells which were positive for mRNA
transcripts included trophoblast cells initially and later giant cells and villous stromal cells
(probably macrophages). Immunoreactive TNFo. was co-localised with mRNA in the uterus and
placenta and was also found in placental blood vessels (Yelavarthi et al. 1991; Hunt 1993).
Expression patierns were found in general to be similar in the human uterus and placenta to those
observed in rodents (Chen et al. 1991; Hunt 1993).

De et al. (1992b) have also reported the synthesis of TNFoa mRNA and protein in the uteri
of cycling and of pregnant mice, where its expression was found to parallel that of IL-1. Northern
blot analysis showed that expression of mRNA transcripts for both factors were highest in the
cycling uterus at oestrous. Immunohistochemical analysis of uterine cell suspensions prepared by
collagenase digestion showed that the number of cytokine-secreting cells followed a similar pattemn.
Expression of TNFo. was detected by Northern blot in pre- and peri-implantation uteri, with
transient elevations in transcripts for both cytokines (particularly IL-1{) on day 1 of pregnancy
(Sanford et al. 1992; De et al. 1992b). These increases following mating are likely to reflect the
transient activation of expression of TNFo. and IL- 1§ by cells within the endometrial stroma that are
presumed to be macrophages (McMaster et al. 1992). Following implantation, TNFo expression
was seen 1o increase progressively to reach a peak immediately before parturition, whereas
expression of IL-1 was elevated during decidualisation. It then remained high until day 17, before
decreasing to very low levels with the approach of parturition (De et al. 1992a).

Expression of IL-1 and TNFa are ablated following ovariectomy, and whilst administration
of oestrogen induces expression of IL-1o. and B transcripts, both oestrogen and progesterone are
required to induce maximal TNFo mRNA synthesis (De ez al. 1992a). This may reflect differential
regulation of TNFa synthesis by different uterine tissue types. In humans, in situ hybridisation
analysis reveals that cytokine synthesis by epithelial cells is oestrogen-dependant, whilst expression
by stromal cells only occurs during the progesterone-dominated half of the menstrual cycle (Hunt et
al. 1992). CSF-1 and TGF are both reported to influence TNFa: expression in hemopoietic cells,
but neither appears to be related to TNFa. expression in the uterus (Hunt 1993).

1.74 LIF

Leukaemia inhibitory factor (LIF), encoded on chromosome 11, is a 38-67 kD glycoprotein
with a 25 kD proteinaceous core. Use of alternative promoters gives rise to two distinct transcripts
(each of 4.2 kb) that encode diffusible and ECM-associated forms respectively (Rathjen et al. 1990).
Depending on the cellular target, LIF can act to stimulate either the proliferation or differentiation of
myeloid leukaemic cells (Gearing et al. 1987; Moreau et al. 1988). A molecule called
differentiation inhibitory activity (DIA), which inhibits the differentiation of embryonic stem cells
in vitro, is identical to LIF (Williams ez al. 1988). LIF is notable for the panoply of other properties
that are attributed to it. These include actions in bone, the liver and the nervous system, and on the

processes of lipid metabolism (Kurzrock et al. 1991).
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Bhatt et al. (1991) have assessed LIF expression in various tissues and they have found a
dramatic but transient burst of LIF mRNA expression in the uterus on day 4, coinciding with the
initiation of implantation. /n situ hybridisation analysis shows that LIF mRNA is expressed
predominantly in the glandular epithelium and only weakly in the luminal epithelium. Expression
also occurs in females that are mated to vasectomised males, and is therefore independent of the
presence of an embryo. Progesterone and oestrogen appear to act synergistically to regulate LIF
synthesis, since nidatory oestrogen induces its synthesis in progesterone-maintained ovariectomised
mice (Bhatt et al. 1991). Genetically LIF-deficient mice are fertile, but their blastocysts fail to
implant or develop without administration of exogenous LIF (Stewart et al. 1992). How LIF
induces implantation is not clear but an action in the uterus, as opposed to the blastocyst, is
suggested by the failure of wild-type blastocysts to implant after 24-48h culture in LIF prior to
transplantation into the uteri of LIF-deficient recipients.

Trophoblast cells of pre-implantation blastocysts (A. Gabriel and L. Williams, unpublished
data) and placental trophoblast cells (D. Hilton, D. Metcalf and N. Nicola, unpublished data) each
bind radio-labelled LIF with high affinity, suggesting that both the o-subunit and the B-subunits (gp
130) of the LIF receptor are expressed by these cells. A physiologic role for LIF in embryogenesis is
suggested by the recent report that this factor can inhibit the formation of primitive ectoderm, while
permitting the differentiation of primitive endoderm, in embryoid bodies derived from embryonic
stem cells (Shen and Leder 1992).

1.75 IL-6

IL-6 is a 26 kD multifunctional cytokine which has diverse biological activities on various
hemopoietic and non-hemopoietic cells and tissues. These include regulation of the proliferation
and function of B- and T-lymphocytes, the stimulation of hemopoietic progenitor cells, and the
expression of antiviral activity (Le and Vilcek 1989; Lee 1992; Kishimoto 1989). IL-6 shares many
biological properties with LIF: both factors induce synthesis acute phase proteins and they mediate
differentiation of myeloid leukaemic cells and neuronal cells. However, IL-6 has no effects on ES
cells (Lee 1992). These similarities in action may be due in part to the sharing of common 3-
subunits (gp 130) by the high affinity IL.-6 and LIF receptors (Kishimoto et al. 1992; Gearing et al.
1992).

Expression of IL-6 can be induced in a wide variety of cell types in response to stimuli
including cytokines [TNFa, IL-1, IL-2, IL-3, colony stimulating factors, IFNf and IFNy and
platelet derived growth factor (PDGF)], bacteria and their products and viral infection (Le and
Vilcek 1989). These include fibroblasts, monocytes/macrophages, T- and B-lymphocytes,
endothelial cells, synovial cells and various tumor cells. Mucosal epithelia in the skin, intestine and
airways are also reported to synthesise this cytokine. IL-6 immunoactivity and mRNA localise to
keratinocytes in normal human skin and both are elevated in psoriasis (Kirnbauer et al. 1989;
Grossman et al. 1989; Neuner et al. 1991). Keratinocyles proliferate in culture in response to IL-6,

and this cytokine may therefore contribute directly to the epidermal hyperplasia seen in psoriasis, as
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well as having an effect on the function of dermal inflammatory cells (Grossman et al. 1989). IL-6
and its receptor are expressed in gastric and small intestinal epithelial cells, and enhanced
expression is associated with colonic carcinoma cells (Shirota et al. 1990). Human bronchial
epithelial cells express IL-6 and IL-1 when exposed to inflammatory stimuli (Mattoli et al. 1991).

De et al. (1992b) have reported steroid-dependant expression of IL-6 in the uteri of cycling
and pregnant mice. IL-6 (measured in a bioassay employing the IL-6 dependant B9 lymphoblastoid
cell line) was detected in homogenates prepared from uteri of cycling mice, with the highest levels
measured at pro-oestrus/ oestrus. Bioactivity and mRNA were not detected in uteri of
ovariectomised mice, but were induced following administration of oestrogen and progesterone in
combination. A transient elevation in IL-6 mRNA (but not bioactivity) was found to occur in the
uterus on day 1 after mating (Sanford et al. 1992). Both bioactivity and mRNA were reduced on
day 2, but mRNA synthesis increased again on day 3 and it continued at elevated levels through mid
and late gestation (De et al. 1992a; 1992b).

Various cell types may contribute to IL-6 production in the uterus. Cultures of polarised
epithelial cells secreted immunoactive and bioactive IL-6 vectorially, with a 2.5 to 5-fold greater
secretion at the apical surface compared with the basal surface (Jacobs et al. 1992). Stromal cells
were also found to synthesise IL-6 in vitro, and levels were increased in response to IL-1 and to
factors secreted by epithelial cells. The amount of cytokine released was not dependant on the
steroid status of the animal from which the cells were obtained, but was inhibited by physiological
levels of oestrogen and progesterone added in vitro (Jacobs et al. 1992). Regulation by oestrogen of
IL-6 mRNA expression in human endometrial stromal cells has been reported (Tabibzadeh et al.
1989). During mid-gestation, IL-6 mRNA is expressed by endothelial cells in the developing
vascular system of the murine decidua basalis (Motro et al. 1990), and synthesis by human placental
trophoblast cells has also been reported (Nishino et al. 1990).

IL-6 has various actions that may be relevant to tissue remodelling in the uterus and to the
numbers and activities of leukocytes. This cytokine has been shown to increase markedly the
permeability of endothelial cell monolayers in vitro, and so may be important in the development of
oedema during inflammation (Maruo ez al. 1992). Myeloid precursor cells are induced to proliferate
and/or differentiate in response to IL-6 (Shabo er al. 1988; Chiu and Lee 1989), and a synergistic
activity with GM-CSF has been reported (Hoang et al. 1988). IL-6 has an autocrine role in the
differentiation of macrophages from human peripheral blood monocytes, and it is an exogenous

stimulator of the accessory function of macrophages in T-cell activation (Ruppert and Peters 1991).

1.7.6 TGFP

Transforming growth factor-f (TGFB) is a multifunctional cytokine which has multiple
forms. It belongs to a large gene family which has roles in cell growth, differentiation and
migration as well as in the formation of extracellular matrix and in regulation of the expression of

cell surface molecules. TGFP molecules are either homo- or heterodimers composed of two 12.5 kd

proteins. The dimeric molecules are relcased from the cell as latent precursor complexes from
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which are released biologically active TGFP by the actions of exogenous proteases (Wakefield et
al. 1988). The state of activation and secretory profiles of tissue macrophages are very sensitive to
TGFp1, which has been reported to induce chemotaxis, release of fibroblast growth factors,
accumulation of IL-1 mRNA and release of angiogenic factors (Wahl et al. 1989; Wiseman et al.
1988). TGFB1 and TGFp2 can both act to 'deactivate’ macrophages through inhibition of the
respiratory burst. Expression of class I MHC molecules and release of TNFa are also inhibited,
and these effects are blocked by TNFa, IFNY and TNF[ (Tsunawaki et al. 1988). The proliferation
of mature murine macrophages induced by GM-CSF and CSF-1 is reported to be enhanced by
TGFP1 (Celada and Maki 1992).

Immunohistochemistry and in situ hybridisation have been employed to study the temporal
and spatial expression of TGFB1 in the mouse uterus during the peri-implantation period. TGFp1
mRNA was found to be associated primarily with the luminal epithelium, and to a lesser degree
with the glandular epithelium during days 1-4 of pregnancy. From day 3, message was also found
in peri-epithelial stromal cells. After implantation, TGFP1 expression was observed in a diffuse
pattern throughout the deciduum (Tamada et al. 1990), possibly associated with the decidual cells
(Manova et al. 1991). Immunostaining with a mAb directed against intracellular TGFB1 was found
to co-localise with mRNA synthesis, and a mAb against the extracellular form showed that the
primary sites of accumulation of secreted factor at implantation (and hence likely sites of action)
were in the decidualising stroma, and in the secondary decidual zone and the decidua capsularis
from days 5-8.

A molecule termed decidual suppressor factor (DSF) that is related to TGFP2 in structure
and bioactivity (but has a slightly lower molecular weight), is released by small non-T lymphocytes
in murine decidua (Clark et al. 1990). This factor has potent immunosuppressive properties in
vitro. It has been shown to inhibit Con A-stimulated T-cell proliferation, activation of NK cells, and
generation of cytotoxic T-lymphocytes (CTLs) and lymphokine activated killer cells (LAKs). Lack
of DSF production has been associated with spontaneous abortion in mice and humans (Clark et al.
1990). In situ hybridisation studies have revealed that mRNA transcripts for TGFP2 are associated
with a small population of cells in the decidua basalis and in the metrial gland area from day 8.5 of
pregnancy, correlating with the appearance of detectable DSF bioactivity, and with the numbers of
DSF-producing cells isolated from the decidua (Lea et al. 1992).

Affinity labelling and competition studies show that human placental trophoblast cells
express low levels of type I and type II TGFp receptors, as well as two forms of the type 111
betaglycan TGFp receptor. In combination, these receptors permit binding of both TGF1 and
TGFP2 (Mitchell et al. 1992).

1.7.7 Others

Other cytokines have been detected in the murine uterus. Stem cell factor (SCF) mRNA and
protein is expressed in the mouse uterus and decidua (Horie et al. 1992) and placenta (Matsui et al.

1990), and SCF receptor is expressed strongly in cells of the decidua, placenta and extra-embryonic
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membranes (Pollard et al. 1991b; Orr Urtreger et al. 1990; Motro et al. 1991). IL-1c and IL-1P
mRNA are expressed in subepithelial cells thought to be macrophages, particularly on day 1
following mating (Takacs et al. 1988; McMaster et al. 1992), and are also produced by the mouse
placenta (Azoulay et al. 1987). The granulocyte-CSF (G-CSF) receptor is expressed by human
trophoblast (Uzumaki et al. 1989), and G-CSF is synthesised in the human decidua (Shorter et al.
1992). However G-CSF activity has not been reported in the murine reproductive tract.

Interferons of the Type 1 family, related to IFN@, are secreted in massive amounts by ovine
and bovine blastocysts, where they are implicated as anti-luteotrophic agents (Roberts 1991).
Although human and rodent blastocysts have been reported to secrete anti-viral activity, type 1 IFNs
have not been detected in the rodent embryo (Cross et al. 1990) and are not implicated in corpus
Iuteum rescue in these species. IFNs, particularly IFNY, are potent modulators of both lymphocytes
and immuno-accessory cells, and so are important potentially as modulators of immune processes in
the endometrium. Interferons o, 3 and y have been detected in placental trophoblast and are
produced by decidual leukocytes during human pregnancy (Bulmer et al. 1990), but they have not
been studied in the placenta or uterus of the rodent.

Various well-characterised polypeptide growth factors, including epidermal growth factor
(EGF), insulin-like growth factor (IGF)-1 and transforming growth factor-o (TGF o), are implicated
in the autocrine/ paracrine regulation of growth and differentiation in other tissues and they are all
synthesised in the uterus (Brigstock et al. 1989, Pollard 1990). In each instance ovarian steroid
hormones regulate synthesis in cell-specific patterns which have a temporal relationship to the
oestrous cycle and to the stage of pregnancy. Functional roles for growth factors in uterine growth
and/ or conceptus development are suggested by receptor localisation studies, and data derived from
studies of their actions in other tissues suggests that they may have important influences on the
dynamics of uterine leukocytes. However, these factors will only be discussed superficially, since
lymphohemopoictic cytokines are intended (o be the focus of this review.

EGF is a strong candidate for a growth factor in the cycling as well as pregnant uterus. The
growth factor and its receptor are each induced by oestrogen in the immature mouse uterus
(DiAugustine et al. 1988; Huet-Hudson ez al. 1990), and EGF stimulates proliferation of epithelial
cells from the immature uterus in vitro (Tomooka et al. 1986) and in vivo (Nelson et al. 1991). An
autocrine loop, whereby oestrogen causes cleavage of the EGF precursor into its active form and
also stimulates synthesis of the EGF receptor, is suggested by the finding that in mature epithelial
cells the de novo synthesis of EGF precursor is unaffected by oestrogen (DiAugustine et al. 1988).

IGF-1 synthesis is regulated by oestrogen in the rodent uterus and it is implicated in
autocrine/ paracrine growth regulation in the cycling uterus (Murphy and Ghahary 1990). In the
mouse, oestrogen induces synthesis of IGF-1 in the luminal and glandular epithelium and
progesterone (alone or together with oestrogen) induces stromal cell synthesis. In pregnancy, the
levels of IGF-1 mRNA increase during the pre-implantation period, and epithelial cells are the
predominant site of IGF-1 mRNA and protein synthesis on days 1 and 2 after mating. On days 3
and 4 when progesterone dominates, synthesis in the uterus is associated with stromal cells and later

with decidual cells in the implantation site (Kapur et al. 1992).
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TGFo mRNA and protein co-localise primarily in luminal epithelial cells on days 1 and 2 of
carly pregnancy, and also in stromal cells after day 3, where expression is associated with
decidualisation at the implantation site (Tamada et al. 1991). During the oestrous cycle, the amount
of TGFa. mRNA and protein in the endometrium parallels oestrogen levels, and o TGFo antibodies
significantly reduce oestrogen-induced proliferation of uterine cells in vivo (Nelson et al. 1992).
These findings implicate epithelial cell TGFo as an autocrine mediator of the growth-promoting

actions of oestrogen in the endometrium.

1.8 Cytokine actions in the cycling and pregnant uterus

In situ mapping of cytokine receptor expression has provided information on the potential
targets for the various cytokines that are produced in the uterus. Mice with mutations that prevent
synthesis of individual cytokines have been used to determine the relative importance of the
respective factors in the reproductive process. However, the overlap of function between cytokines
remains an important constraint on the interpretation of experiments employing the 'knockout'
strategy. Furthermore, since each of the cytokines implicated in reproductive functions also has
roles in hemopoiesis and/or immune regulation, it is difficult to apportion the blame for a fertility
defect between local actions of a factor in the uterus and the indirect consequences of disturbances
in the lymphohemopoietic system.

Mutation in the op locus gives rise to a complete absence of CSF-1 and a severe reduction in
circulating monocytes (Witkor-Jedrzejczak et al. 1990). Homozygous females are infertile when
mated to homozygous males. When homozygous females are mated to heterozygous males they
produce litters reduced in number by 60%. The placental weights of surviving fetuses are normal,
and the fertility defects are thought to occur at both the pre- and post-implantation stages of
pregnancy (Pollard et al. 1991a). This result shows that while a maternal source of CSF-1
contributes to the success of pregnancy, it is not an absolute requirement for production of
offspring. Furthermore, it suggests that either heterozygous semen, or heterozygosity in the fetus,
can partially compensate for the deficiency of uterine CSF-1.

In contrast, the transient expression of LIF in the endometrial glands immediately prior to
implantation appears to be absolutely essential for successful implantation. Transgenic mice
lacking a functional LIF gene are fertile, but blastocyst development is arrested at the implantation
stage (Stewart et al. 1992). Whether the target for LIF action is the blastocyst, or another cell type
within the endometrium, remains to be determined.

Mice with mutations in the S/ and W loci, leading to deficiency of SCF and SCF receptor
respectively, have apparently normal pregnancies, although in their severest form these mutations
can lead to embryonic death in mid-gestation through fetal anaemia (Russell 1979). This
demonstrates that local SCF activity is not an absolute requirement for pregnancy, perhaps because
compensatory mechanisms, probably involving other cytokines, operate at the maternal-placental
interface in these mice. Such a mechanism is reminiscent of the redundancy of cytokine actions

observed in the hemopoietic system.
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1.8.1 Embryonic and placental tissues as cytokine targets
a. Pre-implantation embryo

The development of murine embryos to the blastocyst stage can occur in vitro in simple
defined medium (Whitten and Biggers 1968). Therefore embryogenesis is (at least partially)
autoregulated, perhaps by growth factors including EGF, IGF, PDGF, fibroblast growth factor
(FGF), TGFo. and TGFP (Schultz and Heyner 1992). The development of pre-embryos cultured in
vitro is retarded compared to their in vivo counterparts (Harlow and Quinn 1982) or to embryos
cultured in the presence of other cells (Lavranos and Seamark 1990). These observations, together
with studies of the development of embryos in the reproductive tracts of hormone-depleted mice
(Roblero and Garavagno 1979), suggest that additional paracrine regulators may originate from the
oviduct and the uterus under the influence of oestrogen and progesterone.

There is evidence that cytokines are among the growth factors synthesised by uterine cells
that can influence the growth and development of embryos. Supernatants from activated
lymphocytes have been reported to both accelerate and inhibit embryo development at the morula
and blastocyst stages (Fukada et al. 1989; Hill et al. 1987, Haimovici et al. 1991).

Purified natural cytokines and their recombinant counterparts appear to have both positive
and negative effects on the development of embryos in culture. Their effects may be dependant on
the developmental stage of the embryo and the influence of other growth factors. Supplementation
of the culture medium with LIE improves the proportion of 8-cell embryos that develop to
blastocyst stage (Robertson et al. 1991) and CSF-1 has a similar action on 2-cell embryos (Pampfer
et al. 1991). GM-CSF has been shown to inhibit the development of 2-cell embryos into morulae
(Hill et al. 1987) and the attachment of blastocysts to fibronectin-coated culture dishes (Haimovici
et al. 1991), while TNFo, at high doses has an inhibitory effect on 2-cell embryo development (Hill
et al. 1987). IENy, produced by activated T-lymphocytes and NK cells, was found to be cytotoxic
to both 2-cell embryos and to the trophoblastic outgrowth of implanted blastocysts (Haimovici et al.
1991; Hill et al. 1987). IL-6 is reported to inhibit the attachment and trophoblast outgrowth of
murine blastocysts in vitro (Jacobs et al. 1992).

Transcripts for CSF-1 and SCF have not been detected in embryos but their receptors are
expressed by pre-embryos from the 2-cell stage onwards, and in the blastocyst they are associated
with trophoblast cells as opposed to cells of the inner cell mass (ICM) (Arceci et al. 1989; Manova
and Bachvarova 1991; Pampfer et al. 1991). Transcripts for LIF and IL-6 (but not for GM-CSF or
IL-3) are detectable in blastocysts (Murray et al. 1990), and the binding of radio-labelled LIF to
trophoblast cells of blastocysts indicates that they express the LIF receptor (A Gabriel and L.

Williams, personal communication).

b. Placental trophoblast

Placental trophoblast cells express receptors for many of the cytokines that are released by
uterine cells during pregnancy, and have biological responses to them in vitro. This has led to the

view that the placenta may benefit directly from the local abundance of cytokines.
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CSF-1 receptor is expressed at high levels by placental giant cells with lower levels
observed in the spongiotrophoblast layer. The temporal pattern of CSF-1 receptor expression is
consistent with a role for CSF-1 in regulating placental development. Studies in the op/op mutant
mouse show that a deficiency in CSF-1 can affect fertility, but the normal placental weights
observed in the fetuses of homozygous females mated to heterozygous males suggests that factors
other than CSF-1 also contribute to regulation of placental development.

GM-CSF receptor (a-subunit) mRNA is expressed in human placenta (Gearing ez al. 1989),
but expression of the GM-CSF receptor in the rodent placenta has not been examined. Interestingly,
human choriocarcinoma cell lines and human placenta have been identified as rich sources of the
soluble and alternatively spliced GM-CSF receptors (1.7.1¢). The soluble receptor may modulate
the local response to GM-CSF by competing with membrane bound receptor for available ligand.
Alternatively, it could contribute to an agonist effect by associating with membrane-bound
components to form a ligand-receptor complex.

Primary cultures of cells from day 12 mouse placentae, and cytokeratin-positive placental
cell lines have been found to proliferate in response to GM-CSF as well as IL-3 and CSF-1
(Athanassakis et al. 1987; Wegmann 1988; Wegmann et al. 1989). Purified natural GM-CSF also
stimulated the proliferation of trophoblast cells harvested as outgrowths from day 8-9 ectoplacental
cones, or by enzymatic disruption of day 12 placentae (3- and 4-fold enhanced 3H-thymidine
incorporation respectively) (Armstrong and Chaouat 1989). Difficulties in identifying the
responding population, and/ or excluding the possibility that increased 3H-thymidine incorporation
is the result of endoreduplication as opposed to cell division have made interpretation of these
experiments difficult. GM-CSF and CSF-1 also stimulate the release of placental lactogen II from
explant cultures of rat trophoblast (Shiverick et al. 1990). Human choriocarcinoma cell lines JAR,
JEG and BeWo secrete GM-CSF and an autocrine action for this factor is indicated by the finding
that an anti-GM-CSF antibody blocks their proliferation (Garcia-Lloret 1991). GM-CSF and CSF-1
have been shown to induce the differentiation of human cytotrophoblast cells into syncytium, and to
stimulate release of placental lactogen and chorionic gonadotrophin in vitro (Garcia-Lloret 1991).
The granulocyte-CSF (G-CSF) receptor is also expressed by human trophoblast (Uzumaki et al.
1989), but there is no evidence that G-CSF is synthesised in either the human or rodent uterus.

IL-6 and TNFo. may also have roles in regulating the growth and function of placental cells.
Human placental trophoblast cells synthesise IL-6 and IL-6 receptors, and an IL-6-mediated
autocrine regulation of hCG synthesis has been proposed (Nishino ez al. 1990). TNFo appears to
impact upon this circuit, through stimulating the release both of IL-6 and hCG from trophoblast
cells (Li et al. 1992). Whether a parallel situation exists in the mouse remains to be determined.
The p60 and p80 TNFa receptors are expressed by trophoblast cells in the human placenta (Hunt
1993), suggesting that various autocrine or paracrine pathways for TNFa. action in placental
development may operate. These may include both growth promoting and inhibitory actions
depending on the stage of maturation of the trophoblast cells; TNFo and TGF[ have been reported
to inhibit the proliferation of rat trophoblast cell lines (Hunt et al. 1989 and 1990), whilst TNFo
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was found not to alter the rate of 3H-thymidine incorporation into murine trophoblast cells from late

gestation placentae (Drake and Head, 1990).

1.8.2 Stromal fibroblasts as cytokine targets

Stromal fibroblasts may also be targets for CSF-1, SCF and GM-CSF action in the pregnant
uterus. During implantation, CSF-1 receptor mRNA is detected in the antimesometrial stroma
immediately below the implanting embryo. As decidualisation progresses, expression of the
receptor gene becomes limited to the primary decidua and to the decidua basalis (Arceci et al. 1989;
Pollard 1991). Expression has been localised by ir situ hybridisation to cells that are not
macrophage-like in morphology and these cells are thought to be of stromal fibroblast origin. SCF
receptor is also expressed by cells in the secondary decidual zone (Pollard 1991). Cytokines,
released in response to the presence of the blastocyst or local trauma, may provide the epithelial
cell-derived signal for differentiation of stromal fibroblasts into decidual cells (Lejeune et al. 1981).
This is suggested by the finding that CSF-1, TNFo and IL-1 can induce decidualisation when
injected into the uterine lumen of psuedopregnant mice (Choudhuri and Wood 1991).

The profile of biological mediators released by stromal fibroblasts might also be sensitive to
local cytokine activity. Secretion of PGE and PGF,, by stromal fibroblasts from pregnant bovine
endometrium is reduced moderately by GM-CSF (Betts and Hansen 1992). However contaminating
leukocytes remain to be excluded as mediators of this effect. These cytokines, and perhaps others,
may therefore have a role in regulating the function and/ or the differentiation of these non-

hemopoietic cells.

1.8.3 Leukocytes as cytokine targets

The data reviewed above show that resident cells within reproductive tissues are potent
sources of a variety of pleiotrophic cytokines which have capacities to recruit macrophages and
granulocytes and influence their behaviour decisively. The dynamic changes observed in leukocyte
composition, distribution and activation during the oestrous cycle and in the pre-implantation uterus
parallel and indeed appear to be regulated by ovarian steroid hormone levels. The synthesis of a
number of uterine cytokines follows a similar pattern.

Immunohistochemical demonstration that macrophages accumulate beneath the basement
membrane of the uterine epithelium at oestrous has led De and Wood (1990) to postulate that
epithelial cells secrete macrophage chemotactic factors. At least in part, this activity may be -
attributable to CSF-1. Data derived from the op/op mouse model suggests that CSF-1 is an
obligatory component in the recruitment of uterine macrophage populations. However, it is not
clear whether the deficiency in uterine macrophages in these mice is caused by the diminished pool
of circulating monocyte precursors or by failure of recruitment into the uterus (Pollard et al. 1991a).
The presence of some macrophages early in gestation in op/op mice indicates that other recruitment

and activation factors are also operative during pregnancy. Evidence that CSF-1 synthesised by
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epithelial cells in the pregnant uterus can act to regulate local macrophage populations has been
provided by the demonstration that very large numbers of macrophages are found in the
endometrium of ovariectomised mice within hours after an intraluminal injection of recombinant
CSF-1 (Wood et al. 1992). However the relative lack of CSF-1 activity during the oestrous cycle
and prior to day 3 of pregnancy suggests that other factors are responsible for regulating
macrophage dynamics at these times. Furthermore, with the exception of TNFa, none of the factors
so far described during oestrous or on the first days of pregnancy target granulocytes. This suggests
that additional cytokines are involved in the recruitment of uterine neutrophil and eosinophil
populations into the uterus. Thus a direct association between cytokines liberated by resident cells
in the uterus and the recruitment and behaviour of infiltrating leukocytes has been established,
although the relationships between individual factors and their target leukocyte populations remain
to be defined.

The transient increases observed in cytokine expression and infiltration of the endometrium
with granulocytes and macrophages during the 24 h period after mating are reminiscent of an
inflammatory reaction (1.3.2). Although increased synthesis of IL-1 and TNFa by infiltrating
macrophages occurs at this time, it is clear that many of the cytokines synthesised within the uterus
(including TNFa, CSF-1, LIF and TGF) originate from resident tissues, in particular the
epithelium. The available evidence does not preclude the possibility that these cells are responsible
in part for the elevation in other cytokine activities following mating.

Endometrial cytokines may influence the activities as well as the trafficking of local
leukocytes. The cytokine microenvironment is known to be an important determinant of the
antigen-presenting capacities and immunoaccessory function of macrophages and dendritic cells.
For example, whilst GM-CSF and TGFp can reduce the immunocompetence of antigen-presenting
cells, IFNy has the converse effect (1.5.2; 1.7.1). Regulating the phenotype of local macrophages is
therefore likely to be an important function of cytokines within the uterus, particularly during
implantation and placentation when destructive matemnal immune responses to fetal alloantigens
must be inhibited.

Lymphocytes may also be targets for cytokine action within cycling and pregnant uteri. A
balance between the activities of the two subsets of CD4* T-lymphocytes (Ty1 and Ty2) has been
proposed to be central to the success of pregnancy (Guilbert et al. 1993). Local cytokines are likely
to be important in initiating and maintaining this balance, because the recruitment, proliferation and
activation of T-lymphocytes are sensitive to the effects of various cytokines. Furthermore, IL-6
production has been linked with secretion of IgA in the uterus (C. Wira, personal communication)
and the breast (Saito et al. 1991), although it is not clear whether this action is mediated through

effects on IgA secretion by B-cells or on IgA uptake and secretion into the lumen by epithelial cells.

1.84 Endothelial cells as cytokine targets

The periodic growth and regression of uterine tissues is accompanied by rapid proliferation

and development of new blood vessels to an extent unparalleled in other normal tissues.
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Angiogenesis is a feature of the cycling uterus but it is particularly marked during placental
development (Findlay 1986; Reynolds et al. 1992). Dramatic increases in vascular permeability and
development of oedema occur immediately adjacent to the attachment site during the very early
phase of the implantation process (Finn 1986). Changes in endothelial cell junctions leading to
increased capillary diameter and fragility occur as a response to embryonic signals, transmitted via
the epithelium, even before the blastocyst has hatched from the zona pellucida. (McLaren 1969;
Rogers 1992).

Many of the cytokines and other growth factors produced within uterine tissues have effects
on endothelial cells. GM-CSF induces proliferation and migration of endothelial cells (Bussolino ez
al. 1989a), and TGFp is also a possible mediator in control of the local vascular bed (Klagsbrun and
D'Amore 1991). TNFa and PAF both induce leakage in endothelial cell junctions (Camussi et al.
1991), and IL-6 has a similar action (Maruo ez al. 1992). Analysis of day 8.5-11.5 pregnant uteri by
in situ hybridisation revealed that endothelial cells within the developing decidua basalis express IL-

6 mRNA. This is consistent with a role for IL-6 in the angiogenic process (Motro et al. 1990).

1.8.5 Cytokine circuits in the uterus

The importance to the ongoing success of pregnancy of maintaining an appropriate cytokine
milieu is highlighted by the dramatic consequences of administering relatively small amounts of
cytokines to pregnant mice. Failure of implantation or fetal resorption occurs in mice bearing a
CSF-1 secreting tumor and in animals injected with very small amounts of CSF-1 (Brosh et al.
1991; Tartakovsky et al. 1991a; 1991b). This effect depends on the combination of parental strains
and presumably has an immunological basis. Daily injections of nanogram amounts of GM-CSF or
TNFa. during the pre-implantation period reverse the effect of CSF-1 administration and also reduce
the high rate of early embryo malformation and embryo loss that occurs spontaneously in the CBA/)
x DBA/2 mating combination (Tartakovsky and Ben-Yair 1991).

Administration of a single dose of IFNy, TNFo, IL-2 or LPS on day 7.5 of pregnancy
induces fetal resorption in some strain combinations (Chaouat et al. 1990). In the abortion prone
CBA/J x DBA/2 mating combination, where microbial factors have been implicated in interfering
with gestation (possibly through activating non-specific effector cells) (Hamilton and Hamilton
1987), small amounts of GM-CSF or IL-3 can protect against fetal resorption. Treatment with these
cytokines enhanced fetal and placental weights and in particular, it expanded the spongiotrophoblast
zone in the placenta (Chaouat ez al. 1990). In the same CBA/J x DBA/2 model, immunisation with
non-specific immunopotentiating agents also reduces resorption rates (Toder and Strassburger 1990;
Szckeres-Bartho et al. 1991).

The doses of cytokines used in all of these studies appear to be far too small to effect
placental cell growth directly. The authors suggest that they may act by precipitating a 'cytokine

regulatory cascade’ that involves cytokine responsive leukocytes within the uterus.
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1.9 Summary

The mammalian uterus is a remarkable tissue in view of its capacity to (1) undergo repeated
cycles of rapid growth and regression, and (2) accommodate and nourish the fetus, which in most
instances can be regarded as a semi-allogeneic allograft.

The outcome of pregnancy is dependant critically on the successful implantation of the
conceptus into the uterine endometrium. Implantation will occur only during a very brief period of
'receptivity', which is the culmination of a series of cellular remodelling processes which take place
during the preceding oestrous cycle and in the period between mating and implantation. Most
notable of these changes is a dramatic infiltration by leukocytes, particularly those of the monocyte/
macrophage and granulocyte lineages. These cells may have roles in endometrial remodelling
analogous to their roles in inflammatory and reparative processes. Events in the pre-implantation
uterus are driven at a systemic level by ovarian steroid-hormones, but growth factors (including
some lymphohemopoietic cytokines), that are produced locally are now implicated as the molecular
mediators of these events. Cytokines are ideally suited to provide communication links between the
various types of uterine cells, by virtue of their pleiotrophic effects and their production by a range
of cell lineages. Their effects may extend, therefore, to the full range of cell lineages that are
represented in the uterus.

Intrinsic to the success of implantation and placentation is the ability of the embryo to
escape rejection by the maternal immune system. The conceptus expresses paternally encoded,
allogeneic antigens that would be expected normally to elicit transplantation immunity and graft
rejection. However, the lack of strongly immunogenic molecules on the surfaces of conceptus-
derived tissues at the fetal-matemal interface, the resistance of the trophoblast to T-cell mediated
lysis, and the physical protection from immunocompetent and accessory cells afforded by the
decidual zone help to block the generation and execution of destructive immune responses.

The ‘immunotrophism' hypothesis, which suggests that an appropriate maternal immune
response to fetal alloantigens can be beneficial to the outcome of pregnancy, has been instrumental
in promoting research into the role of cytokines in the growth and development of the placenta.
Recent studies suggest that both non-specific activation as well as specific priming of the maternal
immune system against paternal antigens, can reduce the rate of fetal resorption in abortion-prone
mice. T-cell-derived cytokines may be important in influencing the rate of placental growth, either
directly through release of trophic factors or indirectly by influencing the behaviour of leukocytes or
other uterine cells. However, studies in genetically lymphocyte-deficient or MHC-deficient mice
show that these effects are adjunctive, since an intact maternal immune response is not obligatory
for successful pregnancy.

T-lymphocytes are likely to function as a component of a broader leukocyte network in the
uterus. It is becoming evident that different leukocyte lineages within the endometrium can both
contribute to suppression of maternal rejection mechanisms and guard against uncontrolled invasion
of maternal tissues by placental trophoblast. The various leukocyte populations in the

endometrium therefore appear to act in a coordinaled manner to ‘monitor’ the extent of the growth of
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conceptus tissues and the degree of their invasion into the endometrium. Cytokines are implicated
in the recruitment and function of the leukocytes resident within uterine tissues, and are likely to be
critical in mediating the interactions between different subpopulations.

Current evidence indicates clearly that locally synthesised cytokines also function directly as
paracrine mediators of the growth and development of maternal and fetal tissues within the uterus
during pregnancy. Trophoblast cells of the placenta and the pre-implantation embryo express
receptors for, and/ or have biological responses to many of the cytokines synthesised within the
uterus.

Together, these data suggest that during pregnancy cytokines are important mediators of a
three-way communication network interlinking maternal cells (of hemopoietic and non-hemopoietic
origin) with the conceptus. This cytokine network is exquisitely sensitive to experimental
perturbation, as early as during the pre-implantation period, suggesting that its operation coincides
with the establishment of the receptive uterine state. Cytokines may therefore have important roles
in the uterus during the pre-implantation period, with potential implications for the outcome of

pregnancy.

1.10  Aims of this study

In view of the role of cytokines in inflammation, and the emerging concept that these factors
are ubiquitous in tissue remodelling events, it is highly probable that cytokines participate in
establishing a uterine state that can accommodate the implanting conceptus. However, at the outset
of this study, the synthesis and roles of cytokines in the early stages of pregnancy had received little
attention.

These considerations led to formulation of the following hypotheses:

(1) Lymphohemopoietic cytokines have pivotal roles in establishing a uterine state conducive to
implantation and development of the conceptus.

(2) Cytokines act through coordinating the recruitment and behaviour of leukocytes, which may
be important as mediators of tissue remodelling and in generating a receptive immunological
milicu.

(3) Cytokines play an important role in enhancing embryo survival and embryo development as a

consequence of their direct action on the trophoblast cells of the developing embryo.

The purpose of this study was examine these hypotheses in the murine model.
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2 Materials and Methods

2.1 Mice

Adult (8-12 wk) [Balb/c x C57Bl] F1 female mice and [CBA x C57B1] F1 male mice were
used throughout except where stated. Pre-pubertal (4 wk) [Balb/c x C57BI] F1 or Balb/c female
mice were superovulated and mated with [CBA x C57B1] F1 or Balb/c male mice respectively as
specified. In some experiments , female CBA-nu/nu, C57Bl/6]-bg/bg, C.B-17-scid/scid and Balb/c
adult (6-12 wk) females were mated with Swiss adult male studs. C57B1/6]-bg/bg were obtained
from ARC, Perth and C.B-17-scid/scid from the Walter and Eliza Hall Institute [WEHI],
Melboume. All other mice were obtained from the University of Adelaide Central Animal House
and were maintained in minimal security barrier, specific pathogen free (SPF) facilities, ona 12 h
light/ 12 h dark cycle with food and water available ad libitum. Lymphocyte-deficient nu/nu,
scid/scid and bg/bg mice, and Balb/c mice were housed and mated with Swiss males in

microisolator cages within sterile laminar flow cabinets, in medium security barrier, SPF facilities .

2.1.1 Natural mating

Adult naturally cycling or synchronised (see 2.1.4) female mice were placed 2 per cage with
individual males. The day of sighting of a vaginal plug was day 1 of pregnancy. Pregnant females

were separated from males on day 1.

2.1.2 Superovulation

Adult or pre-pubertal (4 wk) females were primed at 1400 h with 7.5 TU PMSG (Folligon,
Intervet, Artarmon, NSW) followed 48 h later with 7.5 IU hCG (Chorulon, Intervet) and then placed
1 per cage with males. Females were checked for vaginal plugs the next moming, designated day 1
of pregnancy, and pregnant females were caged separately from males.

In some experiments (6.3.2) blood was obtained from hCG-treated mice by orbital bleeding
under light ether anaesthesia immediately prior to sacrifice, and the serum oestrogen and progesterone
content was measured in RIA kits from Serono (Italy) (<7% inter- and <5% intra-assay variation) and

Amersham (UK) (<5% inter- and <2% intra-assay variation) respectively.
2.1.3 Surgical procedures

a. General procedures

Mice were anaesthetised prior to all other surgical procedures with avertin (1 mg/ml
tribromoethyl alcohol in tertiary amyl alcohol was diluted t0 2.5% (v/v) in saline, and
approximately 15 pl/ g body weight injected ip). Surgical instruments were sterilised by

autoclaving prior to use.
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b. Ovariectomy and intraluminal injection

Adult [Balb/c x C57B1] F1 female mice were anaesthetised with avertin and bilaterally
ovariectomised by severing the oviduct close to the uterine-oviduct junction through a single small
dorsal incision as described by Hogan et al. (1986). The incision was closed with a wound clip and
animals were allowed to recover for 2-3 weeks prior to use.

In some experiments solutions of antibody or cytokine, seminal vesicle fluid or peanut oil,
were injected into the uterine lumen of intact or ovariectomised adult [Balb/c x C57B1] F1 mice.
Uteri were accessed by the procedure described for ovariectomy and between 10 and 50 pl of fluid
was injected directly into the proximal end of the uterine horn using a 30 gauge needle attached to a

1 ml syringe.

c. Vasectonty and seminal vesicle excision

Adult [CBA x C57BI] F1 male mice were anaesthetised with avertin and vasectomised by
bilateral ligation of the vas deferens through a transverse incision in the abdomen as described by
Hogan et al. (1986). Seminal vesicles were removed from mice of the same age and strain by
ligation followed by severing of the proximal tubule at the base of the gland, through a transverse
incision in the abdomen. The body wall and skin were sutured and the mice were allowed to

recover for at least a week prior to mating.

2.1.4 Synchronisation of oestrous cycle

For studies requiring oestrous mice, Balb/c F1 females were synchronised using a
modification of a procedure described previously (Vickery and McRae 1980). Twenty micrograms
of LHRH superagonist [des-Gly; . D-Alag,-ProNEtg} LHRH (Sigma Chemical Co, St Louis, MO)
was injected ip at 1200 h on day -4 and mice were placed with males for natural mating on day -1,
or checked for oestrous by examination of vaginal smears, then used as oestrous mice on day 0.

In some experiments adult female mice were induced into oestrus by the Whitten effect
(Whitten 1956), where they were caged within close proximity to a stud male (a small cage
containing the male was placed within a larger cage containing the female mice). On the third day
approximately 75% of the female mice were found to have an outward vaginal appearance typical of

oestrus and this was confirmed by making vaginal smears.

2.1.5 Cervical stimulation

The cervices of oestrus stage, synchronised mice were stimulated mechanically for 2 min at
2400 h on day -1 (to approximate the time, at the mid-point of the dark cycle, when mating
frequencies are naturally highest). The device employed in this procedure consisted of a small plastic
pipette tip (cut and rounded over a flame) attached by a piece of plastic tubing to the nozzle of a

battery-operated electric toothbrush.
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2.2 Growth media

Media used for cell line and primary cell culture included RPMI-1640, DMEM, Hams F-12
or Iscoves modified DMEM (Gibco, Grand Island, NY) supplemented with 20 mM HEPES, 10%
Fetal Calf Serum (FCS)(Commonwealth Serum Laboratories, Australia), 5 x 10°M B-
mercaptoethanol and antibiotics (RPMI-FCS, DMEM-FCS, Hams-FCS or IMDM-FCS
respectively); RPMI supplemented with 0.5% FCS, 1% Nutridoma-NS (Boehringer Mannheim,
Germany), 5 x 105 M B-mercaptoethanol and antibiotics (RPMI-NS) and serum-free DMEM
supplemented with 1% Nutridoma-NS§, 5 x 10"5 M B—mercaptoethanol and antibiotics (DMEM-NS),
as specified. 'E-free’ DMEM was phenol red free and contained 0.5% charcoal-stripped FCS, 1%
Nutridoma NS (Boehringer Mannheim, Germany), 1% Low Protein Serum Replacement (Sigma), 5
x 10> M B—mercaptoethanol and antibiotics.

Media used for embryo culture included Human Tubal Fluid (HTF)(Quinn et al. 1985) and
DMEM supplemented with 10% FCS and antibiotics (DMEM-Em). The osmolarity of each batch
of HTF and DMEM-Em was measured in an osmometer (Wescor, Logan, Utah), and adjusted to
between 275 and 280 mOsm/ kg with water prior to addition of serum and antibiotics. HTF and
DMEM-Em used for embryo collection and handling contained 20 mM HEPES.

23 Chemicals and reagents
2.3.1 Recombinant cytokines

Recombinant E. coli-derived murine GM-CSF was the kind gift of N. Nicola [The Walter
and Eliza Hall Institute of Medical Research (WEHI), Melbourne], recombinant human IL-6 was
purchased from Bochringer Mannheim, recombinant murine IL-2 and IL-3 were purchased from
Genzyme Immunobiologicals (Cambridge, MA), recombinant murine IL-1, TNFo and TNFf were
purchased from British Biotechnology (Oxford, UK), and recombinant murine LIF was from
AMRAD Corp. Ltd. (Kew, Vic.). Recombinant murine interferon gamma (IFNy) was from
Genentech (Palo Alto, CA), and recombinant human interferon alpha-2a (Roferon-A; IFNor) was the
gift of F. Hoffman La Roche and Co., Ltd. (Basle, Switzerland). 12I-labelled GM-CSF was
prepared by N. Nicola (WEHI), using the Chloramine-T-catalysed two-phase method of Tejedor and
Ballasta (1982), which yields high specific activity 123I-GM-CSF (50,000 cpm/ ng) and retains
100% biological activity (Walker and Burgess 1985).

2.3.2  Monoclonal and polyclonal antibodies

Rat/ mouse hybridoma cell lines including TIB 107 («Thy1.2) and TIB 122 (aCD45), TIB
207 (aCD4), TIB 104 (CD5), TIB 213 (oLFA-1)and TIB 128 (aMac-1) trom the sources
specified in Table 2.1 were cultured to late log phase when monoclonal antibody (mAb)-containing
supernatants were harvested. Other rat mAbs including o. mouse thymic stroma #12 and #24 MTS
#12 and MTS #24) (Godfrey et al. 1988; 1990) were kindly provided as hybridoma supernatants by
R. Boyd, Monash University, Melbourne.
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Table 2.1 The antigenic specificities and cell lineage reactivities of rat amouse
monoclonal antibodies (mAbs). These mAbs were used for isolation of cell subpopulations
by panning, and in complement-mediated depletion, immunofluorescence and
immunohistochemical analyses. The sources of each mAb are given in the text or in Table
2.2. LCA = leukocyte common antigen; LFA = leukocyte functional antigen; ND = not

determined

mAb antigenic specificity reactive cell lineages

MTS #24 ND thymus epithelial cells

MTS #12 ND thymus endothelial cells; T-lymphocytes

TIB 107 Thy 1.2 pan T-lymphocytes; NK cells; some fibroblasts
TIB 122 CD45 (LCA) pan leukocytes

TIB 128 Mac-1 (CD11b/ CD18) macrophages; neutrophils

F4/ 80 ND macrophages

TIB 120 I-A activated macrophages/ dendritic cells

TIB 207 CD4 (L3T4) T-lymphocytes (suppressor); some macrophages
TIB 105 CD5 (Lyt 1) T-lymphocytes, some B-lymphocytes

TIB 213 LFA-1 (CD11a) pan leukocytes

Sheep ouwat-FITC (Silenus, Hawthorn, Vic.) and goat orat-horseradish peroxidase
(HRP)(Dakopatts, Copenhagen) were used to detect rat immunoglobulin in immunofluorescent and
immunohistochemical assays respectively. Affinity purified goat arat (Calbiochem, La Jolla, CA)
was used as the capture antibody in panning experiments.

A goat polyclonal antibody to murine GM-CSF (goat aGM-CSF) and a rat monoclonal
antibody to murine IL-6 (rat oIL-6) (Shabo and Sachs 1988) were kindly provided by J. Schreurs
(DNAX, Palo Alto, CA) and L. Sachs (Weismann Institute of Science, Rehevot) respectively.

2.3.3 Steroids and steroid antagonists

17B-oestradiol (E), progesterone (P) and testosterone were obtained from Sigma, USA. ZK
119,010 (Nishino et al. 1991) was the generous gift of E. von Angerer (University of Regensburg,
D-8400 Regensburg, Germany), and RU486 (Baulieu 1989) was kindly provided by Roussel
UCLAF, Romainville, France. Stocks of 17(3-oestradiol, progesterone, RU486 or ZK 119010 were
made in ethanol and added to cultures at a final concentration of 0.1 % ethanol. Control cultures

contained 0.1 % cthanol alone.
2.34  Sundry chemicals and reagents

Salmonella typhimurium lipopolysaccharide (LPS) was the gift of 1. Kotlarski (University of
Adelaide). Prostaglandin E (PGE) and prostaglandin F;, (PGF,,) were from Upjohn Pty. Ltd.

(Rydalmere, NSW). All other chemicals and reagents were purchased from BDH Chemicals

(Dorset, UK) or Sigma Chemical Co., unless specified in the text.
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24

Cell culture

24.1 General

All harvesting and culture of tissues and cells was performed under aseptic and pyrogen-free

conditions. Solutions and media were prepared from stocks reserved for cell culture using water
purified in a Milli-Q Reagent Grade Water System (Millipore, Bedford, MA) MQ H,0), and
sterilized by filtration through 0.22 pm filters (Millex, Millipore) or by autoclaving. Disposable

plastic culture-ware and pipettes were used throughout. Glassware, including glass Pasteur pipettes,
was washed in 7X detergent (ICN, Seven Hills, NSW) and rinsed extensively in MQ H,0, and

autoclaved prior to use.

Cell cultures were routinely examined for confluency and health with the aid of a phase

contrast inverted microscope (Olympus).

24.2 Celllines

Cell lines were obtained from the sources and maintained in the media specified in Table

2.2. Frozen stocks were maintained in 10% DMSO in liquid nitrogen. All cell lines were cultured
in 250 ml culture flasks (Costar, Cambridge, MA) at 37°C, 10% CO, in air in a humidified

incubator.

Table 2.2  The species, lineage, origins and growth media for cell lines used in these studies. M = mouse;
H = human; R = rat; G = gibbon.

Cell line Species, Lineage  Origin Growth Media
32Dcl3 M, myeloid A Kelso, WEHI, Melbourne RPMI-FCS
7TD1 M, myeloid J Van Snick, Ludwig Inst. Cancer Res., Brussels RPMI-NS
A375 H, melanoma D. Haynes, Pathology, Uni. of Adelaide, Adelaide RPMI-FCS
CTLL M, T-cell L Ashman, Hanson Centre for Cancer Res., Adelaide RPMI-FCS
eEND.2 M, endothelial L Williams, Ludwig inst. Cancer Res., Melbourne DMEM-FCS
EL-4 M, T-cell Kotlarski, Inmunology, Uni. of Adelaide, Adelaide RPMI-FCS
EL-4 EU M, T-cell A Kelso, WEHI, Melbourne RPMI-FCS
F4/ 80 R/M, hybridoma P Kenny, Clin. Immunol., Flinders Uni., Adelaide RPMI-FCS
FD 5/12 M, myeloid A Kelso, WEHI, Melbourne RPMI-FCS
J774A.10 M, macrophage ATCC, Rockville, Maryland IMDM-FCS
L929 M, fibroblast D. Haynes, Pathology, Uni. of Adelaide, Adelaide =~ RPMI-FCS
L cells M, fibroblast A Lopez, Hanson Centre for Cancer Res., Adelaide Hams F12-FCS
MLA144 G, T-cell L Ashman, Hanson Centre for Cancer Res., Adelaide RPMI-FCS
TIB 104 R/M, hybridoma ATCC, Rockville, Maryland RPMI-FCS
TIB 107 R/M, hybridoma ATCC, Rockville, Maryland RPMI-FCS
TIB 120 R/M, hybridoma ATCC, Rockville, Maryland RPMI-FCS
TIB 122 R/M, hybridoma ATCC, Rockville, Maryland RPMI-FCS
TIB 128 R/M, hybridoma ATCC, Rockville, Maryland RPMI-FCS
TIB 207 R/M, hybridoma ATCC, Rockville, Maryland RPMI-FCS
TIB 213 R/M, hybridoma ATCC, Rockville, Maryland RPMI-FCS
WEHI-3BD- M, promyeloid A Lopez, Hanson Centre for Cancer Res., Adelaide  RPMI-FCS
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24.3 Cell quantitation

The densities of cells in suspensions of cell lines, spleen cells or uterine cells were
determined using a Neubauer haemocytometer (Assistent, Germany). Cells with a viable
morphology within an area corresponding to 104 m1 were counted using an Olympus BH-2 phase
contrast microscope (Olympus, Lake Success, NY). The numbers of adherent cells in uterine cell

cultures were determined by uptake of Rose Bengal dye as described in 2.10.1a.

2.5 Embryo harvesting and culture

Fertilised eggs or two-cell embryos were flushed from the oviducts of mated, superovulated
mice 22-24 h post hCG or 46-48 h post-hCG respectively with HEPES-HTF containing 300 [U/ ml
hyaluronidase (Sigma) according to the procedure described by Hogan et al. (1986). Eight-cell
stage embryos were flushed from the oviducts and uteri of mated, superovulated mice 70-72 h post
hCG with DMEM-Em containing 20 mM HEPES. Blastocysts were flushed from the uteri of
mated, superovulated mice 92-94 h post hCG with DMEM-Em containing 20 mM HEPES.
Approximately 20-30 healthy embryos or blastocysts were obtained per Balb/c x C57 female, and
10-15 per Balb/c female. In some experiments the zona of 8-cells, morulae or blastocysts were
removed by incubation for a few minutes (until zona was no longer visible) in acidic Tyrode
solution (Hogan et al. 1986) or 0.5% pronase (Bochringer Mannheim) in phosphate buffered saline
(PBS: 140 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPOy, 1.5 mM KH,PO,4 pH 7.2).

Embryos were handled and cultured under aseptic and pyrogen-free conditions as described
for cell culture in section 2.4.1. A 'mouth pipette', constructed from a sterile Pasteur pipette, drawn
over a flame to a fine diameter, and connected to plastic tubing, was used to physically manipulate
embryos. Fertilised eggs were cultured in 10 pl microdrops of HTF containing 5 mg/ ml BSA
under paraffin oil in 35 mm plastic Petri dishes (Disposable Products, Adelaide, SA) and 8-cell
embryos were cultured in DMEM-Em in 1 ml wells of 4-well dishes (Nunc, Roskilde, Denmark).

All cultures were incubated at 37°C in a 10% CO, in air, humidified atmosphere.

2.6 Measurement of embryonic viability and development
2.6.1 Microscopic assessment of developmental stage and viability of embryos

The developmental stage of embryos in culture was assessed visually with the aid of an
inverted or dissecting microscope. Preimplantation embryos were scored as 1, 2, 4, or 8-cell,
morulla, blastocyst, hatching blastocyst, or hatched blastocyst according to the criteria described by
Hsu (1979). Blastocysts were defined as attached when gentle swirling of the culture dish tailed to
dislodge them. Blastocysts were defined as 'implanted’ when differentiated trophectoderm,
morphologically identifiable as adherent cytoplasmic projections exiending from the base of the

attached blastocyst, were visible.
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2.6.2 Quantitation of nuclei in embryos by PI-Hoescht staining

The numbers and viability of cells in morulae and blastocysts were determined following
nuclear staining with the fluorescent dyes acridine orange, or bisbenzimide (Hoescht 33342; Sigma)
together with propidium iodide (PI; Sigma), essentially as described by Papaioannou and Ebert
(1988). Stock solutions of 5 mg/ ml acridine orange (Sigma), 10 mg/ ml Hoescht 33342 (Sigma)
and 100 mg/ ml propidium iodide (Sigma) were prepared in MQ water. Embryos were incubated in
20 pg/ ml Hoescht together with 100 pg/ ml propidium iodide in DMEM-FCS for 30 min at 37°C.
Following a brief wash in DMEM-ECS, embryos were mounted on a microscope slide under a
coverslip and viewed with the aid of an Olympus BH-2 fluorescent microscope fitted with a 400 nm
excitation filter. Blue nuclei were scored as viable and pink nuclei as dead.

Similarly, embryos were stained in 10 ug/ ml of acridine orange for 5 min at 37°C, washed,
mounted and viewed with the aid of a fluorescent microscope fitted with a 500 nm excitation filter.

Nuclei exhibited apple green fluorescence.

2.6.3 Measurement of DNA synthesis in ‘implanted’ embryos

Embryos harvested at 72h post hCG (8-cells/ morulae) were cultured individually in 200 pl
DMEM-FCS in 96 well microtitre trays (Costar, Cambridge, MA). On day 4 of culture,
approximately 24 after 'implantation’, embryos were pulsed with 1 pCi/ ml 3H-thymidine
(Amersham, Arlington Heights, IL) for 6 h, and harvested onto glass fibre paper (Enzo Diagnostics,
NY) using a Titretech automated cell harvester. Scintillant (Ready-Safe, Beckman Instruments Inc.,
Fullerton, CA), was added to vials containing individual paper discs and radioactivity was measured

as disintegrations per minute (dpm) in a liquid scintillation beta counter (Beckman).

2.7 Cytokine-enriched conditioned media

Conditioned media (CM) from L cells, MLA-144, WEHI-3BD- and EL-4 cell lines were
prepared in DMEM-Em for use in embryo co-culture experiments. EL-4 cells were grown to 2 X
106 cells/ ml, then phorbol mystic acid (PMA) was added to 10 ng/ ml and supernatants harvested
24 h later. L cells, EL-4 and WEHI-3BD- were each cultured for 72 h from a starting density of 1 x
103 cells/ ml. Lung cell CM (LCCM) was prepared according to the method of Burgess et al.
(1977; 1985). 10 Balb/c female mice were injected iv with 5 g LPS in saline. Three hours later
lungs were collected, roughly chopped, and incubated for 48 h in 50 ml culture flasks (Nunc)
cotaining 5 m1 DMEM-Em and 10 mM LiCl. LCCM was then cleared by centrifugation at 1000 g.
Both EL-4 and LCCM were dialysed twice against 100 volumes of PBS, then once against 50
volumes of DMEM. All CM were sterilised by filtration through 0.22 pm filters (Millex).

To generate CM for comparison of GM-CSF output on a 'per cell' basis, various normal and
transformed cells were each cultured for 24 h with a starting density of 2 x 105 cells/ ml. Spleen
cells and peritoneal exudate cells (PEC) were harvested from adult [Balb/c x C57B1] F1 female
mice. Spleen cells were cultured at 1 x 105/ mlin RPMI-FCS with 4 pg/ ml PHA (Sigma) for 48 h,
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washed, and supernatants collected after 24 h further culture at 2 x 103/ ml in RPMI-FCS with 4 pg/
ml PHA and 10 ng/ ml PMA (Sigma). PEC were cultured in RPMI-FCS with 5 pug/ ml S.
typhimurium LPS (gift of I. Kotlarski, University of Adelaide). EL-4.BU cells were cultured with
10 ng/ ml1 PMA, J774A.1 cells with 5 pg/ ml LPS, and L cells with 5 pg/ m1 LPS, in media
specified in Table 2.1. Supernatants were stored at -80°C prior to GM-CSF and IL-6 bioassay.

2.8 Cytokine bioassays

All cytokine assays were performed in flat-bottomed 96-well microtitre trays (Costar) and
standardised against recombinant cytokines. GM-CSF and IL-6 titres were determined from dose
response curves. Minimum detectable amounts were GM-CSF: 1 U/ ml [50 U/ ml defined as the
concentration of GM-CSF stimulating half maximal FD5/12 cell proliferation; equivalent in our
hands to (1) 1 pg/ ml of yeast-derived recombinant murine GM-CSF, or (2) 50 CFUc U/ ml, where
50 U/ ml stimulates half maximal colony development in a bone marrow assay], IL-2: 1 BRMP
(NIH Biological Response Modifiers Program) U/ ml, IL-3: 1 CFUc U/ ml, IL-6: 5 U/ ml (50 U/ ml
defined as producing half maximal 7TD1 growth), and IL-1 and TNFo.: 10 U/ ml (50 U/ ml defined
as 50% cytolytic activity).

2.8.1 GM-CSF bioassay

GM-CSF was assayed using the GM-CSF-dependant cell line FD5/12, essentially as
described by Kelso and Owens (1988). Duplicate serial 1:2 dilutions of uterine fluids or culture
supernatants were incubated with 2000 FD5/12 cells in 200 pl of RPMI-FCS. After 2 days, cultures
were pulsed with 1 wCi of 3H thymidine (Amersham) for 6 h, then harvested and counted as
described in 2.6.3.

2.8.2 IL-6 bioassay

IL-6 was assayed using the IL-6-dependant cell line 7TD1 (Van Snick et al. 1986).
Duplicate serial dilutions of samples were incubated with 2000 7TD1 cells in 200 pi RPMI-NS.
After 3 days, the number of cells was estimated colorimetrically by conversion of the tetrazolium
salt MTT to formazan in a modification of a method described by Mossman (1983). Briefly, 25 pl
of 4 mg/ ml MTT (Sigma) in RPMI was added to each well. After incubation for 4 h at 37°C,
media was aspirated carefully and formazan product was solubilised by addition of 100 pl of 95%

ethanol, and absorbance was measured at 570 nm using a multiwell ELISA reader.

2.8.3 TNFo and IL-1 bioassays

TNFo and IL-1 were assayed in cytotoxicity assays employing respectively the TNFo
sensitive cell line L929 as described by Matthews and Neale (1987) and the IL-1 sensitive human
melanoma cell line A375 as described by Nakei et al. (1988). Duplicate serial dilutions were
incubated with 20,000 L929 cells in 200 pl of RPMI-FCS and 4 pg/ ml cycloheximide overnight, or
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with 2000 A375 cells in 200 pl of RPMI-FCS for 4 days. Cell lysis was measured by methyl violet
uptake (0.5% in 20% methanol for 10 min at room temperature). Incorporated dye was dissolved in
50% acetic acid and quantitated by measuring absorbence at 570 nm using a multiwell ELISA

reader.

2.84 IL-2 and IL-3 bioassays

IL-2 and IL-3 were assayed using respectively the IL-2 dependent T-cell line CTLL (Gillis
and Watson, 1980) and the IL-3 dependent cell line 32Dcl3 (Greenberger et al. 1983) as described
by Kelso and Owens (1988). Duplicate serial dilutions of samples were incubated with 500 CTLL
cells for 3 days or 2000 32D cells for 2 days in 200 pl of RPMI-FCS. Cultures were pulsed and
harvested as described for the GM-CSF assay.

2.8.5 CFUc bioassay

Clonal culture of murine bone marrow cells was performed according to Metcalf (1984).
Bone marrow cells were extruded from the femur of adult [Balb/c x C57B1] F1 female mice. Fifty-
thousand cells were cultured in 1 ml of half-strength Iscoves modified DMEM containing 25% FCS
and 0.33% Bacto-agar (Difco Laboratories, MI), and colony stimulating factor from various sources
(see below) in 35 mm plastic Petri dishes (Disposable Products). Cultures were performed in
quadruplicate, and incubated in air-tight boxes gassed with 5% COy/ 5% O/ 90% N,. Fourteen
days later, the numbers of colonies in cultures were determined by visual inspection (with the aid of
a dissecting microscope) and individual colonies were identified morphologically as of macrophage,
granulocyte, or mixed lineage composition.

Supematants from uterine cells or cytokine-enriched CM (derived as described in 2.8) were
added to bone marrow cell cultures at final concentrations ranging from 1:10 to 1:2500. The colony
stimulating activity (CSA) of each was determined by comparison of dose response curves Lo

recombinant murine GM-CSF and CSF-1 standards included in the same assay at 1 to 1000 U/ ml.

29 Uterine cell cultures
2.9.1 Ovariectomised, cycling and pre-implantation pregnant uteri
a. Epithelial cell-enriched endometrial cell cultures

Uterine endometrial cell monolayers were prepared under sterile conditions from whole uteri
using a modification of a procedure described by Sherman (1978) for harvesting an epithelial cell-
enriched endometrial cell population. Immunofluorescence analysis using lincage-specific mAbs
showed that these cultures were composed of approximately 70% epithelial cells, 25% stromal
fibroblasts and 5% leukocytes and endothelial cells. Between 1000 h and 1200 h on the day of
oestrus or day 1 of pregnancy, uteri from individual mice were excised, placed in cold PBS pH 7.2,

trimmed of fat, mesentery and blood vessels and slit lengthwise. After another rinse in PBS, pairs
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of uterine horns were incubated in 1 ml of 0.5% trypsin (Sigma) plus 2.5% pancreatin (bovine
pancreatic, type I1)(Sigma) in PBS for 45 min at 4°C, followed by 45 min at 37°C. In some
experiments, collagenase (Sigma type IT) was used at 250 U/ ml in the place of trypsin and
pancreatin. One millilitre of DMEM-FCS was added and the uteri agitated gently by passage 3-4
times up and down a plastic Pasteur pipette. The supernatant contained epithelial and other
liberated cells which were pelleted at 200 g and washed in DMEM-FCS. The cell yield was 7-14 x
103 cells per uterus for oestrous and day 1 mice.

Harvested cells were plated in duplicate at 1-3 x 105/ ml in 1 ml of DMEM-FCS in 4 well
multidishes (Nunc) and incubated at 37°C in 5% CO, in air. Culture supernatants were collected 24
h later (unless otherwise stated), centrifuged at 2000 g and the supernatant stored at -80°C prior to
cytokine bioassay. Adherent cells were quantified after uptake of Rose Bengal dye (Faulding,
Adelaide, SA)(0.25% in PBS) and lysis in 1% SDS by measurement of absorbence at 540 nm, by
comparison to a standard curve constructed by counting the number of cells harvested with 2 mM

EDTA from duplicate wells in a haemocytometer.

b. Stromal cell cultures

A cell fraction enriched in stromal cells was obtained from the tissue remaining after
stripping of epithelial cells. Immunofluorescence analysis showed approximately 80% of the cells
in these cultures were stromal fibroblasts, and the remaining 20% were epithelial cells, leukocytes
and endothelial cells. Pairs of uterine horns were transferred to 2 ml of 0.5% trypsin, 20 mM EDTA
in PBS, finely minced with sterile scissors, and incubated for 30 min at 37°C. FCS was added to a
concentration of 10% and the fragments were further dissociated by pipetting and allowed to settle.
The supernatant was collected, centrifuged at 200 g and the pellet washed in DMEM-FCS. Cells

were cultured and supernatants collected as described in 2.10.1a.

C. Mixed uterine cell cultures

In some experiments cells were harvested from minced whole uteri (including epithelial cell
layer) by trypsin / EDTA treatment as described in 2.10.1b, or by incubation of intact uteri in 300
U/ ml collagenase (Sigma, type II) in PBS in place of trypsin/ pancreatin. Immunofluorescence
analysis showed that these cultures were composed primarily of epithelial and stromal fibroblast
cells, in approximately equal proportions. Cells were cultured and supernatants collected as
described in 2.10.1a.

2.9.2 Day 10 uteri

Uteri excised from day 10 pregnant mice were slit lengthwise midway between the
mesometrial and the antimesometrial sides and conceptus derived structures were completely
removed with the aid of a dissecting microscope. Endometrial cells were prepared by the same

trypsin/ pancreatin digestion and subsequent processing described in 2.10.1a. Separate populations
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were harvested from uterine tissue dissected from (1) between embryonic units (inter-conceptus); (2)
the antimesometrial side of implantation sites (peri-conceptus), and (3) the mesometrial metrial

gland region underlying the placenta (MG); individual nodules (2-3 mm in diameter) were dissected
free of surrounding uterine tissue, and 4-6 x 10% cells were obtained per nodule. Cells were cultured

and supernatants harvested as described in 2.10.1a.

2.10 Uterine luminal fluid collection

Uterine intraluminal fluid was harvested essentially as described by Khurana and Wales
(1989). Mice were killed by cervical dislocation between 1000 h and 1200 h on the day specified.
Individual horns were isolated by cutting near the oviduct and the cervix. A blunt 26-gauge needle
attached to a 1 ml syringe containing RPMI-FCS was then inserted into the oviductal end of the
uterine hom and uterine washings (25-50 pl in 500 pl RPMI-FCS per homn) obtained via the cervical
end. Flushings were collected over a period of 30-40 seconds to minimise tissue damage, then

centrifuged at 2000 g and the supernatant stored at -80°C prior to cytokine bioassay.

2.11 Male accessory gland fluid collection

The seminal vesicle, prostate and coagulating gland secretions of adult fertile and
vasectomised male mice were collected by excising the appropriate gland and dispersing the
contents and tissues in 1.0 ml of RPMI per gland or pair of glands with the aid of fine needles.
Epididymal secretions were collected by flushing the ampullary region of the epididymis with 1.0
ml of RPMI using a blunt 26 gauge needle. All preparations were pelleted at 5000 g, then
supernatants collected and stored at -80°C until cytokine assay.

In some experiments 50-100 wi of neat seminal vesicle fluid was collected directly into a 1
ml insulin syringe with a 27 gauge needle attached (Terumo, Melbourne, Vic.) by insertion of the
needle into the proximal end of the intact gland in situ, within 1-2 minutes after killing the animal.
This fluid was either diluted in DMEM-FCS and added to uterine cell cultures, or diluted 1:2 into 6

M guanidine HCI and subjected to fractionation protocols described in 2.17.2.

2.12  Antibody plus complement-mediated depletion of uterine T-lymphocytes

A protocol for antibody plus complement-mediated lysis of T-lymphocytes was established
using spleen cells. The incorporation of 3H-thymidine by spleen cells incubated with 4 pg/ ml of
PHA (Sigma) and normal peritoneal cells (at a ratio of 10:1) was reduced to 8% of the control value
after the incubation of spleen cells in o'Thy1.2 and 5% guinea pig serum (CSL, Australia) for 90
min at 37°C. Incubation of spleen cells in antibody or complement alone did not inhibit their
subsequent proliferation.

Pancreatin/ trypsin-dissociated uterine cells were cultured for 16-18 h and adherent cells
harvested with 200 uM EDTA. Cells were incubated with o'Thy1.2 or other mAbs alone or in the

presence of 5% guinea pig serum for 90 min at 37°C, then cultured for a further 24 h either in 1 ml
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culture wells or in 500 pl Lab-Tek 8-well chamber slides (Nunc), when supematants were harvested
and assessed for GM-CSF content. In some experiments the numbers of mAb-reactive cells present

in cultures at the conclusion of the culture period were assessed by immunofluorescence.

2.13 Uterine cell subpopulation isolation
2.13.1 Density gradient centrifugation of uterine cells

Pancreatin/ trypsin-dissociated uterine cells were cultured for 16-18 h and adherent cells
harvested with 200 pM EDTA. Clumps of cells were removed by passage through cotton wool.
Approximately 2 x 106 cells were layered over a Percoll (Pharmacia) density gradient composed of
5 x 2 ml density steps of 50, 40, 30, 20 and 10% Percoll in PBS, and centrifuged for 300 g/ 30 min/
4°C. Bands of cells were recovered from each density interface, washed, counted and cultured in
DMEMS-FCS for an additional 24 h. Supematants were harvested and stored for cytokine assay at -
80°C.

2.13.2 Panning of mAb-reactive uterine cells

Pancreatin/ trypsin-dissociated uterine or decidual cells were cultured for 16-18 h and
adherent cells harvested with 200 uM EDTA. They were then incubated with individual mAbs 1:2
dilution of hybridoma supernatant in Hanks buffered salt solution with 10% FCS and 10% normal
mouse serum [HBSS-NMS]) for 1 h at 4°C. The labelled cell suspensions were washed, then
'panned’ by a modification of the procedure described by Wysocki and Sato (1988), using Petri
dishes (Disposable Products) coated with affinity purified goat ourat (Calbiochem, La Jolla, CA)(10
pg/ mlin PBS for 24 h at 4°C). Monoclonal antibody-labelled uterine cells were incubated in
coated Petri dishes for 2 h at 4°C in HBSS-NMS, (or in uncoated dishes for control) and the non-
adherent cells were collected. Adherent cells were detached by incubation in normal rat serum
(10% in HBSS-NMS, 20 min at 37°C) followed by forceful pipetting. Both populations were
cultured in DMEM-FCS for 24 h and the supernatants assayed for cytokine content. Cells were
quantitated by Rose Bengal dye uptake (2.10.1a). GM-CSF or IL-6 synthesis by adherent, non-
adherent or control (unpanned) cells is expressed in U per 103 cells. Values are normalised to the
overall mean cytokine production per 105 control cells for the set of panning experiments, thus
allowing comparison of cytokine synthesis by the isolated sub-populations from each experiment.
In some experiments, the proportion of mAb labelled cells was determined by immunofluorescence
analysis (2.14).

2.14 Immunofluorescence analysis

The proportions of cells within suspensions of uterine or other cells were determined by
immunofluorescence analysis, using mAbs specific for a variety of cell lincages (Table 2.2).
Approximately 5 x 103 cells were incubated in mAb for 1 h at 4°C. MAbs were used as neat

supernatants containing 10% NMS, except for F4/ 80 which was precipitated in 33% ammonium
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sulphate, dissolved in 1/ 10th volume of PBS, dialysed against 3 x 100 volumes of PBS pH 7.2,
then concentrated 10-fold to achieve an approximately 100-fold concentrate prior to use. Cells were
washed 4 x in PBS containing 10% FCS (PBS-FCS), and incubated for 1 h at 4°C in sheep ourat-
FITC (Silenus) diluted 1:20 in PBS-FCS containing 10% NMS, then washed 4 x in PBS-FCS prior
to microscopic examination using an Olympus BH-2 fluorescent microscope fitted with a 500 nm

excitation filter. Labelled cells were identified as those exhibiting apple green fluorescence.

2.15 Immunohistochemistry

Monoclonal antibodies specific for a variety of cell lineages (Table 2.2) were used to
determine the distribution of reactive cells in intact tissue. Uteri from cycling or pregnant mice, or
from ovariectomised mice following intraluminal injection of GM-CSF, were placed in OCT
compound (Tissue-Tek, Miles Inc., Elkhar, IN) and frozen by immersion in liquid N, cooled
isopentane (BDH Chemicals). Sections (6 pm thick) were cut on a Bright (Huntingdon, UK) model
OTF cryostat and air-dried, then fixed in 96% ethanol (BDH) at 4°C for 10 min. Sections were
incubated in mAbs for 18 h at 4°C, washed 3 times in PBS, incubated in goat arat-HRP (Dakopatts,
Copenhagen)(1:20 in PBS containing 1% BSA and 10% normal mouse serum (PBS-NMS) for 2 h
at 4°C), and washed again 3 times in PBS. All incubations were carried out in humidified
chambers. MAbs were used as neat supernatants containing 10% NMS, except for F4/ 80 which
was prepared as described in 2.15 and diluted 1:10 in PBS- NMS. Reactivity was visualised by
incubating slides in diaminobenzidine (DAB; Sigma)(5 mg/ ml in 0.05 M Tris-HC1 pH 7.2) plus
0.02% hydrogen peroxide for 10 min at room temperature. Tissue was counterstained in Gill's
haematoxylin (Sigma), dehydrated in 2 changes of absolute ethanol, cleared in 2 changes of
Safsolvent (Ajax Chemicals, Auburn, NSW), mounted in Depex (BDH) and viewed and
photographed using an Olympus BH-2 light microscope and black and white Pan F film, or 100
ASA colour film (Ilford Ltd., Cheshire, UK).

In some experiments, sections were stained in Gill's haematoxylin and washed in tap water,
prior to staining for eosinophils in 1% Congo Red (Gurr, BDH) for 20 min, and destaining in 3 x 30
sec washes of 50% ethanol. Sections were air-dried, then cleared in 2 changes of Safsolvent prior to

mounting in Depex.

2.16 Chromatography
2.16.1 Endometrial cell conditioned media

Conditioned medium was prepared from pooled endometrial cells harvested from 10
oestrous mice. Cells were cultured at 2 x 103 cells/ m] for 24 h in DMEM-FCS and then 48 h in
serum-free DMEM-NS. Eighty millilitres of conditioned medium was filtered (0.22 pm Millex-GS;
Millipore, Bedford, MA), concentrated to 5 ml over a PM10 membrane (Amicon, Danvers, MA),
dialysed against PBS pH 7.0, concentrated to 0.5 ml over a YM2 membrane (Amicon), and
chromatographed on a Sephacryl S-200 column (1.0 x 30 cm)(Pharmacia, Uppsala) equilibrated in
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6 M guanidine HCl at a flow rate of 18 ml/ h. Fractions of 0.45 ml were collected into 5 mg/ ml
BSA, and desalted on calibrated 1 ml columns of Sephadex G-25 superfine (Pharmacia) by spin- gel
filtration. Aliquots from fractions were diluted 1:10 in RPML, filtered (0.22 pm Millex-GV;
Millipore) and assayed for GM-CSF and IL-6. Molecular weights were estimated from a linear plot
of log molecular weight versus Ve/ Vo (elution volume/ void volume), using bovine serum albumin,

ovalbumin, a-chymotrypsinogen and cytochrome-c as standards.

2.16.2 Seminal vesicle fluid

Neat seminal vesicle fluid was collected as described in 2.12, and diluted 1.5 into 6 M
guanidine HCL. In some experiments this material was desalted over 5 ml of Sepharose Superfine
G-25 (5,000 Mr cut-off) (Pharmacia) equilibrated in DMEM. The 3 ml eluate was assessed for GM-
CSF-stimulating activity by culture with oestrus endometrial cells. Endometrial cells were
harvested from oestrus mice, and 3 h after the initiation of the culture eluate was added at a 1:2
dilution (= 1:30 dilution of seminal vesicle fluid) to duplicate wells and incubated for 16 h, when
the supernatants were removed and replaced with fresh media, and the morphology of the cultured
cells was examined microscopically. Following an additional 24 h culture period, supernatants were
harvested and assayed for GM-CSF content.

In other experiments seminal vesicle fluid dissolved in guanidine HCl was chromatographed
on a Sepharose CL4B column (1.0 x 30 cm)(Pharmacia) equilibrated in phenol red-free HBSS at a
flow rate of 20 ml/ h. Fractions of 1.5 ml were collected, and 250 pul aliquots were assessed for
GM-CSF-stimulating activity by addition to 250 ul cultures of endometrial cells in DMEM-(20%)

FCS containing 100 pg/ ml gentamycin sulphate in addition to the usual supplements.

2.16.3 Protein-G sepharose

Hybridoma supernatants containing rat [gG2b immunoglobulin (Ig) were filtered (0.22 pm;
Millex), and loaded onto a 10 ml Protein-G Sepharose 4 Fast Flow column (Pharmacia) equilibrated
in 20 mM Na phosphate, pH 7.0, at a flow rate of 0.8 ml/ min. After extensive washing with 20
mM phosphate pH 7.0, pure immunoglobulin was ¢luted in 0.1 M glycine HCI, pH 2.7, and
dialysed against two 50 x volumes of PBS pH 7.2. The immunoglobulin content of eluted fractions

was estimated by measuring absorbence at 280 nm.
2.17 GM-CSF receptor analysis

2.17.1 FD 5/12 cells

Todinated E.coli-derived recombinant murine GM-CSF (125I-GM-CSEF; specific activity
50,000 cpm/ ng) was generously provided by N. Nicola (WEHD). A protocol for the use of this
material in autoradiographic analysis of GM-CSF receptor expression was established using the

GM-CSF responsive myeloid cell line FD 5/12. Suspensions of approximately 5 x 106 cells in 100
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1l PBS-FCS were incubated for 60 min/ 20°C with either 250,000 or 50,000 cpm of 1251-GM-CSF
(50 or 10 ng 1251-GM-CSF/ ml). Control suspensions were incubated in PBS-FCS alone, and in
the presence of a 10x excess (500 ng/ ml) of cold recombinant yeast-derived GM-CSF as well as 50
ng/ ml 1251-GM-CSF. After 3 washes in PBS, smears of cells from each treatment were made onto
gelatin-coated microscope slides. Smears were air-dried and post-fixed for 10 min in 2.5 %
gluteraldehyde in PBS.

Slides were dipped in NTB-2 (Eastman Kodak Co., Rochester, NY) nuclear emulsion at 42-
45°C under a # 2 (Kodak) dark red safelight. To allow emulsion to gel, slides were placed flat on
an aluminium cold bench for 15 min, then emulsion was allowed to dry completely O/N at room
temperature. Following incubation in light-tight boxes at 4°C for 14 days, slides were developed
for 4 min in D19 (Kodak) , and fixed in Hypam Rapid-fix (Iliford) diluted 1:4 in Hy0. Cell smears
were counterstained in hematoxylin as described in 2.15, and examined and photographed with a
Nikon Microphot-FXA (Nippon Kogaku K.K., Japan) under (a) brightfield and (b) darkfield

illumination.

2.17.2 Blastocysts

Blastocysts harvested from the uterus of superovulated mice early on the morning of day 4
of pregnancy were stripped of their zona pellucidae in 0.5% pronase in PBS, then co-cultured for 8
h on confluent ¢eEND.2 monolayers in Em-DMEM in 1 ml wells (Nunc). Hatched blastocysts
continue to expand but fail to attach and 'implant’ onto eEND.2 cells (S. Robertson, unpublished
data). Blastocysts were incubated with 50 ng/ ml 125]-.GM-CSF (as in 2.18.1) for 60 min at 20°C in
25 pl drops of DMEM-FCS under paraffin oil in 35 mm plastic Petri dishes. After rapid washing in
5 x 1 ml DMEM-FCS, blastocysts were fixed in 2.5% gluteraldehyde in PBS for 10 min, and dried
onto gelatin coated microscope slides.

Controls included blastocysts incubated in the absence of 1251.GM-CSF, and blastocysts
incubated in the presence of a 10x excess of cold recombinant yeast-derived GM-CSF as well as
125.GM-CSF. Slides were coated in emulsion, incubated for 14 days, developed, and
photographed as described in 2.17.1, except that Giemsa (Gurr, BDH) was used as the counterstain

in place of hematoxylin.

2.17.3 Uterine tissue

Ethanol-fixed fresh frozen sections of day 1 uterus were incubated with 50 ng/ ml 1251.GM-
CSF (as in 2.17.1) in PBS-FCS for 60 min at 20°C, washed and post-fixed in 2.5% gluteraldehyde
for 10 min. Control sections were incubated in the absence of 1251-GM-CSF, or the presence of a
10x molar excess of cold recombinant yeast-derived GM-CSF in addition to 125I-GM-CSF.
Sections were coated in emulsion, incubated for 14 days, developed, counterstained and

photographed as described in 2.17.1.
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2.18 General procedures for RNAse-free conditions

Ribonuclease (RNAse)-free conditions were maintained for materials, chemicals and
solutions used in the generation and handling of riboprobes, preparation and processing of tissue
and cell culture-derived RNA used in Northern blot analysis, and preparation and processing of
tissue used in in situ hybridisation. Precaution against RNAse contamination included use of
disposable plastic pipettes and tubes where possible, baking of glassware, stainiess steel-ware and
fleas at 160°C O/N prior to use, DEPC (Sigma)-treatment of H,O and solutions (as described by
Sambrook et al. 1989), and soaking of gel-boxes in 10% H,0O, prior to use. In addition, disposable

plastic gloves were worn throughout these experiments.

2.19 Riboprobe preparation
2.19.1 Growth and maintenance of bacterial strains

The Escherichia coli strain E381 was used throughout and cultured in either nutrient broth
(NB)(Difco), or on nutrient agar (NA)(Difco). Ampicillin (amp; Sigma) was added to broth and
solid media at 50 pg/ ml for culture of plasmid-containing derivatives of E381. Incubations were at
37°C.

All strains were maintained as frozen stocks in glycerol (32% v/v) and peptone (0.6% w/v)
stored at -80°C. Fresh cultures from glycerols were prepared by streaking a loopful of glycerol

suspension onto a NA plate.

2.19.2 Plasmids and DNA

Complementary DNA (cDNA) for murine GM-CSF (398 bp BamH1-EcoRYV fragment from
pGM5'D17)(Gough et 1985) and B,-microglobulin (3,-MG; 300 bp Pst1 fragment)(Parnes et al.
1983) in the amp-resistant (ampR) gene-containing plasmid SP65 were kindly provided by N Gough
(WEHD. Al Giardia lamblia cDNA (450 bp EcoR1-Sacl fragment) in the ampR gene-containing
plasmid pPGEM7 was kindly provided by P Ey (Department of Microbiology and Immunology,
University of Adelaide).

2.19.3 Transformation

¢DNA containing plasmids were amplified by transformation into E381. E381 bacterial
cells were made competent by treatment with CaCl, and MgCl, (Brown et al. 1979). For
transformation, approximately 1 g of each DNA was mixed with approximately 10 competent
bacterial cells in 100 pl TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0), and incubated at 4°C
for 45 min followed by 42°C for 2 min. Following a further 10 min at 4°C, 200 pl of NB was
added and bacteria were grown for 45 min at 37°C, then plated on amp™ NA plates and cultured
O/N.
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2.19.3 Plasmid purification
a. Small scale plasmid preparation

For qualitative analysis, plasmid was extracted from approximately 109 transformed
bacterial cells using a modification of the three-step alkali lysis method (Garger et al. 1983). Cells
were resuspended in 100 pl solution 1 (50 mM glucose, 25 mM Tris-HCl, 10 mM EDTA, pH 8.0),
and 200 pl of solution 2 [0.2 N NaOH, 1% (w/v sodium dodecyl sulphate (SDS)] was added to
induce cell lysis during a 5 min/ 4°C incubation. Protein, chromosomal DNA and high molecular
weight RNA were precipitated by the addition of 150 pl of solution 3 3 M potassium acetate, 2 M
acetic acid, pH 4.8) for 5 min/ 4°C, and pelleted (5 min, Eppendorf 5414). Plasmid DNA was
extracted from the supernatant in an equal volume of TE saturated phenol (BDH), chloroform and
isoamyl alcohol mixture (25:24:1) and precipitated in 70% (v/v) ethanol and dried in vacuo.

b. Large scale plasmid preparation and purification by CsCl gradient centrifugation

Large amounts of plasmid DNA were prepared from approximately 1012 bacterial cells
using a scaled-up version of the three step protocol described in 2.19.3a. Bacterial cells were
incubated in 30 ml freshly prepared lysozyme (Sigma; 600 g/ ml) in solution 1 for 10 min/ room
temperature prior to addition of 55 ml of solution 2, and 5 min/ 4°C incubation. Twenty-eight
millilitres of solution 3 was added, and after an additional 15 min/ 4°C, the precipitated material
was pelleted at 5,000 g/ 15 min. Plasmid DNA was extracted from the supernatant in an equal
volume of TE saturated phenol (BDH), chloroform and isoamyl alcohol mixture (25:24:1) and
precipitated in a 0.6 volume of isopropyl alcohol (30 min/ 4°C). Precipitated plasmid DNA was
washed in 70% (v/v) ethanol and dried (1h/ room temperature).

Plasmid DNA was purified from contaminating protein and RNA by centrifugation through
a two step CsCl ethidium bromide (EtBr) gradient according to Garger et al. (1983). DNA was
dissolved in 1.7 ml of 5.7 M CsCl in TE (refractive index = 1.4080), and layered beneath 3.4 ml of
4.3 M CsClin TE (refractive index = 1.3780) in a 5.1 ml Beckman Quick-Seal polyallomer tube.
Gradients were centrifuged at 65,000 rpm/ 5 hin a TLN-100 rotor (Beckman). The DNA band was
collected using a 21 gauge needle and syringe, and the EtBr extracted 5 X into equal volumes of
isopropanol. CsCl was removed by dialysis against 3 changes of a 50 x volume of TE at 4°C.
DNA was quantitated by measurement of absorption at 260 nm and assuming an Ajgg of 1.0 is
equal to 50 ug DNA/ ml (Miller 1972), and stored at -20°C.

2.19.4 Restriction endonuclease digestion and DNA electrophoresis

Plasmid DNA was analysed for appropriately sized cDNA inserts by restriction enzyme
(RE) cleavage and electrophoresis. Excision of insert from plasmid was achieved by cleavage of
0.5-1 pg plasmid DNA with the restriction enzymes BamH]1 and EcoR1 (for GM-CSF), Pst1 (for
B,-MG) or Sac1 and EcoR1 (for Al)(all Bochringer Mannheim). Digestion was performed with 2-
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10 U of enzyme per g of DNA at 37°C/ 2 h in restriction enzyme buffer (Boehringer Mannheim)
as recommended by the manufacturer.

Electrophoresis of digested DNA was carried out in a horizontal 1% agarose (Seakem HGT)
'minigel' in TBE buffer (67 mM Tris base, 22 mM boric acid, 2mM EDTA, pH 8.8). Digested
DNA (0.5-1 pg) containing tracking dye [0.01% (w/v) bromophenol blue in 15% (v/v) Ficoll] was
electrophoresed at 10 V/ cm at room temperature, and DNA bands were visualised by trans-
illumination with UV light following staining of the gel in 2 pg/ ml EtBr in water. Gels were
photographed with Polaroid 667 positive film and the size of DNA bands determined by comparison
of their relative mobility to EcoRI digested Bacillus subtilis bacteriophage SPP1 DNA.

2.19.5 Riboprobe synthesis by reverse transcription
a. Linearisation of template

'Antisense' 32P-labelled RNA probes (riboprobes) were synthesised by reverse transcription
in vitro from the SP65 or pPGEM7 cDNA template. To prepare template, 5 g of CsCl purified
plasmid DNA was linearised with 40 U of HindlII (for GM-CSF or B,-MG) or EcoR1 (for A1) for 4
h/37°C. One microgram of lincarised DNA was electrophoresed on a 'minigel' (2.19.4) to check
that digestion was complete (ie. that no circular plasmid remained). Linearised DNA was then
extracted in an equal volume of TE saturated phenol (BDH), chloroform and isoamyl alcohol
mixture (25:24:1), precipitated in 70% ethanol and 100 mM Na acetate, dried in vacuo and
resuspended to 200 pg/ ml in TE.

b. In vitro transcription

One microgram of linearised template was incubated with 2 U SP6 RNA polymerase
(Bresatec) and 50-100 pCi (approx 3000 Ci/ mmol) 32p_UTP (Bresatec) in a final volume of 20 pl
reaction mixture containing 1 U/ ml placental RN Ase inhibitor (Promega, Madison, WI), 40 mM
Tris-HC1, 6 mM MgCl,, 10mM dithiothreitol (DTT) and 0.5 mM ATP, CTP and GTPpH 7.6. In
some experiments cold transcript was generated by including 0.5 mUTP in the place of 32p-UTP.
The reaction was allowed to proceed for 1 h at 37°C, then the DNA template was removed by
adding 10 U of RNAse-free for a further 15 min at 37°C. The volume was made up to 200 pl with
H,O0, and the percent incorporation of radiolabel was determined by comparing the TCA
precipitable to total CPM in duplicate 1 pl aliquots. Eighty to ninety percent incorporation was
routinely achieved. Radio-labelled riboprobe was extracted in an equal volume of TE saturated
phenol, chloroform and isoamyl alcohol mixture (25:24:1), and precipitated in the presence of 20 pg
carrier tRNA (Boehringer Mannheim) in 70% ethanol and 100 mM Na acetate (O/N, -20°C).

On the day of use, riboprobe was pelleted, dried in vacuo, resuspended in H,O and the
specific activity determined by counting a small aliquot in a beta-scintillation counter. Two to five
hundred nanograms of riboprobe with a specific activity of 1-2 x 109 cpm/ pg was considered an

average yield.
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2.20 RNA analysis by Northern blotting
2.20.1 RNA extraction from tissue and cells

RNA was extracted from cultured cells or uterine tissue according to the method described
by Chomczynski and Sacchi (1987). Briefly, 1-5 x 108 cells were harvested (with 2 mM EDTA for
adherent uterine cells), pelleted and then rapidly denatured by the addition of 1 ml of 'solution D' (4
M guanidine thiocyanate, 0.5% sarkosyl, 0.1 M —mercaptoethanol, 25 mM Na citrate pH 7.0).
Sequentially, 0.1 ml of 2 M Na acetate pH 4.0, 1 mi of phenol (water saturated), and 0.2 ml of
chloroform-isoamyl alcohol mixture (49:1) were added, and the mixture was vortexed and incubated
at 4°C for 10 min. Uterine tissue was treated similarly, except that upon removal from the mouse a
single uterus was added to 2 ml of solution D and disrupted using an Ultra-Turrax high speed
homogeniser (Janke and Kunkel, Staufen, Germany). Samples were centrifuged at 10,000 g for 20
min at 4°C, and the RNA precipitated from the aqueous phase by addition of an equal volume of
isopropanol (-20°C, 1-2 h). The RNA was then pelleted (10,000 g/ 20 min/ 4°C), redissolved in
500 pl solution D (by heating to 70°C), and reprecipitated then sedimented in an equal volume of
isopropanol as above. The pellet was washed in 75% cthanol, dried in vacuo, and dissolved in H,O
for northern blot analysis. RNA was quantitated by measurement of absorption at 260 nm and
assuming an A, of 1.0 is equal to 40 pg RNA/ ml. RNA was judged acceptably free of
contaminating protein if the Ayg:Aggg ratio was greater than 1.8. RNA was stored precipitated in
70% ethanol/ 30 mM Na acetate at -20°C.

In some experiments RNA from cell lines or tissues were further purified by centrifugation
through a CsCl two-step gradient according to the method described by Davies et al. (1986).
Following precipitation in isopropanol or ethanol, RNA was dissolved in 4 M guanidine
thiocyanate, 0.1 M B—mercaptoethanol, 25 mM Na citrate pH 7.0 and 3.3 ml was layered over 1.7
ml of 5.7 M CsCl in a Beckman Quick-Seal 5.1 ml polyallomer tube. Gradients were centrifuged at
80,000 rpm/ 6 hin a TLN-100 rotor. RNA pellets were recovered after aspiration of the
supernatant, and stored precipitated in 70% ethanol/ 30 mM Na acetate at -20°C.

Residual chromosomal DNA was removed from RNA prior to RT-PCR analysis by
treatment with DNAse. RNA (1-50 pg) was incubated with 5 U of RNAsec-free DN Ase I (Bresatec)
and 5 U of placental RNAse inhibitor (Promega) in 100 pl of 100 mM Tris pH 7.8, 2 mM EDTA,
20 mM MgCl,, 0.2 mM DTT for 60 min at 37°C.

2.20.2 RNA extraction from oocytes and embryos

Total RNA was isolated from mouse oocytes and one cell, two cell, 8-cell and blastocyst
stage embryos using an adaption of the phenol-chloroform extraction method originally described
by Braude and Pelham (1979), as modified by Arcellana-Panlilio and Schultz (1993). Essentially,
pools of 100-300 eggs or embryos were collected in FCS-free DMEM-Em in a 500 pl
microcentrifuge tube and all but 5-10 pl of the supernatant aspirated. Pellets were stored at -80°C

prior to RNA extraction. Three hundred microlitres of a 1:1:1 mixture of extraction buffer (0.2 M
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NaCl, 25 mM Tris-HCI pH 7.4, 1 mM EDTA), TE (pH 7.4 Tris-HCl, 1 mM EDTA) equilibrated
phenol and Sevag's solution (24:1 chloroform: isoamyl alcohol) containing 10 pg of tRNA (Sigma)
was added to the frozen pellet at 4°C and vortexed for 3 x 10 sec bursts. After centrifugation (10
min/ 13,000 rpm/ room temperature) the aqueous phase was re-extracted with 200 pl Sevag's
solution., then precipitated in 75% ethanol O/N at -20°C. RNA was treated with DNAse prior to
use in RT-PCR as described in 2.20.1.

2.20.3 RNA electrophoresis

RNA was electrophoresed through 1% agarose gels (dimensions 15 x 15 x 0.4 cm) in 2.2 M
formaldehyde, and 1 x running buffer [20 mM 3-(N-morpholino)propanesulphonic acid, 8 mM Na
acetate and 1 mM EDTA (pH 7.0)] as described by Sambrook et al. (1989). RNA was denatured
(by heating to 15 min at 65°C) in 0.5 x running buffer, 2 M formaldehyde, and 50% formamide.
Loading buffer was added to samples to give final concentrations of 5 % glycerol, and 0.025%
bromophenol blue and xylene cyanol FF respectively. Ten to thirty micrograms of RNA was loaded
per track, and the gel was run in 1 x running buffer at 3-4 V/ ¢m until the bromophenol blue had
migrated two thirds of the total distance. Duplicate RNA samples and RN A molecular weight
markers, containing 50 p.g/ ml EtBr, were run in adjacent tracks and after electrophoresis these
tracks were cut off and ribosomal RNA or molecular weight marker bands were visualised by trans-
illumination with UV light. Gels were photographed with Polaroid 667 positive film to facilitate
the sizing of RNA bands by comparison of relative mobilities after hybridisation and

autoradiography.

2.20.4 Northern transfer and hybridisation

Transfer of RNA from agarose gels to nylon membrane (Hybond; Amersham) was
performed by capillary elution in 20 x SSPE as described by Southern (1975) and modified by
Sambrook et al. (1989).

Prior to hybridisation with radio-labelled riboprobe, filters were baked at 80°C for 2 h then
incubated for 8-16 h at 65°C in a pre-hybridisation solution containing 50% formamide (v/v), 10%
dextran sulphate (w/v), 1% SDS, 0.1% polyvinyl pyrrolidone (PVP), 0.1% Ficoll, 40 mM Tris-HCL
pH 7.5, 5 x SSPE (750 mM NaCl, 44 mM NaH,POy4, 20 mM EDTA, pH 7.4) and 50 pg/ ml
denatured salmon sperm DNA (ssDNA). Approximately 1 x 108 cpm of denatured riboprobe were
then added and hybridisation was allowed to proceed O/N at 65°C. Filters were then washed 3
times in 1 x SSPE/ 0.1% SDS for 20 min at 65°C, once in 0.1 x SSPE/ 0.1% SDS for 20 min at
65°C. After a rinse in 2 x SSC (300 mM NaCl, 30 mM Na citrate pH 7.0), filters were incubated in
5 pug/ ml RNAse A (Sigma) in 2 x SSC for 30 min at 37°C to remove non-specifically bound probe,
then washed twice in 1 x SSPE/ 0.1% SDS. Filters were then sealed within plastic bags and
exposed to X-Omat K film (Kodak) for 24 h to 6 d at -70°C with intensifying screens. Film was
developed for 3 min in D19 (Kodak) and fixed for 3 min in Hypam Rapid Fixer (Ilford) diluted 1:5
in H,O.
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2.21 RNA analysis by in situ hybridisation

Fresh frozen (6 pm thick) sections of uterine tissue on APES (Sigma) coated slides were
dried for 20-30 min and then fixed in freshly prepared 4% paraformaldehyde/ SmM MgCl, (in PBS,
pH 7.2; 5 min/ room temperature). Following 2 x 5 min washes in PB S, tissue was acetylated in
fresh 0.25% (v/v) acetic anhydride in 0.2 M triethanolamine pH 8.0 (10 min/ room temperature),
washed 2 x 5 min in PBS, then dehydrated through a sequence of 40, 70, 90, and 2 x 100% ethanol
(5 min each) and dried.

Denatured 32P-labelled riboprobe was prepared in 1 x FDST (50% formamide, 10% dextran
sulphate, 500 pwg/ ml tRNA, 500 pg/ ml ssDNA), 1 x hybridisation mix (2 x SSC, 100 mM Tris-
HCL pH 7.6, 10mM NaH,PO,, 10mM Na,HPO,, 0.02% Ficoll and 0.02% PVP), 0.5 mg/ ml BSA
and 1 U/ ml placental RNAse inhibitor (Promega). Two and a half microlitres (containing 1-2 x 103
cpm) were applied to each section, and covered with a 12 mm diameter coverslip siliconised in
Prosil (PCR Incorporated, Gainsville, FL). Slides were immersed in a paraffin oil bath and
hybridisation was allowed to proceed for 16 h at 55°C. The oil was then removed from slides in 2 x
chloroform washes (10 min/ room temperature), and following a rinse in 2 x SSC/ room
temperature, coverslips were dislodged during two sequential 1 h washes in 2 x SSC/ room
temperature . Non-specifically bound riboprobe was removed in two 10 min washes in 0.1 x SSC at
65°C, followed by two 1 h washes in 0.1 x SSC/ room temperature. Tissue was then dehydrated
through a sequence of 40, 70, 90, and 2 x 100% ethanol (5 min each) and dried.

Slides were dipped in Ilford K5 nuclear emulsion diluted 1:2 in HyO and 2% glycerol at 42-
45°C, under a dark orange (Ilford 904) safelight. To allow emulsion to gel, slides were placed flat
on an aluminium cold bench for 15 min, then emulsion was allowed to dry completely O/N at room
temperature. Following incubation in light-tight boxes at 40C for 4-8 days, slides were developed
for 4 min in D19 (Kodak), fixed for 4 min in Hypam Rapid Fixer (Ilford) diluted 1:4 in H,0, and
then counterstained in hematoxylin as described in 2.15, and examined and photographed with a
Nikon Microphot-FXA (Nippon Kogaku K.K., Japan) under (a) brightfield and (b) darkfield

illumination.

2.22 RNA analysis by reverse transcriptase-polymerase chain reaction (RT-PCR)
2.22.1 c¢DNA generation from RNA by reverse transcription

RNA was harvested from tissues, cell lines or embryos and treated with RNAse-free DNAse
as described in 2.20.1 and 2.20.2. First strand cDNA synthesis was achieved by reverse
transcription (RT) of RNA primed with oligo dT, employing a Superscript RNase H- reverse
transcriptase kit (Gibco BRL) essentially according to the manufacturer's instructions.
Approximately 1 pg of ethanol precipitated RNA from cell lines or tissue, or the RNA extracted
from 100-300 mouse oocytes or embryos, was pelleted (15 min/ 13,000 rpm/ 4°C), washed once in

75% ethanol, and dried under vacuum. RNA was dissolved in 10 pl or RNAse free water, and
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incubated with 1 pl of oligo dT (500 pg/ ml; Gibco BRL) at 70°C for 10 min, then chilled on ice for
5 min. Following addition of 4 pul of 5 x RT buffer (250 mM Tris-HCI pH 8.3, 300 mM KCI, 15
mM MgCl,), 2 u1 0.1 M DTT, 2 Wl 10 mM dNTP's (10 mM each dATP, dTTP, dCTP and dGTP),
and 1 pl of RT enzyme the reaction was allowed to proceed for 90 min at 43°C, prior to RNA-
cDNA denaturation and enzyme inactivation at 94°C for 5 min, and quenching on ice for 5 min.
The cDNA (enough for 10 PCR reactions) was made up to 50 pl with water and stored at -20°C.

2.22.2 Construction of GM-CSF-R and AIC2B oligonucleotide primers

A primer pair specific for GM-CSF-R ¢cDNA was designed with the aid of Primer Designer
software (Scientific and Educational Software). Primer GMRa corresponds to the cDNA sequence
from nucleotide 717 to 738, and primer GMRb is anti-sense to the cDNA sequence from nucleotide
930 t0 951 (Park er al. 1992). The primer sequences are given in Table 2.3. Each primer is a 21-
mer, with 57% GC content, a melting temperature of 73°C, and low primer-dimer potential either
individually or in combination. The predicted amplified product is 235 bp in length with a melting
temperature of 84°C and an annealing temperature of 59°C.

A primer pair specific for AIC2B ¢DNA, that does not amplify the closely related AIC2A
cDNA has been designed and published by Fung ez al. (1992). The primer MF44 is specific for
AIC2B cDNA sequence from 595-618, and primer MF45 is antisense to the cDNA sequence from
898-920 of AIC2B ¢cDNA (Gorman et al. 1990). The primer sequences are given in Fig 2.3. MF44
is a 24-mer and MF45 is a 23-mer. MF44 and MF45 have 37% and 43% GC content, and melting
temperatures of 74 and 69°C respectively. The amplified product is a 326 bp fragment.

Table 2.3.  Sequences of the primer pairs for GM-CSF-R (GMRa and GMRD), and for AIC2B
(MF44 and MF45).

Primer Length Sequence

GMRa 21 5-CCAGTGCTTCATCCTCGTGTC-3'
GMRDb (complimentary strand) 21 5'-CACCGCGTCCTGTAACTCTTC-3'
MF44 24 S-ATACACGATTTTCCATCACAAACG-3'
MF45 (complimentary strand) 23 5-TAGATGCTGTTGGGTAGGAATAG-3'

Oligonucleotide primers were synthesised in a DNA synthesiser (Applied Biosystems,
Foster City, CA) (operated by C. Cursaro in the Department of Microbiology and Immunology,
University of Adelaide). Approximately 500 pg of each was recovered after purification by passage
through an OPC cartridge (Applied Biosystems). A primer pair specific for murine actin cDNA,
which generate a 381 bp product, was kindly provided by A. Watson, University of Western
Ontario. Primers were stored at 100 uM in TE at -80°C.
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2.22.3 Establishment of optimal PCR protocol for GM-CSF-R and AIC 2B primers

The PCR amplification employed reagents supplied in a Taq DNA polymerase kit (Bresatec)
according to a protocol based on that described by Arcellana-Panlilio and Schultz (1993). For each
50 pl reaction volume the following were combined at 4°C; 5 ul of 10x PCR reaction buffer (670
mM Tris-HCI pH 8.8, 166 mM (NHy),SOy, 2 mg/ ml gelatin, 4.5% Triton X-100), 5 pl of 25 mM
MgCl, , 1 pl of 10 mM dNTP's, 0.2 ul of 10 U/ ul Taq DNA polymerase, 1 pl of 100 uM 3' primer,
1 pl of 100 pM 5' primer, 5 ul of cDNA and 32 pl of water. 'Master mixes' were prepared and
aliquoted across reaction tubes where possible to minimise inter-tube variation. Mixed contents
were overlayed with 50 pl of paraffin oil. The tubes were placed in the thermocycler (Corbett
Research, Australia) programmed to give the following temperature profile: (cycle 1) 5 min at 94°(C;
(cycle 2-n, where n = the number of amplification cycles), denaturation for 1 min at 94°C, annealing
for 2 min at x°C (where x = 56-62°C), and extension for 2 min at 72°C; (cycle n+1) 7 min at 72°C,
then soak at 20°C prior to short-term storage at 4°C or long-term storage at -20°C. Twenty
microlitres of each reaction product was analysed by 'minigel' electrophoresis (2.19.4) through a 2%
agarose (electrophoresis grade, Gibco BRL) gel containing 0.5 j1g / ml! EtBr in TAE buffer (40 mM
Tris, 20 mM Na acetate, ] mM EDTA, pH 7.2), and visualised by trans-illumination with UV light.
Gels were photographed with Polaroid 665 negative film and the size of the PCR products were
determined by comparison of their relative mobility to molecular weight markers (1 kb DNA ladder;
Gibco).

In some experiments 1 pCi of 32p dATP was included in the reaction mix. Following
electrophoresis through agarose gels, reaction product was transferred to nylon membrane (Hybond)
by rapid capillary elution in 1 M NaCl, 0.5 M NaOH buffer. Filters were neutralised, dried and
autoradiographed for up to 10 days.

The number of amplification cycles (n) and the optimal annealing temperature (x) were
determined empirically for each primer pair, employing FD 5/12 ¢cDNA as a positive control and L
cell and MLA 144 ¢cDNA as murine and heterologous-species negative controls respectively.
Optimal signal to noise ratios (ie a single band of amplification product in the absence of bands in
negative controls) were obtained for GM-CSF-R and actin primers at 39 cycles at 62°C, and for
AIC2B primers at 40 cycles at 56°C. PCR analysis of embryo cDNA was performed under these
conditions. Positive (FD 5/12) cDNA and negative (no cDNA) controls were inctuded in each PCR

amplification.

2.22.4 Diagnostic analysis of PCR products by restriction enzyme analysis

The amplified GM-CSF-R and AIC2B reaction products each contain a number of
restriction enzyme sites, and these were employed to verify the identity of the reaction product
amplified by the GM-CSF-R and AIC2B primers. Reaction product was precipitated in 75%
ethanol, washed in 75% ethanol and vacuum dried prior to dissolution in water for restriction

enzyme analysis.
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3  Cytokines and embryonic development

31 Introduction

Until the second half of the 1980's, lymphohemopoietic cytokines were commonly perceived
as having roles exclusive to hemopoiesis or to regulation of the immune system. The physiological
reason for the wealth of cytokine activity in the reproductive tract remained an enigma until recent
years, when it became apparent that these factors have an extended role as mediators of
communication between cells of non-hemopoietic as well as hemopoietic lineages. The recognition
that cytokines could act to promote the formation and maintenance of the placenta followed the
discovery that murine placental trophoblast cells expressed CSF-1 receptor (Pollard et al. 1987),
together with the finding that cytokines of the CSF family could enhance >H-thymidine
incorporation and phagocytosis by placental cells (Athanassakis et al. 1987; Wegmann 1988,
Wegmann et al. 1989), and alter their secretory profile (Shiverick et al. 1990).

These developments occurred during a period when there was growing interest in the role of
tubal and uterine factors as paracrine regulators in pre-embryonic development. In the mouse, the
rate of development of embryos in vitro was found to be retarded markedly in comparison with
development in vivo (Harlow and Quinn 1982). The development of murine embryos could be
enhanced by co-culture with either endometrial cells, or a number of other normal cells or
transformed cell lines (Lavranos and Seamark 1990; Robertson et al. 1991). The spectrum of
growth factors and other hormones, and the balance of growth-promoting and inhibitory activities
produced by different cell types, presumably accounted for the quantitative differences in the effects
observed in various experimental systems. The exciting finding of enhanced development when
embryos were co-cultured with the murine fibroblast L-cell line (a potent source of the cytokines
CSF-1 and LIF) was highly relevant to the studies implicating cytokines in placental growth and
development (Robertson et al. 1991).

The central hypothesis of the studies described within this chapter is that cytokines can play
an important role as paracrine regulators of growth and development of the pre-implantation murine
embryo. This hypothesis was tested initially in vitro, where embryos will develop from the
fertilised oocyte through to stages correlating with attachment and implantation i vivo, in simple
culture medium. To determine whether cytokines can influence embryonic development, the extent
and rate of embryo development in culture was examined in the presence of cytokine-rich
‘conditioned media' (CM) generated from cultures of various hemopoietic and non-hemopoietic
cells.

Conditioned media rich in GM-CSF were found to be effective particularly in promoting the
attachment of hatched blastocysts to plastic culture dishes. Recombinant GM-CSF and CSF-1 were
then assessed for their ability to replicate this effect and also for their influences on the development
of zygotes into blastocysts and on DNA synthesis in post-implantation embryos. Expression of

GM-CSF receptors by implantation-stage blastocysts was assessed by (1) binding of radio-labelled
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ligand, and (2) analysis of GM-CSF receptor o and 3 chain (GM-CSF-R and AIC2B respectively)

mRNA expression by reverse transcription-polymerase chain reaction (RT-PCR).

3.2 Effect of cytokine-enriched conditioned media on embryonic growth and

development in vitro

Cytokine-rich conditioned media were prepared from LPS-activated mouse lung tissue
(LCCM), and from transformed cells which included the murine T-lymphocyte cell line EL-4, the
murine myeloid cell line WEHI 3B, and the murine L-cell fibroblast cell line. These cells are
reported to be potent sources of specific colony stimulating factors, including GM-CSF (LCCM and
T-lymphocyte cell lines), IL-3 (WEHI 3B) and CSF-1 (L-cells). All conditioned media were
prepared in DMEM-Em and diluted 1:2 in fresh DMEM-Em prior to use in embryo culture. The
gibbon T-cell line ML A-144 was also included to determine the effect of IL-2, which unlike many
of the other cytokines produced by T-cells (such as GM-CSF and IL-3), can act across the mouse/

human species barrier.

3.2.1 Cytokine content of conditioned media

The IL-2, IL-3 and GM-CSF content of each of the conditioned media were measured in
specific bioassays employing the murine factor-dependant cell lines CTLL, 32Dcl3 and FD 5/12
respectively, and total CSF activity was determined in a bioassay employing clonal culture of bone
marrow-derived myeloid progenitor cells. The cytokine contents of each of the conditioned media
are shown in Table 3.1. In each instance, the cytokine content approximated that reported by othet

investigators.

Table 3.1 The cytokine content of conditioned media (CM) as determined in
specific bioassays. Data is given as U/ ml

CM IL-2 IL-3 GM-CSF Total CSF
L-cell <1 <1 2

LCCM <1 <1 2130 1500
WEHI-3B <1 14 2 6

EL-4 8 1 50 80
MLA-144 33 <1 <1 <5

3.2.2  Effect of conditioned media on the development of eight cell embryos
a. Effect on the proportion of eight-cell embryos developing to 'implantation’

Eight-cell (C57BL x Balb/c) embryos were cultured in DMEM-Em or conditioned media
diluted 1:2 in DMEM-Em (15-20 embryos/ 1 ml culture well). Observations on embryo
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Figure 3.1 Development of murine embryos in vitro. (A) Embryos at 1-cell, 2-
cell, 8-cell and blastocyst stages of development. (B) Expanded blastocysts during and
after hatching from the zona pellucida. (D) A recently attached blastocyst with adherent
trophoblastic projections marking the early stages of 'implantation’. (E) An ‘implanted’
embryo with substantial trophoectodermal outgrowth and inner cell mass (arrowed). (C)
An eight cell embryo stained with acridine orange to enable quantification of cell
numbers, and (F) a hatched blastocyst stained with Hoescht 33342 and propidium iodide
(PI) to enable quantification of viable (blue) and dead (pink) cells.
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development were made daily (at 1800 h), and records were kept of the developmental stages of
embryos (according to the criteria specified in 2.6.1). The numbers of embryos that developed to
blastocyst and ‘implantation' stage by day 5 of culture (172 h post-hCG) were not found to differ

significantly between treatment and control groups (Table 3.2).

b. Effect on the rate of embryo development from eight-cell to ‘implantation’

An additional experiment was undertaken to determine whether the rate of development of
embryos is altered in the presence of conditioned media. Eight cell embryos (C57BL x Balb/c)
were cultured in DMEM-Em with or without conditioned media (15-20 embryos/ 1 ml culture well),
and observations on embryo development were made twice daily (at 1000 h and 1800 h). The
numbers of morulae, blastocysts, hatched blastocysts, attached blastocysts and 'implantation’ stage
embryos were recorded at each time point. Whilst the rate at which eight-cell embryos developed
into blastocysts and then hatched from the zona was not affected by culture in conditioned media
(data not shown), there was a significant increase in the rate at which embryos cultured in LCCM-
conditioned media attached to the culture dish and developed to 'implantation’ stage (Table 3.3).
This effect was most pronounced at 124 h post-hCG, when there was an 11-fold increase in the
proportion of hatched embryos that had already attached. Other conditioned media had either no
effect, or inhibited the rate of embryo attachment to the culture dish moderately. In addition,
embryos cultured in LCCM, and to a lesser extent those cultures in EL-4 conditioned media,
appeared to have an altered pattern of trophoblast outgrowth and maintained a more organised
morphology. Embryos grown in these conditioned media also appeared to have larger numbers of
trophoblast cells surrounding each inner cell mass, after the same period of time in culture. LCCM
and EL-4 conditioned media were notable for their content of GM-CSF (2100 and 50 U/ ml
respectively), and it was concluded that GM-CSF might be one of the factors within these

supernatants that had acted to promote peri-implantation stages of embryonic development.

Table 3.2 The effect of cytokine-conditioned media (CM) on development of
eight-cell embryos during culture in vitro. The numbers of embryos that developed
to the blastocyst stage after 5 days in culture (n;) are expressed as the percentage of
the initial number of eight-cell embryos (N). The numbers of blastocysts that
proceeded to hatch and 'implant' (n,) are expressed as a percentage of the total
number of blastocysts (n;). No effect of CM on development to either blastocyst or
'implantation’ stages was apparent when data were subjected to Chi square analysis
with Yates' correction (2 X2 = 1.60 , p = 0.520; P X2 =5.42, p = 0.368)

CM N % Blastocyst (n)* % Tmplanted' (ny)®
DMEM-Em 87 97 (84) 70 (59)

L-cell 259 97 (251) 79 (199)
LCCM 83 95 (79) 68 (54)
WEHI-3B 63 100 (63) 67 (42)

EL-4 56 98 (55) 78 (43)
MLA-144 62 98 (61) 74 (45)

73



Table 3.3 The effect of cytokine-conditioned media (CM) on the rate
of attachment of hatched blastocysts to the culture dish. The number of
attached blastocysts (n) are expressed as a percentage of the initial number
of eight-cell embryos. Embryos were designated attached when they were
not dislodged upon gentle swirling of the culture dish. N = the number of
embryos within each group. Data were subjected to Chi square analysis
with Yates' correction (2 X2 =21.03, p < 0.001; b X2 =12.76, p = 0.026; ©
X2 =13.12, p = 0.023). *p < 0.001.

% Attached (n)

cM N 124 h? 140 hb 148 he
DMEM-Em 122 3(7) 94 (115) 100 (122)
L-cell 37 7 (6) 89 (33) 100 (37)
LCCM 54 33 (18)" 96 (52) 100 (54)
WEHI-3B 29 23 (7 72 21" 100 (29)
EL-4 43 17 (7) 90 (39) 91 (39)*
MLA-144 31 13 (4) 90 (28) 97 (30)

33 Effect of recombinant cytokines on embryonic growth and development in vitro

The preceding experiments identified the effectiveness of GM-CSF-rich conditioned media
in promoting the post-hatching development of embryos. However these conditioned media
presumably contained other growth factors and cytokines apart from GM-CSF, any of which could
have contributed to their embryotrophic activity. To determine whether GM-CSF could have been
the active component in these supernatants, an examination was made of the effects of recombinant
GM-CSF on embryonic development in vitro. Recombinant CSF-1 was also tested for possible
embryotrophic activity in view of the effectiveness of co-culture with L-cells on embryo growth
(Robertson et al. 1991). A role has also been implied for this factor in regulating the growth of
post-implantation trophoblast cells (Pollard ez al. 1987; Athanassakis et al. 1987).

3.3.1 Effect of cytokines on the development of one-cell embryos

To examine whether embryos are responsive to these cytokines during the early cleavage
stages, one cell (C57BL x CBA) embryos were cultured in HTF with added recombinant GM-CSF
or CSF-1 at 40, 200, 1000 or 5000 U/ ml (15-20 embryos/ 20 pl drop). Observations on embryo
development were made daily (at 1800 h), and a record was made of the numbers of embryos
achieving 8-cell, morula and blastocyst stages by day 4 of culture (100 h post-hCG). Developmen:
to the eight-cell stage was inhibited in the presence of 200 U/ ml of either GM-CSF or CSF-1
(Table 3.4), where growth was arrested either at the first or second division. Neither cytokine

influenced development from eight-cell to the blastocyst stage.
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Table 3.4 The effect of recombinant GM-CSF and CSF-1 on
development of one-cell embryos during culture in vitro. The numbers of
embryos that developed to eight-cell stage after 4 days of culture (n,) are
expressed as a percentage of the initial number of one-cell embryos (N),
and the number of eight-cell embryos that proceeded to blastocyst stage
(n,) are expressed as a percentage of the number of eight cell embryos
(n;). Data were subjected to Chi square analysis with Yates' correction

(3 X2 =51.56, p <0.001; b X2 =14.22, p = 0.077). *p < 0.001.

N % Eight-cell (n;)* % Blastocyst (n2)b

DMEM-Em 117 74 (87) 100 (87)
GM-CSF (U/ ml)

40 94 62 (58) 100 (58)

200 91 40 (36)" 100 (36)

1000 100 73 (73) 100 (73)

5000 86 63 (54) 100 (54)
CSF-1 (U/ml)

40 126 64 (81) 100 (81)

200 116 43 (50)* 98 (49)

1000 140 64 (90) 100 (90)

5000 101 72 (73) 100 (73)

3.3.2 Effect of cytokines on the development of eight-cell embryos
a. Effect on the proportion of eight-cell embryos developing to ‘implantation’

Eight cell embryos (C57BL x Balb/c) were cultured in 1 ml DMEM-Em supplemented with
recombinant GM-CSF or CSF-1 (15-20 embryos/ 1 ml culture well), and assessed for development
as described in 3.2.2. The numbers of embryos that developed to blastocysts and implantation’

stage were not significantly different between treatment and control groups (Table 3.5).

b. Effect on the rate of embryo development from eight-cell to ‘implantation’

An additional experiment was undertaken to determine whether culture with recombinant
GM-CSF could alter the rate of development of embryos. Eight cell embryos (C57BL x Balb/c)
were cultured in DMEM-Em with or without cytokine (15-20 embryos/ 1 ml culture well), and
observations were made on embryo development as described in 3.2.2. Although eight-cell
embryos developed to blastocysts and hatched from the zona at similar rates, regardless of the
presence of cytokine (Fig 3.2), there was a significant increase in the rate at which hatched
blastocysts cultured in recombinant GM-CSF attached to the culture dish and developed to
'implantation’ stage (Table 3.6). The increase in attachment rates was greatest at 200 U/ml and
slightly less at 1000 U/ml of recombinant GM-CSF. Forty U/ ml of recombinant GM-CSF had no
significant effect on attachment rates, suggesting that the effect of this factor is dose-dependant.
This effect was most pronounced at 124 h post-hCG, when there was a 9-fold increase in the

proportion of hatched embryos that had already attached. Comparison of the difference between

75



Table 3.5 The effect of recombinant GM-CSF and CSF-1 on the proportion
of mouse embryos developing to blastocyst and implantation stages during culture
in vitro. The number of embryos that developed to blastocyst after 5 days of
culture (n;) are expressed as a percentage of the initial number of eight-cell
embryos (N), and the number of blastocysts proceeded to hatch and 'implant' (n,)
are expressed as a percentage of the number of blastocysts (n;). No effect of
cytokines on development to either stage was revealed when data were subjected
to Chi square analysis with Yates' correction (2 X2 = 4,61, p = 0.592; Y X2 = 6.42,
p=0.378).

N % Blastocyst (n,)® % 'Implanted’ (n,)®

DMEM-Em 325 95 (308) 69 (224)
GM-CSF (U/ ml)

40 94 96 (90) 77 (73)

200 91 95 (86) 78 (71)

1000 100 99 (99) 77 (7
CSF-1 (U/ ml)

40 126 98 (124) 75 (95)

200 116 95 (110) 73 (85)

1000 140 97 (136) 78 (109)
Table 3.6 The effect of recombinant GM-CSF and CSF-1 on the rate of

attachment of hatched blastocysts to the culture dish. The numbers of attached
blastocysts (n) are expressed as percentages of the initial numbers of eight-cell
embryos. Embryos were designated attached when they were not dislodged upon
gentle swirling of the culture dish. Data were subjected to Chi square analysis with
Yates' correction (2 X2 =45.01, p <0.001; > X% = 14.07, p = 0.029; * X2 =8.57, p =
0.200). *p <0.001 **p =0.002

% Attached (n)

CM N 124 h2 140 hb 148 he
DMEM-Em 162 3(5) 83 (134)™* 100 (162)
GM-CSF (U/ ml)
40 69 11 (8) 95 (66) 96 (66)
200 81 26 21" 89 (72) 100 (81)
1000 95 22 21)* 93 (88) 97 (92)
CSF-1 (U/ml)
40 87 6 (5) 94 (82) 100 (87)
200 82 5(4) 89 (73) 100 (82)
1000 102 7(7) 94 (96) 100 (102)
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Figure 3.2 Graphical representation of the effect of recombinant GM-CSF on

the rate of hatching and attachment of embryos in vitro. Eight-cell embryos were
cultured in 200 U/ ml of recombinant GM-CSF or DMEM-Em alone. Embryos were
designated hatched when they were entirely extruded from the zona pellucida, and attached
when they were not dislodged upon gentle swirling of the culture dish. The percentage of
embryos hatched or attached is plotted against the number of hours post hCG (data from
Table 3.6). The horizontal dotted line and arrows delineates the times at which 50% of
embryos are hatched or attached ['ts, (hatching)' and 'ts (attached)' respectively]. The ts
(hatching) was calculated to be 115.0 h post-hCG for both control and GM-CSF groups,
whereas the ts (attached) was 134.0 h and 130.3 h respectively for the control and GM-
CSF groups.
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'tso (hatching)' and the 't5q (attached)' (when 50% of blastocysts are hatched or attached respectively)
for control and cytokine-treated groups (Fig 3.2) reveals that culture in the presence of 200 U/ ml
GM-CSF reduced the delay between hatching and attachment to the culture dish from 19hto 15 h
(a 27 % decrease).

In some experiments, the effect of GM-CSF on the viability and rate of growth of
blastocysts was assessed by comparing the numbers of cells in blastocysts grown in the presence or
absence of GM-CSF. Eight cell embryos were grown for 48 h in 200 U/ ml of GM-CSF, or in
DMEM-Em alone and then stained with PI-Hoescht or acridine orange. There was no difference

between the numbers or viability of cells in blastocysts from either group (Fig 3.1, data not shown).

3.3.3  Effect of cytokines on DNA synthesis in post-implantation embryos

To determine whether GM-CSF or CSF-1 can influence the rate of DNA synthesis in post-
'‘implantation' embryos, eight-cell embryos were cultured individually in microtitre trays in the
presence or absence of recombinant cytokine. Cytokine was added (1000 U/ ml) at the initiation of
'implantation’ on the third day of culture (at approx 120 h post-hCG). Forty-eight hours later,
embryos were pulse-labelled with 1 pCi / well of 3H-thymidine for 6 h. The amount of 3H-
thymidine incorporated was increased moderately in the presence of GM-CSF in two out of three
experiments (9% and 18%) and in one out of three experiments in the presence of CSF-1 (26%)
(Table 3.7). GM-CSF and CSF-1 in combination did not alter the rate of 3H-thymidine

incorporation in any of the three experiments.

Table 3.7 The effect of recombinant GM-CSF and CSF-1 on the rate of 3H-thymidine
incorporation into 'implanted' embryos. Tmplanted' embryos were cultured in 1000 U/ ml
cytokine for 48 h, then pulsed in 3H-thymidine for 6 h prior to harvest. Mean dpm + SEM
(x 10-3)/ embryo are shown. n = the number of embryos in each experimental group. Data
comparison is by Bonferoni -test for unpaired samples. *p < 0.001; **p < 0.05.

Expt 1 (n) Expt 2 (n) Expt 3 (n)
DMEM-Em 9.7+0.6 31) 72+04 (51 4.7+0.5(52)
GM-CSF 10.6 +0.8 7)™ 8.5+0.5(5D)" 4.1+0.5(26)
CSF-1 10.1+ 0.8 (27) 9.1+0.7 (48)" 5240551
GM-CSF + CSF-1 9.1+0.9 (27) 7.9 +0.6 (54) 4.6+04 (47)

34 Expression of GM-CSF receptors by blastocysts

The preceding studies suggest that implantation stage embryos are responsive to the
cytokine GM-CSF. Responsiveness to GM-CSF in hemopoietic cells is dependant on expression of
functional GM-CSF receptor at the plasma membrane. In hemopoietic cells, functional GM-CSF
receptors are comprised of the monomeric GM-CSF receptor protein (GM-CSF-R or a-subunit),
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which on its own confers low affinity ligand binding, together with the AIC2B protein (f3-subunit)
which is required for high affinity ligand binding and for transduction of the proliferative signal. In
the studies that follow, synthesis of GM-CSF receptors by blastocyst stage embryos was assessed in
125].GM-CSF binding experiments. Reverse transcription-polymerase chain reaction (RT-PCR)
was used to analyse the expression of GM-CSF-R and AIC2B mRNA during development in
embryos from the 1-cell through to the blastocyst stage.

34.1 125]-GM-CSF binding studies
a. Protocol work-up with FD 5/12 cells

The murine GM-CSF-dependant myeloid cell line FD 5/12 was used to evaluate the ligand
binding and detection protocol. In preliminary experiments FD 5/12 cells were incubated in either
10 or 50 ng/ ml of 1251-GM-CSF (specific activity = 50,000 cpm/ ng), in the presence or absence of
500 ng/ ml of cold recombinant GM-CSF, or in media alone. Cell smears were coated in
autoradiographic emulsion and exposed for 8 or 14 days. A satisfactory signal to noise ratio was
achieved when cells labelled with 50 ng/ ml of 1251-GM-CSF were developed after 14 days
exposure. Labelled celis were overlaid with between 5 and 10 silver grains per cell, and specificity
of binding was demonstrated by the reduction to background levels (1-2 silver grains per cell) of

specimens incubated in the presence of a ten-fold excess of cold GM-CSF (Fig 3.3)
b. Blastocyst 1251-GM-CSF binding study

Blastocysts harvested from the uteri of superovulated mice on the morning of the fourth day
of pregnancy were stripped of their zona pellucidae in 0.5% pronase. They were cultured for eight
hours and then incubated in 50 ng/ ml of 125-GM-CSF. The washing steps were completed within
3-4 min, to minimise the loss of ligand in the event that it was bound to low affinity receptor. The
labelled blastocysts were deposited onto slides and exposed for 14 days to autoradiographic
emulsion. Silver grains were found (o localise over blastocysts (> 50 grains per blastocyst) in the
absence but not in the presence of a 10-fold concentration of cold ligand (Fig. 3.3). This
demonstrates that 1251-GM-CSF binds specifically to blastocysts, suggesting that they express at
least the low affinity component of the GM-CSF receptor complex. There was no preferential
distribution of silver grains over the inner cell mass or over either embryonic pole, suggesting that

GM-CSF receptors are distributed evenly over the trophoblast cells of the blastocyst.
34.2 Reverse transcription-polymerase chain reaction studies

a. Protocol work-up with FD 5/12 cells

Primers for GM-CSF-R ¢cDNA were designed with the aid of 'Primer Designer' software and
were constructed as described in 2.22, together with primers that discriminate between AIC2B and
the closely related AIC2A ¢DNAs (Fung et al. 1992). Primers for actin cDNA were also used as a
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'‘quality control' for RNA extraction and first-strand synthesis by reverse transcription. Since the
actin primers spanned an intron-containing region of the actin gene, amplification of actin mRNA
also served as a control for contamination of the RNA extracts with DNA.

RNA was harvested from the murine GM-CSF responsive cell line FD 5/12, the murine L-
cell fibroblast cell line, and the gibbon T-cell line ML A 144 by guanidine thiocyanate extraction
and caesium chloride density gradient centrifugation, followed by treatment with RN Ase-free
DNAse to remove residual DNA. RNAs were reverse transcribed into cDNA using oligo dT
primers. These cDNAs were used to determine empirically the optimal PCR amplification
protocols for each primer pair. Complementary DNA from FD 5/12 cells was used as a positive
control and L cell and ML A 144 ¢cDNAs as murine and heterologous-species negative controls
respectively. Strong signal to noise ratios (ic. a single band of amplification product in the absence
of bands in negative controls) were obtained for GM-CSF-R and actin primers (39 cycles at 62°C),
and for AIC2B primers (40 cycles at 56°C). The actin primers amplified a 381 bp band from each
of the cell line ¢cDNAs, including the gibbon cell line MLA 144, as well as from murine liver and
murine ovary (Fig 3.4). The GM-CSF-R and AIC2B primers respectively amplified a 235 bp and a
326 bp fragment from FD 5/12, liver and ovary cDNAs, but failed to amplify any material from the
L-cell and MLA 144 ¢cDNAs, or from the negative control which did not contain any cDNA (Fig
3.4). Expression of mRNA for both subunits of the GM-CSF complex in ovarian and liver tissue
was expected in view of the large populations of GM-CSF-responsive macrophage and/or
granulocytes normally resident within these tissues (Hume et al. 1983; 1984).

The identities of the GM-CSF-R and AIC2B amplicons was confirmed by restriction
enzyme analysis. GM-CSF-R c¢DNA contains a single Sma-1 site, and AIC2B cDNA contains two
Sau-3A sites within the regions spanned by the primers. Sma-1 digestion of the GM-CSF-R
amplicon yielded bands approximating the predicted sizes of 164 bp and 71 bp, and Sau-3A
digestion of the AIC2B amplicon yiclded bands approximating the predicted sizes of 188 bp, 84 bp
and 54 bp. The size of each amplicon was not altered after incubation with the converse enzymes
(Fig 3.5).

b. Embryo GM-CSF-R and AIC2B expression

To determine whether pre-implantation stage embryos express mRNA for either subunit of
the GM-CSF receptor, mRNA was harvested from 1-cell, 2-cell, 8 cell and blastocyst stage embryos
and subjected to RT-PCR analysis with primers for the GM-CSF-R, AIC2B and actin cDNAs. Ten
to fifteen embryos were sufficient (o yicld a substantial band of the expected size (381 bp) using
actin primers under the reaction conditions described in 3.4.2a (Fig 3.5).

One cell, 2-cell, 8-cell and blastocyst stage embryos were found to express GM-CSF-R
mRNA. cDNAs from each embryonic stage generated a GM-CSF-R amplicon of the expected size
(235 bp) under the same reaction conditions as those described in 3.4.2a (Fig 3.6). The reaction
product from 2-cell stage cDNA yielded an additional, minor band of approximately 450 bp. The

identity of this band is unknown, but it is the same size as a band that is a more abundant product of
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Figure 3.3 GM-CSF receptor expression by blastocyst stage embryos.
Blastocysts were incubated in 125]-GM-CSF and autoradiographed, then counterstained
in Giemsa. Preparations were photographed under (A) darkfield and (B) brightfield
illumination. Binding of label was blocked when cells were incubated in 1251-GM-CSF
in the presence of a 10-fold excess of cold GM-CSF; photographed in (C) with darkfield
and (D) brightfield illumination. To establish the efficacy of the labelling protocol, FD
5/12 cells were incubated in (E)!251-GM-CSF alone or (F) 1251-GM-CSF in the presence
of a 10-fold excess of cold GM-CSF. Smears of labelled cells were autoradiographed,
then counterstained in haematoxylin, and photographed under brightfield illumination.
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Figure 3.4 RT-PCR analysis of GM-CSF-R and AIC2B mRNA expression by FD
5/12 myeloid cells. RNA was isolated from murine myeloid cells (FD 5/12) and
fibroblasts (L-cells), gibbon T-cells (MLA144), murine ovary (ov) and muring liver (liv).
First strand cDNA was reverse-transcribed from mRNA using oligo-dT primers and then
amplified using primers for (A) actin, (B) GM-CSF-R and (C) AIC2B. 20 pl aliquots of
reaction products were analysed by electrophoresis through a 1% agarose gel containing
50 pg/ ml of ethidium bromide, and photographed with UV illumination. (D) The
identities of GM-CSFE-R and AIC2B amplicons were confirmed by diagnostic Sau 3A and
Smal restriction enzyme analysis. The 235 bp GM-CSF-R amplicon yielded fragments of
the predicted sizes of 164 and 71 bp after digestion with Sma-1, but remained intact with
Sau-3A. The 326 bp AIC2B amplicon yielded fragments approximating the predicted
sizes of 188, 84 and 54 bp after digestion with Sau-3A, but remained intact with Sma-1.
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Figure 3.5 RT-PCR analysis of GM-CSF-R and AIC2B mRNA expression by 1-
cell to blastocyst stage embryos. RNA was isolated from 1-cell , 2-cell, 8-cell and
blastocyst (Bl) stage embryos, and from murine myeloid cells (FD 5/12). First strand
cDNA was reverse-transcribed from mRNA using oligo-dT primers and then amplified
with primers for (A) actin, (B) GM-CSF-R and (C) AIC2B. 20 pl aliquots of reaction
products were analysed by electrophoresis through a 1% agarose gel containing 50 pg/ ml
of ethidium bromide, and photographed with UV illumination.
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uterine cDNA (7.1.4). The potential origin of this band is fully discussed in chapter 7.

mRNA for the B-subunit of the GM-CSF receptor was not detected in embryos. AIC2B
primers failed to amplify product from any of the four embryo cDNAs under reaction conditions
that yielded substantial product from FD 5/12 cDNA (Fig 3.5). To increase the sensitivity of the
analysis, 32P-dATP was included in the reaction mix, and gels were autoradiographed after capillary
transfer to nylon filters. No reaction product was detected when filters were exposed for up to two

weeks (data not shown).

3.5 Conclusions and discussion

The studies described within this chapter have identified GM-CSF as a potential
‘embryotrophic' factor, that may act to regulate the development of peri-implantation blastocysts
during early pregnancy in the mouse. GM-CSF was found to promote the 'implantation1 of
blastocysts in an in vitro model of murine embryonic development. Radiolabelled-ligand binding
studies demonstrate that blastocysts express the GM-CSF receptor.

Initially, media conditioned by lung tissue from LPS-injected mice, shown by specific
bioassay to be rich in native GM-CSF, was found to enhance the rate at which hatched blastocysts
attached to the culture dish in an in vitro culture system. Recombinant GM-CSF was found to
mimic this effect, further implicating GM-CSF as the attachment-promoting agent in the
conditioned medium. Enhanced development appeared to be dependant on the concentration of the
recombinant cytokine, with maximal activity obtained at 200 U/ ml. This is in the same order of
magnitude as the concentrations at which other biological activities of GM-CSF are exhibited in
vitro (Gasson 1991; Ruef and Coleman 1990).

In addition, 3H-thymidine incorporation studies suggested that GM-CSF, and to a lesser
degree CSF-1, may have a modest enhancing effect on the rate of DNA synthesis in post-
implantation embryos (*H-thymidine incorporation was increased up to 18% and 26% respectively
for GM-CSF and CSF-1). However these results were inconclusive, since significant effects of
cytokine were achieved in only two out of threc experiments.

The development of fertilised oocytes into eight-cell embryos was inhibited by both
recombinant GM-CSF and CSF-1. This effect was concentration dependant, and maximal for both
cytokines at 200 U/ ml. The reasons for their lack of activity at 1000 U/ ml or higher concentrations
are unclear, although refractoriness to high concentrations of cytokines is also observed using other
target cells and it may result from receptor down-modulation or other negative feed-back
mechanisms (Lopez et al. 1992).

Other groups have reported both positive and negative effects of GM-CSF on various stages
of early embryo development. Hill ez al. (1987) have found that GM-CSF at high doses (> 1000 U/
ml) inhibited the development of 2-cell embryos into morulae. In two studies, ectoplacental cone
trophoblast has been found to proliferate in response to GM-CSF (Armstrong and Chaouat 1989;
Lea and Clark 1993), but in the second instance an effect was obtained with native but not

recombinant cytokine. The results presented in this chapter support these observations. However,

84



in contrast to the findings reported here, Haimovoci et al. 1991 found that 250 U/ ml or more of
GM-CSF inhibited the attachment of blastocysts to fibronectin-coated culture dishes in the absence
of serum. Lea and Clark (1993) have reported that recombinant GM-CSF (at between 10 and 100
U/ ml) inhibited the incorporation of 3H-thymidine into outgrowing, implanted blastocysts, in a
dose dependant manner. Tartakovsky and Ben-Yair (1991) found that systemic GM-CSF
administration markedly enhanced early embryonic development in vivo, but did not note any effect
of GM-CSF on embryonic development in vitro. These results are difficult to reconcile. However,
the differences are likely to be related to the developmental stages examined, the methods for
embryo culture, the strains of mice, and the sources and concentrations of cytokine used. For
example, some cytokine preparations may contain potentially embryotoxic contaminants such as
endotoxin. In addition, there is emerging evidence that there may be more than one mechanism by
which GM-CSF is able to exert its effects in target cells (1.7.1e), and it is possible that the
glycosylation state of the cytokine (which would also be dependant upon its source) may be
important for binding to unconventional receptors.

Studies of radio-labelled ligand binding show clearly that blastocysts bind 1251.GM-CSF
specifically, indicating that they express at least the low affinity form of the GM-CSF receptor.
This conclusion was supported by RT-PCR analysis, which showed that blastocysts express mRNA
for the o-subunit of the GM-CSF receptor complex. GM-CSF-R was expressed at similar levels
through the first four days of embryo development, from fertilisation to blastocyst stage. However
mRNA for the B-subunit of the GM-CSF receptor complex was not detected in embryos by the RT-
PCR technique. Together, these data suggest that embryos express GM-CSF receptor from at least
as early as fertilisation, but that it may be of the low affinity form. The murine embryo therefore
falls into the same category as endothelial cells and other non-hemopoietic cells which exhibit a
biological response to GM-CSF (1.7.1d and 1.7.1e) although expressing only low affinity receptors.
Although it seems clear in hemopoietic cells that the a-subunit of the GM-CSF receptor cannot on
its own transduce proliferative signal (1.7.1¢), it is not known whether the o-subunit can in some
circumstances initiate responses in cells in the absence of the B-subunit. The recent discovery of
unconventional forms of the GM-CSF receptor in the human suggests that this may be possible
(1.7.1e)

There are a number of possible mechanisms through which GM-CSF may act to enhance the
rate of 'implantation’ of blastocysts in vitro. Embryos appear to employ multiple adhesion systems
in vitro in the presence of serum: attachment factors that include fibronectin, collagen and laminin
support embryo attachment and outgrowth (Jenkinson and Wilson 1973; Armant et al. 1986). GM-
CSF can enhance the adhesion of myeloid cells by upregulating expression of CD11/ CD18b (Mac-
1). However, a primary function for Mac-1 in implantation is unlikely, because pre-implantation
embryos were found not to express this integrin (Weitlauf and Knisley 1992). A sclectin-like
molecule has been implicated in the attachment of the blastocyst to uterine epithelial cells (1.2.3b),
and GM-CSF can enhance the expression of selectins in myeloid cells (1.7.1d). It would be of
interest to investigate the effect of GM-CSF on expression of these and other myeloid attachment

factors by blastocysts, particularly in view of the other similarities that trophoblast cells share with
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cells of the myeloid lineages (Guilbert ez al. 1993). For example, Mac-2 is the major non-integrin
laminin-binding protein of macrophages and it is expressed in late-blastocyst stage embryos
immediately prior to implantation (Weitlauf and Knisley 1992).

It seems plausible that binding of GM-CSF to blastocysts could alter their charge or
adhesive properties perhaps without a requirement for signal transduction to the cell cytoplasm.
Solid phase GM-CSF bound to extracellular matrix could provide an anchor for the receptor-bearing
blastocyst, and heparan sulphate could provide such a matrix (Roberts et al. 1988), particularly
since heparan sulphate is a potentially important mediator of blastocyst binding to fibronectin and
laminin (1.2.3b). Experiments aimed at detecting evidence of GM-CSF signal transduction (for
example protein phosphorylation or MAP-2 kinase induction) are required to resolve this.
Furthermore, the molecules in serum that mediate the attachment of trophectoderm cells to serum-
coated tissue culture plastic in vitro and to the endometrium in vivo may or may not be related.
Whether GM-CSF has a physiological role in attachment of the blastocyst to the epithelium in vivo

will remain unclear until the specific factors mediating this attachment are characterised more fully.
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4  GM-CSF synthesis in the cycling and pregnant uterus

4.1 Introduction

The studies described in Chapter 3 provided evidence that GM-CSF could act as a regulator
of early embryonic development ir vitro. In this chapter, experiments were undertaken to investigate
whether GM-CSF is present within the pre- and peri-implantation mouse uterus, as a first step
towards determining whether GM-CSF may have a physiological role in early pregnancy. Initially,
this was achieved by measuring the bioactivity of (1) fluid collected from the uterine lumen, and (2)
the supernatants from cultures of uterine cells harvested by various enzymatic techniques.

Luminal fluid collected from the uteri of mice 8-12 h after mating was found to be a potent
source of GM-CSF-like activity, and experiments were performed aimed at determining whether this
material was of uterine origin or whether it was contained within the ejaculate. These experiments
were followed by a preliminary characterisation of the nature and source of a factor within the
ejaculate that acts to stimulate synthesis of GM-CSF within the uterus after mating.

Cells harvested from the endometrium of mated and cycling mice were also found to be a
potent source of GM-CSF-like bioactivity. The immunochemical and physiochemical characteristics
of the bioactive protein, and the size of the GM-CSF mRNA synthesised by endometrial cells (both in
vitro, and within the endometrium in vivo), were compared with GM-CSF mRNA and protein
synthesised by T-lymphocytes.

Uterine luminal fluid and supermatants of endometrial cell cultures were also assessed for IL-
1, IL-2, IL-3, IL-6, and TNFa bioactivity. The immunochemical and physiochemical characteristics

of an activity detected in the IL-6 bioassay were also investigated.

4.2 GM-CSF-like bioactivity in uterine luminal fluid
4.2.1 Effect of day of pregnancy

To determine whether GM-CSF is secreted into the uterine cavity, fluids harvested by lavage
from within the uterine lumen of oestrous mice and on days 1 to 4 after natural mating were assessed
for content of GM-CSF-like bioactivity in the FD 5/12 bioassay. GM-CSF activity was undetectable
in fluids collected at oestrous and on days 3 or 4 of pregnancy. Activity was present in the uterine
luminal fluid from 10 of 12 mice (Fig. 4.1) on day 1, with median levels in mated mice at least 20-fold
higher than in oestrus mice [median (95% confidence range) = <1 (<1) U/ uterus at oestrous, versus
17 (<1-50) U/ uterus on day 1, p <0.05]. However, it was detected in only 1 of 6 day 2 mated mice
(6.3 U/ uterus).

4.2.2 Effect of superovulation

To determine whether superovulation has an effect on the GM-CSF content of mice, uterine

luminal fluids were harvested by lavage 20-22 h after hCG injection from the uteri of superovulated
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mice, and assessed for content of GM-CSF-like bioactivity in the FD 5/12 bioassay. The GM-CSF
contents of unmated adull mice, mated 4 week-old mice and mated adult mice were compared. GM-
CSF activity was detected in only 9 of 33 mice mated at 4 weeks, and in only 2 of 21 mice mated as
adults (Table 4.1). In contrast to naturally-mated mice, the uterine GM-CSF contents of

superovulated mice were not found to be altered significantly after mating.

Table 4.1 GM-CSF in uterine luminal fluid of mice following mating of
superovulated mice. Values are median (95% confidence range) with number of
observations in parentheses. No significant differences between groups were found
when data were compared by Kruskal-Wallis one-way ANOVA (p = 0.269)

Uterine Status GM-CSF (U/ uterus)

Unmated: Superovulated adult 11 <1 (<)

Mated : Superovulated adult 2D <1 (<1-10)
Superovulated 4 wk (33) <1 (<1-12.4)

Additional experiments investigated the effects of synchronising mice into oestrus prior to
natural mating. Oestrous mice were synchronised by administration of LHRH superagonist, or by the
Whitten's effect, to minimise adverse endocrine effects during the ensuing cycle. They were mated
naturally, together with randomly cycling mice. The GM-CSF content of day 1 mated mice was not
altered by either synchronisation method (data not shown). Since LHRH administration was found to
be the less cumbersome and more efficient of the two methods, it was employed in subsequent

experiments requiring oestrous mice.

4.2.3 GM-CSF content of male accessory gland secretions

Because GM-CSF was detected in the uterine luminal fluid of naturally-mated mice, the GM-
CSF contents of male accessory organs (including the prostate, seminal vesicle, coagulating gland and
epididymis) were measured (o determine whether the ejaculate could be the source of this activity.

GM-CSF was not detected in any accessory gland secretion from 5 fertile and 5 vasectomised males.

4.2.4 Effect of cervical stimulation on post-mating GM-CSF response

Cervical stimulation can cause prolactin release and result in psuedopregnancy in rodents
(Freeman 1988). To determine whether the neuroendocrine response to the physical act of mating
caused the post-mating increase in uterine GM-CSF content, the cervices of oestrous mice were
stimulated mechanically at 2400 h (mid-dark cycle). Control oestrous mice were left untreated, or
placed with males for natural mating. Uterine luminal fluids were harvested from each group 10-12h
after cervical stimulation or mating and assayed for GM-CSF-like bioactivity. The GM-CSF contents
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of fluids harvested from unmated mice were not altered by cervical stimulation, and the contents of
both untreated and cervically stimulated oestrous mice were significantly less than in fluids collected
from naturally mated mice (Table 4.2).

Table 4.2 GM-CSF in uterine luminal fluid of mice following cervical
stimulation or natural mating. Values are median (95% confidence range) with
number of observations in parentheses. Data were compared by Kruskal-Wallis one-
way ANOVA, followed by Mann-Whitney Rank Sum Test (two-tailed)-test. *p =
0.002; *p = 0.006

Uterine Status GM-CSF (U/ uterus)

Unmated: Oestrus, untreated (10) <1(<1-14.3)"
Cervically stimulated 9) <1 (<1-7.9)"

Mated : Natural 1y 38.1 (<1-137.8)

4.3 Synthesis of GM-CSF-like bioactivity by endometrial cells in vitro
4.3.1 Effect of method of harvesting uterine cells

Since male accessory glands were not the origin of the GM-CSF in luminal fluid following
mating, experiments were carried out to determine whether uterine cells can synthesise GM-CSF.

Initially, the GM-CSF outputs (in U/ 10° cells/ 24 h) of cultures of uterine cells harvested by
different enzymatic techniques were compared. Cell suspensions enriched for either uterine
endometrial cells (predominantly epithelial cells; 2.9.1) or stromal cells were prepared according to
the methods of Sherman (1978) from groups of day 1 pregnant mice and cultured for 24 h, when
supernatants were harvested and the GM-CSF content of each measured.

Both preparations of uterine cells were found to release GM-CSF during the 24 h period
following initiation of the culture. Endometrial cells produced more GM-CSF per 103 cells (mean +
SEM; 47.1 + 12.2 U) than stromal cells (15.3 + 4.2 U) (p <0.05, n =9), indicating that endometrial
cell cultures were enriched comparatively for GM-CSF-producing cells compared to stromal cell
preparations. In additional experiments the GM-CSF output of mixed uterine cell cultures, which
contain both endometrial and stromal cells, was found to be less than that of endometrial cell cultures
but greater than that of stromal cell cultures (data not shown). Cells harvested by digestion of intact
uteri with type II collagenase in place of trypsin/ pancreatin produced approximately 5-fold less GM-
CSF (208 U/ 103 cells versus 41 U/ 107 cells respectively).

Microscopic examination of endometrial cell cultures revealed that 50-70% of cells formed an
adherent monolayer within the first 24 h of culture, whilst the remaining non-adherent population
contained primarily dead or large, vacuolated cells. To determine whether the major source of GM-
CSF was the adherent or the non-adherent cells in the endometrial cell cultures, cultures were

separated into adherent and non-adherent fractions 24 h after initiation of the culture, and then
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cultured separately for a further 24 h. Adherent cells were identified as the source of approximately
75% of the GM-CSF activity.

4.3.2 Effect of day of pregnancy

Uterine endometrial cells were harvested from individual oestrous, day 1 and day 10 pregnant
mice and cultured separately. Supernatants from cells prepared from both oestrous and day 1 mice
contained GM-CSF [55 (12-137) U/ 103 cells and 51 (16-149) U/ 103 cells respectively] (Fig. 4.2).
There was no significant difference between levels in supematants obtained from cells of oestrous and
day 1 mice (p >0.1). Cells harvested from day 10 pregnant uteri, [whether from between implantation
sites (inter-conceptus) or adjacent to embryonic membranes (peri-conceptus)], secreted GM-CSF at
levels comparable to cells from oestrous and day 1 uteri. In comparison, cells harvested from metrial
gland tissue synthesised significantly less GM-CSF (p <0.05) (Fig. 4.2), and when individual nodules
were trimmed of surrounding tissue more thoroughly, less GM-CSF was produced in culture (data not
shown).

A broad range of values was obtained for the GM-CSF content of culture supernatants. This
was attributed to in vivo factors rather than to error introduced during tissue preparation or assay,
because GM-CSF activities of supernatants derived from either of the two uterine horns within
individual animals did not differ significantly (» >0.1; n = 8 oestrous mice). The activities of
supernatants derived from the two homs of an individual animal differed from the mean of the two

values by an average of 8.2%.

4.3.3 The kinetics of endometrial cell proliferation and GM-CSF synthesis during culture

To examine the relationship between GM-CSF output, cell proliferation and the duration of
the culture period, endometrial cells were prepared from pools of uteri harvested from oestrous mice.
The cumulative and daily GM-CSF output was determined after culture for periods of up to 7 days.
Cells were plated at an initial concentration of 1 x 10° cells per 1 ml culture well, which was observed
in preliminary experiments to yield approximately 25% confluent monolayers at 24 h and fully
confluent monolayers at 72 h. GM-CSF output was found to be substantial during the 0-24 h period,
and to peak during the 24-48 h period (Fig. 4.4A). Output declined thereafter, but remained easily
detectable until at least 120 h.

Adherent cells were quantified by the uptake of Rose-Bengal dye at the end of each 24 h
period. Figure 4.4C shows that the number of adherent cells increased continually over the first 120 h
of the culture period, plateaued and then subsequently declined. Measurement of incorporation of 3H-
thymidine into cells cultured from a similar plating density showed that cell proliferation was
paralleled by a continuously increasing rate of DNA synthesis over the initial 120 h, and a decline
thereafter (Fig. 4.4C).

Calculation of the GM-CSF output as a function of the number of adherent cells revealed that
the GM-CSF output was substantial during the first 24 h, peaked during the 24-48 h period, and
declined thereafter (Fig 4.4D). The GM-CSF outputs (per 10° cells) for each of four replicate culture
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wells differed from the mean by an average of 1.5% at 24 h, and increased as the culture period
lengthened to 7.6% at 96 h.

4.34 Potency of endometrial cell GM-CSF bioactivity, compared with other cellular sources

The output of GM-CSF from endometrial cells was compared with that from other normal
cells and immortal cell lines (Fig. 4.5). The amount of GM-CSF produced per 10 cells in 24 h of
culture was two to thirty-fold greater for endometrial cells than for polyclonally activated spleen cells,
immortalised T-lymphocytes, LPS-activated peritoneal exudate macrophages, macrophage cell lines
or for fibroblasts.

4.4 Identity of GM-CSF-like bioactivity in endometrial cell-conditioned media
4.4.1 Neutralisation of bioactivity with polyvalent anti-GM-CSF antiserum

The FD 5/12 cell lines used in the GM-CSF bioassay is reported to be responsive specifically
to GM-CSF (Duhrsen 1988). However, since the endometrium is not a conventional source of this
cytokine, it was of interest to further characterise the endometrial cell-derived molecules. Goat a«GM-
CSF polyclonal antibody, a polyvalent antiserum raised against recombinant murine yeast-derived
GM-CSF (Miyajima et al. 1986), reduced the FD 5/12 cell proliferative response to 260 U/ ml of
uterine cell-derived GM-CSF activity by approximately 7-fold at a dilution of 1:250,000, whilst 2.5
ng/ ml of a rat olL-6 mAb had no effect (Fig. 4.6). Furthermore, titration of endometrial cell
supernatant in the presence of antibody and additional recombinant GM-CSF reinstated the FD 5/12
proliferative response, and so eliminated the possibility that cytotoxic activity associated with the

antisera interfered with the assay.

4.4.2 Determination of the molecular weight of endometrial cell GM-CSF by Sephacryl S-200

chromatography

To further investigate the nature of the endometrial cell-derived cytokine, an approximate molecular
weight of the GM-CSF bioactivity was determined by Sephacryl S-200 size exclusion
chromatography. Peak proliferation in the FD 5/12 bioassay was obtained in fractions eluted at Mr
23,000 (Fig. 4.7).

4.4.3 Northern blot analysis of endometrial cell GM-CSF mRNA

Total RNA was harvested both from PHA/ PMA activated EL-4 (T-lymphocyte) cells, and from
endometrial cells derived from oestrous mice following 48 hin culture. Agarose-formaldehyde gel
electrophoresis followed by Northern hybridisation with a 32p_Jabelled riboprobe specific for murine
GM-CSF revealed that endometrial cells express a GM-CSF mRNA of 1.2 kb, which was
indistinguishable in size from GM-CSF mRNA expressed by activated EL-4 cells (Fig. 4.8).
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4.5 Stimulation of GM-CSF synthesis by seminal factors

The experiments described in section 4.2 showed that there is a dramatic but transient increase
in the luminal fluid GM-CSF content after mating. Since GM-CSF was absent from the accessory
gland fluids that comprise the ejaculate, and endometrial cells were found to be a potent source of
GM-CSF in vitro, it was speculated that the increase in luminal fluid activity at mating was a
consequence of an interaction between semen and cells within the endometrium. The experiments
described in this section were aimed at describing this interaction further, with particular reference to

defining the nature of the seminal stimulus.

4.5.1 Effect of allogeneic versus syngeneic mating

GM-CSF is one of a number of cytokines released upon lymphocyte activation (Woods et al.
1987; Lu et al. 1988). To determine whether the post-mating increase in luminal GM-CSF content
occurred as a consequence of alloantigenic stimulation of endometrial lymphocytes by MHC antigens
(associated with sperm or other cells contained within the semen), a comparison was made of the
effect of mating females to syngeneic or to allogeneic males. The content of GM-CSF in the uterine
luminal fluids from both CBA x C57BL (H-2 b/d) and Balb/c x C57BL (H-2 k/d) females after
mating to CBA x C57BL males was similar (p = 0.215), and in each instance was significantly
greater than the content in fluid from oestrous Balb/c x C57BL mice (p <0.001) (Table 4.3).

Table 4.3 GM-CSF in uterine luminal fluid of mice following allogeneic
versus syngeneic natural mating. Females are Balb/c x C57BL unless otherwise
specified. Values are medians (95% confidence range) with numbers of
observations in parentheses. Data were compared by Kruskal-Wallis one-way
ANOVA, followed by Mann-Whitney Rank Sum Test (two-tailed)-test. *p

<0.001
Uterine Status GM-CSF (U/ uterus)
Unmated: Oestrous 22) <1 (<1-9.4)
Mated: Allogeneic (18) 8.8 (<1-40.0)"
Syngeneic? 9) 11.4 (2.8-38.4)
3CBA x C57BL

4.5.2  Effect of male accessory gland deficiency on post-mating GM-CSF response

To determine whether a deficiency in either sperm or the seminal vesicle-derived component of
the semen influences the post-mating elevation in uterine GM-CSF content, females were mated

naturally with either intact, vasectomised, or seminal vesicle-deficient males. Vaginal smears were
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made from females caged with seminal vesicle-deficient males each morming and checked for the
presence of sperm, since absence of the seminal vesicle fluids from the ejaculate prevented copulatory
plug formation. Luminal fluids were collected on day 1, and the pellets obtained after centrifugal
clearing of the fluid were examined microscopically for sperm content. Fluids were not included in
the analysis unless the sperm content was comparable to the content in luminal fluids from mice mated
with intact males.

Luminal fluids from mice mated with seminal vesicle-deficient males (SV-) were found to
contain significantly less GM-CSF than mice mated to intact studs [median (95% confidence range) =
<1 (<1-6.4) U/ uterus for SV- versus 8.1 (<1-36.8) U/ uterus for intact, p = 0.001], and levels are not
significantly increased over those of fluids from unmated, oestrous females [<1 (<1-4.7) U/ uterus; p
= 0.123] (Fig. 4.9). In contrast, GM-CSF levels in mice mated with vasectomised males were not
significantly different from those of mice mated to intact studs [11.6 (<1-32.6) U/ uterus].

4.5.3 Effect of male accessory gland fluids on GM-CSF synthesis in vitro

To determine whether factors derived from the seminal vesicle gland interact with endometrial
cells to increase GM-CSF release, endometrial cells harvested from the pooled uteri of oestrous mice
were cultured in the presence of fluids collected from the seminal vesicle, prostate, coagulating gland
and epididymis of 4-6 month old stud males. Accessory gland fluids were harvested from a 6 month
old male mouse by dispersion of seminal vesicles, prostate or coagulating glands with the aid of fine
needles. Epididymal fluid was obtained by flushing of the epididymis. Extracts were incubated with
endometrial cells for 16 h, following which the media was replaced and supernatants were harvested
after a further 24 h culture period.

GM-CSF output (per 103 adherent cells) from endometrial cells was significantly greater in
the presence of seminal vesicle fluid (7.6 + 0.2 fold increase) when compared with the output from
endometrial cells cultured in the absence of accessory gland fluid. Culture of endometrial cells with
coagulating gland, prostate or epididymal fluids did not alter their GM-CSF output (Fig 4.10A).

In additional experiments, an examination was made of various protocols for obtaining
seminal vesicle gland fluid and of its effects on the assay system. GM-CSF-stimulating activity was
measured in the seminal vesicle fluids of 4-6 month old male mice. Cytotoxic activity was evident to
varying degrees in all seminal vesicle preparations, causing a reduction in the number of adherent cells
in the cultures (data not shown). It was found that even very slight contamination with coagulating
gland fluid during excision of the seminal vesicle, delay of more than a minute or so between death of
the animal and maceration, or aeration during maceration and clearing by centrifugation, caused
seminal vesicle fluids to precipitate. This resulted in loss of GM-CSF stimulating activity. Maximal
stimulation of GM-CSF secretion was achieved after 16 h (compared to 4 or 8 h) co-incubation of
seminal vesicle extract with endometrial cells. In a total of six experiments, the median (95%
confidence range) increase in endometrial cell GM-CSF output (following incubation with precipitate-

free seminal vesicle extracts) was 320 (150-760) per cent (p <0.05).
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4.5.4 Effect of age, sexual experience and testosterone status on seminal factor activity

To determine whether age, sexual experience and testosterone status influence the GM-CSF-
stimulating capacity of male mice (and so to identify an appropriate population to use as the source of
material for characterisation of the nature of the stimulating factor/s), seminal vesicle fluid was
harvested from 3 month old male mice that had been caged either in groups or individually for 3
weeks, and from 4-6 month old males that had been caged individually but had been in use as stud
males on a regular basis for at least two months. In addition, seminal vesicle fluid was harvested
from unseparated 3 month old male mice following injection with 200 pg of testosterone 48 h prior to
sacrifice. Excised glands were weighed immediately prior to maceration. Fluids were incubated with
endometrial cells as described in 4.5.3 and measurements were made of the amount of GM-CSF
released per 103 adherent endometrial cells.

The capacity of seminal vesicle fluids to enhance GM-CSF release from endometrial cells
differed between treatment groups. Stud males yielded significantly larger seminal vesicles (mean +
SD = 254 + 35 mg; p = 0.001) than unseparated or inexperienced males, and yielded significantly
more GM-CSF-stimulating activity than all other groups [median (+ 95% confidence range) GM-CSF
output = 233 (119-439)% control; p = 0.001] (Fig. 4.10). Caging inexperienced male mice
individually significantly increased both seminal vesicle weights (unseparated; 127 + 31 mg versus
separated; 183 + 18 mg; p = 0.001), and GM-CSF-stimulating activity (unseparated; 77 (27-156)%
versus separated; 127 (86-318)%; p = 0.021). Despite increasing the mean + SD weight of seminal
vesicles in unseparated males (236 + 16 mg; p = 0.001), testosterone treatment caused many of the
seminal vesicle fluids to inhibit, rather than stimulate, endometrial cell GM-CSF output. Endometrial
cells cultured with seminal vesicle fluids from testosterone-treated males released significantly less
GM-CSF than all other groups, including those exposed to fluids from untreated, unseparated males
(33 (13-176)%; p = 0.010).

4.5.5 Molecular weight of seminal factor

To determine whether the GM-CSF stimulating activity was excluded by Sepharose G-25
(which excludes molecules of greater than 5,000 Mr), a 26-gauge needle and syringe was employed to
withdraw neat fluid from seminal vesicles in situ. Approximately 100 pl of fluid was recovered from
individual 6 month old stud mice, dissolved in five-times its volume of guanidine HCI, and passed
through Sepharose G-25 equilibrated in DMEM. When fractions were added at a 1:2 dilution to
endometrial cell cultures, GM-CSF-stimulating activity was found consistently within the first 1 ml
fraction eluted from the column. Preparations from three individual 6 month old male mice were
found to increase the GM-CSF oulputs of endometrial cells by 374%, 186% and 120% respectively.
In one of these experiments, the aclivity was shown to be concentration dependant, with maximal
activity at a 1:2 dilution, titrating to undetectable levels at dilutions beyond 1:16 (corresponding
respectively to an approximately 1:20 and 1:160 dilution of neat seminal vesicle fluid).

A preliminary attempt was made to characterise the molecular weight of the endometrial cell-
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stimulating activity within seminal vesicle fluid, by the use of chromatography through a broad
resolution (10,000 - 4,000,000 Mr) Sepharose CL4B column. Seminal vesicle fluid harvested from
four 4-6 month old stud mice was pooled in 5 M guanidine HCI and passed through an HBSS-
equilibrated column. Eluted fractions were assessed for their capacity to stimulate GM-CSF release
from oestrous endometrial cells in vitro. GM-CSF-stimulating activity was eluted over a broad range
of high molecular weight fractions, with two peaks in activity eluted within the first one-third of
fractions collected (Fig. 4.11). The second half of fractions collected were found to be contaminated

with guanidine HC1 which interfered with the bioassay.

4.5.6 Northern blot analysis of GM-CSF mRNA expression in vivo

To determine whether the increase in the luminal fluid content of GM-CSF bioactivity
occurred as a consequence of an increase in transcription of the GM-CSF gene, GM-CSF mRNA
levels were assessed in the uteri of oestrus, and day 1 through day 4 pregnant mice. Total RNA was
isolated from homogenised whole uteri, and 30 LLg of each preparation was electrophoresed through an
agarose-formaldehyde gel and transferred to a nylon filter. Northern hybridisation with a 32p_[abelled
riboprobe specific for murine GM-CSF revealed that uteri from day 1 mated mice express a GM-CSF
mRNA of 1.2 kb, whilst no GM-CSF transcripts could be detected in RNA prepared from mice at
oestrus or later than day 1 of pregnancy. The filter was also probed with a 32P-labelled riboprobe
specific for murine 3,microglobulin, to act as an internal control for comparison of the amounts of
RNA loaded onto each track. This probe labelled a pair of bands of the expected sizes of 930 and
715 bp (Parncs et al. 1983).

4.6 IL-6 synthesis in the cycling and pregnant uterus
4.6.1 Assay of uterine luminal fluid and endometrial cell culture supernatants for other cytokines

The concentrations of IL-1, IL-2, IL-3 and TNFa in the uterine luminal fluids collected in the
experiments described in 4.2.1, and in the supernatants from cultures of uterine endometrial cells from
oestrus, day 1 and day 10 pregnant mice (from the experiments described in 4.3.2), were measured
using specific bioassays. No cytokine bioactivity was detected in any of the supernatants or luminal
fluids tested.

4.6.2 IL-6 activity in uterine luminal fluid

The IL-6 content of the luminal fluids collected in the experiments described in 4.2.1 were
measured in an IL-6 specific bioassay employing the 7TD1 cell line. IL-6 activity was detected in
uterine luminal fluid (Fig. 4.1) from both oestrous and day 1 mated mice, with median levels
approximately 250-fold greater in mated mice than in mice at oestrus [median (95% confidence range)
=9 (<2-56) U /uterus at oestrous versus 2318 (34-12,800) U /uterus on day 1, p <0.05].
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4.6.3 Synthesis of IL-6 by endometrial cells in vitro

The IL-6 content of the supernatants from cultures of uterine endometrial cells obtained from
oestrous, day 1 and day 10 pregnant mice (from the experiments described in 4.3.2), were also
measured. IL-6 was detected in supernatants harvested from at oestrus [3900 (2420-16,990) U/ 105
cells] and day 1 mice [5440 (2020-14,580) U/ 105 cells] (Fig. 4.3). There was no difference between
levels in supernatants obtained from cells harvested at either time (p > 0.1). Cells harvested from day
10 pregnant uteri, from either between implantation sites (inter-conceptus), adjacent to embryonic
membranes (peri-conceptus), or from the metrial gland secreted GM-CSF at levels comparable to
cells from oestrous and day 1 utert.

A broad range of values was obtained for IL-6 levels in intraluminal fluids and culture
supernatants. This is attributed to in vivo factors rather than to error introduced during tissue
preparation or assay, because IL-6 activities of supernatants derived from each of the two uterine
horns within individual animals were not significantly different (p >0.1; n = 8 oestrous mice). The
activities of supernatants derived from each homn differed from the mean in individual animals by an

average of 8.0%.

4.6.3 Kinetics of IL-6 synthesis over time in culture

The supernatants generated in the experiment described in 4.3.3 were assayed for IL-6 content
to determine the kinetics of IL-6 output during endometrial cell culture. Figure 4.4B shows that the
output of IL-6 increases continuously over the first 96 h of endometrial cell culture. This is primarily
a function of the increase in cell numbers during this period however, as the output on a cellular basis
remains relatively constant over 120 h (Fig. 4.4D). The IL-6 outputs (per 105 cells) for each of four
replicate culture wells differed from the mean by an average of 8.0% at 24 h, and increased as the
culture period lengthened to 22.4% at 120 h.

4.6.4 Potency of endometrial cell IL-6 bioactivity, compared with other cellular sources

Production of IL-6 by uterine epithelial cells was compared with that from other normal and
immortal cellular sources (Fig. 4.5). The amount of bioactive cytokine produced per 105 cells in 24 h
of culture was two to five hundred-fold greater for uterine cells than for either polyclonally activated
spleen cells, immortalised T-lymphocytes, LPS-activated peritoneal exudate macrophages,

macrophage cell lines or for fibroblasts.

4.6.5 Neutralisation of IL-6 bioactivity with an anti-IL-6 monoclonal antibody

The 7TD1 cell line used in the IL-6 bioassay is reported to be specifically responsive to IL-6
(Van Snick et al. 1986). To further characterise the endometrial cell-derived molecule, antibody
against murine Krebs II ascites carcinoma cell-derived IL-6 (Shabo and Sachs 1988) was assessed for
its capacity to neutralise the endometrial cell bioactivity. Rat oIL-6 (2.5 pg/ ml) reduced the 7TD1
proliferative response to uterine cell-derived IL-6 activity (660 U/ ml) approximately 8-fold, while
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goat aGM-CSF had no effect (Fig. 4.6). Furthermore, titration of endometrial cell supernatant in the
presence of antibody and additional recombinant IL-6 reinstated the 7TD1 proliferative response, thus
discounting the possibility of cytotoxic activity associated with the antisera.

4.6.6 Determination of the molecular weight of endometrial cell IL-6 by Sephacryl S-200
chromatography

To further investigate the nature of the endometrial cell-derived cytokines, the approximate
molecular weight of the IL-6 bioactivity was determined by Sephacryl S-200 size exclusion
chromatography. Peak proliferative capacities in the 7TD1 bioassay were eluted in fractions
corresponding to Mr 23,000-26,000 (Fig. 4.7).

4.7 Conclusion and discussion

The experiments reported within this chapter identify GM-CSF within the early pregnant
mouse uterus, where seminal components interact with the endometrium to invoke a dramatic but
transient increase in the luminal fluid GM-CSF content after mating. The findings are consistent with
the hypothesis that GM-CSF has an embryolrophic role.

The volume of uterine fluid on the day alter mating is about 90 pl (Wales and Edirisinghe
1989) so the median luminal GM-CSF concentration at this time can therefore be calculated to be
about 200 U/ ml. This is well within the bioactive range, and local concentrations at sites of
production are likely to be much higher. GM-CSF contents of individual uteri covered a broad range,
and this may reflect variable efficiency of recovery of fluids, but could also be the result of
heterogeneity in uterine responses or in stimulating activity of individual males. The volume of fluid
in the uterine lumen at oestrus is similar to that in mated animals, but the volume after day 1
decreases rapidly to 4 pl on day 3 (Wales and Edirisinghe 1989). The dilution factor involved in
collecting fluids after day 1 would therefore have prevented the detection of all but extremely high
concentrations of cytokine. Therefore, while the total output into luminal fluids is markedly reduced
after day 1, the concentration of GM-CSF could not be determined in fluids collected after day 1.
Moreover, there appeared to be no simple way of quantitating the total uterine content of GM-CSF,
since activity could not be detected within homogenised uterine tissue (from any stage of early
pregnancy) either by bioassay or by specific ELISA (in the laboratory of Dr Tom Wegmann,
University of Alberta, Edmonton, Alberta). This may have been due to proteolytic digestion of the
cytokine or to interference by cytotoxic malterial (data not shown).

The post-mating elevation in GM-CSF levels was inhibited in superovulated animals, where
the normal endocrine parameters are grossly perturbed. This was not simply a result of immaturity,
because GM-CSF was not detected in either pre-pubertal or adult superovulated mice. Mice
synchronised into oestrous using LHRH superagonist, which does not alter steroid hormone levels
during the ensuing oestrous cycle, had GM-CSF contents on the day after mating similar to those in

naturally mated, randomly cycling mice.
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GM-CSF was not detected in any of the accessory gland fluids that comprise the ejaculate,
and cervical stimulation failed to elevate the luminal fluid GM-CSF content. These findings
suggested that elevated GM-CSF content was a consequence of the interaction of seminal factors with
a cellular source of the cytokine within the female reproductive tract. Further evidence for this
possibility was the finding of GM-CSF activity in the supematants of cultured uterine cells.
Endometrial cells were a richer source of GM-CSF than uterine stromal cells, and secreted
constitutively greater amounts of GM-CSF on a per cell basis than conventional sources of this
cytokine (including activated T-lymphocyte or macrophage cell lines). GM-CSF output from
endometrial cells remained high for the first 48 h in vitro, and although it declined subsequently, it
remained significant for at least another four days of culture. Endometrial cell-derived bioactivity
was blocked by an oGM-CSF antiserum, and the estimated molecular weight of Mr 23,000 is similar
to the size reported for GM-CSF synthesised by other tissues (Nicola et al. 1979). These findings,
together with Northern blot analysis showing that endometrial cells expressed a 1.2 kb GM-CSF
mRNA both in vivo and in vitro, confirmed the identity of the cytokine.

In experiments designed to investigate the nature of the seminal stimulus for GM-CSF release,
females were mated with both syngeneic and vasectomised males. These mice were found to have a
normal post-mating GM-CSF response. However, females mated with males from which the seminal
vesicles had been removed surgically failed to exhibit the post-mating increase in GM-CSF activity.
These results excluded the possibilities that either sperm or histocompatibility antigens provided the
stimulus for release, and implicated factors provided by the seminal vesicle. In vitro, fluids derived
from the seminal vesicle but not from other male accessory glands stimulated enhanced GM-CSF
release from endometrial cells. These findings further implicate a specific interaction between factor/s
of seminal vesicle origin and endometrial cells as the underlying basis for the post-mating GM-CSF
response. Northern blot analysis of RNA extracted from uterine tissues revealed that an increase in
GM-CSF mRNA transcription accompanies this interaction.

In preliminary attempts to further characterise the seminal vesicle-derived factor/s, activity
stimulating enhanced GM-CSF release from endometrial cells was found to elute at high molecular
weights (estimated to be greater than 100,000) from molecular sieving columns. However, the
heterogeneity of the peak suggested that the fractionation was complicated by a substantial degree of
intermolecular association. It therefore remains possible that the active factor is related to a 15, 000
Mr boar seminal plasma protein called Adhesion Inducing Factor-1. This factor is synthesised in the
seminal vesicle epithelium and induces integrin-mediated cell adhesion between, and activation of,
peripheral blood mononuclear cells (Hadjasavas 1992).

Interestingly, there was variation in the potency of seminal vesicle fluid activity, depending on
the sexual status of the male. Active stud males of four to six months of age had a superior capacity
to enhance GM-CSF relcase from endometrial cells compared with younger males caged either
individually or in groups. This appeared consistent with a role for testosterone in regulating seminal
vesicle factor activity. However, the potency of activity from males caged in groups was found to
decline rather than improve following testosterone administration, suggesting that other factors may

also be important.
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The luminal fluids and endometrial supernatants were also assessed for their content of other
cytokines. Interleukin-1, IL-2, IL-3 and TNFa activities were not be detected in specific bioassays of
either uterine fluids or endometrial cell conditioned media. In contrast, the luminal fluids of mated
mice were a potent source of IL-6, and comparison with fluids from oestrous mice revealed that there
was an approximately 200-fold increase in luminal fluid content after mating. Culture supernatants
from endometrial cells released IL-6 constitutively for up to six days in culture, and this activity was
neutralised with a monoclonal antibody reactive specifically with murine IL-6. Chromatography of
endometrial cell-derived activity revealed that it was comparable in size to IL-6 synthesised by other
cell lineages, which is generally estimated to be between Mr 22-29,000 (Van Snick et al. 1986; Van
Snick 1990).

These findings are in agreement with a recent report that mRNA transcripts for GM-CSF and
IL-6 are elevated after mating (Sanford et al. 1992). The expression of mRNAs for IL-1c and IL-1J,
CSF-1 and TNFq, as well as the content of IL-1, IL-6 and TNFa bioactivities in uterine
homogenates, were found in the same study to be greater on day 1 of pregnancy than in oestrous uteri.
In another recent study, factors apart from sperm in seminal plasma were implicated in the functional
activation of endometrial macrophages which were found to express IL-1a, IL-1B and TNFo mRNAs
on day 1 of pregnancy (McMaster et al. 1992). These post-mating changes in cytokine expression are
accompanied by a dramatic infiltration into the endometrium of mononuclear phagocytes and
neutrophils (1.5.2; 1.5.3), and together are evidence that seminal fluid initiates a local inflammatory

responsc.
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Figure 4.1 GM-CSF and IL-6 bioactivity in uterine intraluminal fluid of oestrous

and day 1 pregnant mice. Luminal fluid was collected by lavage from oestrous (EST) and day
1 pregnant (DAY 1) mice and assessed for GM-CSF and IL-6 content respectively in the FD
5/12 and 7TD1 bioassays. Symbols represent individual animals and median values are scored,
with numbers of observations in parentheses. Symbols below the dotted line have a cytokine
content below the limit of detection for the bioassay. Data were compared by Mann-Whitney
Rank Sum Test (two-tailed)-test. *p <0.05
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Figure 4.2 GM-CSF bioactivity in the supernatants of endometrial cell cultures
prepared from oestrous, day 1 and day 10 pregnant mice. Endometrial cells were harvested
from oestrous (EST) and day 1 pregnant (DAY 1) uteri, and from deciduae (MG), and non-
decidualised peri-conceptus (PERI-) and inter-conceptus (INTER) uteri of day 10 pregnant mice.
Supernatants were collected at 24 h and assessed for GM-CSF content in the FD 5/12 bioassay.
Symbols represent individual animals and median values are scored, with numbers of
observations in parentheses. Data were compared by Kruskal-Wallis one-way ANOVA, followed
by Mann-Whitney Rank Sum Test (two-tailed)-test. *p < 0.05
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Figure 4.3 IL-6 bioactivity in the supernatants of endometrial cell cultures prepared
from oestrous, day 1 and day 10 pregnant mice. Endometrial cells were harvested from
oestrous (EST) and day 1 pregnant (DAY 1) uteri, and from deciduae (MG), and non-
decidualised peri-conceptus (PERI-) and inter-conceptus (INTER) uteri of day 10 pregnant mice.
Supernatants harvested at 24 h were assessed for IL-6 content in the 7TD1 bioassay. Symbols
represent individual animals and median values are scored, with numbers of observations in
parentheses. There were no significant differences between groups when data were compared by
Kruskal-Wallis one-way ANOVA.
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Figure 4.4 The kinetics of endometrial cell proliferation and cytokine synthesis in vitro.

Endometrial cells prepared from pools of uteri harvested from oestrous mice were seeded at 1 x

105 cells/ 1 m1 well and cultured for periods of up to 7 days. To examine cumulative cytokine
output, supernatants harvested from quadruplicate wells at 24 h intervals were assayed for GM-
CSF and IL-6 content. In a separate set of four wells, the media was changed every 24 h over 7
days and the cytokine output during each 24 h period was determined. (A) Cumulative and daily
GM-CSF output, and (B) cumulative and daily IL-6 output from endometrial cells during 7 days in

culture. (Fig. 4.4 continued overleaf)
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(Figure 4.4 cont.) At the end of each 24 h period, the numbers of adherent cells in each well were
determined on the basis of their uptake of Rose-Bengal dye, and used to calculate the cytokine
output per 10° cells during each 24 h period. In addition, the rate of DNA synthesis in
endometrial cell cultures was measured by >H-thymidine incorporation. Wells of a 96-well plate
were seeded with 2 x 103 cells and individual plates were pulsed with 1 pCi of >H-thymidine for 7
h prior to harvesting at 24 h intervals. (C) Endometrial cell number and DNA synthesis during 7
days in culture. (D) Cytokine output per 105 adherent endometrial cells during each 24 h period.
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Figure 4.5 Potency of endometrial cells as a source of GM-CSF and IL-6. Supernatants
from 24-h cultures of 2 x 103 cells/m] of oestrous endometrial cells (est S/N); PMA/ PHA-activated
spleen cells (spleen); PMA-activated EL-4 T-lymphocytes (EL-4); LPS-activated peritoneal cells
(PEC); J774 macrophages (J774); and L-cell fibroblasts (L-cell) were assessed for GM-CSF and
IL-6 content in the FD 5/12 and 7TD1 bioassays respectively. The number of indicator cells at the
end of the assay period [as assessed by 3H-thymidine incorporation (FD 5/12) or by formazan
production (7TD1)] is plotted against the dilution of supernatant.
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Figure 4.6 Neutralisation of GM-CSF and IL-6 bioactivity with specific antibodies. The
proliferative responses of (A) FD 5/12 and (B) 7TD1 to GM-CSF and IL-6 bioactivity in supernatant
from 24 h culture of endometrial cells pooled from 6 oestrus mice (est CM) were assessed in the
presence or absence of goat aGM-CSF (1:250,000) or rat oIL-6 (2.5 pg/ml). To determine whether the
antibody preparations interfered with the proliferative response of the FD 5/12 of 7TD1 cells, est CM
was incubated in the presence of (A) goat aGM-CSF (1:250,000) and 300 U/ m1 rGM-CSF, or (B) rat
aIL-6 (2.5 pg/ml) and 100 U/ ml rIL-6. The proliferative responses of FD 5/12 cells to 1000 U
recombinant murine GM-CSF (A) or 7TD1 cells to recombinant human IL-6 (B) are also shown. The
number of indicator cells at the end of the assay period [as assessed by 3H-thymidine incorporation (FD
5/12) or by formazan production (7TD1)] is plotted against the dilution of supernatant.
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Figure 4.7 Sephacryl S-200 chromatography of endometrial cell-derived GM-CSF and IL-6.
Endometrial cell conditioned media was prepared from oestrous uteri, concentrated approximately 200-
fold over Amicon PM10 and YM2 membranes, and chromatographed on a Sephacryl S-200 column
equilibrated in 6 M guanidine HC1. Fractions of the eluate were desalted over Sepharose G-25 by spin-

gel filtration, and assayed for GM-CSF and IL-6 content in the FD 5/12 and 7TD1 bioassays

respectively. Dotted vertical lines indicate the expected position of elution of proteins with Mr 23,000

and 26,000, which are the reported Mr for GM-CSF and IL-6.
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Figure 4.8 Northern blot analysis of GM-CSF mRNA expression by
endometrial cells in vitro. Total RNA was harvested from oestrous endometrial cells
(End) after 40 h of culture, and from EL-4 (T-lymphocyte) cells 8 h after activation with
PMA and PHA. 30 pg of RNA was electrophoresed through a 1% agarose-
formaldehyde gel, transferred to Hybond nylon membrane, and hybridised with a 32p-
labelled riboprobe for murine GM-CSF. Both endometrial cells and EL-4 cells
expressed a 1.2 kb GM-CSF mRNA.
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Figure 4.9. GM-CSF in uterine luminal fluid of mice mated with accessory gland

deficient males. The GM-CSF contents of luminal fluids collected from oestrous mice, or mice
mated with intact males, vasectomised (vas) males, or males from which the seminal vesicle
glands had been surgically removed (SV-) were assessed in the FD 5/12 bioassay. Symbols
represent individual animals and median values are scored, with numbers of observations in
parentheses. Symbols below the dotted line have a cytokine content below the limit of detection
for the bioassay. Data were compared by Kruskal-Wallis one-way ANOVA, followed by Mann-
Whitney Rank Sum Test (two-tailed)-test. The p values for differences between groups are

shown below. NS = not significant.

vas SV- est
intact NS 0.001 0.001
vas 0.003 0.001
SV- NS
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Figure 4.10 GM-CSF-stimulating activity of seminal vesicle fluid in vitro. (A) Accessory gland fluids
were prepared from a 6 month old stud mouse and cultured with oestrous endometrial cells for 16 h, when
they were replaced with fresh medium. The GM-CSF content of supernatants harvested 24 h later are
graphed as a percentage of the content of supernatants harvested from endometrial cells cultured in DMEM-
FCS alone. Cells cultured with seminal vesicle fluid (SV) secreted approximately 7.6 times the amount of
GM-CSF as the control (con). The GM-CSF output of endometrial cells was not altered by culture with
coagulating gland (coag), prostate (pros) or epididymal (epi) fluids. *p <0.001 (B) Effect of testosterone
status on GM-CSF -stimulating activity of seminal vesicle fluid. The GM-CSF outputs of oestrus endometrial
cells following incubation with seminal vesicle fluids from testosterone treated (test) and untreated
unseparated (unsep) 2-3 month old males, 2-3 month old male mice separated for 3 weeks (sep) and 4-6
month old male stud (stud) mice are plotted as the percent output from endometrial cells cultured in DMEM
alone. Data were compared by Kruskal-Wallis one-way ANOVA, followed by Mann-Whitney Rank Sum
Test (two-tailed)-test. Each group was significantly different to all other groups, and the p values for
differences between groups are:

test sep stud
unsep 0.010 0.021 0.001
test 0.002 0.001
sep 0.015
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Figure 4.11 Sepharose CL4B chromatography of seminal vesicle gland-derived GM-

CSF-stimulating activity. Fluid was collected from the seminal vesicle glands of 6 month old
stud mice and solubilised in guanidine HCI, then chromatographed through Sepharose CL4B.
Eluted fractions were cultured with oestrous endometrial cells for 16 h, then replaced with fresh
medium, The GM-CSF content of supernatants harvested 24 h later are graphed as a percentage
of the content of supernatants harvested from endometrial cells cultured in DMEM-FCS alone.
GM-CSF stimulating activity was eluted in high Mr fractions, with two peaks in activity found in
fractions 2 and 6. Guanidine HCI contamination of fractions 10 to 18 interfered with the
bioassay, so that the stimulating activity within these fractions was not determined.
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Figure 4.12 Northern blot analysis of GM-CSF expression in vivo during early
pregnancy. Total RNA was harvested from whole uteri excised from oestrus, and day
1 through day 4 pregnant mice. 30 pg of RNA was electrophoresed through a 1%
agarose-formaldehyde gel, transferred to Hybond nylon membrane, and hybridised with
32p_labelled riboprobes for murine GM-CSF and for murine B,microglobulin (B,MG).
A 1.2 kb GM-CSF mRNA is evident in the track containing day 1 RNA. The 3,MG
mRNA doublet at 930 bp and 715 bp in all tracks confirms that similar amounts of
each RNA were loaded.
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5  Cellular origin of endometrial GM-CSF

5.1 Introduction

The studies described in the preceding chapters show that the uterine endometrium of cycling
and pregnant mice is a potent source of GM-CSF. The cellular origin of GM-CSF within the
endometrium is identified in this chapter.

A variety of cell lincages present within the endometrium are known sources of GM-CSF,
including T-lymphocytes, macrophages, fibroblasts, and endothelial cells [Gasson 1991; Ruef and
Coleman 1990]. Athanassakis et al. (1987 and 1990) have reported that in vivo depletion of cells
bearing the T-lymphocyte markers Thy1.2, CD8 and CD4 reduced the subsequent output of GM-CSF
from murine decidual cell cultures, suggesting either that T-lymphocytes may be the origin of GM-
CSF within the decidua, or that their presence otherwise impacts upon GM-CSF synthesis from
another decidual cell population. In in situ hybridisation studies, GM-CSF mRNA was found to be
expressed by isolated cells within the mid-gestation decidua that were presumed to be leukocytes
(Kanzaki et al. 1991).

In the studies described in this chapter, similar levels of GM-CSF were found in the uterine
luminal fluid and in supernatants from cultures of endometrial cells from genetically lymphocyte-
deficient nude, SCID and beige mice on day 1 of pregnancy. These findings indicate that cells other
than lymphocytes were a major source of GM-CSF in the endometrium. To identify the cellular
source of GM-CSF, different lincages of cells were isolated from the endometrium by physical
fractionation, followed by selective purification using lineage-specific mAbs. Endometrial cell
cultures were examined from oestrous uteri, from the uteri of day 1 pregnant and from mid-gestation
mice. Finally, GM-CSF mRNA expression within the intact uterus was localised by in situ
hybridisation.

IL-6 has also been identified as a product of the cycling and early pregnant endometrium. The
supernatants generated in these experiments were assessed for their IL-6 content to determine which

of the endometrial cell lineages contribute to the synthesis of this cytokine.

5.2 GM-CSF synthesis in the uteri of genetically lymphocyte-deficient nude, SCID and beige

mice
5.2.1 Content of luminal fluid on day 1 of pregnancy

The GM-CSF contents of luminal fluids from uteri of lymphocyte-deficient mice were
compared with those from immunocompetent mice in order to evaluate the contributions made by T-
lymphocytes and NK cells to the post-mating GM-CSF response. Female CBA nu/nu (o0/f T
lymphocyte-deficient), C57 Blk/6J-bg/bg (natural-killer (NK) cell activity-deficient), C.B-17-
scid/scid (T and B lymphocyte-deficient) and Balb/c mice were mated with Swiss outbred males.

Uterine luminal flushings were prepared on the day of detection of a vaginal plug. The GM-CSF
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contents of luminal fluids were found to be similar in Balb/c mice mated with Swiss males and in
Balb/c F1 females mated with CBA F1 males (data not shown). The GM-CSF and IL-6 contents of
luminal fluids from immunodeficient strains were not significantly different from those of Balb/c mice
(Fig. 5.1A), suggesting strongly that neither T lymphocytes, B lymphocytes, nor NK cells are major

sources of post-mating intra-luminal GM-CSF in vivo.

5.2.2 Content of conditioned media from endometrial cell cultures

After collection of luminal fluid, endometrial cells were harvested from the uteri of day 1
mated lymphocyte-deficient and Balb/c mice (5.2.1). Endometrial cells from Balb/c mice mated with
Swiss males and from Balb/c F1 females mated with CBA F1 males were found to secrete similar
amounts of GM-CSF (data not shown). The GM-CSF contents of supernatants of cultured cells
prepared from lymphocyte-deficient mice were not significantly less than those of Balb/c mice (Fig.
5.2). Neither T lymphocytes, B lymphocytes, nor NK cells were therefore major sources of GM-CSF
in cultures of endometrial cells. Cells obtained from bg/bg mice synthesised significantly higher levels
of GM-CSF (p <0.001) than cells from Balb/c, nu/nu or scid/scid mice (Fig. 5 2).

53 Antibody and complement-mediated depletion of endometrial lymphocytes

Endometrial cells from day 1 mated mice were incubated with mAbs specific for various
leukocyte lineages, then treated with complement to deplete leukocytes from endometrial cell
monolayers. However, protocols and reagents that depleted T-lymphocytes from spleen cell
suspensions failed to deplete mAb-reactive cells from endometrial cell suspensions, since residual cells
could be detected by indirect immunofluorescence immediately following treatment, and 24h after
treatment (data not shown). In additional experiments, it was also found that epithelial cells could not
be depleted from endometrial cell cultures with specific antibody (MTS #24; see 5.5.1) and
complement (data not shown).

The GM-CSF output by endometrial cell monolayers was also not reduced by treatment by
any of the antibodies in the presence of complement. In contrast, it became evident during the course
of these experiments that incubation of endometrial cells with some leukocyte-specific mAbs
significantly and consistently enhanced GM-CSF output (Table 5.1). Hybridoma supernatants that
promoted release of GM-CSF release included oThy1.2, oCD4, and ol-A (MHC class II). These
mAbs are all of the IgG2b isotype. Protein-G affinity purified oThy1.2 and aCD4 immunoglobulin
were also found to promote GM-CSF release, but supernatant from the non Ig-secreting X-63 mouse
myeloma cell line, and hybridoma supernatants containing comparable concentrations (determined by
specific ELISA; data not shown) of other mAbs of the IgG2b isotype but different specificities (eg.
oLFEA-1) had no effect. These findings suggest that these mAbs, reactive with T-lymphocytes
(oThy1.2 and oCD4), macrophages (00CD4 and al-A), and fibroblasts (aThy1.2)(see 5.5 .1), can act

directly or indirectly to specifically enhance GM-CSF output from endometrial cells.
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Table 5.1. Effect of incubation of endometrial cells from mice on day 1 of
pregnancy with rat aleukocyte mAbs. Endometrial cells were harvested from day
pregnant mice and cultured for 24 h in the presence or absence of mAb-
containing supernatants or protein-G purified Ig from rat aleukocyte hybridomas,
normal rat serum (NRS) or supernatant from the X-63 myeloma cell line. The
GM-CSF contents of supernatants were determined by bioassay, and expressed as
U/ 105 cells and percent of the output in control cells cultured in DMEM only.

Treatment Ig isotype U/ 105 cells (% control)

Experiment 1:

control 52 (100)
NRS (0.2%) mixed 45 (87)
mAbs (S/Ns):
oThyl.2 1gG2b 204 (391)
aCD5 1gG2a 46 (88)
oLFA-1 IgG2b 39 (75)
aCD4 1gG2b 208 (398)
oMac-1 1gG2b 122 (234)
al-A 1gG2b 271 (520)
Experiment 2:
control 55 (100)
NRS (2%) mixed 80 (146)
mADbs (S/NS):
oThyl.2 IgG2b 195 (308)
aCD4 IgG2b 117 (215)
mAbs (affinity purified)
aThyl.2 (5 pg/ ml) 83 (182)
(25 pg/ ml) 150 (274)
aCD4 (5 pg/ ml) 86 (157)
(25 pg/ ml) 136 (249)

54 Isolation of GM-CSF-producing endometrial cell subsets by density gradient

centrifugation

In an effort to further characterise the GM-CSF-secreting cell population, endometrial cells
from day 1 pregnant uteri were subfractionated on the basis of their densities by centrifugation
through Percoll gradients composed of 10, 20, 30, 40, and 50% Percoll steps. Cells were recovered
from each interface and cultured for 24 h. The cellular morphology of each culture was then assessed
microscopically and supernatants were harvested and assayed for GM-CSF content. Cells which
formed a band at the interface between the 30% and 40% Percoll steps were found to be enriched for
GM-CSEF secreting cells (Table 5.2). Cultures from this fraction contained large numbers of cells
with an unusual ‘balloon-like' morphology resulting from a single large cytoplasmic vacuole which
often comprised as much as 80% of the total cell volume (Fig. 5.3). Staining of smears of these cells
with acridine orange or with Giemsa revealed that they were intact cells with eccentric nuclei, however

the cytoplasmic vacuole failed to react with either Schiff's reagent for carbohydrate or Toluidine blue.
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Table 5.2. Subfractionation of endometrial cells by density
gradient centrifugation. Endometrial cells were harvested from day
pregnant mice and cultured for 24 h. Cells were detached from
culture wells with EDTA, and centrifuged through a Percoll density
step-gradient (10-50%), prior to recovery of fractions and culture for
a further 24 h. The GM-CSF contents of supernatants were
determined by bioassay. Similar data were obtained in two additional

experiments.

Fraction cell number (x 10°5) U GM-CSF/ 107 cells
control (mixed) 7.5 24.5

10/20 04 13.3

20/30 0.9 56.7

30/40 3.6 107.2

40 /50 12.0 20.6

pellet 6.2 5.5

5.5 Isolation of endometrial cell subpopulations by panning
5.5.1 Immunohistochemical screening and demonstration of the specificities of rat mAbs

In order to determine the origin of GM-CSF, it was planned to use mAbs to isolate individual
cell lineages from cultures of endometrial cells. Firstly, the specificities of the antibodies used were
examined by indirect immunoperoxidase staining of fresh frozen sections of uterus from a day 1
pregnant mouse. CD45 and Mac-1 are pan leukocyte and neutrophil/macrophage markers
respectively, and were each found to react with large numbers of cells within the endometrial stroma,
particularly localised to areas adjacent to the luminal epithelium and to the endometrial glands. The
majority of these cells were large and had a macrophage-like morphology. This finding is consistent
with reports of large numbers of macrophages and neutrophils in the day 1 endometrium (Hunt ez al.
1985; De et al. 1991).

Thy1.2 is expressed by all T-lymphocyte and NK cells and it is also expressed by some
fibroblast cells (Golub 1988). Anti-Thy1.2 was found to react with fibroblasts in endometrial stroma
(Fig. 5.4). The degree of reactivity of «Thy1.2 mAb with stromal fibroblasts varied in relation to
their distance from the epithelium; myometrial cells were only marginally positive, and a progressive
increase in the intensity of labelling of endometrial cells was evident, with the most strongly labelled
cells closest to the epithelium.

Immunohistochemical screening of a panel of mAbs raised against stromal elements of murine
thymus by R. Boyd and colleagues (Monash University, Melbourne) revealed some which reacted
with epithelial cells and endothelial cells in the mouse uterus. MTS #24 reacts with epithelial cells in
the thymus stroma (Godfrey et al. 1988) and in the uterus it was found to detect an epitope with a
subcellular distribution in glandular and luminal epithelial cells that is predominantly apical and

cytoplasmic (Fig. 5.4). This mAb does not react with either spleen, lymph node or thymic leukocytes
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(R. Boyd, personal communication). MTS #12 reacts with endothelial cells and with T-lymphocytes
in the thymus (Godfrey et al. 1990) and a staining pattem consistent with reactivity with these cells

was obtained in the uterus (Fig. 5.4).

5.5.2 Identification of the cellular origin of GM-CSF in vitro

The proportions of endometrial cells reactive with each mAb were determined in 24 h cultures
by immunofluorescence analysis (Table 5.3). No more than 5% of cells were labelled with mAb
against the leukocyte markers (CD45 and Mac-1) and less than 1% were labelled with the endothelial
cell marker (MTS #12). Larger proportions of cells reacted with aThy1.2 (between 20% and 40%)
and MTS #24 (between 60% and 80%).

Depletion by panning of endometrial cells reactive with mAb against leukocytes («CD45 and
oMac-1), endothelium (MTS #12) or stromal fibroblasts («Thy1.2) did not reduce the GM-CSF
synthetic capacity of preparations from oestrous mice (expressed as units of GM-CSF per 103 cells in
Table 5.3). Furthermore, populations selected positively by these mAb did not produce any GM-
CSF. Other mAbs against Icukocylte markers including CD3, CD4, CD5, CD8, CD11a, I-A, slg and
NK1.1 also failed to select cells that released GM-CSF (data not shown).

In contrast, MTS #24+ epithelial cells produced 95% of the total GM-CSF (secreted by
adherent plus non-adherent cells), while MTS #24-depleted cultures produced only 5% of the activity
secreted by control cultures (Tabl€ 5.3). Results obtained for cultures prepared from day 1 uteri were
similar, with the MTS #24+ cells secreting 65% of the total GM-CSF (Table 5.3). Cultures of MTS
#24 positive cells contained large numbers of adherent cells with a 'cobblestone’ morphology typical
of epithelial cells, as well as large numbers (up to 30%) of non-adherent or semi-adherent cells
containing a single large vacuole and having the 'balloon cell' morphology described in 5.4 (Fig. 5.3).
In some experiments suspensions of these cells were assessed by indirect immunofluorescence for
their reactivity with MTS #24, and all were found to be positive.

Variability in the efficiency of positive selection was attributed to the tendency of cells to form
small aggregates when harvested by detachment with EDTA. These aggregates were easily dislodged
from the panning dish during washing steps, and this may be the reason for the consistent retention of
significant GM-CSF synthetic capacity in the antigen-negative populations of day 1 cells after
panning with MTS #24. Nevertheless, the possibility cannot be excluded that an MTS #24°, Thy1.2",
CD45-, Mac-1-, MTS #12- population of epithelial or other lineage contributed to GM-CSF secretion

in these cultures.

5.6 Synthesis of GM-CSF by uterine epithelial cells during mid-gestation pregnancy

Cells harvested from between implantation sites (inter-conceptus) or adjacent to embryonic
membranes (peri-conceptus) in day 10 pregnant uteri, sccreted GM-CSF at levels comparable with
cultures prepared from oestrous and day 1 uteri (see 4.3.2). Specificity of MTS #24 for glandular
and luminal epithelium was confirmed by immunohistochemistry on frozen sections of day 10

pregnant uterus (Fig. 5.4). MTS #24% cells isolated from either inter- and peri-conceptus
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Table 5.3. GM-CSF and IL-6 production by subpopulations of endometrial cells isolated by panning
with mAbs.

GM-CSF® IL-6°

non- % total non- % total
mAb % cells? adherent  adherent  output® adherent  adherent  output®
ogsfrus
none 0 57 100 41 100
MTS #24 60-80 113 5 95 42 36 74
oThyl.2 20-40 2 95 <1 5 67 5
oCD45 5 ND 57 <1 ND 38 <1
aMac-1 5 ND 58 <1 ND 41 <1
MTS #12 <1 ND 57 <1 ND 40 <1
day 1
none 0 67 100 36 100
MTS #24 60-80 98 57 65 28 63 55
oThy1.2 20-40 3 202 <1 27 55 48
aCD45 3 ND 67 <1 ND 34 5
oMac-1 <1 ND 68 <1 ND 35 4
MTS #12 <1 ND 67 <1 ND 35 2
day 10 (peri-conceptus
none 0 46 100 45 100
MTS #24 60-80 77 21 74 50 41 50
oThyl.2 20-40 2 113 3 57 38 49
oCD45 5 ND 46 <1 ND 42 9
day 10 (inter-conceptus)
none 0 48 100 20 100
MTS #24 40-60 81 25 69 32 11 65
oThy1.2 40-60 1 183 1 8 53 30
oCD45 5 ND 50 <1 ND 17 16

a The percentage of cells in endometrial cultures reactive with each mAb was determined by
immunofluorescence analysis (see Materials and Methods for details).

b Subpopulations of endometrial cells were isolated from oestrous, day 1 and day 10 pregnant mice by
panning with mAb (see Materials and Methods for delails). Results of representative panning experiments
are shown (similar results were obtained in at least two other experiments for each mAb). Specificities of
mAb used were MTS #24; epithelial cells, oThy1.2; stromal fibroblasts, NK cells and T lymphocytes,
a/CD45; all leukocytes, aMac-1; macrophages and neutrophils, and MTS #12; endothelial cells and T-
lymphocytes. The amount of cytokine in supernatants harvested by separated adherent (mAb™) and non-
adherent (mAb"~) populations is expressed in U/ 103 cells/24 h (GM-CSF) and U(x102)/ 105 cells/24 h (IL-6).
ND signifies populations for which accurate determination of synthesis was prevented by low cell numbers.
¢ The amount of cytokine synthesised by the adherent (mAb™) subpopulation expressed as a percentage of the
total amount synthesised, calculated according to the formula;

% total output = U made by adherent cells

U made by adherent + non-adherent cells
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endometrium both synthesised major proportions of the total GM-CSF produced by the cultures.
Cells with a fibroblast morphology (panned with o'Thy1.2), and leukocytes panned with oCD45 or
oMac-1 mAD, did not produce any detectable GM-CSF. This indicates that epithelial cells remain a
major source of GM-CSF in mid-gestation pregnancy, regardless of their proximity to embryonic

tissue.

5.7 Identification of the cellular origin of GM-CSF in vivo during early pregnancy by in situ
hybridisation

To determine whether epithelial cells synthesise GM-CSF mRNA in vivo, sections of uteri
from oestrous and day 1 pregnant mice were probed with an antisense 32p-1abelled riboprobe specific
for murine GM-CSF. In both tissues, GM-CSF mRNA expression was associated predominantly
with the epithelial cells lining the uterine lumen, and to a lesser and variable degree with epithelial
cells comprising many of the endometrial glands, particularly those close to the luminal surface.
Myometrial cells, particularly those adjacent to the serosal surface of the uterus, were also positive in
both tissues. The intensity of the hybridisation signal was similar in both oestrous and day 1 uterus.
In contrast, a riboprobe complementary with the anti-sense strand of GM-CSF cDNA, or with an
irrelevant mRNA species (G. lamblia A1) failed to hybridise to uterine tissue. The specificity of the
GM-CSF riboprobe hybridisation reaction was examined further by competition with a 10-fold excess
of cold homologous riboprobe, or by treating the tissue with RNAse prior to hybridisation. The
pattern of labelling in the presence of cold inhibitor, or after RNAse treatment, was indistinguishable
from the binding of the irrelevant A1 probe.

5.8 The origin of IL-6 in the endometrium
5.8.1 Studies with genetically lymphocyte-deficient mice

The content of IL-6 in luminal fluid collected from day 1 mated lymphocyte-deficient and
Balb/c mice (5.2.1) were measured. No significant differences in IL-6 content were found between
lymphocyte deficient and immunocompetent Balb/c mice (Fig 5.1). IL-6 levels were also measured in
the supernatants of endometrial ccll cultures prepared from the same uteri (5.2.2). Cells from
lymphocyte-deficient and from Balb/c mice produced similar amounts of IL-6 (Fig 5.2). These
findings suggest strongly that T lymphocytes, B-lymphocytes and NK cells are not major sources of

IL-6 after mating either in vivo, or in endometrial cell cultures in vitro.

5.82 Synthesis of IL-6 by isolated subsets of endometrial cells from cycling, and early and mid-

gestation pregnant uteri

Epithelial cells purified by panning with MTS #24 mAb were found to be a major source of
IL-6 in cultures of endometrial cells prepared from oestrous and day 1 pregnant mice (74% and 55%
of the total output respectively)(Table 5.3). Thy1.2* stromal cells and leukocytes (CD45 cells) were
also found to contribute significantly (o IL-6 output (48% and 5% respectively in day 1 cultures), but
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interestingly, this was not the case in cultures of cells prepared from unmated animals. The finding of
IL-6 bioactivity in the supernatants of cultured Mac-17 cells suggests that macrophages are the
leukocyte population responsible for IL-6 synthesis. MTS #24+ epithelial cells isolated from both
inter- and peri-conceptus sites on day 10 of pregnancy synthesised a large proportion of the total IL-6
(66 % and 50%). Leukocytes purified by panning with oCD45 or aMac-1 mAbs, and cells with a
fibroblast morphology panned with o'Thy1.2 mAb, also contributed significantly to IL-6 output at this
time (Table 5.3).

5.9 Conclusions and discussion

The experiments described in this chapter provide compelling evidence that glandular and/or
luminal epithelial cells harvested from the murine uterus during the oestrus cycle and pregnancy are a
potent source of GM-CSF in vitro. Together with in situ hybridisation data indicating that GM-CSF
mRNA is associated predominantly with luminal and glandular epithelial cells in the intact cycling
uterus and in the endometrium on the first day of pregnancy, these studies show clearly that GM-CSF
synthesis is a physiological function of uterine epithelial cells.

Isolation of individual endometrial cell subpopulations by the use of mAbs against lincage-
specific markers provided an opportunity to study pure populations of these cells, and thus identify
conclusively the cells which synthesise the bulk of the GM-CSF in endometrial cell cultures. Panning
proved to be the most effective technique to achieve this objective. Studies on positively selected
epithelial cell populations identified these cells as the main source of GM-CSF in endometrial cell
cultures. A curious feature of the epithelial cells in culture was the differentiation of a proportion of
the cells into unusual, large 'balloon-like' cells containing a single large vacuole. Whether this was an
artefact of the in vitro culture conditions or whether it is an indication of the secretory function of
these cells remains to be determined.

Earlier attempts aimed at depleting endometrial cell subpopulations by treatment with mAb
and complement failed, even when protocols and reagents were used that successfully depleted T-
lymphocytes from spleen cell suspensions. It is tempting to speculate that expression of the C3b-
binding complement regulatory protein CD46, which is strongly expressed by uterine glandular
epithelium in humans (Johnson and Bulmer 1984), may protect endometrial cells from complement-
mediated lysis. A second interesting observation to arise out of these experiments was the specific
enhancement (by up to 500%) of GM-CSF release from endometrial cell cultures caused by their
incubation with mAbs against Thy1.2, CD4 or MHC class II antigen (in the absence of complement).
The underlying mechanism remains (0 be investigated, but an indirect action of the mAbs mediated by
mimicking binding of a cognate ligand to non-epithelial cells is possible. This sort of mechanism is
suggested by the finding that the relevant mAbs failed to influence the secretion of GM-CSF from
pure epithelial cell cultures (data not shown).

Athanassakis et al. (1987) and Wegmann ez al. (1989) have proposed that T-lymphocytes
responding to fetal alloantigen are the source of decidual GM-CSF. The findings in this study do not
support this hypothesis. Normal levels of GM-CSF were found in the uterine luminal fluids of
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genetically lymphocyte-deficient mice. Furthermore, endometrial cells from lymphocyte-deficient
mice produced normal levels of GM-CSF in vitro. These findings indicate that endometrial T cells
are not a major source of GM-CSF at least during the oestrous cycle and post-mating period. This
conclusion is supported by the finding that leukocytes make a negligible contribution to the GM-CSF
secreted by endometrial cells from oestrous, day 1 or day 10 pregnant mice in culture. However GM-
CSF synthesis by decidual cells and the proliferative or secretory responses of endometrial T-
lymphocytes to seminal or fetal alloantigen have not been examined in this study. The production of
GM-CSF activity by cultures that are likely to be rich in metrial gland cells (from day 10 pregnant
mice) is in accordance with the exclusion of the epithelium from these structures. It has been
described previously that GM-CSF bioactivity and mRNA levels are low in metrial gland cell
preparations (Croy et al. 1991). The finding that GM-CSF synthesis was significantly clevated in
cultures of endometrial cells from bg/bg mice may suggest that NK cells or their products can act to
inhibit epithelial cell GM-CSF release. However, it is not known whether this is a result of the bg/bg
mutation or simply due 1o inter-strain variation. Studies with congenic C57Blk mice are necessary to
investigate this phenomenon.

GM-CSF synthesis has been described in various epithelial cells, including keratinocytes
(Koury et al. 1983; Kupper ez al. 1988; Chodakewitz et al. 1988) and thymus epithelium (Denning
et al. 1988; Le et al. 1990; Galy et al. 1990). However, reports of its synthesis by mucosal epithelia
are limited to tracheal epithelium in the rat (Smith et al. 1990) and in humans (Ohtoshi et al. 1991).
It is notable that in each instance GM-CSF is found not to be produced constitutively, but as a
consequence of activation by an inflammatory or cytokine stimulus.

Epithelial cells also appear to be a predominant source of IL-6 in the endometrium, but they
are not the sole source of this cytokine. The panning studies showed that leukocytes and stromal
fibroblasts also contribute to IL-6 synthesis, particularly following mating and later in pregnancy.
This is in accordance with data published recently by Jacobs et al. (1992), who found that IL-6 is
synthesised in vitro both by epithelial cells and stromal cells harvested from the murine endometrium.
Croy et al. (1991) were unable to detect IL-6 mRNA in uterine NK cells, suggesting that these cells
are unlikely to be the origin of the lcukocyte-derived IL-6 activity in cells prepared from uteri of
mated and mid-gestation pregnant mice. However, the endometrium is rich in macrophages, which
are known to be a potent source of IL-6 and a number of other cytokines after activation. A report
suggesting that murine decidual endothelial cells may also synthesise IL-6 (Motro et al. 1990) is not
inconsistent with the results presented here, since the cultures used in this study are unlikely to have
contained many cells of decidua basalis origin. The apparent failure of these authors to detect
hybridisation signal associated with the uterine epithelium suggests that these cells express less IL-6
mRNA than decidual endothelial cells.
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Figure 5.1 GM-CSF and IL-6 bioactivity in uterine intraluminal fluid of day 1
pregnant lymphocyte-deficient (nu/nu, scid/scid and beige/beige) mice. Luminal fluid
collected by lavage from day 1 pregnant lymphocyte-deficient and immunocompetent
(Balb/c) mice was assessed for GM-CSF and IL-6 content respectively in the FD 5/12 and
7TD1 bioassays. Symbols represent individual animals and median values are scored,
with numbers of observations in parentheses. No significant differences within groups
were found when data were compared by Kruskal-Wallis one-way ANOVA (A: p = 0.125,
B: p=0.046).
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Figure 5.2 GM-CSF and IL-6 bioactivity in the supernatants of endometrial cell
cultures prepared from day 1 pregnant lymphocyte-deficient (nu/nu, scid/scid and
beige/beige) mice. Endometrial cells were harvested from day 1 pregnant uteri of
lymphocyte-deficient and immunocompetent (Balb/c) mice, and supernatants were
collected after 24 h. Culture supernatants were assessed for GM-CSF and IL-6 content
respectively in the FD 5/12 and 7TD1 bioassays. Symbols represent individual animals
and median values are scored, with numbers of observations in parentheses. No
significant differences were found when data in B were compared by Kruskal-Wallis one-
way ANOVA. Datain A were compared by Kruskal-Wallis one-way ANOVA, followed
by Mann-Whitney Rank Sum Test (two-tailed)-test. *p < 0.001
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Figure 5.3 Morphology of subpopulations of endometrial cells isolated by
density gradient centrifugation and panning. (A) Endometrial cells in culture after
harvesting by trypsin/ pancreatin digestion. (B) Epithelial cells in culture after
purification by panning with MTS #24 mAb from endometrial cells. (C) Stromal
fibroblasts in culture after purification by panning with aThy1.2 mAb from endometrial
cells. (D) Endometrial cells cultured in the presence of 100 U/ ml of IFNy. Non-
adherent cells with a 'balloon-like' morphology, purified by Percoll density gradient
centrifugation, have eccentric nuclei (identified by staining with acridine orange) (G)
and (H), and are MTS #24 positive by indirect immunofluorescence (E) and (F).
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Figure 5.4 Immunohistochemical staining of uterine tissue by mAbs used to
isolate endometrial cell subpopulations. (A) MTS #24 labels luminal and glandular
epithelial cells; (B) aThy1.2 reacts with stromal fibroblasts; (C) aLCA/ CD45 labels
stromal and intra-epithelial leukocytes; (D) MTS #12 labels stromal endothelium; (E)
aMac-1 labels macrophages and neutrophils in the stroma (all in day 1 uterus), and (F)
MTS#24 labels glandular epithelium in day 10 pregnant uterus. Eosinophils stain non-
specifically as a result of endogenous peroxidase activity and are evident as scattered
cells in the uterine stroma in most sections.
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Figure 5.5 Localisation of GM-CSF mRNA in the intact uterus by in situ
hybridisation. Sections of uteri from oestrous mice were hybridised in situ to a 32p.
labelled GM-CSF riboprobe. Low power brightfield and corresponding darkfield
photomicrographs (x 20, a and b) illustrate that within the uterus GM-CSF mRNA is
localised predominantly to epithelial cells (Ep) lining the uterine lumen and endometrial
glands (GI). (En = endometrium; M = myometrium; bar = 100 um). Higher power
photomicrographs (x 100, ¢ and d) show that GM-CSF mRNA expression is strongest in
luminal epithelial cells, weaker in the epithelial cells of some endometrial glands, and
absent from the epithelial cells of other glands (endometrial glands are arrowed; bar = 25
pm). Low power photomicrographs (x 20, e and f) illustrate an irrelevant probe (matched
for %GC, size and specific activity) failed to bind to uterine tissue (bar = 100 pm).
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6  Regulation of GM-CSF release from uterine epithelial cells

by steroid hormones and other biological mediators

6.1 Introduction
6.1.1 Ovarian steroid hormone regulation of epithelial cell cytokine synthesis

The proliferation and secretory function of endometrial epithelial cells are controlled primarily
by ovarian steroid hormones (Martin and Finn 1968, and Martin et al. 1973), and there is evidence
that synthesis of at least some of the cytokines made by these cells is also steroid-dependant. Pollard
et al. (1987) have demonstrated that epithelial CSF-1 synthesis is regulated at the transcriptional level
by the synergistic action of oestrogen and progesterone, using in vivo steroid replacement experiments
in mice. This accords with the finding that uterine CSF-1 mRNA expression and bioactivity is first
detectable on day 4 and is elevated progressively during placentation (Arceci et al. 1989), an event
mimicked by ovarian-hyperstimulation with hCG in non-pregnant mice (Bartocci et al. 1986).
Regulation of LIF synthesis appears to be regulated in a similar manner, as evidenced by the finding
of a transient peak in LIF mRNA expression on day 4 of pregnancy, although this is followed by a
decline thereafter (Bhatt et al. 1991). The expression of TNFo. and TGF mRNAs during the
oestrous cycle and early pregnancy follow different spatial and temporal patterns (Yelavarthi et al.
1991; De et al. 1992a; Tamada et al. 1990), thus implicating steroid hormones in mechanisms which
specifically regulate the synthesis of these factors.

Although ovarian steroid hormones are not known to influence GM-CSF synthesis by other
cells, their potential influence on its synthesis in the endometrium was suggested by the finding that
the post-mating elevation in luminal GM-CSF activity fails to occur in superovulated mice (4.2.2).
This chapter reports data from several experiments which examine the effects of steroid hormones on
GM-CSF synthesis by uterine epithelial cells. Cytokine production has been measured from
endometrial cells that were harvested after manipulation of the steroid hormone status of intact and
ovariectomised mice. This experimental approach was chosen because preliminary experiments
showed that measurement of in vivo activity was not feasible using available methodologics. No GM-
CSF bioactivity could be detected in homogenates of uterine tissue from oestrous mice, even after
procedures to minimise exposure to proteases, or after concentrating GM-CSF protein by absorption

onto and elution from ConA-sepharose.

6.1.2 Regulation of epithelial cell cytokine synthesis by other biological mediators

A considerable array of mediators of GM-CSF production have been described. These
include inflammatory cytokines, prostaglandins and bacterial LPS (see 1.6.1c, and Ruef and Coleman
1990 for review). Many of these agents are present in reproductive tissues and hence are potential
candidates for regulation in vivo of GM-CSF release in the uterus. Bacterial LPS, other inflammatory

agents and various chemical compounds promote GM-CSF release from keratinocytes and airway
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epithelia. The influence of these and other biological mediators on release of GM-CSF by uterine
epithelial cells in vitro is reported in this chapter.

6.2 Effect of stage of the oestrous cycle on GM-CSF release

In order to determine whether the oestrous cycle-dependant variation in steroid hormone levels
has an impact on GM-CSF synthesis by epithelial cells, endometrial cells were harvested from mice
synchronised with LH-RH superagonist (2.1.4). Animals were sacrificed on each of four consecutive
days during the ensuing, normal oestrous cycle, beginning 70 h after LHRH administration (pro-
oestrus), and with mice at oestrus, di-oestrus and met-oestrus stages of the cycle sacrificed at 94 h,
118, and 142 h respectively. In all cases, the stage of the cycle was confirmed prior to sacrifice by
examining vaginal smears. Endometrial cells were harvested and cultured for 24 h, and the output of
GM-CSF per 103 cells during this period was determined for each animal (2.9.1a). The GM-CSF
output was highest from endometrial cells harvested at oestrus, when levels were approximately 8-fold
greater than at other stages of the cycle (p < 0.001) (Fig. 6.1). This suggests that there may be a
direct relationship between GM-CSF output and circulating oestrogen levels, which are highest during
the 24 h period immediately prior to ovulation (Finn and Porter 1975).

6.3 Cytokine release following ovariectomy or hCG treatment
6.3.1 Effect of ovariectomy on GM-CSF release

To investigate the effect of absence of ovarian steroids on GM-CSF synthesis, endometrial
cells were collected from ovariectomised and oestrous mice. The GM-CSF output was found to be
approximately 25-fold less from cells harvested from ovariectomised mice than from cells prepared
from oestrous mice [2 (<2-16) and 53 (13-138) U/ 105 cells respectively, p < 0.001] (Fig. 6.2).
Therefore, ovarian-derived factors appeared to have a positive influence on GM-CSF release by
epithelial cells.

6.3.2 Effect of hCG treatment on GM-CSF release

To investigate the effect of elevated circulating ovarian steroid hormone levels on GM-CSF
synthesis, intact mice were injected ip daily with either 50 U hCG or saline for 4 days, and then
sacrificed on day 5. All mice received LH-RH superagonist on day 1 to induce oestrus on day5. In
one experiment, serum was obtained by orbital bleeding of 12 hCG-treated and 12 control mice, and
the oestrogen and progesterone contents were determined. Circulating levels of both progesterone and
oestrogen were substantially elevated in intact hCG-treated mice compared to oestrous mice (mean +
SD serum progesterone concentrations were 39 + 20 and 243 + 36, and serum ocstrogen
concentrations were 57 + 16 and 84 + 33 for oestrous and hCG treated mice respectively). After
sacrifice, endometrial cells were harvested and cultured for 24 h, and the output of GM-CSF per 103

cells was determined for each animal. GM-CSF oulputs were significantly less from cells harvested
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from mice hyperstimulated with hCG, than from cells from oestrous mice [28 (7-66) U/ 105 cells
respectively, p < 0.001] (Fig. 6.2).

6.3.3 Effects of ovariectomy and hCG on release of other cytokines

Endometrial cells from cycling and pregnant mice also synthesise IL-6 in vitro (4.6.1). The
supernatants generated in these experiments were assessed for their IL-6 content to determine whether
gross manipulation of steroid hormone levels by ovariectomy or hCG treatment influenced the release
of this cytokine. In contrast to the effects on GM-CSF production, there was no significant difference
in the IL-6 output from cells from ovariectomised and oestrous mice [2230 (310-5330) and 2970
(740-5050) U/ 103 cells respectively]. Furthermore, IL-6 release was not altered significantly by
treatment with hCG [1950 (240-4670) U/ 10 cells], suggesting that synthesis of IL-6 by epithelial
cells may be independent of factors derived from the ovary. Interleukin-1, IL-2, IL-3 and TNFo were
not secreted in detectable quantities by endometrial cells from oestrous mice (4.6.10), and bioassay of
supematants of cells from hCG-treated mice also failed to reveal any of these activities (data not

shown).

6.4  Effects of exogenous ovarian steroid hormones and induction of a decidual response

on GM-CSF release following ovariectomy
6.4.1 Effects of 17B-oestradiol and progesterone

To determine whether the steroid hormones oestrogen and progesterone are the ovarian
mediators active in inducing production of GM-CSF by endometrial cells, a study was made of the
effects of administering exogenous 17B-oestradiol and progesterone on cytokine release in
ovariectomised mice. A hormone replacement protocol (detailed in Table 6.1) was utilised that
mimics the pre-and peri-implantation period of pregnancy. This treatment has been shown previously
to allow implantation and decidualisation to occur (Finn and Martin 1969; Finn and Martin 1972),
and to induce CSF-1 synthesis at physiological levels (Pollard et al. 1987). Endometrial cells were
harvested from steroid-treated mice and cultured for 24 h, when supernatants were assayed for GM-
CSF content. The experiment was repeated 4 times, each time with 6 mice per treatment group. The
data obtained for each experiment were combined after normalisation to take account of differences in
control (group A) values, and expressed as the cytokine output in U/ 103 cells/ 24 h (Fig 6.3).

Comparison of median values shows that GM-CSF release by cells harvested from
ovariectomised mice treated with 25 ng of 17B-oestradiol (group C) was approximately 30-fold
greater than release from cells from control (group A) mice (p < 0.001) (Fig. 6.3) and within the same
range as the output from oestrus endometrial cells (6.2). These data indicate that 17[3-oestradiol
administration was sufficient to induce GM-CSF release from epithelial cells, and also suggest that
release in vivo may be dependant upon the action of ovarian oestrogen.

In contrast, cells harvested from mice treated with progesterone alone (group B) released

quantities of GM-CSF similar to cells from control (group A). Mice treated with progesterone in
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Table 6.1  Protocol for administration of 17B3-oestradiol and progesterone to
ovariectomised mice. Nine groups of ovariectomised mice (A to I) received 17B-oestradiol
and/ or progesterone (sc, in 100 pl peanut oil) according to the following protocol. All mice
were primed with 100 ng of 17B-oestradiol on days 1 and 2, then after 2 days rest were
maintained on daily doses of carrier, progesterone and/ or 17B-oestradiol for 6 days. Groups
E and F, and H and |, received the same steroids as group D and G respectively but were
given an intraluminal stimulus of 10 pl of peanut oil (oil; F and I) or saline (sal; E and H) as
a control on day 7 of the schedule. On day 11 all mice were killed and the uteri were
excised, weighed, and the endometrial cells were harvested and cultured as described in
2.9.1a. P =500 pg progesterone; 10 E, 25 Eand 100 E = 10, 25, and 100 ng of 17f-
oestradiol respectively; ¢ = carrier.

Day A B C D E F G H I

1 all mice (groups A-I) received 100 E

2 all mice (groups A-I) received 100 E

5 c P 25E 10EP 25EpP

6 c P 25E 10EP 25 E.P

7 c P 25E 10EP sal oil 25E,P sal oil
8 c P 25E 10EP 25EP

9 o P 25E 10EP 25E,p

10 c P 25E 10EP 25 E.P

combination with either 10 ng or 25 ng of 17B-oestradiol (group D and G respectively) yielded cells
that released GM-CSF at approximately 8-fold and 23-fold higher median levels respectively than the
control (group A) value (both p < 0.001) (Fig. 6.3). There was a decrease in GM-CSF output by
cells harvested from mice receiving progesterone in addition to 25 ng of 17B-oestradiol compared with
those harvested from mice receiving 17B-oestradiol alone (p = 0.049) (Fig. 6.3). These data show
that progesterone alone did not induce GM-CSF production by epithelial cells, and had a moderate
inhibitory effect when combined with 17B-oestradiol.

6.4.2 Effects of administration of a decidual stimulus and induction of a decidual response

Decidual transformation of the uterine stroma, mimicking that which occurs during blastocyst
implantation, can be achieved by instillation of oil or other irritants into the uterine lumen in
ovariectomised mice maintained on an appropriate regimen of exogenous steroids or in
psucdopregnant mice (Finn 1977; Finn and Martin 1972; Finn et al. 1989), and is associated with
enhanced CSF-1 synthesis by epithelial cells (Pollard et al. 1987). To assess the effect of
decidualisation on GM-CSF synthesis, groups of progesterone and 17B-oestradiol-treated mice were
given intraluminal peanut oil 4 days prior to sacrifice. Extensive decidualisation was induced in 18 of
24 mice receiving 10 ng 17B-oestradiol, but a decidual reaction was either absent or confined to an
area surrounding the injection site in mice that received 25 ng 17B-oestradiol. Similar results were
observed in mice given either dose of 17B-oestradiol and intraluminal saline, in accord with the
findings of others (Finn and Martin 1972; Pollard et al. 1987). In mice maintained on 10 ng 17pB-
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oestradiol, cytokine secretion was reduced significantly in cultures of endometrial cells derived from
oil injected-uteri compared to saline-injected uteri (p = 0.029) (Fig. 6.3), but there was no difference
between saline- and oil-injected groups in mice treated with 25 ng of 17B-oestradiol.

The effect of decidualisation became more evident when data were regrouped according to
whether or not they were obtained from uteri in which decidual reactions were visible. In mice
maintained on 10 ng 17B-oestradiol plus progesterone, GM-CSF output by cells harvested from
decidualised uteri was approximately 2.5-fold less than output from non-decidualised uteri [8.2 (2.4-
46.7) U/ 10 cells (n = 26) and 20.6 (2.1-59.3) U/ 103 cells (n = 21) respectively, p = 0.003]. In mice
maintained on 10 ng 17B-oestradiol plus progesterone, GM-CSF secretion by cells harvested from
decidualised uteri was approximately 1.8-fold less than secretion from cells prepared from non-
decidualised uteri [21.5 (2.8-57.6) U/ 103 cells (n = 14) and 39.0 (0.5-149.3) U/ 103 cells (n = 28)
respectively, p = 0.015]. The extent of decidualisation was inversely proportional to GM-CSF output
(r = -0.44, p = 0.005) (Fig. 6.4). Immunofluorescence analysis revealed that there was a negative
correlation between the degree of decidualisation and the proportion of epithelial cells in the
endometrial cells harvested from individual uteri [control (undecidualsed) uteri, and medium (400-800
mg) and large (800-1200 mg) deciduomas yiclded cultures containing approximately 75 %, 65 % and
30 % MTS #24 positive epithelial cells respectively]. This would have contributed significantly to the
diminished GM-CSF output by endometrial cells prepared from decidualised uteri, but did not account
forit fully. In summary, these data show that administration of a decidual stimulus itself had little
effect on GM-CSF output, whilst decidual transformation of the uterine stroma caused a moderate

reduction in the GM-CSF output of endometrial cells.

6.4.3 Time course of response following 17B-oestradiol administration

To determine the rate of onset of GM-CSF synthesis after administration of 17(-oestradiol,
endometrial cells were harvested from ovariectomised mice between 3 and 24 h after a single injection
of 50 ng of 17B-oestradiol. To mimic oestrus, an additional group of mice received a second injection
of 50 ng of 17B-oestradiol 24 h after the first, and endometrial cells were harvested 24 h later.
Endometrial cells were cultured for 24 h, and the output of GM-CSF per 103 cells was determined for
each animal. Cells harvested as early as 3 h alter 17B-oestradiol administration were found to have
an approximately 4-fold greater GM-CSF output than those from control (ovariectomised) mice (p =
0.020). Maximal GM-CSF output (approximately 24-fold greater than control) was achieved after 9
h of exposure to 17B-oestradiol in vivo (p = 0.014) (Fig 6.5). The 17B-oestradiol-induced response
was short-lived, since output declined to approximately 10-fold greater than control after 15 h
exposure (p = 0.014). These data demonstrate that a single injection of 17B-oestradiol is sufficient tu
induce GM-CSF release from epithelial cells, and suggest that induction may be a relatively direct
response to the action of this steroid hormone. Comparison of the GM-CSF output and the weight of
uteri indicates that the onset and peak of the former occurred more rapidly than the uterine
hypertrophy and hyperplasia induced by 17B-oestradiol, which increased continually over the 48 h
period studied.
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6.5 Effects of steroid antagonists on GM-CSF release
6.5.1 Steroid antagonists in cycling mice

The effects of the progesterone antagonist RU486 (Baulieu 1989) and of the oestrogen
antagonist ZK 119010 (Nishino ez al. 1991) on GM-CSF release were investigated in oestrous mice.
Endometrial cells from antagonist-treated and control mice were harvested and cultured for 24 h, and
the output of GM-CSF per 103 cells was determined. After administration of ZK 119010 to oestrous
mice, endometrial cells produced 4-fold less GM-CSF than cells from the control mice (p < 0.001)
(Fig. 6.6). Treatment with RU486 did not affect the capacity of uterine cells to produce GM-CSF in

vitro.

6.5.2 Steroid antagonists in steroid-maintained ovariectomised mice

The effects of RU486 and ZK 119010 on GM-CSF release by endometrial cells were also
investigated in ovariectomised mice maintained on progesterone and 17B-oestradiol. Cells harvested
from ovariectomised mice that received ZK 119010 in addition to 17B-oestradiol plus progesterone
produced 8-fold less GM-CSF than cells from mice that did not receive ZK 119010 (p < 0.001) (Fig.
6.7). In contrast, RU486 treatment of ovariectomised mice maintained on both steroids stimulated a
small but significant increase in the GM-CSF output of endometrial cells (p = 0.021) (Fig. 6.7).
Together with the results in 6.5.1, this finding provides further evidence that GM-CSF production is

oestrogen-dependant.

6.5.3 RU486 in hCG-hyperstimulated mice

Intact mice given RU486 in addition to hCG (500 mg and 50 TU respectively injected daily
over 4 days) yielded cells that synthesised 1.4-fold more GM-CSF than mice that received hCG plus
carrier [51 (36-169) U/ 103 cells/ 24 h (n = 14) and 37 (7-101) U/ 103 cells/ 24 h (n = 15)
respectively, p = 0.013]. This finding suggests that the cause of the inhibition of endometrial cell
GM-CSF release by hCG treatment (6.3.2) is elevated progesterone levels. Together with the findings

in 6.5.2 these data implicate further an inhibitory action of progesterone.

6.6 Effects of steroids and steroid antagonists on GM-CSF release in vitro

To determine whether steroid hormones can act to regulate epithelial cell GM-CSF synthesis
in vitro, endometrial cells were harvested from ovariectomised mice were cultured in 'oestrogen-free’
DMEM for periods of up to 72 h, either in the presence of 17B-oestradiol, progesterone, or with a
combination of 17B-oestradiol plus progesterone. Supernatants from endometrial cells cultured in
‘oestrogen-free' DMEM or in DMEM-FCS contained similar amounts of GM-CSF. There was no
significant alteration in the GM-CSF output of endometrial cells cultured for 24, 48 or 72 h with
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steroids at concentrations of 17B-oestradiol between 107 M and 1012 M and of progesterone between
104 M and 107 M. However, progesterone (on its own or in combination with 17-oestradiol)
significantly inhibited epithelial cell proliferation (as judged by number of adherent cells at the end of
72 h culture compared to controls) at concentrations of greater than 10-6 M (data not shown).
Endometrial cells harvested from oestrous mice were cultured in DMEM-FCS for periods of
up to 72 hin the presence of ZK 119010 or RU486 (the oestrogen and progesterone antagonists
respectively) to examine whether inhibition of steroid hormone action in vitro affects GM-CSF
release. Steroid antagonists had no obvious effect on the morphology or proliferation of endometrial
cells, and there was no significant alteration in the GM-CSF content of supernatants harvested at 24,

48 or 72 h from cell cultures containing these agents at concentrations of between 106 M and 108 M.

6.7 Effect of other biological mediators on GM-CSF release in vitro
6.7.1  Effect of cytokines, prostaglandins, mitogens and Ca** ionophore

The effect of a variety of cytokines and other mediators on GM-CSF release by oestrous
endometrial cells was assessed in vitro after co-incubation with the factors for 6 or 16 h.

LPS and IFNy were the only substances found to have a substantial effect on GM-CSF output
by endometrial cells (Table 6.2). Incubation with LPS (20 pg/ m}) for 6 h or 16 h stimulated a 4.7
fold and 10.5 fold increase in GM-CSF release respectively. Conversely, 6 and 16 h exposure to
1000 U/ ml of recombinant murine IFNY resulted respectively in 98 % and 96% inhibition of GM-
CSF synthesis. Apart from IL-2 (which at 1000 U/ ml inhibited GM-CSF output by 49%), and Ca
ionophore and PMA (which were also inhibitory at high concentrations), the GM-CSF output of
endometrial cells was not altered (ie. was within + 40% of control values) in cultures incubated with
each of the other cytokines or with prostaglandins (Table 6.2).

Neither LPS nor IFNy influenced the viability or the rate of proliferation of endometrial cells.
Cell numbers (as assessed by Rose-Bengal uptake) after incubation for 6 or 16 h in these substances
were similar to control cultures (data not shown). However, on microscopic examination, epithelial
cells in endometrial cell cultures grown in the presence of IFNYy were found to have altered
morphology, characterised principally by the presence of up to 10-12 small cytoplasmic vacuoles per
cell (Fig 5.3).

6.7.2  Effect of the duration of exposure and concentration of IFNY and LPS on GM-CSF release

To determine whether there was a relationship between GM-CSF production and the duration
of exposure to either LPS or IFNYy, endometrial cells from oestrous mice were incubated for 4,80r16
h with the respective mediators. Incubation with IFNYy for 4 h, 8 h or 16 h inhibited GM-CSF output
to the same extent (95-96%), but the effect of LPS was found to be somewhat dependant upon the
duration of exposure. Inhibition at 4 h and 8 h was 67% and 52% respectively of the effect observed
at 16 h (Fig. 6.8).
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Table 6.2 Effect of incubation of endometrial cells with cytokines and other potential regulators of
GM-CSF release. Substances were added to duplicate wells at the initiation of the culture period and the
media was replaced at either 6 h or 16 h later. Culture then continued for a further 16 or 24 h respectively.
Supemnatants were assessed for GM-CSF and IL-6 content by specific bioassay, and the mean + SD GM-CSF
or IL-6 concentrations of supernatants are expressed as a percentage of the concentrations of supernatants
from control cultures (DMEM alone). M = murine; Hu = human.

Treatment Species, Supplier? Concentration GM-CSF IL-6
6h 16 h 16 h
Control (DMEM) 100 + 10 100+ 6 100 + 15
IL-1 M, British Biotechnology 1000 U/ ml 88 + 10 97+ 6 96 + 7
100 " 77+ 12 97 + 11 356 + 115
IL-2 M, Genzyme 1000 " 95+ 28 51+ 17
100 " 76+ 8 101 £ 20
IL-3 M, Genzyme 1000 " 68 + 19 126 + 19
100 " 70+1 113+ 1
IL-6 Hu, Boehringer Mannheim 1000 " 79 +2 91 +2 409 + 93
100 " 84 +5 90+1 330 + 99
TNFao M, British Biotechnology 1000 " 83+8 92 + 13 67+9
100 " 83+ 11 79+ 0 206 + 18
TNFpB M, British Biotechnology 1000 " 92+0
100 " 86+ 0
LIF M, AMRAD 1000 " 67+7 85+9 179 + 93
100 " 68 +6 91+6 79 +4
CSF-1 M, N. Nicola 1000 " 71+ 6 82+ 12
100 " 60+3 80+7
GM-CSF M, N. Nicola 1000 " 115+ 2 105 +7
100 " 82+5 114 + 12
IFNy M, Genentech 1000 " 2+0 442 39+1
100 " 2+1 8§+4 89 +
IFNo.,, Hu, Roche 1000 " 124 + 4
100 " 110+ 2
PGE UpJohn 5x107M 67+2 98 + 13 108 + 18
5x108M 62 +2 95+6 137+ 19
PGF,,, UpJohn 5x107M 89 + 8 94 +0 190 + 12
5x 108 M 86+ 5 99 + 12 160 + 1
LPS S. typhimurium, 1. Kotlarski 20 png/ ml 470 + 40 1052 + 42 184 + 23
2 ug/ ml 407 +4 577 + 56 166 + 67
PMA Sigma 100 ng/ ml 29+ 6 107 + 15 54+2
10 ng/ ml 26+2 96 + 3 101 + 40
Ca** ionophore Sigma 106 M 61+ 15 48 +4 118 +6
107 M 57+3 66 + 2 117 +25

aSee 2.3.1 and 2.3.3 for details
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To determine whether the effects of either LPS or IFNY are concentration-dependant,
endometrial cells from oestrous mice were incubated with LPS at concentrations ranging from 1 ng/
ml to 20 pg/ ml, and with IFNy at concentrations ranging from 0.08 U/ ml to 1000 U/ ml. The effects
of both substances were found to be concentration-dependant, with half-maximal activities at
approximately 100 ng/ ml of LPS, and at approximately 0.2 U/ ml of IFNYy (Fig. 6.8).

The hierarchy of the effects of LPS and IFNyY on GM-CSF release were examined in cultures
of endometrial cells from oestrous mice. When incubated together, each substance was found to
antagonise the effect of the other (Fig 6.9). Titration of IFNyin the presence of 20 Lg/ ml of LPS
caused a 10-20 fold increase in GM-CSF output across the 0.08 to 1000 U/ ml concentration range.
The stimulating activity of 20 pg/ ml of LPS was inhibited by IFNYy in a dose-dependant manner, with
half-maximal activity at approximately 1 U/ ml. Conversely, titration of LPS in the presence of 500
U/ ml of IFNYy resulted in a 10-20 fold decrease in GM-CSF output in cultures containing from 1 ng/
ml to 20 pg/ ml of LPS, with a half-maximal reversal of the effect of 500 U/ ml of IFNY at 20 ng/ ml
of LPS.

6.7.3 Effect of IFNY and LPS on GM-CSF release by endometrial cells from uteri of

ovariectomised mice, and mice on day 1 and day 10 of pregnancy

Endometrial cells harvested from the uteri of mice on day 1 or day 10 of pregnancy. In the
latter case, tissue was obtained from both between implantation sites and adjacent to implantation
sites. The cells were incubated for 16 h with either 100 or 1000 U/ ml of IFNY, or alternatively with 2
or 20 pg/ ml of LPS. Supematants from the cultures were assessed for GM-CSF content following
an additional 24 h culture in media alone. GM-CSF release from these cells was found to be as
sensitive to LPS and IFNY as release from their oestrous counterparts. GM-CSF output from
endometrial cells harvested from day 1 and day 10 pregnant mice was enhanced 8.7-fold and 12.1-fold
respectively in the presence of 20 pg/ ml of LPS, and 4.2-fold and 4.5-fold in the presence of 2 g/ ml
of LPS. Following exposure to 1000 U/ ml of IFNY for 6 h or 16 h, endometrial cells from day 1 and
day 10 pregnant mice released 96% and 94% less GM-CSF respectively than cells cultured in the
absence of IFNYy, and 88% and 82% less following exposure to 100 U/ ml of IFNYy.

To determine whether epithelial cells are sensitive to LPS in the absence of oestrogen,
endometrial cells from ovaricctomised mice were cultured in 'oestrogen-free' DMEM in the presence
or absence of 2 or 20 pg/ ml of LPS. Supernatants were collected at 24 h and in each instance were
found to contain < 1 U/ 10 cells of GM-CSF.

6.7.4 Specificity for epithelial cells of the action of IFNY and LPS

To determine whether LPS and IFNY acted directly on epithelial cells in endometrial cell
monolayers (as opposed to contaminating fibroblasts or leukocytes), epithelial cells and stromal cells
were purified from oestrous endometrial cells by panning with MTS #24 and Thy1.2 mAbs. The
purified cells were then incubated with either LPS or IFNY. GM-CSF release from purified epithelial
cells (MTS #24+ or Thy1.2 cells) was enhanced by LPS and inhibited by IFNy.  Purified stromal
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fibroblasts (Thy1.2¥ cells) did not synthesise any detectable GM-CSF after incubation with LPS (Fig
6.10). These findings show that LPS and IFNYy each influence GM-CSF output through a direct

interaction with epithelial cells.

6.7.5 Effect of biological mediators on IL-6 release

To examine the effects of various cytokines and other biological mediators on IL-6 production
by epithelial cells, the IL-6 concentrations were measured in many of the supernatants generated in
6.7.1. IFNy and LPS were found to influence only marginally the release of IL-6. IL-6 output was
inhibited at 1000 U/ ml of IFNy, but not at 100 U/ ml of IFNY, and 20 ng/ m1 LPS enhanced IL-6
output less than 2-fold. High concentrations of cytokines (including IL-2, TNFa, and IL-6 itself), as
well as PGF,,,, promoted IL-6 output 2-3 fold.

6.8 Conclusions and discussion

These studies indicate that GM-CSF production by epithelial cells can be modulated by the
ovarian steroids oestrogen and progesterone, as well as by bacterial LPS and IFNy (Fig 6.11). These
agents are present within the endometrium and thus are potentially paracrine or endocrine regulators
of epithelial cell GM-CSF release in vivo. Whilst oestrogen and LPS each enhance GM-CSF output,
IFNYy and progesterone have an inhibitory effect.

GM-CSF output in short term in vitro cultures of endometrial cells was found to be dependant
on the ovarian steroid status of the mice from which the cells were derived. In normal mice,
production fluctuated according to the stage of the oestrous cycle of the donors, being maximal at
oestrous. Cells derived from ovariectomised mice produced 25-fold less GM-CSF than cells from
oestrous mice, and production was restored to oestrous levels by treatment of mice with 17f3-
oestradiol but not progesterone. That oestrogen is a principle regulator of GM-CSF release was
confirmed by the finding that the oestrogen antagonist ZK 119010 blocked synthesis of GM-CSF both
in oestrous mice and in ovariectomised mice maintained on exogenous steroids. Progesterone was
found to reduce the ability of 17B-oestradiol to induce GM-CSF synthesis in ovariectomised mice.
Furthermore, the progesterone antagonist RU486 reversed the inhibitory effect of hyperstimulation
with hCG, and enhanced GM-CSF synthesis in ovariectomised mice maintained on exogenous
oestrogen and progesterone. In contrast to the effect of a decidual stimulus on CSF-1 synthesis
(Pollard et al. 1987), administration of a decidual stimulus to the uterine lumen in mice maintained on
both steroids had little effect. However, a moderate reduction in the output of GM-CSF by
endometrial cells occurred in mice where exlensive decidualisation had taken place.

The nature of the GM-CSF response to ovarian steroids resembles the production of a
chemotactic factor for eosinophils by rat uterine epithelial cells. This factor is induced by oestrogen
and antagonised by progesterone (Lee et al. 1989; Howe et al. 1990). However, the GM-CSF
response contrasts with that of other epithelial cell-derived cytokines including CSF-1, LIF and
TNFao, because the synthesis of these factors (as assessed by mRNA levels) is not maximal until
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progesterone synthesis has commenced on day 3 of murine pregnancy (Yelavarthi et al. 1991; Bhatt et
al. 1991; Arceci et al. 1989).

The mechanism by which steroid hormones regulate cytokine synthesis by epithelial cells is
unknown, although the time course of GM-CSF induction shows that within hours, oestrogen acts to
induce GM-CSF release. Oestrogen has not to our knowledge been reported to influence GM-CSF
synthesis in other cells. At which point oestrogen acts in the transcriptional and translational events
leading to the synthesis of GM-CSF mRNA and protein remains to be determined. However, it is
relevant that in leukocytes and fibroblasts an increase in both the rate of synthesis and half-life of
GM-CSF mRNA mediate the increase in GM-CSF release in response to various inducing agents
(Gasson 1991). Furthermore, steroids appear to increase the synthesis of CSF-1, LIF and TNFa. at
the mRNA level (Pollard et al. 1987; Yelavarthi et al. 1991; Bhatt et al. 1991) (1.7.2, 1.7.3, 1.7.4).
There are no precedents for the mobilisation of a cytoplasmic store of pre-synthesised cytokine as a
mechanism for enhanced secretion of GM-CSF, but since epithelial cells are secretory cells this
cannot be ruled out. Additional experiments, using sensitive techniques for the quantification of GM-
CSF mRNA (ie. solution hybridisation/ RNAse protection), are necessary to investigate whether
steroids alter the GM-CSF output of epithelial cells at the mRNA level.

The failure of the oestrogen antagonist ZK 119010 to inhibit synthesis of GM-CSF, and the
inability of 17p-oestradiol to induce GM-CSF production in epithelial cells from ovariectomised
animals in vitro, suggests that factors derived from other endometrial cells may have a role in
mediating the effects of oestrogen. There is evidence that TGFB, EGF, or other growth factors may
act in this capacity (Nelson et al. 1991; Ignar Trowbridge et al. 1992; Beck and Garner 1992).
Altematively, epithelial cells may not respond physiologically to steroids in vitro, despite having a

functionally intact receptor system (Uchima ez al. 1991). If epithelial cells are able to respond to
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Figure 6.11 Biological regulators of GM-CSF release from uterine epithelial cells
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steroid hormones directly, it is possible that embryo-derived oestrogen can act on the local epithelium
at implantation to enhance cytokine release and thereby provide the signal for the decidual response
(1.2.3¢).

The inhibition of GM-CSF synthesis by progesterone may explain the failure of super-
ovulated mice to exhibit an elevation in luminal fluid GM-CSF levels observed in response to seminal
plasma after natural mating (4.2.2), and this may contribute to the infertility of superovulated mice
(Fossum et gl. 1989).

The failure of oestrogen or progesterone 1o affect IL-6 production by endometrial cells
suggests that IL-6 synthesis by these cells is steroid independent. This is in accord with the finding
that secretion of IL.-6 by polarised epithelial cells in vitro is unaffected by the hormonal status of mice
(Jacobs et al. 1992).

The gram negative bacterial cell wall component LPS was found to be potent in enhancing the
release of GM-CSF by epithelial cells from the uteri of oestrous, day 1 or day 10 pregnant mice. LPS
is known to increasec GM-CSF mRNA transcription and stability in fibroblasts, endothelial cells and
macrophages (Gasson 1991), but whether the same mechanism is responsible for LPS-induced GM-
CSF secretion in epithelial cells remains to be determined. As in other tissues, the epithelial cell
response to this agent may be relevant in the event of local infection. Furthermore, bacteria
introduced into the uterus at mating may strengthen the GM-CSF response to seminal plasma at
mating. Itis of interest that LPS did not influence the GM-CSF output of epithelial cells from
ovaricctomised mice. This suggests that oestrogen is an absolute requirement for GM-CSF synthesis
by epithelial cells.

The lymphocyte-derived cytokine IFNY was found to have a potent inhibitory effect on GM-
CSF release by uterine epithelial cells harvested from oestrous mice, or from day 1 or mid-gestation
pregnant mice. Whilst the physiological significance of IFNy in the regulation of epithelial GM-CSF
synthesis remains unclear. However, it is of interest that immunoreactive IFNYy is found within the
human placenta (Bulmer et al. 1990), and receptors for IFNY are expressed by human endometrial
epithelial cells (Tabibzadeh, 1990). The synthesis of GM-CSF by a variety of other cells has been
reported to be either enhanced or suppressed by IFNy (1.6.1c).

These data suggest that T-lymphocytes and NK cells have the potential to regulate GM-CSF
synthesis and perhaps other functions of epithelial cells. This mechanism may explain both the
relationship reported between the degree of maternal recognition of fetal alloantigenicity and
production of GM-CSF by decidua (Wegmann 1988; Wegmann et al. 1989) and the modulation of
GM-CSF synthesis following in vivo administration of mAbs against Thy1.2 and CD8 (Athanassakic
et al. 1987). Chaouat et al. (1990) have reported that in vivo administration of IFNy leads to
increased fetal resorption in the CBA/J x DBA/2 mouse model, and they cited evidence that IFNYy has
direct cytostatic or cytoloxic effects on placental cells. In the light of the results presented in this
chapter, it may be speculated that IFNy-mediated inhibition of GM-CSF synthesis by epithelial cells
contributes to the abortifacient effects of IFNy and other factors which activate T-lymphocytes or NK
cells (including IL-2 and Poly(I).Poly(C12)U) (Chaouat et al. 1990).
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Whether LPS and IFNy influence the synthesis of other cytokines by epithelial cells remains to
be determined. Howeyver, the finding that they have little influence on release of IL-6 from these cells
is evidence that their effect is not universal and it further supports the contention that there is
differential regulation of synthesis of the individual cytokines produced by uterine epithelial cells.
Other cytokines which promote GM-CSF release from macrophages, T-lymphocytes, fibroblasts and
endothelial cells (including IL-1 and TNFa) (Lu et al. 1988, Munker et al. 1986; Broudy et al.
1986), did not alter release of GM-CSF from uterine epithelial cells. Taken together, these data
suggest that the molecular regulation of the release of GM-CSF from the uterine epithelium may be

unique when compared with other sources of this cytokine.
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Figure 6.1 Effect of stage of oestrous cycle on GM-CSF release. LHRH
superagonist was administered to intact mice on day 1 to induce oestrus on day 5. Mice
were sacrificed on consecutive days during the ensuing, normal oestrous cycle, beginning
on day 4 (pro-oestrus: PRO), with days 5, 6 and 7 yielding mice in oestrus (EST), di-
oestrus (DI) and met-oestrus (MET) respectively. The stage of the oestrus cycle was
confirmed by microscopic examination of vaginal smears. Endometrial cells were
harvested and cultured for 24 h, and supernatants were assayed for cytokine bioactivity.
Data were compared by Kruskal-Wallis one-way ANOVA, followed by Mann-Whitney
Rank Sum Test (two-tailed). Results are graphed as box-and-whisker plots, where the box
delineates the 25th to the 75th percentile, and median values are scored. Whiskers define
data falling within 1.5 x the inter-quartile-range (IQR), and circles outside the whiskers
are outliers and were excluded from statistical analysis. Median (range) uterine weights
are in milligrams, and the number of observations (individual mice) are tabulated.

a Significantly different to all other groups, p < 0.001.
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Figure 6.2 Effect of ovariectomy and hCG treatment on GM-CSF release.
Intact (EST) or ovariectomised (OVX) mice were injected daily with 50 IU hCG or saline
ip for 4 days, then sacrificed on day 5. All mice received LHRH superagonist on day 1 to
induce oestrus on day 5. Endometrial cells were harvested and cultured for 24 h, and
supernatants assayed for cytokine bioactivity. Data were compared by Kruskal-Wallis
one-way ANOVA, followed by Mann-Whitney Rank Sum Test (two-tailed). Results are
graphed as box-and-whisker plots as described in Fig. 6.1.

a Significantly different to EST, p < 0.001.

bSignificantly different to EST + hCG, p < 0.001.
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Figure 6.3 Effect of exogenous ovarian steroids on GM-CSF release following ovariectomy.
Ovariectomised mice were primed on two consecutive days with 17B-oestradiol (100 ng). Beginning
three days later, they were maintained on daily injections for 6 days of either 173-oestradiol alone
(25 ng)(E), progesterone alone (500 pug)(P), or both steroids in combination [E (10 ng) + P and E
(25 ng) + P]. Control mice received carrier alone (ovx). Additional groups of mice maintained on
both 17B-oestradiol and progesterone [E (10 ng) + P and E (25 ng) + P] received an intraluminal
decidual stimulus of peanut oil (+ o0il) or saline (+ sal) on day 3 of the 6 day treatment. Mice were
sacrificed on day 7 and endometrial cells were harvested and cultured for 24 h. Supernatants were
then assayed for cytokine bioactivity. Data were compared by Kruskal-Wallis one-way ANOVA,
followed by Mann-Whitney Rank Sum Test (two-tailed). Results are graphed as box-and-whisker
plots as described in Fig. 6.1.

a Significantly different to ovx, p < 0.001.

b Significantly different to E, p = 0.05.

¢ Significantly different to E (10 ng) + P (+ sal), p = 0.002.
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Figure 6.4 Relationship between the degree of uterine decidualisation and GM-

CSF release. Data from treatment groups E, F, H and I in Fig 6.3, not including data
points corresponding to uteri without a visible decidual reaction, are plotted as a function
of decidual weight. Symbols represent individual animals. (Pearson'’s correlation

coefficient r =0.44, p = 0.005).
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Figure 6.5 Time course of induction of GM-CSF release after administration of
17pB-oestradiol. Ovariectomised animals were injected with 50 ng of 17B-oestradiol and
sacrificed at 3, 6,9, 12, 15, and 24 h later. The 48 h group of mice received a second
injection of 50 ng of 17B-oestradiol 24 h after the first and were sacrificed 24 h later.
Endometrial cells were harvested and cultured for 24 h, and supernatants assayed for
cytokine bioactivity. Symbols represent individual animals, and median values are scored.
Data were compared by Kruskal-Wallis one-way ANOVA, followed by Mann-Whitney
Rank Sum Test (two-tailed).

a Significantly different to preceding time point

b Significantly different to t = 0 (ovariectomised control), p = 0.020

¢ Significantly different to t = 0 (ovariectomised control), p = 0.014
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Figure 6.6 Effects of the oestrogen antagonist ZK 119010 and the progesterone
antagonist RU486 on GM-CSF release in oestrous mice. Intact mice were administered
LHRH superagonist on day 1 to induce oestrus on day 5. They were injected daily,
beginning on the same day, with either ZK 119010 (600 pg), RU486 (500 pg) or carrier
(EST) for 4 days prior to sacrifice on day 5. Endometrial cells were harvested and
cultured for 24 h, and supernatants assayed for cytokine bioactivity. Data were compared
by Kruskal-Wallis one-way ANOVA, followed by Mann-Whitney Rank Sum Test (two-
tailed). Results are graphed as box-and-whisker plots as described in Fig. 6.1.

a Significantly different to EST, p < 0.001.
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Figure 6.7 Effects of the oestrogen antagonist ZK 119010 and the progesterone
antagonist RU486 on GM-CSF release in ovariectomised mice. Ovariectomised mice
were primed on two consecutive days with 178-oestradiol (100 ng). Beginning three days
later they were maintained on 173-oestradiol (25 ng) and progesterone (500 pg) daily for
6 days, in combination with either ZK 119010 (600 pg), RU486 (500 pg) or carrier (EP).
Animals were sacrificed on day 7, and endometrial cells were cultured for 24 h then
supernatants were assayed for cytokine bioactivity. Data were compared by Kruskal-
Wallis one-way ANOVA, followed by Mann-Whitney Rank Sum Test (two-tailed).
Results are graphed as box-and-whisker plots as described in Fig. 6.1.

a Significantly different to EP, p < 0.001.

b Significantly different to EP, p = 0.021.
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Figure 6.8 Effect of duration of exposure and concentration of IFNy and LPS on

GM-CSF release. Endometrial cells harvested from oestrous mice were incubated with
(A) 1000 U/ m] of IFNy for 4 or 8 h, or concenlrations ranging from 0.25 to 1000 U/ ml
for 16 h, or (B) 20 pg/ ml of LPS for 4 or 8 h, or concentrations ranging from 5 ng/ ml to
20 pg/ ml for 16 h. In each instance the media containing IFNy or LPS was then replaced
with DMEM-FCS, and supernatants were collected 24 h later and supernatants assayed
for cytokine bioactivity. The dotted horizontal line represents the GM-CSF output of
endometrial cells cultured in DMEM-FCS alone.
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Figure 6.9 Hierarchy of effects of IFNy and LPS on GM-CSF release.

Endometrial cells harvested from oestrous mice were incubated for 16 h with

concentrations of (A) IFNy ranging from 0.08 to 1000 U/ ml in the presence or absence of

20 pg/ ml of LPS, or (B) LPS ranging from 5 ng/ ml to 20 pg/ ml in the presence or
absence of 500 U/ ml of IFNy. The media containing IFNy or LPS was then replaced with
DMEM-FCS, and supernatants were collected 24 h later and supernatants assayed for
cytokine bioactivity. The dotted horizontal line represents the GM-CSF output of
endometrial cells cultured in DMEM-FCS alone.
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Figure 6.10 Epithelial cell specificity of IFNyand LPS. Epithelial cells and
stromal cells were purified by panning respectively with specific mAbs MTS #24 and
Thy1.2 from endometrial cells harvested from oestrous uteri. Positively selected (+) and
negatively selected (-) populations were incubated for 16 h with (A) 100 U/ ml IFNYy, or
(B) 2 ng/ mit of LPS. The media containing IFNy or LPS was then replaced with DMEM-
FCS, and supernatants were collected 24 h later and supernatants assayed for cytokine
bioactivity.
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7  The role of GM-CSF as a regulator of uterine leukocyte
populations

7.1 Introduction

Immunohistochemical studies which describe in detail the temporal changes observed in the
distribution of leukocyte populations during the oestrous cycle and early pregnancy (1.5.2, 1.5.4,
1.5.5), together with the studies presented in earlicr chapters, suggest that there is a concurrence
between the levels of GM-CSF in the uterus and the traffic and functional status of both macrophages
and granulocytes. GM-CSF is known to be a specific chemoattractant for macrophages and
neutrophils, and it may also enhance the recruitment of leukocytes into tissues by influencing the
adhesive properties of endothelial cells (1.7.1d). The proliferation and functional activities of mature
monocyte/ macrophages and granulocytes are also regulated by GM-CSF (1.7.1d).

The large populations of macrophages, eosinophils and neutrophils present in the murine
endometrium during the oestrous cycle and early pregnancy are therefore potential targets for the
actions of GM-CSF and other cytokines that originate in the epithelium. In the experiments described
in this chapter, expression of receptor for GM-CSF in the uterus at oestrus and during early
pregnancy has been investigated by RT-PCR analysis. 1251.GM-CSF was found to bind to sections
of uterine fissue in a pattern consistent with the expression of GM-CSF receptors by endometrial
leukocytes. To investigate the influence of local release of GM-CSF on recruitment and activation of
leukocytes, the densities and distribution of macrophages and granulocytes in the uterus were
examined immunohistochemically after introduction recombinant GM-CSF into the uterine lumen in

ovariectomised mice.

7.2 The density and distribution of macrophages and granulocytes in the endometrium on

day 1 of pregnancy

To assess the density and distribution of GM-CSF-responsive leukocyte lincages in the uterus,
macrophages and granulocytes were identified in sections of uterine tissue from day 1 pregnant mice
by immunohistochemistry, using an indirect immunoperoxidase technique. The day 1 uterus was
chosen for these experiments because others have reported the presence of large numbers of
leukocytes in the uterus at this time. In part, this may be a consequence of the peak in uterine GM-
CSF activity that follows exposure to seminal factors at mating (Chapter 4). The mADs listed in
Table 2.1 were used to label individual leukocyte subpopulations in the uteri of three naturally mated
mice. Sections of murine small intestine, which contains leukocytes of each of the lineages of interest,
were used as positive controls for each mAb. Eosinophils were detected by staining parallel sections
with Congo Red, or by the strong endogenous peroxidase activity after reacting with DAB and H,0,.

The densities and distribution of leukocytes were very similar in the uteri of all of three mice
used in this experiment. Large numbers of cclls in the endometrial stroma reacted were detected with
mAbs against CD45 (LCA) or LFA-1. Sections labelled with mAbs against myeloid antigens showed
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Figure 7.1 Immunohistochemical localisation of leukocytes in the day 1
uterus. Sections of day 1 uterus were incubated with mAbs specific for different
leukocyte lineages. Endometrial leukocytes are stained with mAbs against the pan
leukocyte marker LCA/ CD45 (A). This population is comprised predominantly of
cells reactive with mAbs against macrophage markers F4/80 (B) and Mac-1 (C), or the
dendritic cell/ macrophage/ B cell marker Ia (D). Very few cells are stained with
mAbs against CD4 or CD8 (E). Stromal fibroblasts are stained with mAb against
CD5/ Lytl (F). Endogenous peroxidase positive cells are evident as small, granular,
dark brown stained cells in sections (A) to (F) (small arrows, E) in addition to lighter
brown coloured, mAb-reactive cells (large arrows, B). Serial sections stained with (G)
Congo Red and (H) DAB and H,0, show that the majority of the endogenous
peroxidase-positive cells in the endometrium are eosinophils.
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that these leukocytes were predominantly of macrophage, granulocyte and dendritic lineages (Fig 7.1).
The macrophage-specific mAb F4/80 reacted with a plentiful population of comparatively large cells
with membranous processes that were localised predominantly to stromal areas subjacent to the
luminal and glandular epithelia. Similar numbers of cells with a macrophage morphology were found
to be positive for Mac-1, which detects the CD18/ CD11b cell adhesion molecule expressed by
macrophages and neutrophils in other tissues. In addition, this mAb labelled smaller cells with
granular nuclei that were therefore presumed to be neutrophils. Many neutrophils were interspersed
between luminal epithelial cells, and so appeared to be migrating into the uterine lumen. Cells with a
dendritic morphology and a subepithelial distribution were stained heavily with mAb against Ia
antigen. These cells were presumed to be dendritic cells, although even in serial sections it was
difficult to discriminate between these cells and those bearing macrophage markers. In addition, the
mADb against Ia antigen stained small round cells scattered throughout the endometrial stroma. These
were lesser in number than the dendritic cells and endogenous peroxidase-positive cells, and were
presumed to be B cells. Large numbers of eosinophils were detected in sections stained with Congo
Red. Comparison of serial sections stained with DAB and H,O, revealed that eosinophils accounted
for most if not all of the endogenous peroxidase-positive cells in the endometrium (Fig 7.1).

In contrast, T-lymphocytes were distributed very sparsely in the endometrium. Very few
positive cells were found in sections stained with mAbs against either CD4 or CD8 antigens.
Interestingly, mAb against CD35, an antigen described in the literature as restricted to T- and B-
lymphocyte lineages, was found to react strongly and specifically with stromal fibroblasts in the
endometrium, in a pattern similar to that found earlier for Thy1.2 (5.5.1).

These data show that on the day after mating, when levels of GM-CSF in the uterus are
particularly high, the endometrium is populated richly with leukocytes known to be responsive to GM-
CSF, including macrophages, eosinophils, neutrophils and dendritic cells. These findings are in
general agreement with reports from other laboratories describing the temporal fluctuations in

leukocyte populations during early pregnancy (1.4)

7.3 GM-CSF receptor expression in the endometrium during the pre-implantation period
7.3.1 RT-PCR analysis of uterine GM-CSF receptor mRNA expression

Reverse transcriptase polymerase chain reaction (RT-PCR) analysis was used to determine
whether mRNAs encoding the o-subunit (GM-CSF-R) and B-subunit (AIC2B) of the GM-CSF
receptor are expressed in the uterus at oestrous and during early pregnancy. RNA was prepared by
guanidine thiocyanate extraction, followed by DNAse treatment, from pools of four uteri from
oestrus, day 1, day 2, day 3 and day 4 pregnant mice. Complementary DNA (cDNA) was prepared
by reverse transcription using oligo-dT primers.

Uterine tissue was found to contain GM-CSF-R mRNA at oestrus and on each of the first
four days of pregnancy. cDNAs prepared from uteri at each stage yielded a GM-CSF-R amplicon of
the expected size of 235 bp (Fig 7.2). This band was indistinguishable from the product obtained
from RT-PCR using murine myeloid cell (FD 5/12) cDNA under the same reaction conditions
(described in 3.4.2a).
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Figure 7.2 RT-PCR analysis of GM-CSF-R and AIC2B mRNA expression in
the oestrous and early pregnant uterus. RNA was isolated by guanidine HC1
extraction from oestrous, and day 1, day 2, day 3, and day 4 pregnant uteri and from
murine myeloid cells (FD 5/12). First strand cDNA was reverse-transcribed from RNA
using oligo-dT primers and amplified with primers for (A) actin, (B) GM-CSF-R and
(C) AIC2B. 20 ul aliquots of reaction products were analysed by electrophoresis

through a 1% agarose gel containing 50 pg/ ml of ethidium bromide, and photographed
with UV illumination.
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Figure 7.3 Localisation of GM-CSF receptor bearing cells with 1251-GM-CSF
on day 1 of pregnancy. Ethanol-fixed fresh frozen sections of day 1 uterus were
incubated with 125I-labelled recombinant murine GM-CSF (specific activity 50,000
cpm/ ng) (50 ng/ml; 60 min/ 20°C), washed and post-fixed in 2.5% gluteraldehyde.
Sections were autoradiographed for 14 d using Kodak NTB-2 emulsion, developed and
counterstained in haematoxylin. They were then photographed under low power
magnification (A and B) and high power magnification (C and D), u nder brightfield
(A and C) and darkfield (B and D) illumination. (E) and (F) are low power
photomicrographs of sections incubaied with 125I-GM-CSF in the presence of a 10-
fold excess of cold rtGM-CSF.
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A second reaction product of 450 bp was also generated by RT-PCR from each of the uterine
cDNAs. The identity of this band is not clear, but a band of similar size was sometimes generated
from cDNAs prepared from liver and ovary (in addition to the 235 bp product), and also from L cell
¢DNA (in the absence of the 235 bp product) (data not shown). There appeared to be an inverse
relationship between the density of the 235 and 450 bp bands, with the 235 bp band being the major
product on day 1 and 2 of pregnancy, and the 450 bp band being of greater intensity at oestrus and on
days 3 and 4.

AIC2B mRNA was also found to be present in the uterus on each of the days examined.
These results show that cells in the oestrous and early pregnant uterus express mRNAs for both the o-
subunit (GM-CSF-R) and B-subunit (AIC2B) of the GM-CSF receptor.

732  Localisation of GM-CSF receptor-bearing cells with 1251-GM-CSF on day 1

To investigate the identity of the uterine cells that express GM-CSF receptor, sections of day
1 uterus were incubated with 1251-GM-CSF and subjected to autoradiography, according to the
protocol developed with the GM-CSF responsive FD 5/ 12 cell line in 3.4.1a. GM-CSF receptor-
positive cells were scattered throughout the endometrial stroma and to a lesser degree in the
myometrial stroma. The distribution of receptor-positive cells was similar to that of the leukocytes
(7.2), and they were particularly dense in areas immediately subjacent to epithelial surfaces (Fig. 7.2).
It was not possible from these experiments to identify precisely which leukocytes within the uterine
stroma were positive, or to discount the possibility that non-hemopoietic cells (for example endothelial
cells) might also express GM-CSF receptors. However, the predominance of myeloid cells among
uterine leukocytes, and the characteristic responsiveness of these cells to GM-CSF, suggests that
some or all of the cells from the macrophage, eosinophil, neutrophil and/ or dendritic cell populations

express GM-CSF receptor, and hence may be responsive to GM-CSF in vivo.

7.4 Effect of GM-CSF on leukocyte traffic in the uterus.
74.1 Immunohistochemical evaluation of the GM-CSF-induced leukocyte infiltrate

To investigate whether GM-CSF can alter the distribution or the numbers of leukocytes in the
endometrium, a model system was employed in which the leukocyte populations were examined in the
uteri of ovariectomised mice, following local exposure 1o recombinant GM-CSFE. The uteri in these
mice are relatively 'GM-CSF-deficient’ (6.3.1), and are reported to contain less macrophages and
granulocytes than the uteri of intact mice (1.5.2, 1.5.4). Groups of four ovariectomised mice were
anaesthetised and through a dorsal incision were given a unilateral intraluminal injection of either 40,
200, or 1000 U of recombinant GM-CSF in 50 ul of 1% BSA, or carrier alone. Sixteen hours later,
the mice were sacrificed and their uteri were removed. The right and left uterine homns were processed
and analysed separately. The numbers and the distribution of uterine leukocytes were assessed
immunohistochemically with mAbs against CD45/ LCA, F4/80 antigen, Mac-1, and Ia antigen.

Eosinophils were assessed on the basis of their endogenous peroxidase activity.
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a. Effect on eosinophils

In each of two experiments, the numbers of leukocytes in endometrial tissues were altered
dramatically by intraluminal administration of GM-CSF. Eosinophils appeared to be the
subpopulation influenced to the greatest degree. However, not all mice responded to GM-CSF and
treated mice fell into two categories; those with uteri that contained very dense populations of
eosinophils (‘responders’) and those with uteri that were indistinguishable from control uteri ('non-
responders'). In total, 1 of 4 mice that received 40 U, 6 of 8 mice that received 200 U, and 3 of 8
mice that received 1000 U of GM-CSF were found to have between 4-fold and 200-fold increases in
the number of eosinophils within the endometrial stroma, and were classified as 'responders’ (Table
7.1).

The data from each experiment were combined and analysed statistically by ANOVA. There
were no significant differences between the numbers of eosinophils found in the endometrium of the
left and right horns of the uterus (p = 0.57). Therefore, the mean number of eosinophils were
calculated from counts within areas of 0.27 mm?2 on each of two sections from both the left and the
right horns. The ANOV A revealed that the results from each of the two experiments were similar (p
= 0.43), and overall there was a significant effect of dose of GM-CSF on the numbers of eosinophils
(p = 0.005). However, since there was a significant interaction between dose and experiment (p =
0.006), which was due probably to the difference in the number of eosinophils in the two control
groups (mean + SD = 25 + 8 and 0.7 + 0.4 for experiments 1 and 2 respectively), the two
experiments were analysed individually.

In the first experiment, the dose of GM-CSF had a significant effect on the numbers of
eosinophils found within the endometrium. Mice that received 200 U of GM-CSF were found to have
significantly greater numbers of endometrial eosinophils than mice that received carrier alone, or mice
that received 1000 U of GM-CSF (both p = 0.0001). In contrast, treatment of mice with 1000 U of
GM-CSF did not alter the density of eosinophils in the endometrium. In the second experiment,
increased endometrial eosinophils numbers were associated with administration of cytokine in 5 of 12
mice, but the large number (7 of 12) of 'non-responders' in cytokine treated groups reduced the
significance of this effect (p = 0.167). Eosinophils were distributed throughout the endometrial
stroma in GM-CSF treated mice, and in some uteri were concentrated in areas adjacent to the luminal
surface (Fig 7.4).

The numbers of eosinophils in the myometrium were also increased in most 'responder’ mice.
There was no significant difference between the number of eosinophils found in the endometrium or
the myometrium of the left and right homs (p = 0.98). The effect of GM-CSF was dose dependant in
the first experiment, where 200 U, but not 1000 U of GM-CSF, increased the numbers of eosinophils
in the myometrium (p = 0.02). GM-CSF administration also caused an increase in the density of
eosinophils in 5 of 12 mice in the second experiment, but overall the effect was not significant (p =
0.169). Eosinophils were predominantly localised to areas adjacent to blood vessels or between the
circular and longitudinal muscle layers, and in some mice they were found to congregate in the

mesometrial triangle.
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Table 7.1 Effect of intraluminal GM-CSF on the number of eosinophils in
endometrium and myometrium. Recombinant GM-CSF (20, 200, or 1000 U) in 50 pl of 1%
BSA, or 1% BSA alone was injected into the left uterine horn of each of the four mice in each
experimental group. Two sections from each uterine horn were stained with DAB and H%OZ.
The numbers of endogenous peroxidase-positive cells within three grid areas of 0.09 mm

were counted and pooled. There was no significant difference between the numbers of
eosinophils in tissue from the left and right uterine horns. Data are expressed as the mean +
SD number of eosinophils (per 0.27 mm?) in each of four (two each from the left and right
horn) sections per uterus. Values from mice considered to have responded (o the treatment are
shown in bold.

Treatment:

Mouse # carrier 20U 200U 1000 U
ENDOMETRIUM
Expt 1

1 14+5 344 1+ 80 <1

2 34 +4 214 + 11 90+ 7

3 28 + 13 249 + 62 3+1

4 222 + 56 4+1
Expt 2

1 <1 241 <1 3+2

2 <1 105 + 16 170 + 82 292 + 14

3 <1 443 <1 <1

4 <1 <1 170 + 16 257+9
MYOMETRIUM
Expt 1

1 9+2 80 + 28 0.7+0.6

2 57+ 11 152+ 6 23+ 14

3 28+9 46 + 14 4+1

4 119 + 34 4+1
Expt 2

1 <1 5+2 T7+3 7+3

2 +1 24+ 5 190 + 59 102 + 32

3 3+1 442 6+4 2+1

4 <1 4+1 119 + 27 47 + 25
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Figure 7.4 The effect of exogenous GM-CSF on the numbers of leukocytes
and endometrial glands, and size of the uterus in ovariectomised mice (low power).
sections of uterus are from mice that received intraluminal injections of either 200 U of
GM-CSF (right hand panel; B, D, F, H and J), or carrier (left hand panel; A,C,E,G
and I). Sections were stained with DAB and H,0, to detect eosinophils (A and B), or
incubated with mAbs specific for different leukocyte lineages. All leukocytes are
detected with mAbs against the pan leukocyte markers CD45/ LCA (C and D). These
cells are predominantly reactive with mAbs against macrophage markers F4/80 (E and
F), and Mac-1 (G and H), or the dendritic cell/ macrophage marker Ia (I and D).
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Figure 7.5 The effect of exogenous GM-CSF on the numbers of leukocytes
and endometrial glands in the ovariectomised uterus (high power). Sections of
uterus are from mice that had received intraluminal injections of 200 U of GM-CSF
(right hand panel; B, D, F, H and J), or carrier (left hand panel; A, C, E, G and I). The
sections were stained with DAB and H,0, to detect eosinophils (A and B), or incubated
with mAbs specific for different leukocyte lineages. All leukocytes are detected with
mAbs against the pan leukocyte markers CD45/ LCA (C and D). These cells are
reactive predominantly with mAbs against macrophage markers [F4/80 (E and F), and
Mac-1 (G and H)], or the dendritic cell/ macrophage/ B cell marker Ia (I and J).
Endogenous peroxidase positive cells are evident as small, granular, dark brown
stained cells (small arrows, B) in all sections, in addition to lighter brown coloured,
mAb-reactive cells (large arrows in sections C to H).
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b. Effect on other leukocytes

GM-CSF was also found to influence the numbers of other leukocytes in the uteri of
ovariectomised mice, although the effect of GM-CSF on the difference in numbers of mAb-labelled
cells between GM-CSF and carrier-treated mice was not as dramatic as the effect on eosinophils.
Cells that reacted with leukocyte-specific mAbs were very difficult to quantitate accurately, both
because of their density and often dendritic morphology. However, estimates based on the relative
densities of mAb staining were made of the numbers of LCA/ CD45%, F4/80%, Mac-1t, and Ia* cells
in the endometrium and myometrium of uteri from mice treated with GM-CSF, or control mice (Table
7.2).

Table 7.2 Effect of intraluminal GM-CSF on the numbers of uterine
cells bearing leukocyte, macrophage and dendritic cell-specific markers.
Sections were prepared from GM-CSF and carrier-treated mice as described in
the legend to Table 7.1, and incubated with mAbs against CD45/ LCA, F4/80,
Mac-1 and Ia. The numbers of cells reactive with each antibody were estimated,
and qualitative scores are given for sections of uteri from mice in experiment 1.

Treatment CD45/LCA F4/80 Mac-1 Ia
ENDOMETRIUM

carrier ++ + + ++
200U ++++ +++ +++ +++
1000U ++ + + ++
MYOMETRIUM

carrier + +/- + +
2000 ++ ++/+ ++ ++
10000 + + + +

Uteri from carrier-treated ovariectomised mice contained moderate numbers of cells that
reacted with mAbs against F4/80, Mac-1 and Ia (Figs 7.4 and 7.5). These cells were comprised
primarily of cells with a dendritic morphology and since approximately equal numbers of cells were
positive for LCA/ CD45 and for each of these three mAbs, tﬁey were presumed to be predominantly
dendritic cells and/ or macrophages. Intraluminal instillation of GM-CSF clearly increased the
numbers of F4/80" and Mac-1" cells, and whilst the numbers of Iat cells increased, the difference
was less striking than for the other mAbs (Figs 7.4 and 7.5). Uteri from mice classified as 'responder’
mice for eosinophils were found generally to also have greater numbers of cells reactive with F4/80,
Mac-1 and Ia than control mice. F4/80% and Iat cells were distributed throughout the stroma but
were most concentrated in areas underlying the epithelium in both treated and untreated mice. In
some but not all treated mice, the density of cells stained with these mAbs was very much greater in

the endometrium than in the myometrium. Small round cells that were Mac-1% but F4/80" (and so
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presumed to be neutrophils) were found between epithelial cells and appeared to be in the process of
trafficking into the luminal cavity in GM-CSF-treated mice. Intraluminal GM-CSF appeared,
therefore, to induce an infiltration into the endometrium of macrophages and/ or dendritic cells and

neutrophils, in addition to eosinophils.

7.4.2 Effect of GM-CSF on endometrial growth

An unexpected but interesting finding was that the uteri from mice that had received GM-CSF
were larger and contained a greater number of endometrial glands (Table 7.3) (Figs 7.4 and 7.5).

Statistical analysis by ANOV A showed that there was a dose-dependant effect of GM-CSF on
both the number of endometrial glands and the diameter of the uterus in experiment 1 (p = 0.0001).
There was a four-fold increase in the mean number of glands (p = 0.0001), and a 70% increase in the
mean uterine diameter (p = 0.0001) after intraluminal injection of 200 U of GM-CSF. However,
1000 U of GM-CSF did not alter the number of glands significantly, and the mean diameter of uteri in
this group was less than in control mice (p = 0.007). Administration of GM-CSF was also
accompanied by an increase in both the number of glands and the diameter of the uterus in experiment
2. However, because only 5 of 12 mice responded to the treatment the effect was not significant (p =
0.106 and p = 0.108 respectively). Endometrial glands also tended to be up to 10-fold larger in
diameter in GM-CSF treated mice (Fig 7.5).

Table 7.3 Effect of intraluminal GM-CSF on the number of endometrial
glands and uterine diameter. Sections were prepared from GM-CSF and carrier-
treated mice as described in the legend to Fig. 7.1. The total number of endometrial
glands were counted in two sections from each horn within three grid areas of 0.36
mm?2. There was no significant difference between the numbers of endometrial
glands in tissue from the left and right uterine horns. Data are expressed as the mean
+ SD number of endometrial glands (per 4.3 mm?) in each treatment group. The
diameter of each uterus was calculated by using the microscope graticule to measure
the diameter of transverse sections. *p = 0.106; ™ p=0.108; ***p = 0.0001 ;

Treatment n Glands Diameter
Expt 1
carrier 3 39+5 1.2+ 0.05
200U 4 168 + 29" 2.0 +0.08™
1000 U 4 24 + 17 0.9 +0.08
Expt2
carrier 4 12+ 5 0.8+0.1"
40U 4 38 + 39 1.0+ 03
200U 4 77 +53 1.0+ 0.2
1000 U 4 66 + 54 1.1+0.3
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Figure 7.6 The correlation between the number of eosinophils and the number

of glands in the endometrium, and the diameter of the uterus. The data from each
of two experiments are pooled. (A) The correlation between the number of eosinophils
and the number of glands in the endometrium (Pearson Correlation Coefficient r =
0.845, p = 0.0001). (B) The correlation between the number of eosinophils and the
diameter of the uterus (r = 0.859, p = 0.0001). (C) The correlation between the
diameter of the uterus and the number of endometrial glands (» = 0.881, p = 0.0001).
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There was a significant correlation between the number of eosinophils in the endometrium,
and both the number of glands (Pearson Correlation Coefficient r = 0.845, p = 0.0001) and the
diameter of the uterus (r = 0.859, p = 0.0001) (Fig 7.5). The highest values for both measures of
uterine growth were obtained in mice that were classified as responders' on the basis of their
endometrial eosinophil numbers. These data suggest that GM-CSF can influence the proliferation or
activity of epithelial cells and possibly other non-hemopoietic cells in the uterus, although whether this
effect is direct or mediated by GM-CSF-responsive leukocytes is not clear.

74.3 Passage of fluid between uterine horns in ovariectomised mice

That there were no significant differences between the left and right uterine homs in the
numbers of leukocytes or endometrial glands was a surprising aspect of the experiments described in
7.4.1 and 7.4.2. One interpretation of this finding is that GM-CSF injected into the uterine horn has
systemic as well as local effects. Alternatively, GM-CSF may have flowed across the cervix and into
the contralateral horn. To investigate whether fluid can pass between uterine horns, six
ovariectomised mice were given intraluminal injections of 3H-inulin (10 uCi) in 50 pl of 1% BSA.
Pairs of mice were sacrificed 1 h, 3h and 6 h later. The left and right homs of the uteri were each
cut into three sections (of approximately equal weights) and solubilised, and the 3H-inulin content of
each segment was determined by liquid scintillation counting. This result indicates that 3H-inulin had
become evenly distributed across the entire uterus within 1 h after injection. These data indicate that,
after unilateral injection, the rtGM-CSF contents of the contralateral and ipsilateral uterine homs
would have been similar in the experiments described above, and suggests that the actions of GM-

CSF observed in both homs were due to local spread of the mediator.

7.5 Conclusions and discussion

The experiments described in this chapter identify specific populations of cells within the
uterus that are targets for the action of GM-CSF. The results suggest that GM-CSF may have a
significant physiological role in the remodelling processes that occur in this tissue. Exogenous
intraluminal GM-CSF in the luminal cavity of mice that are functionally GM-CSF-deficient has been
shown to induce an infiltration of myeloid leukocytes, and an increase in the both number of
endometrial glands and the overall size of the uterus.

In inflammatory sites, GM-CSF acts characteristically as a regulator of the recruitment and
activation of leukocytes of myeloid lineages, including macrophages, neutrophils and eosinophils. It
has also been implicated as a regulator of the differentiation and survival of dendritic cells in epithelial
tissues. A number of researchers have shown that the cycling and early pregnant uterus is heavily
populated with cells of these lineages. These findings were confirmed in this study, where mAbs
against various leukocyte lineages identified large numbers of macrophages, dendritic cells,
eosinophils and neutrophils, but very few T-lymphocytes, in the uterus one day after mating.

Transcripts for both the o and B components of the GM-CSF receptor were detected by RT-

PCR in uterine tissue at oestrus and during (he pre-implantation period. GM-CSF-R expression
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appeared to be greater following mating than in the oestrous uterus, and this might reflect the
infiltration of GM-CSF receptor-bearing cells that occurs at this time. An unidentified 450 bp
product amplified from uterine cDNAs by the GM-CSF-R primers may be the product of an
alternatively spliced GM-CSF-R transcript. There is a precedent for this in the human, where
alternatively spliced mRNAs can give rise to two membrane-bound forms (a1 and 0.2) and the soluble
form of the receptor (1.7.1¢). However, the primers used in these experiments span a membrane-
proximal 235 bp region of the extracellular cDNA that is 5' of the position that is equivalent to the
splice point for the soluble and o2 forms of the human receptor, and so would not be expected to span
regions that would be different in murine counterparts of the known human isoforms. The aberrant
band was unlikely to be the product of contamination of the uterine RNA extracts with genomic
DNA, since the RNAs were treated with DNAse prior to reverse transcription. Whether the GM-
CSF-R primers span an intron is not known, since the sequence of the murine GM-CSF-R gene has
not yet been reported (Genebank and EMBL databases; May 1993).

Cells expressing GM-CSF receptor in the day 1 uterus were localised using 1251-GM-CSF.
These cells were judged to be leukocytes on the basis of their distribution throughout the endometrium
and myometrium, and predominant localisation to sub-epithelial areas of the endometrial stroma. The
precise identification of GM-CSF receptor-bearing cells awaits double-labelling experiments, in whicn
uterine sections would be labelled with leukocyte-specific mAbs prior to 1231-GM-CSF binding and
autoradiography.

Evidence that GM-CSF can influence the behaviour of uterine leukocytes was obtained in
experiments where rGM-CSF was injected into the uterine lumen of ovariectomised mice. Doses of
GM-CSF of 40 U, 200 U or 1000 U per uterus were injected unilaterally, These amounts were
considered to cover a broad physiological range, since although 20 U/ uterus is an average value for
the GM-CSF content of a uterus on the day after mating, it is likely that a concentration gradient
radiates from the epithelium in the physiological state, and that concentrations in the vicinity of
production reach much higher levels.

The most striking outcome of administering GM-CSF was an infiltration of leukocytes,
predominantly of the eosinophilic lineage but including macrophage. This occurred in both the
ipsilateral and contralateral uterine tissues. The subsequent finding that radiolabelled material
injected into one uterine horn became evenly distributed across both horns within hours of injection
suggested that the action of GM-CSF in the contralateral hom was local, rather than systemic.
However, the response of mice to GM-CSF was variable, with some mice responding clearly and
others not. The basis for this variability was diflicult to determine given the relatively small size of
the experimental groups, but may have been influenced by factors including the dose and the technical
efficacy of delivery of cytokine into the ulerine lumen. In one of the two experiments, the effect of
GM-CSF on the numbers of uterine eosinophils was found to be dose dependant, with 200 U of GM-
CSF clearly having a greater effect than 1000 U. The reason for the inhibitory effect of the 1000 U
dose is not clear, but may be related to receptor down modulation in responsive cells. Alternatively, it
is possible that the high GM-CSF concentration caused recruited eosinophils to degranulate and

thereby avoid detection. In the second experiment a 40 U dose of GM-CSF was seen to influence

164



leukocyte numbers in only one of four mice, suggesting that 40 U may be bordering on the lower
threshold for an effective dose. It is also possible that some mice failed to receive an effective
treatment as a result of a less than 100% rate of success in delivering cytokine into the extremely
small diameter luminal space. In future experiments a small amount of radioactive marker or dye
stuff will be included with the carrier, and will aid in following the fate of the injected material.

An approximately 10-fold difference between the mean eosinophil content of the control
groups for the two experiments also complicated the interpretation of these experiments. This was
potentially the result of different lag times between ovariectomy and the initiation of the two
experiments. Although this period was at least two weeks, which is sufficient for circulating
oestrogen to be removed, some residual eosinophils may have still been present in the uterine tissue.
In view of these complications, it can be said in summary that whilst these data provide interesting
pilot information, conclusive findings await further studies. Future experiments would include a
careful assessment of the rate of decline in endometrial eosinophil numbers following ovariectomy.

The mechanism by which GM-CSF controls the extravasation of leukocytes and their
subsequent migration through the endometrial stroma remains to be elucidated. GM-CSF is known to
have chemotactic properties for macrophages and granulocytes, and it is possible that this factor may
also alter CAM expression by local endothelial cells directly. Alternatively, the few macrophages that
are resident within the ovariectomised uterus may act to amplify the recruiting activities of GM-CSF,
possibly by releasing other endothelial cell-active factors such as TNFo.

These preliminary experiments suggest that GM-CSF may have a physiological role in
regulating the trafficking of uterine leukocytes. The peak in the uterine content of GM-CSF following
exposure to seminal factors at mating is accompanied by a large influx of macrophages and
neutrophils. However since epithelial cells from the non-pregnant and midgestation uterus also
synthesise GM-CSF, this factor may also influence leukocyte humbers and behaviour at these times.
Indeed, these data together with the finding that oestrogen controls GM-CSF release, suggest that
GM-CSF could have a role in mediating the oestrous cycle-related changes in eosinophil numbers
(which are reported to increase 50-fold throughout the cycle), and/ or the effects of steroid hormones
on macrophage number and distribution in the uterus. Epithelial cells in the rat uterus synthesise a
20, 000 Mr protein with chemotactic activity for eosinophils (Lee et al. 1989). Like GM-CSF, this
factor is synthesised in response to oestrogen and inhibited by progesterone , but whether it is related
to GM-CSF is unknown.

It is unlikely that GM-CSF is the only factor that promotes leukocyte trafficking into the
uterus, and a role for CSF-1 in recruiting macrophages has been demonstrated in ovariectomised mice
(Wood et al. 1992). Further evidence that CSF-1 regulates uterine macrophage populations is
provided by studies in the CSF-1 deficient op/op mouse. Macrophages are not detected in the uteri of
virgin op/op mice but do accumulate in the uterus during early pregnancy when numbers approach
those found in the heterozygote controls on day 7 and 8. However, these macrophages exhibit an
uncharacteristically rounded morphology (and hence presumably less differentiated phenotype), fail to
persist and are undetectable by day 14. Thal uterine macrophages are present at all in early op/op
gestation indicates that other recruitment and activation factors (potentially GM-CSF and/ or TNF)
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also operate during pregnancy. Similarly, IL-5 and IL-8 are likely to have important roles in
eosinophil and neutrophil trafficking respectively, but these factors have not yet been studied in the
murine uterus.

An unexpected but intriguing outcome of local administration of GM-CSF was an increase in
the number and size of endometrial glands, as well as an increase in the overall size of the utcrus.
Although additional experiments are needed to investigate the mitotic activity of epithelial cells after
exposure t0 GM-CSF, the data suggest that GM-CSF may act to stimulate their proliferation, thereby
promoting gland formation. Since there was no evidence for GM-CSF receptor expression by
epithelial cells, it is likely that GM-CSF acts indirectly in this respect, and the GM-CSF responsive
endometrial leukocytes are thereby implicated as mediators. Macrophages can produce a variety of
epithelial cell-active growth factors (Rappolee and Werb 1992), but since macrophage-deficient op/op
mice are not reported to have abnormal endometrial architecture, it may be speculated that eosinophils
are the source of factors that are active in the endometrium. This contention is supported both by the
finding in this study that cosinophil and uterine gland numbers are strongly correlated in GM-CSF-
treated ovariectomised mice, and the temporal rclationship between eosinophilia and the extent of the
glandular network during the normal oestrous cycle. Eosinophils are a potent source of TGFo.
(Wong et al. 1990), and this factor is implicated as a regulator of oestrogen-induced uterine growth.
TGFo. mRNA expression in the mouse uterus is induced by oestrogen, and anti-TGFa. antibody
blocks uterine growth in vivo (Nelson et al. 1992). A model in which the levels of eosinophils are
perturbed [for example the IL-5 transgenic mouse (Dent et al. 1990)] would be of value in the further
investigation of this hypothesis. However, other cellular sources of epithelial growth factors also
require investigation. Future experiments aimed at detailing the temporal sequence of the
consequences of GM-CSF administration, including measuring the levels and cellular origins of
factors that have been implicated in epithelial cell growth (such as TGFf, EGF, IGF, and PDGF),
should help clarify these issues.
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8 General discussion and conclusions

Granulocyte-macrophage colony stimulating factor (GM-CSF) has been identified as a major
product of luminal and glandular epithelial cells in the murine uterus. Steroid hormones, and other
factors including a component of seminal plasma regulate the release of GM-CSF during the oestrous
cycle and during pregnancy.

These studies have helped to establish cytokine secretion as an unanticipated, but potentially
very important function of the uterine epithelium in reproductive physiology. The family of uterine
cytokines now known to be primarily derived from epithelial cells includes GM-CSF, IL-6, CSF-1,
TNFa, LIF, and TGFf1. Epithelial cells are ideally suited to have a coordinating role, through the
selective secretion of this armoury of mediators, in the remodelling events that are characteristic of
reproductive processes. This activity would be facilitated by their position at the boundary between
the uterine cavity and the maternal milieu. Rapid and dramatic changes in uterine cytology are
particularly evident during the period between mating and implantation, as the endometrium prepares
to accommodate the blastocyst. GM-CSF and IL-6 are likely to be of special importance during this
period, when a striking increase in their secretion is initiated within hours after mating by specific
factors in the ejaculate. Both the embryo and uterine leukocytes have been shown to be targets for
GM-CSF action, suggesting that this factor may be an important component of a cytokine circuit

interlinking the resident and hemopoietic cells in the uterus with the developing conceptus.

8.1 Epithelial cell cytokines as mediators of steroid actions in the uterus

Individual cytokines are released by epithelial cells in different temporal patterns, indicating
that there are specific mechanisms for the control of their synthesis. Ovarian steroid hormones are
known to be principal regulators of the proliferation and function of uterine cells, and the secretion of
cytokines and growth factors by epithelial cells has also been found to be steroid-dependant. The
current study identifies the importance of oestrogen in priming epithelial cells for GM-CSF release.
GM-CSF together with other epithelial cytokines may therefore be amongst the local mediators of
steroid hormone action in uterine tissue. The precise mechanism through which steroids influence
cytokine synthesis is not clear. Whether steroid responsive elements are directly involved in
transcriptional control of cytokine genes, or whether regulation is effected through the paracrine or

juxtacrine activities of neighbouring steroid-responsive cells, remains to be determined.

8.2 GM-CSF as a component of an inflammatory cascade in the preimplantation uterus
The GM-CSF and IL-6 contents of uterine luminal fluid increase dramatically within hours

after mating, apparently as a consequence of the action on the epithelium of a specific, seminal

vesicle-derived component of seminal plasma. For GM-CSF, this increase is (at least in part) the

result of enhanced expression of the gene. Seminal plasma is already identified as having an
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immunomodulatory role in reproductive processes, and these observations indicate a further dimension
in the action of this complex fluid in initiating a local inflammatory response in the preimplantation
uterus. The ensuing cascade of events is characterised by a dramatic infiltration of the underlying
uterine stroma and the uterine lumen with inflammatory léukocytes, followed by their activation for
enhanced cytokine release.

The full physiological significance of the post-mating inflammatory response remains to be
elucidated. Infilirating leukocytes would certainly have a 'housekeeping' role in clearing the uterus of
sperm and micro-organisms introduced at mating, and LPS associated with bacterial contaminants of
the ejaculate would provide an additional stimulus to enhance cytokine release. Phagocytosis of
sperm and seminal debris by macrophages in the luminal cavity, and endocytosis of luminal fluid by
epithelial cells and presumably dendritic cells in the endometrium, would facilitate matemal
immunisation against paternal antigens.

However a more subtle outcome of the post-mating inflammatory response is potentially of
greater importance for pregnancy outcome. It is speculated that the cascade of events initiated by the
ejaculate has repercussions that help to generate a 'receptive’ endometrial microenvironment. These
influences are likely to be mediated directly or indirectly through alterations in the numbers or
behaviour of local leukocyte populations, increased local angiogenic activity, or even changes in the
composition or growth factor content of the local extracellular matrix. The latter may be of particular
importance for the subsequent attachment and outgrowth of the embryo.

Support for a physiologically important role for seminal plasma at mating is obtained from
studies indicative of reduced success rates in pregnancies initiated in the absence of exposure to
seminal factors, and the finding that 'pre-sensitisation’ of the uterus to seminal factors can contribute
to pregnancy success in rodents and humans (1.2.2). Although it is abundantly clear that pregnancy
can proceed in the absence of seminal factors, this does not exclude a permissive role, as opposed to
an obligatory requirement, for seminal factors in optimising fecundity. The importance of exposure to
seminal fluid may be heightened where the capacity of the uterus to mount an inflammatory response
is undeveloped or otherwise compromised: for example, deficiency in a CSF-1 regulated seminal
factor has been suggested as a potential explanation for the difference in the degree of infertility of
CSF-1 deficient op/op females mated with homozygote compared to heterozygote males. The
superovulated mouse, in which mating fails to enhance GM-CSF release (presumably as a result of
perturbed endocrine parameters; 4.2.2) and implantation failure is common (1.2.32), may provide a

useful model for the further exploration of this phenomenon.

8.3 Epithelial cytokines as coordinators of endometrial leukocyte activity

This study provides evidence that endometrial leukocytes including macrophages, eosinophils
and neutrophils may be responsive to local GM-CSF gradients originating at the luminal surface.
Recombinant GM-CSF instilled into the uterine lumen of ovariectomised mice was found to cause a
striking infiltration of these cells into the subepithelial stroma (7.4.1). These findings suggest that
GM-CSF produced by the epithelium may have a physiological role in regulating the recruitment of
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leukocytes into the endometrium during the reproductive cycle. Such a role would explain the spatial
relationship that is observed between macrophages and epithelial cells in the cycling uterus and
throughout gestation (1.5.2).

A common feature of each of the cytokines secreted by uterine epithelial cells is their ability to
influence the differentiation, activation or trafficking of myeloid leukocytes, in various and in some
instances opposing manners (1.7). The effects of GM-CSF on its target cells would therefore be in
the context of the other cytokines liberated by the epithelium. To use the analogy of Spom and
Roberts (1988), GM-CSF would be only one of many 'symbols' in the cytokine 'alphabet’ employed by
epithelial cells. GM-CSF could therefore be a component of a diverse array of 'messages’ generated
by epithelial cells for communicating with adjacent endometrial cells, depending upon the other
'symbols', or cytokines, with which it is released. The profile of cytokines that epithelial cells secrete
at a given time would be expected to be determined principally by steroid hormones, but could
presumably also be influenced by many other factors such as seminal fluid, LPS and IFNYy. This
would provide a remarkably adaptable system for the co-ordination by epithelial cells of endometrial
leukocyte activity.

The activities that the epithelium might elicit in its targets cells are many and varied.
Macrophages are extraordinarily flexible cells with a broad spectrum of activities including secretion
of a vast array of cytokines and other mediators, in a microenvironment-specific manner. Neutrophils
and eosinophils are also potential sources of a range of factors including plasminogen activator,
collagenase, histamine, PAF and prostaglandins which have all been implicated in implantation and
induction of the decidual response. In addition, an exciting preliminary finding in this study was that
growth factors derived from macrophages and eosinophils might also be important in endometrial
growth during the oestrous cycle. GM-CSF-responsive leukocytes are therefore prime candidates for
major effector cells in the pre-implantation uterus, with potentially critical roles in uterine remodelling

processes.

8.4 The effect of endometrial cytokines on local immune activity

The survival of the conceptus from the time of its exposure to maternal tissues at implantation
is dependant upon its ability to evade rejection by the maternal immune system. However, the
suppression of T-lymphocyte and NK cell activities at the maternal-fetal interface normally prevents
the generation and execution of destructive immune responses. The activities of these
immunocompetent cells would be expected to be linked into cytokine circuits within the uterus.
Epithelial cell cytokines might influence the function of lymphocytes indirectly through their
regulation of the activities of local macrophages (Fig 8.1). For example, GM-CSF and TGF[ can act
to 'dampen' the immuno-accessory functions of macrophages, through stimulating IL-1 inhibitor and
PGE release. These factors may be important as inhibitors of the activities of T-lymphocyte and NK
cells, and so may help to maintain a local immunological environment that is favourable to

accommodation of the semi-alloantigenic conceptus.
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Figure 8.1

Cytokine-mediated interaction between epithelial cells, endometrial leukocytes, and the
embryo. Endometrial macrophage and granulocyte populations, together with the embryo, appear to be the
predominant targets for the action of cytokines liberated by the epithelium in the pre- and peri-implantation
uterus. However, the phenotypes and activation states of local T-lymphocytes and NK-cells may impact
indirectly upon the growth and development of the embryo, through cytokine-mediated interactions between
these cells, macrophages and the epithelium. Evidence from this study and from other reports suggest that
the pathways identified with solid arrows and bold print operate in the endometrium. Dotted arrows and

question marks identify pathways for which there is supporting evidence in other tissues, and/ or
circumstantial evidence in the endometrium.

However, immunocompetent cells can also be viewed as 'monitors’ of the extent or rate of
invasion of maternal tissue by the embryonic 'graft', and appear to be poised to swing into action when
circumstances warrant their intercession. A mechanism based on a balance between passive and
active states of immunocompetent cells might explain the dramatic impact of perturbing T-lymphocyte

immune parameters in pregnant mice, including the deleterious effects of in vivo treatment with anti-'y'
cell antibodies during pregnancy, and the beneficial effects of non-specific immunopotentiating agents
in abortion-prone mice. Conversely, this study shows that factors released by activated T-
lymphocytes and NK cells (such as IFNY) can influence the cytokine-secreting profile of epithelial
cells. This suggests that cytokine networks might also provide a mechanism whereby an
'‘inappropriate’ immune response in pregnancy could have detrimental effects on embryo development
or placentation through blocking the release of trophic factors from the epithelium (Fig 8.1). Like
macrophages, lymphocytes release cytokines and other mediators in patterns that are dependant upon

their phenotype and activation state. Therefore, it would be of interest to search for other products of
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these cells that could have positive effects on conceptus development through an epithelial cell
cytokine-mediated pathway.

8.5 The embryotrophic actions of GM-CSF

The embryo expresses receptor for and/or exhibits an in vitro biological response to many of
the cytokines liberated by the uterine epithelium (1.8.1). GM-CSF has been shown to have effects on
the growth and function of placental trophoblast cells (1.8.1), and the current studies indicate that it
may also influence development of the embryo during pre-implantation stages. There is evidence that
cytokines released by the epithelium can have both positive and negative effects on embryonic survival
and development, and so these factors may contribute to generating both receptive and hostile uterine
environments. The different temporal patterns of epithelial cytokine synthesis are likely to target
different stages of early conceptus growth, and gradients in soluble and/ or cell-associated forms may
be determinants in the spatial orientation of blastocyst implantation and trophoblast invasion.

It will be of great interest to determine whether factors released by the conceptus can influence
local epithelial cell cytokine release. Altered cytokine release from the epithelium would be a
mechanism well suited to initiating the cascade of local and systemic changes in maternal tissues that

is triggered by signals released from the blastocyst at implantation (see below).

8.6 Other potential roles for epithelial cell cytokines in the preimplantation uterus

There is a growing recognition that cytokines may also influence uterine function through
their actions on non-hemopoietic target cells. In vitro, GM-CSF, TNFo,, TGFf and IL-6 all alter
endothelial cell activities in a manner consistent with their having a role in the neovascularisation
that occurs in the endometrium during the earliest stages of blastocyst implantation (1.8.4).

Cytokines might also be involved in the role of the epithelium in transmitting the embryo-
derived signal for differentiation of local stromal fibroblasts into decidual cells. Support for this
view comes from findings that an intact epithelium is necessary for decidualisation, and that a
decidual reaction is evoked in psuedopregnant mice when inflammatory cytokines are injected into
the uterine lumen (1.8.2). It is possible that cytokine release provides the point of convergence in
the sequence of events, leading to decidualisation, that can be initiated by the embryo and by a
range of artificial stimulants. Such a mechanism might be analogous to the manner in which
inflammatory responses in the skin, which can be elicited by a variety of physical and chemical
insults, are all initiated with IL-1 production by keratinocytes (Kupper 1990). CSF-1 is implicated
in this capacity, since its release from the epithelium has been found to increase in response to
decidual stimuli, and decidualised fibroblast cells in the uterine stroma express receptors for CSF-1.
It would be of interest to examine the effect of decidual stimuli on synthesis of other cytokines
known to be released by the epithelium. These considerations do not exclude the possibility that
endometrial leukocytes also have a role in decidualisation, potentially by amplifying epithelial

signals through the release of factors such as PAF, PGE, and/ or histamine (1.2.3¢).
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8.7 GM-CSF as a component of a cytokine network during early pregnancy

These findings and speculations can be integrated into a model for the role of GM-CSF in
early pregnancy (Fig 8.2). In this model, GM-CSF (acting in the context of other epithelial cell
cytokines) is identified as a key component in a sequence of cytokine and leukocyte-mediated events
that are necessary for the establishment and viability of a pregnancy. Preparation of the uterus for
implantation begins during the oestrous cycle, when oestrogen-regulated release of chemotactic factors
(including GM-CSF) from the epithelium causes macrophages and eosinophils to be recruited into the
endometrium. Factors released by these cells may help to promote the proliferation and differentiation
of resident epithelial and stromal cells. At mating, an inflammatory response is initiated by the
interaction of seminal factors with oestrogen-primed epithelial cells to promote the release of GM-
CSF and IL-6. This surge of cytokine activity acts to orchestrate the further recruitment and
activation of macrophages, neutrophils and eosinophils in the endometrium. The behaviour of these
leukocytes would continue to be responsive 10 the shifting profile of cytokines released from the
epithelium during the first few days of pregnancy. It is proposed that a complex cytokine network
interlinking each of the hemopoietic and resident uterine lineages is established, and that this forms the
basis for generating an environment that is receptive to implantation of the embryo. This network
expands to include the blastocyst, as apposition and attachment phases of implantation proceed. In
particular, macrophages are proposed to liberate proteolytic enzymes and arachadonic acid
metabolites that would be important in the angiogenesis and tissue remodelling that accompanies
decidualisation. As implantation proceeds, other factors released by macrophages would act to help
prevent the generation of destructive T-lymphocyte and NK-cell mediated immune responses to
placental alloantigens. However, in the event of excessive trophoblast cell proliferation or invasion
into maternal tissues, the network might be tipped toward permitting local NK cells, and possibly T-
lymphocytes, to limit their further growth. Cytotoxic and cytostatic cytokines such as TNFo or IFNy
could also participate directly or indirectly in this process. The delicate balance in this equilibrium
would be expected to be sensitive to natural or experimentally-induced perturbations in the levels of
individual network components, and this may lead in some circumstances to compromised

implantation and placental development.

8.8 Implications for the human

The extent to which the findings of this study will prove to be common to other species is
difficult to predict. The uterine epithelium has been identified as a source of many of the same
cytokines in several species including in humans, but the significance of specific cytokines may be
quite different. There are also likely to be major differences in the physiology of interactions between
seminal factors and maternal tissues. For example, in humans and many other mammals the bulk of
the seminal material does not pass the cervix, in contrast to rodents where the ejaculate fills the
uterine cavity. Inintravaginal ejaculators, components of seminal plasma can gain entry to the uterine
cavity through association with sperm, and a cervical leukocytosis that may parallel the post-mating

inflammatory response of the mouse has been described for many species. However, if seminal
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plasma has an impact through cytokine circuits on implantation in humans, as is postulated in the
mouse, the connecting pathways would act over a further physical distance and a longer period of
time. Itis clear that the further investigation of cytokine networks during the preimplantation period

in humans, or other species of interest, is required.

8.9 Future perspectives

The studies described in this thesis identify GM-CSF as a potentially key component of a
cytokine circuit operating in the uterus during early pregnancy to facilitate implantation and
placentation. Additional studies are obviously required to test the hypothesis that GM-CSF
responsive leukocytes have important roles in the uterus. Animal models where uterine macrophage
or eosinophil levels are genetically or experimentally perturbed may be enlightening in this regard
(Dent et al. 1990 , Pollard et al. 1991).

In addition, future experiments will be designed to determine the precise physiological
significance of GM-CSF in the uterus, and to identify clearly its position in the complex cytokine
circuits that operate in the endometrium during early pregnancy. Detailed investigations of the
expression and release of the individual cytokines and their receptors during the early stages of
pregnancy will help to unravel the causal sequences in individual cytokine-target cell interactions.
However, the discovery of soluble cytokine receptors and other natural antagonists, particularly the
reported secretion of GM-CSF receptor a-chain by choriocarcinoma cells, promises to add a further
dimension to the complexity of these networks.

Evidence that CSF-1 and LIF are critical components during implantation and placentation
has been provided by mutant mouse models, and the further investigation of the role of GM-CSF will
benefit from the recently generated GM-CSF deficient mouse (A. Dunn, personal communication).
Murine counterparts of synthetic GM-CSF receptor agonists (A. Lopez, personal communication) or
anti-cytokine antibodies which can be used to block cytokine action in vivo, will also facilitate future
studies. However, the capacity for interchange and substitution in cytokine function will remain an

important constraint in the interpretation of data generated in these models.
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Figure 8.2 A model for the role of GM-CSF in establishing receptivity in the
pre-implantation uterus. Seminal factors stimulate enhanced release of GM-CSF
from oestrogen-primed epithelial cells. GM-CSF initiates an inflammatory cascade
during which large numbers of macrophages and granulocytes infiltrate the
endometrium and become activated. GM-CSF and other epithelial cell cytokines
subsequently coordinate the secretory profile of these cells, during the days leading up
to and during implantation of the blastocyst. Growth factors, enzymes and bioactive
lipids are macrophage products that are potentially important both in tissue
remodelling, and in interacting with local lymphocyte populations to help establish an
immunologically receptive uterine environment,

174



T-lymphocytes
NK cells
@ - cylokines / growth factors
- arachidonic acid metabolites
- PGE - angiogenic factors
- IL-1 inhibitor - enzymes

\ 7/

@ eosinophils
-0 ) macrophages
29 ) neutrophils

1 l stromal fibroblasts

epithelium ‘
seminal factor&‘%



9  Bibliography

Abbitt PL, Watson L, Howards S, 1991. Abnormalities of the seminal tract causing infertility: diagnosis with
endorectal sonography. AJR Am J Roentgenol 157:337-339

Acker G, Braquet P, Mencia Huerta JM, 1989. Role of platelet-activating factor (PAF) in the initiation of the
decidual reaction in the rat. J Reprod Fertil 85:623-629

Albelda SM, Buck CA, 1990. Integrins and other cell adhesion molecules. FASEB J 4:2868-2880
Alexander NJ, Anderson DJ, 1987. Immunology of semen. Fertil Steril 47:192-204
Allen E, 1921, The oestrous cycle in the mouse. Am J Anat 30:297-348

Alvaro-Gracia JM, Zvaifler NJ, Firestein GS, 1990. Cytokines in chronic inflammatory arthritis. V. Mutual
antagonism between interferon-gamma and tumor necrosis factor-alpha on HLA-DR expression,
proliferation, collagenase production, and granulocyte macrophage colony-stimulating factor production by
rheumatoid arthritis synoviocytes. J Clin Invest 86:1790-1798

Arend WP, Malyak M, Bigler CF, Smith MF Jr, Janson RW, 1991. The biological role of naturally-occurring
cytokine inhibitors. Br J Rheumatol 30 Suppl 2:49-52

Arceci RJ, Shanahan F, Stanley ER, Pollard JW, 1989. Temporal expression and location of colony-
stimulating factor 1 (CSF-1) and its receptor in the female reproductive tract are consistent with CSF-1
regulated placental development. Proc Natl Acad Sci USA 86:8818-8822

Arcellana-Panlilio MY, Schultz GA, 1993. Guide to techniques in mouse development; Analysis of
messenger RNA in early mouse embryos. Methods Enzymol (in press)

Armant DR, Kaplan HA, Mover H, Lennarz WJ, 1986. The effect of hexapeptides on attachment and
outgrowth of mouse embryos in vitro: Evidence for the involvement of the cell recognition tripeptide Arg-
Gly-Asp. Proc Natl Acad Sci USA 83:6751-6755.

Armstrong DT, Chaouat G, 1989. Effects of lymphokines and immune complexes on murine placental cell
growth in vitro. Biol Reprod 40:466-474

Arnaout MA, Wang EA, Clark SC, Sieff CA, 1986. Human recombinant granulocyte-macrophage colony-
stimulating factor increases cell-to-cell adhesion and surface expression of adhesion-promoting surface

glycoproteins on mature granulocytes. J Clin Invest 78:597-601

Ashworth A, Kraft A, 1990. Cloning of a potentially soluble receptor for human GM-CSF. Nucleic Acids Res
18:7178

Athanassakis I, Bleackley RC, Guilbert L, Pactkau V, Barr PJ, Wegmann TG, 1987. The immunostimulatory
effect of T cells and T cell lymphokines on murine fetally derived placental cells. J Immunol 138:37-44

Athanassakis I, Chaouat G, Wegmann TG, 1990. The effects of anti-CD4 and anti-CD8 antibody treatment
on placental growth and function in allogeneic and syngeneic murine pregnancy. Cell Immunol 129: 13-21

Austin CR, 1960. Fate of spermatozoa in the female genital tract. J Reprod Fert 1:152-156

Azoulay M, Webb CG, Sachs L, 1987. Control of hematopoietic cell growth regulators during mouse fetal
development. Mol Cell Biol 7:3361-3364

Baglioni C, 1992. Mechanisms of cytotoxicity, cytolysis, and growth stimulation by TNF. In: Tumor
Necrosis Factors, edited by Beutler, B. New York: Raven Press, 1992 p. 425-438.

175



Baldwin GC, 1992. The biology of granulocyte-macrophage colony-stimulating factor: effects on
hematopoietic and nonhematopoietic cells. Dev Biol 151:352-367

Baldwin GC, Benviniste EN, Golde DW, Gasson JC, 1992, Identification and charaterization of a high-
affinity GM-CSF receptor on primary rat oligodendrocytes. J Cell Biochem 16¢:71

Baldwin GC, Gasson JC, Kaufman SE, Quan SG, Williams RE, Avalos BR, Gazdar AF, Golde DW, DiPersio
JF, 1989. Nonhematopoietic tumor cells express functional GM-CSF receptors. Blood 73:1033-1037

Baldwin GC, Golde DW, Widhopf GF, Economou J, Gasson JC, 1991. Identification and characterization of
a low-affinity granulocyte-macrophage colony-stimulating factor receptor on primary and cultured human
melanoma cells. Blood 78:609-615

Ball RY, Mitchinson MJ, 1977. Degradation of phagocytosed spermatozoa by mouse peritoneal macrophages
in vitro. J Reprod Fert 49:409-411

Barker DJ, 1991. The foetal and infant origins of inequalities in health in Britain. J Public Health Med
13:64-68

Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ, 1989. Weight in infancy and death from
ischaemic heart disease [see comments). Lancet 2:577-580

Bartocci A, Pollard JW, Stanley ER, 1986. Regulation of colony stimulating factor 1 during pregnancy. J Exp
Med 164:956-961

Baulieu EE, 1989. Contragestion and other clinical applications of RU486, an antiprogesterone at the
receplor. Science 245:1351-1357

Beaman KD, Hoversland RC, 1988. Induction of abortion in mice with a monoclonal antibody specific for
suppressor T-lymphocyte molecules. J Reprod Fertil 82:691-696

Beaumont HM, Smith AF, 1975. Embryonic mortality during the pre- and post-implantation periods of
pregnancy in mature mice after superovulation. J Reprod Fert 45:437-448

Beck CA, Garner CW, 1992, Stimulation of DNA synthesis in rat uterine cells by growth factors and uterine
extracts. Mol Cell Endocrinol 84:109-118

Beer AE, Billingham RE, 1974, Host responses to intra-uterine tissue, cellular and fetal allografts. J Reprod
Fert Suppl 21:59-88

Beer AE, Billingham RE, Scott JR, 1975. Immunogenetic aspects of implantation, placentation and feto-
placental growth rates. Biol Reprod 126:176-189

Begley CG, Nicola NA, Metcalf D, 1988. Proliferation of normal human promyelocytes and myelocytes after
a single pulse stimulation by purified GM-CSF or G-CSF. Blood 71:640-645

Bell SC, Billington WD, 1983. Anti-fetal alloantibody in the pregnant female. Immunol Rev 75:5-30.

Bellinge BS, Copeland CM, Thomas TD, Mazzucchelli RE, O'Neil G, Cohen MJ, 1986. The influence of
patient insemination on the implantation rate in an in vitro fertilization and embryo transfer program. Fertil
Steril 46:2523-2526

Berdel WE, Danhauser Riedl S, Steinhauser G, Rastetter J, 1990. Stimulation of clonal growth of human
colorectal tumor cells by IL-3 and GM-CSF. Modulation of 5-FU cytotoxicity by GM-CSF. Onkologie
13:437-443

Berdel WE, Danhauser Riedl S, Steinhauser G, Winton EF, 1989. Various human hematopoietic growth

factors (interleukin-3, GM-CSF, G-CSF) stimulate clonal growth of nonhematopoietic tumor cells. Blood
73:80-83

176



Betts JG, Hansen PJ, 1992, Regulation of prostaglandin secretion from epithelial and stromal cells of the
bovine endometrium by interleukin-1 beta, interleukin-2, granulocyte-macrophage colony stimulating factor
and tumor necrosis factor-alpha. Life Sci 51:1171-1176

Beutler, B., Han, J., Kruys, V. and Giroir, B.P. Coordinate regulation of TNF biosynthesis at the levels of
transcription and translation: patterns of TNF expression in vivo. In: Tumor Necrosis Factors, edited by
Beutler, B. New York: Raven Press, 1992, p. 561-574.

Beutler B, Cerami A, 1989. The biology of cachectin/TNF,; a primary mediator of the host response. Annu
Rev Immunol 7:625-655

Bhatt H, Brunet LJ, Stewart CL, 1991, Uterine expression of leukemia inhibitory factor coincides with the
onset of blastocyst implantation. Proc Natl Acad Sci U S A 88:11408-11412

Bischoff RJ, Hughes PE, 1990. Effect of intrauterine insemination with killed semen or mating with a
vasectomised boar on litter size in the gilt. Proc Aust Soc Reprod Biol 22:140

Boehm KD, Kelley MF, Ilan J, 1989. The interleukin 2 gene is expressed in the syncytiotrophoblast of the
human placenta. Proc Natl Acad Sci USA 86:656-660.

Bowers WE, Ruhoff MS, Goodell EM, 1990. Conditioned medium from activated rat macrophages and the
recombinant factors, IL-1 beta and GM-CSF, enhance the accessory activity of dendritic cells.

Immunobiology 180:362-384

Bradley TR, Metcalf D, 1966. The growth of mouse bone marrow cells in vitro. Aust J Exp Biol Med Sci
44:287

Bradley TR, Stanley ER, Sumner MA, 1971. Factors from mouse tissues stimulating colony growth of mouse
bone marrow cells in vitro. Aust J Exp Biol Med Sci 49:595-603

Brady HR, Denton MD, Jimenez W, Takata S, Palliser D, Brenner BM, 1992. Chemoattractants provoke
monocyte adhesion to human mesangial cells and mesangial cell injury. Kidney Int 42:480-487

Braquet P, Rola-Pleszczynski M, 1987. Platelet-activating factor and cellular immune responses. Immunol
Today 8:345-352

Braude PR, Pelham HRB, 1979. A microsystem for the extraction and in vitro translation of mouse embryo
mRNA. J Reprod Fert 56:153-158.

Brigstock DR, Heap RB, Brown KD, 1989. Polypeptide growth factors in uterine tissues and secretions. J
Reprod Fertil 85:747-758

Brosh N, Lotan M, Eisenbach L, Brocke S, Tartakovsky B, 1991. Fertility impairment and improved fetal
survival induced by a tumor cell line in mice. Am J Reprod Immunol 26:47-52

Broudy VC, Kaushansky K, Segal GM, Harlan JM, Adamson JW, 1986. Tumor necrosis factor type alpha
stimulates human endothelial cells to produce granulocyte/macrophage colony-stimulating factor. Proc Natl
Acad Sci U S A 83:7467-7471

Brown MCM, Weston A, Saunders JR, Humphreys GO, 1979. Transformation of E. coli c600 by plasmid
DNA at different phases of growth. FEMS Microbiol Lett 5:219-222

Buckle AM, Jayaram Y, Hogg N, 1990. Colony-stimulating factors and interferon-gamma differentially affect
cell surface molecules shared by monocytes and neutrophils. Clin Exp Immunol 81:339-345

Budde K, Coleman DL, Lacy J, Sterzel RB, 1989. Rat mesangial cells produce granulocyte-macrophage
colony-stimulating factor. Am J Physiol 257:F1065-F1078

Bulmer JN, 1989. Decidual cellular responses. Curr Opin Immunol 1:1141-1147

177



Bulmer JN, Billington WD, Johnson PM, 1984. Immunohistologic identification of trophoblast populations
in early human pregnancy with the use of monoclonal antibodies. Am J Obstet Gynaecol 148:19

Bulmer JN, Morrison L, Johnson PM, Meager A, 1990. Immunohistochemical localization of interferons in
human placental tissues in normal, ectopic, and molar pregnancy. Am J Reprod Immunol 22:109-116

Burgess AW, Nice EC, 1985. Murine granulocyte-macrophage colony-stimulating factor. Methods Enzymol
116:588-600

Burgess AW, Wilson EMA, Metcalf D, 1977. Stimulation by human placental conditioned medium of
hemopoietic colony formation by human marrow cells. Blood 49:573-583

Bussolino F, Wang JM, Defilippi P, Turrini F, Sanavio F, Edgell CVS, Agelietta M, Arese P, Mantovani A,
1989a. Granulocyte- and granulocyte-macrophage-colony stimulating factors induce human endothelial cells
to migrate and proliferate. Nature 337:471-473

Bussolino F, Wang JM, Turrini F, Alessi D, Ghigo D, Costamagna C, Pescarmona G, Mantovani A, Bosia A,
1989b. Stimulation of the Na+/H+ exchanger in human endothelial cells activated by granulocyte- and
granulocyte-macrophage-colony-stimulating factor. Evidence for a role in proliferation and migration. J Biol
Chem 264:18284-18287

Butcher EC, 1991. Leukocyte-endothelial cell recognition: three (or more) steps to specificity and diversity.
Cell 67:1033-1036

Camussi G, Turello E, Bussolino F, Baglioni C, 1991. Tumor necrosis factor alters cytoskeletal organization
and barricr function of endothelial cells. Int Arch Allergy Appl Immunol 96:84-91

Cannistra SA, Vellenga E, Groshek P, Rambaldi A, Griffen JD, 1988. Human granulocyte-monocyte colony-
stimulating factor and interleukin-3 stimulate monocyte cytotoxicity through a tumor necrosis factor-
dependant mechanism. Blood 71:672-676

Carlos TM, Harlan JM, 1990. Membrane proteins involved in phagocyte adherence to endothelium. Immunol
Rev 114:5-28

Carp HJA, Serr DM, Mashiach S, Nebel L, 1984. Influence of insemination on the implantation of
transferred rat blastocysts. Gynecol Obstet Invest 18:194-198

Caux C, Dezutter Dambuyant C, Schmitt D, Banchereau J, 1992. GM-CSF and TNF-alpha cooperate in the
generation of dendritic Langerhans cells. Nature 360:258-261

Celada A, Maki RA, 1992. Transforming growth factor-B enhances the M-CSF and GM-CSF-stimulated
proliferation of macrophages. J Immunol 148:1102-1105

Chantry D, Turner M, Brennan F, Kingsbury A, Feldmann M, 1990. Granulocyte-macrophage colony
stimulating factor induces both HLA-DR expression and cylokine production by human monocytes. Cytokine
2:60-67

Chaouat G, Kolb JP, Kiger N, Stanislawski M, Wegmann TG, 1985. Immunological concomitants of
vaccination against abortion in mice. J Immunol 134:1594-1598

Chaouat G, Menu E, Athanassakis I, Wegmann TG, 1988. Maternal T cells regulate placental size and fetal
survival. Reg Immunol 1:143-148

Chaouat G, Menu E, Clark DA, Dy M, Minkowski M, Wegmann TG, 1990. Control of fetal survival in CBA
x DBA/2 mice by lymphokine therapy. J Reprod Fert 89:447-458

Chard, T. Frequency of implantation and early pregnancy loss in natural cycles. In: Bailliere’s clinical

obstetrics and gynaecology; Factors of importance for implantation, edited by Seppala, M. London: Bailliere
Tindall, 1991, p. 179-190.

178



Chen BD, Clark CR, Chou TH, 1988a. Granulocyte/macrophage colony-stimulating factor stimulates
monocyte and tissue macrophage proliferation and enhances their responsiveness to macrophage colony-
stimulating factor. Blood 71:997-1002

Chen BD, Mueller M, Chou TH, 1988b. Role of granulocyte/macrophage colony-stimulating factor in the
regulation of murine alveolar macrophage proliferation and differentiation. J Immunol 141:139-144

Chen HL, Yang YP, Hu XL, Yelavarthi KK, Fishback JL, Hunt JS, 1991. Tumor necrosis factor alpha
mRNA and protein are present in human placental and uterine cells at early and late stages of gestation. Am
J Pathol 139:327-335

Chihara J, Gruart V, Plumas J, Tavernier J, Kusnierz JP, Prin L, Capron A, Capron M, 1992. Induction of
CD23, CD25 and CD4 expression on an eosinophilic cell line (EoL-3) by interleukin-3 (IL-3), granulocyte-
macrophage colony-stimulating factor (GM-CSF) and interleukin-5 (IL-5). Eur Cytokine Netw 3:53-61

Chihara J, Plumas J, Gruart V, Tavernier J, Prin L, Capron A, Capron M, 1990. Characterization of a
receptor for interleukin 5 on human eosinophils: variable expression and induction by
granulocyte/macrophage colony-stimulating factor. J Exp Med 172:1347-1351

Chiu CP, Lee F, 1989. IL-6 is a differentiation factor for M1 and WEHI-3B myeloid leukemic cells. J
Immunol 142:1909-1915

Chodakewitz JA, Kupper TS, Coleman DL, 1988. Keratinocyte-derived granulocyte/macrophage colony-
stimulating factor induces DNA synthesis by peritoneal macrophages. J Immunol 140:832-836

Chomczynski P, Sacchi N, 1987. Single-step method of RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extraction. Anal Biochem 162:156-159

Choudhuri R, Wood GW, 1991. Cytokines induce decidual reactions in psuedopregnant mice. Biol Reprod
44:suppl 1:177

Clark DA, 1990. Paraimmunology in the decidua? Am J Reprod Immunol 24:37-39

Clark DA, Brierley J, Banwatt D, Chaouat G, 1989. Hormone-induced preimplantation Lyt 2+ murine
uterine suppressor cells persist after implantation and may reduce the spontaneous abortion rate in CBA/J
mice. Cell Immunol 123;334-343

Clark DA, Chaouat G, Guenet JL, Kiger N, 1987. Local active suppression and successful vaccination
against spontaneous abortion in CBA/J mice. J Reprod Immunol 10:79-85

Clark DA, Croy BA, Wegmann TG, Chaouat G, 1987. Immunological and para-immunological mechanisms
in spontaneous abortion: recent insights and future directions. J Reprod Immunol 12:1-12

Clark DA, Falbo M, Rowley RB, Banwatt D, Stedronska Clark J, 1988. Active suppression of host-vs graft
reaction in pregnant mice. IX. Soluble suppressor activity obtained from allopregnant mouse decidua that
blocks the cytolytic effector response to IL-2 is related to transforming growth factor-beta. J Immunol
141:3833-3840

Clark DA, Flanders KC, Banwatt D, Millar-Brook W, Manuel J, Stedronska-Clark J, Rowley B, 1990.
Murine pregnancy decidua produces a unique immunosuppressive molecule related to transforming growth
factor B-2. J Immunol 144:3008-3014

Clark DA, Slapsys R, Chaput A, Walker C, Brierley J, Daya S, Rosenthal KL, 1986. Immunoregulatory
molecules of trophoblast and decidual suppressor cell origin at the maternofetal interface. Am J Reprod
Immunol Microbiol 10:100-104

Clark DA, Slapsys RM, Chaput A, Walker C, Brierly J, Daya S, Rosenthal KL, 1985. Immunoregulatory

molecules of trophoblast and decidual suppressor cell origin at the maternofetal interface. Am J Reprod
Immunol Microbiol 10:100-104

179



Clarke, A.G. Immunological studies on pregnancy in the mouse. In: Immunological aspects of reproduction
in mammals, edited by Crighton, D.B. London: Butterworths, 1984, p. 153-182.

Clevenger CV, Altmann SW, Prystowsky MB, 1991. Requirement of nuclear prolactin for interleukin-2-
stimulated proliferation of T-lymphocytes. Science 77

Cocchiara R, Albeggiani G, DiTrapani G, Azzolina A, Lampiasi N, Rizzo F, Diotallevi L, Gianaroli L,
Geraci D, 1992. Oestradiol enhances in vitro the histamine release induced by embryonic histamine-releasing
factor (EHRF) from uterine mast cells. Hum Reprod 7:

Cohen, J. Immunological aspects of sperm selection and transport. In: Immunological aspects of
reproduction in mammals, edited by Crighton, D.B. London: Butterworths, 1984, p. 77-90.

Coleman DL, Chodakewitz JA, Bartiss AH, Mellors JW, 1988. Granulocyte-macrophage colony-stimulating
factor enhances selective effector functions of tissue-derived macrophages. Blood 72:573-578

Corrigan CJ, Kay AB, 1992. T cells and eosinophils in the pathogenesis of asthma. Immunol Today 13:501-
506

Crainie M, Guilbert L, Wegmann TG, 1989. Expression of novel cytokine transcripts in the murine placenta.
Biol Reprod 43:999-1005

Crosier KE, Wong GG, Mathey-Prevot B, Nathan DG, Sieff C, 1991. A functional isoform of the human
granulocyte/ macrophage colony stimulating factor receptor has an unusual cytoplasmic domain. Proc Natl
Acad Sci USA 88:7744-7748.

Cross JC, Farin CE, Sharif SF, Roberts RM, 1990. Characterization of the antiviral activity constitutively

produced by murine conceptuses: absence of placental mRNAs for interferon alpha and beta. Mol Reprod Dev
26:122-128

Croy BA, Chapeau C, 1990. Evaluation of the pregnancy immunotrophism hypothesis by assessment of the
reproductive performance of young adult mice of genotype scid/scid.bg/bg. J Reprod Fertil 88:231-239

Croy BA, Guilbert LJ, Browne MA, Gough NM, Stinchcomb DT, Reed N, Wegmann TG, 1991.
Characterization of cytokine production by the metrial gland and granulated metrial gland cells. ] Reprod
Immunol 19:149-166

D'Andrea AD, Fasman GD, Lodish HF, 1990. A new hematopoietic growth factor receptor superfamily:
structural features and implications for signal transduction. Curr Opin Cell Biol 2:648-651

Daiter E, Pollard JW, 1992. Colony stimulating factor-1 (CSF-1) in pregnancy. Reprod Med Rev 1:83-97
Davies LG, Debner MD, Battey JF. Basic methods in molecular biology, New York:Elsevier, 1986.

Davies M, Browne CM, 1985. Anti-trophoblast antibody responses during normal human pregnancy. J
Reprod Immunol 7:285-297

de Fougerolles AR, Baines MG, 1987. Modulation of the natural killer cell activity in pregnant mice alters
the spontaneous abortion rate. J Reprod Immunol 11:147-153

De M, Choudhuri R, Wood GW, 1991. Determination of the number and distribution of macrophages,
lymphocytes, and granulocytes in the mouse uterus from mating through implantation. J Leukocyte Biol
50:252-262

De M, Sanford TR, Wood GW, 1992a. Detection of interleukin-1, interleukin-6, and tumor necrosis factor-
alpha in the uterus during the second half of pregnancy in the mouse. Endocrinology 131: 14-20

180



De M, Sanford TR, Wood GW, 1992b. Interleukin-1, interleukin-6, and tumor necrosis factor alpha are

produced in the mouse uterus during the estrous cycle and are induced by estrogen and progesterone. Dev
Biol 151:297-305

De M, Wood GW, 1990. Influence of oestrogen and progesterone on macrophage distribution in the mouse
uterus. J Endocrinol 126:417-424

De M, Wood GW, 1991. Analysis of the number and distribution of macrophages, lymphocytes, and
granulocytes in the mouse uterus from implantation through parturition. J Leuk Biol 50:381-392

Dedhar S, Gaboury L, Galloway P, Eaves C, 1988. Human granulocyte-macrophage colony-stimulating factor
is a growth factor active on a variety of cell types of nonhemopoietic origin. Proc Natl Acad Sci U S A
85:9253-9257

DeNichilo MO, Stewart AG, Vadas MA, Lopez AF, 1991. Granulocyte-macrophage colony-stimulating
factor is a stimulant of platelet-activating factor and superoxide anion generation by human neutrophils. J
Biol Chem 266:4896-4902

Denning SM, Kurtzberg J, Le PT, Tuck D, Singer KH, Haynes BF, 1988. Human thymic epithelial cells
directly induce activation of autologous immature thymocytes. Proc Natl Acad Sci USA 85:3125-3129

Dent L, Strath M, Mellor A and Sanderson C, 1990. Eosinophilia in transgenic mice expressing interleukin-
5. JExp Med 172:1425

Dey SK, Villanueva C, Chien SM, CristRD, 1978. The role of histamine in implantation in the rabbit. J
Reprod Fert 53:23-26

DiAugustine RP, Petrusz P, Bell GI, Brown CF, Korach KS, McLachlan JA, Teng CT, 1988. Influence of
estrogens on mouse uterine epidermal growth factor precursor protein and messenger ribonucleic acid.
Endocrinology 122:2355-2363

DiPersio JF, Billing P, Williams R, Gasson JC, 1988. Human granulocyte-macrophage colony-stimulating
factor and other cytokines prime human neutrophils for enhanced arachidonic acid release and leukotriene
B4 synthesis. J Immunol 140:4315-4322

DiPersio JF, Golde DW, Gasson JD, 1990. GM-CSF: receptor structure and transmembrane signaling. Int J
Cell Cloning 8 Suppl 1:63-74

Dominguez C, Boronat F, Cunat E, Broseta E, Martinez R, Moreno B, Jimenez Cruz JF, 1991. Agenesis of
seminal vesicles in infertile males: ultrasonic diagnosis. Eur Urol 20:129-132

Doukas MA, Chavan AJ, Gass C, Boone T, Haley BE, 1992. Identification and characterization of a

nucleotide binding site on recombinant murine granulocyte/macrophage-colony stimulating factor. Bioconjug
Chem 3:484-492

Downing JR, Roussel MF, Sherr CJ, 1989. Ligand and protein kinase C downmodulate the colony-
stimulating factor 1 receptor by independent mechanisms. Mol Cell Biol 9:2890-2896

Drake BL, Head JR, 1989. Murine trophoblast can be killed by allospecific cytotoxic T lymphocytes
generated in GIBCO Opti-MEM medium. J Reprod Immunol 15:71-77

Drake BL, Head JR, 1990. Murine trophoblast cells are not killed by tumor necrosis factor-alpha. J Reprod
Immunol 17:93-99

Duhrsen V, 1988. In vitro growth patterns and autocrine production of hempooetic colony stimulating

factors: analysis of leukaemic populations arising in irradiated mice from cells of an injected factor-
dependent continuous cell line. Leukaemia 2:334-342.

181



Duronio V, Clark Lewis I, Federsppiel B, Wieler JS, Schrader JW, 1992. Tyrosine phosphorylation of
receptor beta subunits and common substrates in response to interleukin-3 and granulocyte-macrophage
colony-stimulating factor. J Biol Chem 267:21856-21863

Dutt A, Tang JP, Carson DD, 1987. Lactosaminoglycans are involved in uterine epithelial cell adhesion in
vitro. Dev Biol 119:27-37

Elliott MJ, Strasser A, Metcalf D, 1991. Selective up-regulation of macrophage function in granulocyte-
macrophage colony-stimulating factor transgenic mice. J Immunol 147:2957-2963

Elliott MJ, Vadas MA, Cleland LG, Gamble JR, Lopez AF, 1990, IL-3 and granulocyte-macrophage colony-
stimulating factor stimulate two distinct phases of adhesion in human monocytes. J Immunol 145:167-176

English D, Graves V, 1992. Simultaneous mobilization of Mac-1 (CD11b/CD18) and formyl peptide
chemoattractant receptors in human neutrophils. Blood 80:776-787

Evans DB, Bunning RA, Russell RG, 1989. The effects of recombinant human granulocyte-macrophage
colony-stimulating factor (thGM-CSF) on human osteoblast-like cells. Biochem Biophys Res Commun
160:588-595

Falk LA, Wahl LM, Vogel SN, 1988. Analysis of Ia antigen expression in macrophages derived from bone
marrow cells cultured in granulocyte-macrophage colony-stimulating factor or macrophage colony-
stimulating factor [published erratum appears in J Immunol 1988 Jul 15;141(2):709]. J Immunol 140:2652-
2660

Farach MC, Tang JP, Decker GL, Carson DD, 1987. Heparin/heparan sulfate is involved in attachment and
spreading of mouse embryos in vitro. Dev Biol 123:401-410

Findlay JK, 1986. Angiogenesis in reproductive tissues. J Endocrinol 111:357-366

Finn, C.A. The Implantation Reaction. In: Biology of the Uterus, edited by Wynn, R M. New York: Plenum
Press, 1977, p. 245-308.

Finn CA, 1986. Implantation, menstruation and inflammation. Biol Rev Camb Philos Soc 61:313-328

Finn CA, Pope MD, 1991. Infiltration of neutrophil polymorphonuclear leucocytes into the endometrial
stroma at the time of implantation of ova and the initiation of the oil decidual cell reaction in mice. J Reprod
Fertil 91:365-369

Finn CA, Pope MD, Milligan SR, 1989. A study of the early morphological changes initiated in the uterine
luminal epithelium by substances (oil and carragecnan) which induce the decidual cell reaction in mice. J
Reprod Fertil 86:619-626

Finn CA, Martin L, 1969. Hormone secretion during pregnancy in the mouse. J Endocr 45:57-65

Finn CA, Martin L, 1972. Endocrine contrrol of tthe timing of endomettrial sensitivity to a decidual stimulus.
Biol Reprod 7:82-86

Finn, C.A. and Porter, D.G. Reproductive Biology Handbooks: The Uterus, London:Elek Science, 1975.
Fischer HG, Frosch S, Reske K, Reske Kunz AB, 1988. Granulocyte-macrophage colony-stimulating factor
activates macrophages derived from bone marrow cultures to synthesis of MHC class IT molecules and to
augmented antigen presentation function. J Immunol 141:3882-3888

Fischer T, Wiegmann K, Bottinger H, Morens K, Burmester G, Pfizenmaier K, 1990. Regulation of IFN-g-

receptor expression in human monocytes by granulocyte-monophage colony-stimulating factor. J Immunol
145:2914-2919

182



Fleischmann J, Golde DW, Weisbart RH, Gasson JC, 1986. Granulocyte-macrophage colony-stimulating
factor enhances phagocytosis of bacteria by human neutrophils. Blood 68:708-711

Fossum GT, Davidson A, Paulson RJ, 1989. Ovarian hyperstimulation inhibits embryo implantation in the
mouse. J Vit Fert Em Trans 6:7

Freeman Biology of Implantation. In: The Physiology of Reproduction, edited by Knobil, E. and Neill, J.
New York: Raven Press, 1988, p.

Fu YX, Cai JP, Chin YH, Watson GA, Lopez DM, 1992. Regulation of leukocyte binding to endothelial
tissues by tumor-derived GM-CSF. Int J Cancer 50:585-588

Fu YX, Watson GA, Kasahara M, Lopez DM, 1991. The role of tumor-derived cytokines on the immune
system of mice bearing a mammary adenocarcinoma. I. Induction of regulatory macrophages in normal mice
by the in vivo administration of rGM-CSF. J Immunol 146:783-789

Fukuda A, Mori T, Mori E, Tatsumi K, Kanzaki H, 1989. Effects of the supernatants of mixed lymphocyte
cultures and decidual cell line cultures on mouse embryo development in vitro. J In Vitro Fert Embryo Transf
6:59-64

Fung MC, Mak NK, Leung KN, Hapel AJ, 1992. Distinguishing between mouse IL-3 and IL-3 receptor-like
(IL-5/GM-CSF receptor converter) mRNAs using the polymerase chain reaction method. J Immunol Methods
149:97-103

Galy AHM, Dinarello CA, Kupper TS, Kameda A, Hadden JW, 1990. Effects of cytokines on human thymic
epithelial cells in culture. II. Recombinant IL-1 stimulates thymic epithelial cells to produce IL-6 and GM-
CSF. Cell Immunol 129:161-175

Gambel P, Croy BA, Moore WD, Hunziker RD, Wegmann TG, Rossant J, 1985. Characterization of immune
effector cells present in early murine decidua. Cell Immunol 93:303-314

Gamble JR, Elliott MJ, Jaipargas E, Lopez AF, Vadas MA, 1989. Regulation of human monocyte adherence
by granulocyte-macrophage colony-stimulating factor. Proc Natl Acad Sci U S A 86:7169-7173

Gamble JR, Rand TH, Lopez AF, Clark Lewis I, Vadas MA, 1990. Heterogeneity of recombinant
granulocyte-macrophage colony-stimulating factor-mediated enhancement of neutrophil adherence to
endothelium. Exp Hematol 18:897-902

Garcia-Lloret, M. Effects of hemopoietic growth factors on the growth, differentiation and function of normal
and transformed human trophoblasts. M.Sc. Thesis, University of Alberta, Edmonton, Alberta, 1991.

Garger SJ, Griffith OM, Grill LK, 1983. Rapid purification of plasmid DNA by a single centrifugation in a
two step cesium chloride-ethidium bromide gradient. Biochem Biophys Res Comm 117835:835-842

Gasson JC, 1991. Molecular physiology of granulocyte-macrophage colony-stimulating factor. Blood
77:1131-1145

Gasson JC, Weisbart RH, Kaufman SE, Clark SC, Hewick RM, Wong GG, Golde DW, 1984. Purified human
granulocyte-macrophage colony-stimulating factor: direct action on neutrophils. Science 226:1339-1342

Gearing DP, Gough NM, King JA, Hilton DJ, Nicola NA, Simpson RJ, Nice EC, Kelso A, Metcalf D, 1987.
Molecular cloning and expression of cDNA encoding a murine myeloid leukaemia inhibitory factor (LIF).
EMBO J 6:3995-4002

Gearing DP, Comeau MR, Friend DJ, Gimpel SD, Thut CJ, McGourty J, Brasher KK, King JA, Gillis S,

Mosley B, et al , 1992. The IL-6 signal transducer, gp130: an oncostatin M receptor and affinity converter for
the LIF receptor. Science 255:1434-1437

183



Gearing DP, King JA, Gough NM, Nicola NA, 1989. Expression cloning of a receptor for human
granulocyte-macrophage colony-stimulating factor. EMBO J 8:3667-3676

Gendron RL, Baines MG, 1988. Infiltrating decidual natural killer cells are associated with spon‘taneous
abortion in mice. Cell Immunol 113:261-267

Geppert TD, Lipsky PE, 1989. Antigen presentation at the inflammatory site. Crit Rev Immunol 9:313-362
Gill TG III, 1983. Immunogenetics of spontaneous abortions in humans. Transplant 35:1-6
Gillis S, 1991, Cytokine receptors. Curr Opin Immunol 3:315-319

Gillis S, Watson J, 1980. Biochemical and biological characterization of lymphocyte regulatory molecules. V.
Identification of an interleukin 2-producing human leukaemia T cell line. J Exp Med 152:1709-1719

Glasser, S.R., Mani, S.K. and Mulholland, J. In Vitro Models of Implantation. In: Uterine and Embryonic
factors in early Pregnancy, edited by Strauss, J.F. and Lyttle, C.R. New York: Plenum Press, 1991, p. 33-50.

Gliniak BC, Rohrschneider LR, 1990. Expression of the M-CSF receptor is controlled postiranscriptionally
by the dominant actions of GM-CSF or multi-CSF. Cell 63:1073-1083

Godfrey DI, Izon DJ, Tucek CL, Wilson TJ, Boyd RL, 1990. The phenotypic heterogeneity of mouse thymic
stromal cells. Immunol 70:66-74

Godfrey DI, Izon DJ, Wilson TJ, Tucek CL, Boyd RL. , 1988. Thymic stromal elements defined by M.Abs:
ontogeny, and modulation in vivo by immunosuppression. Adv Exp Med Biol 237:269-275

Gogolin-Ewens K, Meeusen E, Lee CS, Brandon M, 1989. Expression of CD5, a lymphocyte surface antigen
on the endothelium of blood vessels. Eur J Immunol 19:935-938

Goldbard SB, Gollnick SO, Warner CM, 1985. Syntheis of H-2 antigens by preimplantation mouse embryos.
Biol Reprod 33:30-36

Golub ES, 1988. Can the transgenic expression of Thy-1 reveal its function? Immunol Today 9:107

Gordon MY, Riley GP, Watt SM, Greaves MF, 1987. Compartmentalization of a haematopoietic growth
factor (GM-CSF) by glycosaminoglycans in the bone marrow microenvironment. Nature 326:403-405

Gordon S, 1986. Biology of the macrophage. J Cell Sci Suppl 4:267-286

Gorman DM, Itoh N, Kitamura T, Schreurs J, Yonehara S, Yahara I, Arai K, Miyajima A, 1990. Cloning
and expression of a gene encoding an interleukin 3 receptor-like protein: identification of another member of
the cytokine receptor gene family. Proc Natl Acad Sci USA 87:5459-5463

Gough NM, Grail D, Gearing DP, Metcalf D, 1987. Mutagenesis of murine granulocyte/macrophage-colony-
stimulating factor reveals critical residues near the N terminus. Eur J Biochem 169:353-358

Gough NM, Metcalf D, Gough J, Grail D, Dunn AR, 1985. Structure and expression of the mRNA for
murine granulocyte-macrophage colony stimulating factor. EMBO J 4:645-653

Grabstein KH, Urdal DL, Tushinski RJ, Mochizuki DY, Price VL, Cantrell MA, Gillis S, Conlon PJ, 1986.
Induction of macrophage tumoricidal activity by granulocyte-macrophage colony-stimulating factor. Science
232:506-508

Greenberger JS, Sakakeeny MA, Humphries RK, Eaves CJ, Ecker RJ, 1983. Demonstration of permanent

factor-dependent multipotential (erythroid/neutrophil/basophil) hematopoietic progenitor cell lines. Proc Natl
Acad Sci USA 80:2931-2935

184



Griffen JD, Spertini O, Ernst TJ, Belvin MP, Levine HB, Kanakura Y, Tedder TF, 1990. Granulocyte-
macrophage colony-stimulating factor and other cytokines regulate surface expression of the leukocyte
adhesion molecule-1 on human neutrophils, monocytes, and their precursors. J Immunol 145:576-584

Grossman RM, Krueger J, Yourish D, Granelli Piperno A, Murphy DP, May LT, Kupper TS, Sehgat PB,
Gottlieb AB, 1989. Interleukin 6 is expressed in high levels in psoriatic skin and stimulates proliferation of
cultured human keratinocytes. Proc Natl Acad Sci U S A 86:6367-6371

Guilbert L, Robertson SA, Wegmann TG, 1993. The trophoblast as an integral component of a macrophage-
cytokine network. Immunol Cell Biol 71:49-57

Haak Frendscho M, Arai N, Arai K, Baeza ML, Finn A, Kaplan AP, 1988. Human recombinant granulocyte-
macrophage colony-stimulating factor and interleukin 3 cause basophil histamine release. J Clin Invest
82:17-20

Hadjasavas, M. Induction of mitogenesis and cell-cell adhesion by porcine seminal plasma. Ph.D. Thesis,
University of Adelaide, Adelaide, South Australia, 1992.

Haimovici F, Hill JA, Anderson DJ, 1991. The effects of soluble products of activated lymphocytes and
macrophages on blastocyst implantation events in vitro. Biol Reprod 44:69-75

Hamilton JA, Vairo G, Knight KR, Cocks BG, 1991. Activation and proliferation signals in murine
macrophages. Biochemical signals controlling the regulation of macrophage urokinase-type plasminogen
activator activity by colony-stimulating factors and other agents. Blood 77:616-627

Hamilton MS, 1983. Review: Maternal immune responses to oncofetal antigens. J Reprod Immunol 5:249-
264

Hamilton MS, Hamilton BL, 1987. Environmental influences on immunologically associated spontancous
abortion in CBA/J mice. ] Reprod Immunol 11:237-241

Hancock GE, Kaplan G, Cohn ZA, 1988a. Keratinocyte growth regulation by the products of immune celis. J
Exp Med 168:1395-1402

Hancock WW, Pleau ME, Kobzik L, 1988b. Recombinant granulocyte-macrophage colony-stimulating factor
down-regulates expression of IL-2 receptor on human mononuclear phagocytes by induction of prostaglandin
E. J Immunol 140:3021-3025

Handman E, Burgess AW, 1979. Stimulation by granulocyte macrophage colony-stimulating factor of
Leishmania tropica killing by macrophages. J Immunol 122:1134-1137

Hara T, Miyajima A, 1992, Two distinct functional high affinity receptors for mouse interleukin-3 (IL-3).
EMBO J 11:1875-1884

Harlow GM, Quinn P, 1982. Development of preimplantation mouse embryos in vivo and in vitro. AustJ
Exp Biol Med Sci 35:187-193

Hart PH, Whitty GA, Piccoli DS, Hamilton JA, 1988. Synergistic activation of human monocytes by
granulocyte-macrophage colony-stimulating factor and IFN-gamma. Increased TNF-alpha but not IL-1
activity. J Immunol 141:1516-1521

Hayashida K, Kitamura T, Gorman DM, Arai K, Yokota T, Miyajima A, 1990. Molecular cloning of a
second subunit of the receptor for human granulocyte-macrophage colony-stimulating factor (GM-CSF):

reconstitution of a high-affinity GM-CSF receptor. Proc Natl Acad SciU S A 87:9655-9659

Head, J.R. Lymphoid components in the rodent uterus. In: Immunoregulation and fetal survival, edited by
Gill, T.J. and Wegmann, T.G. New York: Oxford University Press, 1987, p. 46-59.

185



Head JR, 1989. Can trophoblast be killed by cytotoxic cells?: in vitro evidence and in vivo possibilities. Am J
Reprod Immunol 20:100-105

Head, JR and Billingham, RE Transplantation immunobiology revisited. In: Immunology of reproduction,
edited by Wegmann, T.G. and Gill, T.G. New York: Oxford University Press, 1983, p. 29-52.

Head JR, Billingham RE, 1986. Concerning the immunology of the fetus. Am J Reprod Microbiol immunol
10:76-81

Head JR, Drake BL, Zuckermann FA, 1987. Major histocompatibility antigens on trophoblast and their

- regulation: implications in the maternal-fetal relationship. Am J Reprod Immunol Microbiol 15:12-18

Head JR, Gaede SD, 1986. Ia antigen expression in the rat uterus. J Reprod Immunol 9:137-153

Hedley ML, Drake BL, Head JR, Tucker PW, Forman J, 1989. Differential expression of the class [ MHC
genes in the embryo and placenta during midgestational development in the mouse. J Immunol 142:4046-
4053

Heidenreich S, Gong J-H, Schmidt A, Nain M, Gemsa D, 1989. Macrophage activation by
granulocyte/macrophage colony-stimulating factor. Priming for enhanced release of tumor necrosis factor-a
and prostaglandin E2. J Immunol 143:1198-1205

Herrmann F, De Vos S, Brach M, Riedel D, Lindemann A, Mertelsmann R, 1992. Secretion of granulocyte-
macrophage colony-stimulating factor by human blood monocytes is stimulated by engagement of Fc gamma
receptors type I by solid-phase immunoglobulins requiring high-affinity Fc-Fc gamma receptor type I
interactions. Eur J Immunol 22:1681-1685

Heufler C, Koch F, Schuler G, 1988. Granulocyte/macrophage colony-stimulating factor and interleukin 1
mediate the maturation of murine epidermal Langerhans cells into potent immunostimulatory dendritic cells.
J Exp Med 167:700-705

Heyner S, Komar JG, 1987. Maternal humoral immune response (0 incompatibility at multiple minor
histocompatibility loci in mice. J Reprod Immunol 10:43-54

Hibi M, Murakami M, Saito M, Hirano T, Taga T, Kishimoto T, 1990. Molecular cloning and expression of
an IL-6 signal transducer, gp130. Cell 63:1149-1157

Hill, J.A. The rationale for leukocyte immunization in women with recurrent spontaneous abortion: fact or
fiction? In: Molecular and cellular biology of the materno-fetal interface, edited by Chaouat, G. and
Mowbray, J. Paris: Editions John Libbey Eurotext, 1991, p. 263-275.

Hill JA, Haimovici F, Anderson DJ, 1987. Products of activated lymphocytes and macrophages inhibit mouse
embryo development in vitro. J Immunol 139:2250-2254

Hirai K, Morita Y, Misaki Y, Ohta K, Takaishi T, Suzuki S, Motoyoshi K, Miyamoto T, 1988. Modulation of
human basophil histamine release by hemopoetic growth factors. J Immunol 141:3958-3964

Hoang T, Haman A, Goncalves O, Wong GG, Clark SC, 1988. Interleukin-6 enhances growth factor-
dependent proliferation of the blast cells of acute myeloblastic leukemia. Blood 72:823-826

Hogan, B., Constantini, F. and Lacy, E. Manipulating the Mouse Embryo.Cold Spring Harbor Laboratory,
US A, x:x, 1986.

Holmes CH, Simpson KL, 1992. Complement and pregnancy: new insights into the immunobiology of the
fetomaternal relationship. Baillieres Clin Obstet Gynaecol 6:439-460

Horie K, Fujita J, Takakura K, Kanzaki H, Kaneko Y, Iwai M, Nakayama H, Mori T, 1992. Expression of ¢-
kit protein during placental development. Biol Reprod 47:614-620

186



Horiguchi J, Warren MK, Kufe D, 1987. Expression of the macrophage-specific colony-stimulating factor in
human monocytes treated with granulocyte-macrophage colony-stimulating factor. Blood 69:1259-1261

Horowitz MC, Coleman DL, Flood PM, Kupper TS, Jilka RL, 1989. Parathyroid hormone and
lipopolysaccharide induce murine osteoblast-like cells to secrete a cytokine indistinguishable from
granulocyte-macrophage colony-stimulating factor. J Clin Invest 83:149-157

Hoversland RC, Beaman KD, 1990. Embryo implantation associated with increase in T-cell suppressor factor
in the uterus and spleen of mice. J Reprod Fertil 88:135-139

Howe RS, Lee YH, Fischkoff SA, Teuscher C, Lyttle RC, 1990. Glucocorticoid and progestin regulation of
eosinophil chemotactic factor and complement C3 in the estrogen-treated rat uterus. Endocrinol 126:3193

Hsu Y-C, 1979. In vitro development of individually cultured whole mouse embryos from blastocyst to early
somite stage. Dev Biol 68:453-461

Huet Hudson YM, Chakraborty C, De SK, Suzuki Y, Andrews GK, Dey SK, 1990. Estrogen regulates the
synthesis of epidermal growth factor in mouse uterine epithelial cells. Mol Endocrinol 4:510-523

Hume DA, Halpin D, Charlion H, Gordon S, 1984. The mononuclear phagocye system of the mouse defined
by immunohistochemical localisation of the antigen F4/80. Macrophages of endocrine organs. Proc Natl
Acad Sci USA 81:4174-4177

Hume DA, Perry VH, Gordon S, 1985. The mononuclear phagocytic system of the mouse defined by
immunohistochemical localization of the antigen F4/80. Macrophages associated with epithelia. Anat Res
210:503-512

Hume DA, Robinson AP, MacPherson GG, Gordon S, 1983. The immunohistochemical localisation of
antigen F4/80. The relationship between macrophages, Langerhans cells, reticular cells, and dendritic cells in

lymphoid and hemopoietic organs. J Exp Med 158:1522-1536

Hunt JS, 1989. Cytokine networks in the uteroplacental unit: macrophages as pivotal regulatory cells. J
Reprod Immunol 16:1-17

Hunt JS, 1990. Current topic: the role of macrophages in the uterine response to pregnancy. Placenta 11:467-
475

Hunt JS, 1993. Endocrine regulation of tumor necrosis factor-a. Reprod Fertil Dev 5:141-154
Hunt JS, Atherton RA, Pace JL, 1990. Differential responses of rat trophoblast cells and embryonic
fibroblasts to cytokines that regulate proliferation and class I MHC antigen expression. J Immunol 145:184-

189

Hunt JS, Chen HL, Hu XL, Tabibzadeh S, 1992. Tumor necrosis factor-alpha messenger ribonucleic acid and
protein in human endometrium. Biol Reprod 47:141-147

Hunt JS, Hsi BL, 1990. Evasive strategies of trophoblast cells: selective expression of membrane antigens.
Am J Reprod Immunol 23:57-63

Hunt JS, Manning LS, Selanders JS, Wood GW, 1985. Localization and characterization of macrophages in
murine uterus. J Leukocyte Biol 38:255-265

Hunt JS, Manning LS, Wood GW, 1984. Macrophages in murine uterus are immunosuppressive. Cell
Immunol 85:499-510

Hunt JS, Orr HT, 1992. HLA and maternal-fetal recognition. FASEB J 6:2344-2348

Hunt JS, Soares MJ, Lei MG, Smith RN, Wheaton D, Atherton RA, Morrison DC, 1989, Products of
lipopolysaccharide-activated macrophages (tumor necrosis factor-alpha, transforming growth factor-beta) but

187



not lipopolysaccharide modify DNA synthesis by rat trophoblast cells exhibiting the 80-kDa
lipopolysaccharide-binding protein. J Immunol 143:1606-1613

Ignar-Trowbridge DM, Nelson KG, Bidwell MC, Curtis SW, Washburn TF, McLachlan JA, Korach KS,
1992. Coupling of dual signaling pathways: epidermal growth factor action involves the estrogen receptor.
Proc Natl Acad Sci USA 89:4658-62

Inaba K, Inaba M, Romani N, Aya H, Deguchi M, Ikehara S, Muramatsu S, Steinman RM, 1992. Generation
of large numbers of dendritic cells from mouse bone marrow cultures supplemented with
granulocyte/macrophage colony-stimulating factor. J Exp Med 176:1693-1702

Iwai Y, Bickel M, Pluznik DH, Cohen RB, 1991. Identification of sequences within the murine granulocyte-
macrophage colony-stimulating factor mRNA 3'-untranslated region that mediate mRNA stabilization
induced by mitogen treatment of EL-4 thymoma cells. J Biol Chem 266:17959-17965

Jacobs AL, Sehgal PB, Julian J, Carson DD, 1992, Secretion and hormonal regulation of interleukin-6
production by mouse uterine stromal and polarized epithelial cells cultured in vitro. Endocrinol 131:1037-
1046

Jacobsen SE, Ruscetti FW, Dubois CM, Keller JR, 1992. Tumor necrosis factor alpha directly and indirectly
regulates hematopoietic progenitor cell proliferation: role of colony-stimulating factor receptor modulation. J
Exp Med 175:1759-1772

Jaffe L, Robertson EJ, Bikoff EK, 1991. Distinct patterns of expression of MHC class I and beta 2-
microglobulin transcripts at early stages of mouse development. J Immunol 147:2740-2749

Jenkinson EJ, Wilson 1B, 1973. In vitro studies on the control of embryo outgrowth in the mouse. ] Embryol
Exp Morphol 30:21-30.

Johnson PM, Bulmer JN, 1984. Uterine glandular epithelium in human pregnancy often lacks detectable
maternal MHC antigens but does express fetal trophoblast antigen. J Immunol 132:1608-1610

Kachkache M, Acker GM, Chaouat G, Noun A, Garabedian M, 1991. Hormonal and local factors control the
immunohistochemical distribution of immunocytes in the rat uterus before conceptus implantation; effects of
ovariectomy, fallopian tube section, and injection. Biol Reprod 45:860868-868

Kajino T, Torry DS, McIntyre JA, Faulk WP, 1988. Trophoblast antigens in human seminal plasma. Am ]
Reprod Immunol Microbiol 17:91

Kamel S, Wood GW, 1991. Failure to in vitro-expanded hyperimmune cytotoxic T lymphocytes to affect
survival of mouse embryos in vivo. J Reprod Immunol 19:69-84

Kanzaki H, Crainie M, Lin H, Yui J, Guilbert LJ, Mori T, Wegmann TG, 1991. The in situ expression of
granulocyte-macrophage colony-stimulating factor (GM-CSF) mRNA at the maternal-fetal interface. Growth
Factors 5:69-74

Kapur S, Tamada H, Dey SK, Andrews GK, 1992. Expression of insulin-like growth factor-1 (IGF-1) and its
receptor in the peri-implantation mouse uterus, and cell-specific regulation of IGF-1 gene expression by

estradiol and progesterone. Biol Reprod 46:208-219

Kearns M, Lala PK, 1985. Characterization of hematogenous cellular constituents of the murine decidua: A
surface marker study. J Reprod Immunol 8:213-234

Kelso A, Metcalf D, 1985. Clonal heterogeneity in colony stimulating factor production by murine T
lymphocytes. J Cell Physiol 123:101-110

Kelso A, Owens T, 1988. Production of two hemopoetic growth factors is differentially regulated in single T
lymphocytes activated with an anti-T cell receptor antibody. J Immunol 140:1159-1167

188



Khurana NK, Wales RG, 1989. Effect of macromolecules recovered from uterine luminal fluid on the
metabolism of (U-14C) glucose by mouse morulae and early blastocytes in vitro. Reprod Fertil Dev 1:39-98

Kimber SJ, Lindenberg S, 1990. Hormonal control of a carbohydrate epitope involved in implantation in
mice. J Reprod Fertil §9:13-21

Kinsky R, Delage G, Rosin N, Thang MN, Hoffmann M, Chaouat G, 1990. A murine model of NK cell
mediated resorption. Am J Reprod Immunol 23:73-77

Kirnbauer R, Kock A, Schwarz T, Urbanski A, Krutmann J, Borth W, Damm D, Shipley G, Ansel JC, Luger
TA, 1989. IFN-beta 2, B cell differentiation factor 2, or hybridoma growth factor (IL-6) is expressed and
released by human epidermal cells and epidermoid carcinoma cell lines. J Immunol 142:1922-1928

Kishimoto T, 1989. The biology of interleukin-6. Blood 74:1-10

Kishimoto T, Hibi M, Murakami M, Narazaki M, Saito M, Taga T, 1992. The molecular biology of
interleukin 6 and its receptor. Ciba Found Symp 167:5-16

Kishimoto TK, Jutila MA, Lakey Berg E, Butcher EC, 1989. Neutrophil Mac-1 and Mel-14 adhesion
proteins inversely regulated by chemotactic factors. Science 245:1238-1241

Kitamura T, Hayashida K, Sakamaki K, Yokota T, Arai K, Miyajima A, 1991. Reconstitution of functionai
receptors for human granulocyte/macrophage colony-stimulating factor (GM-CSF): evidence that the protein
encoded by the AIC2B cDNA is a subunit of the murine GM-CSF receptor. Proc Natl Acad Sci U S A
88:5082-5086

Klagsbrun M, D'Amore PA, 1991. Regulators of angiogenesis. Annu Rev Physiol 53:217-239

Kiebanoff SJ, 1965. Inactivation of estrogen by rat uterine preparations. Endocrinology 76:301

Klonoff-Cohen HS, Savitz DA, Celafo RC, McCann MF, 1989. An epidemiologic study of contraception and
preeclampsia. JAMA 262:3143-3147

Koeffler HP, Gasson J, Tobler A, 1988. Transcriptional and posttranscriptional modulation of myeloid
colony-stimulating factor expression by tumor necrosis factor and other agents. Mol Cell Biol 8:3432-3438

Koller BH, Marrack P, Kappler JW, Smithies O, 1990. Normal development of mice deficient in beta 2M,
MHC class I proteins, and CD8+ T cells. Science 248:1227-1230

Koury MJ, Balmain A, Pragnell IB, 1983. Induction of granulocyte-macrophage colony-stimulating activity
in mouse skin by inflammatory agents and tumor promotors. EMBO J 2:1877-1882

Koury MJ, Pragnell 1B, 1982. Retroviruses induce granulocyte-macrophage colony stimulating activity in
fibroblasts. Nature 299:638-640

Kovats S, Main EK, Librach C, Stubblebine M, Fisher SJ, DeMars R, 1990. A class 1 antigen, HLA-G,
expressed in human trophoblasts. Science

Kroegel C, Yukawa T, Dent G, Chanez P, Chung KF, Barnes PJ, 1988. Platelet-activating factor induces
eosinophil peroxidase release from purified human eosinophils. Immunology 64:559-561

Kroegel C, Yukawa T, Westwick J, Barnes PJ, 1989. Evidence for two platelet activating factor receptors on
eosinophils: dissociation between PAF-induced intracellular calcium mobilization degranulation and

superoxides anion generation in eosinophils. Biochem Biophys Res Commun 162:51 1-521

Kupper TS, 1990. Immune and inflammatory processes in cutaneous tissues. Mechanisms and speculations. J
Clin Invest 86:1783-1789

189



Kupper TS, Lee F, Birchall N, Clark N, Dower S, 1988. Interleukin 1 binds to specific receptors on human
keratinocytes and induces granulocyte macrophage colony-stimulating factor mRNA and protein. J Clin
Invest 82:1787-1792

Kurzrock R, Estrov Z, Wetzler M, Gutterman JU, Talpaz M, 1991. LIF: not just a leukemia inhibitory factor.
Endocr Rev 12:208-217

Kushner BH, Cheung NK, 1989. GM-CSF enhances 3F8 monoclonal antibody-dependent cellular
cytotoxicity against human melanoma and neuroblastoma. Blood 73:1936-1941

Lala PK, Kennedy TG, Parhar RS, 1988. Suppression of lymphocyte alloreactivity by early gestational human
decidua. II. characterization of the suppressor mechanisms. Cell Immunol 116:411-422

Lala PK, Scodras JM, Graham CH, Lysiak JJ, Parhar RS, 1990. Activation of maternal killer cells in the
pregnant uterus with chronic indomethacin therapy, IL-2 therapy, or a combination therapy is associated with
embryonic demise. Cell Immunol 127:368-381

Lang RA, Metcalf D, Cuthbertson RA, Lyons 1, Stanley E, Kelso A, Kannourakis G, Williamson DJ,
Klintworth GK, Gonda TJ, et al , 1987. Transgenic mice expressing a hemopoietic growth factor gene (GM-
CSF) develop accumulations of macrophages, blindness, and a fatal syndrome of tissue damage. Cell 51:675-
686

Lavranos TC, Seamark RF, 1990. Addition of steroids to embryo-uterine monolayer co-culture enhances
embryo survival and implantation in vitro. Reprod Fertil Dev 1:41-46

Le M, Vilcek J, 1989. Interleukin 6: a multifunctional cytokine regulating immune reactions and the acute
phase protein response. Lab Invest 61:588-602

Le PT, Lazorick S, Whichard LP, Yang YC, Clark SC, Haynes BF, Singer KH, 1990. Human thymic
epithelial cells produce IL-6, granulocyte-monocyte-CSF, and leukemia inhibitory factor. J Immunol
145:3310-3315

Lea RG, Clark DA, 1993. Effects of decidual cell supernatants and lymphokines on murine trophoblast
growth in vitro. Biol Reprod 48:930-953

Lea RG, Flanders KC, Harley CB, Manuel J, Banwatt D, Clark DA, 1992. Release of a transforming growth
factor (TGF)-B2-related suppressor factor from postimplantation murine decidual tissue can be correlated
with the detection of a subpopulation of cells containing RNA for TGF-B2. J Immunol 148:778-787

Lee FD, 1992. The role of interleukin-6 in development. Dev Biol 151:331-338

Lee TC, Lenihan DJ, Malone B, Roddy LL, Wassermann SI, 1984. Increased biosynthesis of platelet
activating factor in activated eosinophils. J Biol Chem 259:5526-5532

Lee YH, Howe RS, Sha S-J, Teuscher C, Shechan DM, Lyttle CR, 1989. Estrogen regulation of an eosinophil
chemotactic factor in the immature rat uterus. Endocrinol 125:3022-3028

Leff AR, Hamann KJ, Wegner CD, 1991. Inflammation and cell-cell interactions in airway
hyperresponsiveness. Am J Physiol 260:L.189-L206

Leibovich SJ, Ross R, 1975. The role of the macrophage in wound repair. Am J Pathol 78:71-100

Leiva MC, Xu Q, Galman M, Lyttle CR, 1991. Ontogeny of the production of an estrogen-regulated
eosinophil chemotactic factor in the rat uterus. Biol Reprod 45:818-823

Lejeune B, Van Hoeck J, Leroy F, 1981. Transmitter role of the luminal epithelium in the induction of
decidualization in rats. J Reprod Fert 61:235-240

190



Lewis JE, Coulam CB, Moore SB, 1986. Immunologic mechanisms in the maternal-fetal relationship. Mayo
Clin Proc 61:655-665

Li Y, Matsuzaki N, Masuhiro K, Kameda T, Taniguchi T, Saji F, Yone K, T anizawa O, 1992. Trophoblast-
derived tumor necrosis factor-alpha induces release of human chorionic gonadotropin using interleukin-6
(IL-6) and IL-6-receptor-dependent system in the normal human trophoblasts. J Clin Endocrinol Metab
74:184-191

Lindemann A, Riedel D, Oster W, Meuer SC, Blohm D, Mertelsmann RH, Herrmann F, 1988.
Granulocyte/macrophage colony-stimulating factor induces interleukin 1 production by human
polymorphonuclear neutrophils. J Immunol 140:837-839

Lindenberg S, Kimber SJ, Kallin E, 1990. Carbohydrate binding properties of mouse embryos. J Reprod
Fertil 89:431-439

Lindenberg S, Sundberg K, Kimber SJ, Lundblad A, 1988. The milk oligosaccharide, lacto-N-fucopentaose 1,
inhibits attachment of mouse blastocysts on endometrial monolayers. J Reprod Fertil 83:149-158

Linnemeyer PA, Pollack SB, 1991. Murine granulated metrial gland cells at uterine implantation sites are
natural killer lineage cells. J Immunol 147:2530-2535

Lopez AF, Elliot MJ, Woodcock J, Vadas MA, 1992. GM-CSF, IL-3 and IL-5: cross-competition on human
hempoietic cells. Immunol Today 13:495-500

Lopez AF, Nicola NA, Burgess AW, Melcalf D, Battye FL, Sewell WA, Vadas M, 1983. Activation of
granulocyte cytotoxic function by purified mouse colony-stimulating factors. J Immunol 131:2983

Lopez AF, Shannon MF, Hercus T, Nicola NA, Cambareri B, Dottore M, Layton MJ, Eglinton L, Vadas MA,
1992. Residue 21 of human granulocyte-macrophage colony-stimulating factor is critical for biological
activity and for high but not low affinity binding. EMBO J 11:909-916

Lopez AF, Williamson J, Gamble JR, Begley CG, Harlan JM, Klebanoff SJ, Waltersdorph A, Wong G, Clark
SC, Vadas MA, 1986. Recombinant human GM-CSF stimulates in vitro mature neutrophil and eosinophil
functions, surface receptor expression, and survival. J Clin Invest 78:1220

LuL, Srour E, Warren D, Walker D, Graham C, Walker E, Jansen J, Broxmeyer H, 1988. Enhancement of
release of granulocyte- and granulocyte-macrophage colony stimulating factors from phytohemagglutinin-
stimulated sorted subsets of human T lymphocytes by recombinant human tumor necrosis factor a. J Immunol
141:201-207

MacPherson GG, 1989. Properties of lymph-borne (veiled) dendritic cells in culture. L. Modulation of
phenotype, survival and function: partial dependence on GM-CSF. Immunol 68:102-107

MacPherson GG, Fossum S, Harrison B, 1989. Properties of lymph-borne (veiled) dendritic cells in culture.
11. Expression of the IL-2 receptor: Role of GM-CSF. Immunol 68:108-113

Male, D., Champion, B. and Cooke; A. Advanced Immunology, London:Gower Medical Publishing, 1987.

Malipiero UV, Frei K, Fontana A, 1990. Production of hemopoietic colony-stimulating factors by astrocytes.
J Immunol 144:3816-3821

Malone DG, Pierce JH, Falko JP, Metcalfe DD, 1988. Production of granulocyte-macrophage colony-
stimulating factor by primary cultures of unstimulated rat microvascular endothelial cells. Blood 71:684-689

Manova K, Paynton BV, Bachvarova RF, 1992. Expression of activins and TGF beta 1 and beta 2 mRNAs in
carly post implantation mouse embryos and uterine decidua. Mech Dev 36:141-152.

Manova K, Bachvarova RF, 1991, Expression of c-kit encoded at the W locus of mice in developing
embryonic germ cells and presumptive melanoblasts. Dev Biol 146:312-324

191



Mantovani A, Bussolino F, Dejana E, 1992. Cytokine regulation of endothelial cell function. FASEB J
6:2591-2599

Marconi G, Auge L, Oses R, Quintana R, Raffo F, Young E, 1989. Does sexual intercourse improve
pregnancy rates in gamete intrafallopian tube transfer? Fertil Steril 51:357-359

Martin L, Das RM, Finn CA, 1973. The inhibition by progesterone of uterine epithelial proliferation in the
mouse. J Endocinol 57:549-554

Martin L, Finn CA, 1968. Hormonal regulation of cell division in epithelial and connective tissue of the
mouse uterus. J Endocr 41:363-371

Maruo N, Morita I, Shirao M, Murota S, 1992. IL-6 increases endothelial permeability in vitro.
Endocrinology 131:710-714

Matsui Y, Zsebo KM, Hogan BL, 1990. Embryonic expression of a hacmatopoietic growth factor encoded by
the Sl locus and the ligand for c-kit. Nature 347:667-669

Matthews, N. and Neale, M.L. Cytotoxicity assays for tumor necrosis factor and lymphotoxin. In:
Lymphokines and Interferons; A Practical Approach, edited by Clemens, M.J., Morris, A.G. and Gearing,
A.J.H. Oxford: IRL Press, 1987, p. 221-225.

Mattoli S, Colotta F, Fincato G, Mezzetti M, Mantovani A, Patalano F, Fasoli A, 1991. Time course of IL1
and IL6 synthesis and release in human bronchial epithelial cell cultures exposed to toluene diisocyanate. J
Cell Physiol 149:260-268

Mattsson R, Holmdahl R, Scheynius A, Bernadotte F, Mattsson A, Van der Meide PH, 1991. Placental MHC
class I antigen expression is induced in mice following in vivo treatment with recombinant interferon-

gamma. J Reprod Immunol 19:115-129

Mayer L, Schlien R, 1987. Evidence for function of Ta molecules on gut epithelial cells in man. J Exp Med
166:1471-1483

Mayrhofer G, Pugh CW, Barclay AN, 1983. The distribution, ontogeny and origin in the rat of Ia-positive
cells with dendritic morphology and of la antigen in epithelia, with special reference to the intestine. Eur J
Immunol 13:112-122.

Mazzei GJ, Bernasconi LM, Lewis C, Mermod J-J, Kindler V, Shaw AR, 1990. Human granulocyte-
macrophage colony-stimulating factor plus phorbol myristate acetate stimulate a promyelocytic cell line to

produce an IL-1 inhibitor. J Immunol 145:585-591

Mclntyre JA, Faulk WP, 1983. Recurrent spontaneous abortion in human pregnancy: results of
immunogenetical, cellular and humoral studies. Am J Reprod Immunol 4:165-170

McLaren A, 1969. Can mouse blastocysts stimulate a uterine response before losing the zona pellucida? J
Reprod Fert 19:199-201

McMaster MT, Newton RC, Dey SK, Andrews GK, 1992. Activation and distribution of inflammatory cells
in the mouse uterus during the preimplantation period. J Immunol 148:1699-1705

Metcalf, D. Clonal culture of hemopoietic cells: techniques and applications, Amsterdam:Elsevier, 1984.
Metcalf D, 1985. The granulocyte-macrophage colony-stimulating factors. Science 229:16-22

Metcalf D, 1989. The molecular control of cell division, differentiation commitment and maturation in
haemopoietic cells, Nature 339:27-30

192



Metcalf D, Begley CG, Johnson GR, Nicola NA, Vadas MA, Lopez AF, Williamson DJ, Wong GG, Clark
SC, Wang EA, 1986. Biologic properties in vitro of a recombinant human granulocyte-macrophage colony-
stimulating factor. Blood 67:37-45

Metcalf D, Begley CG, Williamson DJ, Nice EC, De Lamarter J, Mermod JJ, Thatcher D, Schmidt A, 1987.
Hemopoietic responses in mice injected with purified recombinant murine GM-CSF. Exp Hematol 15:1-9

Metcalf D, Burgess AW, Johnson GR, Nicola NA, Nice EC, DeLamarter J, Thatcher DR, Mermod JJ, 1986.
In vitro actions on hemopoietic cells of recombinant murine GM-CSF purified after production in
Escherichia coli: comparison with purified native GM-CSF. J Cell Physiol 128:421-431

Miller, J. Experiments in molecular genetics, New York:Cold Spring Harbor Laboratories, 1972.

Milligan SR, Finn CA, 1990. Failure of platelet-activating factor (PAF-acether) to induce decidualization in
mice and failure of antagonists of PAF to inhibit implantation. J Reprod Fertil 88:105-112

Ming WJ, Bersani L, Mantovani A, 1987. Tumor necrosis factor is chemotactic for monocytes and
polymporphonuclear leukocytes. J Immunol 138: 1469.

Mitchell EJ, Fitz Gibbon L, O'Connor McCourt MD, 1992. Subtypes of betaglycan and of type I and type I
transforming growth factor-beta (TGF-beta) receptors with different affinities for TGF-beta 1 and TGF-beta 2
are exhibited by human placental trophoblast cells. J Cell Physiol 150:334-343

Miyajima A, Kitamura T, Harada N, Yokota T, Arai K, 1992. Cytokine receptors and signal transduction.
Annu Rev Immunol 10:295-331

Miyajima A, Otsu K, Schreurs J, Bond MW, Abrams JS, Arai K, 1986. Expression of murine and human
granulocyte-macrophage colony-stimulating factors in S. cerevisiae: mutagenesis of the potential

glycosylation sites. EMBO J 5:1193-1197

Miyatake S, Otsuka T, Yokota T, Lee F, Arai X, 1985. Structure of the chromosomal gene for granulocyte-
macrophage colony stimulating factor: comparison of the mouse and human genes. EMBO J 4:2561-2568

Moreau JF, Donaldson DD, Bennett F, Witek Giannotti J, Clark SC, Wong GG, 1988. Leukaemia inhibitory
factor is identical to the myeloid growth factor human interleukin for DA cells. Nature 336:690-692

Morrissey PJ, Bressler L, Charrier K, Alpert A, 1988. Response of resident murine peritoneal macrophages 1o
in vivo administration of granulocyte-macrophage colony-stimulating factor. J Immunol 140:1910-1915

Mossman T, 1983. Rapid colorimeiric assay for cellular growth and survival : Application to proliferation
and cytotoxicity assays. J Inmunol Methods 65:55-63

Motro B, Itin A, Sachs L, Keshet E, 1990. Pattern of interleukin 6 gene expression in vivo suggests a role for
this cytokine in angiogenesis. Proc Natl Acad Sci U S A 87:3092-3096

Motro B, van der Kooy D, Rossant J, Reith A, Bernstein A, 1991. Contiguous patterns of c-kit and steel
expression: analysis of mutations at the W and St loci. Development 113:1207-1221

Mowbray JF, 1990. Autoantibodies, alloantibodies and reproductive success. Curr Opin Immunol 2:761-764

Munker R, Gasson J, Ogawa M, Koeffler HP, 1986. Recombinant human TNF induces production of
granulocyte-monocyte colony-stimulating factor. Nature 323:79-82

Murphy LJ, Ghahary A, 1990. Uterine insulin-like growth factor-1: regulation of expression and its role in
estrogen-induced uterine proliferation. Endocr Rev 11:443-453

Murray FA, Grifo P, Parker CF, 1986. Increased litter size in gilts by presensitization with boar semen. J
Anim Sci 196 (Suppl): 189 (Abstract)

193



Murray R, Lee F, Chiu CP, 1990. The genes for leukemia inhibitory factor and interleukin-6 are expressed in
mouse blastocysts prior to the onset of hemopoiesis. Mol Cell Biol 10:4953-4956

Nakei S, Mizuno K, Kaneta M, Hirai Y, 1988. A simple, sensitive bioassay for the detection of interleukin-1
using human melanoma cell line A375. Biochem Biophys Res Comm 154:1189-1196

Nathan C, Sporn M, 1991. Cytokines in context. J Cell Biol 113:981-986
Nathan CF, 1987. Secretory products of macrophages. J Clin Invest 79:319-326

Nathan CF, 1989. Respiratory burst in adherent human neutrophils: triggering by colony-stimulating factors
CSF-GM and CSF-G. Blood 73:301-306

Nelson KG, Takahashi T, Bossert NL, Walmer DK, McLachlan JA, 1991. Epidermal growth factor replaces
estrogen in the stimulation of female genital-tract growth and differentiation. Proc Natl Acad SciUS A
88:21-25

Nelson KG, Takahashi T, Lee DC, Luetteke NC, Bossert NL, Ross K, Eitzman BE, McLachlan JA, 1992.
Transforming growth factor-alpha is a potential mediator of estrogen action in the mouse uterus.
Endocrinology 131:1657-64

Neuner P, Urbanski A, Trautinger F, Moller A, Kirnbauer R, Kapp A, Schopf E, Schwarz T, Luger TA,
1991. Increased IL-6 production by monocytes and keratinocytes in patients with psoriasis. J Invest Dermatol
97:27-33

Newman I, Wilkinson PC, 1989. Chemotactic activity of lymphotoxin and tumour necrosis factor alpha for
human neutrophils. Immunology 66:318-320

Nicola N, Metcalf D, 1991. Subunit promiscuity among hemopoietic growth factor receptors. Cell 67:14

Nicola NA, 1987. Hemopoietic growth factors and their interactions with specific receptors. J Cell Physiol
Suppl Suppl 5:9-14

Nicola NA, Burgess AW, Metcalf D, 1979. Similar properties of granulocyte-macrophage colony stimulating
factors produced by different mouse organs in vitro and in vivo. J Biol Chem 254:5290-5299

Nicola NA, Peterson L, Hilton DJ, Metcalf D, 1988. Cellular processing of murine colony-stimulating factor
(Multi-CSF, GM-CSF, G-CSF) receptors by normal hemopoietic cells and cell lines. Growth Factors 1:41-49

Nimer SD, Gates MJ, Koeffler HP, Gasson JC, 1989. Multiple mechanisms control the expression of
granulocyte-macrophage colony-stimulating factor by human fibroblasts. J Immunol 143:2374-2377

Nishino E, Matsuzaki N, Masuhiro K, Kameda T, Taniguchi T, Takagi T, Saji F, Tanizawa O, 1990.
Trophoblast derived Interleukin-6 (IL-6) regulates human chorionic gonadotrophin release through IL-6
receptor on human trophoblasts. J Clin Endocrinol Metab 71:436-441

Nishino Y, Schneider MR, Michna H and von Angerer E, 1991. Pharmacological characterization of a novel
oestrogen antagonist, ZK 119010, in rats and mice. J Endocr 130:409-414.

O'Neill C, 1991. A consideration of the factors which influence and control the viability and developmental
potential of the preimplantation embryo. Baillieres Clin Obstet Gynaecol 5:159-178

O'Neill C, Quinn P, 1983. Inhibitory influence of uterine secretions on mouse blastocysts decreases at the
time of blastocyst activation. J Reprod Fertil 68:269-274

Ohtoshi T, Tsuda T, Vancheri C, Abrams JS, Gauldie J, Delovich J, Denburg JA, Jordana M, 1991. Human

upper airway epithelial cell-derived granulocyte-macrophage colony-stimulating factor induces histamine-
containing cell differentiation of human progenitor cells. Int Arch Allergy Appl Immunol 95:376-384

194



Orr Urtreger A, Avivi A, Zimmer Y, Givol D, Yarden Y, Lonai P, 1990. Developmental expression of c-kit,
a proto-oncogene encoded by the W locus. Development 109:911-923

Osborn L, 1990. Leukocyte adhesion to endothelium in inflammation. Cell 62:3-6

Oster W, Brach MA, Gruss HJ, Mertelsmann R, Herrmann F, 1992. Interleukin-1 beta (IL-1 beta) expression
in human blood mononuclear phagocytes is differentially regulated by granulocyte-macrophage colony-
stimulating factor (GM-CSF), M-CSF, and IL-3. Blood 79:1260-1265

Oster W, Lindemann A, Mertelsmann R, Herrmann F, 1989. Granulocyte-macrophage colony-stimulating
factor (CSF) and multilineage CSF recruit human monocytes to express granulocyte CSF. Blood 73:64-67

Pampfer S, Arceci RJ, Pollard JW, 1991. Role of colony stimulating factor-1 (CSF-1) and other lympho-
hematopoietic growth factors in mouse pre-implantation development. Bioessays 13:535-540

Pampfer S, Daiter E, Barad D, Pollard JW, 1992. Expression of the colony-stimulating factor-1 receptor (c-
fms proto-oncogene product) in the human uterus and placenta. Biol Reprod 46:48-57

Pang SF, Chow PH, Wong TM, 1979. The role of the seminal vesicle, coagulating glands and prostate glands
on the fertility and fecundity of mice. J Reprod Fert 56:129-132

Papadimitriou JM, Ashman RB, 1989. Macrophages: current views on their differentiation, structure, and
function. Ultrastruct Pathol 13:343-372

Papaioannou VE, Ebert KM, 1988. The p[reimplantation pig embryo: cell number and allocation to
trophectoderm and inner cell mass of the blastocyst in vivo and in vitro. Development 102:793-803

Park LS, Martin U, Sorensen R, Luhr S, Morrissey PJ, Cosman D, Larsen A, 1992. Cloning of the low-
affinity murine granulocyte-macrophage colony-stimulating factor receptor and reconstitution of a high-
affinity receptor complex. Proc Natl Acad Sci U S A 89:4295-4299

Parnes JR, Robinson RR, Seidman JG, 1983. Multiple mRNA species with distinct 3' termini are transcribed
from the b2microglobulin gene. Nature 302:449-552.

Parr EL, Parr MB, Zheng LM, Young JD, 1991. Mouse granulated metrial gland cells originate by local
activation of uterine natural killer lymphocytes. Biol Reprod 44:834-841

Parr MB, 1980. Endocytosis in the uterine epithelium during early pregnancy. Prog Reprod biol 7:81-91

Parr MB, Parr EL, 1986. Effects of oestradiol-17 beta and progesterone on the number of plasma cells in
uteri of ovariectomized mice. J Reprod Fertil 77:91-97

Paul KG, Kumlein A, Jakobsson S, Brody S, 1967. Eosinophil granulocytes. 1. Identification of the uterus
peroxidase. Scand J Clin Lab Invest 20:11

Piacibello W, Lu L, Wachter M, Rubin B, Broxmeyer HE, 1985. Release of granulocyte-macrophage colony
stimulating factors from major histocompatibility complex class II antigen-positive monocytes is enhanced by
human gamma interferon. Blood 66:1343-1351

Piacibello W, Lu L, Williams D, Aglietta M, Rubin BY, Cooper S, Wachter M, Gavosto F, Broxmeyer HE,
1986. Human gamma interferon enhances release from phytohemagglutinin-stimulated T4+ lymphocytes of
activities that stimulate colony formation by granulocyte-macrophage, erythroid, and multipotential
progenitor cells. Blood 68:1339-1347

Pollard JW, 1990. Regulation of polypeptide growth factor synthesis and growth factor-related gene
expression in the rat and mouse uterus before and after implantation. J Reprod Fert 88:721-731

Pollard JW, 1991. Lymphohematopoietic cytokines in the female reproductive tract. Curr Opin Immunol
3:772-777

195



Pollard JW, Bartocci A, Arceci R, Orlofsky A, Ladner MB, Stanley ER, 1987. Apparent role of the
macrophage growth factor CSF-1, in placental development. Nature 330:484-486

Pollard JW, Hunt JS, Wiktor-Jedrzejczak W, Stanley ER, 1991a. A pregnancy defect in the osteopetrotic
(op/op) mouse demonstrates the requirement for CSF-1 in female fertility. Dev Biol 148:273-283

Pollard JW, Pampfer S, Arceci RJ. Class I tyrosine kinase receptors at the maternal-fetal interface. In:
Molecular and Cellular Biology of the Feto-Maternal Relationship, Colloque INSERM 212, edited by
Chaouat, G. and Mowbray, J. Paris: Editions John Libbey Eurotext, 1991b, p. 113-121.

Psychoyos A, 1986. Uterine receptivity for nidation. Ann N'Y Acad Sci 476:36-42

Queen F, Dhabuwala CB, Pierrepoint CG, 1981. The effect of removal of the various accessory sex glands on
the fertility of male rats. J Reprod Fert 62:423-436

Quinn P, Kerin JF, Warnes GM, 1985. Improved pregnancy rate in human in vitro fertilization with the use
of medium based on the composition of human tubal fluid. Fertil Steril 44:493-498

Rachman F, Casimiri V, Psychoyos A, Bernard O, 1983. Immunoglobulins in the mouse uterus during the
oestrous cycle. J Reprod Fert 69:17-21.

Rachman F, Casimiri V, Psychoyos A, Bernard O, 1986. Influence of the embryo on the distribution of
maternal immunoglobulins in the mouse uterus. J Reprod Fertil 77:257-264

Raines MA, Liu L, Quan SG, Joe V, DiPersio JF, Golde DW, 1991. Identification and molecular cloning of a
soluble human granulocyte-macrophage colony-stimulating factor receptor. Proc Natl Acad Sci USA
88:8203-8207

Rappolee DA, Werb Z, 1989. Macrophage secretions: A functional perspective. Bull Inst Pasteur 87:361-394
Rappolee DA, Werb Z, 1992. Macrophage-derived growth factors. Curr Top Microbiol Immunol 181:87-140

Rathjen PD, Toth S, Willis A, Heath JK, Smith AG, 1990. Differentiation inhibiting activity is produced in
matrix-associated and diffusible forms that are generated by alternate promotor usage. Cell 62:1105-1100

Redline RW, Lu CY, 1988. Specific defects in the anti-listerial immune response in discrete regions of the
murine uterus and placenta account for susceptibility to infection. J Immunol 140:3947-3955

Redline RW, Lu CY, 1989. Localization of fetal major histocompatibility complex antigens and maternal
leukocytes in murine placenta. Implications for maternal-fetal immunological relationship. Lab Invest 61:27-
36

Redline RW, McKay DB, Vazquez MA, Papaioannou VE, Lu CY, 1990. Macrophage functions are regulated
by the substratum of murine decidual stromal cells. J Clin Invest 85:1951-1958

Redman, C.W.G. and Sargent, I.L. Immunological disorders of human pregnancy. In: Oxford reviews of
reproductive biology, edited by Clarke, F.R. 1986, p. 223-265.

Rettenmier CW, Roussel MF, Ashmun RA, Ralph P, Price K, Sherr CJ, 1987. Synthesis of membrane-bound
colony-stimulating factor 1 (CSF-1) and downmodulation of CSF-1 receptors in NIH 3T3 cells transformed
by cotransfection of the human CSF-1 and c-fms (CSF-1 receptor) genes. Mol Cell Biol 7:2378-2387

Reynolds LP, Killilea SD, Redmer DA, 1992. Angiogenesis in the female reproductive system. FASEB J
6:886-892

Roberts R, Gallagher J, Spooncer E, Allen TD, Bloomfield F, Dexter TM, 1988. Heparan sulphate bound
growth factors: a mechanism for stromal cell mediated hacmopoiesis. Nature 332:376-378

Roberts RM, 1991. A role for interferons in early pregnancy. Bioessays 13:121-126

196



Robertson, S.A., Lavranos, T.C. and Seamark, R.F. In vitro models of the maternal fetal interface. In: The
Molecular and Cellular Immunobiology of the Maternal-Fetal Interface, edited by Wegmann, T.G., Nisbelt-
Brown, E. and Gill, T.G. New York: Oxford University Press, 1991, p. 191-206.

Roblero LS, Garavagno AC, 1979. Effect of oestradiol-17B and progesterone on oviductal transport and carly
development of mouse embryos. J Reprod Fert 57:91-95

Rogers PAW, 1992. Early endometrial microvasculature response during implantation in the rat. Reprod Fert
Dev 4:261-264

Rogers PAW, Macpherson AM, Beaton L, 1992. A reduction in endometrial neutrophils in proximity to
implanting blastocysts. J Reprod Fert

Roitt, .M., Brostoff, J. and Male, D.K. Immunology, London:Gower Medical Publishing, 1985.

Rosenblum MG, Donato NJ, 1989. Tumor necrosis factor alpha: a multifaceted peptide hormone. Crit Rev
Immunol 9:21-44

Rosendaal M, 1975. Colony-stimulating factor (CSF) in the uterus of the pregnant mouse. J Cell Sci 19:411-
423

Ross R, Klebanoff SJ, 1966. The eosinophilic leukocyte: fine structure studies of changes in the uterus during
the estrous cycle. J Exp Med 124:653

Roux Lombard P, Modoux C, Dayer JM, 1989. Production of interleukin-1 (IL-1) and a specific IL-1
inhibitor during human monocyte-macrophage differentiation: influence of GM-CSF. Cytokine 1:45-51

Ruef C, Coleman DL, 1990. Granulocyte-macrophage colony stimulating factor: pleiotrophic cytokine with
potential clinical usefulness. Rev Infect Dis 12:41-62

Ruppert J, Peters JH, 1991. IL-6 and IL-1 enhance the accessory activity of human blood monocytes during
differentiation to macrophages. J Immunol 146:144-149

Russell ES, 1979. Hereditary anaemia of the mouse: a review for geneticists. Adv Genet 20:357-459.

Saito S, Maruyama M, Kato Y, Moriyama I, Ichijo M, 1991. Detection of IL-6 in human milk and its
involvement in IgA production. J Reprod Immunol 20:267-276

Sakamaki K, Miyajima I, Kitamura T, Miyajima A, 1992. Critical cytoplasmic domains of the common beta
subunit of the human GM-CSF, IL-3 and IL-5 receptors for growth signal transduction and tyrosine
phosphorylation. EMBO J 11:3541-3549

Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: A laboratory manual. New York: Cold Spring
Harbor Laboratory Press, 1989.

Sanford TR, De M, Wood GW, 1992. Expression of colony-stimulating factors and inflammatory cytokines
in the uterus of CD1 mice during days 1 to 3 of pregnancy. J Reprod Fertil 94:213-220

Sasaki K, Chiba S, Mano H, Yazaki Y, Hirai H, 1992, Identification of a Soluble GM-CSF Binding Protein
in the Supernatant of a Human Choriocarcinoma Cell Line. Biochem Biophys Res Commun 183:252-257

Sato M, Muramatsu T, Berger EG, 1984. Immunological detection of cell surface galactosyl-transferase in
preimplantation mouse embryos. Dev Biol 102:514-518

Schlick E, Hartung K, Stevenson HC, Chirigos MA, 1985. Secretion of colony-stimulating factors by human

monocytes and bone marrow cells after in vitro treatment with biological response modifiers. J Leukoc Biol
37:615-627

197



Schultz GA, Heyner S, 1992. Gene expression in pre-implantation mammalian embryos. Mutat Res 296:17-
31

Scott JR, Rote NS, Branch DW, 1987. Immunologic aspects of recurrent abortion and fetal death. Obstet
Gynecol 70:645-656

Searle RF, Matthews CJ, 1988, Differential expression of Class II major histocompatibility complex and
Thy1.2 antigens on mouse decidua. Placenta 9:57-64

Searle RF, Sellens MH, Elson J, Jenkinson EJ, Billington WD, 1976. Detection of alloantigens during
preimplantation development and early trophoblast differentiation. J Exp Med 143:348-359

Seckinger P, Williamson K, Balavoine JF, Mach B, Mazzei G, Shaw A, Dayer JM, 1987. A urine inhibitor of
interleukin 1 activity affects both interleukin 1 alpha and 1 beta but not tumor necrosis factor alpha. J
Immunol 139:1541-1545

Seelentag WK, Mermod JJ, Montesano R, Vassalli P, 1987. Additive effects of interleukin 1 and tumour
necrosis factor-alpha on the accumulation of the three granulocyte and macrophage colony-stimulating factor

mRNAs in human endothelial cells. EMBO J 6:2261-2265

Shabo Y, Lotem J, Rubinstein M, Revel M, Clark SC, Wolf SF, Kamen R, Sachs L, 1988. The myeloid blood
cell differentiation-inducing protein MGI-2A is interleukin-6. Blood 72:2070-2073

Shabo Y, Sachs L, 1988. Inhibition of differentiation and affinity purification with a monoclonal antibody to
a myeloid cell differentiation-inducing protein. Blood 72: 1543-1549

Shanafelt AB, Kastelein RA, 1992. High affinity ligand binding is not essential for granulocyte-macrophage
colony-stimulating factor receptor activation. J Biol Chem 267:25466-25472

Shannon MF, Pell LM, Lenardo MJ, Kuczek ES, Occhiodoro FS, Dunn SM, Vadas MA, 1990. A novel
tumor necrosis factor-responsive transcription factor which recognizes a regulatory element in hemopoietic

growth factor genes. Mol Cell Biol 10:2950-2959

Shaw G, Kamen R, 1986. A conserved AU sequence from the 3' untranslated region of GM-CSF mRNA
mediates selective degradation. Cell 46:659-667

Shaw TJ, Murphy CR, 1992. Lectin induced deciduomata in the psuedopregnant rat. Proc Aust Soc Reprod
Biol 24:74

Shelesnyak MC, 1952. Inhibition of decidual cell formation in the psuedopregnant rat by histamine
antagonists. Am J Physiol 170:522-527

Shen MM, Leder P, 1992. Leukemia inhibitory factor is expressed by the preimplantation uterus and
selectively blocks primitive ectoderm formation in vitro. Proc Natl Acad Sci U S A 89:8240-8244

Sherman, M.I. Implantation of mouse blastocysts in vitro. In: Methods in Mammalian Reproduction, edited
by Daniel, J.C.,Jr. New York: Academic Press, 1978, p. 81-125.

Shirota K, LeDuy L, Yuan SY, Jothy S, 1990. Interleukin-6 and its receptor are expressed in human
intestinal epithelial cells. Virchows Arch B Cell Pathol 58:303-308

Shiverick KT, Medrano T, Ogilvie S, Zucali JR, 199. Characterization of placental-derived granulocyte-
macrophage colony stimulating factors. J Cell Biochem 14B:44.

Shorter SC, Vince GS, Starkey PM, 1992, Production of granulocyte colony-stimulating factor at the
materno-foetal interface in human pregnancy. Immunology 75:468-474

Siegelman M, 1991. Sweetening the selectin pot. Current Biology. 1:125-128

198



Silberstein DS, Owen WF, Gasson JC, DiPersio JF, Golde DW, Bina JC, Soberman R, Austen KF, David IR,
1986. Enhancement of human eosinophil cytotoxicity and leukotriene synthesis by biosynthetic (recombinant)
granulocyte-macrophage colony-stimulating factor. J Immunol 137:3290-3294

Smith SM, Lee DKP, Lacy J, Coleman DL, 1990. Rat tracheal epithelial cells produce granulocyte
macrophage colony stimulating factor. American J Respiratory Cell Mol Biol 2:59-68

Sotomayor EM, Fu YX, Lopez Cepero M, Herbert L, Jimenez JJ, Albarracin C, Lopez DM, 1991. Role of
tumor-derived cytokines on the immune system of mice bearing a mammary adenocarcinoma. II. Down-
regulation of macrophage-mediated cytotoxicity by tumor-derived granulocyte-macrophage colony-
stimulating factor. J Immunol 147:2816-2823

Southern E, 1975. Detection of specific sequence among DNA fragmants separated by gel electrophoresis. J
Mol Biol 98:503-517

Sparrow LG, Metcalf D, Hunkapiller MW, Hood LE, Burgess AW, 1985. Purification and partial amino acid
sequence of asialo murine granulocyte-macrophage colony stimulating factor. Proc Natl Acad Sci U S A
82:292-296

Spinks NR, Ryan JP, O'Neill C, 1990. Antagonists of embryo-derived platelet-activating factor act by
inhibiting the ability of the mouse embryo to implant. J Reprod Fertil 88:241-248

Sporn MB, Roberts AB, 1988. Peptide growth factors are multifunctional. Nature 332:217-219

Stewart AG, Harris T, DeNicholo M, Lopez AF, 1991. Involvement of leukotriene B4 and platelct-activating
factor in cytokine priming of human polymorphonuclear leukocytes. Immunol 72:206-212

Stewart CL, Kaspar P, Brunet LJ, Bhatt H, Gadi I, Kontgen F, Abbondanzo SJ, 1992. Blastocyst implantation
depends on maternal expression of leukaemia inhibitory factor. Nature 359:76-79

Stewart I, Mukhtar DD, 1988. The killing of mouse trophoblast cells by granulated metrial gland cells in
vitro. Placenta 9:417-425

Stewart I, Peel S, 1980. Granulated metrial gland cells at implantation sites of the pregnant mouse uterus.
Anat Embryol 160:227-238

Stone BA, Godfrey BM, Seamark RF, Heap PA, 1987. Increasing reproductive efficiency in sows by pre-
insemination with killed semen. Proc Am Fert Soc 43:88 (Abstract)

Sulila P, Holmdahl R, Hansson 1, Bernadotte F, Mattsson A, Mattsson R, 1988. An investigation of
allogeneic pregnancy in multiparous mice subjected to in vivo depletion of CD8 (Ly2)-positive lymphocytes
by monoclonal antibody treatment. J Reprod Immunol 14:235-245

Szekeres-Bartho J, Kinsky R, Kapovic M, Chaouat G, 1991. Complete freund adjuvant treatment of pregnant
females influences resorption rates in CBA/J x DBA/2 matings via progesterone-mediated
immunomodulation. Am J Reprod Immunol 2682:82-83

Tabibzadeh S, 1990. Evidence of T-cell activation and potential cytokine action in human endometrium. J
Clin Endocrinol Metab 71:645-649

Tabibzadeh SS, Santhanam U, Sehgal PB, May LT, 1989. Cytokine-induced production of IFN-beta 2/IL-6
by freshly explanted human endometrial stromal cells. Modulation by estradiol-17 beta. J Immunol 142:3134-
3139

Tachi, C. Uterine macrophages and their function in implantation of muridae rodents. In: Uterine and

embryonic factors in early pregnancy, edited by Strass, J.F. and Lyttle, C.R. New York: Plenum Press, 1991,
p. 119-139.

199



Takacs L, Kovacs EJ, Smith MR, Young HA, Durum SK, 1988. Detection of IL-1 alpha and IL-1 beta gene
expression by in situ hybridization. Tissue localization of IL-1 mRNA in the normal C57BL/6 mouse. J
Immunol 141:3081-3095

Takaki S, Tominaga A, Hitoshi Y, Mita S, Sonoda E, Yamaguchi N, Takatsu K, 1990. Molecular cloning
and expression of the murine interleukin-5 receptor. EMBO J 13:4367-4374

Tamada H, Das SK, Andrews GK, Dey SK, 1991. Cell-type-specific expression of transforming growth
factor-a in the mouse uterus during the peri-implantation period. Biol Reprod 45:365-372

Tamada H, McMaster MT, Flanders KC, Andrews GK, Dey SK, 1990. Cell-type specific expression of
transforming growth factor-B1 in the mouse uterus during the periimplantation period. Mol Endocrinol
4:965-972

Tartakovsky B, Ben-Yair E, 1991. Cytokines modulate preimplantation development and pregnancy. Dev
Biol 146:345-352

Tartakovsky, B., Goldstein, O. and Ben-Yair, E. In vivo modulation of pre-implantation embryonic
development by cytokines. In: Molecular and Cellular Biology of the F eto-Maternal Relationship, Colloque
INSERM 212, edited by Chaouat, G. and Mowbray, J. Paris: Editions John Libbey Eurotext, 1991a, p. 239-
244,

Tartakovsky B, Goldstein O, Brosh N, 1991b. Colony-stimulating factor-1 blocks early pregnancy in mice.
Biol Reprod 44:906-912

Tawfik OW, Hunt JS, Wood GW, 1986a. Implication of prostaglandin E2 in soluble factor-mediated immune
suppression by murine decidual cells. Am J Reprod Immunol Microbiol 12:111-117

Tawfik OW, Hunt JS, Wood GW, 1986b. Partial characterization of uterine cells responsible for suppression
of murine maternal anti-fetal immune responses. J Reprod Immunol 9:213-224

Tchernitchin AN, Barrera I, Arroyo P, Mena MA, Vilches K, Grunert G, 1985. Degranulatory action of
estradiol on blood eosinophil leukocytes in vivo and in vitro. Agents Actions 17:60-66

Tchernitchin AN, Roorijik J, Vandenhende J, Galand P, 1974. Dramatic early increase in uterine eosinophils
after oestrogen administration. Nature 248:142.

Tejedor F, Ballestra JPG, 1982. Iodination of biological samples without loss of functional activity. Anal
Biochem 127:143-149.

Terada N, Yamane T, Matsumoto K, Asai H, Kitamura Y, 1985. Estrogen-induced increase in eosinophil
number and peroxidase activity in uterus of mast cell-deficient W/W mice. Biol Reprod 33:899

Thaler CJ, 1989. Imunological role for seminal plasma in insemination and pregnancy. Am J Reprod
Immunol 21:147-150

Thepen T, Van Rooijen N, Kraal G, 1989. Alveolar macrophage elimination in vivo is associated with an
increase in pulmonary immune response in mice. J Exp Med 170:499-509

Thorens B, Mermod J-J, Vassalli P, 1987. Phagocytosis and inflammatory stimuli induce GM-CSF mRNA in
macrophages through posttranscriptional regulation. Cell 48:671-679

Toder V, Strassburger D, 1990. Non-specific immunopotentiation and pregnancy loss. Res Immunol
141:181-184

Tomooka Y, DiAugustine RP, McLachlan JA, 1986. Proliferation of mouse uterine epithelial cells in vitro.
Endocrinology 118:1011-1018

200



Tovey MG, Content J, Gresser I, Gugenheim J, Blanchard B, Guymarho J, Poupart P, Gigou M, Shaw A,
Fiers W, 1988. Genes for IFN-beta-2 (IL-6), tumor necrosis factor, and IL-1 are expressed at high levels in
the organs of normal individuals. J Immunol 141:3106-3110

Tsuchiya Y, Igarashi M, Suzuki R, Kumagai K, 1988. Production of colony-stimulating factor by tumor cells
and the factor-mediated induction of suppressor cells. J Immunol 141:699-708

Tsunawaki S, Sporn M, Ding A, Nathan C, 1988. Deactivation of macrophages by transforming growth
factor-B. Nature 334:260-262

Tumner M, Chantry D, Katsikis P, Berger A, Brennan FM, Feldmann M, 1991. Induction of the interleukin-1
receptor antagonist protein by transforming growth factor-B. Eur J Immunol 21:1635

Uchima F-DA, Edery M, Iguchi T, Bern HA, 1991. Growth of mouse endometrial luminal epithelial cells in
vitro: functional integrity of the oestrogen receptor system and failure of oestrogen to induce proliferation. J
Endocrinol 128:115-120

Uzumaki H, Okabe T, Sasaki N, Hagiwara K, Takaku F, Tobita M, Yasukawa K, Ito S, Umezawa Y, 1989.
Identification and characterization of receptors for granulocyte colony-stimulating factor on human placenta
and trophoblastic cells. Proc Natl Acad Sci U S A 86:9323-9326

Vairo G, Hamilton JA, 1991. Signalling through CSF receptors. Immunol Today 12:362-369

Van Snick J, 1990. Interleukin-6: An overview. Ann Rev Immunol 8:253-278

Van Snick J, Cayphas S, Vink A, Uyttenhove C, Coulie PG, Rubira MR, Simpson RJ, 1986. Purification and
NH2-amino acid sequence of a T-cell-derived lymphokine with growth factor activity for B-cell hybridomas.
Proc Natl Acad Sci USA 83:9679-9683

Vassalli P, 1992. The pathophysiology of tumor necrosis factors. Ann Rev Immunol 10:411-452

Vestweber D, 1992. Selectins: cell surface lectins which mediate the binding of leukocytes to endothelial
cells. Semin Cell Biol 3:211-220

Vickery BH, McRae GL, 1980. Synchronization of oestrus in adult female rats by utilizing the paradoxical
effects of an LH-RH agonist. J Reprod Fert 60:399-402

Villalta F, Kierszenbaum F, 1986. Effects of human colony-stimulating factor on the uptake and destruction
of a pathogenic parasite (Trypanosoma cruzi) by human neutrophils. J Immunol 137:1703-1707

Wahl SM, McCartney Francis N, Mergenhagen SE, 1989. Inflammatory and immunomodulatory roles of
TGF-beta. Immunol Today 10:258-261

Wakefield LM, Smith DM, Flanders KC, Sporn MB, 1988. Latent transforming growth factor-beta from
human platelets. A high molecular weight complex containing precursor sequences. J Biol Chem 263:7646-

7654

Wales RG, Edirisinghe WR, 1989. Voume of [luid and concentration of cations and energy substrates in the
uteri of mice during earrly pregnancy. Reprod Fertil Dev 1:171-178.

Walker F, Burgess AW, 1985. Specific binding of radioiodinated granulocyte-macrophage colony-stimulating
factor to hemopoictic cells. EMBO J 4:933-939

Walker F, Nicola NA, Metcalf D, Burgess AW, 1985. Hierarchical down-modulation of hemopoietic growth
factor receptors. Cell 43:269-276

Wang JM, Colella S, Allavena P, Mantovani A, 1987. Chemotactic activity of human recombinant
granualocyte-macrophage colony-stimulating factor. Immunol 60:439-444

201



Warner CM, Brownell MS, Ewoldsen MA, 1988. Why aren't embryos immunologically rejected by their
mothers? Biol Reprod 38:17-29

Warner CM, Brownell MS, Rothschild MF, 1991, Analysis of litter size and weight in mice differing in Ped
gene phenotype and the Q region of the H-2 complex. J Reprod Immunol 19:303-313

Wegmann TG, 1988. Maternal T cells promote placental growth and prevent spontaneous abortion. Immunol
Lett 17:297-302

Wegmann TG, Athanassakis I, Guilbert L, Branch D, Dy M, Menu E, Chaouat G, 1989. The role of M-CSF
and GM-CSF in fostering placental growth, fetal growth, and fetal survival. Transplant Proc 21:566-568

Weisbart RH, Golde DW, Gasson JC, 1986. Biosynthetic human GM-CSF modulates the number and affinity
of neutrophil f-Met-Leu-Phe receptors. J Immunol 137:3584-3587

Weisbart RH, Kacena A, Schuh A, Golde DW, 1988. GM-CSF induces human neutrophil IgA mediated
phagocytosis by an IgA Fc receptor activation mechanism. Nature 332:647-648

Weisbart RH, Kwan L, Golde DW, Gasson JC, 1987. Human GM-CSF primes neutrophils for enhanced
oxidative metabolism in response to the major physiological chemoattractants. Blood 69:18-21

Weitlauf, H.M. Biology of Implantation. In: The Physiology of Reproduction, edited by Knobil, E. and Neill,
J. New York: Raven Press, 1988, p. 231-262.

Weitlauf HM, Knisley KA, 1992. Changes in surface antigens on preimplantation mouse embryos. Biol
Reprod 46:811-816

Whitten KK, Biggers JD, 1968. Complete development in vitro of the preimplantation stages of the mouse in
a chemically defined medium. J Reprod Fert 17:399-401

Whitten WK, 1956. The effect of removal of the olfactory bulbs on the gonads of mice. J Endocrinol 14:160-
163

Wiktor Jedrzejczak W, Bartocci A, Ferrante AWIJ, Ahmed Ansari A, Sell KW, Pollard JW, Stanley ER,
1990. Total absence of colony-stimulating factor 1 in the macrophage-deficient osteopetrotic (op/op) mouse
[published erratum appears in Proc Natl Acad Sci U S A 1991 Jul 1;88(13):5937]. Proc Natl Acad SciU S A
87:4828-4832

Williams GT, Smith CA, Spooncer E, Dexter TM, Taylor DR, 1990. Haemopoietic colony stimulating factors
promote cell survival by suppressing apoptosis. Nature 343:76-79

Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL,, Gearing DP, Wagner EF, Metcalf D, Nicola N,
Gough NM, 1988. Myeloid Leukaemia Inhibitory factor maintains the developmental potential of embryonic
stem cells. Nature 336:684-686

Wing EJ, Mageec DM, Whiteside TL, Kaplan SS, Shadduck RK, 1989, Recombinant human
granulocyte/macrophage colony-stimulating factor enhances monocyte cytotoxicity and secretion of tumor
necrosis factor alpha and interferon in cancer patients. Blood 73:643-646

Wiseman DM, Polverini PJ, Kamp DW, Leibovich SJ, 1988. Transforming growth factor-beta (TGF beta) is
chemotactic for human monocytes and induces their expression of angiogenic activity. Biochem Biophys Res
Commun 157:793-800

Witsell AL, Schook LB, 1992. Tumor necrosis factor alpha is an autocrine growth regulator during
macrophage differentiation. Proc Natl Acad Sci U § A 89:4754-4758

Wodnar-Filipowicz A, Heusser CH, Moroni C, 1989. Production of the hemopoietic growth factors GM-CSF
and interleukin-3 by mast cells in response to IgE receptor-mediated activation. Nature 339:150-154

202



Wong DT, Weller PF, Galli SJ, Elovic A, Rand TH, Gallagher GT, Chiang T, Chou MY, Matossian K,
McBride J, et al. 1990. Human eosinophils express transforming growth factor alpha. J Exp Med 172:673-81

Wood GW, De M, Sanford T, Choudhuri R, 1992. Macrophage colony stimulating factor controls
macrophage recruitment to the cycling mouse uterus. Dev Biol 152:336-343

Woods A, West J, Rasmussen R, Bottomly K, 1987. Granulocyte macrophage colony stimulating factor
produced by cloned L3T4a+, class II restricted T cells induces HT-2 cells to proliferate. J Immunol
138:44293-4297.

Wiysocki LJ, Sato VL, 1988. "Panning" for lymphocytes: a method for cell selection. Proc Natt Acad Sci USA
75:2844-2848

Yelavarthi KK, Chen HL, Yang YP, Cowley BDJ, Fishback JL, Hunt JS, 1991. Tumor necrosis factor-alpha
mRNA and protein in rat uterine and placental cells. J Immunol 146:3840-3848

Yong K, Cohen H, Khwaja A, Jones HM, Linch DC, 1991. Lack of effect of granulocyte-macrophage and
granulocyte colony-stimulating factors on cultured human endothelial cells. Blood 77:1675-1680

203





