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AbstTllct

The maternaI immune system exens a key role in determining the outcome of manunalian

pregnancy. It has been proposed that the high rate ofearly embryo loss (20-30%) in DBAI2

mated CBNJ female mice may be the consequence of a maternai non-specifie immune

rejection response to the alloger.eic conceptus. Earlyembryo resorption in mice has been

associated with the activation of natural killer like cells, macrophages, and production of

THt inflammatory cytokines. To investigate and detect the earliest events in the activation

of decidual NK ceUs and macrophages in initiating early embryo loss, gene expression

analysis of two NI( eeU rnolecular rnarkers, IFNyand perforin mRNA, and two macrophage

specific cytokines, TNFa and iNOS mRNA, was performed. Since IFNy is also produced

by CD4+ T eeUs,. ceU labeling with an anti-NK antibody (DX5),. ceU sorting, and RT-PCR

gene expression analysis were perfonned to conflfl11 the source of IFNy mRNA in the

decidua and spleen of OBA/2-mated CBNJ female. This thesis presents evidence that

confinns a role for NK ceUs and macrophages in implantation and early embryo loss. RT

PCR analysis showed that IFNy,. perforin, TNFa,. and iNOS mRNA positive eeUs selectively

infiltrate aU plaeentae as early as 24 hours foUowing implantation (day 6 of gestation) and

may he natural components of the implantation response. Second, increased expression of

NK cell and macrophage molecular markers at day 8 of gestation, weU before embryo

damage was apparent,. confrrmed that infiltration of NK ceUs and macrophages was not a

consequence of resorption. Third, RT-PCR at day 8 of gestation strongly suggested an

association between increased expression ofTNFa,. iNOS, and IFNy mRNA and resorption.

RT-PCR funher confrrmed that perforin-mediated NK cytotoxicity was not directly

responsible for embryo resorption, as perforin mRNA expression displayed a DonnaI

distribution among allthe individual embryo implantation sites. Finally, expression of IFNy

mRNA by decidual DX5+ ceUs but not by DX5- eeUs demonstrated that NI( eeUs eould he

the cellular source of deeidual IFNy mRNA. This study suppons the premise that decidual

NK cell production of IFNy leads to macrophage activation and embryo demise. The mie of

the innate response during implantation, normal pregnancy, and early pregnaney loss will be

discussed.
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Résumé

Chez les mammifères~ l'issue d'une grossesse dépend en grande partie du système

immunitaire maternel. Il a été avancé que le taux élevé d'avortement prématuré qui

touche les embryons des femelles CBNJ fécondées par les mâles DBN2 pourrait être la

conséquence d'un rejet immunitaire maternel non spécifique dirigé contre l'embryon

a110génique. La résorption embryonnaire hâtive chez les souris a été associée avec

l'activation des cellules NK et des macrophages de même qu'avec la production de

cytokines inflammatoires de type Th1. Afin d'étudier les premières étapes de l'activation

des cellules NK et des macrophages de la caduque basale induisant l'avonement

spontané~ une analyse d'expression génique a été effectuée. Cette analyse utilisa 2

marqueurs des cellules NK~ l'AR.N messager (ARNm) de l'interféron gamma (INF-y) et

l'ARNm de la perforine~ de même que deux cytokines spécifiques aux rnacrophages~

l'ARNm du facteur de nécrose tumorale alpha (FNT-a) et l'ARNm de l'oxyde d'azote

(iNOS). Conune INF-y est aussi produit par les cellules T CD4+. un traitement avec un

anticorps dirigé contre les cellules NK (DX5) suivi d'un tri des cellules ponant l'anticorps

et une analyse d'expression génique (utilisant le RT-PCR) nous ont pennis de confrrmer

la source de l'ARNm d'INF-y retrouvé dans la caduque basale et dans la rate des femelles

CBNJ fécondées par les mâles DBN2. Cette thèse démontre des faits qui viennent

confltmer le rôle des cellules NK et des macrophages au niveau de l'implantation et de la

pene prématurée d'embryons. L'analyse du RT-PCR (reverse transcriptase-polymerase

chain reaction) démontra que les cellules exprimant de l'ARNm d'INF-y. de perforine. de

FNT-a et de iNOS infiltrent de manière sélective tous les placentas moins de 24 heures

après l'implantation Gour 6 de la période de gestation) et pourraient faire partie du cycle

normal d'implantation. Deuxièmement. une hausse de l'expression des marqueurs

moléculaires des cellules NK et des macrophages au 8e jour de gestation confltma que

l'infiltration des cellules NK et des macrophages n'est pas une conséquence de la

résorption car à ce moment~ aucun dommage embryonnaire n'est apparent.

Troisièmement~ le RT-PCR du 8e jour de gestation suggéra une association entre

l'expression à la hausse de l'ARNm du FNT~a. de l'iNOS et de l'INF~g et la résorption. Le

RT- PCR confltmera aussi que la cytoloxicité des cellules NK due à la synthèse de
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perforine n'était pas directement responsable de la résorption embryonnaire car

l'expression de l'ARNm de la perforine démontre un distribution normale parmi tous les

sites individuels d'implantation embryonnaire. Finalement l'expression de l'ARNm de

l'INF-y par les cellules de la caduque basale qui étaient DX5+ et non par celles qui étaient

DX5- démontre pour la première fois que les cellules NK pourraient être la source de

l'ARNm de l'INF-yexprimé dans la caduque basale. Cette étude supporte l'idée voulant

que la production d'INF-y par les cellules NK de la caduque basale mène à l'activation

des macrophages puis à la mon de l'embryon. Le rôle de la réponse innée durant la phase

d'implantation~ le développement normal d'une grossesse et la pene prématurée

d'embryons seront les thèmes discutés dans cet ouvrage.
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Lit.rature Review

1. Introduction

The immunological paradox posed by fetaI survival during pregnancy has long

intrigued immunologists (Baines and Gendron~ 1993). In mammalian reproduction~ the

mating of histoincompatible individuals produces patemal antigen expressing concepti

that are in direct contact with maternal uterine and blood-borne immune effectors

(Billingham~ 1964). Considering the immune system has the capacity to discriminate

between self and non-self and reject foreign tissue grafts and pathogens, it would be

rational to anticipate rejection of the "fetal allograft" by the maternai host (Raghupathy,

1997). However, in successful pregnancy the allogeneic conceptus is not rejected and its

survival within the potentially hostile maternai environment is dependent on a poody

understood network of mechanisms in which the immune system itself appears to exert a

key role.

In spite of the enormous growth in the human population, mammalian

reproduction is not as efficient as it is commonly thought. In fact, between 40% to 60%

of ail implanted embryos are lost before term and an estimated two-thirds of these losses

may be due to early embryo demise (Baines et al., 1997; Baines Gendron, 1993). In

humans, approximately 25% of normal embryos undergo spontaneous early abortion

before the third week of gestation following the last menstrual period (Edmonds et al.,

1982; Lippman and Farookhi, 1986; Wilcox et al., 1988). Since recent data from human

and murine studies point to a putative immunological etiology for this type of pregnancy
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failure (Carp et a/., 1990; Chaouat et a/., 1988), this thesis will focus on the

immunological factors associated with implantation and early embryo loss.

2. The Matemal-Trophoblast Interfaee

Vital to understanding the immune events during pregnancy and early embryo

loss, is the close relationship between trophoblast ceUs and maternai decidua at the

fetomatemal interface. Embryonic development and establishment of the fetomatemal

interface is a multistep process that may be divided into two stages: the preimplantation

stage and the post-implantation stage. In the preimplantation stage, the fertilized ovum

undergoes a series of cleavage and differentiation events to fonn the blastocyst.

Trophoblast cells that fonn the outer layer of the blastocyst then implant into the uterine

wall, induce endometrial decidualization, and establish direct contact with maternai blood

sinusoids and decidual tissue (Enders, 1991; Arck and Clark, 1997). The inner cell mass

of the blastocyst eventually differentiates into the fetus while the trophoblast becomes the

placenta. Since the trophoblasts Hne ail areas of contact between the fetus and the

mother, the trophoblast ceUs rather than the fetus per se must resist immune rejection by

blood-bome and decidua-associated immune effectors (Torry el al.. 1997). In humans and

mice, the vascular deciduum contains enlarged glycogen-filled stromal ceIls,

lymphomyeloid ceUs and various populations of immune effector ceUs that are thought to

play pivotai roles in determining the outcome of pregnancy. These include:

macrophages, natural killer ceUs (NK), granulocytes, yô T lymphocytes and a distinct

population of granulated uterine naturai killer lineage ceUs that are found in the

2



•

•

•

mesometrial triangle in early murine and human pregnancy. A review of decidua-

associated effectors in early embryo loss will be presented later in this chapter.

3. Reproductive Failure

A brief discussion of the modes of spontaneous abortion and an animal model

facilitating its study will be presented in order to put early embryo loss into perspective.

(a) Spontaneous Abortion

Although reproductive failure can take place at any time during gestation, the

most common complication of mammalian pregnancy is spontaneous abortion (Tangri

and Raghupathy, 1993; Clark and Chaouat, 1989; Hill et al., 1995). It has been estimated

that as much as 60% (Edmonds et al., 1982; Wilcox et al., 1988; Baines and Gendron,

1990) of all human implanted pregnancies are spontaneously aborted within the first 14

weeks of gestation (Clark and Chaouat, 1989) and despite many years of intense research,

the underlying causes in many cases remain unknown (Raghupathy, 1997; Arck and

Clark, 1997). Since clinical studies involving couples with a history of recurrent

spontaneous abortion (RSA) have shown that many early abortions are not explained by

conventional endocrinological and anatomical abnormalities (Hill and Ravinikar, 1990),

exogenous pathogens (Benirschke and Robb, 1987), and chromosomal or genetic defects

(Stray and Stray-Pedersen, 1984), recent attention has focused on immunological

etiologies.

Supporting the contention of an immunological etiology in sorne cases of

spontaneous abortion, is the benefit observed when women who habitually aoort their

3
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babies undergo active immunotherapy. For instance, studies by Beer et al (1981),

Mowbray et al (1985) and Carp et al (1990) showed that alloimmunization of women

who habitually abort their concepti with patemal lymphocytes or pooled allogeneic

lymphocytes, improved reproductive performance to a significant extent. Likewise, a

meta-analysis of the controversiai intravenous immunoglobulin (IVIG) therapy for

spontaneous abortion, showed that in sorne cases, IVIG treatment did improve the

outcome ofpregnancy (Daya et al.. (998).

On the other hand, recent analyses, by Coulam and colleagues in 1996, of clinical

trials, argue against the benefit of immunotherapy for RSA. These studies show that

allogeneic leukocyte immunization and [V[G had little or no effects in RSA and that

chromosomai abnormalities were a significant confounder to treatment success. The

apparent contradictory effects of immunotherapy May in part be explained by new data

that links up to half of the cases of recurrent spontaneous abortion with karyotypic

abnormalities in the trophoblast (Clark and Coulam, 1996; Stern et al.. 1996). [t has been

suggested that perhaps only karyotypically normal pregnancies could benfit from

immunotherapy.

[n humans, approximately 25% of implanted embryos spontaneously cease

development within 7 to 14 days following attachment to the endometrium (Edmonds et

al.. 1982; Lippman and Farookhi, 1986; Wilcox et al.. 1988). The pathophysiology of

early embryo loss May differ from spontaneous fetal abortions. The latter usually occurs

after the sixth week of gestation, and often results from problems of maternai physiology

or fetai development, and is detected in increased frequency in patients with recurrent

spontaneous abortion (Hafez, 1984; Clark and Chaouat, 1989). Conversely, spontaneous

4
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early embryo resorption May he associated with developmental failure or embryo

destruction by immunological mechanisms. Embryo loss usually takes place without the

expulsion of any visible products of conception~ and is seldorn detected by the mother

(Baines and Gendron~ 1993). Furthermore, sorne researchers have speculated that this

mode of pregnancy loss may have a higher incidence in sorne couples with primary

infertility. [n this thesis~ the focus will be on spontaneous early embryo loss.

(b) Difficulties Associated with Ruman Study of Early Embryo Loss

Various obstacles are associated with human study of early embryo loss. First, the

low and unpredictable incidence of early ernbryo wastage in documented human

pregnancies causes scarcity of relevant tissue samples and products of conception that are

needed for complete cellular and rnolecular analysis of the decidua-trophoblast interface.

Second, from an ethical and practical point of view, it is still impossible to predict early

embryo demise in couples with a history of primary infertility or recurrent spontaneous

abortion. Finally, Many clinical studies have been unreliable and contradicted by data

obtained from prospective and experimental studies (Baines and Gendron, 1993).

(c). Early Embryo Loss in a Murine Mating Model

The murine mating model, CBAlJ (H2-k) females X DBA/2 (H2-d) males, has

greatly facilitated the investigation of the cellular and molecular factors present at the

decidua:trophoblast interface during early embryo loss. [n this abortion-prone

combination, 20-30% of implanted embryos are spontaneously resorbed by day 12 of

gestation, similar to the frequency of early embryo loss seen in humans (Clark el al.,

5
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1980; Clark and Chaouat, 1989). The losses are recurrent, increase with the aging

female, and are partner specifie since other H-2k X H-2d murine mating combinations

demonstrate significantly lower early embryo loss rates of 5-10% (Chaouat et al., 1988;

Chaouat and Menu, 1997; Duclos et al., 1995). Furthermore, histological examination

has demonstrated that resorption is characterized by focal necrosis at the junction of

trophoblast with decidua, by a large infiltration of polymorphonuclear leukocytes, and by

thrombosis and hemorrhage (Duclos et a/., 1995; Clark et a/., 1998).

Since the mating of inbred mice significantly decreases the occurrence of lethal

genetic anomalies in the resulting embryos, and only 4-7% of spontaneous abortions in

mice have been documented to result from chromosomal abnorrnalities (Stem et al..

1996; Arck et a/., 1999), researchers have focused on findings that suggest an

immunological basis for the increased rate of embryo demise in DBA/2-mated CBAll

mice. The most striking evidence supporting an immunological role, is the effect of

alloimmunization in decreasing the resorption rate to normal levels. For instance,

immunization ofCBAIl females with BALB/C (H-2d) lymphoid ceUs before mating with

DBA/2 males restored normal embryo viability (Kiger et al.. 1985). Likewise, adoptive

transfer of T ceUs from an immunized CBAll female to virgin CBAIl females before

mating with DBAl2 males similarly reduced the resorption rate (Chaouat et al.. 1988;

Tangri and Raghupathy, 1993). Furtbennore, non-specifie immunotherapy with

Complete Freund's Adjuvant (CFA) has been shown to enhance embryo survival via

progesterone mediated immunomodulation (Skekeres-Bartho el al.. 1991). Given that the

effects of treatment on embryo survival were not permanent as would be expected from

specific anti-paternal enhancing antibodies and suppressor ceUs, it has been suggested

6
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that the effects are most likely due to non-specifc immunomodulation (Baines et al..

1996). Interestingly, immunization was accompanied by an increased production and

activity of non-specific immunomodulatory factors that have been associated with

successful pregnancy, such as decidual IL-I0, and TGF-beta2 producing suppressor ceUs

(Chaouat et al.. 1995; Arck and Clark, 1997).

Although the exact immunological mechanisms that initiate and Mediate murine

early embryo 10ss have not yet been fully elucidated, it appears that embryo demise may

result from impaired placental development. As will be discussed in later sections, this

placental damage is thought to be dependent upon the activation of the non-specific

components of the maternaI immune system (natural killer eeUs and macrophages) rather

than CD4+ or CD8+ T lymphocytes and antibodies that characterize specific immune

responses (Gendron et al., 1990; Duclos el al.. 1995; Haddad el al., 1997a).

Furthermore, studies involving the modulation of pregnancy outcome with abortifacient

factors or resorption inhibitors, also attribute early embryo wastage to TH1 cytokines

(Raghupathy, 1997) and to cytokine-triggered thrombotic/inflammatory processes in

maternaI uteroplacental blood vessels (Clark et al., 1998).

4. Current Theories Explaining Feta' Survival and Early Pregnancy Loss

The ability of the semi-allogeneic fetus to survive in its irnmunocompetent host

has lead researchers to wonder how the maternai rejection response is regulated during

gestation, and to what extent is early pregnancy loss associated with aberrant

immunoregulation. A number of theories have been proposed and combine to explain the

immunological components involved in fetal acceptance and early pregnancy failure. In

7
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this section, the theories are divided into general non-specifie meehanisms and antigen

specifie meehanisms.

<a> Non-Specifie Meebanisms

(i) Immunosuppression

[nitially, it had been postulated that the fetus evades immune rejeetion by

indueing an immunosuppressive state in its maternai hosto Supporting this view, were

studies revealing a gestationally-indueed decline of certain eomponents of local and

systemie cell-mediated immunity, namely delayed type hypersensitivity COTH) and

natural killer eell responses (Luft and Remington, 1984; Holland et al.. 1984), that

predominated during conventional tissue allograft rejeetion. These studies linked

pregnaney with reactivated cytomegalovirus infections (Mclaughlin, 1990), suseeptibility

to several types of intracellular infectious diseases including tuberculosis (Jameson,

1935), toxoplasmosis (Luft and Remington. 1982), and malaria (Watkinson and Rushton,

1983), and improvement of cell mediated autoimmune diseases such as rheumatoid

arthritis (OaSilva and Spector, 1992). Another study indicating a gestationally-induced

change in immune eompetency, involved the local infection of murine decidua with

Listeria monocytogenes (RedIine and Lu, 1987). [n this experimental system, pregnant

miee could not mount adequate cell mediated responses that were needed for pathogen

rejection and clearance. Finally, an increased frequency of resorption in C57B 16 mice

resistant to local decidual infection of Leishmania major demonstrated that cell mediated

responses and THI cytokines could have deleterious effect on fetal survival (Krishnan et

al., 1996).

8
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Given that most pregnant women were not exceedingly vulnerable to infections

(Sacks, 1999), and antibody mediated immunity was relatively nonnal during gestation

(Wegmann et al.. 1993), it stood to reason, then, that pregnancy was not a state of total

immunosuppression. Current explanation of the immunosuppressive theory is based on a

large body of evidence indicating that successful pregnancy is associated with increased

local production of maternally and fetally-derived Molecules and cells that have the

capacity to suppress local maternal cell-mediated immune rejection responses (Clark et

al., 1997). Moreover, a reduction ofthese factors or the cells that produce them may lead

to placental failure and early embryo demise. Examples of such factors are transfonning

growth factor beta (TGFf3), IL-IO and the honnone progesterone.

For the last two decades, a great deal of work has gone into characterizing and

identifying the cells that produce local suppressor factors. Recently, analyses of decidua

from DBAl2-mated CBAlJ female mice have identified a population of small granulated

lymphocytes that secrete in situ a suppressor effect resembling TGFf32 (Lea et al., 1992;

Arck and Clark, 1997). This TGFf32 suppressive factor is antigen nonspecific and has the

capacity to inhibit the activation and generation of potentially abortogenic effectors at the

fetomaternal interface, namely natural killer cells, macrophages, and lymphokine

activated killer cells (LAK) (Arck and Clark, 1997). Characterization of these decidual

natural suppressor cells revealed that they lack T cel1 markers such as Thyl, Lytl, CD4

and CD8, and the natural killer cell marker asialoGMl, but may be of T cel1 lineage

because their suppressive activity could he abrogated by anti-CD3 and anti-TCR yô

treatment (Clark el al., 1997). Additionally, suppressive activity from these cells was

dependent on the presence of placenta! trophoblast. In Iight of evidence that yô T cells
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may recognize and react to trophoblast cells (Heybome et al., (994), and yB TCR+

lymphocytes from pregnant mouse uterus may produce TGF~2 (Suzuki et al., 1995;

Clark et al., 1997), it has been suggested that trophoblast may be stimulating yB T cell

suppressive activity in the CBA X DBA combination (Clark et al.. (997). However,

this is a description of only one type of murine natura! suppressor cell. Definitive

characterization of other suppressor cells and local TGFJ32 producing suppressor cells in

humans and in other murine strains, such as T-cell deficient seID mice (Clark et al..

1994), remains elusive and a subject ofon going debate and intense research.

IL-lOis another immunosupressive cytokine that has been detected in murine and

human decidua! and placental tissue (Chaouat et al., 1995; Roth et al., 1996). This TH2/3

immune mediator which is a potent down-regulator of inflammatory cytokines has been

associated with successful human pregnancy (Hill et al., (995) and appears to play a

positive role in preventing early embryo loss in DBAl2-mated CBNJ female mice.

Studies involving the modulation of IL 10 levels have shown that injection of the

abortion-prone females with IL-l 0 prevents embryo demise. Altematively, injection with

anti IL-I0 antibodies increases the resorption rate (Chaouat et al., 1995).

The gestational hormone progesterone also plays an imunosuppressive role.

During pregnancy, CD8+ T cells are activated to express progesterone receptors. ln

response to hormone, these T cells secrete progesterone induced blocking factor (PIBF),

which acts by inhibiting natural killer cell cytolytic activity (Szekeres-Bartho et al., 1989;

Clark et al., 1996). It has been demonstrated that PIBF could abrogate NK cell mediated

resorption in mice, thus acting in favor of pregnancy maintenance (Szekeres-Bartho el

al., 1990). Furthermore, the addition of PIBF to cultured murine lYmphocytes resulted in
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increased production of TH2 inflammatory down-regulators such as IL-I0 (Szerkeres

Bartho, 1996). Finally, progesterone has recently been shown to inhibit the in vitro

production of tumor necrosis factor alpha (TNFa) by activated murine macrophages

(Miller and Hunt, 1998), which have been associated with early embryo loss.

Evidence has accumulated supporting the contention that a reduction of locally

derived immunosuppressive factors May lead to early pregnancy faHure. For instance,

resorption prone placentae from DBAl2-mated CBAlJ mice display reduced levels of IL

10 compared with low loss mating combinations (Chaouat et al., 1995). Human studies

have revealed that a subset of human patients with a history of recurrent spontaneous

abortion demonstrate a deficiency of TGF~2-producingsuppressor cells in uterine tissue

near the placental attachment site (Lea el a/. , 1995). Women with recurrent spontaneous

unexplained abortion tend to have below normal levels of T ceUs expressing cell surface

progesterone receptors (Clark and Coulam, 1996; Szekeres-Bartho et al., 1989; Clark et

a/., 1996). Finally, protection against resorption following alloimmunization in humans

and mice is also accompanied by increased decidual production of TGF~2 and IL-I0

(Gafter et al., 1997; Chaouat el al., 1995).

(ii) lmmunotrophism and lmmunodystrophism

Another non-specifie hypothesis attempting to expIain immune regulation during

pregnancy is immunotrophism. This mechanism was tirst proposed by Wegmann in

1986 (Tangri et al., 1994; Raghupathyand Tangri, 1996; Raghupathy, 1997), and is

based on the concept that maternai alloreactivity May actually promote fetal survival.

The striking observation that vaccination (of CBNJ females prior to mating DBA/2
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males) with patemal leukocytes not only enhanced embryo viability but increased

placental weight~ led to the proposai that anti-trophoblast responses May stimulate local

secretion of trophic factors and cytokines that promote optimal growth and functioning of

the placenta. Colony stimulating factor 1 (CSF-l)~ IL-3~ and granulocyte monocyte

colony stimulating factor (GM-CSF) are examples of trophic cytokines that have been

shown to promote the growth of mouse and human trophoblast (Athanassakis et al.,

1987; Annstrong and Chaouat~ 1989; Wegmann et al., 1993). Additionally~ maternai T

lymphocytes have been implicated as producers of these factors~ as anti-CD4 or anti-CD8

antibody treatments were shown to diminish placenta! cell proliferation~ reduce fetal size,

and increase the early embryo loss rate in resorption prone mating pairs (Athanassakis el

al., 1990). However~ the notion of T cells as the sole sources of immunotrophic factors is

weakened by various lines of evidence. First, CSF-l is not produced by T ceUs but by

macrophages, fibroblasts and endothelial ceUs (Hill, 1992). Second, normal resorption

rates and fetal weights seen in GM-CSF knockout female mice when mated by wild type

males has been attributed to embryonic production of GM-CSF (Robertson et al., 1999).

Third, successful pregnancy is observed in SCIO mice even though they are T cell

deficient.

Since trophic factors are thought to he heneficial to pregnancy, researchers have

reasoned that a reduction or deficiency in these cytokines May lead to placental failure

and early embryo demise (Clark and Chaouat, 1989; Raghupathy and Tangri, 1996).

[ndeed~ moderate fertility impairment has been seen in GM-CSF knockout mice

(Robertson et al., 1999) and administration of small amounts of this cytokine May correct

the increased loss rates in the CBAIJ X OBAl2 resorption prone combination.
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Immunodystrophic effects may also be the cause reproductive failure. According to this

hypothesis, maternaI anti-trophoblast responses may induce the overproduction of

detrimental cytokines that can result in negative consequences for the developing

conceptus (Hill, 1991; Raghupathy and Tangri, 1996). Examples of dystrophic cytokines

are tumor necrosis factor alpha (TNFa) and interferon gamma (IFNy). As will be seen

later in this thesis, these inflammatory cytokines have been associated with the

mechanisms preceding early embryo loss in DBA/2-mated CBA/J female mice (Haddad

et al., 1997a;b).

(ii;) Fas-FasL Interaction at the FetomaternalInterface

Fas-Fas ligand (FasL) interaction is thought to play a protective role in the

maintenance of immune privileged sites. Immune privileged sites are certain areas of

the body that share a unique relationship with the immune response. They tend to he

tissue sites which are more permissive to allografts, are unable to tolerate even short

episodes of inflammation, and actively prohibit the occurrence of inflammatory

responses (Griffith and Ferguson, 1997). As with the eye, the murine testis and hamster

cheek pouch, the uteroplacental unit during pregnancy has sometimes been referred to as

an immune privileged site. Recent identification of FasL expression at the maternal

fetal interface in both mice (Hunt et al., 1997c; Uckan et al., 1997) and humans

(Hammer et al., 1999), has led to the proposai that FasL induced apoptosis or

"programmed cell death" of effector lymphocytes may protect the allogeneic conceptus

against Fas+ immune cell attack (Hunt et al., 1997c).
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FasL or CD95 ligand is a type II membrane protein and a member of the tumor

necrosis factor family. Aiso called ~~death factor", it is expressed by activated cytotoxic

T lymphocytes, TH1 ceUs, naturaI killer ceUs and by sorne nonlymphoid cells such as

placenta! trophoblast. Upon crosslinking of FasL to the Fas ~~death" receptor (CD95), a

death or apoptotic signaI is transmitted to the lymphoid or non-Iymphoid Fas-bearing

target celI. FasL-Fas interaction controls the expansion of T ceUs during immune

responses (Nagata and Goistein, 1995), maintains peripheraI tolerance by clonally

deleting self reactive T cells that may have escaped negative selection in the thymus, and

is a killing mechanism used by cytotoxic T lymphocytes (Rouvier 1993; Griffith and

Ferguson, 1997). Furthermore, Jiang and Vacchio (1998) have suggested that FasL on

trophoblast May be one of the mechanisms mediating clonai deletion of fetal antigen

reactive peripheral T cells during murine pregnancy.

By employing molecular technologies, Hunt and colleagues (1997c) have

demonstrated that during murine pregnancy, FasL is appropriately positioned both in the

uterus and in the placenta to protect the allogeneic conceptus from activated Fas

expressing effector cells of maternai origin. Furthermore, examination of uteroplacental

sections from gld Hgeneral Iymphoproliferative disease" homozygous matings, which

express nonfunctionaI FasL, reveaIed that in the absence of FasL, maternaI leukocytes

flood the maternal-fetal interface and fetal survival is reduced. Considering that human

natural killer like cells and T cells have been shawn to express Fas upon activation

(Eischen et al., 1996; Saito et al., 1994) and macrophages express Fas constitutionally

(Liles et al., 1996), it is possible that Fas expressing decidual leucocytes function as

targets for FasL expressing trophoblast, thus maintaining the immune privileged nature

14



•

•

•

of the fetomaternal interface (Hammer et al.. 1999). However, the fact that successful

pregnancy does occur both in gld mice and in Fas deficient lpr "lymphoproliferative"

mice, makes further investigation into the relevancy of the FasLlFas system at the

matemal-fetal interface a necessity.

(b) Specifie Mecbanisms

(i) Placental r,ophoblast Immunogenicity and MHC

Considerable attention has also been placed on the postulate that allogeneic

concepti avoid immune rejection by evading the afferent arm of the immune system

(Torry et al., 1997). When an individual is challenged with foreign or "non-self'

antigens, maternal immune detection or recognition (afferent arm) may subsequently lead

to a rejection response. Invading antigens can be processed by innate antigen presenting

cells (APC), and then presented to T lymphocytes in association with "self' polymorphic

MHC (major histocompatibility complex) class 1 or II molecules. At this point, if

appropriate costimulatory molecules and cytokines are present, specific cellular and

humoral mediated immunity might become activated, thus eliminating the foreign entity

(Sacks et al., 1999). The nature of the ensuing response depends on whether antigen is

presented on cells expressing MHC class 1 or II. While ubiquitously expressed MHC

class 1 molecules present antigen to cytotoxic CD8 positive T lYmphocytes, MHC class II

Molecules are expressed by immune cells and are recognized by CD4 positive T helper

cells. T helper cells have been implicated in inflammatory processes as weil as in

activation of macrophages and antibody producing B-Iymphocytes.
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T ceUs also have the ability to recognize and bind to "non-self' MHC molecules

expressed on transplanted tissue grafts, resulting in graft rejection (Yokoyama, 1997).

It has been suggested that lack of T cell mediated rejection of the fetal aIlograft during

successful pregnancy may in part be due to reduced or weakened trophoblast

immunogenicity (Gill et al.. 1993; Saji, 1993). Supporting this theory is ample evidence

indicating an altered or decreased expression of conventional MHC class 1 and class II

antigens by the placental trophoblast cells that enclose the developing conceptus and

come into direct contact with the maternai circulation. Indeed, studies of human

placental tissues have indicated the total absence of polymorphie MHC class 1 and II

molecules on trophoblast ceIls «Hunt et al., 1988; Faulk and Hunt, 1990). Murine

placental trophoblast are also devoid of class II antigens and studies modulating their

expression have supported the contention that absence of these polymorphie molecules

on placental trophoblasts allows the allogeneic conceptus to escape immune detection

and subsequent rejection. In particular, when mice were treated with drugs that induced

MHC class II expression, fetal survival Was compromised. When the same mice were

then administered anti-class II antibodies, pregnancy loss was prevented (Athanassakis

and Papamettheakis, 1991; Chaouat, 1993).

However, other findings have cast doubt upon the postulate that successful

pregnancy requires evasion of immune recognition. For instance, specific immune

mediators such as maternai anti-paternal antibodies (Jalali et al., 1996; Mowbray et al.,

1997) and peripheral alloantigen reactive T ceUs (Jiang and Vacchio, 1998) are usually

generated during normal gestation. Second, murine placental trophoblast cells that

directly encounter the maternai circulation have been shown to express polYm0rphic
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MHC c1ass 1 molecules and it has been suggested that these Molecules May actually play

a protective role during pregnancy. MHC might bind and eliminate some of the

aIloantibodies generated against patemaI placental antigens (Wegman~ 1987; Chaouat

1993). Furthermore~ human trophoblasts have been shown to express a monomorphic

MHC c1ass 1 molecule~ human leukocyte antigen G (HLA-G)~ that is thought to protect

against naturaI killer cell-mediated cytolysis by binding to NK cell killer inhibitory

receptors (KIRs) (King et al., 1997; Arck et a/., 1999; Rouas-Freiss et a/., 1997). Finally~

inununostimulation of pregnant femaIe mice with ceUs transfected to express allogeneic

MHC antigens~ has been shown to enhance embryo viability and correct resoption rates in

abortion prone mating models (Menu et al., 1995).

(ii) Protee/ive Antibodies

Despite the association of pregnancy with enhanced adaptive humoral immunity~

antibody-dependent cellular cytotoxicity (ADCC) effectors are not eminently apparent at

the fetomatemal interface (Arck and Clark~ 1997). Recently~ it has been postulated that

sorne of the maternai antibodies generated during gestation May actually protect the

developing conceptus from immune destruction. The formation of blocking antibodies~

antibody:antigen complexes~ and anti-idiotypic antibodies has been proposed to

specificaIlyenhance fetal survival.

[n humans~ the existence of blocking antibodies and antigen:antibody complexes

has been substantiated by the observation that in all successful term pregnancies~ IgG

antibodies are found bound to placental trophoblasts (Jalali et a/., 1989; Mowbray et a/.,

1993). Further validation of this type of antibody mediated protection mechanism has
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come from the identification of a novel SO-kOa allotypie trophoblast protein (RSOK) to

whieh IgG antibodies are made. RSOK is polymorphie and remains completely covered

with maternai IgG during pregnancy (Arck et al., 1999). Experiments investigating the in

vitro and in vivo effects of polyclonal anti-RSOK antibodies (that have been eluted from

human placenta) as weil as murine monoclonal anti-R80K antibodies, have suggested that

RSOK is covered with bloeking IgG during suceessful pregnancy in order to prevent

natural killer cell mediated attack of trophoblasts (lalali et al., 1996). In one experiment,

the addition of polyclonai anti-R80K antibodies to an assay, containing human natural

killer and target ceIls inhibited NK mediated cytolysis. In another study, treatment of

resorption prone DBAl2-mated CBAll female mice (whose elevated resorption rate is

thought to be dependent on NK cells) with murine monoclonal anti-R80K antibodies,

signifieantly prevented early embryo demise. Although these studies did not address why

IgG blocking antibodies do not initiate antibody dependent cellular cytotoxicity (ADCC)

and cytopathology, it has been suggested that a deficiency in blocking antibodies may

compromise the outcome pregnancy (Mowbray et al., 1997).

In addition to bloeking antibodies, several investigators have alluded to a potential

regulatory role for trophoblast anti-idiotypic antibodies during successful pregnancy. An

idiotype may be described as a collection of determinants within the antigen binding site

of specifie immunoglobulin molecules and lymphocyte antigen receptors, that are capable

of eliciting immune responses. Such anti-idiotypic antibodies to maternai cells or

antibodies generated against trophoblast alloantigens during pregnancy have been

postulated to down regulate maternai rejection responses in successful pregnancies (Saj i,

1993). Evidence in support of this contention has come from murine studies of the
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resoption prone CBA/J X DBA/2 mating combination. Chaouat and Lankar in 1988

showed that injection of pregnant CBAlJ females, before day 6 of gestation, with anti

idiotypes to the maternai ceUs and antibodies coded to react to BALBlc lymphocytes,

reduced the high resorption rate. Although they went on to suggest that anti-idiotypes

may be responsible for the beneficiaI effects of leukoeyte alloimmunization, this was

later contradieted by studies showing that the effects of leukocyte alloimmunization in

mice are most likely due to non-specifie immunomodulation rather than specific

antibodies (Baines et al., 1996). üther researchers have a1so attributed the benefit

conferred by IvIg for the treatment of antiphospholipid antibody syndrome (Caceavo et

al., 1994) and spontaneous recurrent abortion, to the presence of anti-idiotypes in the IvIg

(Torry et al., 1997). Nevertheless, confounding the role of "protective antibodies" during

successful reproduction, IvIg treatment, and leukocyte aIloimmunization are the normal

pregnancies observed in women with agammaglobulinemia.

5. Decidual Effectors and Earl! Embryo Loss in Resorption-Prone Murine Matings

(a) Role of Macrophages

As elements of the innate immune system that play a critical role in host defense,

macrophages are an excellent illustration of a cell population that is prominendy

diversified in its functions. These migratory cells are the terminally differentiated

components of the bone marrow derived mononuclear phagocyte system and are present

in most tissues of the body. The activation of macrophages results from the

differentiation of blood monocytes into tissue specifie effector cells that have the

potential to carry out sorne funetion that cao't be executed by the resting precursors. In
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terms ofinnate or nonspecific immunity, macrophages have been described as "scavenger

cells" attempting to directly clear foreign antigens, pathogens, and apoptotic bodies by

phagocytosing them into intracellular vesicles and exposing them to lysosomal enzyme

degradation. Macrophage cytotoxicity also correlates with their capacity to secrete in situ

reactive oxygen intermediates (ROI), reactive nitrogen intermediates (RNI), and a myriad

of enzymes (Crawford et aL. 1994). Systemically, activated macrophages produce

cytokines that stimulate inflammation and fever. In the context of specifie host defense,

macrophages may also present processed antigen on their surface in association with

MHC class II for the purpose ofeducating and activating T lymphocytes and the adaptive

immune response.

Although murine studies have revealed the presence of macrophages in both

cycling non-pregnant uteri and implanted gestating uteri (Hunt and Robertson, 1996; Platt

and Hunt 1998), their functions in these milieux have yet to be determined (Hunt et al..

1997b). Following implantation, macrophages have been shown to increase in density

(Hunt 1994), and express MHC class Il molecules on their surface (Hunt el al.. 1985).

Although MHC class II expression is an indicator of macrophage activation, antigen

processing and presenting by these phagocytes in situ has not been clearly documented

(Clark, 1993). Furthermore, decidual macrophages are diminished in their ability to

mount DTH responses, best illustrated by exacerbated local intracellular Listeria

monocytogenes infections during murine pregnancy (Redline and Lu, 1988). Overall,

suppression of the macrophage effector functions described above may be induced by the

decidual environment in order to protect the developing conceptus from immune

rejection. At the same time, however, uterine macrophages may be intricately involved
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in establishing local immunosuppression by secreting TGF Il for autocrine down

regulation (Crawford et al., 1994). They may promote placenta! growth by secreting

CSF-l (Hill, 1992) or promote healthy vascularization of the implantation sites by

producing the smooth muscle relaxant, nitric oxide (NO) (Hunt et al., 1997b). Finally,

the markedly increased incidence of pregnancy loss in macrophage and CSF-l deficient

op/op ;;loosteopetrotic" mice, further supports the assertion that macrophages make

important contributions to successfuI pregnancy (Pollard et al., 1991).

As mentioned in the beginning of this review, various lines of evidence have

implicated a macrophage involvement in murine early embryo loss. First., Duclos and

colleagues in 1994 and 1995 demonstrated that treatment of gravid DBA/2-mated CBA/J

female mice (a high loss mating) with rat anti-macrophage anti-sera (anti-Mac-l

antibody) significantly reduced the incidence of early embryo resorption. Next, by

employing immunohistochemistry with macrophage-specific cell surface markers (Mae

l, F4/80), the same investigators showed that decidual infiltration by macrophages was

an important early event preceding embryonic resorption. Specifically, by day 8 of

gestation, weB before any obvious embryo destruction was evident, approximately 20

30% of the implantation sites from DBA/2-mated CBA/J female mice had significantly

elevated numbers of infiltrating macrophages (Duclos et al., 1995; Baines et al., 1997).

Interestingly, this percentage corresponded to the naturaI resorption rate observed in this

murine mating model at day 12 of gestation. AIso noted was the observation that 'ihigh

loss matings"" (20-30%) had a greater proportion of embryos with significantly elevated

numbers ofdecidual macrophages than "low loss matings" (5-10%).
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By using molecular technologies to detect the expression of proto·oncogenic

cellular activation markers (Duclos et al., 1996) and immunohistochemistry to detect

MHC class Il (Duclos et al., 1995), it has been demonstrated that at day 8 of gestation,

20·30% of (CBAIl X DBAl2) FI implantation sites display significantly elevated levels

of macrophage activation. Indeed, an analysis of resorbing embryos at day 8 of gestation

has shown evidence of primed inflammatory macrophages in the decidua. In vitro

incubation of these ceUs with LPS ( a macrophage triggering agent) was shown to induce

the production of the cytotoxin effectors, nitric oxide (NO) and TNFa. (Haddad et al.,

1995; Gendron et al., 1990). Furthermore, genetic studies have indirectly substantiated a

role for interferon gamma (IFNy) in the priming of decidual macrophages by

demonstrating the simultaneously increased expression of IFNy, lNFa, and inducible

nitric oxide synthase (iNOS) rnRNA in 20·30% ofCBAlJ X DBAl2 FI implantation sites

before overt embryo pathology is apparent (Haddad el al., 1997a).

(i) TNFa

The macrophage activation Marker Tumor necrosis factor alpha (lNFa.) is a THI

cytokine that exerts pleiomorphic effects on Many different cell types. Originally

described for its cytotoxic and cytostatic effects on tumor cells, it is also an important

factor in: inflammatory processes, cellular growth and differentiation, initiating

apoptosis, the host response against gram negative bacteria, and Many other activities

(Sidhu and Bollon, 1993; Rabaye el al., 1991; Vassali, 1992). Activated macrophages

are the major sources of this 17·kd polypeptide mediator but natural killer cells and T

cells have been shown to produce it upon activation {Peters et al., 1986; Hill, 1992;
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Haddad et al., 1997). Uterine and trophoblast ceUs in humans (Chen et al., 1991; Vince

et al.. 1992) and in rodents (Yelavarthi et al.. 1991) have also demonstrated TNFa

production. Likewise, TNFa cell surface receptor 1 and Il mRNAs have been localized

in murine pregnant uteri and placentae (Roby et al.. 1995). Since TNFa expression has

been rePOrted as cycle and gestational stage related (Roby et al., 1994; Hunt et al.. 1996),

it has been proposed that it is involved in the normal processes of pregnancy, perhaps by

regulating trophoblast growth and differentiation, or by stimulating genes involved in

tissue remodeling and apoptosis «Chen et al.. 1991; Hunt et al.. 1996).

Even though TNFa. appears to play a pivotaI role in regulating reproduction and

embryonic development, numerous findings demonstrate ils involvement in the pathways

leading to premature pregnancy failure. For instance, administration of TNFa raises the

rate of resorption in various murine matings (Chaouat et al., 1990). AlternativeIy, soluble

receptors neutralizing lNFa (Arck et al.. 1997), anti-TNFa. antibodies, and

pentoxifylline (TNFa suppressor) block early embryonic demise (Gendron et al., 1990).

Pooled placentas from "high loss" CBAlJ X DBN2 matings display significantly

enhanced leveis of TNF mRNA that are not observed in "low loss" CBNJ X BALB/c

matings (Tangri and Raghupathy, 1993). It has also been proposed that LPS induced

embryo abortion May be due to LPS triggering of TNFa production by primed decidual

macrophages (Gendron el al.. 1990). Studies employing in situ hybridization localize

both TNFa. and TNFa. receptor 1 mRNA to the fetomatemal interface and detect

substantially stronger hybridization signais in "high abortion" placentas than in control

"low abortion" placentas (Gorivodsky et al.. 1998). FinaIly, the benefit conferred to high
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loss murine matings by alloimmunization has recently been shown to correlate with a

decline in TNFa expression at the fetomatemal interface (Gorivodsky et al., 1998).

(ii) Nitric Oxide

NO, a reactive nitrogen intermediate that exhibits diverse physiological effects,

is produced by a heterogeneous assortment of ceUs. (Moncada et al., 1991). In the

context of the immune response, macrophage activation by LPS, IL-l, IFNy, or TNFa.

(Ding et al.. 1988) has been shown to induce the synthesis of NO from L-arginine by the

inducible isoform of nitric oxide synthase (iNOS) (Knowles and Moncada, 1994). Since

injection of pregnant mice with LPS, IFNy, and TNFa leads to embryo resorption, and

treatment with a selective inhibitor of iNOS (Aminoguanidine) reduces the incidence of

embryo resorption in CBAlJ X DBAl2 matings, macrophage-derived NO cytotoxin has

been indicted as a molecular effector of early embryo loss (Haddad et al.. 1995).

Supporting this contention is the finding that LPS stimulated decidual cells from visibly

resorbing embryos displayed about 5-10 times greater levels of NO production than non

resorbing embryos (Haddad et al.. 1995). Significantly, immunohistochemical analysis

has also revealed the presence of decidual ceUs coexpressing iNOS and Mac-l. Gene

expression analysis further substantiates a role for NO in early embryo loss by showing

elevated levels of iNOS message in 20-30% of CBAlJ X DBAl2 embryo implants before

embryo pathology ensues (Haddad et al., 1997b).

(b) Natural Killer Cells

As components of natural immunity that do not require prior priming or activation
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to exert cytotoxicity, naturaI killer ceUs are thought to constitute the tirst line of defense

against viraIly infected ceUs, graft cells, and transfonned cells (Trinchieri et al., 1989).

Lacking cell surface idiotypes such as immunoglobulins found on B ceUs and TCRs on T

ceUs, these phenotypically distinct large granular ceUs also distinguish themselves from

other lymphocytes by their ability to detect "non self MHC" on target tissues (Yokoyam~

1997). GeneraIly, ubiquitously expressed autologous MHC class 1 molecules block NK

mediated cytoysis by binding to NK surface inhibitory receptors. For example, the LY

49 family of murine NK receptors are type II transmembrane C-lectin like proteins that

have been shown to transmit inhibitory signais that impede NK activation, cytotoxicity,

and cytokine production (Ortaldo et al.. 1997). Likewise, killer inhibitory receptors

(KIR) in humans, belonging to the immunoglobulin superfamily of molecules, have aIso

been shown to inhibit NK effector functions upon receptor engagement with MHC class 1

ligands (Lanier and Phillips, 1996; Carosella et al.. 1999).

Given that detection of "missing self' liberates NK cells from a state of inhibition,

it would be reasonable to expect NK Mediate cytolysis and destruction of placenta!

trophoblasts, as they are deficient of polymorphie MHC class 1 molecules. Yet, in vitro

studies have indicated that trophoblasts are resistant to killing by conventionaI NK cells

(Zuckermann and Head, 1988). Recent work in humans, has focused on a novel, non..

classical, non..poymorphic MHC c1ass 1 molecule, called HLA-G, as a possible regulator

of NK ceUs during pregnancy (Rouas..Freiss et al., 1997). Human leukocyte antigen-G

expressed by trophoblasts, has been postulated to inhibit NK-mediate cytolysis by

binding to KIR's, and recent discovery of an HLA-G..specific KIR on aIl NK ceUs has

supported this contention (RajagopaIan and Long, 1999).
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Various findings have implicated the involvement of NK cells in early embryo

loss. In humans, elevated numbers of blood and decidual CD56+ NK cells have been

noted in women spontaneously aborting karyotypically normal embryos (Lachapelle et

al., 1996; Vassilidou and Bulmer, (996). In mice, modulation of NK activity has been

shown to affect the incidence of embryo resorption. For instance, injection with poly

I:C, a double stranded synthetic RNA that boosts NK activity and production of IFNy,

significantly increases the resorption rate (deFourgerolles and Baines, 1987; Kinsky et

al., 1990) both in abortion prone DBA/2-mated CBAlJ females as weIl as in low loss

mating combinations. Altematively, treatment of mice with anti-sera raised against the

NK Marker asialo GM1, has been shown to abrogate NK functions and profoundly

reduce the rate of resorption (deFourgerol1es and Baines, 1987). Furthermore,

immunohistochemistry has demonstrated an NK involvement in the events preceding

earlyembryo loss, as 20-30% of FI CBAlJ X DBA/2 embryos at day 8 of gestation

displayed significantly increased infiltration of asialo GM 1+ ceUs. (Gendron and Baines,

1988).

(i) Rote ofIFNy

Although lYmphokine activated killer (LAK) cells have been shown to

effectively kil1 murine trophoblasts in vitro (Drake and Head, 1989), early embryo

resorption has not been associated with direct NK-mediated cytotoxicity (Baines et al.,

1997). Apart from perforin and granzyme-mediated cytolysis, TNFa induced apoptosis,

and antibody dependent cellular cytotoxicity (ADCC), NK ceUs can aIse exert their

effects by producing cytokines. During early embryo loss, NK production of IFNy May
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prime decidual macrophages to an activated state (Baines et al., 1997). lndeed,

administration of exogenous IFNy to pregnant female mice has been shown to

compromise the outcome of pregnancy (Chaouat et al., 1990), whereas injection of rat

anti-mouse IFNy anti-sera significantly reduces embryo demise (Haddad et al., 1995).

Furthermore, IFNy-deficient GKO mice have demonstrated a resistance to LPS-induced

pregnancy loss (Haddad el a/., 1997a). LPS is thought to function synergistically with

IFNy in a multi-step process to induce the production of macrophage effectors lNFa

and iNOS and subsequent early embryo loss.

(c) Granolated Uterine Lymphocytes

Large granulated lymphocytes have been shown to transiently populate the uterine

mesometrial triangle in early murine and human pregnancy, following decidualization

(Whitelaw and Croy, 1996; King el a/., 1997). Phenotypically characterized as NK

lineage ceUs (Zheng et al., 1991; Croy and Kiso, 1993), proliferation, differentiation, and

synthesis of iNOS and TNFa by these bone marrow-derived ceUs appears to be under the

control of steroid hormones (Hunt et al., 1997a) and May play important roles in nonnal

gestation. [n human, approximately 70% of decidualleukocytes have been characterized

as CD56brighl CD16-CD3- granulated NK ceUs (King and Loke, 1991; King et al., 1997).

[n rodents, granulated NK-like cells have been shown to reside in a specialized uterine

tissue called the metrial gland (Liu et al., 1994). Granulated metrial gland ceUs (GMG)

bear NK surface markers asialo GM1 and LGL-l, lack B and T cell and macrophage

specific markers (King et al., 1997), and have been shown to contain cytoplasmic

granules filled with cytolytic perforin and granzyme molecules (Parr et al., 1990).
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Similar to conventional NK ceUs, GMG ceUs have been shown to exhibit cytotoxic

aetivity against Yac-l targets in vitro following the addition of IL-2 (Croy et al.. 1991;

King et al.. 1997).

Although a number of postulates have been proposed to explain the roles played

by GMG cells during nonnal pregnancy on the large part this remains to determined.

GMG secretion of immune mediators has been suggested to control trophoblast migration

and placentation (King et al., 1997). Furthermore~ recent demonstration of iNOS mRNA

positive GMG cells has lead to the suggestion that NO produeed by GMG eeUs may be

important in mediating healthy vascularization of implantation sites (Hunt et al., 1997b;

Guimond et al., 1998). The most convincing evidence implicating the importance ofNK

like GMG ceUs during gestation is based on studies ofNK-defieient or gene-ablated mice

(Croy et al.. 1997). Specifically, an inability to fonn a metriaI gland is thought to

explain the exacerbated deeiduaI pathologies, inereased fetaI losses, and reduced

placental sizes that are associated with NK-deficient transgenic Tg epsilon 26 mice

(Guimond et al., 1997; 1998).

Since asialo GM1+ cells have been directly associated with early embryo loss in

DBA/2-mated CBAI] mice, a GMG involvement has been proposed. However, both

immunohistochemical examination and in situ hybridization of day 9 utero-placentaI

units have indicated that the distribution of perforin positive GMG ceUs is essentially the

same near resorbing and non resorbing CBAlJ X DBA/2 FI embryos (Zheng et al..

1993). Moreover, anti-asialo GMt treatment has not been shown to significantly deplete

GMG ceUs even though treatment reduces resorption rates in high loss mating models

(Parr et al., 1987; Arck and Clark, 1997).
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(d) THl:TH2/3 Balance

TH1 and TH2/3 ceUs are subsets ofCD4+ T helper ceUs that display very distinct

cytokine profiles. In general, THI cytokines are associated with inflammatory and cell

mediated responses that usually predominate during infections by intracellular pathogens.

THI cytokines include IFNy, TNFa, and IL-2. On the other hand, anti-inflammatory

TH2/3 cytokines tend to bias host responses away from cell-mediated immunity, towards

specific humoral immunity. TH2/3 cytokines include IL-4, IL-S, IL-ID, and IL-13.

Considering that normal pregnancy constitutes a TH2/3 type of response (Wegmann et

al.. 1993; Raghupathy, 1997) it has been postulated that early embryo loss is a

consequence of increased TH 1 reactivity at the fetomaternal interface and a reduction of

TH2/3 cytokines. As mentioned previously, THI cytokines such as TNFa. and IL-2 have

been shown to compromise the outcome of pregnancy whereas TH2/3 IL-IO prevents

early embryo demise (Krishnan et al.. 1996). Furthermore, mixed lymphocyte-placenta

reactions (MLPR) have demonstrated that placenta from resorption-prone CBA/J X

DBAl2 matings stimulate lymphocyte production of IFNy, TNFa., and IL-2 to a greater

extent than low loss matings (Tangri et al., 1994).

(e) y5 T Lymphocytes

Lacking conventional T cell markers such as CD4 and CD8, yS T cells are innate

lymphocytes that express an alternative TCR in association with the CD3 complex. yô T

cells are scarce in the blood and their residence in the epithelium of skin and mucosal

surfaces, and ability to produce cytokines bas been shown to provide a tirst Hne of
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defense against various microorganisms (Born et al., 1990; Arck et al., 1999). yô T ceUs

represent approximately 60% of the small number of T ceUs detected in the uterus and

have recently been shown to function as immunosuppressor ceUs during murine gestation

by producing TGF~2 (Clark et al., 1997). Since they have been shown to produce

cytokines that alter the TH1:TH2/3 balance at the fetomaternal interface, and May

recognize trophoblast ceUs that express heat shock proteins (HSP), decidua-associated y5

T ceUs have aIso been implicated as effectors detennining the outcome ofpregnancy.

Rationa/e and Objectives of the Study

The maternai immune system appears to exert a key role in determining the

outcome of mammalian pregnancy. ImmunohistochemicaI studies of pregnant uteri have

reveaIed the presence of various populations of immune ceUs during implantation, normal

gestation, and premature pregnancy loss (Saïto et al., 1993; Gendron and Baines, 1988;

Duclos et al., 1996). While anti-inflammatory TH2/3 cytokines are expressed during

normal pregnancy, numerous investigations have correlated pregnancy failure with

inflammatory THI cytokines (Wegmann et al., 1993; Krishnan el al., 1996). In humans,

approximately 25% of normal embryos undergo spontaneous early abortion by the third

week of gestation (Edmonds et al., 1982; Lippman and Farookhi, 1986; Wilcox et al.,

1988). Since murine models provide a practical approach to studying pregnancy, this

study uses the high loss CBAIl X DBAl2 mating pair to investigate the immunological

cellular and molecular factors associated with implantation and early embryo loss. This
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experimental mating model has a natural resorption rate of 20-30% by day 12 of gestation

(Clark et al., 1980).

Although the etiologies and mechanisms of spontaneous abortion and early

embryo loss in most species remain to be fully determined, early embryo resorption in

DBAl2-mated CBAll female mice is thought to primarily involve the non-specific arm of

the immune response. A conceptual model of the role of decidual macrophages, NK

ceUs, and inflammatory cytokines in the rejection of a1logeneic fetoplacental units has

been described and is the rationaie behind this study (Baines et al., 1997). It has been

hypothesized that an undetermined stimulus activates resting NK cells to infiltrate the

maternai deciduum and produce pro-inflammatory cytokines that affect the activity of

decidual macrophages. NK production of IFN'Y may act as a priming signal of decidual

macrophages while subsequent NK production of TNFa May trigger the release of

cytolytic effectors by the activated macrophages. Since administration of bacterial LPS

to gravid mice has been shown to cause the majority of embryos to resorb, it has a1so

been proposed to act synergistically with IFNy to trigger the release of macrophage

derived cytotoxic effector factors (TNFa, NO). Consequently, the release of increased

levels of cytolytic TNFa and NO May cause damage to placental trophoblast ceUs or

other fetoplacental targets resulting in embryo death and resorption. Significantly, recent

studies have indicated that the role of macrophage effectors May not be to directly

damage the trophoblast itself, as trophoblasts are resistant to killing by TNFa., NK ceUs

and macrophages, but to induce ischemia, thrombosis and necrosis in the vasculature that

surround the conceptus (Clark et al., 1998).
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In this study, gene expression analyses were undertaken to investigate the earliest

events in the activation of decidual NK cells and macrophages in initiating early embryo

loss. Gene expression analysis is a sensitive technique that detects the presence and state

of activation of cells by quantifying the expression of unique genes. This study attempts

ta acquire information on the primary causative factors of early embryo loss and

considers IFNy and perforin mRNA to be molecular markers of decidual NK cells and

TNFa and iNOS rnRNA as macrophage activation markers.

As it has been proposed that resorption is preceded and caused by an increased

decidual infiltration of inflammatory cells, the tirst aim of this study is to examine at the

molecular level, the earliest presence of activated NK cells and macrophages in decidual

tissues (day 6-8). Since abnormal production of inflammatory cytokines may be

associated with pregnancy failure, a second objective is to investigate and detect the

earliest expression of IFNy, perforin, TNFa and iNOS mRNA as a correlate with early

embryo loss in individual CBAll X DBA/2 embryo implantation sites. Finally, as T

lymphocytes are also major producers of IFNy (Young et al.. 1995) a third objective of

this study is to obtain evidence that supports the view of decidual NK cells as the sole or

major sources of IFNy in resorption prone CBAll X DBAl2 placentae.
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MATERIALS AND METHODS

1. Mi~e and Matings

CBAlJ female mice were purchased from the Jackson Laboratory (Bar Harbor~

ME~ USA) at 8 to 10 weeks of age and DBAl2 male mice were obtained from Charles

River (St. Constant~ Quebec~ Canada). The mice were housed and handled according to

the guidelines of the Canadian Council for Animal Care. In brief~ mice were maintained

in standard open·top wire cages with free access to food and water. The specific

pathogen free facility was illuminated by a 12-hour light-dark cycle. The animais were

acclimatized to the animal care facilities for at least 6 weeks before mating commenced.

Pregnancies were obtained by ovemight cohabitation of four estrus CBAlJ female mice

housed with one DBA/2 male mouse and checked daily for the appearance of a

copulatory plug. The moming of the sighting of the vaginal plug was arbitrarily defined

as day 0 ofpregnancy.

2. A~quisition of Tissues

Pregnant CBAlJ female mice were sacrificed by cervical dislocation at various

stages of gestation, usually from day 6 to day 12. At day 7 and 8~ individual embryos

together with the implantation sites were harvested and stored at ·80°C for analysis by

reverse transcriptase polymerase chain reaction (RT-PCR). At day 6~ due to difficulty in

separating tissues, individual embryos~ implantation sites and uterine wall were used as

sources of total RNA in the RT-PCR analysis. Furthermore~ uteri from non-pregnant

CBAIl mice and non-implanted portions of pregnant uteri at days 6-8 of gestation served
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as tissue controls and were analyzed by RT-PCR to compare the basal tissue activities to

the events occurring at the implantation sites.

3. Total RNA Extraction

Trizol Reagent (Life Technologies, Burlington, Ontario, Canada) was used to

isolate total RNA from the tissues. This RNA isolation procedure is based on the method

developed by Chomczynski and Sacchi, 1987. Briefly, the tissues were placed in 1 ml of

Trizol Reagent, homogenized with a Tissuemizer homogenizer (Tekmar, Cincinnati, OH,

USA) and then incubated at room temperature for 5 minutes to enable the complete

dissociation of nucleoprotein complexes. The homogenized samples were then mixed

with O.2ml of chloroform, shaken vigorously, and incubated at room temperature for an

additional 2-3 minutes to remove Iipids. Following the incubation, a centrifugation at

10,000 X g for 15 minutes at 4°C gave rise to three phases: a lower red phenol

chloroform phase, an interface, and a RNA containing colorless aqueous phase. The

aqueous phase was then isolated, mixed with O.5ml of isopropanol, and incubated at

minus 20°C overnight to precipitate the RNA. On the following day, the samples were

centrifuged once more at 10,000 X g for 10 minutes at 4°C to isolate the RNA pellet. The

RNA pellets were then washed once by adding 1ml of 75% ethanol and centrifuging at

5,000 X g for 5 minutes at 4°. Finally, the RNA pellets were air dried and redissolved in

RNAse-free water (0.1 % of diethyl pYr0carbonate in distilled water) by incubating the

samples at 60°C for 10 minutes. The RNA concentration and purity was calculated from

spectrophotometric readings at 260nm and 280nm. The RNA was occasionally separated
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by electrophoresis in a 1% agarose gel in which the integrity of the 28s and 35s ribosomal

RNA bands was used as an indicator of the quality of the extracted RNA.

4. DNAse Treatment

Total RNA was treated with Deoxyribonuclease 1, Amplification Grade (Life

Technologies) to eliminate any traces of genomic DNA. The reaction was prepared from

2 ~g of total RNA, l~l of IOx DNAse 1 reaction buffer (Life Technologies), IJlI of

DNAse l, and enough DEPC-treated water (lml of diethyl pyrocarbonate in IL of

distilled water) to give a total volume of IOJ.l1. The reaction was incubated at room

temperature for 15 minutes and then terminated by the addition of 1JlI of25mM EDTA.

5. RT-PCR Analysis of IFNy, iNOS, TNFa, Perforin, and G6PDH mRNA

at Days 6-8 of Pregnancy

The DNAse treated total ~l\lA was reversed transcribed to cDNA using a method

adapted from that previously described by Haddad et al.. 1997. Briefly, the reaction was

prepared from 1JlI of 0.1 M OTT (dithiothriotol), 4Jll of 5x first strand buffer (Life

Technologies), 2J.lI of 5mM dNTP mix (Pharmacia, Baie d'Urfe, Quebec, Canada), IJlI of

100nM random hexamer primers (Life Technologies), 1J.ll of 40unitslJll RNAse Inhibitor

(Pharmacia, Baie d'Urfe, Quebec, Canada), IJJ.I containing 200units of Moloney Murine

Leukemia Virus Reverse Transcriptase (Life Technologies). The 10J.ll DNAse treated

RNA preparation was incubated at 65°C for 10 minutes and then added to the reaction

mixture to give a total volume of 20J.l1. A one-hour incubation at 37°C was allowed for

cDNA synthesis. The cDNA was then diluted 1:8 with sterile water, heated to 95°C for
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10 minutes, and stored at -20°C. Each experiment included a negative RT control in

which no reverse transcriptase was added to an equal quantity of RNA.

Following RT, PCR was conducted in a total volume of 50fll. The MgCh

concentration, cDNA concentration, and the number of cycles were standardized to

optimize the reaction for each sequence and primer pair and to ensure that logarithmic

amplification was not run to saturation levels. Five microliters of the cDNA synthesized

in the above reaction was used to detect G6PDH, and perforin mRNA. Ten microliters of

cDNA was used to detect IFNy, iNOS, and TNFa mRNA. The cDNA was added to 5fll

of 10x PCR buffer (50mM KCI, 10mM TrisHCI, 1.5mM MgCh, 0.01% Triton X), 1fll of

0.15flg/J.d of both 5' and 3' cytokine specifie primers, 1J.ll of 5mM dNTP mix (Pharmacia,

Baie d'Urfe, Quebec, Canada), Ifll of2.2units/J.d ofTaq Polymerase (Life Technologies)

and sterile water. The mixture was heated to 95°C for 4 minutes and then PCR was

perforrned according to the following protocol: 1 minute of denaturation at 94°C, 1.5

minutes at the appropriate annealing temperature, 1 minute of extension at 72°C, for 30

cycles. Following the PCR there was a final extension for 10 minutes at 72°C. Each

PCR experiment included a negative control reaction in which no cDNA was added.

6. Soutbern Blotting

The PCR amplified products were resolved on a 1% agarose gel that contained

ethidium bromide and were visualized by ultraviolet light. Following photo

documentation, the gel was first immersed in a denaturation buffer (87.66g NaCl, 20g

NaOH in 1000ml of distilled water) for 30 minutes and then in a neutralization buffer

(87.66g NaCI, 60.Sg Trisma Base in 1000mI of distilled water pH 7.5) for an additional
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30 minutes. The DNA was then transferred by capillary blotting onto a nylon membrane

(Hybond-N, Amersham Life Science) according to the method of Southern (Southem,

1975). A UV Stratalinker (Stratagene) was used to crosslink and immobilize the DNA on

the membranes which were then stored dry at room temperature.

7. St End Labeling of Oligonucleotide Probes

The "Ready To Go T4" polynucleotide kinase kit (Pharmacia) was used to

radiolabel the 5' end of cytokine specific oligonucleotide probes. Briefly, 10 pmoles of

probe, IJ.lI of 10 J.lCiI,..d [y3Z_P]ATP (Mendel) and 25J.ll of sterile water were added to a

tube of reconstituted "Ready To Go" T4 polynucleotide kinase. The reaction was

incubated al 37°C for 30 minutes and then terminated by the addition of 5J.lI of 250mM

EDTA and 100J.lI of TE buffer. The mixture was then purified through a G50 Sephadex

mini-column which was spun at 3,000 X g to remove unbound [ylz-P]ATP and stored at

-20°C.

8. Hybridization with Gene Specifie Internai Probes

The hybridization was done using a method adapted from that previously

described by Haddad et al., 1997b. Briefly, the membranes were immersed for 2 hours in

30ml of a prehybridization buffer containing 7.sml of 20x SSC (88.23g of Tri-sodium

citrate, 175.32g of NaCI in 1000mi of water, pH7.5), 3ml of 100% Denhardt's solution

(2.0g bovine serum albumin, 2.0g of Ficoll 400, 2.0g of polyvinylpyrrolivolone in IOOmi

of water), 10.5ml of 20% SDS, 5.9ml of water and 100J.lI of salmon sperm DNA

(Pharmacia). Radiolabeled oligonucleotide was then added to the solution and the
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membranes were further incubated ovemight either at 42°C or 65°C, depending on the

oligo melting temperature. The membranes were then thoroughly washed 4 times with

buffers containing varying concentrations of SSC and SDS. Following the last wash, the

membranes were wrapped in plastic film and exposed to a phosphoimaging screen or

autoradiographie film. The desired maximum density of the G6PDH bands (G6PDH is a

constitutively active housekeeping gene that was used to normalize the expression of

IFNy, perforin, TNFa and iNOS mRNA) was within the range of 105 - 106 units. Bands

on the phosphoimaging cassette were visuaiized with a Molecular Dynamics

phosphoimager (San Diego, CA) and analyzed with the ImageQuant program. Bands on

autoradiographie films were analyzed with a scanning densitometer.

9. Statistics

Microsoft Excel and SPSS software were used to perform statistical analysis of

data. The normality of the sample distribution was analyzed with statistics that measure

central tendancy (mean, median) and the null hypothesis was rejected when the ratio of

skewness (asymmetry of the sample distribution) to its standard error was detennined as

~ 2. Intragroup K means were then computed by SPSS software (SPSS Inc. Chicago, IL)

where bimodal distributions of data were apparent. The upper 95% confidence limits of

normal values were defined as, K mean ofcluster 1 + 1.96 standard deviates.

10. Desigoing Primers and Probes

Primer sets and internaI oligonucleotide probes were synthesized al the Sheldon

Biotechnology Center (Montreal, Quebec, Canada). The sequences for G6PDH, iNOS,
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TNFa, were obtained from previously published papers (Haddad et al., [997b). The

primer and probe sequences for IFNy and perforin were designed with the program

Oligo 4S using the genbank cDNA sequence. Sequences were discriminated according

to the following criteria: GC content, length, self annealing, primer dimerization, gene

homology, positioning, melting temperature~ product size, spanning of introns.

Oligonucleotides were stored as concentrated stocks of 1J.lg/J.lI at -20°C.

Il. Preparation of Decidual and Spleen Cell Suspensions

Uterus and spleen were removed from pregnant CHAIJ mice at day 9 of gestation

and the individual embryos and implantation sites were pooled together to increase the

cell yield. Cell suspensions were prepared in Dulbecco's PHS (O.lgIL MgCL2-H20,

0.2g/L KCI, 0.2gIL KH2P04, 1.15gIL Na2HP04, 8.0g/L NaCI, O.133gIL CaCh-2H20)

supplemented with 2.5% FCS. Embryo-placental units were placed in 5ml of the

balanced salt solution, chopped into small pieces with a sterile blade and drawn up and

down several times in a 21.5G needle to further disperse the cells. Spleen cell

suspensions were prepared by homogenizing the tissue in 5ml of balanced salt solution

with a steel screen and a sterilized glass tube. Both decidual and spleen cell suspensions

were then incubated on ice for 3 minutes to sediment any debris and mixed with 12ml of

ACK lysing buffer (O.15M Ammonium Chloride, 10mM Potassium Bicarbonate, 0.1 mM

Sodium EDTA, pH 7.3) for 3 minutes at room temperature to disrupt the red blood cells.

The cells were then washed 3 times by resuspending the pellet in Dulbecco' s PBS

supplemented with 2.5% FCS and centrifuging at 300 X g for 10 minutes. Following the
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last wash, a viable cell count was done using trypan blue and the ceUs were resuspended

at a concentration of2 X 107 cells/ml in balanced salt solution.

12. ImmunoOuores~ent Staining of De~idual and Spleen Cells with Pby~oerythrin

Conjugated Rat Anti-Mouse Pan NK CeIl Monoclonal Antibody

PE conjugated rat anti-mouse pan NK cell monoclonal antibody DX5

(Phanningen, Mississauga, Ontario) was used to label ceUs from the deciduum and spleen

that express the DX5 natural killer cell slliface marker. Briefly, 50J.11 aliquots of the 2 X

107cells/m i suspension were rnixed with O.25f.lg of Fc Block (Pharmingen) and incubated

on ice for 5 minutes. Fc Block is a rat anti-mouse CDI6/CD32 monoclonal antibody that

blocks the nonspecific binding of the rat immunoglobulins to the Fcyll receptors on

mouse B lymphocytes. One microgram of O.2J..lg/J.lI PE-linked rat anti-mouse pan NK

cell monoclonal antibody was then mixed with 45J..lI of Dulbecco's PBS supplemented

with 2.5% FCS and added to the cell suspension. The reaction was incubated on ice for

15 minutes in the dark, washed three times with Dulbecco's PBS supplemented with

2.5% FCS, and centrifuged at 350 X g for ID minutes. Following the last wash, the ceUs

were resuspended in 500JlI of wash buffer and analyzed by flow cytometry. Each

labeling experiment included a negative control in which no anti-DX5 antibody was

added. Finally, a fACS/SORT was performed to separate the DX5 negative ceUs from

the positively stained ceUs.

13. RT-PCR Detection of IFNy mRNA in Decidual and Spleen Cells

Total RNA minipreps from the sorted cell populations were performed with the
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RNeasy Mini Kit (Qiagen, Santa Clarita, CA, USA). Briefly, the pure cell populations

were tirst lysed in the presence of a guanidinium isothiocyanate containing buffer and

then homogenized using a QIAshredder spin column (Qiagen). Following the addition of

one volume of 70% ethanol, the lysate was applied onto a RNeasy mini spin column and

centrifuged at 16,000 RPM for 15 seconds. The total RNA that remained bound to the

silica-gel-based membrane present in the spin column and was finally eluted in 30f.LI of

RNase free water and stored at -SO°C.

Total RNA isolated from the DX5 positive, DX5 negative cells was then treated

with Amplification Grade Deoxyribonuclease 1 (Life Technologies) according to the

method described above. The reaction was prepared from 15f.ll of total RNA, 2f.l1 of

DNAse l, and sufficient RNAse free water to give a total volume of 20f.l1. Reverse

transcription of DNAse treated RNA to cDNA was done by mixing 10J.lI of RNA with

4f.Ll of 5x first strand buffer (Life Technologies), 1fll of 0.1 M DTT, 2,.11 of 5mM dNTP

mix (Pharmacia, Baie d'Urfe, Quebec, Canada), If.ll of 40units/f.LI RNAse Inhibitor

(Pharmacia, Baie d'Urfe, Quebec, Canada), If.LI of 100nM random hexamer primers (Life

Technologies), and 1f.ll of 200units/f.LI Moloney Murine Leukemia Virus Reverse

Transcriptase (Life Technologies) and incubating al 37°C for one hour. Each RNA

sample included a negative RT control in which no reverse transcriptase was added.

PCR detection of [FNy rnRNA in the DX5 positively and negatively expressing

cell populations was done in a reaction volume of 50f.L1. Five microliters of the undiluted

cDNA was added to 5J.ll of 10x PCR buffer (containing 1.5mM MgCb), If.ll of 0.1 5f.lg/J.ll

ofboth 5' and 3' cytokine specifie primers, IJ.ll of5mM dNTP mix, IJ.11 of2.2 units/f.Ll of

Taq Polymerase, 1J.ll of 0.25% polyacrilamide and 35f.l1 of sterile water. Forty-five
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cycles oi PCR was performed according to the protocol described above. Each

experiment included a negative control PCR reaction in which no cDNA was added.

The PCR products were electrophoretically separated in a 1% agarose gel that

contained 10mgIL ethidium bromide and were subsequently visualized by UV light and

photo-documented.
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Table 1. Primer and Probe Sequen«:es, Primer Annealing Temperature and

Expected PCR Product Size.

Expeeted
GENE Oligonucleotide Sequence listed AnneaJing PCRProduct

from St to 3t Temperature Size in bps.
G6PDH

Sense CTA AAC TCA GAA AAC ATC ATG GC
Antisense GTG TAT CAG eTT GGT GGA AGG 58°C III

probe GAG CAG GTG GCC CTG AGC CG

IFNy
Sense ACA CTG CAT CTT GGC TTT GC

Anti-sense CGA CTC CTT TIC CGC TIC CT 60°C 426
probe GGA GGA ACT GGC AAA AGG ATG G

PERFORIN
Sense TTT TCC TGC TGC TGC CAC GAC CTG

Anti-sense GCC GTG ATA AAG TGC GTG CCA TAG 60°C 646
Probe ACA GAG GGT GCA GGT GCG GTC AGG

INOS
sense cn CCG AAG TIT CTG GCA GCA GCG

Anti-sense GAG CCT CGT GGC TTT GGG CTC CTC 58°C 486
probe ACG TTC AGG ACA TCe TGC AAA AGC

AGCTGG

TNFa
Sense CCA GAC CCT CAC ACT CAG AT

Anti-sense AAC ACC CAT TCC CTT CAC AG 58°C 498
probe CCAAGTGGAGGAGCAGCTGGAG
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Results

J. Experimental groups

As outlined in table 2, three CBAIl (female) X DBAl2 (male) mating groups were

utilized in this study to examine the earliest events associated with activation of decidual

natural killer-like ceUs and macrophages in initiating early embryo loss. Individual

embryos along with their respective implantation sites were assayed by RT-PCR for the

level of expression of specifie macrophage and natural killer cell activation markers.

Since early embryonic resorption in mice has been characterized as a type of post

implantation loss which is complete by approximately day 12 of gestation, and since

implantation takes place at approximately day 5, the earliest gestational age included in

this study was day 6. Gravid OBAl2-mated CBAI] females that were sacrificed at day 6,

7, and 8 contained an average of 7.0 ± 1.4, 9.4 ± 1.1, and 8.6 ± 1.1 implantation sites per

mouse, respectively.

2. Obvious signs ofear/y embryonic damage are not apparent at days 6-8 ofgestation

Gross examination of the uterine contents of three DBA/2-mated CBAIl females

sacrificed at day 12 of gestation showed that an average of 2.3 ± 0.58 implantation sites

per mouse were significantly smaller, hemorrhaged and necrotic. Resorbing embryos

were distinguishable al day 12 and based on an average 9.0 ± 1.0 implantation

sites/mouse. This indicated a loss of 26% of the early embryos. On the other hand, gross

examination of ail the embryo implantation sites at days 6-8 of gestation did not

demonstrate any of the obvious signs ofdamage observed in 26% of the CBAIl X DBA/2

FI implantation sites at day 12. These observations are in accordance with previous

studies of this high loss mating combination.
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Table 2. The mating ofCBAlJ females witb DBAl2 males.

•

Gestational Age
in Days*

6
7
8

Number of
Mice Assayed

5
5
5

Total Number of
Implantation Sites

35
47
43

•

*Note. Pregnant mice were sacrificed at the gestational age indicated and individual
embryo implantation sites were assayed by RT-PCR for expression of macrophage and
NK cell activation markers.
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3. Optimization ofthe po/ymerase chain reaction

In this study, semi-quantitative PCR was employed to detennine and compare the

expression of natural killer cell and macrophage activation markers in individual

implantation sites, relative to the level of expression of the housekeeping gene G6PDH.

The amount of cDNA initially added is an important factor in this semi-quantitative

assay, as it plays a critical role in determining whether the amplification reaction is Iinear

or at saturation levels. To ensure that the PCR did not run to saturation levels, and that an

increase in cDNA concentration resulted in an increased signal for the constitutively

activated housekeeping gene G6PDH, PCR was performed on a series of dilutions of

embryonic cDNA. As illustrated in figures 1a and 1b, a cDNA final dilution of 1/80

(equivalent to 0.02SJ.lg of total RNA) was determined as an appropriate cDNA

concentration for PCR amplification of G6PDH. Notably, an increase in cDNA

concentration to 1/40 resulted in an increased blot density but a slight deviation from

linearity indicating the beginning of saturation of the PCR reaction. Reduction of the

cDNA concentration to 11400 resulted in a decreased blot density. Finally, a cDNA

concentration of 1/80 (O.02SJ.lg of total RNA) was similarly established as appropriate for

RT-PCR analysis of perforin mRNA expression and a cDNA concentration of 1140

(O.OSJ.lg of total RNA) for RT-PCR analyses of IFNy, TNFa, and iNOS mRNA

expression.
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Figure 1. Optimization of PCR amplification of G6PDH by Titrating cDNA.

(A). y32-ATP-Iabelled Southem blots representing the titration of cDNA used for PCR

amplification of the housekeeping gene G6PDH. In each sample assayed, cDNA was

reverse transcribed from 2J.lg of total embryonic rnRNA. The dilution values 1140

(equivalent to O.05Jlg of total RNA), USO (O.025J.lg of total RNA) and 11400 (O.0025J,lg

of total RNA) signify the final concentration of reverse transcribed cDNA used in each

PCR reaction. This dilution series was perforrned to ensure that PCR did not run to

saturation levels. This assay is based on a 30-cycle amplification reaction. In addition to

cDNA concentration, the MgCh concentration was also standardized to optimize PCR for

each cDNA template and primer pair. Note the decrease in band intensity as the amount

ofcDNA used in PCR was reduced.

(B). Graph demonstrating the log of G6PDH blot densities from fig. 1a (level of G6PDH

generated by PCR) versus the concentration of cDNA initially added to the PCR reaction.

Bands were visualized by Phosphorimaging and quantified with the ImageQuant

program. As PCR is an exponential reaction, data was presented in a semi-Iog plot. Note

that at a final cDNA dilution of 0.025 (equivalent to 0.05J,lg of total RNA), a slight

deviation from linearity suggested the beginning of saturation of the PCR for G6PDH. A

final dilution of IIS0, shown as 0.0125 on the graph and equivalent to 0.025Jlg of total

RNA, provided an appropriate amount ofcDNA for PCR amplification ofG6PDH.
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4. Detection ofnatural killer cell molecu/ar markers in individual embryo impiantation

sites as earlyas 24 hours after implantation.

As it has previously been shown that NK cells cao kill a wide spectrum of targets

as weIl as secrete a number of pro-inflammatory cytokines, their presence in the decidua

may lead to trophoblast cell death and early embryo demise. These experiments

investigated the earliest presence of NK cells in decidual tissues. Individual embryos at

day 6-8 of gestation were assayed by RT-PCR and Southem Blotting for the expression

oflFNyand perfonn mRNA. In this study, IFNyand perfonn mRNA were considered to

be molecular markers ofdecidual natural killer cells since previous immunohistochemical

analysis of murine resorbing and non-resorbing decidua uncovered very few conventional

CD3+ T lymphocytes (Gendron and Baines, 1988). The representative pregnancies in

figures 2, 3, and 4 illustrate that as early as day 6 of gestation there was notable and

differential expression of both IFNy and perfonn mRNA in nearly all the embryos

analyzed in this assay. These results confirmed at the molecular level that NK cells are

present in the decidua immediately following implantation and long before any overt

signs of embryo demise become apparent.

Part A of these figures display a set of representative 32Y_ATP-labeled Southem blots

illustrating the expression of G6PDH, IFNy, and perfonn mRNA in individual (CBAll X

DBA/2) FI embryo implants. Close examination of the radiolabeled perforin Southem

blots showed the presence of two bands: a stronger and slower migrating perforin band

whose amplimer size in base pairs corresponded to the expected length of 646, and a

weaker faster migrating band of unknown identity. A Genebank sequence similarity

search attempting to identify other genes that May be recognized by the perfonn specifie
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primers and probe was performed and did not identify any gene other than perforin that

was specific for the primer sequences used in this study. The unknown bands may he a

partially degraded perforin amplimer.

The graphs in parts B and C of figures 2, 3, and 4 illustrate the densitometric

analysis of IFNy and perforin rnRNA expression at days 6-8 of gestation. The levels of

gene expression are represented as ratios in which the densities of IFNy and perforin were

quantified and then normalized to the respective level of expression of the housekeeping

gene G6PDH in each individual embryo implant. At days 6, 7 and 8, long before any

sign of overt embryonic damage and resorption were yet apparent, molecular markers of

natural killer cells were detected in the decidua., suggesting that the presence of these

inflammatory cytokines and the cell that produces them is not a consequence of

resorption but a natural component of the implantation response. Perhaps., the presence

of these inflammatory cytokines early in gestation may be due to the induction of an

inflammatory response to the relatively invasive processes of implantation (day 5) and

may be necessary for decidualization.
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Figure 2. Representative Expression of IFNy and Perforin mRNA in Individua•

Embryo Implants at Day 6 of Gestation. Individual CBAI] X DBA/2 embryo

implantation sites at day 6 of gestation were assayed by RT-PCR for the expression of

IFNy and perforin rnRNA. This figure demonstrates the expression of IFNy and perforin

mRNA in one of the five pregnancies assayed at day 6. IFNy and Perforin rnRNA were

considered to be molecular markers of decidual NK ceUs. Total RNA was extracted,

reverse-transcribed and PCR amplified with IFNy and perforin specifie primers. PCR

produets were electrophoretieally separated on a 1% agarose gel and transferred onto a

nylon membrane by Southem Blotting. Figure 2A illustrates Southern Blots of lFNy,

perforin, and G6PDH PCR products hybridized with 32y-ATP-Iabeled IFNy, perforin, and

G6PDH oligonucleotide internai probes. Membranes were visualized by

Phosphorimaging. The arrow indieates the specifie perforin band. G6PDH rnRNA

expression was used as a control. Specifie bands were quantified with the ImageQuant

program. The histogram in Figure 2B illustrates the densitometrie analysis of IFNy

mRNA expression at day 6 of gestation. Figure 2e illustrates the densitometric analysis

of perforin mRNA expression at day 6 of gestation. The level of gene expression was

normalized to the respective level of G6PDH expression in each embryo. Note that there

was notable and differential expression of both NK cell molecular markers as early as one

day following implantation.
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Figure 3. Representative Expression of IFNy and Perforin mRNA in Individua•

Embryo Implants at Day 7 of Gestation. Individual CBA/J X DBA/2 embryo

implantation sites at day 7 of gestation were assayed by RT-PCR for the expression of

IFNy and perforin mRNA. IFNy and perforin rnRNA were considered to be molecular

markers of decidual NK cells. Total RNA was extracted, reverse-transcribed and PCR

amplified with IFNy and perforin specifie primers. PCR products were

electrophoretically separated on a 1% agarose gel and transferred onto a nylon membrane

by Southern Blotting. Figure 3A illustrates Southem Blots of IFNy, perforin, and G6PDH

PCR products hybridized with 32Y_ATP-Iabeled IFNy, perforin and G6PDH

oligonucleotide internai probes. Membranes were visualized by Phosphorimaging. The

arrow indicates the specifie perforin band. G6PDH mRNA expression was used as a

control. Specifie bands were quantified with the ImageQuant program. The histogram in

Figure 3B iIlustrates the densitometric analysis of IFNy mRNA expression at day 7 of

gestation. Figure 3e illustrates the densitometric analysis of perforin rnRNA expression

at day 7 ofgestation. The level of gene expression was nonnalized to the respective level

of G6PDH expression in each embryo. Note the differential expression of both IFNy and

perforin mRNA among the individual embryo implantation sites. This figure

demonstrates the expression of IFNy and perforin mRNA in one of the five pregnancies

assayed at day 7 ofgestation.
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Figure 4. Representative Expression of IFNy and Perforin mRNA in Individua•

Embryo Implants at Day 8 of Gestation. Individual CBAlJ X DBA/2 embryo

implantation sites at day 8 of gestation were assayed by RT-PCR for the expression of

IFNy and perforin mRNA. IFNy and perforin mRNA were considered to he molecular

markers of decidual NK ceUs. Total RNA was extracted, reverse-transcribed and PCR

amplified with IFNy and perforin specifie primers. PCR products were

electrophoretically separated on a 1% agarose gel and transferred onto a nylon membrane

by Southern Blotting. Figure 4A illustrates Southern Blots of IFNy, perforin, and G6PDH

PCR products hybridized with 32Y_ATP-Iabeled IFNy, perforin, and G6PDH

oligonucleotide internai probes. Membranes were visualized by Phosphorimaging. The

arrow indicates the specifie perforin band. G6PDH mRNA expression was used as a

control. Specifie bands were quantified with the ImageQuant program. The histogram in

Figure 4B iUustrates the densitometric analysis of IFNy mRNA expression at day 8 of

gestation. Figure 4C iUustrates the densitometric analysis of perforin mRNA expression

at day 8 of gestation. The level of gene expression was normalized to the respective level

of G6PDH expression in each embryo. There were no obvious signs of early embryonic

resorption apparent in these tissues in spite of the presence of molecular markers of

naturai killer cells. This figure demonstrates gene expressions in one of the five

pregnancies assayed at day 8 of gestation. Note that a proportion of the embryos appeared

to display increased expression IFNy mRNA (analysis presented in figure 9, table 3 and

4).
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5. Detection ofmacrophage activation markers in individual embryo implants al day 6,

7, and 8 ofgestation.

Since macrophages have previously been implicated as finaI inflammatory

effectors of resorption at day 12 of gestation (Duclos et al., 1995), and can kilI a wide

variety oftargets through the secretion of cytotoxins (lNFa, NO), their presence in early

pregnancy deciduaI tissue may cause early embryo resorption. In these experiments, the

earliest presence of macrophages in decidual tissues was investigated. Individual CBAIl

X DBAl2 FI embryo implantation sites at day 6, 7, and 8 of gestation were assayed by

RT-PCR for the expression of two macrophage activation markers, TNFa and iNOS

mRNA. The representative CBAIl X DBAl2 matings shown in figures 5, 6, and 7

illustrate that at days 6-8 of gestation there was notable and differential expression of

both macrophage activation rnarkers. These results confirmed at the molecular level the

decidual infiltration by activated macrophages, as early as 24 hours after implantation.

Since overt ernbryo damage is not apparent at day 6-8 of gestation, these results further

suggested that deciduaI infiltration by TNFa and iNOS mRNA positive cells is not a

consequence of resorption. Perhaps TNFa and iNOS are natura! cornponents of the

implantation response. These results are ln accordance with previous

irnmunohistochemical studies of pregnant uteri that showed the presence of a

considerable number of prirned macrophages in early pregnancy (Duclos et al., 1995;

Haddad et al., 1995).

In figures 5a and 6a, Southern Blots of TNFa PCR products hybridized with

radiolabeled TNFa specifie internai probes revealed the presence of a very weak

nonspecific band that mimics the pattern of expression of the stronger TNFa band. The
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stronger band was identified as the TNFa amplimer since its size corresponds to an

expected length of 498 base pairs. A Genbank sequence similarity search attempting to

identify other genes that May be recognized by the TNFa specifie primers and probe was

performed. AIthough there were no murine genes other than TNFa that shared 100%

sequence similarity with the chosen primers and probe~ one Genbank entry referred to as

Mus Musculus casein kinase 2 beta subunit did share 90% homology with the primers

and 100% with the internai probe. The identity of the second weak band was not

confirmed.
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Figure 5. Representative Expression of TNFa and iNOS mRNA in Individua'

Embryo Implants at Day 6 of Gestation. Individual CBAIl X DBAl2 embryo

implantation sites were assayed by RT-PCR to assess the expression ofTNFa and iNOS

mRNA at day 6 of gestation. lNFa and iNOS mRNA served as moleeular markers of

macrophage activation. This figure demonstrates the expression of TNFa and iNOS

mRNA in one of the five pregnancies assayed at day 6. Total RNA was extraeted,

reverse-transcribed, and PCR amplified with lNFa and iNOS specifie primers. PCR

products were eleetrophoretically separated on a 1% agarose gel and transferred onto a

nylon membrane by Southern Blotting. Figure 5A illustrates Southem Blots of TNFa,

iNOS, and G6PDH PCR products hybridized with 32Y_ATP-Iabeled TNFa, iNOS, and

G6PDH oligonucleotide internaI probes. Membranes were visualized by

Phosphorimaging. The arrow indicates the specifie TNFa band. G6PDH mRNA

expression was used as a control. Specifie bands were quantified with the ImageQuant

program. The histogram in Figure 5B illustrates the densitometric analysis of lNFa

rnRNA expression at day 6 of gestation. Figure 5C illustrates the densitometric analysis

of iNOS mRNA expression at day 6 of gestation. The level of gene expression was

normalized to the respective level of G6PDH expression in each embryo. Note that the

relative iNOS mRNA expression of 6.3 in embryo number 4 was an underestimation of

the actual value due to a distortion of the band. There was notable and differential

expression of both markers of macrophage activation as early as one day following

implantation.
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Figure 6. Representative Expression ofTNFa and iNOS mRNA iü Individual

Embryo Implants at Day 7 of Gestation. Individual CBAIl X DBA/2 embryo

implantation sites were assayed by RT- PCR to assess the expression of TNFa and iNOS

mRNA at day 7 of gestation. TNFa and iNOS mRNA served as molecular markers of

macrophage activation. This figure demonstrates the expression of TNFa and iNOS

mRNA in one of the five pregnancies assayed at day 7. Total RNA was extracted,

reverse-transcribed, and PCR amplified with TNFa and iNOS specifie primers. PCR

products were electrophoretically separated on a 1% agarose gel and transferred onto a

nylon membrane by Southern Blotting. Figure SA illustrates Southem Blots of lNFa,

iNOS, and G6PDH peR products hybridized with 32y-ATP-Iabeled TNFa, iNOS, and

G6PDH oligonucleotide internai probes. Membranes were visuaiized by

Phosphorimaging. The arrow indicates the specifie TNFa band. G6PDH mRNA

expression was used as a control. Specifie bands were quantified with the ImageQuant

program. The histogram in Figure 68 illustrates the densitometric analysis of TNFa

rnRNA expression at day 7 of gestation. Figure 6C illustrates the densitometric analysis

of iNOS mRNA expression at day 7 of gestation. The level of gene expression was

normalized to the respective level of G6PDH expression in each embryo. Note that

obvious signs of early embryonic resorption are not yet apparent even though molecular

markers of macrophage activation are detected in individual embryo implantation sites at

day 7 of gestation.
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Figure 7. Representative Expression ofTNFa and iNOS mRNA in Individua•

Embryo Implants at Day 8 of GestatioD. Individual CBN] X DBA/2 embryo

implantation sites were assayed by RT-PCR to assess the expression ofTNFa and iNOS

mRNA at day 8 of gestation. TNFa. and iNOS mRNA served as molecular markers of

macrophage activation. This figure demonstrates the expression of TNFa. and iNOS

mRNA in one of the five pregnancies assayed at day 8. Total RNA was extracted,

reverse-transcribed, and PCR amplified with TNFa. and iNOS specifie primers. PCR

produets were electrophoretieally separated on a 1% agarose gel and transferred onto a

nylon membrane by Southem Blotting. Figure 7A illustrates Southem Blots of TNFa,

iNOS, and G6PDH PCR products hybridized with 32y-ATP-labeled TNFa, iNOS, and

G6PDH oligonucleotide internai probes. G6PDH membranes were visualized and

quantified by Phosphorimaging. AlI day 8 membranes for TNFa and iNOS were

exposed to autoradiographie film and specifie bands were quantified with a seanning

densitometer due to a prolonged breakdown of the Phosphorimager. The histogram in

Figure 7B illustrates the densitometric analysis of TNFa mRNA expression at day 8 of

gestation. Figure 7e illustrates the densitometric analysis of iNOS mRNA expression at

day 8 of gestation. The level of gene expression was nonnalized to the respective level of

G6PDH expression in each embryo. Note that at day 8 of gestation a proportion of the

embryos displayed inereased expression of TNFa and iNOS mRNA (analysis presented

in tables 3 and 4, figure 10 and Il).
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6. Natura/ kil/er cells and macrophages selectively infiltrate the decidua ofindividua/

implantation sites.

In these experiments, tissue controls were anaIyzed by RT-PCR to compare the

basal tissue activities to the events occurring at the implantation sites. The 32p-hybridized

Southern Blots presented in figure 8 illustrate the RT-PCR analysis of IFNy, perfonn,

TNFa, and iNOS mRNA expression in 5 individual tissue controls. cDNA that was

reverse-transcribed from splenic mRNA (sample number 5) served as a positive control

for the expression of the housekeeping gene G6PDH as weil as for IFNy, perforin, TNFa,

and iNOS. Sample numbers 1, 2, and 3 demonstrate that non-implanted portions of

pregnant uterine tissue harve~ted fronl DBN2-mated CBNJ female mice at day 6, 7, and

8 of gestation, did not express significant levels of NK cell and macrophage molecular

markers. Moreover, NK cell and macrophage molecular markers were absent in non

pregnant uterine tissue as demonstrated by sample number 4. Collectively, since

significant levels ofNK cell and macrophage molecular markers are not detected in non

implanted uterine tissues, it can be inferred that during normal pregnancy, maternai

inflammatory cells selectively infiltrate the decidua of embryo implants as early clay 6 of

gestation.
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Figure 8. RT..PCR Analysis of Macrophage and NI( Cell Molecular Markers in

Tissue Controls. Non-implanted portions of pregnant CBNJ uteri at day 6-8~ non

pregnant uteri and spleen from CBAlJ mice were assayed by RT- PCR to assess the

expression of TNFa~ iNOS~ perforin~ and IFNy mRNA. TNFa and iNOS mRNA served

as molecular markers of macrophage activation while perforin and IFNy were considered

to be molecular markers of decidual NK ceUs. For technical details see legend for figure

2. 32Y_A TP-Iabeled Southem Blots of IFNy~ perforin~ TNFa~ and iNOS PCR products

were visualized with a Phosphorimager. The constitutively aClivated housekeeping gene

G6PDH was assayed to assess the relative quantity of the extracted mRNA in each tissue

sample. Note that molecular analysis did not detect significant expression ofNK cell and

macrophage specifie molecular markers in non-implanted uteri and non-pregnant uteri.

Sample 1. Non-implanted portion of pregnant CBAll uterus al day 6.

Sample 2. Non-implanted portion ofpregnant CBAIl uterus al day 7.

Sample 3. Non-implanted portion of pregnant CBAlJ uterus at day 8.

Sample 4. Non-pregnant CBAlJ uterus.

Sample 5. Spleen from CBAll female mice as a positive control.
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7. Analysis ofperforin, IFNy, TNFa, and iNOS mRNA expression al day 8 ofgestation.

Previously, immunohistochemistry has demonstrated that the density. of

macrophage and natural killer cell infiltration displays a distinct bimodal distribution

among CBAlJ X DBAl2 FI implantation sites at day 8 of gestation (Duclos et al., 1995;

Gendron and Baines, 1988). Recent studies have also suggested that the expression of

iNOS and TNFa mRNA at day 8 of gestation show a bimodal distribution (Haddad et al.,

1997). In both of these studies, CBAI] X BALB/c (iow loss) mating pairs were used to

determine the cell number or relative expression unit that classified CHAIl X DBAl2

(high loss) embryos as normal or resorbing. In the present experiments, a proportion of

CBAI] X DBA/2 FI embryos appeared to express increased levels of TNFa, iNOS,

perforin and IFNy mRNA at day 8 of gestation (figures 4 and 7). To verify this

hypothesis, histograms depicting the frequency distribution of both natural killer cell and

macrophage markers at day 8 of gestation were plotted as illustrated in figures 9 and 10.

Table 3 summarizes the statistics employed to analyze the normality of the frequency

distribution histograms. IFNy, TNFa, and iNOS mRNA expression at day 8 appeared to

show an asymmetrical skewed distribution to the right indicating a bimodal type of

distribution. Conversely, perforin mRNA expression appeared to display a normal

distribution among the 43 embryos analyzed.

Where bimodal distributions were apparent (IFNy, TNFa, and iNOS), K-means

cluster analysis was employed to determine the approximate Mean of the embryonic

population that exhibited the lower and presumably normal level of gene expression

(table 4). Using these K·means, an upper 95% confidence limit (UCL95%) of 0.5 was

determined for IFNy, 0.7 for TNFa, and 1.2 for iNOS. Day 8 CBAll X DBAl2 embryos

with gene expression levels less than the UCL95% were considered to be normal and
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non-resorbing. Embryos with gene expression levels greater than the UCL9S% were

considered as potentially resorbing, since expression of resorption-associated cytokines

was significantly increased. Using the UCL95% as a reference point, it was determined

that 26% of embryos exhibited significantly increased expression of TNFa mRNA and

30% exhibited significantly increased levels of iNOS mRNA expression. These results

are in aeeordanee with previous studies and these percentages correspond to the rate of

early embryo loss observed in this high loss mating model (20-30%). However, the

proportion of embryos displaying significantly increased IFNy mRNA expression (44%)

was higher than the 20-30% resorption rate observed in this high loss mating pair.

Therefore, at day 8 of gestation, before any signs of resorption had become obvious, a

proportion of embryos expressed signifieantly increased levels of TNFa, iNOS, and IFNy

mRNA. These results agree with previous studies that showed an association between

molecular markers of macrophage activation and early embryo loss (Haddad et al.. 1997).

Perforin mRNA expression displayed a nonnal distribution and appeared

constitutively high in most of the embryos assayed. As seen in figure 9A, there was a

wide range of perforin mRNA expression values (0.5 to (2). The distribution appeared

symmetrical as the Mean coincided with the Median and the null hypothesis could not be

rejected, as the ratio of skewness to its standard error was determined as 1 (table 3).

Given that NI( eeUs cao exert direct cytotoxicity by releasing the pore-forming protein

perforin, these results agree with the hypothesis that NK ceUs mediate early embryo loss

indirectly, perhaps by releasing pro-inflammatory cytokines that activate decidual

macrophages.
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Figure 9. Frequeney Distribution of A) Perforin and D) IFN'Y mRNA Expression at

Day 8 of GestatioD. Frequency distribution histograms were plotted to verify the

hypothesis that at day 8 a proportion of CBAll X DBAl2 FI embryo implantation sites

expressed significantly increased levels of perforin and IFNy rnRNA. Table 3

summarizes the statistics employed to anaIyze the nonnaIity of the frequency distribution

histograms. Where bimodaI distributions were apparent, K means cluster analysis was

employed to determine the Mean and 95% UCL of the embryonic population exhibiting

lower and presumably normal level of gene expression (table 4). For technical details of

RT-PCR amplification see legend of figure 4. Southern Blots of Perforin, IFNy and

G6PDH PCR products were hybridized with radiolabeled gene specifie internaI probes,

visualized by phosphorimaging and quantified with the ImageQuant program. The level

of gene expression was nonnaIized to the respective level of G6PDH expression in each

embryo implantation site. Perforin rnRNA expression appeared to display a broad but

nonnal distribution ranging from 0.5 to 12. The null hypothesis was not rejected as the

ratio of skewness to its standard error was determined as 1. On the other hand, IFN'Y

mRNA expression appeared to be skewed to the right. The arrow in 98 refers to the

95%UCL (relative expression = 0.5). Expression of IFNy mRNA greater than 0.5 was

categorized as significantly increased. 44% of the embryos had significantly increased

IFNy mRNA expression. The relative gen~ expression per embryo implantation sites is

indicated on the abscissa, ranging by 1 in figure 9A (eg. 5 represents the range from 4.1

to 5), and by 0.1 in figure 9B (eg. 0.5 represents the range from 0.41 to 0.5).
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Figure 10. Frequeney Distribution of A) TNFa and D) iNOS mRNA Expression at

Day 8 of Gestation. Frequency distribution histograms were plotted to verify the

hypothesis that at day 8 a proportion of CBAIl X DBAl2 FI embryo implantation sites

expressed significantly increased levels of TNFa and iNOS mRNA. Table 3 summarizes

the statistics employed to analyze the normality of the frequency distribution histograms.

Where bimodal distributions were apparent, K means cluster analysis was employed to

determine the mean and 95% UCL of the embryonic population exhibiting lower and

presumably normal level of gene expression (table 4). For technical details of RT-PCR

amplification and Southem Blotting see legend of figure 7. The level of gene expression

was normalized to the respective level of G6PDH expression in each embryo

implantation site. Both TNFa and iNOS mRNA expression appear to be skewed to the

right. The arrows refers to the 95%UCL (0.7 for TNFa~ 1.2 for iNOS). Expression of

TNFa mRNA greater than 0.7 was categorized as significantly increased. Expression of

iNOS mRNA greater than 1.2 was categorized as significantly increased. 26% of the

embryos had significantly increased TNFa mRNA expression and 30% had significantly

increased levels of iNOS mRNA. The relative gene expression per embryo implantation

sites is indicated on the abscissa, ranging by 0.1 both in figure 10A and figure lOB (eg.

0.5 represents the range from 0.41 to 0.5).
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Table 3. Statistical Analysis of Day 8 Frequency Distributions of
Relative Perforin, IFNy, TNFa and iNOS mRNA Expression.

SKEWNESS

MEDIAN b
STATISTIC/

CYTOKINE NUMBEROF MEAN" STD.ERROR
EMBRYOS EXPRESSION EXPRESSION RATIO C

• PERFORIN 43 5.70 5.10 1

lFNy 34 0.47 0.41 2

TNFa 43 0.58 0.45 4

lNOS 43 0.96 0.92 2

a, b: A comparison of the means and medians of relative gene expression were used as measures

of central tendency. When the mean was greater than the median, the data distribution was

skewed to the right.

c: Skewness measures the asymmetry of a sample distribution. In this study, normality was

•
rejected if the ratio of skewness to its standard error was determined as ~ 2.
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Table 4. K Means Cluster Analysis at Day 8 of Gestation

•
CYTOKINE

IFNy

TNFa

INOS

NUMBEROF
EMBRYOS

34

43

43

MEAN OF
CLUSTER .*

0.1968

0.3862

0.5834

UPPER 9So/O
CONFIDENCE

LIMIT

0.5

0.7

1.2

0/0 OF
EMBRYOS
WlTH
INCREASED
EXPRESSION

44

26

30

•

*Note. Where bimodal distributions were apparent, "mean ofcluster 1" or the mean and standard

deviation of the population of embryos with the lower relative gene expression were used to

determine the 95% UeL.
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8. Simultaneous increased expression ofTH] inflammatory cytokines.

In these experiments it was also determined that at day 8 of gestation~ a portion of

embryos showed simultaneous increased expression of both NK and macrophage

associated molecular markers. The Southem Blots in figure Il depict one of the 5 CBNJ

X DBN2 matings analyzed at day 8 of gestation. As presented in the table of figure Il ~

embryo number 1~ 4, 7 and 8 expressed significantly increased levels of macrophage

activation markers TNFa and iNOS mRNA. Along with increased TNFa and iNOS

mRNA expression, embryos number 1 and 4 (20%) also expressed significantly elevated

levels of IFNy rnRNA. Interestingly, TNFa and iNOS mRNA expression was increased

to a greater extent in the embryos also expressing increased IFNy mRNA (embryo 1 and

4). Perforin mRNA expression displayed a nonnal distribution and appeared to be

constitutively high in ail the embryos. The percentage of embryos with increased

expression of IFNy, TNFa and iNOS mRNA (20%) corresponded to the rate of early

embryo loss in this mating model (20-30%). Since TNFa and iNOS are cytotoxic

effector factors produced by activated macrophages, and IFNy is a major macrophage

activator, these results confirmed previous findings that early embryo loss is associated

with increased decidual infiltration by activated macrophages (Haddad et al., 1997).

Furthermore, these molecular results suggest that early embryo loss is not caused by

perforin mediated NK cytotoxicity since the level of perforin mRNA expression was not

substantially increased in potentially resorbing embryos. Finally, there were instances

when the embryos expressed increased levels ofone cytokine and not of the other.
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Figure II. Simultaneous Increased Expression of IFNy, Perforin, TNFa, and iNOS

mRNA. Individual CBAIl X DBA/2 embryo implantation sites were assayed by RT

PCR to assess the simultaneous expression of macrophage and NK cell molecular

markers at day 8 of gestation. This figure demonstrates the cytokine mRNA expression in

one of the five pregnancies assayed at day 8. For technieal details see legend for figure 4

and 7. G6PDH, perforin, and IFNy blots were visualized by Phosphorimaging and

quantified with the ImageQuant program. TNFa and iNOS blots were exposed to

autoradiographie film and quantified with a scanning densitometer due to the prolonged

breakdown of the Phosphorimager. Figure llA shows Southem Blots of IFNy, Perforin,

TNFa, iNOS, and G6PDH PCR products hybridized with 32y-ATP-Iabeled cytokine

specifie internai probes. Respective G6PDH densities were used to nonnalize IFNy,

perforin, TNFa, and iNOS mRNA expression levels. Figure J1B depicts those embryos

that displayed elevated cytokine mRNA expression (Le. rnRNA expression greater than

the 95% DCL) with a + sign. ++ is assigned to embryos expressing mRNA levels at least

1X greater than the 95%UCL. A - sign is ascribed to non-resorbing embryos that

expressed normal levels of THl cytokines (Le. less than the 95%UCL). As perforin

mRNA expression displayed a normal distribution among the embryos, they were

eategorized with a + sign. Note that embryo 1 and 4 had elevated expression of all 4

cytokines. Embryo 7 and 8 displayed elevated expression ofTNFa and iNOS mRNA but

to a lesser extent than embryos 1 and 4.

67



•

•

•

9 Identification ofthe source ofdecidual and splenic IFNy mRNA.

If the role of decidual NK ceUs is not mediating a direct cytotoxic attack on

embryonic trophoblast ceUs, they May be responsible for producing cytokines that

activate decidual macrophages. IFNy is a major activator of macrophages, can provoke

fetal demise (Chaouat et al., 1990) and is associated with early embryo loss (Haddad et

al., 1997a). In these preliminary experiments, cell labeling with an anti-NK antibody

(DX5), cell sorting, and RT-PCR gene expression analysis were performed to confirm the

source of [FNy mRNA in the decidua and spleen of DBAl2-mated CBAll females (table

5). As shown in the agarose gel of figure 12, splenic DX5+ve and DX5-ve ceUs

expressed IFNy rnRNA, decidual DX5+ve ceUs expressed IFNy whereas decidual DX5

negative cells did not appear to express IFNy mRNA. These preliminary results suggest

that IFNy was produced by more than one type of cell in the spleen, while deciduai IFNy

mRNA was produced solely by DX5+ve cells. Since DX5 is an NK cell specific Marker,

IFNy mRNA expression at the fetal-maternaI interface may be an appropriate molecular

Marker for studying natural killer cell involvement in early embryo loss.
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Table 5. FACS/SORT of Murine Spleen and Decidua. Cells Expressing DX5 at Day

9 of Gestation.

Number ofSorted Cells·

•

Source of Cells

Spleen

Embryos

0A. of DXs+ Cells
Prior to Sorting

3.26

1.86

+
DX5

9X 10"

•

*Note. Refers to the number of recovered cells from which RNA was extracted to

perform RT-PCR analysis oflFNy mRNA expression.
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Figure 12. Agarose Gel of RT-PCR Analysis of IFNy mRNA Expression in DXS+ve

and DXS-ve cells. CBA/J X DBA/2 FI embryo implants and spleen were assayed by

RT-PCR to investigate the source of IFNy mRNA in these tissues. Uterine and spleen

were removed from pregnant CBNJ mice at day 9 of gestation and the individual embryo

implants were pooled together to increase the cell yield. Cell suspensions were prepared

in Dulbecco's PBS + 2% fetai calf serum before staining. PE-conjugated rat anti-mouse

pan NK cell monoclonal antibody DX5 was used to label decidual and spleen cells that

express the natural killer cell surface Marker. Fc Block, a rat anti-mouse CD16/CD32

monoclonal antibody was added to block nonspecific binding of phycoerythrin to FcyU

receptors on B lymphocytes. The reaction was incubated in the dark for 15 minutes,

washed and analyzed by flow cytometry. Following ceU sorting to separate the DX5

negative ceUs from the positively stained ceUs, RT-PCR was performed to detect IFNy

mRNA. Total RNA was extracted, DNAse treated, reverse-transcribed, and PCR

amplified with IFNy specific primers. This assay was based on a 45-cycle amplification

reaction. The PCR products were electrophoretically separated in a 1% agarose gel that

contained ethidium bromide and were visualized by UV light and photo-documented. -ve

RT refers to those samples in which no reverse transcriptase was added to RT-PCR. The

IFNy band corresponds to an expected length of 426 base pairs. Note that IFNy mRNA

was detected in both splenic DX5+ve and DX5-ve ceUs whereas only DX5+ve ceUs

expressed IFNy mRNA in the decidua.
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Discussion

Spontaneous early embryo loss is a common complication of mammalian

reproduction. The CBA/J X DBN2 rnurine model has greatly facilitated the

investigation of the mechanisms that cause early embryo loss. Studies on this mode1

have indicated that embryo resorption is recurrent~ partner specifie (Chaouat et al.. 1988)

and unrelated to patemal MHC expression. Furthennore, numerous findings have

associated early embryo resorption with activation of decidual NK cells and

macrophages~ and production of THI inflammatory cytokines (Gendron et al.. 1988;

Duclos et a/.. 1995; Haddad et al., 1997b). In this study~ gene expression analyses were

undertaken to investigate the earliest events in the activation of decidual NK cells and

macrophages in initiating early embryo loss with the objective of determining when the

primary causative factors are active. Very early expression could indicate a genetic or

endogenous event~ whereas later activation of NK cells and macrophages may indicate an

exogenous pathogen-driven process. The results support and reinforce a conceptual

model (Baines et al., 1997) proposing that early decidual NK cell production of [FNy

leads to macrophage activation and early embryonic demise in DBA/2-mated CBA/J

female mice~ implicating a genetic factor.

IF NK cells and macrophages predispose embryos to early loss~ it would be

reasonable to expect their presence in the deciduum before embryo pathology ensues. [n

this study~ the earliest presence of NK cells and macrophages in decidual tissues was

investigated. The data demonstrated that as early as day 6 of gestation, long before

obvious signs of early embryo resorption are apparent~ NK cell (lFNy and perforin
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mRNA) and macrophage (TNFa and iNOS mRNA) activation markers are detected in

the deciduum. Demonstrating that deciduai infiltration by these inflammatory cells is not

a consequence of resorption~ these results also suggested that the maternal innate

response has a role in implantation within 24 hours following blastocyst attachment to the

uterine wall. Implantation is an invasive process that leads to the decidualization of the

endometrium and the intimate juxtaposition of maternal and fetal tissues. Detection of

significant levels of IFNy, perfonn, lNFa~ and iNOS mRNA in nearly aH placentae at

day 6 of gestation~ but not in non-implanted uterine tissues, inferred that NK ceHs and

macrophages selectively infiltrate the deciduum as early as one day following

implantation. These findings implied that NK ceHs and macrophages may be naturai

components of the implantation response and are consistent with previous investigations

of early post-implantation events in other murine mating pairs (Hunt, 1994; Hunt and

Robertson~ 1996; Whitelaw and Croy~ 1996; Platt and Hunt~ 1998). Further, these data

confirmed at the molecular level, previous studies that revealed the presence of asialo

GM1-expressing NK ceUs and F4/80-expressing macrophages in all CBAll X DBAl2 FI

implantation sites at day 8 of gestation (Gendron and Baines, 1988; Duclos et al., 1995).

The data was also consistent with previous studies that have demonstrated a significantly

decreased resorption rate in DBA/2-mated CBAlJ mice following early treatment with

agents that abrogate NK cell and macrophage activities (deFougerolles and Haines, 1987;

Duclos et al.. 1994).

During pregnancy, allogeneic trophoblast ceUs come into direct contact with the

maternai immune system. It has been suggested that this maternal immunostimulation

induces the production of cytokines that promote decidualization of the endometrium and
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appropriate vascuIarization of the placenta and nutrition of the developing conceptus

(Beaman, 1990). ln this study, detection of notable levels of IFNy, perforin, TNFa., and

iNOS rnRNA in nearly all the embryos assayed at day 6-8 of gestation is in accord with

this hypothesis as weil as with recent reports that have implicated pro-inflammatory

cytokines in the normal processes of reproduction and pregnancy. The early presence of

IFNy and IFNy receptors in decidualized uteri has been postulated to influence uterine

hematopoietic cell development and decidualization (Plan and Hunt., 1998; Chen et al.,

1994). Uterine leukocyte production of nitric oxide has been proposed to promote

smooth muscle relaxation and healthy vascularization of the implantation sites (Hunt et

al., 1997b). The early presence of TNFa has been demonstrated in nonnaI pregnancies

and has been shown to be important for normal placental growth and function (Hunt.,

1996; Gorivodsky et al., (998), and even normal embryonic development (Gendron et

al., 1991). Finally, as the present study did not differentiate between the gene expression

of the embryo and the gene expression of the placenta., a contribution by the developing

conceptus itself could not be discounted, even though at day 6 of gestation such

contribution should be minimal.

Another objective of this study was to investigate and detect the earliest

expression of IFNy, perforin., TNFa and iNOS mRNA as a correlate with early embryo

loss. Although lower levels of pro-inflammatory cytokines might be favorable to

pregnancy, abnormally high production might be detrimental to fetal survivaI. Indeed.,

injection of gravid CBAll mice with recombinant IFNy and TNFa has been shown to

raise the rate of resorption (Chaouat et al., 1990). Pooled placentae from resorption

prone mating combinations have been shown to contain significantly higher levels of
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TH1 inflammatory cytokines than placentae from low loss mating pairs (Tangri and

Raghupathy, 1993). Although these experiments associated THI cytokines with embryo

death~ they did not take into account the fact that resorbing and non-resorbing embryos

from the same high loss pregnancy might display distinctIy different TH1 cytokine

expression patterns. [n the present study, the early expression of IFNy, TNFa, perforin,

and iNOS rnRNA was investigated at the single embryo level.

The present study detected the earliest differential expression of macrophage and

NK cell activation markers as a correlate with future early embryo loss, at day 8 of

gestation. Specifically, the results at day 8 of gestation revealed two major populations

of embryos in regard to their expression of IFNy, TNFa, and iNOS mRNA: one

population displaying lower levels of cytokine expression, and another population

exhibiting substantially increased levels of cytokine gene expression. 26%, 30%, and

44% of embryos expressed substantially elevated levels of TNFa, iNOS, and [FNy

mRNA expression, respectively. Given that the percentage of embryos with

substantially increased expression of TNFa (26%) and iNOS (30%) mRNA

corresponded to the rate of early embryo loss (20-30%), these results reaffirmed a role

for macrophage activation in the mechanism that precedes embryo demise. Further, the

increased expression of [FNy mRNA in 44% of the fetopiacental units at day 8 of

gestation, albeit greater than the incidence of early embryo loss, corroborated with

earlier studies that have indicated the presence of primed macrophages in early

pregnancy decidual tissues (Haddad et al.. 1995; Gendron et a/.• 1990).

Il is weil established that macrophage activation is a multi-step process that

requires the action of a number of factors. IFNy is the best-described macrophage-
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activating factor (MAF) (Ding et al.. 1988) and has been associated with early embryo

loss (Haddad et al., 1997a). Since IFNy can act sYnergistically with TNFa or bacterial

lipopolysaccharide (LPS) to induce macrophage elimination of intracellular parasites

(Munoz-Femandez et al.. 1992), it has been hypothesized that early embryo loss results

from a similar mechanism (Baines et al.. 1997). Given that treatment of gravid CBAIJ

female mice with rat anti-mouse IFNy anti-sera rescues embryos fated to resorb at day

12 (Haddad et al., 1997a), it has been hypothesized that IFNy primes or activates

decidual macrophages and that TNFa or LPS subsequently triggers the effector

functions (TNF and NO). By detecting increased levels of macrophage activation

markers in a proportion of embryos that corresponded to the incidence of early embryo

loss, this study supported the above-mentioned hypothesis. Detection of increased

levels of IFNy and macrophage priming was also consistent with previous studies which

showed that early treatment of gravid CBAlJ mice with LPS induces increased

production of uterine TNFa and resorption of nearly aIl embryos by day 12 of gestation

(Gendron et al.. 1990). Yet, as NK cells have also been shown to produce TNFa upon

activation (Peters et al.. 1986; Hill, 1992; Haddad et al.. 1997b), questions have arisen

pertaining to the use of TNFa. as a molecular Marker of macrophage activation. Recent

demonstration that antibody-induced reduction of macrophage infiltration resulted in a

significant reduction in the number of CBAlJ X DBA/2 FI embryos with increased

levels of TNFa mRNA, has implicated macrophages as the primary producers of

decidual TNFa (G. Youseph, personal communication). However, it cannot be

discounted that NK cell production of TNFa might act as the macrophage-triggering

agent.
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Perforin is a pore-forming cytolysin that is stored in cytoplasmic granules and

secreted by killer lYmphocytes (Liu et al., 1995). To demonstrate the early involvement

of NK cells in early embryo loss, this study employed RT-PCR to detect the presence

perforin and IFNy mRNA. The data demonstrated that perforin mRNA expression at day

8 of gestation lacked the expected bimodal distribution usually associated with early

embryo loss. In the present study, perforin mRNA expression displayed a normal

distribution which appeared to be constitutively high among ail the individual feto

placental units assayed. Given that previous in vitro assays have revealed minimal

cytotoxic activity by decidual NK-cells (Saines et al., 1997), it was not unexpected that

potentially resorbing embryos in this study did not express significantly increased levels

of perforin mR.J.~A. Although early embryo loss has been proposed to be mediated by

activated decidual NK cells, it is possible that perforin positive NK-like cells display a

broad spectrum of activity and that only a few of these cells May be actively involved in

embryo-toxic activities. If both resting and activated decidual NK cells expressed the

same relative amounts of perforin mRNA per cell, little difference would be observed in

perforin mRNA expression when comparing resorbing and potentially resorbing embryo

implantation sites. Alternatively, resorption-mediating decidual NK cells May have been

masked by the presence of a larger population of cells also expressing similar levels of

perforin. Supporting the latter hypothesis is the recent discovery of a population of

granulated lymphocytes that transiently populate the uterine mesometrial triangle in early

murine pregnancy, following decidualization, and which have been shown to contain

cytoplasmic granules filled with perforin (parr et al., 1990; Whitelaw and Croy, 1996).

Phenotypically characterized as NK-lineage cells, these granulated metrial gland cells
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(GMG) have been shown to express NK cell surface markers such as asiaIo-GMI, and

differ from resorption-inducing decidual NK ceUs in that their presence is not detrimental

to pregnancy. In fact, the presence of abundant numbers of GMG cells in the deciduum

of pregnant mice has been shown to be essential for the normal progression of gestation

(Guimond et al., 1998). Previously, histological studies of perforin-expressing ceUs

during spontaneous early embryo loss have indicated that the distribution of perforin

positive GMG ceUs is essentially the same in resorbing and healthy decidua (Zheng et al.,

1993). Consistent with the data presented in this study, as weil as with the contention

that resorption is not caused by GMG cells and perforin-mediated cytotoxicity, this last

point does not correspond with experiments that have associated early embryonic demise

with increased decidual infiltration by asialo-GMI positive cells (Gendron and Baines,

1988). This may in part be explained by the suggestion that GMG expression of asialo

GMI and many other ceU surface markers may be cell stage related and transient. Indeed,

GMG cell differentiation bas been proposed to occur along a specifie pathway, maturing

from small Iymphocyte-like ceUs to large granuJated cells by mid gestation

(approximately day 10-14 in mice) and altering the ceU surface phenotype along the way

(Parr el al., 1990). In early embryo loss, increased decidual infiltration by NK ceUs has

been proposed to occur by day 8 of gestation, a time when GMG cells may not yet

express detectable levels of asialo GMI. As complete characterization of decidual NK

like ceUs and their biological raIes have yet ta be fully determined, studies aimed at

determining the difference between resorption inducing NK cells and GMG ceUs will

certainly prove to be valuable for investigating the role of NK-lineage cells during

normal gestation and premature pregnancy loss.
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The curious lack of perforin-mediated NK cytotoxicity during early embryo loss

suggests that the decidual NK ceUs may have other roles to play in embryo loss. The

primary role of decidual NK ceUs may he to mediate resorption by producing cytokines

that alter the activation-state of decidual macrophages and other effector ceUs. Since a

role for IFNy has been weil established in early embryo loss~ and NK ceUs have been

shown to produce it upon activation, this study also investigated whether NK cells were

the producers of deciduaI IFNy mRNA. As CBAlJ mice lack NK cell specifie surface

markers such as NK1.1, a newly developed monoclonal anti-NK ceU antibody (DX5)

enabled the specific labeling of pooled decidual NK ceUs, in vitro. This experiment was

performed twice and demonstrated that decidual NK ceUs could be the major source of

decidual IFNy as only decidual DX5 positive ceUs were shown to express IFNy mRNA at

day 9 of gestation. On the other hand, both DX5 positive NK ceUs and DX5 negative

splenic ceUs expressed IFNy rnRNA. The DX5 negative population from the spleen

would largely consist of mature T ceUs, which can produce IFNy (Young el al., 1995).

These observations, consistent with the proposed conceptual model of early embryo 10ss,

were also in accord with previous studies that have revealed very few conventional T

lymphocytes at the fetomaternal interface (Gendron and Baines, 1988).

In this and in previous studies, simultaneous elevation of IFNy, TNFa, and iNOS

mRNA expression has been demonstrated in a portion of embryos at day 8 of gestation

(Haddad et al., 1997a). By demonstrating that decidual NK cells could be the major

producers of the IFNy that activates macrophage production of TNFa and NO, this study

supported the premise that NK ceUs and macrophages act synergistically in the

mechanism that causes early embryo loss in DBAl2-mated CBAlJ mice. It appears that
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between day 6 and day 8 of gestation, some yet to he determined initiating stimulus May

be affecting the fate of embryo survival. What causes increased NK cell and macrophage

infiltration, activation, and triggering of effector activity in one embryo and not in

another is yet unknown and should be addressed by future work. The early presence of

NK cells and macrophages detected in this studY' implicated an endogenous event as the

primary cause of early embryo loss in DBAl2-mated CBAlJ mice. Furthermore, factors

that effect the balance of THI :TH2/3 cytokines at the feto-maternal interface have been

proposed as initiating signais that predispose embryos to early resorption (Wegmann et

al., 1993). TH2/3 cytokines such as IL-IO and IL-4 May be beneficial to pregnancy

(Chaouat et al.. (995), as they prevent the stimulation of TH1 pro-inflammatory

cytokines such as IFNy, TNFa, IL-2 and IL-12. Although previous studies have shown

that IL 10 and immunosuppressive molecules such as TGFJ3 are expressed at lower levels

in resorption-prone placentae, expression of these Mediators at the single embryo level

has not been examined. Future work should investigate the expression of anti

inflammatory cytokines at the single embyo level, with the aim detecting the earHest

correlation between their decreased expression and early embryo demise. II-12 is a

switch cytokine that favors the expression of THI cytokines while suppressing the

expression of TH2 anti-inflammatory cytokines. Recently, macrophage production of IL

12 has been associated with embryos that express elevated levels of IFNy, TNFa, and

iNOS mRNA at day 8 of gestation (Haddad et al., 1997a). Future work should address

the earHest expression of activating cytokines such as IL-12, IL-2 as possible correlates

of early embryo loss. Furthermore, although semi-quantitative gene expression in vitro

analyses have provided great insight into the mechanism that predisposes embryos to
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early loss, future studies should also employ molecuIar techniques such as in situ

hybridization, in order to specifically localize the increased TH1 gene expression patterns

with the NK cells and macrophages that infiItrate the decidua-trophoblast interface during

early embryo development. This technique may also enable the identification of the ceUs

being targeted by activated macrophages and cytotoxic effector factors such as TNFa and

nitric oxide. Some studies have implicated placental cells and not embryonic ceUs as the

final targets. More recent studies have implicated a role for TNF and nitric oxide in

triggering thrombosis and inflammation in the vasculature that surrounds the developing

conceptus (Clark el al., 1998). Future studies shouId attempt to detennine the final

damaging event that lead embryos to early death.

In conclusion, the results presented in this thesis demonstrated the correlation

between implantation/early gestation and inflammatory cytokine mRNA expression. The

results also support the premise that sorne yet to be determined endogenous factor

activates the non-specifie components of the maternai immune system (macrophages, NK

ceUs and TH1 pro-inflammatory cytokines) making them critical factors in deciding

between embryo death and survival. This study also showed that NK ceUs could be the

major source of decidual IFNy. Analysis of the molecular and cellular immunological

factors that mediate early embryo loss in murine systems may eventually lead to novel

concepts for the development of therapeutic treatments for women who habitually abort

their babies early in pregnancy. As early embryo loss in humans tends to occur unnoticed

by the maternaI host, these studies may also have implications for couples with primary

infertility.
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