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ABSTRACT

Interferon gamma (IFNG) is a proinflammatory cytokine
secreted in the uterus during early pregnancy. It is abundantly
produced by uterine natural killer cells in maternal endometri-
um but also by trophoblasts in some species. In normal
pregnancies of mice, IFNG plays critical roles that include
initiation of endometrial vasculature remodeling, angiogenesis
at implantation sites, and maintenance of the decidual (mater-
nal) component of the placenta. In livestock and in humans,
deviations in these processes are thought to contribute to serious
gestational complications, such as fetal loss or preeclampsia.
Interferon gamma has broader roles in activation of innate and
adaptive immune responses to viruses and tumors, in part
through upregulating transcription of genes involved in cell
cycle regulation, apoptosis, and antigen processing/presenta-
tion. Despite this, rodent and human trophoblast cells show
dampened responses to IFNG that reflect the resistance of these
cells to IFNG-mediated activation of major histocompatibility
complex (MHC) class Il transplantation antigen expression. Lack
of MHC class Il antigens on trophoblasts is thought to facilitate
survival of the semiallogeneic conceptus in the presence of
maternal lymphocytes. This review describes the dynamic roles
of IFNG in successful pregnancy and briefly summarizes data on
IFNG in gestational pathologies.
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INTRODUCTION

IFNG was among the first cytokines identified [1]. It is well
characterized genetically, structurally, and functionally in
many species [2, 3]. IFNG plays important roles in diverse
cellular processes, including activating innate and adaptive
immune responses, inhibiting cell proliferation, and inducing
apoptosis [4, 5]. It is also crucial in immune responses against
pathogens and immunosurveillance of tumors [4, 6, 7]. These
functions are achieved via receptor-mediated signals that lead
to changes in the transcription of hundreds of genes [8].
Because the initial descriptions of distinct cytokine-producing
lymphocyte subsets used IFNG as the hallmark molecule for
type 1 immune responses, and because the type l/type 2
cytokine paradigm was relevant to pregnancy both systemically
[9] and at the maternal-fetal interface [10, 11], IFNG is
routinely assayed in pregnancy research to establish deviations
from normal, healthy gestation.

IFNG is produced primarily by natural killer cells (NK cells)
and thymus-derived natural killer T cells (NKT cells), which
are the major lymphoid effector cells of innate immunity.
Natural killer T cells are distinguished from NK cells by
somatic rearrangement of their T-cell receptor genes. The
IFNG locus in NK cells has an undermethylated open reading
configuration. This permits NK cells to rapidly respond to their
external milieu and induce IFNG production independently of
cell division or their stage of the cell cycle [12]. Activation of
IFNG production in innate immune cells is usually preceded by
signaling from type 1 (alpha/beta) IFN [13] and involves
interactions with dendritic cells (DCs) [14]. Natural killer and
NKT cells increase numerically at implantation sites early in
gestation in mice, humans, and other species [15]. Other
immune cells, such as T-helper 1 (Thl) cells, can be induced to
synthesize and secrete IFNG. However, debate continues
regarding whether myeloid lineage-derived cells (i.e., neutro-
phils, DCs, and macrophages) produce rather than take up and
store IFNG in vivo [16]. Induction of IFNG production in T
cells and activation of adaptive immune responses by IFNG
require cell proliferation and are due, in part, to transcriptional
induction of genes encoding proteins involved in antigen
processing and presentation. These include major histocom-
patibility complex (MHC) class I and class II antigens [4].
IFNG-induced apoptosis and cell cycle arrest occur through
activation of caspase (CASP) and cyclin-dependent kinase
inhibitor 1A (CDKNIA) gene expression, respectively [4, 5].
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In many species, trophoblast cells as well as endometrial
cells synthesize one or more IFNs. In mice, type 1 IFNs are
expressed from the two-cell stage and in the preimplantation
trophoectoderm of the blastocyst. It is induced in the early
decidua and remains cytoplasmic in the trophectodermal
lineages throughout placental development [17]. By midpreg-
nancy, IFNG is detected in trophoblast giant cells [18, 19].
IFNG receptor 1 (IFNGR1) and IFNGR2 are found on mouse
oocytes and preimplantation embryos. At midgestation, Ifngrl
and [fngr2 are expressed by labyrinthine and spongiotropho-
blasts but are not expressed by trophoblast giant cells that
appose maternal decidua [20, 21]. In pigs, IFNG is the major
trophoblast-derived IFN. It is synthesized between Days 12 and
20 of the 114-day gestation period. Because the early porcine
trophoblast has absent or weak IFNGR expression, IFNG is
thought to primarily affect maternal cells and tissues. Indeed,
porcine trophoblast IFNG modifies tight junctions in maternal
epithelium and elevates uterine endothelial cell expression of
MHC class II genes during blastocyst attachment [22]. The
absence of IFNG production by horse and ruminant tropho-
blasts indicates that IFNG synthesis is not a universal feature in
species having epitheliochorial placentation [23-25]. Ruminant
trophoblast IFN-tau (IFNT) sustains ovarian corpora lutea, but
porcine trophoblast IFNs (gamma and delta at 3:1) do not [24,
25]. Early in human pregnancy, trophoblast cells express IFNG
intensely, but there is almost no expression by term [26]. In
contrast, both known IFNG receptors, IFNGR1 and IFNGR2,
are expressed by human trophoblast cells throughout pregnan-
cy [27]. It is not yet known whether human trophoblast-derived
IFN contributes to corpus luteum maintenance in vivo. Here,
we briefly review the molecular signaling pathway of IFNG
and its role in normal pregnancy, with emphasis on work
conducted by the authors.

IFNG RECEPTORS AND SIGNALING PATHWAYS

IFNG-mediated activation of gene transcription occurs
primarily through the Janus kinase/signal transducer and
activator of transcription-1 (JAK/STAT1) pathway (Fig. 1)
[4, 5]. The IFNG receptor, IFNGR, is a cell surface receptor

IFNGR1

R

849

FIG. 1. Schematic of IFNG signaling
through the JAK/STAT1 pathway. Binding of
IFNG to its receptor results in activation of
the JAKs, which phosphorylate cytoplasmic
monomers of STATT. Phosphorylated STAT1
dimerizes, translocates to the nucleus, and
activates transcription from gene promoters
containing GAS (primary responses), such
as IRF1. In the secondary responses, IRF1
activates transcription of IRF2, CDKNIA,
caspases, and the MHC class la genes by
binding IFN response elements (IRE),
whereas STATT and IRF1 cooperate to
transactivate expression of other genes,
such as guanylate binding protein (GBP),
PSMB8, PSMB9, and CIITA. P, phosphory-
e lated.
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composed of two distinct chains, R1 (or alpha) and R2 (beta),
encoded by different genes. Binding of IFNG to IFNGR
activates receptor-associated JAK1 and JAK2, which subse-
quently phosphorylate the intracellular domain of IFNGR1 [4,
5]. The phosphorylated IFNGR1 provides a docking site for
cytoplasmically localized monomers of the transcription factor
STAT1 that subsequently are phosphorylated on tyrosine
residue 701 by JAKI and JAK2 [5]. Once STATI is
phosphorylated, it homodimerizes, translocates to the nucleus,
and activates the transcription of multiple genes containing an
IFNG activating sequence (GAS) in their promoters. These
genes include those encoding the transcription factor interferon
regulatory factor 1 (/RFI) and the intracellular adhesion
molecule-1 (/CAM1I) [4, 5]. IRF1 directly activates transcrip-
tion of the caspase genes involved in promoting apoptosis, the
CDKNIA gene that inhibits cell growth, the genes encoding
class Ia antigens of the MHC, transporters associated with
antigen processing 1 (TAPI), TAP2, and the immunoprotea-
some subunits proteasome subunit beta type 8 (PSMBS),
PSMB9, and PSMBI0. The MHC and antigen-processing
molecules are required for adaptive immune responses to
pathogens and tumors [4]. Furthermore, STAT1 and IRF1
cooperate with the ubiquitously expressed transacting factor
upstream stimulatory factor 1 (USF1) to activate transcription
from the IFNG-inducible class II transactivator (CIITA)
promoter IV [28]. CIITA subsequently activates transcription
of the MHC class II genes [28].

Cellular responses to IFNG are subject to negative control
by protein tyrosine phosphatases (PTPs), suppressors of
cytokine signaling-1 (SOCS1), and protein inhibitor of
activated STAT (PIAS) [29]. SOCS1 downregulates IFNG-
regulated responses either by inhibiting JAK?2 kinase activity
and/or by promoting JAK2 degradation [29]. PIAS1 directly
inhibits STAT1 DNA-binding activity, and thereby blocks
IFNG-inducible transcription. The mechanism by which PIAS
inhibits STAT1 transactivation is not yet clear [29], but it is
considered important in the downregulation of human uterine
epithelial cell mucin 1 expression during blastocyst implanta-
tion [30]. The equilibrium between the activities of kinases,
such as the JAKs and PTP family members, is important in
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FIG. 2. Photomicrographs of hematoxylin-stained, midsagittal sections
of implantation sites from mice with different genetic mutations. DBA
lectin reactivity was used to distinguish uNK cells (brown-red). All images
have the uterine artery and mesometrium to the top. A, B) C57BL/6) mouse
at GD 6. C, D) C57BL/6) mouse at GD 10. E, F) Alymphoid (NK"T~B")
mouse doubly knocked out for recombinase-activating gene-2 and
common cytokine chain gamma, at GD 10. G, H) Interferon receptor 1
(binds IFNA and IFNB) knockout mouse at GD 10. The left column shows
low-power images. The right column shows enlarged images from the
areas boxed in the left panels. M, mesometrial region; AM, antimeso-
metrial; EC, ectoplacental cone; and V, vessel refer to structures in the
preplacental interval. MLAp, mesometrial lymphoid aggregate of preg-
nancy; DB, decidua basalis; P, placenta; and SA, spiral artery refer to
structures after placental development.

regulating responsiveness to multiple cytokines, including
IFNG, and to growth factors and hormones [29, 31]. In the
absence of cytokines (i.e., IFNG), PTPs are constitutively
active and are thought to prevent aberrant activation of JAK1
and JAK?2, and thus generation of cytokine signals. Following
exposure of responsive cells to IFNG, PTPs are transiently
inactivated, JAK1 and JAK2 are activated, STATs are
phosphorylated, and target gene expression is activated.
SOCS1 is synthesized in response to IFNG, and the PTPs
and SOCSI1 subsequently attenuate cytokine responses by
inactivating the JAK and/or STAT molecules [29, 31].

IFNG IN MOUSE GESTATIONAL ENDOMETRIUM

Decidualization of the mouse uterus is initiated antimeso-
metrially, with implantation of hatched blastocysts at Gestation
Day (GD) 4. Decidualization spreads laterally, then mesome-
trially. Coincident with mesometrial decidualization, a special-
ized lymphocyte subset with distinctive regional localization,
the uterine NK (uNK) cell, appears in the decidua basalis [32].
This lineage is first distinguished at GD 5.5, when uNK cells
begin to display carbohydrate modifications recognized by the
lectin Dolichos biflorus agglutinin (DBA) [33] (Fig. 2, A and
B). Uterine NK cells are highly proliferative, and from GDs
8-11 they divide in a lymphocyte-enriched myometrial region
at the base of each placenta, the mesometrial lymphoid
aggregate of pregnancy (MLAp; Fig. 2C). The uNK cells then
move as postmitotic cells into the decidua basalis in very large
numbers. Uterine NK cells in the MLAp surround the uterine
artery branches entering into implantation sites. A pronounced
vascular association (intravascular and intramural) is also seen
for uNK cells in the decidua basalis (Fig. 2D). Uterine NK cells
occur infrequently within the placenta [32], and in all locations
their numbers decline after midgestation (i.e., GDs 10-12 in
mice) [15].

Rodent uNK cells have a striking morphological appearance
that was characterized by early histologists [32]. The cell’s
features are enormous size (40-100 pm in diameter), large
numbers of membrane-bound cytoplasmic granules, an eccen-
tric nucleus and, ultrastructurally, numerous protein-synthe-
sizing organelles [32]. Between 1985 and 1995,
immunohistochemical, gene knockout and bone marrow
reconstitution approaches established that the transient, mor-
phologically distinct, pregnancy-associated cells—then called
“granulated metrial gland cells”—were NK lineage lympho-
cytes [15, 34]. Implantation sites in alymphoid mice do not
show gestational adaptation of the spiral arteries that feed into
each placenta and have an edematous, underdeveloped decidua
(Fig. 2, E and F) [15, 34]. Specific progenitors of uNK cells are
not yet described. It is known that endometrial decidualization
rather than the presence of an embryo triggers mouse uNK cell
differentiation and that uNK cell life spans are shorter in the
absence of embryos [32, 35]. Uterine NK cell differentiation
also occurs in genetically alymphoid mice after adoptive
transfer of cells from any lymphoid organ of a nonpregnant,
genetically normal donor mouse, or a T-lymphocyte and B-
lymphocyte-deficient donor mouse. This ubiquitous presence
of progenitor cells suggests there may not be a unique
progenitor for NK cells of the uterus [36]. Eutopically
transplanted uterine segments from similar donors decidualize
when recipients are mated. Decidualized grafts in alymphoid
recipients (NK~, T—, B™) do not contain uNK cells, whereas
those in severe combined immunodeficient (NK*, T—, B™) and
normal (NK*, T*, B*) hosts differentiate high numbers of
uNK cells. This finding again suggests that most uNK
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progenitor cells do not reside in the uterus but home to decidua
from the circulation [36].

Because NK cells in other sites are major sources of IFNG
[12, 14], we measured IFNG in homogenates of freshly
dissected endometrial subregions by ELISA and compared
concentrations with those in homogenates of virgin mouse
mesometrial tissue. Matched tissues from Ifng null mice were
also used. IFNG was not detected in any specimen from Ifng
null mice and was negligible in virgin uteri of normal outbred
and inbred strains. Endometrial IFNG was detected in samples
from normal mice at GD 6.5, and concentrations rose daily to
achieve a 4- to 6-fold increase that peaked at GD 10 and then
declined. This pattern matches the time course for expansion
and decline in uNK cell numbers in pregnant mouse uterus. To
establish whether uNK cells were the only mesometrial, IFNG-
producing mouse cells in early to mid pregnancy, the study was
repeated with a mouse strain having 1% of normal uNK cell
numbers. In these mice, pregnancy induced a slight elevation in
IFNG that was static from GD 6 to GD 16 [37]. We concluded
that only a small proportion of endometrial [IFNG came from
sources other than uNK cells.

Implantation sites from Ifng null and IfngrI null mice differ
from those in both normal and in uNK cell-deficient mice.
Implantation sites of Ifng null and Ifngr! null mice contain
excessive numbers of uNK cells, most of which are very small
(i.e., incompletely differentiated). Spiral artery modification
did not occur, and widespread decidual necrosis was evident
[37]. Lymphocyte-based production of IFNG was shown to be
essential for induction of normal, pregnancy-associated
structural changes in spiral arteries by adoptive transfer of
bone marrow. Marrow transferred from Ifngrl/ null mice
(which produces IFNG) but not from Ifng null mice into
alymphoid recipients before mating allowed normal arterial
changes to occur during pregnancy [38]. Because IFNA and
IFNB from macrophages or DCs are key regulators of NK
activation and subsequent IFNG production in other tissues
[39], we examined midgestation implantation sites from Ifnarl
null mice (Fig. 2, G and H). These implantation sites resemble
those from [fng null mice, suggesting that the type 1 IFN
activation pathway is critical in early decidua and merits further
study. A recent gene expression profile study that compared
early decidua and deciduomata of pseudopregnancy in normal
mice revealed that the presence of an embryo significantly
altered expression of many type 1 IFN-regulated genes and
elevated uNK cell numbers 7.3-fold [40]. From these findings,
we expect future research will focus on physiological
activation of antigen-presenting cells found in mouse MLAp
and decidua basalis [41] and how their production of type 1
IFNs contributes to the downstream events of decidual
maturation and uterine angiogenesis mediated through uNK
cell-derived IFNG. This is consistent with previous in vitro
studies that found cultures of cells from mouse deciduomata
were more responsive to type 1 IFNs than to IFNG [42]. The
observation that almost 1 in 5 of the 15000 genes compared
between mouse decidua and deciduoma were differentially
expressed emphasizes the complexity of the maternal changes
that accompany implantation success and the interdependence
of the signaling networks to which IFNG contributes [40].

Treatment of pregnant alymphoid mice (GDs 6-11) with
mouse recombinant IFNG induces normal morphology in their
decidua and spiral arteries, supporting the centrality of
physiological levels of IFNG in decidual development and
gestational arterial remodeling in mice [38]. The proinflamma-
tory cytokines interleukin 12 (IL12), IL15, and IL18 induce
IFNG production by NK cells [43]. We addressed roles for
these cytokines in pregnancy by examining implantation sites

from mice genetically ablated for these I/ genes. The NK cells
were completely absent in ///5 null implantation sites [44], but
neither IFNG synthesis nor uNK cell numbers were signifi-
cantly reduced in //12/1118 double null implantation sites [45].
Thus, some but not all findings concerning uNK cells parallel
findings for NK cells in extrauterine tissues. Other differences
between mouse peripheral NK cells and uNK cells include the
latter’s use of Eomes (eomesodermin homolog) rather than
Thx21 (T-box 21) to regulate [fng transcription [46] and the
high levels of EFNB2 (Ephrin B2) expressed by uterine but not
splenic NK cells. EFNB2 is a molecule that regulates cell
migration and identifies arterial endothelium [47]. Expression
of this molecule by uNK cells is thought to control their
association with arteries rather than other vessel types within
decidua.

IFNG AT THE PORCINE FETAL-MATERNAL INTERFACE

The discovery of abundant IFN production by trophoblast
cells of livestock was of great interest and importance.
Ruminant IFNT, the first to be described, had strong, classical
antiviral activity. However, IFNT had another major action. It
was hormonelike and participated in maternal recognition of
pregnancy through its maintenance of corpora lutea. Thus,
IFNT supported progesterone production and the continuation
of pregnancy [24, 25]. Noninvasive porcine trophoblasts
produce copious amounts of two IFNs over the interval of
blastocyst attachment to the endometrium (i.e., GDs 12-20)
but, in contrast to ruminants, IFNG is the predominant type. It
is accompanied by trophoblast synthesis of a novel type 1 IFN,
IFN-delta, at lower concentrations [22]. Both IFNs are
localized to the apical side of porcine trophoblast cells. Porcine
IFNG production was localized to the extraembryonic
trophoectoderm. All other constituents of the fetal membranes
and the embryo proper were unreactive [48]. IFN-delta was
distributed evenly in all trophoblast cells, suggesting these two
IFNs have different secretory pathways [49]. Although porcine
lymphocytes produce only one IFNG mRNA (1.4 kb), porcine
trophoblast cells synthesize 1.3- and 1.4-kb transcripts through
use of both TATA box (Goldberg-Hogness box) transcription
initiation sites in the porcine I/FNG promoter [50].

Antivirally active IFNG in flushings from a single porcine
uterine horn peak at approximately GD 16 at 250 pg, but its
physiological functions remain speculative. Porcine tropho-
blastic IFNs do not maintain corpora lutea. Because IFNGR is
not or is only weakly expressed by porcine trophoblasts
between GDs 12 and 20, the postulated major IFNG target is
the uterus [51]. To address whether endometrium was the target
for porcine trophoblast IFNG, immunohistochemistry was
undertaken at periattachment GD 15. IFNG was localized to
the luminal epithelium and to the stroma underlying areas
adjacent to attaching trophoblasts. Blood vessels and uterine
gland epithelia were relatively negative [22]. This suggested
trophoblastic IFNG had a role in remodeling or depolarizing
uterine epithelium during blastocyst attachment [22]. To
strengthen this hypothesis, the inducible class II MHC antigen
response of endometrial stroma to IFNG was assessed by
immunostaining. In Day 15 cycling gilts (first-estrus pigs),
endometrial stroma did not display MHC II expression whereas
at GD 15, MHC II expression was intense in the endometrial
stroma, particularly in vascular endothelial cells [22].

In vitro studies were conducted to determine whether
porcine conceptus secretions acted on endometrial explants
from pigs and cows. The secretions were collected from
flushed blastocysts over several days of culture and were
applied to endometrial explants, which were then evaluated for
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FIG. 3. A) Between GDs 12 and 20, healthy porcine trophoblasts

produce enormous amounts of IFNG. Because there is no or very weak
trophoblast expression of IFNR at this time, the uterus is thought to be its
target. Coincidently, uNK cells are enriched ~3-fold, and conceptus-
associated lymphocytes produce abundant /FNG transcripts. Both
trophoblastic and endometrial IFNG could alter uterine epithelial cell
polarity for successful conceptus attachment. Additionally, IFNG is likely
to act on uNK cells (and, potentially, additional lymphocyte subtypes) to
enhance their recognition of trophoblasts and their production of
angiogenic factors. This would result in development of a robust, “non-
hard-wired” vasculature supply for each placenta, regardless of litter size.
B) In arresting early porcine attachment sites (GD 19-23), lymphocytes
have stopped transcribing angiogenic genes. Lymphocytic, endometrial,
and trophoblastic transcription of IFNG has been elevated to enlarge the
IFNG pool at a localized conceptus attachment site. The elevation of
transcripts for [FNG is greater than the accompanying elevation of
transcripts for other proinflammatory cytokines (TNF and IL1B). We
postulate the target of these elevated proinflammatory cytokines is the
newly developed endometrial vasculature, which will be destroyed,
resulting in growth arrest of the specific conceptus while adjacent
littermates continue their development.

induced nucleotide uptake using radiolabeled ATP. No uptake
of radiolabeled nucleotide was stimulated in the pig explants,
although the porcine conceptus secretions enhanced isotope
uptake in bovine endometrial explants at levels equivalent to
IFNT or recombinant type 1 bovine IFN [52]. In vivo studies,
however, support a paracrine hypothesis. Using continuous
intrauterine minipump infusions of porcine conceptus secre-
tions to ovariectomized, hormone-supported pigs, endometrial
changes in expression of a number of genes known to be
responsive to IFNs have been demonstrated. Of note, these
trophoblast products, which were mixed but would be
predominantly IFNG, induced IRF1 but not IRF2, STATI, or
class I MHC molecules in the stroma but not luminal
epithelium of treated animals [53-55].

These data are consistent with a conclusion that despite the
short biological half-life of IFNs, porcine trophoblastic IFNG

crosses the endometrial epithelium without modification and
acts on the endometrial stroma to promote successful conceptus
attachment. Until recently, porcine endometrial IFNG has not
been considered a product of endometrial lymphocytes [22].
However, as in other mammals, early porcine pregnancy
enriches the endometrium in NK cells, posing an alternate or
supplementary explanation to the hypothesis of paracrine
conceptus secretion effects. A 2- to 3-fold enrichment of
porcine uNK cells occurs between GDs 15 and 28, coincident
with peak uterine IFNG secretion (GDs 15-16). Porcine uNK
cell recruitment is distinct from that in humans and mice
because it requires conceptus-mediated signals [56]. To define
more precisely whether porcine endometrium and endometrial
lymphocytes contribute to IFNG secretion during early
pregnancy (GDs 15-23) and at midgestation (GD 50), we
analyzed /[FNG mRNA expression in endometrial or tropho-
blast biopsies and in endometrial lymphocytes (subsets have
not yet been studied) or endothelial cells within attachment
sites using cells isolated by laser-capture microdissection
(Arcturus; MDS Analytical Technologies, Toronto, ON,
Canada). Relative gene expression was analyzed by quantita-
tive real-time PCR (Roche Applied Science) using beta-actin as
the housekeeping gene. The important conclusions made from
these studies of pure populations of cells harvested from their
in situ environments are summarized in Figure 3A. First, IFNG
mRNA expression is induced in porcine endometrium during
early pregnancy in a nonuniform manner. The greatest
induction occurred on the mesometrial side of the uterus at
trophoblast attachment sites. Second, lymphocytes are a far
more abundant source of IFNG transcripts than trophoblast
cells from the same attachment site. Third, both endometrial
and trophoblast mRNA expression of IFNG dropped signifi-
cantly as pregnancy continued [57]. Whether porcine endome-
trial lymphocyte IFNG (GenBank accession no. 562551) [58]
is identical structurally or functionally to porcine trophoblastic
IFNG is not yet known.

An important function of IFNG in successful mouse
pregnancies is regulation of angiogenesis. This may also be
an action of porcine endometrial IFNG. Endometrial angio-
genesis begins in pigs at GD 15 [59], the time of peak IFNG
secretion. We found porcine endometrial lymphocytes were
highly angiogenic cells that transcribed and translated vascular
endothelial cell and placenta growth factors (VEGFA and PGF,
respectively) as well as their receptors fms-related tyrosine
kinase 1 (FLT1) and kinase insert domain receptor (KDR) [57,
58]. These lymphocytes also appear to contribute to the
regulation of angiogenesis during healthy porcine pregnancy
through expression of hypoxia-inducible factor-1 alpha
(HIFIA). Some of these genes, such as VEGFA and HIFIA,
are IFNG regulated. The carefully controlled and coincident
time course of induction of IFNG synthesis in porcine
trophoblasts and in implantation site-localized endometrial
lymphocytes supports physiological roles for IFNG during the
periattachment and early postattachment phases of porcine
pregnancy.

THE HUMAN MATERNAL-FETAL INTERFACE

The human maternal-fetal interface is considered to have
two frontiers. One interface is in the uterus. This is a complex
interface between the blood of the intervillous space and the
spiral arteries that bathe floating trophoblastic villi and
intravascular trophoblasts, respectively, and includes interac-
tions between extravillous trophoblast cells and decidual
immune and stromal cells. The second interface is the maternal
circulation, where immune cells encounter circulating debris
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shed from the aging placenta. IFNG has been examined at both
frontiers. Decidualization of the human uterus begins shortly
after ovulation, in the mid to late secretory phases of the
menstrual cycle just prior to the interval of uterine receptivity
for transferred embryos. Specialized NK cells (called uterine,
endometrial, or decidual) with intense expression of the surface
marker CD56 appear with predecidualization in every
menstrual cycle [60]. If pregnancy occurs, these cells expand
rapidly in number. Estimating the duration of uNK cell
enrichment in human decidua is difficult because of sampling
ethics, but Bulmer and Lash [61] reported high uNK cell
numbers to approximately Week 20 of gestation, with a rapid
decline thereafter. Human uNK cells are highly analogous to
those in mice and secrete IFNG [11]. IFNGR1 is expressed by
human uterine epithelium [62], suggesting this cell population
is an IFNG target prior to blastocyst implantation. Spiral
arteries may also be targets, because IFNG binds to the
extracellular proteoglycans of vascular smooth muscle cells, a
process that concentrates IFNG and protects it from cleavage to
an inactive form [63]. Experimental data support additional
functions for human endometrial IFNG that include reduction
of decidual renin, an angiogenic factor [64], and elevation of
receptors on endothelium that promote selective leukocyte
homing [65].

Microarray gene expression profiling studies consistently
report no significant elevation of IFNG in human endometrium
during the phase of embryo receptivity, although some IFN-
regulated genes are elevated, including the NK cell-differen-
tiating cytokine ILI5 [66-69]. This is compatible with
induction of an environment for uNK cell differentiation and
subsequent IFNG synthesis. Microarray gene expression
studies of early human decidua are less frequent but have
been conducted. Chen et al. [70] found highly elevated
expression of /TFNA but did not report a change in expression
of IFNG. Expression profiling of human uNK cells themselves
has been done by Koopman et al. [71] and Hanna et al. [72].
Koopman et al. [71] did not detect elevated IFNG expression in
ulNK cells relative to levels of phenotypically analogous cells
from blood. However, their gene expression comparisons were
done between unmatched donors (i.e., blood NK cell and
uterine uNK cell gene expression profiles from different
women were compared). Hanna et al. [72] used a similar
approach but used donor-matched comparisons between
CD56eMCD16~ uNK cells and CD56€"CD16~ blood NK
cells. These investigators found IFN-regulated genes and
angiogenic genes to be the major gene categories elevated
in CD56°riehtCD16~ uNK cells relative to blood
CD56"gCD16~ NK cells of the same women [72].

Paracrine influences of secreted human trophoblast products
have been assessed by examining global gene expression
profiles of treated, decidualized endometrial cell cultures. More
than 20 IFN-induced and regulated genes were among the most
highly upregulated genes. These included IFNGRI, JAK2,
IRF1, GASI, and GAS7 [73]. Overall, upregulation of genes
involved in activation of immune responses was the major
finding. The authors suggest that responses of decidual cells
reflect amplification of trophoblast gene expression, which is
an important new hypothesis. However, despite the parallels
between this study and those in the endometria of pigs infused
with conceptus secretory products, the authors of the human
study could not identify IFN or antiviral activity in their
trophoblasts or trophoblast-conditioned medium. The cultured,
decidualized endometrial cells exposed to trophoblast-condi-
tioned medium also did not show upregulation of /FNA, IFNB,
or IFNG. Thus, it is unclear which trophoblast products are
inducing the human IFN-like response. Given the dominance

of IFN-stimulated genes within the rapidly upregulated genes
in human decidual cultures, there is merit in recalling that
removal of uNK cell-derived IFNG in mice limits the
differentiation and viability of decidual stromal cells [74].

Cytokines in plasma or serum from healthy, nonpregnant
adults are predominantly proinflammatory (type 1). Gradually,
across the duration of normal pregnancy, women invert this
ratio and become type 2 (regulatory) cytokine dominant in the
third trimester [75]. Women showing type 1-dominant cytokine
profiles in the third trimester are considered to have threatened
pregnancies [75]. There are multiple sources for plasma
cytokines in pregnant women, including trophoblasts, maternal
endothelial cells, and circulating leukocytes. By the third
trimester, circulating leukocytes have acquired an activated
phenotype, with gains in expression of CD11B, CD14, CD64,
and intracellular reactive oxygen species. This has provided the
concept that pregnancy is a proinflammatory state [76].
Normally in late pregnancy, MHC class II expression on
leukocytes is decreased, and IFNG levels are low [75]. Studies
using intracellular cytokine staining to compare women with
normal pregnancies to nonpregnant controls indicate that TNF
production is elevated throughout normal pregnancy, IL12p70
is elevated in the first and second trimesters, and IL18 is
elevated only in the first trimester. The modifications in
cytokine production occur in many immune cell types,
including CD4" and CD8" T cells, myeloid DCs, and NK
cells [75, 76]. In a small, gestational time course study, the shift
to type 2 cytokine production in circulating cells occurred first
in NK cells during the first trimester. The authors postulated
that NK cells or their products might promote skewing of
cytokine production toward type 2 in the other circulating
immune cell subsets [76].

IFNG AND GENE EXPRESSION IN HUMAN
AND MOUSE TROPHOBLASTS

Although IFNG clearly plays important roles in normal
murine pregnancy through maintenance of the decidual layer
and remodeling of the uterine vasculature, the impact of IFNG
on the conceptus is less well defined. Trophoblast cells are the
only blastocyst-derived cells in direct contact with maternal
tissues, and they play multiple roles in successful pregnancy. In
species with hemochorial placentation, including humans and
mice, trophoblast cells invade deeply into the uterine wall
during implantation and subsequent placental development. In
vitro studies have found that IFNG inhibits the migration and
invasion of first-trimester human trophoblast cells and of
trophoblast-derived choriocarcinoma cells [77-79]. Inhibition
of trophoblast invasion by IFNG correlates with downregula-
tion of expression of matrix metalloproteinase 2 (MMP2) and
MMP9 [77-79]. From these studies, the authors proposed that
IFNG secreted by uNK cells plays a role in preventing
excessive invasion of trophoblast cells into the uterine wall
during implantation. Analyses of implantation sites of mice
lacking uNK cells or IFNG suggest that this is not the case, at
least in mice. Studies of early mouse ectoplacental cone-stage
trophoblasts cultured with IFNG support the suggestion that
IFNG promotes phagocytosis by trophoblast cells as a
mechanism for fetal acquisition of iron and other nutritional
substrates prior to placental development and function [80].

The fact that IFNG is crucial for activation of adaptive
immune responses to pathogens and for immune surveillance
of tumors raises an interesting immunological conundrum:
How do genetically disparate trophoblast cells evade the
deleterious effects of this proinflammatory cytokine? Primary
human cytotrophoblast cells from term placentae, human
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trophoblast-derived choriocarcinoma cells, and mouse tropho-
blast cells are resistant to IFNG-activated apoptosis and to
IFNG-induced release of nitric oxide and other reactive oxygen
intermediates [81-83]. Despite the fact that IFNG is present in
early placenta and gestational endometrium, neither human nor
rodent trophoblast cells express polymorphic MHC class II
genes. This inertness is attributed to silencing of expression of
CIITA, the master regulator of constitutive and IFNG-inducible
MHC class II gene transcription [84-86]. The inability of
trophoblast cells to express MHC class II antigens is thought to
be important for preventing transplant rejection reactions
directed against the conceptus [87]. Although first-trimester
trophoblast cells do not express CIITA in response to IFNG
[86], differing results were reported for their sensitivity to
IFNG-mediated apoptosis [78, 79]. Taken together, these
observations suggest that trophoblast cells respond selectively
to IFNG.

Based on these collective results, we examined IFNG signal
transduction and inducible gene expression in IFNGR ™ human
choriocarcinoma cells and in term cytotrophoblast cells.
Activation of JAK1 and JAK?2 in response to IFNG treatment
was compromised in these cells relative to fibroblast or
epithelial cells [88]. This correlated with significantly reduced
levels of activated STAT1 and lower levels of IFNG-induced
expression of multiple genes, including /RFI [88]. Importantly,
treatment of choriocarcinoma cells with the protein tyrosine
phosphatase inhibitor pervanadate promoted JAK and STATI
activation and upregulation of IFNG-responsive gene expres-
sion [88]. These results strongly suggest that IFNG signal
transduction is inhibited in human trophoblast cells by PTPs.
To date, the specific PTP(s) responsible for this phenomenon
have not been identified. Constitutive expression of SOCS1 has
been detected in syncytiotrophoblasts during normal pregnancy
[89] but its potential role in inhibiting trophoblastic IFNG
responses has not yet been investigated.

JAK1 and JAK2 are key components of the signal
transduction pathways used by a wide array of cytokines,
growth factors, and hormones, including interleukins, leukemia
inhibitory factor, leptin, and insulin. Protein tyrosine phospha-
tases attenuate responses to all of these soluble factors [31, 90].
Many of these cytokines and growth factors are present in the
placenta and play crucial roles in regulating trophoblast
functions. Protein tyrosine phosphatase non-receptor type 1
(PTPN1), type 2 (PTPN2), and type 11 (PTPNI11) are
ubiquitously expressed (including trophoblast cells; J. Choi
and S. Murphy, unpublished data), and they regulate multiple
signaling pathways, including IFNG [29, 31]. Thus, it will be
important and clinically relevant to determine the precise
mechanism(s) responsible for the ability of human trophoblast
cells to differentially respond to ligands that use JAKs and
PTPs for signal transduction.

As mentioned above, IFNG inhibits invasion of both first-
trimester human trophoblast cells and JEG-3 choriocarcinoma
cells in extracellular matrix (Matrigel) invasion assays [77-79]
via mechanisms correlated with decreasing expression of
MMP2 and MMP9. In fibrosarcoma cells, IFNG downregulates
transcription of MMP2 and MMP9, effects mediated by both
activated STAT1 and CHTA [91, 92]. Importantly, because
activated (phosphorylated) STAT1 is present only very
transiently and CIITA expression is completely silenced in
human trophoblast cells, these are unlikely factors downreg-
ulating MMP expression in trophoblasts. Thus, novel mecha-
nism(s) likely account for IFNG-mediated inhibition of
trophoblast MMP expression.

Recently, we found that the dampening of IFNG-inducible
gene expression in trophoblasts is conserved between human

and mouse trophoblast cells. However, this is achieved in mice
by a mechanism distinct from that used by humans. In mice,
STAT]1 tyrosine phosphorylation and DNA-binding ability are
comparable in IFNG-treated trophoblast and fibroblast cells (J.
Choi, R. Holtz, and S. Murphy, unpublished data). Treatment
of mouse trophoblast cells with histone deacetylase (HDAC)
inhibitors, such as trichostatin A, alleviated the dampening of
IFNG-inducible expression of such genes as IRF1, CIITA, and
MHC class II genes (J. Choi, R. Holtz, and S. Murphy,
unpublished data) [93]. The specific HDAC(s) involved are not
yet identified. Moreover, it is not yet clear whether the
observed effects of HDACs are mediated through direct effects
on STAT1 function, through inhibition of histone acetylation at
target promoters, or through a combination of these mecha-
nisms.

A wide variety of viruses and other pathogens inhibit
cellular responses to IFNG and IFNA/IFNB by repressing the
JAK/STAT pathway to evade host immune responses [94, 95].
These pathogens use multiple different mechanisms to block
IFN signaling, including degradation of the IFNGRs, JAKSs, or
STATTI; blocking JAK and/or STAT1 activation; and inhibition
of transcriptional activation by STAT1 [94, 95]. Mutations or
deletions of viral genes responsible for inhibiting the JAK/
STAT pathway result in attenuation of viral infection,
demonstrating directly the importance of this pathway in
mediating antiviral immune responses [94]. Disruption of the
JAK/STAT pathway is also an important immunoevasion
mechanism used by some tumors [7]. Our studies have now
identified trophoblast cells as one of the only normal cell types
that repress IFNG signaling. Collectively, these results suggest
that inhibition of the JAK-STAT pathway in response to IFNG
in trophoblast cells contributes to successful human and mouse
pregnancy by preventing responses, such as apoptosis and
activation of immune responses, that could result in placental
damage.

IFNG AND GESTATIONAL COMPLICATIONS
Fetal Loss in Mice

A widely used model of spontaneous, midgestation fetal
loss in mice is the CBA female mated by the DBA/2 male.
Gestational outcomes are usually compared with those in CBA
females mated by BALB/c males to preserve a common,
paternally inherited MHC haplotype. Losses in the abortion-
prone mating vary from 25% to 40% of each litter and are
usually <10% in the control mating. The abortion-prone
phenotype is only seen when mice are maintained by
conventional, not ultraclean, husbandry, implicating preactiva-
tion of pathogen-sensing regulatory pathways in fetal loss.
IFNG has been associated with these pregnancy losses but not
as the direct agent of fetal death. Postulated effectors also
include tumor necrosis factor (TNF), macrophages, oxidative
stress, and procoagulants [96, 97]. A recent study addressed
roles for the complement cascade in the fetal growth restriction
and abortions seen in DBA-mated CBA pregnancies. The
activated, smaller fragment of complement component C5
(C5a) was identified as the underlying trigger to conceptus
death. C5a induced soluble FLT1, an antagonist of angiogen-
esis, whereas blocking C5a reduced TNF and promoted
angiogenesis and fetal survival [98]. C5a receptor 1 (C5AR1
or CD88) is expressed by endothelial cells and macrophages
and can be upregulated by IFNG but not by TNF [99].
Synthesis of C1 inhibitor and other complement members is
also regulated by IFNG [100]. Studies of this model of
spontaneous fetal loss are continuing and will lead to a fuller
understanding of roles of IFNG and other molecules.
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Fetal Loss in Commercial Pigs

North American commercial meat pigs also provide an
excellent model to study spontaneous loss of genetically
normal conceptuses. Two waves of unexplained fetal loss
occur during the 114-day porcine gestation interval. The first
losses occur during conceptus attachment to the endometrium
and reduce litter size approximately 30%. The second wave of
losses occurs between GDs 50 and 70 and reduces litter size a
further 10%-15% [101, 102]. The reasons fetuses die are
poorly understood, because embryo transfer studies suggest
most are potentially viable. Long-term studies on uterine
capacity, placental efficiency, genetics, and nutrition have
failed to identify factors accounting for these losses. In
addition, genetic breeding selection pressure for these traits
has not significantly improved neonatal litter sizes [57].

Endometrial biopsies collected from GD 15-23 attachment
sites holding retarded but viable porcine conceptuses had
highly elevated expression of IFNG, TNF, ILIB, and ILIR
compared with biopsies from neighboring healthy littermate
attachment sites [58]. Endometrial lymphocytes collected by
laser-capture microdissection and trophoblast biopsies from the
same GD 20 arresting conceptus attachment sites had
significantly more /FNG transcripts than the same samples
from a healthy littermate site. There was less gain in TNF
mRNA expression. However, at GD 50, I[FNG transcripts were
not elevated in lymphocytes (not subclass identified) dissected
from arresting attachment sites, whereas TNF' transcripts were
highly elevated [57]. This suggests highly specific localization
of the mechanisms regulating endometrial cytokine expression,
perhaps mediated by the fetal-placental unit. Further, there
appear to be distinct phases of pregnancy when a specific
cytokine mechanism has the potential to contribute to fetal loss.
Decreased expression of genes promoting angiogenesis
accompanied the shifts in cytokine gene expression in
endometria associated with both GD 20 and GD 50 arresting
fetuses (Fig. 3B) [57, 58].

Human Cestational Syndromes

IFNG has been widely assessed as a potential mediator of
many complications of human pregnancy. Almost half of the
publications in PubMed in late 2008 on “IFNG and
pregnancy” addressed infectious diseases, particularly parasitic
diseases, such as malaria (Croy and Hatta, unpublished data).
Neither literature on infectious diseases nor literature on
efficacy and safety of vaccination during pregnancy (assessed
by induction of IFNG) is covered in this review. The three
human complications we briefly include are autoimmune
disease, preterm labor, and preeclampsia.

Autoimmune disease. Prepregnancy disease states, such as
autoimmunity, allergy, and asthma, are associated with
activation of the immune system and type 1 cytokine
production that is promoted by estrogens [103]. Pregnancy
can relieve or exacerbate symptoms for many of these diseases,
which occur more often in women. Studies of cytokines in
plasma from patients with rheumatoid arthritis, a disease that
improves clinically during pregnancy, showed type 1 domi-
nance, with IFNG elevation above that seen in healthy controls
only during the first trimester. Similar data are reported for
patients with systemic lupus erythematosus. Plasma from the
pregnant rheumatoid arthritis patients had elevated decoy
receptor signaling for TNF and IL1 [104], but no mechanism
has been reported for the reduction in IFNG. Reduced cytokine
circulation is likely to explain the observed clinical improve-
ments.

Multiple sclerosis is another autoimmune disease in which
remission during pregnancy is frequent, followed by postpar-
tum relapse [105]. In a study of type 1:type 2 cytokine ratios
across pregnancy in eight patients and controls with IFNG as
the type 1 marker, a shift to type 2 dominance was seen in six
patients, who all entered remission. The remaining two patients
had increasing dominance of type 1 immunity in each
successive trimester and no gestational relief from symptoms
[106]. This again implicates IFNG among the cytokines
inducing clinical signs. Improved understanding of the
differences between patient responses to pregnancy and the
alterations occurring in immune cells and cytokines within the
implantation sites of autoimmune women would have signif-
icant clinical impact.

Pregnancy in diabetic women has a high potential for
serious fetal consequences, including malformations and death,
and for preeclampsia. Polymorphisms in the IFNG gene have
been associated with type 1 diabetes [107], as has strong IFNG
production accompanied by loss of IL4 secretion from blood T
cells [108]. A study of more than 200 pregnant type 1 diabetic
women considered whether the type 2 cytokine dominance of
late pregnancy would enhance autoantibody production in the
mothers and promote transfer of these antibodies to their
fetuses. The cytokine shifts of pregnancy did not appear to do
this, although the cytokine levels were assumed rather than
measured [109]. There is no literature on lymphocyte subsets
or IFNG production within the decidua of diabetic women, but
this has been addressed in mouse models. At midgestation in
spontaneously type 1 diabetic mice of the strain nonobese
diabetic, elevated decidual IFNG was found, although uNK cell
numbers were below normal [110]. It has also been reported
that IFNG treatment of pregnant mice with acute, chemically
induced diabetes reduced fetal birth defects [111]. Further
study of pregnancies in autoimmune animals will be valuable
for defining the importance, time course relationships, and
regulation of cells affecting innate and adaptive immunity and
the shifts in their cytokine profiles in relation to fetal risk.

Preterm labor. Spontaneous preterm labor is another
leading cause of infant morbidity and mortality. It is frequently
associated with fetal growth restriction and serious develop-
mental disorders. Spontaneous preterm labor has numerous
etiologies ranging from stress to fetal membrane infection. In
normal pregnancy at term, IFNG is not detectable in amniotic
fluid and is found at low concentrations in plasma and at
significant levels in placenta, amnion, and choriodecidua [112].
Wilke et al. [113] reported that women delivering preterm had
lower plasma IFNG between Weeks 20 and 25 of gestation
than women delivering at term, and that these levels rose rather
than declined between midgestation and birth. This was
confirmed in a very large cohort study [114] that, however,
reached the conclusion that there was limited value in
measurement of midpregnancy cytokines for prediction of
preterm delivery. Not all studies find cytokine differences
between these groups of women or use common assay
techniques [115]. Even in women with active malarial infection
within their placentae, IFNG levels could not be correlated with
preterm delivery [116]. Others have associated TNF, IL1, IL6,
and IL8 with preterm labor [117]. Hanna et al. [118] measured
IFNG in placental and decidual tissues from normal and
preterm deliveries and found more decidual than placental
IFNG in both groups. They proposed that withdrawal of IFNG
may be involved in the onset of preterm or term labor by
upregulation of cyclooxygenase expression and prostaglandin
E, production [118]. Proinflammatory cytokine dysregulation
can also occur in fetal as well as placental tissue and is thought
to complicate pregnancies, participating, for example, in
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neonatal brain injury and cerebral palsy [119]. Elevation of
fetal IFNG has been associated with neonatal damage to white
matter, whereas elevated IL6 and IL8 were associated with
intraventricular hemorrhages [120].

Preeclampsia. Preeclampsia is a life-threatening human
syndrome with sudden onset of hypertension and renal failure
after midpregnancy. About 5% of all pregnancies are affected,
but predictive diagnostic criteria and a full understanding of its
causes remain elusive [121, 122]. Preeclampsia may arise from
maternal, fetal, or shared etiologies [123], and it culminates in
systemic endothelial cell inflammation [124]. IFNG concen-
trations are elevated in plasma, circulating leukocytes, and
decidual tissue from women with preeclampsia compared with
gestation stage-matched pregnant control women [76]. This has
been proposed to be the key cytokine disturbance promoting
vascular dysregulation and disease progression [76, 125].
There is current enthusiasm for the hypothesis that suboptimal
concentrations of angiogenic growth factors underlie pre-
eclampsia [126]. IFNG decreases production of VEGF by
human endometrial stromal cells [127] and contributes in
complex ways to the expression of genes in endometrial
endothelial cells [128]. Because human uNK cells are a source
of VEGF, PGF, and IFNG, there is elevated interest
internationally in gaining improved understanding of the
genetics [123], regulation, activation, and angiogenic functions
of human uNK cells [128].

CONCLUSIONS AND PERSPECTIVE

Studies of maternal and trophoblast-derived IFNG during
pregnancy have provided critical insights into the surprisingly
diverse and dynamic roles of this proinflammatory cytokine at
the maternal-fetal interface. IFNG clearly plays critical roles in
establishing and maintaining this interface in mice and pigs in
concert with other cytokines. Studies using microarray, proteo-
mics, and laser-capture microdissection approaches are enhanc-
ing our understanding of the cytokine-endocrine relationships of
pregnancy and challenge us to explore them more deeply for the
promotion of human and animal health. IFNG appears to have the
special role in pregnancy of promoting angiogenesis that is not
“hard wired,” but develops in conceptus-triggered locations to
promote the success of pregnancy.

In normal pregnancies, semiallogeneic trophoblast cells are
not subject to transplant rejection reactions by maternal
lymphocytes. This may be due in part to intrinsic regulatory
mechanisms that prevent IFNG-induced expression of MHC
molecules, a pathway of immunoevasion known for tumors and
cells infected by certain viruses. However, gestational compli-
cations that include fetal loss have been linked to elevation in
IFNG. In pigs, IFNG elevation was more strongly implicated in
periattachment losses than at midgestation, whereas in autoim-
mune diabetic mice, IFNG elevation and induction of
congenital anomalies were at midgestation. This reminds us
that change is rapid in the conceptus and in the maternal uterine
and systemic environments throughout the course of pregnancy
and that the roles for cytokines and/or their relative timing of
expression can be species specific. In the early postimplantation
period when the endometrial neovasculature is being formed,
IFNG-linked, immune-mediated compromise of angiogenesis
must be considered as a mechanism contributing to fetal stress
and subsequent complications.
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