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Introduction

The role of the immune system is to protect the organism from foreign materials.
Although 50% of foetal antigens are of paternal origin, and there is ample evidence that these
antigens are recognized, the immune system of the mother tolerates the semi-allogeneic
foetus (1). The suitable immunological environment for the proper development of the foetus
is established via the dialogue of maternal and fetal cytokines. Progesterone, and the
progesterone-induced blocking factor (PIBF) - mediating the immunological effects of

progesterone - plays an important role in this process.

PIBF

Following recognition of foetal antigens, activated maternal lymphocytes express
progesterone receptors, and the binding of progesterone to its receptors results in the
production of PIBF (2).

The phylogenetically conserved PIBF1 gene that codes for the PIBF protein is located
on chromosome 13 in humans, and on chromosome 14 in mice. The PIBF1 gene is
transcribed to 16 different mRNAs, the longest of which is 3677 base pairs long, and
contains 18 exons (3). This codes for the full-length PIBF protein that consists of 756 amino
acids and has a molecular weight of 89,6 kilodaltons (kDa). The full length PIBF is a member
of the CEP family (4), a component of the pericentriolar satellite, and as such, plays a role in
cell cycle regulation and the control of invasion. Smaller isoforms are localized in the
cytoplasm. When secreted, they bind to the PIBF receptor and activate the JAK1/STAT6 and
PKC/Ca® pathways that leads to a Th2 type cytokine production (5).

According to the above, PIBF has multiple roles in pregnancy. Besides the inhibition
of arachidonic acid release, it exerts the immunomodulatory effects of progesterone, which
are the following:

- formation of Th2 cytokine dominance;
- icreasing the production of asymmetric antibodies;

- inhibition of NK cell degranulation.

Th2 cytokine dominance during pregnancy

According to their effect on the immune response, cytokines are categorized as pro-
inflammatory (Thl), or anti-inflammatory (Th2).

Pregnancy is characterized by a Th2 dominant cytokine pattern, while implantation
requires mild inflammatory conditions, which is provided by the temporary over-expression

of interferon gamma (IFNy) and leukemia inhibitory factor (LIF) at the implantation sites.



The cytokine pattern in peripheral blood is related to the outcome of pregnancy. Thl
cytokine levels are significantly increased in peripheral blood of women with preterm
delivery and miscarriage.

Treatment of pregnant mice with interleukin-2 (IL-2), tumor necrosis factor o
(TNFa) or IFNy results in abortion, whereas treatment with granulocyte-macrophage colony
stimulating factor (GM-CSF), IL-3 or anti-TNFa prevents foetal loss in abortion-prone
mating combinations (6).

Thus Th2 dominance is crucial for normal pregnancy, and one of the major effects of

PIBF is the increase of the Th2 cytokine production (7).

The effect of PIBF on degranulation of decidual NK (dNK) cells

NK cells comprise almost 60% of the lymphocytes in the first trimester human or
mouse decidua. Decidual NK cells are both phenotypically and functionally different from
circulating NK cells. The majority of dNK cells are CD16CD56™" and though they contain
perforin in cytotoxic granules, their main role is establishing proper conditions for
placentation, implantation and embryonic development via extensive cytokine production.
Nevertheless, they can also fight intrauterine infections if needed.

Miscarriages are characterized by increased NK cell activity (8), while during normal
pregnancy, despite the presence of perforin containing granules, these lymphocytes do not
degranulate (9).

PIBF is thought to inhibit the degranulation of dNK cells. Earlier data show that PIBF
blocks NK activity. Inactivating NK cells corrects increased resorption rates in PIBF-deficient
mice, suggesting that PIBF protects pregnancy by controlling NK activity (10).

Both progesterone and PIBF inhibit the release of perforin from the cytotoxic

granules in vitro, which in part explains the effect of PIBF on the NK activity.

Aims
To further characterize the effect of PIBF on pregnancy and NK activity, we aimed:
- to determine the exon and protein expression pattern of PIBF in murine pregnancy
associated tissues, in order to investigate the connection between the presence of
different PIBF isoforms and the outcome of pregnancy

- to investigate the role of PIBF in decreasing the cytotoxic activity of dNK cells.



Materials and methods

RNA and protein samples from placenta, uterus, normal and resorbed foetuses of
Balb/c mice were analysed by reverse transcription polymerase chain reaction and western
blot to determine the exon and protein expression profile of PIBF.

Pregnant CD1 mice were sacrificed at g.d. 7.5; g.d. 10.5; g.d. 12.5; and g.d. 15.5, and

dNK cells were characterized by immunohistochemistry and immunoflurescence.

Results

Exon and protein expression profile of PIBF in pregnancy-associated tissues

Earlier data showed that the full-length PIBF plays a role in trophoblast invasion and
regulation of the cell cycle, while the smaller splice variants act in a cytokine-like manner,
and affect the immunological relationship between the mother and the foetus.

Our aim was to determine the mRNA and protein expression profile of PIBF in
pregnancy-associated tissues, from normal and pathological pregnancies. The presence of the
individual exons (Ex1-18) was examined by RT-PCR and agarose gel electrophoresis in
placenta, uterus, normal and resorbed foetuses from early (g.d. 12-14) and late (g.d. 17-19)
pregnancy. The lysates of the same tissue specimens were also analyzed by western blot.

The placenta and uterus showed very similar exon expression pattern, virtually all the
exons were present in both stages of pregnancy. At the same time, we observed differences in
protein expression. Four PIBF isoforms (90, 66, 55 and 34 kDa) were present in both tissues,
but the occurrence of these isoforms differed between the tissues and at the two stages of
pregnancy. In the placenta, the expression of all isoforms — especially of the 90 kDa form —
decreased towards the end of pregnancy. In late pregnancy uterine samples, we could not
detect the full-length PIBF, the expression of the 55 kDa isoform decreased, while the
expression of the 66 and 34 kDa variants increased. We compared the expression of PIBF
protein isoforms in non-pregnant and pseudo-pregnant uteri. The 90 kDa PIBF was present in
the uterus of pseudo-pregnant mice, but missing from the non-pregnant uterus, suggesting that
the expression of this isoform is characteristic of the pregnancy-related endometrial
transformation, but independent of the presence of the fetus.

All of the exons were present in fetal samples obtained during mid-pregnancy, while
the expression of the exons coding for the N-terminal part of the full-length PIBF (exon 1-6,
8-9 and 12) decreased in late pregnancy.

We compared the exon expression profile of normal and resorbed fetuses from late-
pregnancy. Exon 3 was missing in resorbed fetuses, and the expression of exons 4-6 and 10
drastically decreased. This was reflected at the protein level. The full-length PIBF was

strongly expressed in mid-pregnancy fetuses but not in those from late pregnancy. The protein
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expression profiles of the late-pregnancy resorbed fetuses were similar to that of the
corresponding normal foetuses, i.e., the 90 kDa protein was missing, and the expression of
the 34 kDa isoform decreased. These data suggest that the presence of these isoforms is a key

for successful pregnancy.

PIBF positive dNK cells

In the mid-pregnancy decidua, we observed cells with PIBF containing cytoplasmic
granules that showed an NK-like morphology. Our aim was to further characterize these cells.

To confirm the lymphocyte origin of these cells, we used decidual sections from
alymphoid (Rag2-/-112rg-/-) mice, which lacked NK, T and B cells, as well as decidual
sections from the same strain, after reconstituting their immune system with bone marrow
transplantation.

The day 12.5 of mouse decidua contains a high number of PIBF+ NK cells. The
deciduae of alymphoid mice at the same gestational age, were devoid of the PIBF+ granulated
cells, however, these cells were present in in the decidua of alymphoid mice reconstituted
with bone marrow from male BALB/c mice, in a count similar to that fund in the decidua of
normal control mice at the same gestational day. These data suggest that the large, PIBF+
granulated cells belong to the lymphocyte lineage.

Because of their morphological resemblance to uterine NK cells, and because murine
uterine NK cells are characterized by their PAS and DBA reactivity, sections of g.d. 12.5
mouse uteri were stained with the above markers. Eighty-five per cent of the NK cells in the
decidua of g. d.12.5 pregnant mice were both PAS+ and DBA reactive, and only 15% of the
cells were PAS+, DBA- . The majority of PAS+DBA- NK cells were located in the spongio-
trophoblast, which did not contain PAS+ DBA+ cells.

All of the PIBF positive cells were DBA positive, while neither of the PAS+DBA-
cells in the decidua or in the spongiotrophoblast reacted with anti-PIBF antibody. The
percentage of PIBF+ cells within the DBA+ population moderately increased as pregnancy
progressed.

Deciduae of g.d. 12.5 pregnant mice were reacted with anti-perforin antibody.
Labelling sections from the same mice with fluorescent tagged anti- PIBF and anti-perforin
antibodies revealed a co-localization of perforin and PIBF in the cytoplasmic granules. The %
of perforin+ cells within the PIBF+ population increased throughout pregnancy.

The ratio of both PIBF + cells within the DBA + population and that of PIBF positive
cells expressing perforin in the granules increased in control animals, as pregnancy
progressed. In contrast to untreated mice, in RU486 treated animals, all the PIBF positive

cells expressed perforin (100 vs 54%).



Discussion

By modulating the maternal immune response, PIBF plays a significant role in
establishing a favourable environment for the developing foetus. The most important effects
of PIBF are the alteration of the cytokine profile and the inhibition of NK activity (7, 11).

The 88% homology between the human and mouse PIBF gene, and the short
reproduction period of mice make the murine system an ideal model for studying the effects
of PIBF on pregnancy.

In this study we investigated which PIBF isoforms are needed for a normally
progressing pregnancy, and how PIBF might influence decidual NK activity.

Our data show that normal murine pregnancy is characterized by gestational age-
specific PIBF mRNA exon patterns and PIBF protein isoform profiles, furthermore, that both
of the above are altered in failed pregnancies.

PIBF isoforms show typical subcellular localization. Lachmann et al. showed that in
PIBF-transfected cell lines the full length PIBF localized exclusively to the nuclear fractions,
whereas a 35 kDa splice variant (coded by exon 1-5 +17-18) moved to the cytosolic fractions,
suggesting that, the product of the same PIBF gene may potentially act both as a transcription
factor and as a cytokine (12).

A Th1 to Th2 switch has been implicated in the maintenance of pregnancy (6).

The effects of PIBF both on cytokine production and NK activity are attributed to the
34-37 kDa secreted isoform, which appears in biological fluids during normal human
pregnancy, while pathological pregnancies are characterized by missing or low levels of
secreted PIBF (13). Functional analysis of recombinant PIBF constructs (exons 2-9, exons 2-
4, exons 5-7, exons 8-9, exons 10-12 and exons 13-16) localized the immunological activity
on the N-terminal part of the molecule (3), while the amino acid sequences required for the
nuclear/centrosomal localization are located within exons 6—16. Rapidly proliferating cells,
e.g., embryonic- or tumor cells express higher amounts of the full length PIBF mRNA than
normal cells, and PIBF has been shown to control cell invasion by suppressing pro-invasive
genes or inducing genes that positively regulate invasion (14, 15). These results suggest that
the transcriptional mechanisms of PIBF1 gene might produce proteins with different
functional attributes.

In early pregnancy embryos all exons were present in 100% of the tested samples
whereas in late pregnancy the incidence of exons 1-6 and exon 9 was significantly lower.
Even more important was the difference between the PIBF mRNA exon-pattern in normal
and resorbed fetuses. Compared to fetal samples from identical stages of pregnancy the
expression of almost all exons was remarkably reduced in resorbed fetuses. This phenomenon

was most prominent for exons encoding the N-terminal region of the full-length protein.



This results in the production of several PIBF isoforms. Whether these are splice
variants or post translational modifications- remains to be determined.

Lachmann et al. (12) demonstrated a complex pattern of alternative splicing in tumor
samples that generated different PIBF transcripts. In the present study the detected profile of
PIBF protein-expression was more complex than the fingerprint of mRNA expression and
showed a sort of conserved pattern, which might indicate that either the used primer-pairs
were not able to detect all of the possible alternatively spliced PIBF mRNA variants or other
mechanisms - such as post-translational modifications, alternative translation initiation -
might be also responsible for the appearance of the observed protein-expression profile.

The 90 kDa full-length PIBF shows the highest expression in the 12-14-day (less
differentiated) fetuses, while during late pregnancy — in the more differentiated tissues - the
90kDa full-length PIBF becomes the least-translated isoform.

The tissue-specific and time-dependent expression of PIBF isoforms during murine
pregnancy suggests specific functional properties in several respects. The full length 90kDa
PIBF that is overexpressed in undifferentiated cells (e.g. tumors and embryo) has been
identified as a component of the pericentriolar satellite, this way it may play a role in cell
cycle regulation. The CEP family of proteins is the active component of centrosome and plays
a role in cell cycle progression control. Kim et al demonstrated that CEP90 is a larger isoform
of PIBF1 molecule, and plays a crucial role in maintaining the integrity of the mitotic spindle
pole (4).

Based on the fact that the full-length PIBF is preferentially expressed in tissues with
high rate of proliferation (especially in the mid-pregnancy embryo) and its transcription
down-regulates before birth (after organic differentiation) this isoform might control
embryonic cell differentiation, development and/or stem cell maintenance in the developing
fetus. A point mutation in PIBF1 gene identified by ENU mutagenesis screen caused a mid-
gestational (E94-10.5) lethality that was likely owing to vascular defects and lack of nutrient
supply (16) and T. O’Brien, personal communications.

The fact, that the 90 kDa isoform was present in the pseudopregnant endometrium
suggests that the expression of this isoform is independent of the presence of the fetus. PIBF
is constitutively expressed in endometrial mesenchymal stem cells and progesterone treatment
induces PIBF secretion from these cells (17).

Taken together, the loss of the N-terminal exons in late and failed pregnancy might
have two important functional consequences. The absence of the full length PIBF will
interfere with cell cycle regulation, while the lack of the N-terminal exons might prevent the
production of the isoforms endowed with immunomodulatory functions. In the latter case, the
favorable effects of PIBF on the cytokine pattern and NK activity will not be manifested.

Therefore, the lack of the N terminal exons could be detrimental, both because of failed
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production of the isoforms involved in cell cycle regulation, and of those with
immunoregulatory functions.

During normal conditions decidual NK cells contribute to creating a favourable
environment for placentation, implantation and embryo development (18), but at the same
time they are fully armed to fight intrauterine infections, if necessary (19). NK cells, - which
constitute 60 to 70 % of all decidual lymphocytes in the first trimester of human pregnancy
(20) - are both phenotypically and functionally different from peripheral NK cells. Most
decidual NK cells are CD16 CD56""", and though they contain cytotoxic granules and
selectively overexpress genes of perforin and granzymes A and B (20), show a low cytotoxic
activity.

Cytotoxic mechanisms exerted by NK cells can potentially damage the trophoblast
and induce ablation of placenta, though there is no direct proof that NK cells attack the
trophoblast. Yet, the fact that certain pregnancy pathologies are associated with increased
decidual NK activity suggests that such a mechanism might exist. In humans, recurrent
miscarriages are associated with an increased number of endometrial NK cells (21). Gulan et
al. (22) demonstrated decreased perforin content of decidual lymphocytes from failed
pregnancies as compared to those from normal pregnancy deciduae, suggesting that an
increased rate of degranulation might have had taken place in the former case. These data
suggest that a part of human recurrent miscarriage with unknown aetiology might be
explained by deficiency in CD16 CD56™¢" uNK cells, though the precise mechanism has
been unknown.

Decidual NK cells express perforin and granzymes A and B (23). Under certain
conditions, e.g., when exposed to hCMV infected autologous decidual cells (24), or during
spontaneous abortion in mice (25) they degranulate yet despite the abundant presence of
cytotoxic molecules in their cytoplasmic granules, during a normal pregnancy, these cells are

not cytotoxic (5).

In this study we showed that in decidual NK cells perforin co-localizes with PIBF in
the granules, and that while in RU486-treated mice PIBF+ NK cell counts decrease by
approximately 50%, the ratio of perforin+ cells increases within the PIBF+ population.

Although decidual NK cells do not express nuclear progesterone receptor, they
appear to be affected by PIBF. The increased resorption rates of pregnant BALB/c mice
induced by anti-PIBF antibody were corrected by treating the mice with anti NK-1.1 antibody
(10). PIBF blocked up regulation of perforin expression in decidual lymphocytes, cultured
with decidual adherent cells and anti-PIBF antibodies reversed the progesterone mediated
reduction in cytolytic activity of decidual lymphocytes (11). Faust et al. (26) showed that
PIBF inhibits cytotoxicity of peripheral NK cells via a block of degranulation without
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interfering with target conjugation. Based on these data, it cannot be ruled out that PIBF

present in the cytoplasmic granules, contributes to low decidual NK activity.

Summary

We showed that murine resorptions are characterized by the lack of the N-terminal
PIBF exons and a consequently altered protein expression pattern. These findings suggest,
that both the full length PIBF and the smaller isoforms are required for the maintenance of
normal pregnancy.

The presence of PIBF in the cytoplasmic granules of the potentially cytotoxic
decidual NK cells contributes to their low cytotoxic activity, consequently; to normally

progressing pregnancy.
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