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Abstract

Background: Numerous studies have demonstrated that Leukemia Inhibitory factor (LIF) plays an essential
role in embryonic implantation. Vaginal application of pegylated LIF antagonists can successfully prevent
implantation and pregnancy in mice. The development of non-hormonal, female-controlled contraceptives
is imperative, as combined oral contraceptives are associated with depression and are not feasible for use

in all women.

Methods: This paper reviews 44 studies regarding LIF, implantation, hormonal contraceptives
and the use of LIF antagonists as a means to inhibit pregnancy.

Summary: Current research indicates that LIF-modulation could be effective as a non-hormonal
contraceptive method, although researchers should be wary of the negative side effects
associated with systemic LIF modulation. Vaginal application of LIF antagonists could decrease

the risk of negative side effects.

Introduction

Reciprocal molecular communication between an implantation compe-
tent blastocyst and a receptive uterus is imperative for proper embryo
implantation. Problems during implantation can result in miscarriage or
pregnancy associated disorders. (1) Proper implantation depends on both
maternally and embryonically produced factors. The best known maternal
factors are ovarian estrogen and progesterone, but factors secreted from
the uterine glands such as Leukemia Inhibitory Factor (LIF) are also vital
for successful implantation. (2,3)

This review aims to provide a brief overview of current knowledge regard-
ing the structure of uterine glands and their role in establishing pregnan-
cy, specifically through their secretion of leukemia inhibitory factor (LIF)
during implantation and decidualization'!. LIF may also act as a trophic
factor for the embryo. (6,7) Next, this review aims to discuss whether LIF
could be a viable alternative to current forms of hormonal contraception,
specifically, combined oral contraceptives. (COC) Various adverse side ef-
fects of COC have been identified including depression, which is the most
commonly cited reason for discontinuation. (36) Other side effects like
thromboembolism and hypertension have been described but these are
less common. (8) Moreover, COC usage is contraindicated in women with
known familial thrombophilia and other health conditions such as mi-
graines with aura. Therefore, women with these conditions could benefit
from the development of alternative contraceptives. (44)

Uterine Structure

Before discussing the uterine glands and LIE the general structure of the
uterus must be outlined. The uterine wall can be divided into two dis-
tinct compartments: the inner mucosal lining (the endometrium) and the
smooth muscle outer wall (the myometrium). The endometrium compris-
es two epithelial cell types: the luminal epithelium (LE) and glandular ep-
ithelium (GE). (10) The adult human endometrium can also be stratified
into two distinct structural zones: the stratum functionalis and the sub-
jacent stratum basalis. The stratum functionalis contains LE, stroma and
branched uterine glands and, unlike the stratum basalis, is shed during
menstruation. The stratum basalis thus serves as the generative base for
adenogenesis, or uterine gland development, which forms tubular glands.

During the proliferative phase of the menstrual cycle, these tubular glands
undergo extensive branching to form coiled, branched structures termed
“glands” within the loosely packed region of the stratum functionalis
called the stratum spongiosum. (10,11)

Due to the ethical constraints related to human research, most experimen-
tal studies on the role of uterine glands and their secretions are conducted
in mice. Unlike humans, mice are born with a simple epithelial uterus that
lacks endometrial glands. Invagination of the luminal epithelium at post-
natal day 7 results in the formation of tubular uterine glands. (10,11) As
mice do not menstruate, they do not rebuild these glands cyclically.

Leukemia Inhibitory Factor
Vital to implantation

The vital role of uterine glands in establishing pregnancy is largely at-
tributed to their expression and secretion of leukemia inhibitory factor
(LIF). (2) LIF is a cytokine of the interleukin-6 family and one of the few
molecules that are obligatory for fertility in mice. (9) In a seminal study
by Stewart et al., homozygous LIF-null mutant female mice were found
to be infertile, even when mated with wild type males.(12) Infertility was
found to be caused by failure in implantation, rather than in ovulation or
fertilization as fertilized, unimplanted blastocysts could be recovered from
LIF-null uteri on GE day 4-7. These recovered mutant blastocysts could
implant successfully and develop to term when transferred to wild type
females, demonstrating that maternal LIE, rather than embryonic LIE is
required for proper implantation.

LIF is also important for implantation in humans. Examination of fluid
within the uterine lumen demonstrated that infertile women secrete sig-
nificantly less LIF than fertile women. (13) Similarly, women undergoing
in-vitro fertilization (IVF) with relatively high levels of endometrial LIF
during the window of implantation are more likely to become pregnant
than their counterparts. (14,15)
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Expression and function

Uterine LIF levels peak biphasically. First, LIF is expressed in the murine
uterus at ovulation. However, LIF deficiency has not been shown to af-
fect ovulation. Next and seemingly more important, LIF peaks in the GE
during the window of receptivity, which immediately precedes implanta-
tion and occurs on day 4 of gestation in mice. This second peak occurs in
response to the nidatory estrogen pulsel? and is essential to rendering the
luminal epithelium receptive to embryo attachment. In fact, LIF repletion
in ovariectomized mice can compensate for missing nidatory estrogen,
demonstrating that vital uterine changes triggered by the nidatory estro-
gen surge in mice are largely mediated through LIE. (16) LIF is also ex-
pressed in the decidualizing stroma during the attachment reactions. (17)
In humans, LIF is most abundantly expressed in the GE of fertile women
during the secretory or postovulatory phase between days 18 and 28 of
the menstrual cycle, analogous to the murine “window of implantation”
(18,19)

Secreted LIF functions by binding to its cognate transmembrane receptor
(LIFR), which is localized on the apical membrane of the LE. The LIFR-LIF
complex then binds to glycoprotein 130 (gp130) to form the activated LIF-
LIFR-gp130 complex. (5,20) This complex modulates myriad downstream
pathways in the endometrium, such as JAK-stat, wnt/B-catenin, notch and
mTOR signalling. (5) For instance, upon LIF-LIFR-gp130 binding, STAT
proteins are tyrosine-phosphorylated, homodimerized, and translocated
to the nucleus, where they modulate the expression of target genes. Dele-
tions of the gp130 region responsible for STAT phosphorylation also re-
sults in failures during implantation, demonstrating that this LIF-activated
pathway is vital. (21,22)

LIF-effected pathways are implicated in diverse processes allowing for
successful implantation. For example, LIF is postulated to modulate ad-
hesion between endometrial epithelial cells and trophoblast cells. Further,
LIF plays a vital role in stromal cell decidualization as LIF-/- mice do not
undergo decidualization. (5) While it is still not clear which of LIF’s many
functions are truly essential to implantation, LIF has repeatedly and con-
clusively been shown to be vital for successful adhesion, decidualization
and thus, implantation. (2,3,23)

Leukemia Inhibitory Factor Antagonists as an
Alternative to Hormonal Contraceptives

Because of LIF’s vital role in implantation, LIF-modulation to prevent
implantation is being explored as a novel, non-hormonal contraceptive
method. (5,12)

Previously, Fairlie et al. used alanine scanning mutagenesis®® to target res-
idues within the C and D helices of LIF’s four helical structure which are
responsible for the species specific binding affinity of human LIF (hLIF) to
human LIFR.(20) Using this method, key protein regions and amino acids
essential for LIF-LIFR and LIF-gp130 binding were identified. Important-
ly, this study found that abolition of the identified gp130 binding site in
hLIF required for productive LIF-signalling, combined with mutations to
increase the protein’s affinity to LIFR by >1000-fold generated a potent
antagonist of LIF action. This protein will henceforth be referred to as LIF
antagonist (LA).

LA has been shown to have a half-life of 10 to 30 minutes. Consequent-
ly, effective inhibition of LIF activity and, thus, blastocyst implantation in
mice using LA requires continuous LA administration. This can be ac-
complished by using miniosmotic pumps implanted within the peritoneal
cavity, in combination with 4 hourly intraperitoneal LA injections. (21)
Evidently, continuous LA administration would not be practical. There-
fore, the instability of LA could negate its utility as an alternative, non-hor-
monal contraceptive.

Fortunately, as shown by Reddy et al., covalent attachment of a branched
40-kd polyethylene glycol moiety (PEG) through a process referred to as
“PEGylation” can increase the stability of circulating cytokines. (24) Reddy
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et al. showed that PEGylation of an interferon (IFN) used to treat Chron-
ic Hepatitis C (CHC) resulted in sustained IFN absorption, reduced IFN
clearance from the plasma, and higher IFN concentrations in blood plas-
ma when compared to non-PEGylated IFN. (24) By increasing molecular
size, PEGylation reduces renal ultrafiltration of attached compounds, de-
creases uptake of the compound by the liver and protects the compound
from proteolytic cleavage. (21) In the study described above, the increased
stability of PEGylated IFN meant that the cytokine could be administered
less frequently and still be effective in treating CHC; PEGylated IFN was
effective when administered once weekly, whereas IFN alone was required
three times a week. (24)

In order to increase the stability, and thus, potential utility of LA as a con-
traceptive, White et al. conjugated LA with two PEG molecules (hence-
forth referred to as PEGLA). (21) Strikingly, mated mice who received
only 3 intraperitoneal injections of PEGLA and did not receive a trans-
planted miniosmotic pump had no implantation sites. Thus, while LA ad-
ministration for contraceptive purposes may not be feasible in humans,
PEGLA administration could be both effective and feasible.

Rather than injecting PEGLA, some researchers have attempted to develop
a “birth control vaccine” This would allow one’s own immune system to
target and neutralize endogenous LIF. Notably, Lemon and Naz induced a
LIF- or LIFR-directed immune response by conjugating LIF or LIFR pep-
tides to T cell carrier proteins. (6) While this approach significantly de-
creased fertility, it did not totally abolish implantation. However, this may
not be the case in humans because they are less fertile than mice.

While most studies to date have been conducted in mice, LIF antagonism
using antibodies has been shown to inhibit implantation in rhesus mon-
keys. (25) An in-vitro study by Lalitkumar et al. demonstrated that PEGLA
can inhibit embryo attachment in humans. In this study, three-dimension-
al cell culture models on endometrial tissue and excess IVF embryos were
combined either with or without PEGLA. (7) PEGLA-treated samples saw
failure in embryo attachment to culture while control samples did not.
Further, PEGLA treated blastocysts failed to hatch, or emerge from the
zona pellucida, and expand. Unlike control blastocysts, PEGLA-treated
blastocysts lost phospho-AKT-1 which is a vital factor for cell survival.
Further, blastocysts exposed to PEGLA underwent apoptosis at signifi-
cantly higher rates as indicated by increased caspase-3 activity. Taken to-
gether, these points allude to the trophic role of LIF on human embryos as
well as affirm its effects on human uterine receptivity. (7) This finding sup-
ports that inhibition of LIF activity could prevent implantation in humans.
However, LIF-modulation for contraceptive purposes could have certain
risks. LIF is implicated in a plethora of non-reproductive pathways. Mod-
ulation of these pathways via systemic LIF-modulation, either through a
vaccine or intraperitoneal PEGLA administration, could result in adverse
side effects. (9,12,18,26,27) These risks would likely increase when LIF is
modulated over an extended period as would be necessary for contracep-
tive purposes.

For example, LIF is produced by astrocytes in response to autoimmune
insults within the central nervous system and has been shown to increase
oligodendroglial survival in-vitro. Similarly, LIF has been shown to pre-
vent oligodendrocyte death in animal models of multiple sclerosis (MS).
(28) Systemic administration of LIF antagonists over four days has been
shown to worsen experimental autoimmune encephalomyelitis (EAE),
which is an experimental model of autoimmune disease induced by im-
munization against myelin epitopes in mammals. EAE is a standard ani-
mal model for multiple sclerosis (28), doubling observed oligodendrocyte
loss. (29) Thus, any LIF-targeting contraceptive which would systemat-
ically inhibit LIF action could have negative effects on oligodendrocyte
survival and thus, myelin integrity.

Moreover, LIFR-null mutant mice have been shown to have a reduced
number of spinal and brainstem astrocytes. (9)

Further, LIF may play a key role in modulating hematopoiesis. LIF has
been shown to be constitutively expressed in bone marrow stroma. Exog-
enous LIF administration has been shown to increase platelet counts in a
dose-dependent manner. (26) Thus, systemic LIF modulation for contra-
ceptive purposes could potentially alter blood composition. To my knowl-



edge, this effect has yet to be studied in LIF-null mice.

However, LIF exhibits significant homology with Oncostatin M and Cili-
ary Neurotrophic Factor, both of which are secreted factors that can bind
the LIFR. Therefore, the effect of LIF modulation on the non-reproductive
systems described above could be dampened by other homologous factors
binding to LIFR.(12) In fact, despite the many potential issues of systemic
LIF modulation, LIF-null mice in Colin Stewarts seminal LIF-knockout
study appeared normal, although slightly smaller than their wild type
counterparts. (12) However, in Stewarts study, the non-reproductive
health of the mice was not examined closely. (12)

Nevertheless, Menkhorst et al. demonstrated that intraperitoneal injec-
tions of PEGLA (like those performed by White et al.) affect bone remod-
elling. (9,21) Specifically, intraperitoneal injections of PEGLA resulted in
increased cancellous bone volume and thickness. Further, Menkhorst et
al. observed decreased osteoclast levels in females injected with PEGLA.
(9) Non-mated females treated with PEGLA also had less osteoid™ and
osteoblasts than controls. This effect was not observed in mated females, as
control-mated females already had low osteoblast and osteoid levels. Tak-
en together, these results indicate that intraperitoneal injection of PEG-
LA decreased bone remodelling. This is a notable finding with regards to
PEGLA’s potential use in women as a contraceptive as low levels of bone
remodelling increase the risk of fracture in adult humans. (29) More gen-
erally, this finding demonstrates that PEGLA and LIF-modulating vacci-
nations can affect systems outside of the uterus.

Previous research has shown that vaginally administered drugs prefer-
entially localize to the uterus in what is termed as the “uterine first pass
effect” (9,30) The preferred explanation for this effect is that drugs admin-
istered via the vagina are absorbed through veins within the upper third of
the vagina and are transported by countercurrent exchange (exchange by
diffusion between two fluids flowing in opposite direction) to the uterine
arteries. However, the exact mechanism of the “uterine first pass effect” is
still unclear. (9) Possible explanations for this phenomenon include direct
diffusion of the compound through tissues, passage of the compound to
the uterine lumen through the cervical lumen, and transport of the com-
pound via venous or lymphatic circulatory systems (the lymph system
has been recognized as an important carrier for steroid hormones). (30)
Regardless of the exact mechanism of the “uterine first pass effect”, this
phenomenon can be exploited to mitigate the potential systemic effects
of PEGLA application. In fact, vaginal application of PEGLA results in
its localization to the uterine luminal epithelium and the basal surface of
the glandular epithelium as opposed to its localization to the liver, ovary,
oviduct, spleen and thyroid, which was the case in IP injected non-mated
mice. (9) Strikingly, in Menkhorst et al.’s study, mice that received PEGLA
vaginally did not have any change in cancellous bone volume or thickness
or in osteoclast/blast number and size when compared to controls, while
mice receiving PEGLA intraperitoneally did. (9) This demonstrates that
systematic effects of LIF modulation by PEGLA can be mitigated by vag-
inal administration of the compound. Furthermore, vaginal administra-
tion of PEGLA still effectively inhibited implantation, demonstrating that
PEGLA can be absorbed through the vagina to inhibit LIF signalling and
therefore, implantation in the uterus. (9)

If LIF-modulating contraceptives are to be brought to market, future stud-
ies on LIF modulation or using LIF-knockout mice, ought to more thor-
oughly investigate the overall health of the organism rather than only fo-
cusing on implantation. For instance, while Menkhorst et al. showed that
both intraperitoneal and vaginal administration of PEGLA did not exac-
erbate murine EAE, the effects of long-term systemic PEGLA exposure, or
LIF modulation in general, on the CNS are yet to be explored. (9) Given
that the effects of LIF modulation could be mitigated by other homolo-
gous factors, analysis of LIF-null or LIF-modulated organisms would be
the best way to determine the true extent to which LIF modulation affects
non-reproductive systems in-vivo. Additionally, given that Menkhorst et
al. showed systemic PEGLA administration altered bone density, research-
ers who aim to develop novel non-hormonal contraceptives should move
away from systemic LIF modulation and towards uterus-targeted LIF
modulation via vaginal administration (9) as a more cautious approach.

Hormonal Contraceptives

A discussion of the need for and merits of LIF modulation as a non-hor-
monal alternative to current contraception necessitates a brief overview of
hormonal contraceptives: their formulation, basic mechanism of action,
and adverse effects. This will help elucidate whether or not the develop-
ment of non-hormonal contraceptives in general, and LIF modulators spe-
cifically, can bring about more social benefit than research regarding the
amelioration of hormonal contraceptives.

While various different compositions and forms of hormonal contracep-
tives are presently available, the most common are combined oral con-
traceptives (COC). As such, they are a reasonable standard against which
novel contraceptives such as LIF antagonists can be compared. Given that
COC s used by over 100 million women worldwide as a form of birth con-
trol, its associated adverse side effects should be viewed as an important
public health issue. (31)

Combined oral contraceptives pills contain both synthetic estrogen
(typically containing synthetic ethynyl derivatives, ethinyl-estradiol and
mestranol) and synthetic progesterone (typically containing synthetic
desogestrel, ethynodiol diacetate, gestodene, levonorgestrel, lynestrenol,
norethisterone, norethisterone acetate, norgestimate or norgestrel). (8)
The progesterone and estrogen analogs inhibit LH and FSH peaks, which
normally occur prior to ovulation, via negative feedback. Inhibition of the
LH surge stops ovulation, or the release of an egg from the ovaries into
the peritoneal cavity. Further, the progestin component thickens cervi-
cal mucus, which decreases sperm penetration, and reduces endometrial
proliferation, which decreases uterine receptivity to implantation. Most
combined oral contraceptives contain placebo pills without estrogen or
progestin to stimulate menstrual bleeding while keeping women in the
habit of taking the pill every day.

Beyond combined oral contraceptives containing both synthetic estro-
gen and progestins, progestin-only forms of contraception are also widely
available. (32) Progestin-only contraceptives are often prescribed when
estrogen administration is problematic. For example, exogenous estrogen
is thought to negatively affect milk production in breastfeeding mothers
(8,33).

While hormonal contraceptives are effective in preventing pregnancy, their
use has been associated with an increased risk of thromboembolism, hy-
pertension, and gallstones. (8) Both combined oral hormonal contracep-
tives (COC) and progestin-only contraceptives (POC) are associated with
altered bone metabolism. Decreased bone turnover is observed in both
formulations of OC, while decreased bone resorption is observed only in
POC. (43) Further, COC use is associated with a small, yet significant in-
creased risk of breast cancer. However, COC use has been associated with
a decreased risk of endometrial, ovarian and colorectal cancer. (34)

Aside from physical ailments, a postulated side effect of hormonal oral
contraceptive use is depression or dysthymia. Yet, studies regarding the
extent of this effect have been inconsistent; some studies find that birth
control is not associated with worsened effect (36,37), while others show
the opposite. (8,38) Skovlund et al. found that COC users were 1.8X more
likely that non-users to start using antidepressants for the first time. (38)
This trend was even more pronounced for POC users, who were 2.2X
more likely to start antidepressant use. Inconsistency in this research may
be due to varied contraceptive formulations and approaches to measur-
ing depressive symptoms. Further, the multifactorial nature of depression
complicates studies. (37)

Controversy notwithstanding, estrogen and progesterone have been
shown to have psychoactive properties. (39,40) The precise mechanism of
and extent to which estrogen and progesterone lead to depressive symp-
toms is still unclear. (8,41) Current theories generally attribute depressive
symptoms to progestins. (37) For example, progesterone is postulated to
decrease serotonin levels by increasing the activity of monoamine oxidase,
which degrades serotonin®!). (8,38) Progesterone metabolites have also
been shown to act on the y-aminobutyric acid A (GABA) receptor com-
plex, a major inhibitory system in the human CNS. (38) As follows, vari-
ous studies have also shown that oral contraceptives with high progestin
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doses are more frequently associated with depressive symptoms. (41,38)
For instance, Lawrie et al found that women taking progestin-containing
injectable contraceptives postpartum scored significantly higher than the
placebo group in terms of depressive symptoms as measured by the Mont-
gomery-Asberg Depression Rating Scale. (41)

Vaginal administration of synthetic estrogens and progestins via a vag-
inal ring (somewhat analogous to vaginal PEGLA administration (9)),
may alter the severity or incidence of negative side effects associated with
combined oral contraceptive use in women. Select studies have shown that
ring usage is associated with a lower incidence of negative COC-associated
side effects, such as depression. Unfortunately, ring-usage is also associat-
ed with increased incidence and severity of local side effects such as leu-
korrhea and vaginitis. (42)

Conclusion/Future Directions

The development of novel non-hormonal birth-control methods is imper-
ative as hormonal contraceptives have been associated with an increased
risk of depression (8,38) and are not suitable for women with certain
pre-existing conditions. (44) LIF modulation could potentially be effective
for this purpose.

However, one should be wary of the effects of systemic LIF modulation, as
LIF is involved in many non-reproductive systems. No studies to date have
fully characterized the effects of systemic LIF modulation in mice, pri-
mates, or humans. Systemic inhibition of LIF activity, via LIF-antagonists
or immunization, could therefore have adverse side effects. Future studies
should aim to better characterize non-reproductive health (bone densi-
ty, blood composition and myelin integrity) in mice or primates receiving
systemic or local inhibition of LIF, and in LIF-null mice. This would allow
researchers to better understand the potential side effects of LIF modula-
tion, and likely further support the stipulation made by Menkhorst et al.
(9) that systemic LIF-modulation may not be appropriate for contracep-
tive purposes.

Menkhorst et al. demonstrate that adverse side effects of systemic
LIF-modulation, such as altered bone density, could be mitigated by ad-
ministering PEGLA vaginally and thus, focusing its LIF-inhibitory activity
to the uterus. (9) They also propose that a vaginal gel delivering PEGLA
could also be used to simultaneously deliver microbicides to inhibit sexu-
ally-transmitted infections (STIs). (9) However, much remains to be done
before such a gel can be developed. In addition to performing further an-
imal studies, research should be performed to determine if women would
actually want to use a gel as their primary contraceptive method, or if it
seems too messy or difficult to administer. If the latter were the case, PEG-
LA could potentially be delivered via a vaginal ring.

Further, more research ought to be done regarding the adverse side ef-
fects associated with hormonal birth control usage. Specifically, given that
previous research regarding depression and oral contraceptive usage has
yielded inconsistent results and sparked disagreement amongst scientists
(37,38), further meta-analysis of human data as was done by Skovlund et
al. ought to be done to conclusively demonstrate that COC usage increases
the risk of depression. Further, more direct methods should be employed
in mouse models to try and understand the molecular mechanism of this
observed effect.

A deeper understanding of the mechanism by which hormonal contracep-
tives bring about adverse side effects will serve as a good starting point for
remodulating these drugs. For instance, some studies have shown that the
depressive side effects of COC are mostly due to the progestin component
(37), so future formulations might be improved by simply decreasing the
amount of progestin. Remodulated oral contraceptives could potentially
decrease the severity of negative side effects and would likely be publicly
available much sooner than LIF-modulating contraceptives which are still
in the preliminary stages of development.

Alternatively, a better characterization of the negative effects of hormonal
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contraceptives could further support the argument that society ought to
invest heavily in the development of novel, non-hormonal contraceptives,
namely PEGLA. Present studies suggest that vaginal PEGLA administra-
tion could be associated with fewer negative side effects than COC.(9) Ad-
ditionally, several non-LIF genes have been identified in the uterus which
are also vital for maintaining pregnancy. (2) Like LIF, these genes could
potentially be modulated for contraceptive purposes.

To conclude, present research suggests that vaginally administered PEG-
LA could be as effective as hormonal contraceptives in terms of preventing
pregnancy in women. (7,9,21) While systemic LIF-modulation has been
shown to be associated with altered bone density, vaginal administration
of PEGLA seems to mitigate this risk without enhancing local side effects,
which was the case when hormonal contraceptives were administered
vaginally (9,42) Therefore, in terms of mitigating negative side effects and
thereby increasing clinical desirability, vaginally administered LIF-modu-
lating contraceptives could be preferable to hormonal contraceptives.

1 Decidualization is the process by which stromal cells differentiate, re-
sulting in the formation of a “decidua’, which provides the blastocyst with
nutrients until the functional placenta is formed, while simultaneously re-
straining trophoblast-uterine invasion. (4,5)

21 A secondary, small ovarian estrogen pulse, occurring on GE day 4 in
mice.

BI' A biochemical technique that identifies vital residues of a studied pro-
tein by replacing single residues with alanine, via targeted mutagenesis,
and subsequently assaying protein function.

4 Organic component of bone.

15 Monoamine oxidase inhibitors are a form of antidepressant. (39)
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