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Abstract

The delivery of GnRH in a pulsatile mode to the gonadotropes has long been known to be
essential for normal reproductive function. There have been numerous studies aimed at
dissecting out the mechanisms underlying GnRH pulse generation. The discovery of
kisspeptin as an upstream regulator of GnRH attracted the possibility that pulsatile kisspeptin
governed the pulsatile secretion of GnRH. Subsequent studies have shown the importance of
the neurokinin B (NKB) system in modulating kisspeptin secretion and this GhRH. A number
of studies in laboratory rodents have supported this notion. In contrast we present here data
from clinical studies in men and women, in a range of contexts, that show that continuous
infusion of kisspeptin 10 at receptor-saturating levels gives rise to an increase in LH(GnRH)
pulse frequency. This has been demonstrated in normal healthy and hypogonadal men, in
normal women during the mid-cycle LH surge as well as in men and women with mutations in
the genes encoding NKB or its receptor NK3R, women with polycystic ovary syndrome
(PCOS) treated with NK3R antagonist and in women treated with NK3R antagonist during the
LH surge. These finds indicate that pulsatile secretion and action of kisspeptin on GnRH
neurons is not required for the generation of LH (GnRH) pulses in humans. We also report
that there is an absence of desensitisation in humans exposed to continuous infusion of
kisspeptin-10 at receptor-saturating concentrations over 22 hours and briefly review GnRH,
kisspeptin and NKB analogs and their clinical application.
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1. Introduction

The secretion of GnRH into the portal vessels in a pulsatile manner is essential for its
physiological action on the gonadotropes, particularly in regulating LH secretion. This has
been recognised since the pioneering studies administering GnRH; in these, continuous
infusion resulted in suppression of LH secretion, whereas administration in discrete pulses
stimulated LH, and consequently gonadal function with ovulation in females (1, 2). These
observations have become a mainstay of clinical practice using GnRH analogues, with chronic
administration of GnRH agonists used in a range of treatments and conditions where
suppression of gonadotropin secretion and thus gonadal steroidogenesis is required, including
assisted reproduction, medical management of uterine fibroids and endometriosis, and in
prostate and breast cancer (3). The mechanisms underlying the pulsatile activity of GhnRH
neurones have, however, remained cryptic, and data from animal studies are reviewed in
detail by other articles in this Special Edition. Here we present and discuss clinical studies of
relevance to this, which have explored the stimulatory effect of kisspeptin on pulsatile GhnRH
to investigate whether this regulatory pathway, and that of the KNDy system more generally,
is a key component of the pulse generation mechanism or not.

The kisspeptin prohormone is proteolytically processed to peptides with increasing truncation
of the amino terminus to generate kisspeptin 54, 14,13 and 10, all of which have the same 10
amino acid carboxyl terminal sequence and have full intrinsic biological activity. However, Kp-
54 has a longer half life (4).

2. Clinical studies with kisspeptins

Initial clinical studies on kisspeptin effects in humans involved administration of the full length
Kp-54 to men and subsequently to women. These demonstrated that kisspeptin infusion
(4pmol/kg for 90 min) in men resulted in a rapid stimulation of LH secretion (as a surrogate for
GnRH secretion) (4). Subsequent studies in women showed that LH secretion was poorly
stimulated by bolus injections of Kp-54 (up to 6.4nmol/kg) other than in the preovulatory phase

(5).

Our group investigated effects on LH pulsatile secretion using the shorter 10 amino acid form
of kisspeptin (Kp-10) (6), in part due to the prohibitive cost of manufacturing the necessary
GMP-quality 54 amino acid peptide for clinical studies. Dose-finding studies demonstrated a
rapid LH response to bolus injections of Kp-10 at doses of 0.01 to 3 mcg/kg (7.7 pmol/kg to
2.3 nmol/kg), peaking about 20 minutes after administration with a maximal response to
1mcg/kg (0.77nmol/kg) (6). Using a frequent blood sampling protocol, Seminara and
colleagues showed that bolus injection of Kp-10 induced an immediate LH pulse (figure 1A
and B) of longer duration than induced by either bolus injection or short infusions of GnRH,
suggesting that kisspeptin induces sustained GnRH secretion (7). Kisspeptin-induced LH
pulses were followed by a delay before the subsequent endogenous pulse, which was
interpreted as a resetting of the GnRH pulse generator (7). This supported our more direct
studies showing an increased pulse frequency during continuous infusion. When 1.5mcg/kg/hr
(1.1 nmol/kg/hr) was infused, 10 minute blood sampling facilitated the analysis of the pulsatile
characteristics of LH secretion, particularly pulse frequency, over a prolonged period. This
demonstrated that continuous Kp-10 infusion resulted in increasing LH secretion over the
subsequent 9 hours of infusion and sampling, with a robust increase in LH pulse frequency
and LH mass per pulse (figure 1C and D) (6). These studies clearly showed that constant
kisspeptin stimulation of GhnRH neurones can drive increased frequency of pulsatiie GhRH
secretion in humans, and thus that other mechanisms and/or pathways are required to
translate this into pulsatile GnRH activity, rather than the kisspeptin system being the pulse
generator itself. Since we were using Kp-10 infusion concentrations which maximally
stimulated LH (GnRH), the increase in pulse frequency appears to result from Kp-10



stimulating or enhancing activity of an upstream and/or downstream pulse generator and do
not support kisspeptin being the pulse generator. These conclusions from clinical studies
appear to be at odds with findings from experiments in rodents which interpret that it is pulsatile
activity of kisspeptin neurons that translates into pulsatile secretion of GnRH (reviewed in (8)),
and experiments in other species provide evidence for both arguments (9-11). As summarised
by Teresawa (12) “Herbison and colleagues have clearly shown that kisspeptin neurons are
a major cell group modifying GnRH pulse generation, However, there are several phenomena
where it might be premature to call the kisspeptin neuron the pulse generator”. Certainly our
clinical findings indicate that kisspeptin cannot be regarded as “the pulse generator” in
humans. Reconciling these differences and conducting incisive dissection of the system in
humans and animals is an exciting backdrop for future research, bearing in mind that
synchronicity does not confirm causality.

We also explored the possibility of kisspeptin tachyphylaxis which has been proposed in
animal studies including in non-human primate (13). We infused higher doses of Kp-10 to
determine if this could result in desensitisation and thus suppression of LH secretion (6).
Prolonged infusion of a maximally stimulatory dose of 4mcg/kg/hr for 22 hours resulted in
continuing stimulation of LH secretion (figure 1 E), with no evidence of desensitisation, with
high sustained LH concentrations of around 30 IU/L achieved in some men. Similar
experiments in mildly hypogonadal men with diabetes also showed prolonged stimulation of
LH secretion with increase pulse frequency (figure 1 F and G), with testosterone levels rising
into the normal range by the end of 11 hours of Kp-10 infusion (14). The inability to induce
desensitisation of LH secretion with Kp-10 provides further support to the concept that
physiologically, kisspeptin provides a constant drive to GnRH neurones, and that kisspeptin
secretion is necessary for pulsatile secretion of GhnRH. It is possible that more prolonged
administration might induce desensitisation, noting that the physiological LH surge lasts longer
than 22 hours. Studies using potent kisspeptin peptide agonists, notably Tak448 (now termed
MVT-602), do show marked suppression of LH (and testosterone secretion) when
administered to men, after a period of stimulated LH secretion over the initial 2 days of
administration (15). Data in women also show this initial stimulation, but longer-term
responses were not reported (16). Thus the GnRH neurone is susceptible to desensitisation
by a kisspeptin agonist of sufficient potency, even if this is not demonstrable using the natural
ligand. This is clearly a pharmacological phenomenon (as for GnRH desensitisation) as there
is no evidence that desensitisation occurs as a physiological mechanism.

In women, the effect of kisspeptin on GnRH/LH secretion varies across the menstrual cycle,
being modest in the early follicular phase but more marked in the pre-ovulatory period (5, 17,
18) and is further limited during administration of exogenous sex steroids in the form of the
contraceptive pill (19). This raises the possibility that kisspeptin contributes to the mid-cycle
LH surge that drives ovulation. This has been directly investigated using Kp-10, and a model
of the mid-cycle surge in which transdermal estradiol is administered to women in the mid-
follicular phase. This initially suppresses LH secretion, through negative feedback, but this
then changes to positive feedback with surge-like stimulation of LH at 48 hours (20).
Importantly, it must be remembered that while there is a physiologic increase in GnRH
secretion driving the midcycle surge in LH, the changing pituitary response is also a major
contributor. This is most clearly demonstrated by the finding that GnRH deficient
hypogonadotrophic women treated with pulsatile administration of GnRH generate an
ovulatory LH surge without any change in frequency or dose of the administered GnRH, as
originally demonstrated in non-human primates (2). In our studies infusion of Kp-10 from 24
hours after the start of estrogen administration (i.e. during the negative feedback period) led
to a switch to positive feedback with a dramatic stimulation of LH secretion 8 hours later (21).
This was confirmed with a direct positive relationship between estradiol concentrations and
the LH response to Kp-10. LH pulse frequency was stimulated by Kp-10 in this model,
contrasting with no effect on that parameter in women in the early follicular phase (22). Table



1 provides a summary of the effects of Kp-10 administration on LH pulse frequency in both
men and women, in different models.
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Figure 1. Kp stimulates GnRH/LH pulsatile secretion but does not readily result in desensitisation (all
data in men). A and B, Kp-10 induces an immediate pulse of LH (7). A shows data from a single man
with arrowheads indicating LH pulses, B shows meant+SEM, n=13. C, Kp-10 continuous infusion
stimulates LH pulse frequency (blue: no treatment; orange, during Kp-10 infusion in the same man).
Arrows indicated LH pulses. D, Mean LH pulse frequencies in the 6 men in the study (6). E and F, High
dose (4 mcg/kg/hr) Kp-10 infusion does not result in desensitization (6, 14). E shows data from a single
healthy man. In F, blue is baseline LH secretion, orange shows LH secretion in the same man with mild
hypogonadism during continuous Kp-10 infusion.G, mean LH pulse frequency in the group of men
represented in F (n=5). * p<0.05 vs baseline.



Table 1. Summary of clinical studies investigating the impact of administration of kisspeptin and

neurokinin B antagonists separately and in combination on LH pulse frequency

Hormone/drug Clinical setting Effect on LH pulse | Reference
administered frequency
Kp-10 Healthy men Increase George et al 2011 (6)
Kp-10 Men-mild hypogonadism | Increase George et al 2013
(14)
Kp-10 Men and women with Increase Young et al 2013 (24)
TAC3 and TAC3R
mutations
Kp-10 Women-LH surge model | Increase Skorupskaite et al
2016 (21)
Kp-10 Women with PCOS No change Skorupskaite et al
2020 (29)
Kp-10 in presence of | Women-LH surge model | Increase Skorupskaite et al
NK3R antagonist 2016 (21)
Kp-10 in presence of | Women with PCOS Increase Skorupskaite et al
NK3R antagonist 2020 (29)
NK3R antagonist Healthy men No change Skorupskaite et al
2017 (27)
NK3R antagonist Women-early follicular No change Skorupskaite et al
phase 2018 (22)
NK3R antagonist Women-LH surge model | Decrease Skorupskaite et al
2016 (21)
NK3R antagonist Postmenopausal women | Decrease (no change | Skorupskaite et al
with hot flushes in women without hot | 2018 (28)
flushes)

Kp-10 increases LH pulse frequency, also seen in absence of NK3R signalling. NK3R antagonism can
slow LH pulse frequency, most clearly when it is elevated (eg in PCOS, midcycle LH surge,
menopause), but this is not clearly demonstrable when it is slower (eg in men, women in the follicular
phase).
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Figure 2. Inhibition of Neurokinin B signalling (antagonists or inactivating mutation in NK3R)
suppresses GnRH/LH pulsatile secretion which is restored by continuous Kp-10 infusion. This shows
that NKB action is upstream of KP-10 and that GnRH/LH pulsatility does not require kisspeptin
pulsatility. A and B: icv administration of the NK3 antagonist MRK-08 in ovariectoimised sheep inhibits
GnRH/LH pulsatility which is restored by continuous infusion of Kp-10 (23); arrowheads in A indicate
LH pulses, ** p<0.01 between indicated groups. C and D: human male with NK3R mutation, showing
baseline LH secretion (blue) and during continuous Kp-10 infusion (black), asterisks in C indicate LH
pulses (24). D shows mean LH pulse frequency in this group (n=4), * P<0.05 vs basal. E and F: human
female treated with NK3R antagonist + iv Kp-10 infusion, E shows data from a single woman receiving
the 4 different treatment regimens (21), F shows mean LH pulse frequency (n=10). NK3R antagonist
inhibits GNRH/LH pulsatility which is restored by continuous exposure to Kp-10. * p<0.05, **** p<0.0001

between indicated groups.



3. Clinical studies with neurokinin B agonists and antagonists

Following the demonstration of co-expression of kisspeptin, neurokinin B and dynorphin in
some hypothalamic neurons, dubbed KNDy neurons, there have been only a few clinical
studies investigating the interactions between kisspeptin and neurokinin B in the regulation of
GnRH pulsatility. It is clear that neurokinin B is, at least predominantly, functionally upstream
of kisspeptin in the regulation of GnRH secretion, in keeping with the anatomical studies
showing kisspeptin-containing neuronal projections in apposition to GnRH neurones and
terminals. In a study designed to demonstrate directly these relationships we inhibited LH
pulsatility in ewes by infusion of the NKB antagonist MRK-08 and then infused Kp-10
continuously, which restored LH pulsatility (figure 2 A and B) (23). This functional relationship
was demonstrated in humans in our study involving administration of kisspeptin to individuals
with mutations in TAC3 or TAC3R, encoding neurokinin B and its cognate receptor, the
neurokinin 3 receptor, respectively (24). Such individuals show a phenotype of
hypogonadotrophic hypogonadism: this contrasts with rodents with genetic ablation of Tacr3
which are fertile with no GnRH deficiency (25). This discrepancy highlights the importance of
human experimental research in interpreting normal and pathological regulation and
dysregulation in the HPG axis. While detailed analysis of pulsatile LH secretion shows some
variability between individuals with these mutations, LH pulses are clearly reduced in both
frequency and amplitude. Continuous infusion of Kp-10 increased LH secretion, with near-
normalisation of the pulsatile pattern and a marked increase in LH pulse frequency (figure 2C
and D), clearly showing that the response to kisspeptin is not dependant on neurokinin B
signalling and neurokinin B action is upstream of kisspeptin (24). It is noteworthy that the dose
of continuous infusion of Kp-10 was at a receptor saturating level (maximal dose) as in our
other studies and yet again this restored pulsatile LH. These findings suggest that although
kisspeptin is required for LH (GnRH) secretion, kisspeptin pulsatility is not required and that
the origin of pulse generation is upstream of KNDy neurones or within GnRH neurons
themselves.

The role of neurokinin B has also been explored using pharmacological antagonists at the
neurokinin 3 receptor. AZ4901 (subsequently renamed MLE4901 following acquisition by
Millendo Therapeutics) and similar drugs were developed for potential use in the treatment of
schizophrenia but were ineffective and unexpectedly found to suppress the reproductive axis;
now recognised to reflect the role of neurokinin B as a key component of the regulation of
GnRH secretion (26). In men (27), in women in both the early follicular phase (28) and in the
above-described model of the midcycle surge (21), and in women with polycystic ovary
syndrome (PCOS) (29), the neurokinin 3 receptor antagonist reduced LH secretion but did not
prevent the stimulatory effect of Kp-10 (figure 2E and F, table 1). Intriguingly however the
positive relationship between estradiol concentrations and the LH response to Kp-10 was lost
during neurokinin 3 receptor antagonism treatment in both the midcycle LH surge model and
in women with PCOS (21, 29). While further studies are required to clarify these relationships,
the current findings suggest involvement of the neurokinin B signalling pathway in sensing
and mediating estrogen feedback via kisspeptin onto GnRH secretion.

4. GnRH and KNDy neurones in hot flushes and their treatment

Links between KNDy neuropeptides now known to be critical to the regulation of GhRH
secretion and the common and debilitating vasomotor disturbances known as hot flushes
associated with the menopause date back several decades, when Casper documented the
synchrony of hot flushes and LH pulses in some women (30). These regulatory pathways are
currently the subject of intense interest due to the potential for the therapeutic intervention in
the treatment of hot flushes, and clinical trials of neurokinin B antagonists are in advanced
stages. Tachykinins have long been associated with hot flushes, in patients with carcinoid
tumours where there are elevated circulating concentrations of substance P and neurokinin A



(31, 32), and from direct administration of substance P (33). Neurokinin B (and substance P)
MmRNA expression is increased in some neurons in the infundibular nucleus in
postmenopausal women, with those neurons also shown to express estrogen receptors (34).
Subsequently kisspeptin neurons were also shown to be hypertrophied in the postmenopausal
hypothalamus, with a similar distribution to the neurokinin B-expressing neurons (35). As
mentioned above, a degree of synchrony between hot flushes and LH pulses had been
recognised (30) and more recently confirmed (36), leading to the hypothesis that increased
KNDy neuron activity in the post-menopausal hypothalamus resulting from estrogen
deficiency was a key driver of hot flushes (37). These neurons project to the thermoregulatory
centre of the median preoptic nucleus. A schematic representation of these projections is
shown in figure 3. Elegant optico-genetic experiments have shown that activation of
kisspeptin-expressing neurons of the arcuate nucleus (in rodents) induces vasomotor
responses comparable to hot flushes in both male and females, that this is sensitised by
ovariectomy, and that the vasomotor response is prevented by neurokinin receptor
antagonists (38). Thus KNDy neurones project both to the median eminence controlling
GnRH secretion through kisspeptin signalling, and to the median preoptic area controlling the
vasomotor outputs, through neurokinin B signalling. Whether the latter also involves
Kisspeptin and Dynorphin is uncertain.
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Figure 3. Schematic pathway by which KNDy neurons regulate both GnRH secretion and vasomotor
activity. KNDy neurons in the infundibular nucleus project to both GnRH neurons (releasing kisspeptin
acting on the KiSS1 receptor) and to the vasomotor centre (releasing neurokinin B (NKB) in the median
pre-optic nucleus. Also shown are feedback projections on KNDy neurons, stimulatory in the case of
NKB via its receptor NK3R and substance P (SP) via the NK1R receptor, and inhibitory via dynorphin
acting on the kappa opioid receptor.



Although none of the above-described studies involving administration of kisspeptin to men or
women, including post-menopausal women (19), reported induction of hot flushes, infusion of
neurokinin B to premenopausal women resulted in rapid onset of hot flush-like symptoms in
most subjects (39). This, with the aforementioned data, led to the development of clinical trials
of neurokinin 3 receptor antagonists for this indication and the findings on several such drugs
have now been reported. The first to report involved MLE4901 (40), now discontinued due to
liver toxicity, but key findings from that and other early studies (28) have been substantiated
in subsequent larger trials with other drugs. Most striking is the very rapid onset of the
reduction of hot flush frequency, both by day and at night, generally by the 2" day of drug
administration, contrasting with the prolonged period needed for estrogen-based menopausal
hormone therapy to have an effect. The degree of reduction of symptoms achieved is also
dramatic, again greater than with estrogen-based treatment. The most advanced studies are
with fezolinetant (previously ESN364) (41, 42), now in phase 3 trials. Another promising
compound is elinzanetant (previously NT-814), which also shows good efficacy during 2 week
treatment (43) and in a 12 week study (44). This drug differs in that it is an antagonist at both
the neurokinin 1 as well as neurokinin 3 receptors, thus will antagonise effects of substance
P in addition to NKB. Substance P infusion results in both vasodilation/flushing (33) and
stimulation of LH secretion (45, 46). Thus antagonism at the neurokinin 1 receptor may be of
relevance, though that is not yet clear from the clinical data. Initial pharmacodynamic data
showing approximately 70% reductions in LH and testosterone with a single dose in men were
reported for a further compound, SJX-653 (47), prior to anticipated testing in menopausal
women, but further development has now been discontinued.

The rapid and substantial reduction in vasomotor symptoms with the above agents indicates
a potential role in clinical practice, and especially where estrogen-based hormone therapy is
contra-indicated (eg in women with breast cancer), but may also have potential in dual therapy
with conventional hormone replacement to maximise the therapeutic benefit while minimising
the necessary estrogen dose. Part of the reason for these striking characteristics of the
response to these drugs may be the multiple sites of action within the one neuronal pathway,
in that they inhibit KNDy neuron activity both at the level of the cell body in the
arcuate/infundibular nucleus, and at the site of neurokinin B transmission at the terminals in
the median preoptic nucleus (figure 3). This dual activity ‘in series’ (o take an electrical
circuitry analogy) may therefore underpin the very effective suppression of activity at the
vasomotor centre. It is noteworthy however that despite this, postmenopausal women taking
these drugs show little suppression of GnRH secretion. In a small study investigating this, only
limited suppression of LH secretion was seen during treatment with MLE4091, with no
changes in LH pulse frequency. However in those women in the study who reported most
troublesome hot flushes, which were markedly suppressed, there were small but clearer
effects on LH secretion with a decrease in pulse frequency than was seen in the group as a
whole (28). Effects of neurokinin 3 receptor antagonism that determine KNDy neuron drive to
control GnRH in menopausal women may therefore be limited in contrast to the marked effects
on what are thought to be projections of the same neurons to the vasomotor centre of the
median preoptic area.

5. Mechanisms of modulation of gonadotrophin pulsatility in the KNDy-GnRH axis

The above review of the origin and modulation of gonadotropin pulsatility highlights existing
and potential future clinical applications. Through our clinical studies we have gained insight
into the mechanisms controlling GnRH pulsatility in humans, the involvement of the KNDy
system of the arcuate nucleus, and how analogs in the system may be utilized to alter pulse
frequency and applied to various reproductive pathologies. Importantly, we point out
differences in pulsatility control in humans and laboratory rodents. We will now consider the
mechanisms whereby these analogs can alter pulse frequency for the purpose of treating
these pathologies in the hypothalamic-pituitary-gonadal axis. These discoveries have



spawned the development of new analogs and the ‘repurposing’ of existing CNS-directed
analogs for utilization in the modulation of gonadotropin pulsatility and secretion. These
molecules and their effects on gonadotropin secretion have been described above and their
structures and properties reviewed in detail (48). We will, therefore, only briefly describe them
as an aide memoire in the context of their mechanism of action.

6. GnRH

As mentioned earlier, the pioneering observation of GnRH pulsatility effects on reproduction
were those of Knobil and colleagues who noted that pulsatile delivery of GnRH in monkeys
gave rise to robust and continuing stimulation of gonadotropin. When GnRH was administered
continuously there was a decline in gonadotropin secretion. A considerable body of research
examined the mechanism underlying this desensitization of the gonadotrope response to
GnRH. These included receptor downregulation through ligand-induced internalisation of the
GnRH receptor, desensitisation of the intracellular signaling mechanisms including uncoupling
from Gq, diminished generation of inositol tris phosphate, Ca?*, and protein kinase C, and
various other mechanisms. it has however become clear that receptor down regulation could
not be the major mechanism as an absence of receptor would mean that GnRH could no
longer have this desensitizing effect. Indeed, review of all the postulated mechanisms for
continuous GnRH causing a desensitisation of the gonadotropes indicated that this was due
to the inability to synthesize the beta subunit of LH. This was revealed in long term studies on
gonadotropin production in patients receiving chronic GhnRH agonists for prostatic cancer
treatment in which it was observed that there continued to be high circulating levels of the
alpha subunit after years of GnRH agonist treatment but an absence of the complete
alpha/beta molecule heterodimerwhich is the biologically active form (49). This establishes
that the major mechanism of desensitisation is not through receptor downregulation and post
receptor inhibition of signaling mechanisms but through the decrease in biosynthesis of the
beta subunit after continuous exposure to GnRH. The precise mechanisms involved have yet
to be elucidated in spite of the wide use of GnRH agonists for clinical purposes over many
decades and the mantra “if it works do we need to understand how?”.

Although GnRH agonists are very effective pharmaceutical agents, they have a distinct
limitation in that initially these analogs induce stimulation of gonadotropin and downstream
steroid hormones for one to two weeks before the desensitisation phenomenon sets in. Thus
in treatment of hormone-dependent disease such as endometriosis and prostatic cancer there
is initially a flare of the disease state due to elevated sex steroid hormones. To overcome this
disadvantage, GnRH antagonists were developed to have an immediate inhibition of pulsatile
gonadotropin and sex steroid hormones. Examples of the application of GnRH antagonists
having immediate inhibition are Degarelix for prostatic cancer and Cetrorelix and Ganirelix for
inhibition of the LH surge for oocyte retrieval in IVF. For comprehensive reviews of peptide
GnRH analogs and their application see reviews (50-52).

A significant limitation of peptide GnRH analogs is their ‘all or none’ effect giving rise to an
inability to modify dose and partially suppress gonadotropin and sex steroids. This would be
an advantage in pathologies such as endometriosis where partial suppression of estrogen
production is capable of improving the condition without causing significant bone loss and
other side effects such as hot flushes. A considerable effort was therefore directed at
developing orally-active GnRH antagonists in which dosage could be modulated to achieve
this end. Neurocrine developed an orally bioavailable non-peptide GnRH receptor antagonist,
Elagolix (ORILISSA™), which has been approved by the FDA for the management of pain
induced by endometriosis. Elagolix, with or without low-dose estrogen add-back therapy, has
advanced through phase IIl for heavy menstrual bleeding associated with uterine fibroids (53)
and other small molecule antagonists are similarly in development (54). However, in spite of
the clear dosing advantage and convenience of an orally-active GnRH antagonist, long acting
injectable peptide GnRH analog formulations, some of which last for up to a year, have
advantages in compliance and convenience.
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7. Kisspeptin

As reviewed above kisspeptin, as the 54 and 10 amino forms, has been used to stimulate the
reproductive axis in a number of settings. Extended administration has been reported in
humans to elicit what may be desensitization with a resulting lack of continuing stimulation of
gonadotropin secretion in the setting of administration to women with hypothalamic
amenorrhoea (55) where GnRH secretion is suppressed. However in a range of studies in
men and women given continuous Kp-10 at a receptor saturating dose (ie dose eliciting
maximal LH response) we observed no indication of tachyphylaxis (see above and figs 1 and
2). There is therefore some uncertainty that at high doses and prolonged exposure the natural
kisspeptin peptides are robustly able to inhibit gonadotropin secretion. However highly active
kisspeptin agonists developed by Takeda (eg TAK 448) were most effective in inhibiting
gonadotropin in both rodent models and in men with prostatic cancer (15, 56). This may be a
significant advantage as administration kisspeptin itself can be utilized to stimulate
reproduction without concern for desensitization and super-active analogs can be employed
in conditions requiring suppression.

The potential value of a kisspeptin antagonist for interrogating the mechanisms of pulse
generation and for reproductive pathologies encouraged us to develop peptide kisspeptin
antagonists. In the course of designing and testing over 100 analogs we developed a series
of potent antagonists including one with a penetratin sequence at the amino terminus to
facilitate penetration of the blood brain barrier. These analogs had high binding affinity and
potently inhibited kisspeptin stimulation of GhnRH neuron firing and GnRH secretion in rats and
monkeys, LH in male and female rats and mice, and LH pulsatility (57), and ovulation in sheep
(58, 59), and rats . These studies indicate that kisspeptin is required for GnRH/LH pulse
generation but not necessarily that pulses of kisspeptin are needed for pulse generation.
Indeed our clinical studies using continuous infusion argue the opposite. A parsimonious
interpretation is that continuous kisspeptin (exogenous) or pulsatile (endogenous) drives the
pulse generator.

Although there have been attempts to develop small molecule kisspeptin agonists and
antagonists, to date this has led to little success. The only small molecule antagonist described
(60) has not advanced into humans. There is a need to develop such molecules as they would
find potential application in a number of conditions such as endometriosis, polycystic ovary
syndrome, precocious puberty and induction of ovulation in IVF.

8. Neurokinin B analogs

Numerous neurokinin B antagonists have been developed as modulators in the central
nervous system. These orally-active small molecules therefore provided a rich source of
antagonists when the role of neurokinin B and Substance P in reproduction was discovered.
As articulated above these have been developed for hot flashes and polycystic ovary
syndrome. The maijority of these analogs are orally-active small molecule antagonists: the only
agonists developed are all peptides such as senktide.

9. Conclusion
There is a substantial body of research which shows that there is synchronisation of
hypothalamic multiunit electrophysiological activity, and secretion of kisspeptin, GhRH and
LH. This, together with experiments on the activation and inactivation of kisspeptin neurones
and effects on GnRH and LH secretion, have led to the conclusion of causality in the
relationship. However our extensive studies in humans have shown that continuous
administration of kisspeptin is able to elicit or restore LH pulsatility, indicating that kisspeptin
is required for LH pulsatility, but that kisspeptin pulsatility is not. From these human studies,
kisspeptin therefore appears to facilitate and/or enhance upstream and/or downstream
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generation of LH pulses, and that this is modulated by neurokinin B signalling, and likely by
other neurotransmitters.

We summarise with these questions for further clinical research:

o What is the precise role of Dynorphin A in the KNDY system?

o To what extent does Substance P play a role along with Neurokinin B in the regulation
of kisspeptin and thus GnRH secretion?

¢ Would tachykinin small molecule agonists be useful therapeutics?

o Kisspeptin antagonists with brain-penetrating and non-penetrating properties need to
be developed for clinical investigation and as a therapeutic

o After 50 years of GnRH research, orally-active antagonists have been produced. What
is the potential for new applications of these molecules?

e The GnRH pulse generator was identified almost 50 years ago. An ambition should be
a definitive and complete identification and elucidation of its functioning.
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