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Kisspeptin receptor agonist has therapeutic potential
for female reproductive disorders
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BACKGROUND. Kisspeptin is a key regulator of hypothalamic gonadotropin-releasing hormone (GnRH) neurons and is
essential for reproductive health. A specific kisspeptin receptor (KISS1R) agonist could significantly expand the potential
clinical utility of therapeutics targeting the kisspeptin pathway. Herein, we investigate the effects of a KISS1R agonist, MVT-
602, in healthy women and in women with reproductive disorders.

METHODS. We conducted in vivo and in vitro studies to characterize the action of MVT-602 in comparison with native
kisspeptin-54 (KP54). We determined the pharmacokinetic and pharmacodynamic properties of MVT-602 (doses 0.01 and
0.03 nmol/kg) versus KP54 (9.6 nmol/kg) in the follicular phase of healthy women (n = 9), and in women with polycystic
ovary syndrome (PCOS; n = 6) or hypothalamic amenorrhea (HA; n = 6). Further, we investigated their effects on KISS1R-
mediated inositol monophosphate (IP,) and Ca* signaling in cell lines and on action potential firing of GnRH neurons in
brain slices.

RESULTS. In healthy women, the amplitude of luteinizing hormone (LH) rise was similar to that after KP54, but peaked later
(21.4 vs. 4.7 hours; P = 0.0002), with correspondingly increased AUC of LH exposure (169.0 vs. 38.5 IU-h/L; P = 0.0058). LH
increases following MVT-602 were similar in PCOS and healthy women, but advanced in HA (P = 0.004). In keeping with the
clinical data, MVT-602 induced more potent signaling of KISS1R-mediated IP, accumulation and a longer duration of GnRH

neuron firing than KP54 (115 vs. 55 minutes; P = 0.0012).

potential for the treatment of female reproductive disorders.
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Introduction

Kisspeptin is recognized to play a pivotal role in the regulation of
reproductive hormone secretion following 2 landmark reports in
2003, demonstrating that decreased signaling of its G protein-
coupled receptor (KISSIR) resulted in failure of the hypothalamic-
pituitary-gonadal (HPG) axis (1, 2). Thereafter, it was estab-
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CONCLUSION. Taken together, these clinical and mechanistic data identify MVT-602 as having considerable therapeutic
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lished that kisspeptin activates gonadotropin-releasing hormone
(GnRH) neurons in the hypothalamus, thereby stimulating the
downstream HPG axis (3, 4). Current evidence suggests that kiss-
peptin neurons are key integrators of peripheral signals including
sex steroids and metabolic cues (5, 6).

The kisspeptins are a family of peptides encoded by the KISSI
gene (7); the 145-amino acid precursor protein is proteolytically
cleaved to shorter peptides, and the number of remaining ami-
no acids is indicated by their suffix, e.g., KP54. Exogenous kiss-
peptin-54 (KP54) administration robustly stimulates gonadotro-
pin secretion in both healthy men (8) and women (9, 10). Due to
its fundamental role in regulating physiological reproductive hor-
mone secretion, there has been tremendous interest in targeting
the kisspeptin pathway to treat reproductive disorders in humans
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Table 1. Baseline characteristics of healthy women, women with HA, and women with PCOS

Clinical characteristics Healthy women (n = 9) Women with PCOS (n = 6) Women with HA (n = 6) Pvalue
Age (years) 26.0 (21.0,32.8) 24.5(21.0, 26.3) 25.0(23.0,30.8) 0.56
Mass (kg) 64.7 (434,72.6) 612 (51.9,721) 55.3 (51.5, 61.0) 0.28
BMI (kg/m?) 24.5 (201, 25.5) 23.2(18.4,25.1) 20.7 (19.4, 23.1) on
Serum LH (IU/L) 3.7(3.0,44) 44(19,93) 2.9(14,3.6) 0.22
Serum FSH (1U/L) 51(2.9,5.9) 43(2.9,5.0) 5.2(4.6,6.3) 0.22
Serum estradiol (pmul/L) 93.0(72.3,135.3) 81.0 (67.3,107) 72.5(50.5,110.3) 047
SHBG (nmol/L) 69.0 (48.8,109.5) 32.0(31.3,48.3) 65.0 (39.8,100.3) 0.04
Serum AMH (pmol/L) 23.9(24,36.8) 70.7(29.8,104.3) 20.8(14.9,23.2) 0.01

Median (25th centile, 75th centile) is presented of hormone levels on the morning of the first study visit. Comparison was made using Kruskal-Wallis
test with post hoc Dunn’s multiple-comparisons test. Women with PCOS had significantly lower sex hormone-binding globulin (SHBG) and higher AMH
compared with healthy women and women with HA. LH, luteinizing hormone; FSH, follicle-stimulating hormone; AMH, anti-Mdillerian hormone.

(11). It has been shown that a single subcutaneous (s.c.) bolus of
KP54 induces a luteinizing hormone (LH) rise that safely matures
oocytes in women undergoing in vitro fertilization (IVF) therapy
(12, 13). Additionally, KP54 administration can restore physiolog-
ical reproductive hormone secretion in patients with functional
hypogonadism associated with deficient GnRH secretion such
as in hypothalamic amenorrhea (HA) (14). However, therapeutic
use of native KP54 using frequent high-dose administration risks
tachyphylaxis and resultant insufficient stimulation of the repro-
ductive axis (15, 16). Consequently, the development of KISS1IR
agonists with a longer duration of action could allow for less fre-
quent dosing than native KP54 and could capitalize on the poten-
tial clinical utility of kisspeptin-based therapeutics.

All kisspeptin peptides share a common C-terminal decapep-
tide sequence, equivalent to KP10, and activate the G(xq/ll-cou-
pled KISSIR, leading to stimulation of phospholipase C and
increases in the intracellular second messengers diacylglycerol
and inositol 1,4,5-trisphosphate (IP)), and release of Ca*" from
intracellular stores (17). KP54 is the major circulating form of kis-
speptin in humans and has a terminal half-life of 27.6 minutes (8).
Kisspeptin-10 (KP10) has also been widely studied in humans (10,
18), but has a shorter terminal half-life of 4 minutes (8, 19).

Recently, KISSIR agonists have been developed through modi-
fication of KP10 to have increased potency and stability in order to
advance kisspeptin-targeted therapeutics through the translational
pathway (20-22). MVT-602 (previously known as TAK-448) is a
KISS1R agonist with a longer duration of action than native KP54 (8,
23). In healthy men, a single dose of MVT-602 induced sustained
stimulation with peak gonadotropin levels occurring between 6 and
12 hours and levels remaining elevated for 48-72 hours (23).

MVT-602 is expected to also have substantial translational
potential for the treatment of female reproductive disorders, but its
effects in women have not been investigated. We therefore aimed to
comprehensively determine the pharmacokinetic (PK) and pharma-
codynamic (PD) profiles of the KISSIR agonist MVT-602 in healthy
women and in the 2 most common forms of oligo/anovulatory
subfertility, polycystic ovary syndrome (PCOS) and HA (24-26).
Additionally, we investigated the effects of MVT-602 and KP54 on
intracellular signaling following activation of the G protein-coupled
KISS1R, and on action potential firing of GnRH neurons in brain
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slices. Furthermore, as the sex steroid milieu at the time of adminis-
tration is known to influence the response to kisspeptin (9), we also
sought to determine the impact of estrogen supplementation on the
gonadotropin response to MVT-602 in women.

Results

Baseline characteristics of participants are summarized in Table
1. Age, body mass, and body mass index (BMI) did not differ
between healthy women, women with PCOS, and women with
HA. All healthy women had regular menstrual cycles with an aver-
age cycle length of 28.1 * 1.2 days, whereas all women with PCOS
or HA were oligo/amenorrheic. Women with PCOS had higher
serum anti-Miillerian hormone levels and lower sex hormone-
binding globulin (SHBG) levels as expected. No serious adverse
effects were identified after injection of either MVT-602 or KP54.

Preliminary dose-finding study of MVT-602 in healthy women.
As MVT-602 had not been previously administered to women, a
broad range of doses between 0.003 nmol/kg and 1.0 nmol/kg
of MVT-602 administered as a single s.c. bolus were evaluated
in the early follicular phase (days 1-4 of the menstrual cycle) of
healthy women (# = 3) during a preliminary dose-finding study.
The highest LH levels occurred 24 hours after administration,
and no greater increases in serum gonadotropins or estradi-
ol levels were observed with doses higher than 0.03 nmol/kg.
Therefore, detailed endocrine profiles were evaluated in sub-
sequent phases of the study using MVT-602 doses of 0.01 and
0.03 nmol/kg (Figure 1).

Comparison of MVT-602 with KP54 in the follicular phase of
healthy women. We compared MVT-602 with a dose of KP54 (9.6
nmol/kg) that is known to induce a near-maximal response on LH
in women (9, 12, 13). Plasma MVT-602 and KP54 levels peaked at
0.4-1 hour after both peptides (Figure 2A and Table 2). Peak MVT-
602 levels were dose-proportionately higher after 0.03 nmol/kg
than after 0.01nmol/kg (C__ 29.5vs. 8.1 pmol/L; Table 2). Despite
PK parameters being similar for both ligands (¢, , 1.68-2.02 hours;
Table 2), the time course of LH release was markedly different
(Figure 2B). The effect on LH was modeled using a pharmacody-
namic biphasic model providing parameters for both the prima-
ry episode of LH response commencing within the first 10 hours
after administration and, where present, the secondary episode of
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Figure 1. Study protocol. Study participants were admitted to the Clinical Research Facility at 8 am on the morning of each study visit. An i.v. cannula was
inserted into one antecubital fossa, and blood was sampled at T -30 minutes, T -15 minutes, and T = 0 hours before administration of each intervention to
determine the basal hormonal values. An s.c. bolus of kisspeptin-54 (KP54) or 0.9% saline (A), or of MVT-602 (B), was administered at T = 0 hours. (A) Study
protocol diagram for the KP54 and 0.9% saline visits. After an s.c. bolus of KP54 (3.6 nmol/kg) or 0.9% saline at T = 0 hours, serum hormone levels (LH, FSH,
estradiol, and progesterone) were measured every 5-15 minutes for the first 30 minutes, and then every 30 minutes until 10 hours, and additionally at 24
hours. (B) Study protocol diagram for MVT-602 visits. After an s.c. bolus of MVT-602 (0.03 nmol/kg) was administered at T = 0 hours, serum hormone levels
(LH, FSH, estradiol, and progesterone) were measured every 5-15 minutes for the first 30 minutes, then every 30 minutes until 14 hours, and then every 60
minutes until 24 hours and additionally at 28, 32, and 48 hours. A further blood test at 72 hours was carried out in studies using estradiol pretreatment.

LH response commencing after 10 hours (Table 2). Although the
amplitude of LH response was similar after KP54 and MVT-602,
the timing of peak LH was much later after MVT-602 than after
KP54 (21.4 vs. 4.7 hours; P= 0.0005) (Table 2). Consequently, the
area under the curve (AUC) of LH was increased at least 4-fold
after 0.03 nmol/kg MVT-602 in comparison with KP54 (169.0 vs.
38.5 1U-h/L; P = 0.01) (Figure 2C and Table 2). Follicle-stimulat-
ing hormone (FSH) levels followed a similar trajectory to LH in
response to both peptides (Figure 2D). Elevated serum estradiol
was maintained for at least 48 hours after a single s.c. injection of
0.01 or 0.03 nmol/kg MVT-602 (Figure 2E).

Effect of MVT-602 and KP54 on human KISSIR signaling. We
next examined whether the prolonged effects of MVT-602 on
serum LH, FSH, and estradiol levels could be explained by dif-
ferences in signaling at a cellular level. KISSIR signals via the
Ga, /11 pathway (27), leading to stimulation of phospholipase C
and increases in the intracellular second messengers diacylglyc-
erol and inositol 1,4,5-trisphosphate (IP,), and release of Ca** from
intracellular stores (17). We thus compared KISS1R-mediated
Go, /11 signaling following treatment with either KP54 or MVT-
602. HEK293 cells expressing human KISSIR were treated with
peptide, and intracellular levels of inositol monophosphate (IP,),
a downstream metabolite of IP,, and intracellular Ca*" were mea-
sured (Supplemental Figure 1; supplemental material available

online with this article; https://doi.org/10.1172/]JCI139681DS1).
No signal response was observed from either peptide in cells not
transfected with the receptor.

Analysis with varying doses of each ligand (10 pM-1 uM)
revealed that the 2 ligands did not significantly differ in effica-
cy (maximum fluorescence ratio [R_ ] KP54 = 96.05 * 3.96 and
MVT-602=89.14 + 6.25, mean + SEM, where data are normalized
as a percentage of 1 pM KP54). However, MVT-602 was signifi-
cantly (P < 0.0001) more potent (logarithmically transformed
EC,, [PEC, ] 10.71 + 0.12) than KP54 (pEC,, 8.04 * 0.06), as evi-
denced by the leftward-shifted dose-response curve in Figure 3A.

Activation of KISSIR with KP10 induces both a transient and a
more sustained intracellular Ca?* response (28, 29). Thus, to deter-
mine whether MVT-602 and KP54 resulted in differences in the
kinetics of KISSIR-Ga, /11 signaling, real-time Ca*" mobilization
was monitored. Cells were treated with 10 nM of either ligand,
which is a saturating dose for MVT-602, and a dose of KP54 corre-
sponding to its EC,  in terms of IP, levels (Figure 3A). Stimulating
cells at higher doses of KP54 did not significantly alter intracellu-
lar Ca? signal responses (Supplemental Figure 2), suggesting that
maximal responses were achieved with 10 nM of either MVT-602
or KP54. Treatment of cells with either KP54 or MVT-602 pro-
duced a rapid rise in intracellular Ca?" (with maximal intensity
reached within about 30-60 seconds) that was sustained over time
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Figure 2. Clinical studies of MVT-602 and KP54 in healthy women in the follicular phase. (A) Mean (+ SEM) plasma concentration of MVT-602 (left y axis)

or KP54 (right y axis) in pmol/L versus time (hours) in healthy women receiving an s.c. bolus of MVT-602 at 0.03 nmol/kg (blue) or 0.01 nmol/kg (black) or of
KP54 (red) in the first 6 hours after s.c. administration at time 0 hours of each peptide. (B, D, and E) Mean (+ SEM) change from baseline levels in serum LH
(IU/L) (B), serum FSH (IU/L) (D), and serum estradiol (pmol/L) (E) in healthy women during the early follicular phase (n = 9) receiving an s.c. bolus of MVT-602
at time 0 hours. MVT-602 doses of 0.01 nmol/kg are presented in blue (over 48 hours), 0.03 nmol/kg MVT-602 in black (over 48 hours), 9.6 nmol/kg KP54 in
red (over 24 hours), and 0.9% saline in purple (over 24 hours). (C) Median (IQR) of modeled values of AUC of serum LH (IU-h/L) after KP54 (3.6 nmol/kg), MVT-
602 (0.01 nmol/kg), and MVT-602 (0.03 nmol/kg). Groups were compared by Kruskal-Wallis test with post hoc Dunn’s multiple comparison. The duration of
sampling was 24 hours for KP54, as LH had returned to baseline within this time frame, whereas it was 48 hours for MVT-602. *P < 0.05, **P < 0.01.

(Figure 3B and Supplemental Videos 1 and 2), similar to Ca** signal
profiles reported for KP10 (28, 29). The acute maximal response
was not different following MVT-602 treatment in comparison
with KP54 (Figure 3C). Over the 1-hour stimulation, both KP54
and MVT-602 displayed a sustained response over time as quan-
titated by the AUC and at each time frame. However, there was no
difference in the sustained signal profiles between KP54 and MVT-
602 (Figure 3D and Supplemental Videos 1 and 2). Overall, this
suggests that while MVT-602 may exhibit a much higher potency
at the KISSIR, it does not differ in its ability to alter the acute nor
persistent Ca?* signal profile over time when compared with KP54.

jei.org  Volume130  Number12  December 2020

MVT-602 increases firing rate in GnRH neurons for a more pro-
longed duration than KP54. Targeted extracellular recordings of
GFP-identified GnRH neurons were used to evaluate the effects of
MVT-602 and KP54 on action potential firing rate. Following either
peptide, 7 of 8 neurons responded with an at least 30% increase in
firing. Individual recordings of neurons exposed to KP54 and MVT-
602 are presented in Figure 4, A and B, respectively, and the (mean
*+SEM) firing frequency over time after each peptide is presented in
Figure 4C. Although the onset of effect was similar after each pep-
tide, typically commencing within 1-2 minutes of treatment, the
duration of the effect was markedly increased to a median of 115
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Table 2. Pharmacokinetic and pharmacodynamic responses of KP54 and MVT-602

Pharmacokinetic response KP54, 9.6 nmol/kg (n=9) MVT-602, 0.01 nmol/kg (n = 3) MVT-602, 0.03 nmol/kg (n=3) Pvalue
t,»h (range) 168 202 178 0.22
(131,1.78) (158, 2.26) (1.60,21)
t _,h (range) 100 042 036 00004
(091,1.22) (0.32,046) (0.34,0.37) (0.02)
C . pmol/L (range) 8855 an 2949 <0.0001
(7207, 14,821) (7.78,10.17) (28.15,29.53) (0.01)
Pharmacodynamic responseonLH  LH rise episode 1 LH rise episode 2 LH rise episode 1 LH rise episode 2 LH rise episode 1 LH rise episode 2
(n=9) (n=9) (n=9)
Time of start of episode (h) 244 NA 463 19.33 5.85 18.34 0.0036
(1.96-3.32) (2.93-8.38) (1789-21.26) (3.89-9.38) (1752-19.84) (0.0036)
Duration of ascent of LH (h) 2.07 NA 424 021 5.72 170 0.0085
(1.63-3.63) (2.88-10.31) (0.08-2.24) (2.63-1757) (0.27-3.97) (0.01)
Duration of decay in LH (h) 236 NA 23.03*** 424 15.98** 11.66 0.0002
(2.04-4.14) (10.14-33.29) (2.88-10.31) (6.14-18.21) (4.96-16.2) (***0.0003, **0.005)
Time of maximal LH (h) 4.70 NA 19.69 21.86** 1514 2142 0.0002
(4.03-5.31) (11.72-34.81) (18.83-27.37) (1047-20.73) (20.27-23.03)  (**0.0015, ***0.0005)
Amplitude of LH response (IU/L) 991 NA 818 2n 910 10.64 0.76
(5.88,18.15) (513,11.89) (7.74,15.89) (6.60,9.55) (7.81,12.29)
AUC of LH (1Uh/L) 38.52 158.60* 169.00** 0.0058
(26.5-69.7) (68.3-233.0) (96.0-236.5) (*0.01, **0.029)

Median (range) is presented for pharmacokinetic (PK) parameters and median (IQR) for pharmacodynamic (PD) parameters. To extract PK parameters for
KP54 and MVT-602, we used a PK model incorporating drug absorption and elimination (51). To extract information regarding LH dynamics in response

to administration of KP54 and MVT-602, we used a parametric model describing a superposition of 2 episodes of LH rise. As some LH rises had distinct
phases of increase in serum LH after MVT-602, the model generated parameters for both a first-phase increase commencing within the first 10 hours of
administration (LH rise episode 1), and a second-phase increase commencing after 10 hours (LH rise episode 2). Time of start indicates the time of onset of
rise in LH. Amplitude of LH response refers to absolute LH levels. The area under the curve (AUC) of LH incorporates both LH rise episode 1and episode 2.
Time of start of increase in LH, duration of ascent, duration of decay, and time of maximal LH were compared using LH rise episode 1, whereas amplitude of
LH was compared using the greater of the 2 LH amplitudes. Groups were compared by Kruskal-Wallis test with post hoc Dunn'’s test. If the initial Pvalue is
less than 0.05, the post hoc P value is presented in parentheses and corresponds to groups in bold (and also by number of asterisks if to more than 1group).

minutes after MVT-602 as compared with 55 minutes after KP54
(P=0.0012) (Figure 4D). The firing frequency of all GnRH neurons
had returned to baseline firing activity by 3 hours. This is unlike-
ly to represent a loss of viability of these cells, as recordings last-
ing as long as 6 hours have been reported (30, 31). The peak firing
frequency was higher after MVT-602 than after KP54 (P = 0.007)
(Figure 4E). These data are in keeping with our human clinical
data, which show that MVT-602 induces a significantly prolonged
duration of LH release compared with KP54.

MVT-602 in the healthy follicular phase, PCOS, and HA. Plasma
MVT-602 levels were similar in both healthy and oligo/anovulato-
ry women after they received a s.c. bolus of 0.03 nmol/kg of MVT-
602 (P = 0.76) (Figure 5A). The rise in LH levels after MVT-602 was
similar in women with PCOS to those in the healthy follicular phase
(Figure 5B and Table 3). However, in women with HA, LH levels
increased sooner after MVT-602 (time of first peak: 6.2 hours in HA
vs. 15.1 hours in the healthy follicular phase; P = 0.008) (Figure 5B
and Table 3). The total AUC of LH increase did not differ between
these groups (Figure 5C). Furthermore, the increase in FSH levels
following MVT-602 was particularly marked in women with HA (P =
0.0011) (Figure 5D) with a corresponding greater increase in estradi-
ol (P=0.023) (Figure 5E). Raw values for serum hormone levels after
MVT-602in the healthy follicular phase, PCOS, and HA are present-
ed in Supplemental Figure 3.

Effect of estrogen supplementation on the response to MVT-602 in
the healthy follicular phase. As the sex steroid milieu at the time of
administration is known to influence the response to kisspeptin (8),
we sought to determine the impact of estrogen supplementation on
the response to MVT-602 in women. To do this, we examined the
impact of increasing estradiol levels at the time of MVT-602 injec-
tion in the healthy follicular phase by applying a 200-pg/d estradiol
patch from 24 hours before administration of MVT-602 to achieve
levels similar to those observed in the preovulatory phase of the
menstrual cycle. The peak rise in LH after MVT-602 was increased
from 7.5 IU/L to 24.4 IU/L following estradiol pretreatment (P <
0.0001) (Figure 6, A and C). The peak rise in FSH was also greater,
increasing from 1.7 IU/L to 7.6 IU/L (P < 0.0001) (Figure 6, B and
D). However, the time of peak gonadotropin rise was not altered by
estradiol supplementation. Individual and grouped hormonal pro-
files after MVT-602 with and without estradiol pretreatment are
presented in Supplemental Figure 4.

Discussion

MVT-602 is a nanopeptide KISSIR agonist developed to have
increased stability, potency, and water solubility (20). To our
knowledge, this is the first study to determine its PD and PK pro-
files in healthy women, and to directly compare these properties
with those of native KP54, and with those in women with the 2
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Figure 3. Effect of KP54 and MVT-602 on KISS1R-mediated Go /M signaling via IP, and Ca* activation. (A) Intracellular levels of IP, accumulation at varying
concentrations of KP54 or MVT-602 following 45 minutes of stimulation in HEK293 cells expressing FLAG-KISS1R. Data represent mean (+ SEM) of n = 4 inde-
pendent experiments conducted in triplicate wells and are normalized as a percentage of ligand response. (B) Intracellular Ca?* levels measured by Fluo-4AM
Ca* indicator dye and live confocal microscopy. Intensity profile produced following 10 nM stimulation with KP54 (red) or MVT-602 (blue) over 1 hour of chronic
stimulation in cells transiently transfected with FLAG-KISS1R of n = 4 independent experiments conducted in duplicate wells. Data are shown following
subtraction of the average background intensity for each cell as described in Methods. (C and D) Maximum intensity (C) and total area under the curve (AUC)
(D), calculated from data depicted in B following ligand treatments over 1 hour of chronic stimulation. Data show individual cell analysis (total number of cells:
basal, n = 1324; KP54, n = 472; MVT-602, n = 852) overlaid with the mean (+ SD) values of n = 4 independent experiments conducted in duplicate wells. Cells
attributed to each biological repeat are shown in the corresponding color. There were no significant differences between KP54 and MVT-602 following analysis

by 2-tailed, unpaired Student’s t test.

most common causes of oligo/anovulatory infertility, PCOS and
HA. Both MVT-602 and KP54 induced a similar peak LH ampli-
tude, consistent with their analogous mechanism of action via
stimulation of KISS1R on hypothalamic GnRH neurons (4, 32).
However, although PK properties were similar following s.c.
bolus administration, MVT-602 produced a markedly prolonged
PD effect compared with KP54 (time of peak LH: 21-22 hours vs.
4.7 hours). Accordingly, the AUC of LH was increased more than
4-fold after MVT-602 in comparison with KP54 (33), identifying
MVT-602 as a prospective therapeutic for the treatment of female
reproductive disorders using KISSIR-targeted drugs.

Due to kisspeptin’s action to directly stimulate hypothalamic
GnRH neurons, there has been tremendous interest in the devel-
opment of KISS1R agonists for the treatment of reproductive dis-
orders (11). KP54 can be used to mature oocytes safely for IVF
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treatment (12), without causing the dangerous complication of
ovarian hyperstimulation syndrome (OHSS), even in women at
increased a priori risk of OHSS (13). Moreover, extending the
duration of the LH response with a second dose of KP54 further
improves oocyte maturation without increasing the occurrence
of OHSS (34). Hypothalamic kisspeptin signaling is known to be
obligatory for the occurrence of preovulatory gonadotropin surge
(35, 36). The natural mid-cycle gonadotropin surge in women is
triphasic, comprising a rapidly ascending limb lasting 14 hours,
followed by a plateau lasting for 14 hours, and then a descending
limb lasting for 20 hours (33). The most commonly used current
trigger of oocyte maturation during IVF treatment is human cho-
rionic gonadotropin (hCG), which has an excessive duration of
action lasting more than 1 week and consequently is the major
cause of OHSS (37). hCG provides only LH-like activity with-
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Figure 4. Targeted extracellular recordings of firing rate of GFP-identified GnRH neurons reveal that both KP54 and MVT-602 rapidly increase action
potential firing rate, but the response to MVT-602 is more prolonged. Spontaneous basal activity (control) was recorded for 10 minutes, then either 10 nM
KP54 or 10 nM MVT-602 was bath-applied for 5 minutes, followed by a wash period of at least 40 minutes. (A and B) Firing frequency (Hz in 1-minute bins)
of individual GnRH neurons versus time (hours) (n = 7) before, during (gray bar), and after exposure to either 10 nM KP54 (A) or 10 nM MVT-602 (B). (C)
Mean (+ SEM) firing frequency of GnRH neurons (n = 7 per group, 5-minute bins) over time (hours) before, during (gray bar), and after exposure to either 10
nM KP54 (red) or 10 nM MVT-602 (blue). Statistical analysis by mixed-effect model (restricted maximum likelihood) was truncated at 65 minutes because
all KP54 cells had returned to baseline (P = 0.003). (D) Median (IQR) of duration of response (hours) of GnRH neurons maintaining a firing frequency
greater than 1Hz (n = 7 per group) after exposure to 10 nM KP54 (red) or 10 nM MVT-602 (blue). Groups were compared by the Mann-Whitney U test (**P =
0.0012). (E) Median (IQR) of the peak firing frequency (Hz) of GnRH neurons (n = 7 per group) at any time point after exposure to 10 nM KP54 (red) or 10 nM
MVT-602 (blue). Groups were compared by the Mann-Whitney U test (**P = 0.007).

out the accompanying FSH rise that accompanies the natural
mid-cycle LH surge (33, 38, 39). Furthermore, activation of LH
receptor by hCG results in different intracellular signaling than
activation by LH, reflecting the physiological role of hCG in the
maintenance of pregnancy rather than in the induction of oocyte
maturation/ovulation (37). While GnRH agonists induce rises in
both LH and FSH, the amplitude of LH reached is supraphysio-
logical (~150 IU/L), and the duration of the LH surge is shorter
(peak LH at 4-6 hours) (12, 33, 38-40). Thus, the endocrine pro-
file of MVT-602 is distinct and is likely to be more similar to that
of the natural mid-cycle gonadotropin surge than that induced by
currently available triggers of oocyte maturation. Further stud-
ies assessing whether MVT-602’s more physiological endocrine
profile translates to improved clinical outcomes during IVF treat-
ment would be of great interest.

Kisspeptin also offers potential for the treatment of function-
al hypogonadal disorders associated with hypothalamic dysfunc-
tion such as diabetes-induced secondary hypogonadism (41) and
age-related hypogonadism (42). While the treatment of func-
tional hypogonadal disorders using kisspeptin could thus repre-

sent an attractive therapeutic intervention, these would require
chronic stimulation protocols. However, chronic administration
of KP54 can result in tachyphylaxis (43), which is most common-
ly encountered in the context of frequent high-dose administra-
tion (44). A continuous s.c. infusion of MVT-602 in men induced
tachyphylaxis at a minimum steady-state concentration of at
least 228 pg/mL (186 pmol/L) (23). It is notable that the peak cir-
culating MVT-602 level in the present study in women was about
6-fold lower (<30 pmol/L) after a s.c. bolus of MVT-602 (0.03
nmol/kg) (Table 2). Furthermore, sensitivity to kisspeptin can
modulate the susceptibility to tachyphylaxis; i.e., the same dose
of KP54 administered twice daily induced tachyphylaxis in wom-
enwith HA (15), but not when administered in the healthy follicu-
lar phase (45). As women in the follicular phase are less sensitive
to MVT-602, one could speculate that higher circulating levels
may be needed to induce tachyphylaxis in comparison with men,
whereas even lower doses could be chosen to achieve continued
gonadotropin stimulation while avoiding tachyphylaxis in most
women with HA. Indeed, while MVT-602 can also induce tachy-
phylaxis if given continuously as a high-dose s.c. infusion (23), its
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Figure 5. Clinical studies of MVT-602 in women with oligo/anovulatory disorders. (A) Mean (+ SEM) plasma concentration of MVT-602 (pmol/L) versus
time (hours) in women receiving an s.c. bolus of 0.03 nmol/kg of MVT-602. Healthy women in the follicular phase are presented in black (n = 9), women with
PCOS in green (n = 6), and women with HA in blue (n = 6). No significant difference was detected by 2-way ANOVA. (B, D, and E) Mean (+ SEM) change from
baseline levels in serum LH (IU/L) (B), serum FSH (IU/L) (D), and serum estradiol (pmol/L) (E) in healthy women (black; n = 9), women with PCOS (green; n

= 6), and women with HA (blue; n = 6) after receiving a single s.c. bolus of 0.03 nmol/kg MVT-602. Groups were compared by 2-way ANOVA. *P = 0.025 for
LH, *P = 0.001 for FSH; *P = 0.02 for estradiol. (C) Median (IQR) of modeled values of AUC of serum LH (IU-h/L) with 0.03 nmol/kg MVT-602 in women in the
healthy follicular phase, women with PCOS, and women with HA. No significant difference was detected by Kruskal-Wallis test.

ability to induce a prolonged duration of gonadotropin elevation
lasting about 48 hours after a single bolus injection could facili-
tate chronic stimulation protocols that use infrequent (e.g., every
2-3 days) low-dose bolus administration that could mitigate
against tachyphylaxis (16). Conversely, the prolonged duration
of action of MVT-602 on GnRH neuronal firing in vitro and on
LH release in women, coupled with its increased potency, could
indicate that tachyphylaxis may yet challenge continued stimula-
tion with the use of MVT-602 in a chronic protocol. Consequent-
ly, further studies investigating chronic administration protocols
of MVT-602 are indicated to assess whether persistent stimula-
tion can be achieved with low-dose intermittent administration.

Continuous exposure of the KISSIR to KP10 elicits a biphasic
increase in intracellular Ca?* signaling, with an acute first-phase
response lasting 5 minutes, followed by a more sustained sec-
ond-phase response lasting more than 30 minutes (46). KISS1R is
a Guq/ll—coupled receptor (27); however, it is also recognized that
mechanisms in addition to G, /11 signaling can induce LH/GnRH
secretion, such as via the adaptor protein arrestin to activate ERK
signaling (47, 48). In addition to its key role as an adaptor protein,
arrestin also mediates GPCR internalization, and, notably, the
persistent second wave in Ca* signaling after KP10 is dependent
on KISS1R internalization (46). Here we report, for the first time to
our knowledge, that continuous exposure to KP54, and MVT-602,
also produced prolonged Ca* signaling responses, akin to KP10,
which may suggest that receptor trafficking may also be involved
in regulating signal kinetics from KP54 and MVT-602.
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We compared MVT-602 with a dose of KP54 (9.6 nmol/kg)
that is likely to induce a near-maximal response on LH during clini-
cal studies (9, 12, 13). The 500-fold increased potency of MVT-602
at the human KISSIR to induce IP, signaling is consistent with the
clinical data, in which a 300-fold lower dose of MVT-602 produced
similar elevations in gonadotropins compared with KP54. PK param-
eters for KP54 and MVT-602 were surprisingly similar. The half-life
of KP54 reported in the present study (1.7 hours) is longer than that
previously reported (~0.5 hours) (8), which is likely attributable to
the mode of administration in the present study (s.c. rather than i.v.).
MVT-602 has been reported to have a similar half-life (1.5-3.5 hours)
in men using the same s.c. route of administration (23).

C6 is a Kisslr agonist synthesized through modification of
KP10, by addition of a serum albumin-binding motif and w-meth-
ylation of arginine to resist trypsin-like proteases (49). Thus, C6
was confirmed to have increased potency compared with KP10 in
a calcium mobilization assay (EC,; 0.33 vs. 2.6 nM) (49). C6 has
been studied in preclinical models but not in humans; intramuscu-
lar injection of 15 nmol of C6 induced an LH rise that lasted about
12 hours in ewes in both breeding and nonbreeding seasons (49).
C6 also increased gonadotropin release and triggered ovulation in
alpine goats, suggesting that C6 could offer an alternative to preg-
nant mare serum gonadotropin in animal husbandry (50). Applica-
tion of C6 at doses from 0.01 to 40 nM stimulated action potential
firing in approximately half of murine GnRH neurons tested (49).
Once-daily i.p. administration of C6 for 5 days advanced puberty in
mice (49). One could hypothesize that the reduced potency of C6
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Table 3. Pharmacokinetic profile and pharmacodynamic responses of serum LH to MVT-602 in healthy women, women with PCOS,
and women with HA

Pharmacokinetic response Healthy (n=3) PCOS (n=3) HA(n=3) Pvalue
t h (range) 178 (160, 2.11) 155 (1.24,1.64) 1.71(1.29,1.75) 0.25
t oh (range) 0.36 (0.34,0.37) 0.24(012,0.24) 0.27(0.24,0.29) 0.01(0.03)
C.,pmol/L (range) 29.06 (28.15,29.53) 2152 (6.37,3741) 2700 (26.91,31.69) 0.72
Pharmacodynamic responseonLlH ~ LHriseepisode1  LHriseepisode2  LHriseepisode1  LHriseepisode2  LHriseepisode1  LH rise episode 2

(n=9) (n=6) (n=6)
Time of start of episode (h) 5.85(3.89-9.38) 18.34(1752-19.84)  3.86(127-1190)  1717(1532-19.51)  251(214-2.97) 1649 (1546-1754) 0.033(0.033)
Duration of ascent of LH (h) 5.72 (2.63-1757) 170 (0.27-3.97) 416 (2.02-596) 1.84(0.94-2.34) 341(267-3.88) 366 (248-4.27) 021
Duration of decay in LH (h) 15.98 (6.14-18.21) 1166 (4.96-16.2) 910(4.37-475)  519(338-13.06)  4.00(3.77-4.75)  12.73(6.39-20.25) 0.005 (0.01)
Time of maximal LH (h) 1514 (10.47-20.73) 2142(20.27-23.03) 1313(9.07-2432) 20.01(18.82-2222)  6.24(5.77-6.59)  2219(20.93-24.10)  0.004 (0.008)
Amplitude of LH response (IU/L) 910(6.60,955)  10.64(781,1229) 996(543,2501) 12.82(719,26.02)  16.82(761,2745)  11.28(5.10,20.80) 049
AUC of LH (IU-h/L) 169.00 (96.0-236.5) 17130 (58.4-568.0) 293.70 (115.6-568.0) 0.50

Median (range) is presented for PK parameters and median (IQR) for PD parameters. To extract PK parameters for KP54 and MVT-602, we used a PK model
incorporating drug absorption and elimination (51). To extract information regarding LH dynamics in response to administration of KP54 and MVT-602, we
used a parametric model describing a superposition of 2 episodes of LH rise. As some LH rises had distinct phases of increase in serum LH after MVT-602,
the model generated parameters for both a first-phase increase commencing within the first 10 hours of administration (LH rise episode 1), and a second-
phase increase commencing after 10 hours (LH rise episode 2). Time of start indicates the time of onset of rise in LH. Amplitude of LH response refers to
absolute LH levels. The AUC of LH incorporates both LH rise episode 1and episode 2. Time of start of increase in LH, duration of ascent, duration of decay,
and time of maximal LH were compared using LH rise episode 1, whereas amplitude of LH was compared using the greater of the 2 LH amplitudes. Groups
were compared by Kruskal-Wallis test with post hoc Dunn'’s test. If the initial P value is less than 0.05, the post hoc P value is presented in parentheses

and corresponds to groups in bold.

could theoretically reduce the chance of tachyphylaxis; however,
the rise in LH was reduced after 5 days of daily administration, sug-
gesting that C6 may also be susceptible to tachyphylaxis despite its
reduced potency (49). C6 has yet to be tested in humans, and thus
further studies would be needed to compare the endocrine profile
of C6 with that of KP54 or MVT-602 in women.

Notably, there may be ligand-dependent differences in recep-
tor regulation that cannot be recapitulated in a HEK293 cell mod-
el; thus it was also important to compare the effects of MVT-602
versus KP54 on GnRH neurons. Kisspeptin is a strong activator of
action potential firing in GnRH neurons (30) and GnRH release
(51, 52), with the latter dependent on both intra- and extracellu-
lar Ca?* sources (52). Exposure of GnRH neurons in brain slices
to only a short exposure of MVT-602 (5 minutes) elevated firing
for a longer duration (115 vs. 55 minutes) and to a greater peak
firing rate than an equimolar amount of KP54. These findings
are consistent with the prolonged elevation of gonadotropin lev-
els following MVT-602 compared with KP54 that we observed in
women. There could be multiple mechanisms underlying the dis-
tinct kinetic profiles in firing rate between KP54 and MVT-602 fol-
lowing a brief exposure to GnRH neurons. Each ligand could have
differential binding kinetics; ability to activate distinct signaling
pathways, including signal crosstalk with other neuronal GPCRs;
or altered ability for Kisslr to be desensitized. In addition, it would
be interesting to determine how these distinct firing rates, and sig-
naling mechanisms, impact GnRH secretion and pulsatility.

It is interesting to consider the distinct durations of ligand
exposure required for Kisslr action during electrophysiological
studies in GnRH neurons versus intracellular Ca®* signaling stud-

ies in HEK293 cells. Brief exposure to a Kisslr ligand can induce
persistent action potential firing in GnRH neurons, whereas sus-
tained exposure of Kisslr to the ligand is required to induce Ca?*
signaling in HEK293 cells. No previous study has investigated the
effects of KP54 or MVT-602 either on the action potential firing in
GnRH neurons or on intracellular Ca* signaling in HEK293 cells.
Thus, there is no direct comparison with our data available in the
literature. In response to KP10 (10-100 nM), however, phospho-
lipase C (PLC) appears to be the major pathway for intracellular
signaling in GnRH neurons (53). Exposure of GnRH neurons to
KP10 (10-100 nM) for 1-3 minutes elicits depolarization that lasts
for at least 20 minutes (4); however, the number of GnRH neurons
that responded to KP10 was reduced from 80% to 15% with phar-
macological PLC antagonism and to 7% with IP, antagonism (53).
Intracellular Ca* studies in GnRH neurons find that exposure to
KP10 (100 nM) for about 3 minutes evoked an immediate rise in
intracellular Ca? that lasted for 2-3 minutes before a sudden drop
and a gradual return to basal concentrations (53). These data are
congruous with our own findings in suggesting that the mech-
anisms contributing to the prolonged increase in firing rate of
GnRH neurons may be independent of both persistent activation
of Kisslr and continued elevation of intracellular Ca*. In summa-
ry, while experimental models evaluating both GnRH neuronal
firing and intracellular Ca*"/IP, signaling provide valuable insight
into the differential effects of MVT-602 and KP54 at Kisslr, there
may be additional differences in downstream signaling molecules
that may not have been captured. For example, it is possible that
phosphorylation of a downstream molecule after Kisslr activation
with a much longer duration of action could enable GnRH neurons
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Figure 6. Effect of estradiol supplementation on response to MVT-602 in women during the healthy follicular phase. (A and B) Mean (+ SEM) change
from baseline in serum LH (IU/L) (A) and serum FSH (IU/L) (B) in healthy women receiving a single s.c. bolus of 0.03 nmol/kg MVT-602 (blue), and in
women with estradiol supplementation (n = 5 per group) via a 200-pg/d transdermal patch applied from 24 hours before MVT-602 administration at
time 0 hours and continued until time 48 hours (red). (C and D) Scatterplot of median (IQR) of maximal rise in serum LH (IU/L) (C) and serum FSH (IU/L)
(D) in healthy women receiving a single s.c. bolus of 0.03 nmol/kg MVT-602 (blue), and in women with estradiol supplementation (n = 5 per group) via a
200-pug/d transdermal patch applied from 24 hours before MVT-602 administration at time 0 hours and continued until time 48 hours (red). Groups were

compared by Mann-Whitney U test (*P = 0.016, **P = 0.0079).

to continue to fire without requiring the ongoing presence of the
ligand at the receptor. By comparison, IP,/Ca* intracellular sig-
naling experiments may provide a more direct portrayal of ongo-
ing Kiss1r activation.

Interestingly, the rise in LH following MVT-602 during
clinical studies was delayed for about 6 hours when studied in
the healthy follicular phase. Similarly, KP54 also has a similar,
albeit briefer, plateau in LH rise between 0.5 and 1.5 h before
a further LH rise to its peak at 4.9 hours, suggesting that the
observed delay in LH rise could be a KISSIR-mediated effect.
However, the onset of the firing response following both ligands
was similarly rapid during electrophysiological GnRH neuron
studies, indicating that factors preceding receptor occupancy,
such as the time needed for gaining access across the blood-
brain barrier (BBB), are more likely to underlie this delay than
deferred activation after binding to KISS1R. Indeed, MVT-602
was selected for its hydrophilic properties (20), which could
conceivably alter its ability to cross the BBB, whereas KP54 is

jei.org  Volume130  Number12  December 2020

considered to cross the BBB (54, 55). Interestingly, the delay in
LH rise was not apparent in women with HA, nor in men (23),
suggesting that such a factor would have to plausibly differ
between these physiological states.

Another possible contributor to the differential onset of LH
increase is differences in the sex hormone milieu at the time
of administration. The LH rise following KP54 is recognized to
be modified by the sex hormone milieu at the time of adminis-
tration, being markedly increased in the preovulatory phase of
the menstrual cycle when estradiol levels are highest (9). Corre-
spondingly, estradiol enhances GnRH neuron firing response to
kisspeptin in a model of the preovulatory phase (30) and increas-
es expression of Kisslr in GT1-7 GnRH neurons (56). Thus, we
examined the impact of artificially increasing ambient estradiol
levels in the healthy follicular phase from 24 hours before the
time of administration of MVT-602 using estradiol patches to
achieve estradiol levels analogous to those encountered during
the preovulatory phase. We observed that peak gonadotropin ris-
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es were markedly increased more than 3-fold after estradiol pre-
treatment; however, the time course of LH increase did not differ
from that in the control healthy follicular phase. This observation
was consistent with the more than 4-fold increased LH response
to an s.c. bolus of KP54 (6.4-12.8 nmol/kg) after controlled ovar-
ian stimulation, in which estradiol levels are markedly elevated,
compared with the healthy follicular phase (9, 12, 13). Conceiv-
ably, administration of the estradiol patch 24 hours before MVT-
602 administration could allow sufficient time for a switch from
negative to positive feedback at GnRH neurons and/or the pitu-
itary and thus augment the LH response (57).

We also determined the endocrine profile induced by MVT-
602 in the 2 most common oligo/anovulatory disorders caus-
ing subfertility, namely PCOS and HA (24-26). The MVT-602-
induced increase in LH level occurred sooner in women with
HA in comparison with the healthy follicular phase. Levels of
MVT-602itself did not differ, suggesting that the advanced LH
response could not be attributed to a difference in PK parame-
ters, at least in the circulation. Notably, in order to ensure that
women with PCOS had a more uniform endocrine milieu, most
women with PCOS received a 7-day course of progesterone to
induce a withdrawal bleed before each study visit, whereas
healthy women and women with HA did not. Consequently,
it is possible that exposure to administered progesterone in
the previous cycle could have negatively affected reproduc-
tive hormone levels in women with PCOS (58). Disturbance of
LH pulsatility in HA is associated with reduced energy avail-
ability (<30 kcal per kg of lean body mass) (59). Kisspeptin
expression is reduced and KissIr expression is increased in the
hypothalamus of a rodent model deprived of nutrition for 72
hours (3). Thus, our findings could putatively be explained by a
greater abundance of KISSIR in HA leading to an exaggerated
gonadotropin rise. Indeed, the LH rise after exogenous KP54 is
increased in women with HA in comparison with healthy wom-
en in the follicular phase (15). MVT-602 induced an exagger-
ated and early rise in LH in women with HA, and some women
also appeared to have a distinct secondary rise in LH. Nota-
bly, the rise in FSH was particularly pronounced in women
with HA, and it is possible that the resultant enhanced estra-
diol level following MVT-602 administration to women with
HA (Figure 5E) could exceed the threshold to induce a switch
from negative to positive estradiol feedback and thus prompt a
secondary LH rise in these women. Moreover, the marked FSH
response coupled with the prolonged duration of action raises
the prospect of using MVT-602 as a sole ovulation induction
agent in women with HA.

In summary, we delineate the endocrine profile of the KISS1R
agonist MVT-602 in healthy women and those with PCOS and
HA for the first time to our knowledge. MVT-602 induced more
prolonged stimulation of the reproductive axis via hypothalam-
ic GnRH neurons than is possible with native KP54. Our in vitro
data suggest that this prolonged action of MVT-602 compared
with KP54 is due to its increased potency on intracellular Ca?
release and extended duration of stimulation of GnRH neu-
rons. Taken together, our clinical and mechanistic data identify
MVT-602 as a prospective therapeutic agent for the treatment of
female reproductive disorders.

CLINICAL MEDICINE

Methods

Peptides
Kisspeptin-54 (KP54) was synthesized and purified by Bachem
(Bachem Holding AG). Sterile vials of KP54 were produced by
Bachem (Clinalfa, Bachem Distribution Services GmbH). Both
products were prepared according to good manufacturing practice
(GMP). Vials of freeze-dried KP54 were stored at -20°C and recon-
stituted in 0.9% saline as described previously (8, 9).

MVT-602 (GMP grade) was provided by Myovant Sciences Ltd.
as a clear sterile solution (3.5 mL) in vials containing 0.2 mg (163.2
nmol) per 2 mL (100 ppm) for use in the study. For lower doses,
vials were diluted using 5% dextrose for injection.

Clinical studies

Study protocol. Ethical approval for this study was granted by the
West London Research Ethics Committee, London, UK (reference
12/L0/0507), and participants provided written informed consent.
The study was conducted in accordance with the Declaration of
Helsinki. Twelve healthy women, 6 women with HA, and 6 women
with PCOS were recruited via newspaper advertisements.

Healthy ovulatory women aged 18-35 years, with a menstrual
cycle length less than 35 days, BMI 18-30 kg/m?, not taking any
medications or hormonal contraception, were invited to take part
in the study. PCOS was defined according to the 2018 internation-
al PCOS guidelines (24), and women were diagnosed with HA in
accordance with Endocrine Society guidelines (25). All women
underwent detailed medical history, medication history, menstrual
history, and clinical examination. The following blood tests were
assessed during the screening visit: full blood count, renal func-
tion, liver function, bone profile, thyroid hormone profile, lutein-
izing hormone (LH), follicle-stimulating hormone (FSH), estradiol,
progesterone, androstenedione, dehydroepiandrosterone, tes-
tosterone, sex hormone-binding globulin (SHBG), prolactin, and
anti-Miillerian hormone.

All study visits were carried out at the Clinical Research
Unit, Imperial College Healthcare NHS Trust. The study was sin-
gle-blinded, and the order of receiving the intervention was decid-
ed using an online algorithm (www.random.org). All study visits
were commenced in the morning (~8 am), and participants could
eat and drink nonalcoholic beverages ad libitum before and during
each study visit. Pregnancy was excluded using a urine pregnancy
test at the beginning of each study visit. Blood pressure and pulse
rate were recorded throughout each study visit and occurrence of
any symptoms recorded for the week following each intervention.
Details of the preliminary dose-finding study for MVT-602 are pre-
sented in Supplemental Methods.

Comparison of MVT-602 with KP54 in the healthy women. Fol-
lowing analysis of the preliminary dose-finding study, 2 doses of
MVT-602, 0.03 and 0.01 nmol/kg, were selected for compar-
ison with KP54 (9.6 nmol/kg) or 0.9% saline vehicle in the early
follicular phase of a further 9 healthy women. This dose of KP54
(9.6 nmol/kg) was selected because it induces a near-maximal
gonadotropin rise for KP54 and safely induces oocyte maturation
during IVF treatment (9, 12, 13). Each woman received the follow-
ing 4 interventions in random order: 0.01 nmol/kg MVT-602, 0.03
nmol/kg MVT-602, 9.6 nmol/kg KP54, and 0.9% saline, during
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the early follicular phase (days 1-4) in 4 different menstrual cycles
(with only 1 intervention administered per menstrual cycle). Fol-
lowing KP54 and 0.9% saline, serum reproductive hormone levels
(LH, FSH, estradiol, and progesterone) were measured every 5-15
minutes for the first 30 minutes, and then every 30 minutes until
10 hours, and additionally at 24 hours. Following MVT-602, the
duration of blood sampling every 30 minutes for measurement of
reproductive hormones was extended to 24 hours, with additional
samples at 28, 32, and 48 hours (see Figure 1 for study protocol).

Comparison of the gonadotropin response to MVT-602 in healthy
women in the follicular phase, women with PCOS, and women with HA.
Six women with HA and 6 women with PCOS received a single s.c.
dose of either 0.03 nmol/kg MVT-602, 9.6 nmol/kg KP54, or 0.9%
saline vehicle in each study visit. All women in this study followed
the same protocol as described above. Anovulatory women with
PCOS had menses induced with an oral course of progesterone (10
mg of medroxyprogesterone twice daily for 1 week) and had their
study visits on days 1-4 after their withdrawal bleed. One woman
with PCOS had spontaneous menstrual bleeding every 6 weeks and
thus did not require progesterone induction. Women with HA did
not have progesterone induction, as this was unlikely to result in a
withdrawal bleed, but had study visits scheduled to occur once per
month to ensure consistent treatment washout times.

The effect of estrogen supplementation on the response to the
KISSIR agonist MVT-602. To investigate the effect of sex steroid
milieu on the response to MVT-602, 5 healthy women in the ear-
ly follicular phase had a transdermal estradiol patch (200 pg/d)
applied 24 hours before the start of each study visit and continued
for 72 hours (60). A single s.c. bolus of 0.03 nmol/kg MVT-602
was administered 24 hours after the initiation of estradiol treat-
ment. Serum reproductive hormone levels (LH, FSH, estradiol, and
progesterone) were measured every 5-15 minutes for the first 30
minutes, and then every 30 minutes until 24 hours, with additional
samples at 28, 32, 48, and 72 hours after MVT-602. Details of hor-
mone assays are presented in Supplemental Methods.

Statistics. Statistical analyses were conducted using GraphPad
Prism 8 (GraphPad Software). Parametrically distributed continu-
ous variables were reported as mean * SD, whereas skewed contin-
uous variables were summarized using median (IQR). Parametri-
cally distributed variables were compared using unpaired 2-tailed
Student’s ¢ test (2 groups) or 1-way ANOVA (multiple groups) with
posthoc Tukey’s test. Nonparametrically distributed variables were
compared using Mann-Whitney U test (2 groups) or Kruskal-Wal-
lis test with post hoc Dunn’s test (multiple groups) as appropriate.
Changes in gonadotropin levels over time were compared by 2-way
repeated-measures ANOVA with post hoc Tukey’s test.

PK model to characterize PK parameters. To extract pharmacoki-
netic (PK) parameters for KP54 and MVT-602, we used a PK model
incorporating drug absorption and elimination (61). This allowed
capture of any delayed absorption as reflected in the measured
plasma concentrations of MVT-602 and KP54 after s.c. admin-
istration of the peptides. The model describes drug transfer from
the site of administration to central circulation as a first-order
process with rate constant 1/t,. Clearance of the drug from central
circulation is also modeled as a first-order process with rate 1/7,.
The equation describing peptide plasma concentration, C(¢), as a
function of time is:
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Cmax(e_t/ra — e_t/Tc)
(e_Tpeak /Ta — e —Tpeak /Tc)

@ =
(Equation 1)
where C___is the maximum peptide plasma concentration, and:

TaTc
Ta~Tc

T'peak = log(tq/Tc)

(Equation 2)

is the time the maximum is attained. To infer parameter estimates,
we assumed that each model parameter 6(C__,t,7,) has a Gauss-
ian distribution within different groups (healthy, PCOS, HA), i.e.,
N (“e,gmup’%,gmup)' Additive Gaussian error was used with standard
deviation informed by the coefficient of variation of the assays. As
the pair of parameters t_ and t, cannot be uniquely identified from
our data (i.e., exchanging the values of the 2 parameters has no
effect on the predicted plasma concentration), we report a quantity
that is invariant to exchanges of these 2 parameters, namely log(2)
x (t, + 1), corresponding to the half-life of the peptide in the system.

PD model to characterize LH secretion. To extract information
regarding LH dynamics in response to administration of KP54 and
MVT-602, we used a parametric model describing a superposition
of 2 episodes of LH rise.

Details of the mathematical form of the model used are pre-
sented in Supplemental Methods.

Effect of MVT-602 and KP54 on human KISS1R signaling
Details of reagents and DNA constructs and cell maintenance and
transfection are presented in Supplemental Methods.

IP, accumulation. HEK293 cells (ATCC CRL-1573) were plated into
clear 96-well plates (Costar, Thermo Fisher Scientific) 24 hours after trans-
fection. Then, 48 hours after plating, cells were stimulated at the indicated
concentrations and time points in the presence of 50 mM LiCl in DMEM.
The levels of IP, were then determined on cell lysates using an IP-One Gq
HTREF kit (Cishio, PerkinElmer) according to manufacturer instructions.
Protein concentration of lysates was then determined by Bradford assay,
and IP, levels were normalized to protein concentration.

Ca?* mobilization. HEK293 cells were plated into 35-mm imag-
ing dishes (no. 1.5 coverslip; MatTek) 24 hours after transfection.
Cells were incubated with Fluo-4AM for 30 minutes at 37°C, 5%
CO,, and moved to the dark, and incubation was continued a further
30 minutes at room temperature. Cells were imaged live using a Lei-
ca SP5 confocal microscope fitted with a x20 dry objective. Movies
were recorded at 1 frame/1.29 seconds for 60 frames before ligand
addition and imaged for a further 60 minutes after ligand addi-
tion. The intensity of each responding cell was measured using the
Image] (NIH) plug-in Time Series Analyzer. The fluorescence inten-
sity was obtained by subtraction of the average background intensi-
ty for each cell calculated from the average intensity across the first
60 frames (before ligand addition). Changes in fluorescence across
the time course, i.e., bleaching or stress-induced fluorescence, were
then accounted for across each frame by subtraction of the average
background fluorescence from 30 nonresponding cells within the
same field of view, allowing normalization of each cell to its own
background fluorescence, and normalization of background fluo-
rescence across all frames.
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Statistics. Data are expressed as mean * SEM, unless otherwise
stated. Unpaired 2-tailed Student’s ¢ tests and ANOVA tests were per-
formed using GraphPad Prism 8.

Effects of MVT-602 and KP54 on electrophysiological recordings in
GnRH neurons

Details of animals, brain slice preparation, electrophysiological record-
ings, and statistical analysis of electrophysiological studies are present-
ed in Supplemental Methods.

Experimental design. To study the effects of MVT-602 on GnRH
neurons compared with KP54, we executed extracellular recordings as
a blind experiment. All drug stocks were reconstituted in water and
diluted to a final concentration of 10 nM in artificial cerebrospinal flu-
id for treatment. Once the extracellular recording configuration was
established, recordings were stabilized for 5-10 minutes, and then
spontaneous basal (control) activity was recorded for 10 minutes.
Either 10 nM KP54 or 10 nM MVT-602 was then bath-applied for 5
minutes, followed by a wash period of at least 40 minutes to deter-
mine whether effects were reversible. No more than 2 cells per mouse
were recorded with only 1 cell per brain slice. The range of firing rate
observed within an animal was similar to that among animals with-
in a group. All recorded neurons were mapped to a brain atlas (62) to
determine the relation between anatomical location and response to
treatment. No correlation between the location of cells and response
was observed in this study.

Action currents during targeted extracellular recording reflect
action potential firing. Action currents were detected using custom
software written in Igor Pro (WaveMetrics). Data were binned at
5-minute intervals, and mean firing rate (number of action potentials
per 5-minute bin) was calculated for control (last 5 minutes of control
period), treatment (last 3 minutes of treatment and first 2 minutes of
washout period; the first 2 minutes of the treatment are skipped to
allow for solution exchange), and washout periods (sequential 5-min-
ute bins). Cells were defined as responding if firing frequency during
treatment changed by 230%. One cell from each group did not respond
to treatment and was thus tested with first KP10 (Phoenix Pharmaceu-
ticals) and then 20 mM KCl. Neither cell responded to KP10, but both
responded to KCl, indicating technically acceptable recordings but
lack of response to kisspeptin. Because these recordings were of short
duration and included the additional quality tests, they were excluded
from the analysis and are reported as nonresponding cells.
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