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ABSTRACT
Asthma is still an incurable disease, and there is a recognized
need for novel small-molecule therapies for people with asthma,
especially those poorly controlled by current treatments. We
previously demonstrated that calcium-sensing receptor (CaSR)
negative allosteric modulators (NAMs), calcilytics, uniquely sup-
press both airway hyperresponsiveness (AHR) and inflammation in
human cells and murine asthma surrogates. Here we assess the
feasibility of repurposing four CaSR NAMs, which were originally
developed for oral therapy for osteoporosis and previously tested in
the clinic as a novel, single, and comprehensive topical antiasthma
therapy. We address the hypotheses, using murine asthma surro-
gates, that topically delivered CaSR NAMs 1) abolish AHR; 2) are
unlikely to cause unwanted systemic effects; 3) are suitable for
topical application; and 4) inhibit airway inflammation to the same
degree as the current standard of care, inhaled corticosteroids, and,
furthermore, inhibit airway remodeling. All four CaSR NAMs
inhibited poly-L-arginine–induced AHR in naïve mice and sup-
pressed both AHR and airway inflammation in amurine surrogate of
acute asthma, confirming class specificity. Repeated exposure to
inhaled CaSR NAMs did not alter blood pressure, heart rate, or

serum calcium concentrations. Optimal candidates for repurposing
were identified based on anti-AHR/inflammatory activities, pharma-
cokinetics/pharmacodynamics, formulation, and micronization
studies. Whereas both inhaled CaSR NAMs and inhaled cortico-
steroids reduced airways inflammation, only the former prevented
goblet cell hyperplasia in a chronic asthmamodel.Weconclude that
inhaled CaSR NAMs are likely a single, safe, and effective topical
therapy for human asthma, abolishing AHR, suppressing airways
inflammation, and abrogating some features of airway remodeling.

SIGNIFICANCE STATEMENT
Calcium-sensing receptor (CaSR) negative allosteric modulators
(NAMs) reduce airway smooth muscle hyperresponsiveness,
reverse airway inflammation as efficiently as topical corticoste-
roids, and suppress airway remodeling in asthma surrogates.
CaSR NAMs, which were initially developed for oral therapy of
osteoporosis proved inefficacious for this indication despite being
safe and well tolerated. Here we show that structurally unrelated
CaSR NAMs are suitable for inhaled delivery and represent a one-
stop, steroid-free approach to asthma control and prophylaxis.

Introduction
More than 300million people suffer from asthmaworldwide

with a substantial burden of morbidity and mortality (The
Global Asthma Report, 2018). The current mainstay therapies

of inhaled corticosteroids (ICSs) and bronchodilators control
symptoms resulting from airway obstruction reasonably well
in most patients but may not be as effective at altering the
natural history of airway obstruction and remodeling (An
et al., 2007; O’Byrne et al., 2019). As a consequence, severe,
therapy-resistant obstruction develops in a significant minority
of patients, resulting in life-long impairment of quality of life,
increased risk of hospital admission, and death (Hansbro et al.,
2017). Furthermore, no current antiasthma drug directly targets
bronchial smooth muscle hyperresponsiveness, a critical con-
tributor to airway obstruction and the fundamental physiologic
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abnormality characterizing asthma (Sterk and Bel, 1989; An
et al., 2007). Therapies based on monoclonal antibodies (bio-
logicals) targeting IgE binding or asthma-related cytokines
reduce obstruction and exacerbations to an unpredictable
extent in some but not all patients and are further limited
by administration logistics and cost (Walsh, 2017). Conse-
quently, there is a strong need for the development of novel
small-molecule drugs that are preferably delivered topi-
cally using commercially available devices and target both
bronchial smooth muscle hyperresponsiveness and airway
inflammation.
The calcium-sensing receptor (CaSR) is a G protein–coupled

receptor originally identified as the master controller for
serum-ionized calcium levels (Brown et al., 1993). It is
a multimodal receptor activated not only by divalent cations
(Ca2+, Mg2+) but also by polycations released by cells involved
in asthmatic airway inflammation, such as spermine, spermi-
dine, and eosinophil-derived cationic proteins (Kurosawa
et al., 1992; Maarsingh et al., 2008; Yarova et al., 2015). The
CaSR is expressed in multiple tissues, including airway
smooth muscle and inflammatory cells, and has been impli-
cated in numerous cellular activities and several disorders
independently of calcium homeostasis (Riccardi and Kemp,
2012; Yarova et al., 2015; Brennan et al., 2016; Hannan et al.,
2018). Notably, the CaSR is an important regulator of in-
flammation via activation of the NLRP3 inflammasome
(Lee et al., 2012; Rossol et al., 2012). Using murine asthma
surrogates and cultured human asthmatic smooth muscle
cells, we have recently presented evidence consistent with
the hypothesis that airway hyperresponsiveness (AHR) in
human asthma reflects abnormal expression of the CaSR
and shown that small-molecule CaSR negative allosteric
modulators (NAMs), also known as calcilytics, abolish both
AHR and airway inflammation (Yarova et al., 2015; Corri-
gan, 2020).
We have previously used commercially available CaSR

NAMs as pharmacological tools, but their limited bioavail-
ability detracts from their suitability for clinical development
(Yarova et al., 2015). However, several pharmaceutical com-
panies have developed and assessed (up to phase 2 clinical
trials) systemically delivered CaSR NAMs for efficacy in
reversing osteoporosis, namely the amino alcohols NPSP-
795, Ronacaleret, and JTT-305 and the quinazolin-2-one
AXT-914 (Kumar et al., 2010; Caltabiano et al., 2013; Halse
et al., 2014; John et al., 2014). Although they exhibited good
safety and tolerability profiles, they were found not to be
efficacious for postmenopausal osteoporosis and induced
hypercalcemia in some patients; their further development
for treating osteoporosis was therefore halted (Nemeth et al.,
2018). Since CaSR NAMs have the potential advantage of
suppressing bothAHRand inflammation, in this investigation
we address the hypothesis that these four clinically tested
CaSRNAMs can be repurposed as a novel, single-drug, topical
antiasthma therapy that will obviate the need for both topical
bronchodilator and corticosteroid therapy. To achieve this,
we aimed to characterize, in terms of pharmacology, safety,
efficacy, pharmacokinetics (PK)/pharmacodynamics (PD),
and lack of systemic effects as well as the suitability of
existing calcilytics for topical therapy of human asthma and
to compare their effects with those of the current standard of
care, topical ICS, in a chronic murine model of Th2/IgE-driven
asthma.

Methods
In Vitro Studies

Determination of CaSR NAM Efficacies and Potencies In
Vitro. All chemicals and reagents were obtained from Sigma-Aldrich,
UK, unless otherwise specified. Human embryonic kidney (HEK) 293
cells stably expressing human CaSR (Ward et al., 2013) were loaded
with the Ca2+ indicator fura-2 acetoxymethyl ester, and calcium
imaging was carried out as previously described (Yarova et al., 2015)
using an invertedmicroscope (IX71; Olympus) and fluorescence source
(Xenon lamp). Extracellular solution contained (in millimolar) 135
NaCl, 5 KCl, 5 N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid,
10 glucose, 1.2 MgCl2, and 0.5 CaCl2 (pH = 7.4). A rapid perfusion
system was used to alter extracellular Ca2+ concentration and apply
test compounds.

Patch-Clamp Recordings of the Effects of CaSR NAMs on
the L-Type Ca2+ Channels. Some CaSR NAMs are structural
derivatives of dihydropyridines, compounds that affect the current
via L-type Ca2+ channel. To examine whether CaSR NAMs had any
effect on these channels, voltage and current recordings were made
using conventional patch clamp in the whole-cell configuration in
HEK293 cells stably expressing the a1c subunit of L-type Ca2+

channels (CaV1.2) (Fearon et al., 2000) employing an Axopatch
200B amplifier interfaced to a computer running pClamp 9 using
a Digidata 1322A A/D interface (Molecular Devices, Sunnyvale, CA).
Recordings were digitized at 10 kHz and low-pass filtered at 2 or 5 kHz
using an 8-pole Bessel filter. The bath solution for measurements of
Ca2+ current contained (in millimolar) 95 NaCl, 5 CsCl, 0.6 MgCl2, 20
BaCl2, 10 HEPES, 15 D-glucose, and 20 tetraethylammonium chlo-
ride; pH was adjusted to 7.4 by 1 M NaOH. The standard pipette
solution for Ca2+ current contained (inmillimolar) 120CsCl, 20 TEA, 2
MgCl2, 10 ethylene-glycol-tetra-acetic acid, 10 HEPES, 2 Na2-ATP,
and 1.6 Na-GTP; pH was adjusted to 7.2 with CsOH. For episodic
stimulation, the following voltage-clamp protocol was used: holding
potential 270 mV and 450-millisecond steps to 0 mV with 5-second
time interval. Cell capacitance and series resistance were measured
and compensated at between 60% and 90%. Tested compounds were
introduced through the continuous flow system. Pipette resistances
were 8–10 MV when filled with the pipette solutions. Data were
analyzed using Clampfit 10.2.

Animal Studies

Animal Procedures. All animal procedures conformed to the
regulations of the Animals (Scientific Procedures) Act 1986 and
Declaration of Helsinki conventions for the use and care of animals
and were approved by the Home Office (UK) and local ethics
committee. Two- to three-month-old BALB/c mice were obtained from
Envigo (UK), maintained under standard conditions with food and
water ad libitum, and used in experiments at 6–8 weeks of age.
According to the a priori F test power calculations for one-way
omnibus ANOVA with a error probability of 0.05, power 0.8, and
effect size 0.7, six mice were needed for each treatment group of the
five groups per each experiment (30 animals in total per experiment;
G*Power v.1.3.9.6). Male mice were used in all experiments with the
exception of the in vivo head-to-head comparison of CaSR NAM with
ICS. For these experiments only, in which inflammation was mea-
sured as the primary readout, female mice were used, owing to the
heightened inflammatory response comparedwithmalemice (Melgert
et al., 2005; Blacquière et al., 2010). Animals were assigned at random
to experimental groups, and in vivo and in vitro data were measured
and analyzed by operators blinded to the experimental conditions.

Ex Vivo Measurements of Airway Reactivity. After humane
euthanasia by a schedule 1 method (intraperitoneal pentobarbital
overdose), tracheae were isolated from the mice and cleaned as
previously described (Donovan et al., 2013). Each tracheal ring of
2 mm in length was then mounted into jaws of a small vessel wire
myograph (DMT 610; Danish Myo Technology, Denmark) using steel
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wires and left to equilibrate at 37°C in 5%CO2/95%O2–bubbled Krebs’
buffer containing 2 mM Ca2+ to mimic proinflammatory conditions
(118 mMNaCl, 3.4 mMKCl, 1.2 mMMgSO4, 1.2 mMKH2PO4, 25 mM
NaHCO3, 2mMCaCl2, 11mMglucose) for 20minutes, after which the
tracheal rings were gradually stretched to 5 mN, washed, and left to
equilibrate for another 20 minutes. Parallel experiments were also
carried out in Krebs’ solution containing 1 mM Ca2+ to mimic
physiologic conditions. Tracheae were then tested for viability with
high K+ (40 and 80 mM), and acetylcholine (ACh) concentration-
response curves were generated by cumulative addition of ACh to the
bath. Preparations were then washed with Krebs’ buffer before being
half-maximally contracted with ACh at its EC50 (10–30 nM). Cumu-
lative concentration-response curves were then obtained for the CaSR
NAMs and vehicle control (DMSO in Krebs’ buffer).

Drug Nebulization. NPSP-795, Ronacaleret, JTT-305, and AXT-
914 were custom-synthesized by Sygnature Discovery (BioCity,
Nottingham, United Kingdom), whereas NPS2143 [positive control
(Yarova et al., 2015)] was obtained from Tocris Bioscience (Bristol,
United Kingdom). Compounds were delivered into a Perspex chamber
using a SideStream nebulizer (Philips Respironics, Philips Hospital &
Health Care, Amsterdam) equipped with a compressor (PulmoStar;
Sunrise Medical, West Midlands, United Kingdom). Dosage estima-
tion was carried out as described in the Supplemental Materials.

Measurements of Airway Obstruction. Measurements of air-
way obstruction were carried out using noninvasive barometric
plethysmography (Buxco Research Systems, St. Paul, MN) in un-
restrained, conscious mice as previously described (Fernandez-
Rodriguez et al., 2010; Yarova et al., 2015), wherein enhanced pause
(Penh)was used as an indicator of airway obstruction to studyAHR, as
previously described (Hamelmann et al., 1997; Yarova et al., 2015).
Briefly, after establishing baseline Penh, a standard nebulized
methacholine (MCh) challenge was performed in situ (0.1–100 mg/
ml in saline; 3-minute Penh recorded per dose). Increases in Penh in
response toMCh inhalations were first recorded in naïve animals, and
24 hours later the recordings were repeated after the treatment by
inhalation of the nebulized compounds, and consequent changes in
Penh were expressed as DPenh.

Polycation-Induced AHR. Poly-L-arginine (PLA), a mimetic of
eosinophil major basic protein, activates the CaSR and induces AHR
in mice after inhalation (Yarova et al., 2015). Mice were exposed to
nebulized PLA (6 mM in 0.2% DMSO in PBS), PLA + CaSR NAM, or
vehicle for 30minutes immediatelybeforeMChchallenge (01–100mg/ml).
In separate studies to determine the drug duration of effects (PD),
animalswere exposed to aerosolized calcilytics or vehicle 0, 1, 2, 4, 8, or
24 hours prior to PLA treatment.

Determination of the Effects of CaSR NAMs in an Acute
Asthma Model. Mice were sensitized with ovalbumin (OVA) from
chicken eggs on days 0 and 5 using an intraperitoneal injection of OVA
(100 mg/mouse) in 10% (50 mg/mouse) aluminum hydroxide in PBS as
previously described (Yarova et al., 2015). Fourteen days after the
second injection, mice were challenged by inhalation of 0.5% OVA
aerosol for 1 hour twice on the same day, 4 hours apart. CaSRNAMs or
corresponding vehicle treatments were administered via nebuliza-
tion 1 hour prior to the first and 4 hours after the final OVA
challenge. At the end of the experiments, the mice were euthanized
humanely as described above, and bronchoalveolar lavage fluid
(BALF) was collected as previously described (Yarova et al., 2015)
and analyzed for cell numbers using a Luna FL automated cell
counter (Labtech, Heathfield, United Kingdom). Lung sections were
Masson trichrome–stained, and quantitative image analysis was
carried out using TissueFAXS image analysis software (TissueG-
nostics, Vienna, Austria).

Systemic Effects of Repeated Inhaled Calcilytic Exposure.
Because DMSOmay accumulate in tissues with repetitive dosing, the
vehicle in these experiments was changed to 0.3% propylene glycol in
PBS (for NPSP-795, Ronacaleret, and JTT-305) or 0.27% propylene
glycol + 0.03% ethanol in PBS (for AXT-914). Mice were placed in
a Perspex chamber and exposed to nebulized CaSR NAMs or vehicle

for 1 hour daily for 5 days. After the final exposure, blood pressure and
heart rate were measured as described previously using CODA
noninvasive blood pressure measurement system (Kent Scientific)
(Schepelmann et al., 2016). At the end of the experiment, the animals
were euthanized humanely, and BALF was collected for determina-
tion of inflammatory cellular infiltration. Because the CaSR is the
master controller of systemic Ca2+ concentrations, blood samples were
also collected at the end of the experiments to measure free ionized
serumCa2+ concentrations as an indication of a possible systemic drug
overspill after CaSR NAM nebulization.

PK. PK studies were carried out by Axis BioServices Ltd. (Coler-
aine, Londonderry, Northern Ireland) after direct intratracheal in-
stillation of CaSR NAMs into anesthetized (100 mg/kg ketamine and
10 mg/kg xylazine) BALB/c mice (Penn-Century aerosolizer, Heath-
field, United Kingdom). Compounds were resuspended in solution
containing 3% DMSO dissolved in water containing 5% ethanol
(EtOH) and 5% glucose, all at nominal concentrations of 17.5 mg/kg
then filtered through a 0.45-mm pore filter, and the filtered solution
was administered to the mice (Table 1). Intratracheal cassettes were
dosed as a solution of 38mg/kg (NPSP-795, Ronacaleret, and AXT-914)
or 26 mg/kg (JTT-305). Whole blood (150 ml) was collected at each time
point using a lateral tail vein bleed into microvettes coated with
K2EDTA. Plasma was collected by centrifugation at 2000g for
5 minutes. Animals were then humanely killed, and the lungs and
trachea were removed and snap-frozen. Samples were analyzed by
XenoGesis (BioCity), wherein concentrations of the tested compounds
were determined using a ThermoTM TSQ Quantiva and Vanquish
UHPLC system (Fisher, United Kingdom).

Head-to-Head Comparison of Inhaled CaSR NAM and ICSs
in a Chronic Asthma Model. ICSs are recommended as a first line
of defense for the treatment of persistent asthma in all guidelines (Ye
et al., 2017; Chipps et al., 2020). The anti-inflammatory and anti-
remodeling effects of the CaSR NAM NPSP-795 were compared with
those of inhaled fluticasone propionate (FP) in a murine surrogate of
Th2/IgE-driven asthma. Mice were initially sensitized on days 0 and
10 by intraperitoneal injection of 50 mg OVA and 50 mg aluminum
hydroxide in PBS and then challenged every other day from day 21 to
day 30 with inhaled 0.5% OVA delivered by aerosol for 1 hour. From
day 25, mice were treated with the aerosolized NPSP-795 (6 mM),
FP (0.25 mg), or vehicle (0.01% Tween-80/0.03% DMSO) de-
livered twice daily for 15 minutes, 1 hour prior to and 7 hours
after each OVA challenge for 6 days. At the end of the experiment,
the BALF was collected and analyzed as described above,
whereas the lungs were infused with normal buffer formalin,
formalin-fixed, paraffin-embedded, and 5-mm sections were cut
for Masson’s trichrome and hematoxylin and eosin staining and
immunohistochemical analysis.

Crystallization and Phase Characterization

Samples of NPSP-795, Ronacaleret, and AXT-914 were crystallized
after dissolution in acetone, and this was followed by slow evaporation
of the solvent at room temperature over several days. AXT-914 was
also crystallized from ethanol after the same procedure. For structural
characterization, single crystal data were recorded on an Agilent
SuperNova Dual Atlas diffractometer (Agilent, Santa Clara, CA)
equipped with an Oxford Cryosystems cooling apparatus (Oxford
Cryosystems, Oxford, United Kingdom). Crystal structures were
solved and refined using SHELXS and SHELXL (Sheldrick, 2008,
2015). Data collection and refinement parameters are shown in
Supplemental Table 1. Cambridge Crystallographic Data Centre
1915994–1915996 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
structures. Samples of NPSP-795 and AXT-914 crystallized from
acetone and AXT-914 crystallized from ethanol were ground to a fine
powder in a mortar and pestle, and their powder diffraction patterns
were recorded using the same equipment.
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Estimation of Lung Deposited Dose, Allometric Scaling in
Humans, Formulation, and Drug Stability Studies

These studies were performed by Cardiff Scintigraphics (Cardiff,
United Kingdom) using 1 mM aqueous alcoholic solutions of CaSR
NAMs in propylene glycol (PG) followed by a 300-fold dilution into
PBS for NPSP-795, Ronacaleret, and JTT-305 (final drug concen-
trations, 3 mM; final propylene glycol content, 0.3%); AXT-914 was
insoluble in propylene glycol, so it was dissolved in propylene glycol
0.27% + ethanol 0.03%. Because of the structural similarities between
NPSP-795 and Ronacaleret, further analysis was carried out on only
the amino alcohol NPSP-795 and the structurally unrelated quinazo-
lin-2-one AXT-914. For the full methods, please see the Supplemental
Materials.

Given the volume of the exposure chamber (15.2 l), the inhaled
fraction (estimated from the fine particle fraction, of which 86.59% of
particles were ,3 mm in diameter), the respiratory minute volume of
BALB/c mice (0.024 l/min, determined from a tidal volume of 0.15 ml
and a respiratory rate of 160 breaths/min), and the duration of
exposure used in the pharmacology studies (60 minutes), this equates
to an atmospheric concentration of NPSP-795 of 0.69 mg/l. To correct
for the 3 mM concentration used in the pharmacology studies, a value
of 0.0069 mg/l is used in the equation. Using these values gives an
estimated lung dosage of ∼9 ng of NPSP-795 in a BALB/c mouse from
nebulization of a 3 mM solution over 60 minutes.

The estimated human dosage of NPSP-795 varies from 2 mg using
allometric (body surface area) scaling to 28 mg using theoretical scaled
lung weight, 30 mg using scaled body weight, and 58 mg using reported
lung weights. From these estimates, a value of ∼30 mg was selected as
a basis for the formulation stability studies.

Nebulizer solutions with a concentration of 0.4 mg/ml were pre-
pared since only approximately 10% of the amount of drug in the
nebulizer (i.e., 100 mg) is likely to be deposited in the lung in human
studies. For solubility and stability testing, 2 mg of NPSP-795 were
dissolved in either 100 ml of absolute EtOH or 150 ml of PG, and
aliquots were kept in different storage conditions. Subsequently, 1 ml
of 0.9%w/v NaCl was added to the NPSP-795 in EtOH or PG, and both
formulations were subjected to 20-minute centrifugation (SciSpin
One Compact Centrifuge; SciQuip Ltd.) at 2000 rpm before
sampling the clear solutions. Approximately 1.5 ml of the EtOH
and PG NPSP-795 in NaCl solutions was transferred into three
separate Eppendorf tubes before storing at ambient room temperature
5°C and at 40°C/75% relative humidity. At each time point, 25 ml of this
sample was transferred to a 10-ml volumetric flask and diluted to
volume with high-performance liquid chromatography Recovery Solu-
tion (30% acetonitrile). Two-milliliter samples were transferred to high-
performance liquid chromatography vials for analysis.

The solubility of 400 mg/ml AXT9-14 in EtOH and PG was
comparable and required high concentrations of cosolvent to
ensure complete solubility, illustrating the poor solubility of
AXT-914 in both aqueous EtOH and PG solutions. To ensure
complete solubility of AXT-914 in aqueous EtOH solutions
requires EtOH to be at an approximate minimum concentration
of 53% v/v. For toxicology studies, this value would need to be
increased to at least 60% v/v to reduce the potential for pre-
cipitation during nebulization. However, as a nebulizer formula-
tion this currently exceeds approved levels for human use. In
aqueous PG solutions, an approximate minimum concentration of
71% w/w was estimated to ensure complete solubility of AXT-914.
For toxicology studies, the use of a 100% PG nebulizer formula-
tion is likely to be needed, indicating that neither EtOH nor PG
solutions can be generated for human studies with AXT-914.
Therefore, it may be preferred to formulate AXT-914 as a dry
power inhaler formulation.

AXT-914 Micronization and Characterization of the Milled
Material

Next, we tested the suitability of AXT-914 for pulmonary adminis-
tration as a dry powder inhaler by testing 1) whether AXT-914 could
be micronized into particles of respirable size (around 3 mm) and 2)
whether the micronized material was crystalline, thermally stable,
inert, and nonhygroscopic. For the full methods, please see the
Supplemental Materials.

Quantification of Airway Remodeling

Quantitative image analysis was performed using StrataQuest
image analysis software (TissueGnostics) (). An average of 16 smaller
airways (,40,000 mm2; n = 3–21) were examined from three to four
Masson’s trichrome–stained lung sections from each animal (n = 6 per
condition) for assessment of remodeling markers within manually
identified regions of interest (Supplemental Fig. 7, A and B). Manual
airway object identification was performed by operators blinded to the
experimental conditions using the Opensource blindrename.pl script
(Slater, 2016).

Statistical Analysis

Statistical analysis was undertaken with GraphPad Prism 7
software (GraphPad Software), and sample size and all analysis steps
were decided before the data had been gathered. Data are expressed as
mean and S.D. Student’s two-tailed unpaired or paired t tests were
used to compare two data sets; one- or two-way ANOVA with an

TABLE 1
Compound characteristics, in vitro potencies, and in vivo PK parameters for all tested calcilytics
IC50 and IC80 values were calculated by nonlinear regression (variable slope) of conc.-response curves to CaSR NAMs obtained using
measurements of intracellular Ca2+ as a readout for CaSR activation (by Ca2+o ) and inhibition (by CaSR NAMs) in HEK-CaSR. Plasma and lung
maximal conc. (Cmax), time of maximal conc. (Tmax), time of 50% maximal conc. (t1/2), area under the curve (AUCall), and lung:plasma ratio were
obtained in mice after intratracheal instillations of the tested compounds (nominal conc. of each compound: 17.5 mg/kg).

NPSP-795 Ronacaleret JTT-305 AXT-914

Molecular weight 436.5 447.5 514 487.4
Formula weight 473 483.9 563 487.4
Salt HCl HCl 0.5 H2SO4 —

IC50, nM 5.2 6.8 2.7 1.1
IC80, nM 21.1 23.0 21.2 22.1
Plasma t1/2, h 1.1 1.5 3.4 2.4
Plasma Tmax, h 0.3 0.3 0.5 0.3
Plasma Cmax, ng/ml 6.4 4.9 118.0 4.2
Plasma AUCall, ng×h/ml 12.4 9.3 404.1 5.3
Lung t1/2, h 1.0 1.2 0.9 0.6
Lung Tmax, h 0.3 0.1 0.5 0.5
Lung Cmax, ng/g 457.5 287.3 164.0 560.3
Lung AUCall, ng×h/g 511.1 331.6 269.3 1250.5
Lung:plasma ratio (AUCall) 41.2 35.7 0.7 234.0
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appropriate post hoc test as stated in the figure legends was used for
multiple comparisons.

Results
Determination of CaSR NAM Efficacies and Poten-

cies. All calcilytics examined concentration-dependently sup-
pressed CaSR-mediated increases in intracellular Ca2+

induced by 5 mM extracellular Ca2+ in HEK-CaSR cells
(Fig. 1). The CaSR NAMs previously tested in the clinic,
NPSP-795, Ronacaleret, AXT-914, and JTT-305, with esti-
mated 80% inhibitory concentration (IC80) values of around 20
nM, were all 10 times more potent than the laboratory-grade
NAM, NPS2143 (IC80 = 202 nM; Table 1). Based on lung
dosage estimates (see relevant Methods section) and total
mouse lung capacity of 1 ml, this may be roughly approxi-
mated to stock solutions of 3 mM for the clinically tested
calcilytics and 25 mM for the positive control NPS2143 for
in vivo experiments.
CaSR NAMs Induce Airway Relaxation in Isolated

Naïve Mouse Airways. The next steps were to investigate
the effects of CaSR NAMs on airway contractility by measur-
ing tension changes of naïve mouse tracheae half-maximally
contracted with ACh in medium containing 2 mM Ca2+ to
mimic proinflammatory conditions. Figure 2 shows that the
DMSOvehicle applied at the tracheae precontractedwith ACh
at concentrations matching those used to dissolve the CaSR
NAMs evoked a concentration-dependent increase in the
tracheal tone (up to +23.6% 6 7.8% from the steady-state
ACh-induced tone). In contrast, all CaSRNAMs tested relaxed
precontracted mouse tracheae at concentrations of 100 nM or
greater [up to 230.7% (NPSP-795, N = 5), 225.2% (JTT-305,
N = 3),246.8% (Ronacaleret,N = 5),230.8% (AXT-914,N = 4)
at 30 mM] from the corresponding level of tone induced by the
DMSO vehicle). CaSR NAMs were still able to relax precon-
tracted tracheae in the presence of medium containing physi-
ologic Ca2+ concentrations (i.e., 1 mM), albeit less effectively
than in proinflammatory conditions (Supplemental Fig. 1). No
CaSR NAM evoked constriction in the presence of medium
containing either physiologic (Supplemental Fig. 2) or patho-
logic (Fig. 2) Ca2+ levels.

Topical Delivery of Structurally Unrelated Inhaled
CaSR NAMs Suppresses AHR and Inflammation in
Mice. As previously demonstrated (Yarova et al., 2015),
exposure of naïve mice to the polycation PLA increased MCh
responsiveness (Fig. 3A) compared with vehicle-treated ani-
mals. All nebulized CaSR NAMs (3 mM in the nebulization
solution) abolished this effect of PLA (Fig. 3B). This effect was
concentration-dependent (Supplemental Fig. 2). In addition,
in line with our previous studies using laboratory-grade
compounds (Yarova et al., 2015), prophylactic inhalation of
all the tested CaSR NAMs also suppressed AHR and BALF
inflammatory cellular infiltration in OVA-sensitized and
challenged mice when administered prior to and after OVA
challenge in the murine surrogate (Fig. 3, C and D).
Effects of CaSR NAMs on the L-Type Ca Channel.

Previous studies have confirmed that CaSRNAMs are deemed
safe in the clinic when delivered systemically. Since some
CaSR NAMs are structural derivatives of dihydropyridines
(L-type Ca2+ (LCa) channel blockers), we explored whether the
CaSR NAMs employed in our studies untowardly affect
inward, whole-cell macroscopic currents conducted through
voltage-gated LCa channels, which could account for the
observed CaSR NAM–mediated airway relaxation. Supplemental
Fig. 3 shows that the CaSR NAMs NPSP-795, Ronacaleret,
and AXT-914 (all 10 mM) had no effect on normalized LCa

current compared with that measured in the presence of
DMSO vehicle, whereas, as expected, nifedipine (10 mM),
a classic inhibitor of LCa channels, completely abolished
normalized LCa current (P , 0.0001; N = 17).
Determination of the Systemic Effects of Repeated

Exposure to Inhaled CaSR NAMs. Next, we investigated
the effects of repeated exposure of naïve BALB/c mice (5 days,
1 h/day) to nebulized solutions of the inhaled CaSR NAMs
previously tested in clinical trials and their effects on blood
pressure, heart rate, serum Ca2+ concentration (a surrogate
for changes in plasma parathyroid hormone), and airway
irritation, as reflected by BALF inflammatory cellular in-
filtration. Repeated administration (5 days, 1 h/day) of AXT-
914 and JTT-305 but not NPSP-795 or Ronacaleret evoked an
increase in the mean BALF total cell count when compared
with their respective vehicle controls (from 22.7 � 106 6 4.4 �

Fig. 1. Structurally unrelated amino
alcohol (NPSP-795, Ronacaleret, JTT-
305, and NPS2143) and quinazolin-2-one
(AXT-914) CaSR NAMs inhibit the hu-
man CaSR in vitro. (A) Activation of the
CaSR in response to increasing Ca2+o con-
centrations (0.5–10 mM) in HEK293 cells
stably transfected with the human CaSR.
The estimated EC50 value is 5 mM. (B)
Inhibitory effects of cumulative additions
of CaSR NAMs previously tested in the
clinic (NPSP-795, Ronacaleret, JTT-305,
and AXT-914) and of the positive control,
NPS2143, on CaSR activation evoked by
5 mM Ca2+o . All CaSR NAMs previously
tested in the clinic appear to be more
potent than the positive control, with
estimated IC80 values for NPSP-795,
Ronacaleret, JTT-305, and AXT-914 of 20
nM, whereas for NPS2143 IC80 the value is
202 nM. Data are presented asmean6S.D.;
N = 3–9, n = 125–520, wherein N is the
number of independent experiments, and
n is the number of individual cells.
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106 to 33� 1066 11.3� 106 cells for AXT-914 and from 29.3�
106 6 8.8 � 106 to 47.15 � 106 6 8.1 � 106 cells for JTT-305;
N = 6; Fig. 4A). No compound caused changes in mean arterial
blood pressure, heart rate, or serum Ca2+ concentration
(Fig. 4, B–D), which is suggestive of minimal systemic drug
overspill into the systemic circulation.
In Vivo PK of CaSR NAMs. Direct intratracheal in-

stillation of the four clinically tested CaSR NAMs resulted in
an early peak in lung concentrations followed by an exponen-
tial decay and clearance from the lung tissue and circulation
within 8 hours (Fig. 5). NPSP-795, Ronacaleret, and AXT-914
exhibited very similar PK profiles, although AXT-914 was
retained in the trachea for up to 8 hours. JTT-305 showed
considerably prolonged retention in the circulation, resulting in
a low lung/plasma ratio (Tables 1 and 2). These observations

detract from the potential suitability of JTT-305 for topical
therapy, and this compound was therefore excluded from
further studies.
PD of Inhaled NPSP-795 and AXT-914. Current in-

haled treatment regimens for asthma are usually based on
twice-daily dosing, and it would be beneficial if those for
inhaled CaSR NAMs were equivalent or better. We investi-
gated the PD of inhaled CaSR NAMs in vivo using the acute
PLA model described above. Because JTT-305 had low lung/
plasma ratio, it is unlikely to be suitable for asthma treat-
ment, and the amino alcohols NPSP-795 and Ronacaleret had
very similar chemical structure, PK, potency, and efficacy
profiles, this studywas restricted to the structurally unrelated
NPSP-795 and AXT-914. Nebulized CaSR NAM (3 mM) or
vehicle was delivered at times 0, 1, 2, 4, and 24 hours prior to

Fig. 2. Effects of amino alcohol and
quinazolin-2-one CaSR NAMs on tracheal
tone. (A) Exemplar trace representing
effects of cumulative application of rising
concentrations of Ronacaleret on ACh-
induced tone in tracheal rings from naïve
BALB/c mice. (B) Summary data showing
effects of DMSO vehicle or CaSR NAMs
on the ACh-induced tone in medium
containing proinflammatory free ionized
concentrations (2 mM Ca2+). Data are
shown as mean 6 S.D.; ANOVA with
Dunnett’s post hoc test. *P, 0.05; ***P,
0.001; ****P , 0.0001. N = 3–6 trachea
rings from individual animals per each
experimental group.

Fig. 3. All CaSR NAMs previously tested
in the clinic delivered topically suppress
AHR and inflammation to a comparable
extent as the positive control, NPS2143,
in vivo. (A) The nebulized CaSR agonist,
PLA, evokes a significant increase in
airway obstruction (measured as Penh)
in MCh-challenged mice. (B) Nebulized
Imax doses of CaSR NAMs previously
tested in the clinic (NPSP-795, Ronaca-
leret, JTT-305, and AXT-914) and of the
positive control (NPS2143) estimated
from in vitro experiments prevent PLA-
induced AHR to 100 mg/ml MCh. (C)
Changes in airway obstruction before and
after CaSR NAM treatment (DPenh) in
a murine surrogate of allergic asthma.
(D) Effect of CaSR NAM inhalation on
inflammatory cell infiltration into the
BALF of mice [same animals as in (C)].
Vehicle control: 0.1% DMSO in PBS. Data
are presented as mean 6 S.D. (A and C)
or as scatter dot plot 6S.D. (B and D);
N = 6 animals per experimental group.
Statistical comparisons: ANOVA with
Dunnett’s (A and C) or Holm-Sidak’s (B
andD) post hoc tests. *P, 0.05; **P, 0.01;
***P , 0.001; ****P , 0.0001 vs. vehicle.
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PLA inhalation (6mM for 30minutes), which was immediately
followed by MCh challenge. NPSP-795 abrogated diminished
PLA-induced AHR for up to 8 hours after treatment (Fig. 6A)
but was ineffective by 24 hours. AXT-914 abrogated PLA-
induced AHR 2 hours but not 8 hours or more after nebulized
delivery (Fig. 6B).
Crystallography of CaSR NAMs. The amino alcohol

NPSP-795 crystallized from acetone as the hydrochloride
(Supplemental Fig. 4; Supplemental Table 1). Powder diffrac-
tion showed that the crystal structure was consistent with the
bulk of the recrystallized sample. A later crop of crystalliza-
tion material revealed the presence of an additional but
unidentified phase, which could be a new polymorph or
a solvate. Grinding a sample of the pure material resulted
in some loss in crystallinity but no phase transformation
(Supplemental Fig. 4).
The amino alcohol Ronacaleret crystallized from acetone

because the hydrochloride and the crystal structure obtained
was the same as that previously reported (Supplemental
Table 1) (Vogt et al., 2014).
The crystals of AXT-914 obtained from acetone revealed the

existence of a new single phase before and after grinding
(Supplemental Fig. 5, A and B; Supplemental Table 1) con-
sisting of four independent molecules with a range of con-
formations. Comparison of the powder X-ray diffraction data
recorded for the sample with the pattern simulated from the
single crystal data showed that the sample was a single phase.
The powder pattern recorded for the sample before recrystal-
lization indicated the existence of a different but yet to be
identified phase, possibly a polymorph or solvate. Grinding

the recrystallized sample did not reveal a change in phase
(Supplemental Fig. 5B). Crystals of AXT-914 existed in two
distinct phases according to whether they had been crystal-
lized from ethanol or acetone. Both were resistant to grinding
(Supplemental Fig. 5C).
Formulation Studies for the Amino Alcohol NPSP-795

and the Quinazolin-2-one AXT-914 CaSR NAMs. For
NPSP-795, the data provide confidence that a simple nebulizer
solution can be prepared for use by a clinical research organiza-
tion, and the stability of such solutionswill permit daily dosing in
a standard schedule. Follow-up studies have shown physical
stability in 5% solutions of either EtOH or PG with chemical
stability for at least 6 hours when refrigerated, which is
compatible with human use.
In contrast, AXT-914 demonstrates poor solubility in both

aqueous EtOH or PG solutions and for routine use in humans
would likely require formulation either as a nebulizer sus-
pension or as a dry power inhaler formulation. In both
circumstances, the AXT-914 powder would need to be micron-
ized to around 2 to 3 mm before formulation studies could
proceed. Therefore, the next steps were to investigate the
possibility that AXT-914 could be micronized into particles of
respirable size.
AXT914 Micronization, Particle Size Determination,

and Stability. The particle size was assessed to ensure
adequate size for lung deposition, with an average particle
size of 1 to 6 mm. After jet milling AXT-914 and using laser
diffraction, a monodispersed distribution could be observed
(Supplemental Fig. 6A, left), with half maximum distribution
D(50) of 3.59 mm (Supplemental Fig. 6A, right). The size of

Fig. 4. Systemic effects of repeated ex-
posure to CaSRNAM inhalations in naïve
mice in vivo. Effects of repeated (5 days)
exposure to inhaled CaSR NAMs pre-
viously tested in the clinic as oral drugs
on (A) BALF cellular infiltration; (B) serum
Ca2+ concentration; (C) mean arterial blood
pressure (MAP); (D) heart rate [beats per
minute (BPM)]. Vehicle 1: 0.3% propylene
glycol in PBS. Vehicle 2: 0.27% propylene
glycol + 0.03% ethanol in PBS. Data are
shown as scatter dot plot6S.D.;N = 5 to 6
animals per experimental group. Statis-
tical comparisons: ANOVA with Holm-
Sidak’s post hoc test (amino alcohol CaSR
NAMs, NPSP-795, Ronacaleret, and
JTT-305) or two-tailed unpaired T-test
(quinazolin-2-one CaSR NAM, AXT-914).
*P , 0.05; **P , 0.01.
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Fig. 5. Pharmacokinetics of CaSR NAMs
in naïve mice in vivo. Retention times in
murine blood plasma (blue), lung (orange),
and trachea (black) after intratracheal
instillations of CaSR NAMs previously
tested in the clinic. Compounds were resus-
pended in 3%DMSO, 97% (5%EtOH/5%glu-
cose in water) at a concentration of 17.5
mg/kg and then filtered through a 0.45-mm
pore filter, and the filtered solution was
administered to themice. Data are shown as
the mean 6 S.D.; N = 1–3 animals per each
time point.
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both raw and micronized particles was confirmed using
scanning electron microscopy, as shown in Supplemental
Fig. 6B. Using the scanning electron microscopy scale tool,
27 random particles were measured and ranged from 1.04 to
4.38 mm, with average size of 2.22 6 0.75 mm. The thermal
response of the milled material showed an endothermic peak
at 125°C indicative of the melting temperature of AXT-914,
whereas the exothermic peak at 270°C may be related to the
thermal degradation of the substance (Supplemental Fig. 6C).
Representative moisture sorption isotherms as a function of
relative humidity (%) are shown in Supplemental Fig. 6D. A
minimal weight gain of 0.2% was observed between 0% and
90% relative humidity, indicating that milled AXT-914 is
crystalline.
Head-to-Head Comparison of the Anti-Inflammatory

Activities of Inhaled CaSR NAM and Inhaled Cortico-
steroid in a Chronic Murine Asthma Surrogate. Be-
cause the CaSR NAM NPSP-795 is suitable for nebulization,
whereas AXT-914 requires the development of a dry powder
inhaler before further testing in rodent models and in humans
can be undertaken, NPSP-795 alone was used in the head-to-
head comparison against the current standard-of-care experi-
ments. We developed a murine asthma surrogate based on
OVA sensitization and challenge (Fig. 7A) in which we tested
the effects of repeated exposure to inhaled NPSP-795 against
those of the standard of care, FP. Concomitant, repeated
exposure to nebulizedNPSP-795 or FP during the later phases
of serial OVA inhalation challenge in the OVA-sensitized
mice, which was associated with a significant elevation of the
mean numbers of total cells and eosinophils in the BALF,

significantly reduced themean total cell and eosinophil counts
to a comparable degree (Fig. 7B). Quantitative image analysis
revealed that NPSP-795 inhalation reduced the mean goblet
cell number in the airways, whereas FP did not (Fig. 7C).
Other remodeling parameters, such as total tissue, epithelial
tissue, and airway size, were all unaffected (Supplemental
Fig. 7, C and D).

Discussion
In our previous study (Yarova et al., 2015), we presented

data compatible with the hypothesis that bronchial smooth
muscle hyperresponsiveness, which is the quintessential
feature of human asthma, is caused at least in part by elevated
expression and/or activation of the CaSR on airway smooth
muscle cells, resulting in aheightened response to a contractile
stimulus, and that blockade of the CaSR with CaSR NAMs,
also known as calcilytics, abolishes it. Here we address the
practicability of repurposing a range of NAMs previously
tested in clinical trials of osteoporosis therapy and adminis-
tered systemically for their suitability for topical application
for asthma therapy using dosing regimens and inhaler-
delivered, topical formulations resembling those in current
clinical use. To this end, we employed animal surrogates in
which the CaSR on airway smooth muscle cells was stimu-
lated artificially with nebulized PLA, a CaSR activator, or in
which animals were sensitized and challenged with OVA to
create asthma-like airway inflammation.
In many asthmatics, bronchial smooth muscle hyperres-

ponsiveness is further complicated by the coexistence of
airway inflammation. Our earlier studies also revealed that
products of inflammatory cells typically involved in airway
inflammation in asthma, such as eosinophils and neutrophils,
may directly exacerbate bronchospasm in patients with
bronchial smooth muscle hyperresponsiveness by releasing
polycations (e.g., eosinophil cationic proteins, major basic
proteins, or polyamines), which are direct agonists at the
CaSR (Yarova et al., 2015). This is a previously known but
mechanistically unexplained positive feedbackmechanism for
asthma exacerbation by the products of inflammatory cells,
which we have shown is abolished by topical CaSR NAM
therapy (Yarova et al., 2015; Corrigan, 2020). In addition,
inflammation, by causing swelling of the airway lining with
edema, greatly amplifies the obstruction caused by a given
degree of smooth muscle contraction. Topical and systemic
corticosteroids ameliorate asthma not by targeting bronchial
smooth muscle hyperresponsiveness but by reducing infiltra-
tion of the airway with inflammatory cells that produce CaSR
agonists and by reducing edema and swelling of the airway
mucosa, thus increasing their internal diameter (Chan and
Silverman, 1993; Baraldi et al., 2005; Carraro et al., 2010).
Corticosteroids may also enhance the effects of bronchodila-
tors (Koziol-White et al., 2020). Studies suggesting that
corticosteroids reduce hyperresponsiveness of the asthmatic
airway over time (Lundgren et al., 1988; Jeffery et al., 1992;
Laitinen and Laitinen, 1995) most likely reflect the fact that
they reduce airway mucosal inflammation and edema pro-
gressively and prophylactically in those asthmatics who evince
a significant amount of this inflammation, although they are
ineffective against the underlying phenomenon of bronchial
smooth muscle hyperresponsiveness. These data suggest that
inhaled CaSR NAMs represent the first antiasthma therapy

Fig. 6. Pharmacodynamics of amino alcohol (NPSP-795) and quinazolin-
2-one (AXT-914) CaSR NAMs in naïve mice in vivo. Effects of NPSP-795
(A) or AXT-914 (B) pretreatment (0, 2, 8, or 24 hours) on PLA-induced
increase in DPenh. Vehicle: 0.1% DMSO in PBS. Data are shown as mean
6 S.D.; N = 5–9 animals per experimental group. Statistical comparisons:
ANOVA with Dunnett’s post hoc test. *P, 0.05; **P, 0.01; ***P, 0.001;
****P , 0.0001.
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with the potential not only to abolish bronchial smoothmuscle
hyperresponsiveness [and not simply temporarily antagonize
its effects, as seen with bronchodilators (Bourke et al., 2019)]
but also to reverse bronchial mucosal inflammation and
edema and the local overproduction of CaSR agonists by
inflammatory cells. Thus, they offer the possibility of much
more comprehensive asthma control with a single, nontoxic,
nonsteroidal topical drug.
The CaSR is widely expressed on structural and inflamma-

tory cells of the airway. CaSR NAMs function as upstream
inhibitors of many signaling processes, including those that
result in the release of inflammatory mediators (Lee et al.,
2012, 2017a,b; Yarova et al., 2015). In the present study, we
show that a range of CaSR NAMs previously tested in clinical
settings administered directly to the airway abolish PLA-
induced AHR, inhibit the airway inflammatory response
associated with OVA sensitization, and challenge at least as
well as topical corticosteroids. This highlights a class-specific
effect of these drugs and firmly supports the hypothesis that
the observed anti-inflammatory properties reflect blockade of
the CaSR. In addition, NPSP-795 reduces goblet cell hyperpla-
sia in a chronic asthma model. These results concur with
previously published observations that CaSR NAMs suppress
mucus secretion in tobacco smoke–stimulated humanepithelial
cells (Lee et al., 2017b), suggesting that chronic use of inhaled
CaSR NAMs might preserve airway structure over time and
prevent irreversible airway blockage through remodeling.
Notably, CaSRNAMs evoke small relaxation of isolatedmurine
airways independently of their class, and this relaxation is not
due to the off-target inhibition of L-type Ca2+ channels.
Systemic CaSR NAMs were developed to evoke pulsatile

changes in plasma parathyroid hormone, an established bone

anabolic stimulus. Despite good safety and tolerability profiles
in osteoporosis clinical trials (Widler, 2011; Halse et al., 2014),
some patients developed hypercalcemia. To obviate this issue,
topical, inhaled CaSRNAM therapy for asthma should ideally
result in topically effective airway concentrations with mini-
mal systemic absorption (Lötvall, 1997). Our data, albeit in
laboratory animals, suggest that topical application of the
clinical-grade CaSR NAMs in concentrations likely to be
therapeutically relevant for asthma therapy does not derange
calcium metabolism or exert any detectable cardiorespiratory
unwanted effects. Repeat exposure of naïve mice to either
NPSP-795 or Ronacaleret did not cause airway irritancy,
whereas JTT-305 and AXT-914 slightly increased the mean
number of cells in the BALF of naïve animals, suggesting
a possible effect on cellular migration or capillary permeabil-
ity after drug nebulization of these two compounds when
applied topically to the airway. However, this potential issue
might putatively be overcome by delivery using conventional,
antiasthma metered-dose inhalers or dry powder, microparti-
cle suspensions as distinct from nebulized solutions.
In PK studies in mice, NPSP-795, Ronacaleret, and AXT-

914 were cleared from the lungs within 8 hours with minimal
systemic exposure after intratracheal dosing, indicating that
in humans these molecules might be suitable for twice-daily,
topical application. In contrast, JTT-305 showed substantial
retention in the circulation, detracting from its suitability for
topical repurposing. In addition, our data confirm lack of off-
target effects of NPSP-795, Ronacaleret, and AXT-914 at the
dihydropyridine-sensitive L-type Ca2+ channels expressed in
the cardiovascular system (Bodi et al., 2005).
Since NPSP-795 and Ronacaleret are structurally very

similar, further studies were carried out using the amino

Fig. 7. Head-to-head comparison of in-
haled CaSR NAMs or FP treatment on
BALF inflammation and remodeling in
a therapeutic asthma model. (A) Sche-
matic exposure protocol. (B) Balb/c mice
were sensitized and challenged with
OVA, and the effects of inhaled NPSP-
795 or inhaled FP were determined on
BALF total leukocyte (left panel) and
eosinophil cell count (right panel) at the
end of the experiment. N = 4–6 animals
per experimental group. (C) Representa-
tive images of Masson’s trichrome–stained
lung sections. (D) The effects of inhaled
NPSP-795 or FP on goblet cells were
quantified using StrataQuest image anal-
ysis software as described in Supplemental
Fig. 7. Data are shown as scatter dot plot
6S.D., with N = 6 animals per experimen-
tal group, and n = 3–21 airways from three
to four Masson’s trichrome–stained lung
sections per animal. Statistical compari-
sons: one-way ANOVA with Holm-Sidak’s
post hoc test. *P, 0.05; **P, 0.01; ***P,
0.001; ****P , 0.0001. ns, not significant.
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alcohol NPSP-795 and the quinazolin-2-one AXT-914. Phar-
macodynamically, NPSP-795 abrogated PLA-induced bron-
chial smooth muscle hyperresponsiveness for at least 8 hours
after topical application but was ineffective (presumably
reflecting elimination) within 24 hours. AXT-914, in contrast,
exhibited a shorter duration of action, although PK studies
demonstrated that it was retained longer in the trachea.
Formulation studies provide confidence that for NPSP-795,
a simple nebulizer solution can be prepared for first-in-human
studies in conditions typically found in a clinical research
organization, and the stability of such solutions will permit
daily dosing in a standard schedule. The estimated human
dosage for NPSP-795 is 30 mg, which is comparable to many
other inhaled asthma drugs.
In contrast, AXT-914 is insoluble in solvents commonly used

in clinical settings, requiring further formulation develop-
ment. Crystallization and micronization studies show that
AXT-914 retains a single phase in different crystallization
solvents, and it can be milled into particles of respirable size
ranging between 2 and 3 mm; thus it is potentially suitable for
inhaled delivery. The structure of the jet-milled AXT-914 is
crystalline and chemically stable, indicating suitability of the
micronized material as a nebulized suspension or a dry
powder formulation.
In summary, these preclinical data support the hypothesis

that NPSP-795, and AXT-914, after formulation refine-
ment, have suitable pharmacological, PK/PD, and safety
profiles appropriate for topical administration to human
patients with asthma. Current management of refractory
asthma requires therapy with bronchodilators and topical
and systemic anti-inflammatory corticosteroids and, re-
cently, “biological” therapies, all of which raise concerns
or questions of safety, efficacy, unwanted effects, compli-
ance, logistics, and cost. Successful delivery of CaSR NAMs
to the airway promises to eliminate bronchial smooth
muscle hyperresponsiveness and thus spontaneous con-
striction of the asthmatic airway, rendering routine use of
bronchodilators redundant and inhibiting airway inflam-
mation in a corticosteroid-independent fashion. In addition,
long-term use of topical CaSR NAM therapy may prove to
alter the natural history of irreversible airway obstruction.
In conclusion, inhaled CaSR NAMs could provide a first-in-

class, single topical therapy for asthma in children and adults,
simultaneously eliminating airway smooth muscle hyperres-
ponsiveness and reducing airway inflammation and remodel-
ing safely, efficiently, and in a cost-effective manner.
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Supplementary Methods 

Estimation of lung deposited dose, allometric scaling in humans, formulation and drug stability 

studies  

These studies were performed by Cardiff Scintigraphics (Cardiff, United Kingdom). 1 mM 

aqueous alcoholic solutions of CaSR NAMs were established in propylene glycol followed by 

a 300-fold dilution into PBS for NPSP-795, Ronacaleret and JTT-305 (final drug 

concentrations 3 µM; final propylene glycol content 0.3%); AXT-914 was insoluble in 

propylene glycol, so it was dissolved in propylene glycol 0.27% + ethanol 0.03%. Because of 

the structural similarities between NPSP-795 and Ronacaleret, further analysis was carried 

out on only the amino alcohol NPSP-795 and the structurally unrelated quinazolin-2-one AXT-

914.  

The aerosol delivery measurements of NPSP-795 were carried out from a nebuliser 

formulation which was 100-fold higher in concentration than in the previous in vivo 

pharmacology studies (i.e., 300 M). Approximately 2840 µg of NPSP-795 in 600 µl of DMSO 

were diluted to 20 ml of PBS (equivalent to approximately 142 µg/ml) and aerosol particles 

generated using a Philips Respironics Sidestream reusable nebuliser connected to a Philips 

Respironics Innospire Deluxe Compressor and to an exposure chamber (Philips Hospital & 

Health Care Amsterdam, Noord-Holland, NL). The Sidestream nebuliser was operated for 10 

min, forming a steady-state aerosol cloud in the box. To determine the amounts delivered to 

the chamber and particle size distribution, after disconnecting and weighing the nebuliser a 



2 

 

Dosage Unit Sampling Apparatus (DUSA, Copley Scientific, Colwick, UK) tube was connected 

to a Next Generation ImpactorTM (NGI, MSP Corporation, USA) and operated with a negative 

flow rate of 28.3 L/min for 2 min to empty the exposure chamber. The process was repeated 

8 times. The DUSA tube, filter and external filter were washed to recover the NPSP-795 for 

HPLC analysis (Agilent Technologies, Santa Clara, CA, USA). The average mass of solution 

aerosolized over the 10 min periods to generate data for NGI analysis was 1.12 g and the 

characteristics of the NPSP-795 aerosol are reported in Supplementary Table 2. To estimate 

the lung deposited dosages in the pharmacology studies from in vitro aerosol measurements 

using the Sidestream nebuliser and to provide an indication of the likely target lung dose in 

human studies we used the following equation: 

LDD = C x IF x RMV x T  

Where: 

LDD = lung deposited dose of NPSP-795 (µg) 

C = atmospheric concentration of NPSP-795 (µg/l)  

IF = Inhaled fraction 

RMV = respiratory minute volume (l/min) 

T = time, i.e. the duration of exposure (min) 

84.05 µg of NPSP-795 was collected from 8 evacuations of the exposure chamber following 

nebulisation of a 300 µM solution. Given the volume of the exposure chamber (15.2 l), the 

inhaled fraction (estimated from the fine particle fraction of which 86.59% of particles were 

<3μm in diameter), the respiratory minute volume of BALB/c mice (0.024 l/min, determined 

from a tidal volume of 0.15 ml and a respiratory rate of 160 breaths/min) and the duration of 

exposure used in the pharmacology studies (60 minutes), this equates to an atmospheric 

concentration of NPSP-795 of 0.69 µg/l. To correct for the 3 µM concentration used in the 

pharmacology studies, a value of 0.0069 µg/l is used in the equation. Using these values gives 

an estimated lung dosage of ~9 ng of NPSP-795 in a BALB/c mouse from nebulisation of a 

3 µM solution over 60 min.  
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The estimated human dosage of NPSP-795 varies from 2 µg using allometric (body surface 

area) scaling, to 28 µg using theoretical scaled lung weight, 30 µg using scaled body weight 

and 58 µg using reported lung weights.  From these estimates a value of ~30 µg was selected 

as a basis for the formulation stability studies.   

 

Nebulizer solutions with a concentration of 0.4 mg/ml were prepared since only approximately 

10% of the amount of drug in the nebuliser (i.e. 100 µg) is likely to be deposited in the lung in 

human studies. For solubility and stability testing, 2 mg of NPSP-795 were dissolved in either 

100 µl of absolute ethanol (EtOH) or 150 µl of propylene glycol (PG) and aliquots kept in 

different storage conditions. Subsequently, one mL of 0.9 % w/v NaCl was added to the NPSP-

795 in EtOH or PG and both formulations were subjected to 20 min centrifugation (SciQuip 

Ltd, SciSpin One Compact Centrifuge) at 2000 rpm before sampling the clear solutions. 

Approximately 1.5 ml of the EtOH and PG NPSP-795 in NaCl solutions were transferred into 

3 separate Eppendorf tubes before storing at ambient room temperature, 5°C and at 40°C / 

75 % relative humidity (RH). At each time point 25 µl of this sample were transferred to a 10 

ml volumetric flask and diluted to volume with HPLC Recovery Solution (30% acetonitrile). 2 

ml samples were transferred to HPLC vials for analysis. 

 

The solubility of 400 µg/ml AXT9-14 in EtOH and PG were comparable and required high 

concentrations of co-solvent to ensure complete solubility, illustrating the poor solubility of 

AXT-914 in both aqueous EtOH and PG solutions. To ensure complete solubility of AXT-914 

in aqueous EtOH solutions requires EtOH to be at an approximate minimum concentration of 

53% v/v.  For toxicology studies, this value would need to be increased to at least 60% v/v to 

reduce the potential for precipitation during nebulisation.  However, as a nebuliser formulation 

this currently exceeds approved levels for human use. In aqueous PG solutions an 

approximate minimum concentration of 71% w/w was estimated to ensure complete solubility 

of AXT-914.  For toxicology studies, the use of a 100% PG nebuliser formulation is likely to be 

needed, indicating that neither EtOH, nor PG solutions can be generated for human studies 
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with AXT-914. Therefore, it may be preferred to formulate AXT-914 as a dry power inhaler 

formulation.   

 

AXT-914 micronization and characterization of the milled material  

To test the hypothesis that AXT-914 can be micronized to particles of respirable size (around 

3 µm), samples of AXT-914 (~1g) were milled by one pass through a jet-mill (Labo Mill 

Micronization Equipment FPS 0447, Italy) at 6 Bar injection pressure, and 7 Bar grinding 

pressure at controlled room humidity and temperature (50% RH, 20C). After milling, samples 

were stored in desiccator for a minimum of 24 hours prior to analysis. Particle size distribution 

was assessed via dynamic laser diffraction (Malvern Mastersizer 3000, Malvern Instruments, 

Malvern, UK). The samples were dispersed in cyclohexane at 3500 rpm to reach obscuration 

between 0.1 and 20% (Hydro MV, Malvern Instruments, Malvern, UK). Particle size was 

recorded in a cycle of 5 measurements of 10 s.  Briefly, samples were dispersed on a metal 

stub covered with adhesive carbon tape and sputter-coated with 15 nm gold (Sputter coater 

S150B, Edwards High Vacuum, Sussex, UK). A field-emission scanning electron microscope 

(SEM, Zeiss Ultra Plus, Carl Zeiss NTS GmbH, Germany) was used to assess particle size 

morphology at 500x magnification. Thermal responses of AXT-914 before and after the jet-

milling process were measured using differential scanning calorimetry (DSC model 823e, 

Mettler Toledo International Inc., Schwerzenbach, Switzerland) at a heating rate of 10 C/min 

between 25 and 400C, under an inert gas stream (N2, 25 cm3/min). Samples (ca. 4-6 mg) 

were loaded and crimp-sealed in 40μl aluminium crucibles with pierced lids to ensure constant 

pressure. Melting temperature was determined from the maximum of the melting endotherm 

observed during the heating scan.  

The response of milled AXT-914 to relative humidity was assessed using dynamic vapour 

sorption (DVS Intrinsic, Surface Measurement Systems Limited, London, UK). Approximately 

7.5 mg of milled sample was loaded into the stainless-steel pan and dried at 0% RH prior to 

analysis. The samples were exposed to two 0-90% RH cycles at 25C with 10% RH increment. 
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Equilibrium of moisture was determined by a change in mass-to-time ratio (dm/dt) of 0.0005% 

min-1. The data are presented as the sample mass change (%) over the investigated RH range. 
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Supplementary Figures 
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Supplementary Figure 1. Effects of amino alcohol and quinazolin-2-one CaSR NAMs on 

tracheal tone at physiological calcium concentrations.  

Summary data showing effects of DMSO vehicle or CaSR NAMs on the ACh-induced tone in 

medium containing physiological free ionised calcium concentrations (1 mM Ca2+). Data are 

shown as mean ± SD; ANOVA with Dunnett's post hoc test, **** p<0.0001; N = 4-6 trachea rings 

from individual animals per each experimental group.  
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Supplementary Figure 2. Effects of increasing doses of inhaled CaSR NAMs on PLA-
induced AHR in vivo.  

A-E. PLA-induced airway obstruction (measured as PenH) in mice challenged with 
methacholine (MCh, 0.1-100 mg/ml) after pre-treatment with different doses of CaSR NAMs 
previously tested in the clinic [NPSP-795 (A), Ronacaleret (B), JTT-305 (C), AXT-914 (D)] and 
of NPS2143 (E, positive control). F. Summary graph showing the effects of different doses of 
CaSR NAMs on PLA-induced airway obstruction in mice challenged with 100 mg/ml inhaled 
MCh. Data are shown as mean ± SEM, N = 6 animals per experimental group. Statistical 
comparisons: ANOVA with Dunnett’s post hoc test, * p<0.05; ** p<0.01; *** p<0.001, **** 
p<0.0001.  
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Supplementary Figure 3. Effect of CaSR NAMs on cardiac L
Ca

 channel currents. 

A. Exemplar traces of Ba
2+ 

current recorded in HEK293 cells expressing cardiac L
Ca

 channel 

α1c subunit (upper panel) using the voltage step protocol (bottom panel). 
B. Effects of CaSR NAMs on normalized currents through L

Ca
. Data are shown as scatter 

dot plot ± SD; ANOVA with Holm-Sidak’s post hoc test, **** p<0.0001; N = 3-17.  
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Supplementary Figure 4. Crystallography of NPS-P795 

A. A segment of the structure of NPSP-795 that was crystallised by slow evaporation of acetone 
solvent and the crystal structure was determined by single crystal diffraction.  
B. Powder diffraction shows the crystal structure of NPSP-795. The purple plot shows a powder 
pattern simulated from the single crystal data and is identical to the data for the original sample 
(red). The powder diffraction plot for the first crop on crystallisation from acetone (green). The 
final crop (obtained after further crystallisation of the material from acetone is shown in black. A 
sample of the original material ground in a mortar and pestle (blue).  
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Supplementary Figure 5. Crystallography of AXT-914 

A. A segment of the structure of AXT-914 that was crystallised by slow evaporation of acetone 
solvent and the crystal structure was determined by single crystal diffraction. B. Comparison 
of the powder x-ray diffraction pattern recorded before recrystallisation (orange), after 
recrystallization from acetone (green), after grinding with mortar and pestle to a fine powder 
(black), and the pattern simulated from the single crystal data (blue). C. Comparison of the 
powder x-ray diffraction pattern recorded after recrystallization from acetone (dark blue), 
ethanol (dark green), and the pattern simulated from the single crystal data for the acetone 
(light blue) and ethanol (light green) phases. 
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Supplementary Figure 6. AXT-914 can be micronized into particles of a respirable size 
range.  
A. particle size distribution and size parameters of the raw and micronized AXT-914. B: SEM 
images of the raw and micronized AXT-914 (2000x). C. Thermogram of the milled AXT-914 
showing an endothermic peak at 125ºC and an exothermic peak at 270ºC which may be related 
to the degradation of the substance. D. Vapor sorption shows minimal weight gain and 
hysteresis when the material is exposed to two cycles of 0-90% RH. 
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Supplementary Figure 7. Quantification of airway remodelling using StrataQuest image 

analysis software.  

Manually identified regions of interest (A) were used to determine remodelling. Exclusion zones 

were set to eliminate interfering or unidentifiable objects such as cross section error. Red 

(cytoplasm), nuclei (brown), collagen (dark blue) and mucous (light blue) tissues were 

separated into grey layers based on colour using multiple reference shades for each colour. 

Positive signal was then “thresholded” to exclude weak positive staining and produce a mask 

image (B-D) that was used for subsequent area measurements. B: “Total tissue” was calculated 

as a % of the total region area (% of positive pixels). C: “Epithelial tissue” was calculated as a 

% of the epithelial region surface area. D: “Goblet cells” was calculated as a % of the goblet cell 

region. Balbc mice were sensitised and challenged with OVA as described in Figure 5 and the 

effects of inhaled NPSP-795 or inhaled FP on total tissue and epithelial remodelling (C) were 

quantified using StrataQuest image analysis software (TissueGnostics, AT). An average of 16 

smaller airways of comparable size (D; <40,000 µm
2
; n = 3-21) were taken from 3-4 Masson’s 

trichrome stained lung sections from each animal (N = 6 per condition) with the experimenter 

blinded to the condition using the opensource blindrename.pl script (Salter, 2016). Data are 

shown as scatter dot plot ± SD; ANOVA with Holm-Sidak’s multiple comparisons post hoc test; 

**** p < 0.0001.  
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Supplementary table 1. Crystal structure refinement data. 
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Supplementary table 2. Characteristics of NPSP-795 aerosol.  
Abbreviations: FPF: fine particle fraction; MMAD: Mass median aerodynamic diameter; 
GSD: Geometric standard deviation; FPD: Fine particle fraction.  


