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Summary
Proof-of-concept studies in vitro and in vivo have shown the therapeutic potential of KIT2014, a phosphoinositide 3-kinase gamma mimetic cell-permeable peptide, in the context of chronic obstructive respiratory diseases. Therefore, in accordance with international guidelines, inhalation studies in relevant species are needed to define the safety profile of KIT2014, to progress towards clinical development. This study enabled set up of the appropriate conditions to generate and characterize for the first time the aerosol features, biodistribution and bioavailability of respirable KIT2014 aerosol, suitable for nonclinical safety studies. The aerosol was generated by vibrating mesh nebulisers and administered to mice by nose-only flow past exposure system. Study results were pivotal to ensure feasibility of in vivo inhalation studies, and paved the way to follow-on GLP repeated dose studies.
Key Message
This study enabled, for the first time, delivery of KIT2014 peptide by nebulised aerosol administered in nose-only inhalation in mice, and to characterize the biodistribution and toxicokinetic profile, ahead of GLP studies required for progression towards clinical development in respiratory disease therapy.
Introduction
Obstructive airway diseases, like asthma, chronic obstructive pulmonary disease, and cystic fibrosis, are a major burden for health worldwide. Despite different aetiologies, these conditions share common features, such as chronic airway inflammation, mucus hypersecretion and airflow obstruction. KIT2014 is a cell-permeable synthetic peptide composed of natural amino acids, which mimics phosphoinositide 3-kinase gamma and ultimately inhibits phosphodiesterase 4-mediated degradation of the second messenger cyclic adenosine monophosphate (cAMP) [1]. As a regulator of cAMP, that is central to smooth muscle contraction, immune cell activation and epithelial fluid secretion in the airways, KIT2014 has shown therapeutic potential for chronic obstructive respiratory diseases [1]. 
Interest in the use of peptides (antimicrobics, protease inhibitors, ion channels modulators) to treat respiratory diseases has recently grown. Peptides display unique advantages compared to small molecules (e.g., high specificity and efficacy) that make them appealing drug candidates. However, their physio-chemical properties and the need of targeted local delivery by inhalation, raise challenges in all the steps of drug development, from manufacturing to preclinical and clinical testing [2]. 
Regulated safety and toxicity studies in two mammalian species are generally needed to ensure adequate safety margins are met by new medicinal products. In turn, these studies require robust preliminary work to develop and optimize the inhalation generation system settings, aerosol characteristics as well as appropriate sampling and analytical methods.
Accordingly, the objectives of this study were to set up a nose-only exposure system suitable for the inhaled delivery of KIT2014 peptide aerosol in mice, and to evaluate the toxicokinetic (TK) and biodistribution of KIT2014 after repeated daily inhalation to ensure appropriate delivery to the airways.  

Materials and Methods
KIT2014 Peptide
Lyophilized KIT2014 peptide (WO2016103176A1) was produced by Polypeptide Laboratories (Strasbourg, France). A correction factor was applied to account for active ingredient content. Formulations were prepared at the Testing Facility (Charles River Laboratories Edinburgh Ltd, Tranent, UK) by dissolving the powder in phosphate buffered saline and analysed to confirm that mean/individual values and homogeneity met acceptance criteria. The analytical method validated at the Testing Facility involved quantification using ultra-performance liquid chromatography (UPLC) with ultraviolet detection.

KIT2014 Inhalation Administration to CD1 mice for 3 days
Animal studies were performed according to PP7137579, Toxicology of Pharmaceuticals, Protocol N. 1, under Animal Scientific Procedures Act (1986). After acclimation, Crl:CD1 (ICR) mice were randomized into 3 groups. Prior to dosing, each nebuliser was primed with formulation. Test aerosols were generated using 3 optimized e-Flow® Technology nebulisers (PARI Pharma GmbH, Germany) and delivered to mice using a modular nose-only stainless-steel flow past inhalation chamber (Figure 1). This exposure technique allowed a continuous supply of aerosol (at 0.273, 0.546 and 0.906 mg/L concentrations of KIT2014) to be delivered to each animal snout, with minimal exposure by the oral and dermal routes; the biased flow ensured that there was no re-breathing. Groups 1, 2 and 3 (target doses of 7, 17 and 21 mg/kg/day, and achieved doses of 8.37, 16.8 and 27.9 mg/kg, respectively) were dosed once daily for 3 days, with an exposure duration of 30 min, and monitored immediately post-dose (IPD) and up to 4 hrs post-dose prior to necropsy on Day 4.
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Figure 1: Exposure System Schematic. 1 Dry Air Input. 2 Pressure Gauge. 3 Flow Meter. 4 eFlow® Technology nebuliser (PARI). 5 Pre-Chamber. 6 3-tier Flow Past Chamber. 7 Temperature and Relative Humidity Probe. 8 Filter Holder/Marple APSD (Aerosol Sampling Device). 9 Dry Gas Meter. 10 Sample Line Extract. 11 Flask Containing Glass Wool. 12 HEPA and Coarse Filter. 13 Chamber Extract.










Atmosphere Analysis and Estimation of Achieved Dose
Test aerosols were sampled using Marple impactor Stage 8 (with stainless-steel substrate plate) and Stage F (with back up filter, cellulose acetate). The impactor stages were placed in-line with a sampling system comprising a vacuum pump, flow meter and gas meter. The filters and impactor collection plates were weighed before and after sampling and the aerosol concentration calculated using the weight of test item collected and the volume of air sampled (calculated based on the calibrated sampling flow rate and sample duration). Samples were taken over 30 seconds from a sampling port representative of animal exposure at a target flow rate of 0.5 L/min. Dose levels were estimated based on analytically determined aerosol concentration, according to [3]. Aerodynamic Particle Size Distribution (APSD) was assessed using a Marple cascade impactor, located and sealed in a reference sampling port representative of animal exposure. Aerosol was sampled at a target flow rate of 2 L/min for an appropriate time period, followed by drying with compressed air. This sampling/drying process was repeated to ensure a suitable amount of peptide was collected. Prior to and after sampling, substrate collection plates and filter were weighed to determine the amount of peptide collected in each particle size range. After sampling, plates and filter were placed in amber jars without or with diluent (10% formic acid, 0.1% Tween 80), respectively. Concentration in the aerosol and PSD were determined by UPLC. The target Mass Median Aerodynamic Diameter (MMAD) range was 1-3 μm. APSD was determined from the plot of the cumulative percentage (by mass) of particles smaller than the cut-point of each impactor stage against the logarithm of each stage cut-point. The MMAD and Geometric Standard Deviation (GSD) of test aerosols were derived by Probit analysis using a linear regression programme.

Bioanalysis, Biodistribution and Toxicokinetics (TK)
[bookmark: _Ref254268731]Venous blood samples were collected (at 15 min, 1hr, 4 hrs, 24 hrs post-dose on Day 1 and 15 min, 1 hr, 4 hrs post-dose on Day 3) in EDTA tubes. Blood was stabilised with complete cocktail (Roche). Plasma was separated, 6 M guanidine HCl added, before being frozen and stored at -80°C. Plasma and tissue samples were analysed by LC-MS/MS using an established analytical procedure. Brain, heart, kidney, liver, lung, lymph node, nasal cavity wash, small intestine, spleen, stomach, and trachea samples were collected on Day 3 at 0.25, 1, 4 and 24 hrs post end of the administration (post-dose), added stabiliser and stored at -80°C. Analyst (Sciex) system was used for data collection. Watson Laboratory Information Management System (Thermo) was used for regression analysis and descriptive statistics. TK parameters were estimated using Phoenix (WinNonlin) software using a non-compartmental approach. For TK, concentrations below the limit of quantification (BLQ) were set to 0. 
Results
Inhalation Technical Data
[bookmark: _Toc291842443]The estimated delivered doses (Table 1) were derived based on analytical aerosol concentrations, calculated respiratory minute volume, exposure duration and group mean animal body weight.

Table 1: Summary of Aerosol Parameters
Target doses were calculated assuming 0.03 kg animal weight, 0.031 L/min respiratory min volume and 30 min dose duration. Delivered doses were estimated based on analytically determined aerosol concentration; to this aim, daily recorded group mean body weight value was used. Achieved delivered dose of main study group are shown. RSD: Relative Standard Deviation. MMAD: Mass Median Aerosol Diameter. GSD: Geometric Standard Deviation.
	Parameter
	Group 1
	Group 2
	Group 3

	Target analytical aerosol concentration (mg/L)
	0.228
	0.456
	0.685

	Target formulation concentration (mg/mL)
	6.30
	12.6
	20.0

	Achieved analytical aerosol concentration (mg/L): mean (% RSD)
	0.273 (51.5)
	0.546 (15.9)
	0.906 (36.2)

	Target delivered dose (mg/kg/day)
	7
	14
	21

	Achieved delivered dose (mg/kg/day): mean (% RSD)
	8.37 (16.5)
	16.8 (10.7)
	27.9 (23.9)

	Analytically derived MMAD (µm) (GSD) 
	2.87 (1.829)
	2.69 (1.672)
	3.13 (1.771)



Good separation of 1.7 and 2-fold between ascending mean aerosol concentrations was achieved, despite variability. Delivered doses reflected aerosol concentrations. MMAD was consistent across groups, accounting for experimental error. The % fine particle fraction (<3 µm) ranged between 49% and 60%, giving confidence that a significant portion of KIT2014 aerosol was respirable to the mouse. 
[bookmark: _Toc291842454]
Bioanalysis, Biodistribution and Toxicokinetic Evaluations
[bookmark: _Toc291842456]Following a 30 min inhalation administration on Day 1, concentrations were quantifiable up to the end of sampling at 24 hrs post-dose (Table 2). 

Table 2: Summary of KIT2014 bioavailability in plasma following a single or 3-day repeated, once daily 30-minute inhalation administration of KIT2014 peptide on Days 1 and 3 in male and female mice. Achieved delivered doses of main study group are shown. aTimes are relative to end of the 30 min inhalation administration. bDose normalised parameters calculated based on the achieved doses across sexes and groups. Tlast: time after dosing at which the last quantifiable concentration was observed. AUCtlast: area under the concentration versus time curve from the start of dosing to the last quantifiable concentration calculated using the linear trapezoidal method. 
	Day
	Group
	Achieved
dose (mg/kg)
	Sex
	tmaxa
(h)
	Cmax
(ng/mL)
	Cmax/Doseb
(ng/mL)/(mg/kg)
	AUCtlast
(ng·h/mL)
	AUCtlast/Doseb
(ng·h/mL)/(mg/kg)

	1
	1
	7.44
	M
	0.25
	168
	22.5
	948
	127

	
	
	7.74
	F
	0.25
	1340
	174
	13400
	1730

	
	2
	14.7
	M
	0.25
	613
	41.7
	6830
	465

	
	
	15.2
	F
	0.25
	6180
	406
	52200
	3440

	
	3
	26.4
	M
	0.25
	18900
	714
	85800
	3250

	
	
	27.4
	F
	0.25
	19300
	706
	65300
	2380

	3
	1
	9.95
	M
	0.25
	750
	75.3
	1480
	148

	
	
	10.3
	F
	0.25
	5650
	549
	7590
	736

	
	2
	18.6
	M
	0.25
	2740
	147
	3260
	175

	
	
	19.2
	F
	0.25
	9720
	506
	20700
	1080

	
	3
	20.7
	M
	0.25
	9280
	448
	14900
	718

	
	
	21.3
	F
	0.25
	42300
	1990
	51600
	2420



In all groups, concentrations increased between IPD and 15 min post-dose (Figure 2).
[image: ]
Figure 2: Semi-log plot of mean concentrations (±SD) of KIT2014 in male (M) and female (F) mouse plasma (ng/mL) following repeat once daily 30 min inhalation administration of KIT2014 peptide at 7, 14 and 21 mg/kg/day target doses, on Day 3.






After peak, concentrations rapidly decreased up to 4 or 1 hrs post-dose, for Days 1 and 3, respectively, followed by a more gradual decrease up to the last quantifiable concentration/end of sampling. Following repeat once daily administration, on Day 3 samples were quantifiable up to the end of sampling at 4 hrs post-dose (Figure 2). Systemic exposure generally increased in a greater than dose-proportional manner (Table 2). Accounting for inter-individual variability, no differences between sexes were significant across doses.
Where quantifiable, KIT2014 tissue levels were maximal at the end of the administration, generally increased with dose and decreased up to 4 and 24 hrs post-dose, across the dose range, after 3-day repeat dosing (Figure 3).
[image: ]Figure 3: Graphical summary of KIT2014 biodistribution after 30 min inhaled administration at an achieved delivered dose of 27.9 mg/kg (Group 3). Nasal cavity wash and trachea concentrations were quantifiable up to 24 hrs. Lung concentrations were quantifiable up to 24 hrs. Lymph node and small intestine samples were quantifiable up 24 hrs. Brain and heart concentrations were generally BLQ, with some samples being quantifiable up to 24 hrs and 4 hrs, respectively. Limited liver samples and spleen concentrations were quantifiable up to 4 hrs. All kidney samples were BLQ.



Discussion

The inhaled route of administration has attracted increasing interest for the delivery of proteins and peptides. Despite the potential benefits, several challenges limit an efficient lung targeting, due to the intrinsically delicate nature of biologics and stress of the nebulisation process. However, extensive aerosol optimization work enabled nebulisation of KIT2014 particles with an aerodynamic diameter of 1-3 μm, and a fine particle fraction up to 60%, ensuring delivery of respirable drug to the lungs, which was supported by lung biodistribution results. These findings highlight the feasibility of an inhalation delivery route for KIT2014 aerosol and demonstrate efficient targeting of the respiratory tract in vivo. 

Conclusion

This study enabled selection of appropriate system settings for nose-only flow past inhalation exposures to ensure a respirable aerosol of KIT2014 peptide could be delivered in a controlled manner to mouse airways, in preparation for follow-on GLP studies and progression towards clinical development.
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