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Summary
Pressurized metered dose inhalers (pMDIs) deliver life-saving medicines with more than 800 million pMDIs produced annually.  1,1-Difluoroethane (HFA-152a) is being developed as a pMDI propellant and as a more environmentally sustainable alternative to current hydrofluoroalkane (HFA) propellants, with an approximate 90% reduction in global warming potential.  HFA-152a is a gas at ambient temperature and pressure, has no intended or expected pharmacologic activity, and has been shown to be well tolerated and without adverse effects in a Phase 1 clinical study of HFA-152a administered via a pMDI.  In this paper, we summarize the results of a comprehensive nonclinical safety program for HFA-152a to support clinical use in pMDIs.  The nonclinical safety program showed that medical-grade HFA-152a caused no toxicity in mice, rats, or dogs, and no carcinogenicity in rats at delivered doses a minimum of 1800 times the anticipated clinical maximum daily exposure (MDE) for adults.  HFA-152a caused no developmental or reproductive toxicity in rats or toxicity in juvenile rats at delivered doses greater than 2400 times the MDE.  Furthermore, the results of specialized safety pharmacology studies showed that clinical use of HFA-152a would not pose a meaningful risk of respiratory sensitization or cardiac sensitization.  Lastly, the results of bacterial mutagenicity, in vitro micronucleus, and in vivo micronucleus assays did not show HFA-152a to be mutagenic or genotoxic.  Overall, the current nonclinical safety program for medical-grade HFA-152a supports the safety of HFA-152a as a pMDI propellant for inhaled drugs intended for all patient populations and chronic daily use.
Key Message
The current nonclinical safety program for medical-grade HFA-152a supports the safety of HFA-152a as a pMDI propellant for inhaled drugs intended for all patient populations and chronic daily use.
Introduction
Inhaled drugs provide treatments for important respiratory conditions such as asthma and chronic obstructive pulmonary disease (COPD).  Delivery of inhaled drugs by pressurized metered dose inhalers (pMDIs) necessitate the use of propellants that are not only safe and well-tolerated by patients, but also stable, compatible with drugs and pMDI components, and efficiently deliver drugs to the respiratory system.  1,1-Difluoroethane (HFA-152a) is being developed as a pMDI propellant and as a more environmentally sustainable alternative to current HFA pMDI propellants with an approximate 90% reduction in global warming potential (GWP). [[endnoteRef:1]] [[endnoteRef:2]]  With increasing regulatory and corporate demands to reduce emissions of potent greenhouse gases, replacing current high GWP propellants with HFA-152a would have a substantial environmental benefit during the production and patient use phases of the product life cycle.  HFA-152a is a gas at ambient temperature and pressure.  As a pMDI propellant, HFA-152a has no intended or expected pharmacologic activity and has been shown to be safe and without adverse organoleptic qualities in a Phase 1 clinical study in healthy male adults.[[endnoteRef:3]] [1: []	Jeswani, HK; Azapagic, A. Life cycle environmental impacts of inhalers. J. Cleaner Prod. 2019; 237: p 117733. doi: 10.1016/j.jclepro.2019.117733. (Addendum: 2023; 389: p 135918.)]  [2: []	Corr, S. Development of HFA-152a as an environmentally sustainable propellant for pressurized metered dose inhalers. Inhalation. October 2020: 6p. Accessed at https://www.inhalationmag.com/article/development-of-hfa-152a-as-an-environmentally-sustainable-propellant-for-pressurized-metered-dose-inhalers/]  [3: []	Kuehl, PJ; Corr, S; Leach, C. Safety, Tolerance and Pharmacokinetics of HFA-152a in Healthy Volunteers. Respir Drug Delivery. 2022: pp 87-96.] 

In order to establish the safety of HFA-152a as a pMDI propellant to deliver inhaled drugs used chronically and in all patient populations, a comprehensive nonclinical safety program has been conducted.  The objective of this paper is to provide an overview of the content and findings of the current nonclinical safety program for medical-grade HFA-152a. 
Experimental Methods
Chemicals
HFA-152a was manufactured by Mexichem UK Ltd (Koura) to ≥ 99.99% purity and medical-grade specification consistent with that for 1,1,1,2-tetrafluoroethane (HFA-134a).[[endnoteRef:4]]  For all studies, HFA-152a was supplied in cylinders as a liquefied compressed gas and verified for stability.  Filtered room air was used as the negative vehicle control. [4: []	US Food and Drug Administration (US FDA), Center for Drug Evaluation and Research (CDER). April 2018. Guidance for Industry: Metered Dose Inhaler (MDI) and Dry Powder Inhaler (DPI) Drug Products - Quality Considerations: Guidance for Industry (Revised Draft). 50p. Accessed at https://www.fda.gov/downloads/drugs/guidances/ucm070573.pdf..] 

Cell Lines
For the in vitro bacterial mutagenicity assay, four Salmonella typhimurium strains (TA1535, TA97a, TA98, and TA100) and Escherichia coli WP2 were used.  For the in vitro micronucleus test, cells from a human alveolar basal epithelial cell line (A549, ACCT# CCL-185) were used.
Animals
All experiments involving animals were conducted with approval by an Institutional Animal Care and Use Committee (IACUC) and complied with all applicable sections of the Final Rules of the Animal Welfare Act regulations.  Commercially available B6C3F1 mice, Sprague Dawley rats, Dunkin-Hartley guinea pigs, and beagle dogs were used for all studies except for the study of respiratory sensitization in dogs.  In the latter study, beagle dogs previously sensitized to ragweed were obtained from Lovelace Biomedical.
Exposure and Dose Estimation
For most studies, HFA-152a concentrations were monitored in real-time using a total hydrocarbon analyser and subsequently verified with a gas-chromatograph coupled to a flame ionization detector (GC-FID).  In vitro exposures were conducted in a custom-built chamber at ambient temperature.  For in vivo studies, HFA-152a was administered nose-only (rodents) or snout-only (dog) with individual animal delivered pulmonary dose estimated from the exposure concentration, average animal body weight, and assumed 100% deposition.[[endnoteRef:5]] [5: []	Alexander, DJ; Collins, CJ; Coombs, DW; Gilkison, IS; Hardy, CJ; Healey, G; Karantabias, G; Johnson, N; Karlsson, A; Kilgour, JD; McDonald, P. Association of Inhalation Toxicologists (AIT) working party recommendation for standard delivered dose calculation and expression in non-clinical aerosol inhalation toxicology studies with pharmaceuticals. Inhal. Toxicol. 2008; 20(13): pp 1179-1189.] 

Toxicological Assessments
For conventional toxicology studies, toxicological evaluations were conducted consistent with the study objectives and with ICH standards for pharmaceutical and novel excipient development. [[endnoteRef:6]] [[endnoteRef:7]]  Respiratory sensitization in dogs and guinea pigs and cardiac sensitization in dogs were evaluated by modified methods of those previously described. [[endnoteRef:8]] [[endnoteRef:9]] [[endnoteRef:10]] [[endnoteRef:11]] [[endnoteRef:12]] [[endnoteRef:13]]  [6: []	International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH). June 11, 2009. Guidance on Nonclinical Safety Studies for the Conduct of Human Clinical Trials and Marketing Authorization for Pharmaceuticals M3(R2). ICH Harmonised Tripartite Guideline M3(R2). 31p.]  [7: []	US Food and Drug Administration (US FDA), Center for Drug Evaluation and Research and Center for Biologics Evaluation and Research. May 2005. "Guidance for Industry: Nonclinical Studies for the Safety Evaluation of Pharmaceutical Excipients." 12p.]  [8: []	Redman TK, Rudolph K, Barr EB, Bowen LE, Muggenburg BA, Bice DE. Pulmonary immunity to ragweed in a Beagle dog model of allergic asthma. Exp Lung Res. 2001;27(5): pp 433-451. doi:10.1080/019021401300317143]  [9: []	Kuehl, PJ; Barrett, EG; McDonald, JD; Rudolph, K; Vodak, D; Dobry, D; Lyon, D. Formulation development and in vivo evaluation of a new dry powder formulation of albuterol sulphate in beagle dogs. Pharm Res. 2010;27(5): pp 894-904. doi:10.1007/s11095-010-0084-z]  [10: []	Karol, MH. 1995. Assays to Evaluate Pulmonary Hypersensitivity. In Methods in Immunotoxicology, Vol. 2 (G.R. Burleson, J.H. Dean, and A.E. Munson, Eds.), pp 401-409, Wiley-Liss, New York.]  [11: []	Reinhardt, CF; Azar, A; Maxfield, ME; Smith, PE; Mullin, LS. Cardiac arrhythmias and aerosol "sniffing." Arch. Environ. Health. 1971; 22(2): pp 265-279. doi: 10.1080/00039896.1971.10665840.]  [12: []	 Brock, WJ; Rusch, GM; Trochimowicz, HJ. Cardiac sensitization: Methodology and interpretation in risk assessment. Regul. Toxicol. Pharmacol. 2003; 38(1): pp 78-90.]  [13: []	 European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC). September 2009. Evaluation of Cardiac Sensitisation Test Methods. ECETOC Technical Report No. 105. 97p. Accessed at http://www.ecetoc.org/wp-content/uploads/2014/08/ECETOC-TR-105.pdf.
[14]	 International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH). April 14, 2020. "Nonclinical Safety Testing in Support of Development of Paediatric Pharmaceuticals." ICH Harmonised Guideline S11. 39p
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Compliance
Where indicated, studies were conducted in accordance with the principles of 21 CFR Part 58 [Good Laboratory Practices (GLP) for Non-Clinical Laboratory Studies].
Results
The results of the nonclinical safety studies conducted on medical-grade HFA-152a are summarized in Table 1.
Table 1  Overview of Nonclinical Toxicology Study Results for Medical-Grade HFA-152a
	Study (species)
	Summary

	Acute

	MTD (mouse) a
	MTD = 250000 ppm (2 h) (~70000 mg/kg-bw)

	MTD (rat) a
	MTD = 250000 ppm (2 h) (~50000 mg/kg-bw)

	MTD (dog) a
	MTD = 150000 ppm (1 h) (~9000 mg/kg-bw)

	Repeat Dose

	14-Day (mouse) (GLP) a
	NOAEC = 50000 ppm (2 h/d), NOAEL = 15000 mg/kg-bw/d. Based on transient hypoxic/anesthetic effects at ≥ 125000 ppm.

	14-Day (rat) (GLP) a
	NOAEC = 125000 ppm (2 h/d), NOAEL = 24639 mg/kg-bw/d. Based on transient hypoxic/anesthetic effects at 250000 ppm.

	6-Month (rat) (GLP) a
	NOAEC = 125000 ppm (2 h/d), NOAEL = 23996 mg/kg-bw/d. Based on transient hypoxic/anesthetic effects at 200000 ppm.

	14-Day (dog) (GLP) a
	NOAEC = 50000 ppm (1 h/d), NOAEL = 3239 mg/kg-bw/d. Based on transient hypoxic/anesthetic effects at ≥ 100000 ppm.

	9-Month (dog) (GLP) a
	NOAEC = 80000 ppm (1 h/d), NOAEL = 4736 mg/kg-bw/d. Based on transient hypoxic/anesthetic effects at 125000 ppm

	Carcinogenicity

	2-Year (rat) (GLP) a
	No evidence of tumorigenic activity in male or female rats up to highest tested dose of 200000 ppm (2 h/d) (36817 mg/kg-bw/d) for 97 weeks.

	Developmental and Reproductive

	DRF EFD (rat) b
	NOAEC ≥ 30000 ppm (2 h/d), NOAEL ≥ 7113 mg/kg-bw/d.

	EFD (rat) (GLP) b
	NOAEC ≥ 30000 ppm (2 h/d), NOAEL ≥ 7456 mg/kg-bw/d. No effects on embryofetal development.

	FEED (rat) (GLP) b
	NOAEC ≥ 30000 ppm (2 h/d), NOAEL (male) ≥ 6760 mg/kg-bw/d, NOAEL (female) ≥ 7195 mg/kg-bw/d. No effects on fertility or early embryonic development.

	Juvenile (rat) (GLP) a
	NOAEC ≥ 30000 ppm (2 h/d), NOAEL ≥ 6263 mg/kg-bw/d. No toxicity or effects on neurodevelopment; exposures initiated in rats at 21 days of age.

	Specialized Safety Pharmacology Studies

	Sensitization, respiratory (dog) a
	NOAEC ≥ 150000 ppm (1 h/d for 10 consecutive days). No respiratory irritation or sensitization in beagle dogs with allergic asthma.

	Sensitization, respiratory (guinea pig) a
	NOAEC ≥ 150000 ppm (2 h/d). No respiratory sensitization.

	Sensitization, cardiac (dog) a
	NOAEC ≥ 150000 ppm (1 h/d). No cardiac sensitization.

	Genotoxicity 

	In vitro bacterial reverse mutagenicity (Ames) (GLP) a
	Negative. S. typhimurium TA 97a, TA98, TA100, TA1535 and E. coli WP2 in the presence and absence of rat S9.  Confirmed by repeat test.

	In vitro micronucleus in A549 Cells (GLP) a
	Negative. A549 human lung cell line in the presence and absence of rat S9.

	In vivo bone narrow micronucleus (rat) (GLP) a
	Negative. Rats exposed to 250000 ppm for 20 minutes.


Abbreviations:  d = day; DRF = Dose Range-Finding; EFD = Embryofetal Development; FEED = Fertility and Early Embryonic Development, GLP = Study was conducted in accordance Good Laboratory Practice guidelines, h = hour; MTD = Maximum Tolerated Dose, NOAEC = No Observed Adverse Effect Concentration, NOAEL = No Observed Adverse Effect Level (calculated as delivered dose as described by Alexander et al. 2008).
HFA-152a was administered to animals via nose-only (rodents) or snout-only (dog) inhalation at the indicated concentration and duration.  
In the repeat dosing studies, no treatment related effect on survival, body weight gain, clinical chemistry, hematology, ophthalmology, gross pathology, or histopathology were observed.  No evidence of respiratory or cardiovascular toxicity were observed.
(a) Study conducted by Lovelace Biomedical (Albuquerque, NM, USA).
(b) Study conducted by Charles River Laboratories (Ashland, OH, USA).
Discussion and Conclusions
HFA-152a is being developed as a replacement for currently used HFA pMDI propellants and as a novel excipient for the development of new inhaled drugs delivered via pMDIs.  The results of the nonclinical safety studies on medical-grade HFA-152a summarized in this paper demonstrate that HFA-152a is safe for this purpose.  Importantly, in a Phase 1 clinical study in healthy male adults, HFA-152a administered via a pMDI was well tolerated and without adverse effects.[1]
In the nonclinical safety studies, HFA-152a showed no acute or chronic toxicity, no genotoxic or carcinogenic activity, no developmental or reproductive toxicity, and no cardiopulmonary or respiratory toxicity.  The results of a juvenile animal study conducted on rats with exposures beginning at 21 days of age support the paediatric safety of HFA-152a. [14] 
In certain nonclinical studies, a transient hypoxemic/anesthetic-like effect was observed during exposures and was dose-limiting in all animal species exposed to extremely high concentrations of HFA-152a.  This effect resolved within minutes of exposure cessation.  In dogs, such hypoxemic effects were only observed at delivered doses greater than 2300 times the clinical MDE.  In rats, hypoxemic effects were only consistently observed at greater than 14700 times the clinical MDE.  These effects were therefore considered not relevant for clinical use of HFA-152a administered via a pMDI. 
Overall, the nonclinical safety program for medical-grade HFA-152a supports the safety of HFA-152a as a pMDI propellant for inhaled drugs intended for all patient populations and chronic daily use.
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