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Parameter	 Human	 Sheep	 Rat	

body	mass	 80	kg	 45	kg	 0.3	kg	

nose	and/or	mouth	breathers		 mouth/nose	 mouth/nose	 nose	

branching	system	of																														
trachea-bronchial	airways	

		

dichotomous	

	

dichotomous	

	

monopodial	

tidal	volume	(ml)	 400	-	616	 180	-	405	 0.87	–	2.08	

respiratory	rate	(breaths/min)	 12	-	20	 15	-	30	 85	

	

~	80	kg ~	45	kg ~	0.3	kg
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Cough	reflex/wheeze

Histamine	effect	on	airway	smooth	
muscle

Mast	cells	around	small	airways

Blood	vessels	associated	with	smaller	
airways

Bronchial	glands

Sensory	nerves

Airway	branching

Comparative	physiology

Airway	hyperresponsiveness

Allergen	induced	airway	constriction

Th-2	biased	immune	responses

MouseSheepHuman

Human respiratory	vs sheep and	small	rodent	models
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Adapted	from:	Meeusen EN	et	al, Drug	Discovery	Today:	Disease	Models	(2009)

Allergenix sheep	respiratory	models	– in	vivo	capabilities
	

	
	

Disease Induction stimulus Features 

Acute lung injury (ALI); 
Acute respiratory distress syndrome (ARDS) 

Saline lavage; Intravenous LPS; Oleic acid; 
Cotton smoke inhalation injury with/without 
instillation of Pseudomonas auruginosa 

Severe hypoxemia; progressive decrease in air 
volume; hyperkinetic cardiovascular response 

Asthma Ascaris suum airway challenges in naturally 
sensitised sheep;                                       
House dust mite (HDM) extract sensitisation 
and airway challenges 

IgE; early- and late- phase bronchoconstriction 
(EAR, LAR) and AHR; airway inflammation; 
elevated Th2 cytokines; airway wall remodelling 
and decline in lung function in chronic condition 

Bronchoalveolar carcinoma (BAC) Jaagsiekte sheep retrovirus (JSRV) or JSRV 
envelope  

Natural and fatal disease of sheep; progressive 
respiratory distress; impaired alveolar function 

Bronchopulmonary dysplasia (BPD) or 
chronic lung disease of early infancy 

Ventilator-induced lung injury (VILI) of 
premature lambs; Live ureoplasma or 
endotoxin-induced chorioamnionitis 

Abnormal collagen and elastin deposition; 
myofibroblast differentiation; early lung 
maturation 

Chronic bronchitis Tobacco smoke; Sulphur dioxide Glandular hypertrophy or hyperplasia 

Chronic pulmonary hypertension Sephadex beads injected into the pulmonary 
circulation 

Development of right ventricular hypertrophy 

COPD/emphysema Chronic instillation of LPS or elastase into the 
lung 

Microscopic emphysema and reduction in 
TGFb; increased collateral ventilation 

Pulmonary fibrosis (IPF) Bleomycin administered to the lungs Increased collagen and elastin deposition; 
elevated TGFb; lung fibrosis correlates with 
decline in lung function 

Respiratory syncytial virus (RSV) infection Infection of neonatal lambs with RSV Mild peribronchiolar interstitial pneumonia; 
induction of surfactant proteins A and D 

	

Author's personal copy

impacts on regional deposition of drugs in the lung [5].

Although respiratory bronchioles are poorly developed in

the sheep lung, collateral ventilation, absent in pig and

bovine lung, has been documented in sheep [6].

Sheep airway tissues are similar to humans in the distribu-

tion of epithelial cell populations [10], mast cells [11] and

airway smooth muscle [12]. Like other ruminants, sheep

lungs possess a significant population of pulmonary intra-

vascular macrophages that are important in phagocytosing

foreign particles and pathogens that pass through the pul-

monary circulation [1]. This causes the pulmonary circula-

tion to be sensitive to relatively small doses of intravenously

injected endotoxin and to increased pulmonary hyperten-

sion after intravenous injection of particles. Humans seem to

have few intravascular macrophages in normal lungs; how-

ever, they may be induced after endotoxemia or liver injury.

Because of the many similarities in the sheep and human

respiratory systems and their unique attributes as experimen-

tal animals, sheep have been used as models for a wide range

of human respiratory diseases. A summary of the major

respiratory diseases modelled in sheep and their character-

istics is provided in Table 1. Easy access to ovine airway tissues

via endobronchial sampling or at post-mortem provides the

opportunity to perform detailed in vitro or ex vivo studies,

using cells or tissues of interest. Cells collected from sheep

airways include immune cells [13–15], epithelial cells [16]

and airway smooth muscle cells [17]. Tracheal explants dis-

play many key features of the airways such as mucus cover-

age, mucociliary clearance and cell structure, and have been

used to study gene delivery [18], mechanisms of epithelial cell

mucus secretion [18,19] and mucosal responses in allergic

and non-allergic tissues [20].

Delivery into the sheep lung and tissue sampling
Detailed respiratory disease studies can be undertaken in

sheep using similar methodology and equipment used in

clinical medicine. For drug delivery, pharmacokinetic and

efficacy studies in particular, the following methods can be

routinely performed in sheep models.

Liquid instillation in different lung lobes or broncho-pulmonary
segments
Using a flexible fibre-optic endoscope or bronchoscope, dif-

ferent treatments can be directed towards different compart-

ments or lobes of the same lung (Fig. 1). Volumes of 1–10 ml

can be easily and repeatedly delivered via the biopsy port of

the bronchoscope, while deeper regions of the lung can be

targeted by using a narrower, paediatric endoscope (5–6 mm

in diameter). In addition, aerosolised treatments can be

delivered to individual lung segments via a nebuliser catheter

inserted to the distal end of the biopsy sampling port of the

endoscope.

Intrapulmonary delivery of aerosols by controlled inhalation via a
respirator
Sheep can be connected to a respirator via an endotracheal

tube passed through the nostrils, and mechanically venti-

lated during aerosol delivery. As a consequence, the tidal

Vol. 6, No. 4 2009 Drug Discovery Today: Disease Models | Asthma and respiratory diseases

Table 1. Major respiratory disease models in sheep

Disease Induction stimulus Features Refsa

Bronchopulmonary dysplasia

(BPD) or chronic lung disease

of early infancy

Ventilator-induced lung injury

(VILI) of premature lambs.

Abnormal collagen and elastin deposition;

myofibroblast differentiation; early lung maturation.

[35]

Live ureoplasma or endotoxin-induced

chorioamnionitis.

[36]

Acute lung injury (ALI) and acute

respiratory distress syndrome

(ARDS)

Saline lavage; intravenous LPS; oleic acid; coton

smoke inhalation injury with/without instillation

of Pseudomonas aeruginosa

Severe hypoxemia; progressive decrease in air

volume; hyperkinetic cardiovascular response.

[37,38]

Emphysema Chronic installation of LPS or elastase into

lung; nebulised papain exposure

Microscopic emphysema and reduction in

TGFb; Increased collateral ventilation.

[26,39]

Asthma Ascaris suum, house dust mite (HDM) extract IgE; Early- and late-phase bronchoconstriction and

AHR; airway inflammation and remodelling.

[13,15,

21,24]

Chronic bronchitis Tobacco smoke; sulphur dioxide Glandular hypertrophy or hyperplasia. [40]

Chronic pulmonary

hypertension

Sephadex beads injected in the pulmonary

circulation

Development of right ventricular hypertrophy. [41]

Bronchioloalveolar

carcinoma (BAC)

Jaagsiekte sheep retrovirus (JSRV) or

JSRV envelope protein

Natural and fatal disease of sheep; progressive

respiratory distress; impaired alveolar function.

[42,43]

Respiratory syncytial

virus (RSV) infection

Infection of neonatal lambs with human RSV Mild peribronchiolar interstitial pneumonia;

induction of surfactant proteins A and D.

[44]

a Owing to space limitations, this is not a complete list and where possible reviews are cited.

www.drugdiscoverytoday.com 103



Confidential

!

!

!

Allergenix Pty Ltd 
www.allergenix.com.au 
email: info@allergenix.com.au 

Allergenix HDM Asthma Model – Process and Timeline 
 

 

 

 

* Experimental testing phase may include allergen challenge(s) before/during/after drug administration 

       6w          10w 

HDM Sensitisation 

  HDM1    HDM2    HDM3 

Weekly airway allergen 
challenges 

Experimental 
testing/intervention phase* 

Delivery of 
report 

Analysis (4w) 

• induced	via	(1)	HDM	sensitisation	(sc injections)	and	(2)	weekly	HDM	airway	challenges
• capacity	for	’acute’	and	‘chronic’	models	of	disease

HDM	sheep	model	of	allergic	asthma	
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unchallenged
(saline control) 

challenged
(HDM)

Meeusen EN	et	al	Drug	Discovery	Today:	Disease	Models	2010

*

inflammation airway	wall	remodeling

BAL AirwaysAcute Chronic

HDM	sheep	model	of	allergic	asthma	

• ‘acute’	and	‘chronic’	phases	display	pathophysiology	of	human	asthma
• customised	model	system	- whole	lung	or	targeted	segmental	lobe	studies
• potential	for	investigations	of	disease	pathogenesis;	efficacy	of	asthma	therapies
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unchallenged
(saline control) 

challenged
(HDM)

Meeusen EN	et	al	Drug	Discovery	Today:	Disease	Models	2010

*

airway	wall	remodeling

• ‘acute’	and	‘chronic’	phases	display	pathophysiology	of	human	asthma
• customised	model	system	- whole	lung	or	targeted	segmental	lobe	studies
• potential	for	investigations	of	disease	pathogenesis;	efficacy	of	asthma	therapies

HDM	sheep	model	of	allergic	asthma	

     

Page%2%
 

the#context#of#experimental#disease,#the#sheep#model#allows#the#kinetics%of%change#at#the#tissue,#cell#
and# molecular# level# to# be# mapped# as# indices# of# disease# progression,# and# the# identification# of#
checkpoints#for#therapeutic#intervention.##

%

3. Experimental&validation&steps&to&correlate&model&with&disease&
pathology&

Following% chronic% allergen% challenge% in%our%house%dust%mite% (HDM)% sheep%asthma%model,%we%have%
shown% typical% features% of% airway% tissue% remodelling% in% small% airways,% including% increases% in% ASM%
content,%and%increased%collagen%deposition%(Fig!1B)%and%[8],%similar%in%magnitude%to%that%occurring%in%

human% asthma% [13].% A% proportion% of%HDM%allergic% sheep% also% develop% increased% airway% resistance%
and%airway%hyperreactivity%similar%to%human%asthmatics%[6,%7].%In%our%sheep%model%of%asthma%we%can%
measure%both%airway%remodelling%and%airway%resistance%in%separate%lobes,%thus%allowing%comparisons%
between%allergenQchallenges%and%control%lobes%within%the%same%animal%(Fig!1).%The%importance%of%this%
highly% relevant% sheep% allergy% and% asthma% model% has% been% acknowledged% in% two% independent%
editorials%[14,%15],%accompanying%our%first%two%publications,%and%a%recent%review%highlights%its%“major%
potential%for%the%investigation%of%mechanisms%of%disease,%as%well%as%of%modifying%interventions”[10].%%

#
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 (A)       sheep lung                  (B)     airway wall remodelling      (C)            airway physiology 

Figure!1! !!Airway!responses!after!chronic!allergen!(HDM)!challenge!in!sheep!
(A)%sheep%lung%illustration%showing%the%major%left%and%right%caudal%lung%lobes;%(B)%structural%airway%tissue%
remodelling,%including%thickening%of%the%airway%wall,%collagen%deposition%and%airway%smooth%muscle%
accumulation%(arrows),%in%HDMQchallenged%left%lobe%(as%indicated%in%panel%A)%compared%to%the%control%
(unchallenged)%right%lobe%of%the%same%sheep;%(C)%development%of%spontaneous%increases%in%peripheral%
resistance%(RP)%recorded%in%left%lung%lobe%after%chronic%challenges%with%HDM%compared%to%control%lobe%
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Anti-asthma	therapies	are	effective	in	sheep
	

	

	

Allergenix Pty Ltd 
www.allergenix.com.au 
email: info@allergenix.com.au 

Drug	class	 Drug	details	 Delivery	mode	 Dose	regime	
Outcome	measures	

Lung	function	 Inflammation	

Beta-agonist	 Salbutamol	(VentolinTM)	 Airway														
(liquid,	nebulised)	

2.5	mg;	once	
following	allergen	
challenge	

¯		EAR	 ND	

Steroid	anti-
inflammatory		

Budesonide	
(PulmicortTM)	

Airway														
(liquid,	nebulised)	

0.5	mg;	twice	daily	
from	-48h	to	+24h	
after	allergen	
challenge	

¯		EAR	 ¯		BAL	eosinophils	

¯		HDM-specific	IgE	

Leukotriene	
receptor	
antagonist	

Zafirlukast	(AccolateTM)	 Oral	 40	mg;	once,	24h	
before	allergen	
challenge	

ND	 	¯		blood	eosinophils	

	¯		BAL	eosinophils	

Notes:		
¯	diminished	response	versus	vehicle	alone;		
EAR,	early	airway	response	(effects	on	LAR	not	determined);	ND,	not	determined	
	

• common	asthma	therapies	shown	to	resolve	or	inhibit	disease	symptoms	
• proprietary	compounds	tested	in	acute	and	chronic	disease	outcomes
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HDM	(Allergenix)	vs	Ascaris – relevance	to	human	airways?

Human-relevant	allergen/IgE responses

Chronic	tissue	changes	- remodelling

Th2	driven	cytokines/mechanisms

Airway	eosinophils

Airway	inflammation

Airway	hyperresponsiveness

Allergen	induced	airway	constriction

Ascaris sheep	modelHDM	sheep	modelHuman

Early/late	airway	responses

Mucus	hypersecretion

Airway	mast	cells

Chronic	decline	in	lung	function
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Sheep	model	of	COPD/emphysema
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Allergenix HDM Asthma Model – Process and Timeline 
 

 

 

 

 

 

 

 

 

 

 PE/LPS/SA       LPS/SA       LPS/SA     LPS/SA     LPS/SA     LPS/SA    LPS/SA            

Elastase/LPS/saline administration 

0wk       1wk        2wk          3wk        4wk          5wk       6wk               7wk  

Lung samples/Lung function 

Post-mortem analysis 

• inflammation:	neutrophils	and	macrophages	(tissue,	BAL)
• tissue	damage	consistent	with	emphysema:	enlargement	of	air	spaces	&	airway	wall	(alveolar)	

destruction
• potential	for	therapeutic	intervention	studies	to	alter	disease-related	airway	inflammation,	tissue	

destruction,	and	lung	function	decline

• induced	by	elastase	(PE,	600	U/lung	segment)	+/- LPS	(450	µg/segment)	administrations
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Sheep	model	of	pulmonary	fibrosis	(IPF)	

• induced	by	bleomycin	(BLM)	administrations	(x2	@	3U/lung	segment)

• inflammation,	fibrosis	and	collagen	deposition	developing	from	2	wks following	BLM2,	persisting	
to	at	least	7	wks

• fibrosis	correlates	with	decline	in	lung	function	at	7	wks
• potential	for	therapeutic	intervention	studies	to	change	the	course	of	fibrosis	and	rate	of	lung	

function	decline

!

!
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Allergenix HDM Asthma Model – Process and Timeline 
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24 h following IV GBR910 or SAL injections (Fig 1). This dose regime for BLM has previously 
been shown to be sufficient to induce a significant degree of pulmonary fibrosis in sheep [1, 2]. 

For airway BLM delivery, a bolus infusion of 5 ml 
BLM in sterile saline (0.6 IU/ml) was delivered at 
the point of the first bronchial branching into each 
of the left and right caudal lung lobe respectively 
(as marked with a red ‘x’ in Fig 2), providing a dose 
of 3 IU per lung lobe. This was made possible 
using a catheter placed through the biopsy port of a 
fibre-optic bronchoscope (endoscope) for guidance 
into the respiratory tract. The 2x 5 ml BLM 
administrations were preceded by an infusion of 5 
ml sterile saline (SAL) into the right apical lung lobe 
(blue ‘x’, Fig 2), which served as an internal lung 
control lobe for each sheep. 
Peripheral blood and bronchoalveolar lavage (BAL) 
samples were collected and lung function 
assessments carried out during the course of the 
experiment (see below, and Fig 1). Lung tissue 
samples were collected for further analyses from each of the left and right caudal lung lobes 
(red circles, Fig 2) and from the right apical lobe (blue circle, Fig 2). 

2.3. Peripheral blood sample collections 
Peripheral blood was collected from the jugular vein into EDTA-coated vacutainers (Becton-
Dickinson). Blood samples were taken before and after GBR910 administration, at the following 
time-points: 0 h, 1 h, 4 h, 24 h, 48 h and 72 h following the first IV administration of GBR910 (or 
saline) at week 1 (wk 1), then at 0 h and 24 h following the second administration of GBR910 
(or saline) at wk 3, and at wk 4, wk 6, wk 10 and wk 12 (Fig 1). 
Blood smears were prepared for differential leucocyte cell counts; blood smears were stained 
with Kwik DiffTM (a Giemsa-based differential stain; Thermo Fisher Scientific, MA, USA) and cell 
types identified on the basis of nuclear and cytoplasmic morphology. Cells were classified as 
eosinophils, neutrophils or mononuclear cells (collective count of lymphocytes and monocytes). 
One hundred cells were counted and each cell type was expressed as a percentage of all blood 
leukocytes.  
A separate aliquot of blood was fixed in Turk’s solution (cell stain containing gentian violet in 
1 % acetic acid) and cell counts performed using a haemocytometer. The remaining blood was 
centrifuged, and plasma frozen at -80°C in 2x 1 ml aliquots.  

2.4. Bronchoalveolar lavage (BAL) sample collections 
Bronchoalveolar lavage (BAL) was collected by intra-lung infusion of 20 ml of sterile saline via 
the biopsy port of the endoscope, and approximately 5-15 ml of BAL fluid was collected for 
each sampling time-point (see Fig 1). Sampling was performed at 0 h, 48 h (24 h post-BLM1 
administration) and 72 h (48 h post-BLM1 administration) following the first IV administration of 
GBR910 (or saline) at week 1 (wk 1), then at wk 3 (prior to the second administration of 
GBR910 (or saline)), and at wk 4, wk 6 and wk 10 (Fig 1).  
Following centrifugation, BAL fluid (BALF) was removed (and stored at -20oC), cells 
resuspended and an aliquot of cells stained with Turk’s solution to determine BAL cell 
concentrations using a haemocytometer; cells were expressed as cell number/ml of recovered 
BALF. In addition, BAL cell cytospots were prepared onto glass slides and stained with Kwik-
Diff; immune cell (leucocyte) subpopulations (eosinophils, neutrophils, lymphocytes and 
macrophages) were identified on the basis of nuclear and cytoplasmic morphology. One 
hundred cells were counted, and data presented included (1) each cell type expressed as a 
percentage of all cells in BALF and (2) the number of cells (each cell type) per ml of original 

Figure 2: Ovine lung showing regions for saline 
(SAL, blue ‘x’) and bleomycin (BLM) delivery 
(red ‘x’) and BAL/tissue sampling (circles). 

x x 

x 
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Antibody	treatment	reduces	fibrosis	in	a	sheep	model	of	IPF	

Antibody	treatment	(targeting	fibrosis	pathways)
• reduced	lung	tissue	fibrosis	and	collagen	staining	
• reduced	lung	tissue	TGF-b levels
• improved	lung	function
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Masson’s trichrome staining was performed to assess collagen levels in lung tissues at post-
mortem, with digital images analysed using Image J software. Image analysis of tissue sections 
showed that in control sheep, BLM administration resulted in a significant increase in collagen 
expression that represented an almost 3-fold increase relative to the saline-exposed lungs (Fig 
12A and 12B). Further, there was no such increase in collagen observed in GBR910-treated 
sheep (BLM vs SAL lung lobes), and collagen levels were significantly elevated in BLM-
exposed lobes of control but not GBR910-treated sheep. There was a similar trend observed in 
lung tissues assessed biochemically for collagen content (hydroxyproline assay), although 
these effects did not reach significance (Fig 12C and 12D).  

Lung sections stained for collagen and examined by light microscopy (Fig 13) showed areas of 
significant fibrosis, typically observed within the parenchyma in BLM-exposed lung lobes from 
control sheep (Fig 13B), that were otherwise minimal or absent in GBR-treated sheep or in the 
saline-exposed lung lobes (Fig 13A-D). Under higher magnification (Fig 13E-H), discrete areas 
of increased collagen deposition were associated with areas of fibrosis within the interalveolar 

Figure 12: Collagen assessment in sheep lungs exposed to bleomycin (BLM) or saline. Panel (A, B) shows the 
assessment of collagen levels in Masson’s trichrome stained lung tissues following exposure to saline (SAL, open 
bars) or BLM (solid bars) in control (black) and GBR910-treated (blue) sheep; (A) mean collagen levels (%) per 
area of lung parenchyma, and (B) mean fold-change in collagen expression (BLM relative to SAL lungs) in control 
and GBR910-treated sheep. Panel (C, D) shows collagen levels as assessed by hydroxyproline assay, with 
collagen expression levels shown relative to dry lung weight; (C) mean collagen levels (%) per mg dry lung weight, 
and (D) mean fold-change in collagen expression (BLM relative to SAL lungs) in control and GBR910-treated 
sheep. Red line (B, D) indicates baseline collagen expression in SAL-exposed lungs; mean ± SEM, n=4/group, 
**p<0.01, ***p<0.001.  
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3.4. Changes in lung function following bleomycin administration  
Assessment of lung function changes throughout this experiment (from commencement at 
week 1, then at weeks 3, 6 and 10) showed that there was a trending increase in 
transpulmonary pressure in the weeks following BLM administration, being more pronounced in 
the control compared to GBR910-treated sheep (Fig 9A and 9B).  

 
3.5. TGF-β expression in lung tissues  

Frozen lung tissue samples collected at post-mortem (wk 12, Fig 1) were homogenized and 
processed for determination of tissue TGF-β levels by ELISA. Tissue expression levels of TGF-
β in BLM-exposed lung lobes were elevated above the saline (SAL) lung lobes of each of the 
control animals (solid vs open black bars, Fig 10A). In contrast, all animals treated with 

Figure 10: TGF-β tissue expression in lungs at wk 12 following exposure to saline (SAL, open bars) or bleomycin 
(BLM, solid bars) in control (black) and GBR910-treated (blue) sheep. (A) data from individual sheep (control-1 to 
-4 and GBR910-1 to -4) showing fold changes in TGF-β expression in BLM- relative to SAL- exposed lungs; (B) 
mean fold-change in TGF-β expression (BLM relative to SAL lungs), in control and GBR910-treated sheep; red 
line indicates baseline TGF-β expression in SA-exposed lung lobes; mean ± SEM, n = 4/group, **p<0.01.  
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Figure 9: Trans-pulmonary pressures (lung function assessment) in sheep following BLM challenges (refer Fig 
1). (A) mean values for control (black bars) vs GBR-treated (blue) sheep at week (wk) 1, 3, 6 and 10 of the 
experiment; (B) mean fold changes in trans-pulmonary pressures at wk 3, wk 6 and wk 10, relative to wk1 of the 
experiment. BLM was administered following lung function assessments at wk 1 and wk 3. Red line indicates 
baseline (at wk 1) pressure values. Data expressed as mean ± SEM; n = 4 (control group); n = 3 (GBR910 
group).  
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Sheep	models	– drug	delivery

• Pulmonary	delivery	systems:
• testing	of	new	delivery	platforms
• instillation;	liquid	aerosolisation;	dry	powder

• Pulmonary	drug/compound	delivery:
• testing	of	new	formulations
• soluble/liquid;	dry	powder	formulations																		
• drugs	for	local	and	systemic	targets
• effective	delivery	of	aerosolised	DNA	vaccine	
• lipid	nanoparticles;	siRNA;	antibodies	ie ‘nanobodies’

Ø PK	and	PD	assessments	of	drug	efficacy
Ø sampling	to	determine	kinetics;	in-life	monitoring
Ø surgical	interventions	to	monitor	drug	clearance

Rajapaksa et al. Respiratory Research 2014, 15:60 Page 5 of 12
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Figure 2 Schematic drawing of the pulmonary delivery system used for aerosolized pDNA administration in conscious sheep via
inhalation. Room air was drawn through a bacterial/viral filter and a one-way valve placed in the inspiratory limb. Nebulized plasmid DNA was
introduced into the inspiratory arm of the system via the 30 MHz SAW device positioned in a chamber in line with a mechanical ventilator to
facilitate controlled respiration in sheep. The closed respiratory circuit was completed with the placement of an endotracheal tube via the nasal
passage. Each sheep received three immunizations, once (20-30minute aerosolization) per three-week period, with a pDNA aerosol containing
sterile pVR1020 encoding HA (85 µg/ml) in 5% dextrose.

µg HA protein (Immune Technology Corp., USA) in
carbonate coating buffer (0.015 M Na2CO3, 0.035 M
NaHCO3, 0.003 M NaN3, pH 9.6) and blocked with
2% w/v skim milk powder. Serial 2-fold dilutions of
serum samples were added in duplicate followed by
anti-sheep IgG horseradish peroxidase (HRP) conju-
gated immunoglobulin (DAKO, Denmark) or dilution of
anti-sheep IgA horseradish peroxidase (HRP) conjugated
immunoglobulin (AbCam, Australia). Plates were devel-
oped with 3,3’,5,5’–tetramethylbenzidine (TMB) (Sigma
Aldrich, Australia) substrate. Absorbance was measured
at 450 nm and endpoint titers were calculated.

Serum evaluation of hemagglutination inhibition activity
The serum samples collected from immunized sheep and
rats were tested for inhibition activity against four hemag-
glutinating units (HAU) of A/Solomon Islands/3/2006
virus in microtiter plates at room temperature using 1%
v/v chicken erythrocytes [26]. Virus-induced hemaggluti-
nation titers were determined as the minimum dilution of
samples required to inhibit hemagglutinating activity of
four HAU of virus.

Statistical analysis
Statistical analyses were performed using SPSS (IBM
Corporation, Armonk, USA). One-way ANOVA with a
Tukey’s post-hoc test was used for data that survived
Shapiro-Wilk’s (SW) normality test with significance p >

0.05. In instances where the SW test was significant (p <

0.05), the non-parametric Kruskal-Wallis (KW) test was
used instead to test for the overall significance between
independent groups. Where differences were observed,
Mann-Whitney (MW) tests were performed between two

independent samples to identify the differences. All data
are expressed as the mean ± standard deviation. The
results were considered significant if p < 0.05.

Results
SAW nebulized pDNA displays aerosol size characteristics
to suit deep lung deposition
Our initial investigations sought to determine the aerosol
size distribution of the nebulized pDNA (PyMSP4/5), pre-
pared in glycerol, including the desired 1–5 µm range for
pulmonary delivery. As seen in Figure 3, the pDNA formu-
lation at 100 µg/ml with glycerol concentrations of 10%,
20% and 40% enabled average droplet size distributions
under 5µm to be reliably achieved. Increasing the concen-
tration of glycerol was seen to reduce the average aerosol
diameter for a fixed pDNA concentration (Table 1), thus
confirming our ability to establish some control over the
desired aerosol dimension through the physical properties
of the liquid.

SAW nebulization preserves integrity of pDNA
The structural integrity of pDNA plays a key role in
preserving the bio-activity where AFM imaging and
agarose gel electrophoresis was used for structural anal-
ysis of pDNA encoding PyMSP4/5 before and after
SAW nebulization. AFM imaging revealed that the non-
nebulized plasmid DNA showed a tightly twisted super-
coiled geometry, with few relaxed strands (open circular
structures) (Figure 4(a)), characteristic morphologies for
uncondensed plasmids [27]. A representative image of
the SAW nebulized pDNA showed some aggregated
structures and some relaxed open loop structures with
little fragmented strands (Figure 4(b)). These structural
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Smooth muscle response to oxytocin using isolated
uterine and tracheal tissue

Concentration-dependent increases in smooth muscle
contractility occurred when excised human and ovine uterine
muscle was exposed to oxytocin. There was no significant
difference (p>0.05) in the contractile activity of human (Figure
3A) versus ovine (Figure 3B) uterine smooth muscle to
cumulative increases in oxytocin alone or oxytocin
reconstituted from the spray-dried powder formulation (p=0.99
for human, and p=0.92 for sheep, n=8), again demonstrating
no loss in oxytocin potency after spray-drying. The placebo
formulation had no effect on uterine contractility (data not
shown). The magnitude of the contractile responses to oxytocin
was the same in human as in ovine uterine smooth muscle
strips (p=0.50). In contrast to uterine smooth muscle, no
contractile response was observed across the oxytocin
exposure range when ovine tracheal smooth muscle samples
were prepared and assessed in the same manner (p=0.99,
n=5) (Figure 4).

Effect of pulmonary administration of oxytocin powder
on uterine smooth muscle activity in vivo

Pulmonary administration of oxytocin ultrafine powder was
well tolerated, with no sign of airway distress or irritability
observed after dose administration. An average dose of 138 IU
of oxytocin (range 100-190 IU) or 69% of the nominal dose,
was emitted from the insufflator (Figure 2C) and delivered to
the lungs of each postpartum ewe.

EMG activity observed after pulmonary and IM oxytocin
administration both closely mimicked the natural EMG activity
occurring after parturition (Figure 5). The EMG responses that
followed pulmonary administration (Figure 5B) were similar to
those that occurred during the propulsive phase of delivery and
for hours after delivery (Figure 5A). EMG activity in response to
pulmonary administration also resembled that following IM
administration of 10 IU oxytocin postpartum (Figure 5C).

Results from the analysis of the EMG parameters (derived
from the grouped EMG profiles) are presented in Figure 6.
Pulmonary administration of oxytocin as a spray-dried powder
resulted in a significantly faster onset of contractile response

Figure 2.  Images of oxytocin particles.  Scanning electron micrographs of unprocessed oxytocin and oxytocin loaded carrier
particles; (A) unprocessed commercial oxytocin (x 375); (B) oxytocin formulated as an ultrafine dry powder with the glycine-leucine-
mannitol carrier (x 5000). (C) Well-dispersed aerosolised plume of ultrafine particles emitted from an insufflator.
doi: 10.1371/journal.pone.0082965.g002

Figure 3.  Ex vivo assessment of oxytocin induced uterine smooth muscle contractions.  Effects of applied oxytocin on
smooth muscle contractility ex vivo using (A) human (n=8) and (B) ovine (n=8) uterine tissue samples. Contraction was normalized
as % of the response to high potassium (HiK) in PSS.
doi: 10.1371/journal.pone.0082965.g003

Pulmonary Oxytocin to Treat Postpartum Haemorrhage
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chamber extension) connected to an AP-1 air pump (Penn-
Century Inc, Wyndmoor, PA, USA). To extend the device to the
bronchial bifurcation, 130-140 cm of polyethylene tubing, 1.7
(OD) x 1.2 mm (ID), was attached to the end of the insufflator
and fed through the endoscope to its distal tip. In a subset of
sheep (n=3), ultrafine powder containing the same carrier
excipients but no oxytocin was also administered via the
pulmonary route as a placebo. In all cases, the delivered
pulmonary dose was determined by weighing the device
accurately before and after administration. For the IM dose, 10
IU of oxytocin was prepared in 0.5 mL of sterile saline and
injected directly into the muscle of the hind leg. For all doses of
oxytocin administered, EMG activity was recorded continuously
before, during and for up to 2 h after dose administration or
until baseline EMG activity of the uterus resumed.

Data analysis
For the ex vivo bioactivity studies, the area under each 10

min contraction curve was determined for each uterine and
tracheal strip in response to the increasing concentrations of
oxytocin. The area under 10 min of spontaneous contractility
was subtracted from the responses to oxytocin and the HiK
contraction was designated as 100%. Sigmoid curves were
then fitted to the oxytocin concentration-contraction data using
the least squares method (GraphPad Prism, GraphPad
Software, San Diego, CA, USA). Comparison of contractile
activity was assessed using a one-way ANOVA of variance
(GraphPad) with statistical significance accepted when p<0.05.

Uterine EMG activity in the in vivo pharmacodynamic studies
comprised bursts of spikes (indicative of uterine contractions

[21]), which were analysed in terms of burst duration, bursts
per 30 min and total duration of burst activity. In addition, the
delay between the administration of oxytocin and the onset of
the first observed EMG spike was also determined. Statistical
comparisons between the treatments groups were assessed
using a one-way ANOVA.

Results

Characterisation of spray-dried powders
The mean particle sizes of the three spray-dried powders (10

IU, 200 IU and placebo), as measured by laser diffraction, were
similar, with volume-based median particle diameters ranging
from 1.9 to 2.3 µm (Table 1). Similarities between the
morphologies of the spray-dried powders, featuring spherical
rugose microspheres (Figure 2B) were in marked contrast to
the larger, angular fragmented appearance of unprocessed
oxytocin (Figure 2A) when observed using scanning electron
microscopy (SEM). The water content of the powders ranged
from 0.23 - 0.26% w/w. When emitted from the Penn-Century
insufflator, a well-dispersed aerosolised plume of the ultrafine
powder was observed (Figure 2C).

Analysis of oxytocin content in the pre-spray-dried solution
and resultant ultrafine powders indicated no statistically
significant difference in oxytocin concentration (p>0.05),
suggesting that degradation of oxytocin had not occurred
during the spray-drying process.

Figure 1.  Administration of oxytocin powder formulation to the sheep lung.  Screen images taken (A) prior to; (B) during and
(C) 2 min after pulmonary administration of the oxytocin powder formulation above the first bronchial bifurcation.
doi: 10.1371/journal.pone.0082965.g001

Table 1. Oxytocin ultra-fine dry powder formulation compositions and volume-based median particle diameters.

Spray-dried Formulation Glycine % Mannitol % Leucine % Oxytocin % Median Particle Diameter (µm)
10 IU Powder 33.3 33.3 33.3 0.083 1.9
200 IU Powder 32.6 32.6 32.6 2.22 2.3
Placebo 33.3 33.3 3.33 - 2.3

doi: 10.1371/journal.pone.0082965.t001

Pulmonary Oxytocin to Treat Postpartum Haemorrhage
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• Administration	routes:
• systemic	– IV,	IM,	ID,	SC,	peritoneal
• local/mucosal	– intranasal,	oral,	pulmonary	(bolus/nebulised/aerosolised	or	dry	powder)
• whole	lung	or	targeted	to	individual	lung	lobes/segments
• cross-over	design;	sequential	testing	of	different	treatments/drugs/doses	in	one	animal

• In-life	monitoring:
• body	weight,	body	temperature,	blood	pressure,	heart	rate,	O2/CO2 blood	gases

Allergenix sheep	models	– in	vivo	capabilities

• Immunology/pharmacology:
• repeated	sampling	throughout	disease/treatment
• BAL	fluid,	blood,	lung	lymph	(cannulation)	collections
• endobronchial	sampling	(epithelial	brushings,	tissue	

biopsies)	comprehensive	immune	cell/mediator	
analyses							

• cellular,	biochemical	and	molecular	analyses
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• Lung	function:
• lung	resistance	(RL),	compliance,	volumes,	flow,	EAR,	LAR,	AHR	
• continuous	measures	over	time	
• lung	function	in	fully	conscious	(unsedated)	animals

• Tissue	damage/changes/repair:
• long-term	analysis	of	tissue	inflammation,	remodelling,	fibrosis
• endobronchial	sampling	throughout	disease/treatment
• whole	lung	analysis	and	detailed	histology/molecular	analyses

• Measurements/biomarkers:
• tissue	structure,	cell	distribution/structure	(surface,	intracellular,	tissue	elements)
• cell	phenotype,	activation,	function	
• proteins,	cytokines,	biomarker	detection	
• gene	expression	analysis
• lung	imaging
• access	to	platform	technologies	– Hudson	Institute	of	Medical	Research,	Monash	University

Allergenix sheep	models	– in	vivo	capabilities
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• Isolated	cells:
• immune	cells	– blood/lymph	node/BAL	macrophages,	lymphocytes,	dendritic	cells;	
• airway	cells	– epithelial	cells,	fibroblasts,	airway	smooth	muscle
• monolayers,	cell	co-cultures

• Tissue	explants:
• endobronchial	biopsy	samples	
• tracheal	explants

• Precision-cut	lung	slices	(PCLS):
• airway	contractility
• active/passive	treatments

Allergenix sheep	models	– in	vitro	&	ex	vivo	capabilities	

- BAL	cells
- brushings
- biopsies

- BAL	cells
- PM	tissues - ASM

- fibroblasts
- lung	slices

	

	

Galectin-14	detected	(Western	Blot)	in	supernatant/washout	

samples	 from	 bronchial,	 but	 not	 tracheal,	 tissue	 explant	

cultures	 prepared	 from	 the	 lung	 of	 a	 sheep	 sensitised	with	

house	dust	mite	(HDM);	elevated	 levels	were	detected	after	

stimulation	with	HDM,	and	to	a	lesser	extend	with	IL-13.	
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• Isolated	cells:
• immune	cells	– blood/lymph	node/BAL	macrophages,	lymphocytes,	dendritic	cells;	
• airway	cells	– epithelial	cells,	fibroblasts,	airway	smooth	muscle
• monolayers,	cell	co-cultures

• Tissue	explants:
• endobronchial	biopsy	samples	
• tracheal	explants

• Precision-cut	lung	slices	(PCLS):
• airway	contractility
• active/passive	treatments

Ø cellular,	biochemical,	immune	and	molecular	analyses
Ø disease	vs	healthy	airway	cells	and	tissues
Ø relevant	in	vitro/ex	vivo	screening	platforms	

Allergenix sheep	models	– in	vitro	&	ex	vivo	capabilities	

sheep	PCLS:	response	to	methacholine
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Thank-you	for	your	attention


