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Summary 

Background:  Pulmonary vaccination holds great potential against safeguarding the high- risk pediatric populations 

from a range of infectious pathogens, including the pneumococcal disease, a major global health burden. We aimed 
to investigate if protective antibody levels could be induced in a paediatric lamb model using an aerosolized 13-
valent pneumococcal conjugate vaccine. 

Methods: Aerosolised Prevnar 13® vaccine was administered to six 4-month old term lambs using the Aeroneb 

Pro® nebulizer via spontaneous breathing. Immunizations were repeated at 3 weeks (secondary) and 6 weeks 
(tertiary) after the primary immunization, and blood and BALF was sampled prior to immunization and each week 
after for determination of IgG and IgA antibody levels (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F 
serotypes) using enzyme-linked immunosorbent assays.  

Results: Low levels of IgG antibody levels were found for nine serotypes in lambs that received aerosolized 

pneumococcal vaccination one week after the tertiary immunisation at 1 in 10 dilution. Serotype specific IgA was 
not detected in pooled pre or post immunisation serum.  However there was a small fold increase in pooled BALF 
for serotype 6B (1.38) and 18C (1.52).  

Conclusions: This study provides proof-of-concept for pulmonary vaccination in biologically and clinically relevant 

sheep infant models. Such technologies would enable safe, simpler and more effective vaccination strategies, given 
the complexities in traditional approaches of vaccine delivery to infants. 
 
INTRODUCTION 

Pulmonary vaccination holds potential against safeguarding high-risk paediatric populations from a range of 
infectious respiratory pathogens (1, 2), including Streptococcus pneumoniae (the pneumococcus), a major global 
health burden. Pulmonary vaccination has the advantage that it elicits both a systemic immune response and local 
responses through activation of the mucosal immune system. Pneumococcal disease is a serious respiratory 
infection that results in pneumonia, so an ideal vaccination strategy should be able to target the pulmonary immune 
response to elicit mucosal protection. The aerosol route of immunization has been trialled in various other studies 
as an improved method of delivery for influenza(3-5), pneumococcal disease(6, 7), tuberculosis(8-10), and more 
recently Ebola(11). Inhalation of pneumococcal polysaccharide vaccines in healthy adults has been shown to be 
safe that lead to a systemic antibody responses (6). The aerosol aerodynamic properties are suitable for deposition 
in the lungs of infants. However, the in-vivo assessment of these nebulised complex vaccines after their deposition 
in the infant lung is unknown.  

Lambs are a clinically relevant animal model for human lung physiology and disease for the assessment of efficacy 
of nebulisation (12). Lambs are also susceptible to natural bacterial infections shared with humans such as the 
pneumococcus (13). The innate and adaptive immune responses in lambs closely parallel those of infants with 
similar immune maturity (14).  Recently, we have shown that a novel acoustic nebulisation could efficiently deliver 
a plasmid DNA influenza vaccine in an adult sheep model using aerosol vaccination, with a robust antibody 
response seen up to 7 weeks after vaccination (15). However, further work is required to validate this work in infant 
models for the evaluation of aerosolised protein vaccines.  
 

In this study, we aimed to investigate if protective antibody levels could be induced in term lambs using a vibrating 
mesh nebulizer to aerosolise a 13-valent pneumococcal conjugate vaccine (PCV13), as the model antigen, which 
is commercially approved to be administered to children. It was hypothesised that aerosol delivery of a 
pneumococcal vaccine to the lungs of lambs will elicit increased serotype-specific serum and mucosal antibody 
responses to the vaccine.  
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EXPERIMENTAL METHODS 

Pulmonary vaccination and tissue sampling in lambs All studies on lambs were conducted using ethically-

approved protocols, following National Health and Medical Research Council guidelines and the Institutional Animal 
Care and Use Committee at Murdoch Childrens Research Institute for the care and use of research animals. 
Aerosolised Prevnar 13® vaccine (Wyeth-Pfizer Pharmaceuticals, Collegeville, PA) was administered to 4-month 
old term lambs (n=6) using the Aeroneb Pro® nebuliser (AeroGen, Mountain View, CA). The lambs were 
spontaneous breathing the aerosolised vaccine using a custom designed face mask to fit the snout. Immunisations 
were repeated at Day 21 (secondary) and Day 42 (tertiary). Blood and BALF was sampled at Day 0 and Day 49 to 
determine serotype specific IgG and IgA levels as well as functional antibody levels. BALF was sampled by the 
infusion and withdrawal of 10ml sterile saline delivered through the biopsy port of a fibre-optic endoscope that is 
directed via the nasal passage into the right caudal lung lobe. 

Enzyme-linked immunosorbent assay (ELISA) Serum collected from lambs D0 and Day 50 were analysed for 

serotype specific IgG levels (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F serotypes) using WHO 
recommended enzyme-linked immunosorbent assay (ELISA) using a CPS/22F double absorption method as 
previously described (16). Pooled D0 and D50 lamb serum and pooled BALF from were assessed for serotype 
specific IgA levels (3,6B and 18C). Results were calculated from 007sP standard curve (Food and Drug 
Administration, USA) and fold changes expressed relative to pre-immunised sera (Day 0). 

Opsonophagocytic assay OPA to serotype 7F were performed using standard methods measuring the killing of 

pneumococci by differentiated human HL-60 cells and isolated sheep neutrophils (17). Results were expressed as 
an opsonization index (OI) representing the serum interpolated dilution that kills 50% of bacteria. The lower limit of 
detection was OI=4 and samples with an OI reading below the limit of detection were assigned an OI value of 2. An 
adequate functional response for each serotype was defined as a serotype-specific OI ≥ 8 (17). 

Data analysis Fold changes in the proportions of lambs with serotype-specific IgG levels were assessed. Analyses 

were performed using GraphPad Prism Version 6 (GraphPad Software, San Diego, CA) software package. 

 

RESULTS  

At seven weeks after the primary vaccination, increased serotype-specific IgG levels in serum were found for seven 
of the 13 serotypes in a majority of lambs compared to pre-immunisation (Fig 1). However, the fold change in IgG 
were sub-optimal and were highly variable across all six lambs (range 1-5). At least a 4-fold change in serum 
serotype-specific IgG is considered optimal after infant PCV13 vaccination by the IM route. Serotype specific IgA 
was not detected in pooled pre or post immunisation serum.  However there was a small fold increase in pooled 
BALF for serotype 6B (1.38) and 18C (1.52).  

 

 

Figure 1. Immune responses following aerosolised 13-valent pneumococcal conjugate vaccine in term lambs (n=6; mean 
+/- s.d.) 

 

To determine whether aerosolised PCV13 was able to induce functional immunity in these lambs, we performed 
opsonophagocytosis assays as these are the WHO accepted method to evaluate PCV13 immunogenicity. We did 

https://www.nhmrc.gov.au/
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this only for serotype 7F, as this was high performing serotype on the basis of fold change (1.91), with least inter-
subjective variability (SD, 1.2) data Day 50 sera obtained from the immunised lambs were employed and evaluated 
for serotype 7F. OPA showed no change in the killing effect compared to the pre-immunised serum when we used 
both the human HL-60 (neutrophil) cell line or isolated sheep neutrophils, suggesting that no functional antibody 
was induced by aerosolised PCV13 (Table 1).  

Table 1: Functional antibody detection using Opsonophagocytosis  assay (OPA) for 7F serotype detection in vaccinated 
lamb serum  

  Human neutrophils Sheep neutrophils 

Lamb No. Pre-Vac Post-Vac Pre Vac Post- Vac 

Lamb 1 2 2 - - 

Lamb 2 2 2 - - 

Lamb 3 2 2 - - 

Lamb 4 20 20 40 40 

Lamb 5 2 2 4 4 

Lamb 6 2 2 4 4 

 

DISCUSSION 

Validation of pulmonary delivery technologies would enable safe, simpler and more effective vaccination strategies, 
given the complexities in traditional approaches of vaccine delivery to infants. The efficient induction of mucosal 
immune responses requires appropriate administration routes and delivery systems for the intended target 
population. One likely explanations as to why aerosolisation of PCV13 was suboptimal in this study is the fact that 
PCV13 is a complex, large conjugate vaccine (~105kDa), and effective aerosol delivery to the deep lung is 
influenced by molecular size.  It is possible that the aerosolisation process may have altered the structural integrity 
of PCV13, resulting in ineffective recognition by the host immune system. While it appeared that immunogenicity of 
post-aerosolised PCV13 was partially retained on the basis of ELISA readouts (data not shown) using serum from 
vaccinated infants, this may not be a true reflection of what is presented to the immune system in vivo, since OPA 
results were negative.  

This study is not without its limitations. Lambs given an intramuscular (IM) injection of PCV13 vaccine as a 
comparison group was not included in this study for ethical reasons given that human IM antibody responses to 
commercial PCV13 are well established. IM injection of PCV13 has been shown to be low in immunogenicity in 
mice (18) compared to that of humans and it is possible this is also the case in lambs.  The PCV13 vaccine is 
complex and large biomolecule and it may be beneficial to consider the nebulisation of sub-unit vaccines as we 
have demonstrated this previously with SAW nebulization with >80% viability following protein aerosolisaiton.   

Nevertheless, our spontaneously breathing lamb model is readily clinically translatable due to (1) no intubation is 
required (2) no anaesthesia is required and (3) short aerosolisation time (<10mins) compared to existing sheep 
models (19, 20). All lambs tolerated the procedure and completed the aerosol dosing regimen but the variation in 
breathing patterns of individual lambs may account for the high variability seen in the IgG and IgA responses.   

This work warrants further investigation of other nebulisation platforms for pulmonary vaccination for infants. Novel 
platforms using micro pump technologies or acoustic nebulisation should be investigated in appropriate infant 
models to ensure reproducible delivery of adequate drug quantities to the desired site in the infant lung. The 
development of effective nebulisation platforms is particularly useful for the vulnerable paediatric populations such 
as the ex-premature infants where effective protection may be provided through the mucosal route. Mucosal 
immunity may be critical for respiratory infections such as respiratory syncytial virus (RSV), imposing a great burden 
in these populations for which there is no vaccine available. The lamb model proves to be a valuable tool in the 
assessment of successful immune responses for novel therapeutics under consideration.  

  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1391943/
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CONCLUSION 

This study provides the first in-vivo assessment of a proven nebulisation method for pulmonary vaccination in 

biologically and clinically relevant sheep infant models. The vibrating mesh nebuliser considered in this study 
produced low serum and BALF immune responses with high serotype specific inter-subject variability. This study 
emphasises the importance of pre-clinical assessment of nebulisation platforms intended for future immunisation 
of at-risk infants.  
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