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Introduction

Pseudomonas aeruginosa is an oxidase positive, glucose non-
fermenting Gram negative bacillus that normally inhabits soil 
and aquatic environments.1 Its large genome, adaptive regula-
tory systems, metabolic versatility and high intrinsic antibiotic 
resistance, facilitates its survival in a diverse range of habitats.2 
P. aeruginosa is also an opportunistic human pathogen, causing 
acute life-threatening infections in patients with a damaged epi-
thelial barrier (e.g., burns, intravascular and urinary catheters, 
traumatic and surgical wound sites and endotracheal tubes) or 
impaired immune function (e.g., cancer, human immunodefi-
ciency virus infection, bone marrow, and organ transplantation) 
and resulting in bacteraemia, urinary tract infection or pneu-
monia.3 P. aeruginosa can also cause persistent infections within 
the lower respiratory tracts of patients with chronic pulmonary 
disorders. Chronic P. aeruginosa infection develops as a result 
of damaged or abnormal airway epithelium and compromised 
local pulmonary clearance mechanisms, and includes patients 
with cystic fibrosis (CF),4 non-CF bronchiectasis (nCFB),5 and 
chronic obstructive pulmonary disease (COPD).6 The organism 
possesses an impressive array of virulence factors that enable it to 
cause acute infections, and the metabolic versatility to facilitate 
its ongoing persistence within the lung microenvironment, both 
of which have been reviewed extensively elsewhere.7,8 This brief 
review examines the current status of the development of a vac-
cine against P. aeruginosa.

Why is a vaccine needed?

The burden of disease caused by P. aeruginosa is substantial. 
In the United States, P. aeruginosa is the second most common 
pathogen causing acute healthcare-associated pneumonia in the 
critically ill, elderly and immunocompromised, while worldwide 
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Respiratory infections caused by Pseudomonas aeruginosa 
are a major clinical problem globally, particularly for patients 
with chronic pulmonary disorders, such as those with cystic 
fibrosis (CF), non-CF bronchiectasis (nCFB) and severe chronic 
obstructive pulmonary disease (COPD). In addition, critically ill 
and immunocompromised patients are also at significant risk 
of P. aeruginosa infection. For almost half a century, research 
efforts have focused toward development of a vaccine against 
infections caused by P. aeruginosa, but a licensed vaccine is not 
yet available. Significant advances in identifying potential vac-
cine antigens have been made. Immunisations via both the 
mucosal and systemic routes have been trialled in animal mod-
els and their effectiveness in clearing acute infections demon-
strated. The challenge for translation of this research to human 
applications remains, since P. aeruginosa infections in the 
human respiratory tract can present both as an acute or chronic 
infection. In addition, immunisation prior to infection may not 
be possible for many patients with CF, nCFB or COPD. Therefore, 
development of a therapeutic vaccine provides an alternative 
approach for treatment of chronic infection. Preliminary ani-
mal and human studies suggest that mucosal immunisation 
may be effective as a therapeutic vaccine against P. aeruginosa 
respiratory infections. Nevertheless, more research is needed to 
improve our understanding of the basic biology of P. aeruginosa 
and the mechanisms needed to upregulate the induction of host 
immune pathways to prevent infection. Recognition of variabil-
ity in the host immune responses for a range of patient health 
conditions at risk from P. aeruginosa infection is also required to 
support development of a successful vaccine delivery strategy 
and vaccine. Activation of mucosal immune responses may pro-
vide improved efficacy of vaccination for P. aeruginosa during 
both acute exacerbations and chronic infection.
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it is second only to Staphylococcus aureus as a cause of infections 
within intensive care units.9,10 Treatment is complicated by the 
organism’s resistance to multiple antibiotics and its capacity to 
form aggregates and biofilms on mucosal membranes and medi-
cal device surfaces, further increasing resistance to antibiotic 
action.11,12 For example, ventilator-associated P. aeruginosa pneu-
monia, in particular has a high attributable case facility rate.13 A 
Canadian study reported the annual incidence of P. aeruginosa 
bacteraemia as 3.6/100,000 population, with only one in five 
cases being community-acquired.14 The overall mortality rate in 
this population-based study was 29% and the study identified 
important risk factors for bacteraemia, including that its fre-
quency increased with advancing age, underlying chronic disease 
and male gender.

The establishment of persistent P. aeruginosa infection in 
those with chronic pulmonary disorders is also of considerable 
importance. By adulthood, more than 70% of patients with CF 
will have a chronic P. aeruginosa infection, which leads to acceler-
ated pulmonary decline, reduced quality of life and poorer sur-
vival.15,16 Similarly, the organism also acts as a marker of severe 
disease and poor prognosis in the 10–30% of infected adult 
patients with nCFB and COPD.17,18 Chronic pulmonary condi-
tions are the fourth leading cause of death globally, with more 
than four million people dying prematurely each year, and more 
than 200 million people diagnosed with COPD worldwide.19 
Consequently, both acute and chronic P. aeruginosa infections 
are associated with significant morbidity, increased mortality and 
considerable cost to the health system and the community.

Despite advances in managing the critically ill, mortality from 
acute P. aeruginosa infections, such as sepsis and pneumonia, 
remains high,20 while chronic infection in those with underlying 
pulmonary disorders and impaired airway clearance mechanisms 
is notoriously difficult to eradicate. The organism’s chromosom-
ally encoded intrinsic resistance to antibiotics, its capacity to 
acquire resistance from mutations and horizontal gene transfer, 
and its capability to form self-protective biofilms, deep within 
the lower airways, are contributing factors to its persistence.11,21

Overall, the development of effective therapeutic regimes 
for those at risk of infection from this opportunistic pathogen 
remains challenging,22 due to its multiple virulence mechanisms 
and the wide variation in the underlying causes of susceptibility 
to infection exhibited by various patient groups. Clearly, all indi-
viduals vulnerable to P. aeruginosa infection could potentially 
benefit from a P. aeruginosa vaccine.

Despite a substantial research effort over the past 50 years, a 
vaccine licensed for clinical use has not yet been delivered and 
several challenges remain to be addressed. For example, use of 
a prophylactic vaccine requires immunisation prior to P. aeru-
ginosa colonisation of the airways and thus may be limited to 
the uninfected elderly and CF or nCFB patients who are already 
known to be at increased risk of P. aeruginosa infection. After P. 
aeruginosa colonisation and establishment of infection, a thera-
peutic vaccine is required in order to clear the organism. It is cur-
rently not known whether the same formulation will be effective 
for both scenarios. Furthermore, treatment of acute infections in 
patients resulting from mechanical ventilation, central vascular 

catheterization, chemotherapy-induced mucositis and neutropae-
nia, or from severe trauma, including burns, are increasingly reli-
ant upon a passive immunotherapeutic approach. These patients 
are usually critically ill, have impaired systemic immunity, 
and their responses to active immunisation may be delayed or 
diminished.23 In contrast, patients with chronic endobronchial 
infections may have impaired local immune responses and poor 
airway clearance, but retain relatively intact systemic immune 
responses.24

The lung microenvironment in patients with CF provides an 
even greater challenge for successful vaccine development, due 
to its increased susceptibility to bacterial colonisation and acute 
exacerbation episodes during chronic infection. The lower air-
ways of CF patients produce viscous mucus, while mucociliary 
clearance is decreased, effectively reducing the opportunity for 
pathogen clearance.25 Innate immunity within the CF lung is 
impaired (reduced pH and defensins),26 airway phagocytic func-
tion is abnormal and there is apparent mucosal immune dysregu-
lation.24 In addition to the opportunity for infection provided 
by the host’s compromised homeostasis, P. aeruginosa has an 
impressive armoury of weapons to facilitate successful coloni-
sation and infection. For example, the organism produces sev-
eral virulence factors that are able to impair or modulate local 
defenses (quorum sensing signaling molecules (QSSM), prote-
ases and pyocyanin).27 Furthermore, using mutations and genetic 
rearrangements, it is also able to downregulate the expression of 
highly immunogenic virulence factors (O-antigen, type III secre-
tion systems, flagella)28,29 and upregulate other factors, including 
pyoverdine,30 to produce aggregates and biofilms.7,12,28,29

P. aeruginosa vaccine antigens and vaccine immune 
responses

Several P. aeruginosa antigens have been identified as poten-
tial vaccine candidates, which, to date include lipopolysaccharide 
(LPS) O-antigen, polysaccharides, polysaccharide-protein conju-
gates, outer membrane proteins F and I, the type III secretion 
system component PcrV, flagella, pili, attenuated P. aeruginosa 
S.enterica SL326, DNA and whole killed cells,31,32 in addition 
to a number of non-integral outer membrane protein candidate 
antigens.33

It is increasingly clear that development of strong opsono-
phagocytic antibody responses following immunisation is insuf-
ficient for successful vaccine development and that stimulation 
of T cell responses, including IFN-γ, IL-17 and GM-CSF secre-
tion, is essential. These observations highlight the possibility that 
different vaccine formulations may need to be considered for 
defined infections and patient populations.34,35 Furthermore, a 
Th17 T cell response may provide evidence of a potential mecha-
nism for enhanced endobronchial clearance of non-typeable 
Hemophilus influenzae (NTHi) in COPD patients following oral 
immunisation with a whole killed cell NTHi oral vaccine.36 The 
proposed mechanism of this response is driven from oral vaccine 
stimulation of Peyer’s patches, followed by Th17 effector T cells 
circulating to the lungs via a mucosal immune network. Clearly, 
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significantly more basic research is required to determine the 
type of immune responses needed to provide or enhance immu-
noprotection against P. aeruginosa infections and to encompass 
the diverse clinical presentations of infection caused by this 
organism, before an effective vaccine can be developed.

Vaccine outcomes to date

Currently, a licensed vaccine is not yet available against P. 
aeruginosa, despite many promising animal and preliminary 
clinical studies in humans. An excellent expert review by Priebe 
and Goldberg (2014) has recently addressed the “state-of-the-
art” in vaccinology for P. aeruginosa and is recommended to the 
reader.35 That review, however, did not report on research scaf-
folding the potential development of a mucosal vaccine against P. 
aeruginosa. For example, we have shown that a whole killed cell 
P. aeruginosa vaccine demonstrated considerable promise in an 
animal model of acute lung infection.37 These studies have been 
successfully expanded to demonstrate that mucosal immunisa-
tion with cytosolic proteins can also lead to enhanced clearance 
from the lungs of animals acutely infected with P. aeruginosa.33 
Two of these antigens, catalase A (KatA) and amidase (Ad) were 
further studied.

P. aeruginosa possesses two heme-containing catalases,38 with 
KatA being the principal catalase, which provides the first line of 
defense against osmotic stress and H

2
O

2
 attack by phagocytes.39 

KatA, the ‘isoenzyme A’ form, is located in the cytoplasm and 
periplasm and appears to also locate on the bacterial surface.40 
In the absence of KatA expression, biofilms are more easily 
killed by H

2
O

2
41 and QSSMs mediate a significant component 

of biofilm resistance to H
2
O

2
.42 In contrast, Ad is an enzyme 

found in the periplasm and has no known relationship to bacte-
rial virulence. The P. aeruginosa amidase is a 6x38-kDa enzyme 
that catalyzes the hydrolysis of a small range of short aliphatic 
amides and belongs to the nitrilases, a 13-branch superfamily of 
thiol enzymes involved in natural product biosynthesis and post-
translational modification.43 

Parenteral immunisation studies have demonstrated that 
KatA appears to be just as effective in mice as the homologous 
killed P. aeruginosa whole cell vaccine, and slightly better than 
the leading vaccine candidate OprF-OprI (provided by Dr von 
Specht) (Fig. 1). We have also demonstrated that KatA com-
bined with Ad is protective in a chronic lung infection model 
(Figs. 2 and 3), significantly reducing the number of bacteria 
recovered 4 h after acute challenge with P. aeruginosa. In this 
model, there was visually much less epithelial thickening in the 
bronchiole wall, less cellular infiltration, less alveolar wall damage 
and less lung consolidation in immunised animals compared with 
non-immunised controls (Fig. 4). Indeed, the extent of epithe-
lial damage 4 h after bacterial challenge was still evident 24 h 
after administration of the bacterial challenge, with the alveoli 
exhibiting significant damage and bleeding in non-immunised 
animals. The presence of clear mucus in some smaller bronchi-
oles provides evidence of localized mucosal responses within 
the KatA/Ad immunised animals. Most importantly, this study 

demonstrated that, parenteral immunisation was effective against 
an acute exacerbation of a chronic lung infection in mice when 
immunisation occurred after the infection was firmly established 
(Fig. 3). In most chronic pulmonary disorders, individuals suf-
fer episodes of acute exacerbations. Thus, in this model, both 
the day 7 and day 35 P. aeruginosa challenges represent acute 

Figure  1. Clearance of P. aeruginosa from the acutely infected lung 
mouse model, 4 h post challenge with live bacteria. Mice (Balb/c) were 
parenterally immunised with 10 µg antigen (KatA or OprF-I) or 106 
colony forming units (cfu) heat killed Pa in Incomplete Freund’s adju-
vant (as indicated) on days 0 and 14. Acute P. aeruginosa lung infection 
involved direct intra-tracheal (IT) inoculation of live P. aeruginosa (106cfu) 
into the lungs while briefly sedated with alfaxan (12 mg/kg) on day 21. 
Clearance was assessed at 4 h post live challenge. *P < 0.05 compared 
with non-immune.

Figure  2. Clearance of live P. aeruginosa administered IT in agar. Mice 
were parenterally immunised as described in Figure 1, except Kat A was 
mixed equally with Ad (10 µg each). Live challenge with P. aeruginosa 
via the trachea was administered on day 21 with 2x104 colony forming 
units in 0.5% agar. ⎕ Non-immune group (SeM =  ± 44%); ● KatA and Ad 
immunised group (SeM =  ± 22%); ◆ heat-killed P. aeruginosa immunised 
group (SeM =  ± 12%). Data presented as the mean of n = 5–6 mice per 
group. S.e.Ms were too small to show graphically and are given above in 
the legend text.*P < 0.05 compared with the non-immune.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com Human Vaccines & Immunotherapeutics 17

exacerbation situations, with day 35 being a severe episode. These 
results show potential for candidate antigens, such as KatA and 
Ad, to enhance clearance of an acute P. aeruginosa-associated 
exacerbation of an established chronic P. aeruginosa infection.

Despite the enhanced clearance of an acute experimental P. 
aeruginosa exacerbation, there remains the challenge to translate 
the findings to human clinical presentations. For example, during 
acute exacerbations caused by P. aeruginosa in CF patients with 
chronic P. aeruginosa infection, bacterial load is not necessarily 
increased before-hand44,45and while clinical improvement is asso-
ciated with a fall in bacterial numbers45 this is not a requirement 

in those with advanced disease.46 Similarly, even if bacterial load 
is reduced by several orders of magnitude by the use of systemic 
and inhaled antibiotics, this effect can be independent of any 
clinical benefit in stable patients with chronic P. aeruginosa infec-
tion in those with CF or nCFB.47,48 In contrast, a single clinical 
study in nCFB patients reported correlation of increased bacterial 
load during stable clinical states with increased inflammation, 
exacerbation risk and severity of exacerbation episode.49

Chronic P. aeruginosa infection is difficult to clear using anti-
biotics since P. aeruginosa can form aggregates or an organized 
exopolysaccharide biofilm matrix which can be up to 1000-

fold more resistant to antibiotics than free-living planktonic 
cells.12,50,51 Biofilm formation and the expression of a range 
of associated virulence genes is controlled by a network of 
transcriptional regulators and their cognate ligands, small 
signaling molecules or autoinducers, including several acyl 
homoserine lactones (AHLs).52 This system has been termed 
“quorum sensing”. The importance of biofilm formation and 
quorum sensing in the pathogenesis of establishing P. aeru-
ginosa infection has been demonstrated in a range of animal 
models where gene knockouts for one or more of the QSSMs 
or their receptors render the bacterium almost avirulent.53,54

A novel approach to P. aeruginosa vaccine development 
would be to use QSSM carrier protein conjugates as vaccine 
formulations. In our mouse model of acute lung infection, we 
have demonstrated that the lasIRrhlIR knockout strain showed 
equal persistence to wild type parental PAO1, induced equal 
or greater neutrophil infiltration to the lungs, and induced 
similar levels of expression of inflammatory cytokines in the 
lungs and antibody responses, both in terms of magnitude 
and isotype.55 In contrast to previous reports, these results 
suggested that the lack of quorum sensing alone does not sig-
nificantly affect the immunogenicity, infectiveness and persis-
tence of P. aeruginosa. The most frequently produced QSSMs 
are N-3-(oxododecanoyl)-L-homoserine lactone (OdDHL) 
and butyryl L-homoserine lactone (BHL), collectively known 
as AHLs. It has been widely postulated that blocking quorum 
sensing and biofilm formation could have a therapeutic ben-
efit by limiting the ability of P. aeruginosa to form biofilms. 
Together, these results suggest that aggregation of P. aerugi-
nosa rather than biofilm formation may be of greater impor-
tance for establishment of acute infection for this organism.

Attempts to reduce the virulence of P. aeruginosa have used 
several strategies, including the use of structural analogs of 
QSSMs to block their function.56 Previously, it has been shown 
that an immune response to QSSMs can be generated, when 
they are chemically conjugated to a large protein. Conjugation 
of AHLs to bovine serum albumin (BSA) or keyhole limpet 
hemocyanin was used to produce monoclonal antibodies in 
mice,57 while immunisation of mice with BSA-conjugated 
OdDHL resulted in a partial protection against lung infec-
tion.58 Recent studies in mice with OdDHL conjugated to 
KatA by Lazenby, Cooley and Kyd (unpublished data) also 
produced an effective immune response and together, these 
studies represent an ongoing direction for animal-based vac-
cine development research.

Figure 3. Vaccinating to clear an established chronic P. aeruginosa infection. 
This animal model was established in our laboratory to determine whether 
immunisation was effective in combating acute bacterial challenge in mice 
that had already been chronically infected with P. aeruginosa. (A) In this 
model, Balb/c mice received 104 colony forming units (cfu) of live P. aerugi-
nosa in 0.5% agar intra-tracheally (IT) into the lungs on day 0. On day 7, they 
received a second dose of 104 cfu live P. aeruginosa in PBS (IT). One group of 
control non-immune mice ⎕, received only agar on day 0 and PBS on Day 7, 
prior to acute live P. aeruginosa challenge at day 35, this provided a control 
group not previously exposed to an infection. The mice were then immunised 
sub-cutaneously on days 14 and 28 with either PBS (control mice) or vaccines 
formulated in IFA. On day 35, mice received an acute infection of 106cfu live 
P. aeruginosa (IT). The mice were killed at 4 h post this infection and bronchial 
lavage samples collected for testing. (B) This figure illustrates the clearance of 
P. aeruginosa in the bronchial lavage following acute bacterial IT challenge, 
106cfu live P. aeruginosa or PBS, at day 35 in each of the groups. Non-immune 
mice received PBS (IT) and were sham immunised. All the filled symbol groups 
received P. aeruginosa in agar (IT) at day 0. ◆Non-immunised control group 
(but did receive infections on days 0 and 7); ● KatA/Ad immunised group; 
▲ heat-killed Pa. Kat A was mixed equally with Ad (10 µg each); and the heat 
killed P. aeruginosa (HKPa) group was immunised with heat-killed P. aerugi-
nosa. Data presented as mean ± SeM of n = 5–6 mice per group.
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Expansion of animal research into mucosal vaccine develop-
ment against P. aeruginosa in humans has been undertaken in 
the form of a safety and immunogenicity study, conducted on the 

whole killed cell P aeruginosa oral vaccine.59 Twenty-five normal 
healthy subjects were studied and no vaccine-attributable adverse 
events were observed clinically or on haematology and biochem-

istry blood profiles. Increased serum P. 
aeruginosa specific antibodies and phago-
cytic indices were observed post-immunisa-
tion. A pilot open label study has also been 
conducted on nine patients with bronchiec-
tasis.60 Results from these patients showed 
a significant reduction in total P. aeruginosa 
counts in sputum cultures (Fig. 5).

Together, these animal and clinical 
studies demonstrate that mucosal immuni-
sation holds promise for the development 
of a successful vaccine against P aeruginosa 
and that a range of antigen formulations 
are possible. Despite this progress, further 
studies on mucosal delivery systems for the 
protein antigens as well as the mechanisms 
of the immunity induced are needed. Much 
more developmental work is required, but 
if successful the rewards will be great for 
potentially millions of patients worldwide 
with chronic P. aeruginosa respiratory 
infections.
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Figure 4. The histopathology of the lungs of Balb C mice immunised against Kat A/Ad, after acute exacerbation of chronic infection by P. aeruginosa. 
Immunised mice lungs showed reduced cellular recruitment, infiltration and lung consolidation and damage after the acute bacterial challenge com-
pared with lungs from non-immunised, chronically infected control mice. (A) Shows the histological features of the lung in naïve mice, prior to chronic 
infection. Pulmonary bronchioles (PB) exhibit regular, intact epithelial surface and the epithelial walls of the alveolus (arrowed) encompass well defined 
expanded chambers, free of mucus. BV, blood vessel. (B) Illustrates the increased epithelial thickness (arrowed) and infiltration of nucleated cells adja-
cent to the alveoli resulting from establishment of chronic infection, within the mouse lungs prior to immunisation. (C) Illustrates similar characteristics 
resulting from the establishment of chronic infection in the lung in non-immunised mice, prior to bacterial challenge. As observed in (B), chronic infec-
tion has increased epithelial thickness (arrowed). (D) Shows the features of lung histology from chronically infected mice after immunisation against 
Kat A/Ad, prior to acute bacterial challenge. Although increased epithelial thickness is observed in the PB and there is evidence of localized cellular 
recruitment, the airways remain clear. (E) Demonstrates the damage induced in lung morphology from chronically infected mice in the absence of 
immunisation to Kat A/Ad, four hours after acute bacterial challenge. PB epithelia are thickened, alveolar walls and capillaries compromised lead-
ing to extravasation of blood into airways (#), increased cellular recruitment and consolidation of the lung through collapse of alveolar structure. (F) 
Demonstrates, in comparison to (E), that 4 h post bacterial challenge, the lung morphology of mice immunised against Kat A/Ad does not exhibit the 
epithelial damage, alveolar destruction, cellular recruitment or leakage of blood into the airways seen in non-immunised animals. The airways remain 
relatively clear, with minimal epithelial thickening (arrow). There is some evidence of increased mucus secretion (*) in smaller airways that have retained 
the mucus during histological processing of the lung. (G and H) Illustrates the lung histology, 24 h post bacterial challenge in non-immunised (G) and 
animals immunised against Kat A/Ad. In both groups, clearance of the acute damage observed in (E and F), has occurred, however the epithelial thicken-
ing, cellular infiltration and alveolar damage is more extensive in the lungs from non-immunised mice. Immunised mice still retain mucus within some 
of the airways however the extent of airway damage and consolidation appears less in this group.
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