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Summary

Despite the recognition of Pseudomonas aeruginosa is an opportunistic pathogen, no vaccine
against this bacteria have come to market. This review describes the current state-of-the-art in
vaccinology for this bacterium. This includes a discussion of those at risk for infection, the types
of vaccines and the approaches for empirical and targeted antigen selection under development, as
well as a perspective on where the field should go. In addition, the challenges in developing a
vaccine for those individuals at risk are discussed.
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The year 1970 was an important one in Pseudomonas aeruginosa vaccine history. Alexander
and Fisher published an editorial in the American Journal of Surgery that claimed success of
an lipopolysaccharide (LPS)-based vaccine at preventing mortality in burned patients (on a
trial using historical controls) [1]. Lanyi published the first description of the serologic
differences in flagella typing [2]. Bartell and colleagues also published one of the first
descriptions of the chemical composition of the protective slime antigen (later known as
alginate) that year [3]. The Beatles song “Long and winding road” was also released in

1970, perhaps a premonition of the difficulties in achieving a broadly protective vaccine for
human use despite many attempts to make vaccines based on these 3 important antigens:
LPS, flagella, and alginate. This review will focus on newer approaches in vaccine
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development for P. aeruginosa. We refer the reader to other excellent recent reviews on
vaccines for P. aeruginosa [4] and [5].

P. aeruginosa continues to cause serious infections in humans, particularly in the critically
ill [6], the immunocompromised [7,8], those with burn wounds [9] or combat-related wound
infections [10,11], and those with cystic fibrosis [12]. It is also one of the most frequently
isolated pathogens from contact lens-associated bacterial keratitis [13]. The multitude of
intrinsic and acquired resistance mechanisms contributes to the intractable nature of many of
these infections. A recent population-based study of P. aeruginosa bacteremia in Canada
shed light on the overall incidence of serious P. aeruginosa infections [14]. This study
reported an exponential increased risk of bacteremia after age 60, with a remarkably high
annual incidence (per 100,000) of 10 in ages 60-69, 20 in ages 70-79, and 35 in ages >80,
and an overall mortality rate of 29%. About a third of these cases of bacteremia were
classified as having a pulmonary source. This incidence is on par with that of invasive
methicillin-resistant Staphyl ococcus aureus (MRSA) infections in the US in 2011, which
was recently estimated to be 26 per 100,000 [15]. Based on the 2010 census, the US Census
Bureau predicts that the US population age =65 will more than double between 2012 and
2060, from 43.1 million to 92.0 million, suggesting that the P. aeruginosa infections will
become increasingly prevalent in the coming years.

Pulmonary infections caused by P. aeruginosa generally dichotomize between acute
pneumonia, usually associated with mechanical ventilation (so-called ventilator-associated
pneumonia [VAP], which falls under the rubric of healthcare-associated pneumonia) and the
chronic pneumonia of cystic fibrosis (CF). Based on data from the National Healthcare
Safety Network from 2009-2010 [16], P. aeruginosa was the most commonly isolated
Gram-negative pathogen and the second most common pathogen overall in the setting of
VAP, accounting for 11% of cases. Of the P. aeruginosa VAP isolates, 33% were
fluoroquinolone-resistant, 30% were carbapenem-resistant, and 18% were multidrug
resistant [16]. It is estimated that there are 300,000 cases of hospital-acquired pneumonia
each year in the United States [17]. Other epidemiologic data suggest that 10-20% of adults
receiving more than 48 hours of mechanical ventilation will develop VAP [18]. Compared
to similar patients without VAP, patients with VAP are about twice as likely to die, require
approximately 6 days more of ICU-level care, and incur $10,000 additional hospital costs
[18]. Notably, VAP due to P. aeruginosa has a particularly high attributable mortality [19].

P. aeruginosa is also a major cause of combat-related wound infections. A recent review of
the Joint Theater Trauma Registry (JTTR) for infections among more than 16,000 Iraq and
Afghanistan combat casualties noted that infections were mostly due to Gram-negative
bacteria (48%), most commonly involving wounds (27%) or lungs (15%), and 25% of the
Gram-negatives were P. aeruginosa [10]. A review of all trauma casualties evacuated from
the Iraqgi theatre to a U.S. Navy hospital ship in 2003, 56 (27%) of 211 patients met criteria
for infection, with Pseudomonas species causing 14% of these infections, most of which
were wound infections [11]. There was high antibiotic resistance in these P. aeruginosa
strains, with 56% being tobramycin-resistant and 37% ceftazidime-resistant [11].
Remarkably, in 2005, almost 50% of P. aeruginosa isolates from the ICU at Walter Reed
Army Medical Center in Washington, DC were imipenem-resistant [20]. Together, these
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studies suggest that P. aeruginosa is a major cause of combat-related wound infections that
are difficult to treat due to high antibiotic resistance and also associated with high morbidity.

Although CF is an autosomal-recessive genetic disorder, with about 1,000 new cases
diagnosed each year and approximately 30,000 patients suffering from its complications in
the U.S. alone, chronic lung infection with P. aeruginosa accounts for most of the morbidity
and mortality associated with the disease [21]. Although emerging microbiome data suggest
that many other bacterial species are present in CF sputum, most of which can be cultured
using advanced techniques [22], it should be noted that when lung tissue from autopsies or
lung transplants are examined, only traditional CF pathogens such as P. aeruginosa are
found by either culture or DNA analysis [23]. Results using samples from oropharyngeal
swabs [24] and expectorated sputum that must come through the oropharynx during
collection should be interpreted with caution.

One might ask who would be immunized with a P. aeruginosa vaccine. Candidates to
receive such a vaccine would be relatively easy to identify. It is becoming increasingly clear
that as the population ages and spends more time in healthcare settings, the risk for
nosocomial infection goes up. While some obvious populations can be identified
(preoperative patients scheduled for major surgery, soldiers, police, firefighters, wearers of
extended-use contact lenses, CF patients), it might be reasonable to consider clinical trials
involving vaccination of everyone over 60 (or whatever is epidemiologically defined as
“elderly™). An effective vaccine given to individuals with an increased risk for
hospitalization due merely to age could be very cost effective. Other clinical trial designs
could mirror those of Intercell’s ongoing OprF/1 vaccine trial (clinicaltrials.gov,
NCT01563263) that is vaccinating adults soon after admission to ICUs (which is predicated
on rapid immune response, as was observed in healthy volunteers [25]). Overall, considering
the problem of hospital-acquired infections, the prominent role of P. aeruginosa in this
setting, the unrelenting problem of antibiotic resistance, and an aging population, a vaccine
against P. aeruginosa is urgently needed.

LPS-based vaccines

It is well established from animal studies that antibodies to the LPS O antigen mediate high-
level immunity to P. aeruginosa infections [26]. However, for many of the O antigens,
protective epitopes are poorly immunogenic, while non-protective O antigen epitopes often
elicit the best immune responses after active vaccination [27]. P. aeruginosa strains
possessing LPS O antigen are currently classified into 20 serotypes based on the chemical
composition of the O antigen, with each serotype possessing subtype strains having subtle
variations, leading to over 30 subtypes [28]. A heptavalent O antigen vaccine prepared from
LPS of seven different serotypes called Pseudogen (Parke Davis and Co.) showed efficacy
in nonrandomized trials among adult cancer and burn patients in preventing fatal P.
aeruginosa infections [29,30], but these vaccines were limited by toxicity, and studies in
patients with leukemia and cystic fibrosis showed no benefit [31,32]. Although O antigen-
based vaccines can elicit antibodies that are protective in animal models, this protection is
generally seen only when the strains used to isolate the vaccine antigen are used in the
challenge studies [33,34]. Broad-based protection against other strains, even subtypes within
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the same serotype, is not reliably generated [35,36]. With these observations in mind, an O
antigen-based vaccine would need to be more than 30-valent to cover all strains, or about
10-valent to cover the most common serotypes seen clinically. However, when related
purified O antigens from strains within the same serotype are combined, the immune
response in mice to each individual component is diminished [35]. Furthermore, a
hyperimmune globulin prepared from plasma of humans immunized with an octavalent P.
aeruginosa O antigen conjugate vaccine (conjugated to P. aeruginosa exotoxin A) did not
protect critically ill adults against P. aeruginosa infections after passive administration [37].

P. aeruginosa vaccines for CF patients

The susceptibility of CF patients to chronic pulmonary infection with P. aeruginosa is
multifactorial [38], including failure of clearance do to lack of CFTR-mediated bacterial
internalization by epithelial cells [39], defective mucosal immunity [38], abnormally viscous
secretions that impair mucociliary clearance [40], and, as demonstrated recently in the CF
pig model, abnormal pH of the airway surface liquid [41]. While the P. aeruginosa strains
associated with pulmonary deterioration among CF patients usually have a mucoid
phenotype due to overproduction of the exopolysaccharide alginate [42,43], the early
isolates from younger children with CF are typically non-mucoid [44]. Another distinction
of the P. aeruginosa isolates recovered in the early versus late stages of cystic fibrosis is that
the early, non-mucoid isolates are lipopolysaccharide (LPS)-smooth and serologically
typeable, while the late, mucoid isolates are LPS-rough and non-typeable [45]. LPS-rough
strains lack the O antigen polysaccharide (also known as O side chain) attached to the LPS
core.

Pier and colleagues showed in the mid-1980s that the small minority (<5%) of older CF
patients who have escaped chronic P. aeruginosa infection have high levels of serum
opsonic antibody directed against alginate [46]. Immunotherapeutic strategies that provide
systemic opsonic antibodies to alginate can protect mice and rats from lung infection with
mucoid P. aeruginosa encased in agar beads [47]. Alginate, however, is poorly
immunogenic in humans [48], possibly because of pre-existing non-opsonic alginate-
specific antibodies, which prevent the production of opsonic antibodies in animal models
[49]. The role of such antibodies in the protection against initial colonization is not clear,
especially in light of the fact that the early P. aeruginosa isolates from young CF patients
are nearly always non-mucoid in vitro [44]. However, there is increasing evidence that non-
mucoid isolates produce alginate in vivo [50]. Notably, an engineered human 1gG1
monoclonal antibody to the mannuronic acid epitopes of alginate can protect mice against
acute lethal pneumonia caused by non-mucoid, LPS-smooth strains [51].

A number of vaccines against P. aeruginosa have been tested in patients with CF, with little
success to date. Indeed, none was deemed to be efficacious in a recent Cochrane review
[52]. Notable among these is a bivalent flagella vaccine, which showed a small but
statistically significant (P=0.05) reduction in P. aeruginosa infection in a large randomized
trial led by the late Gerd Déring [53]. The vaccine clearly seemed to work, as only strains
with flagella types not included in the vaccine were isolated from patients after vaccination.
Unfortunately, the company involved in preparation of this vaccine (IMMUNO, Vienna,
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Austria) stopped production before the end of the trial [4] and, to our knowledge, no other
company to date has taken over production of the bivalent flagella vaccine or any other
version of a multivalent flagella vaccine. This clinical trial highlights the challenges of
clinical studies evaluating P. aeruginosa infection CF patients who are usually undergoing
frequent and sometimes continuous treatment with antibiotics.

A conjugate vaccine of flagellin coupled to polymannuronic acid (PMA, which contains the
epitope recognized by the opsonic monoclonal antibody to alginate, described above)
elicited opsonic antibodies against mucoid but not nonmucoid strains of P. aeruginosa, and
rabbit antisera to this PMA-flagellin vaccine showed improved clearance of both mucoid
and nonmucoid strains in a murine respiratory infection model [54]. Importantly, antibodies
elicited by the PMA-flagellin vaccine did not neutralize the Toll-like receptor 5 (TLR5)-
activating activity of flagellin, an important part of innate immunity flagellated microbial
pathogens [54]. Cryz and co-workers assessed whether LPS-specific antibodies could
prevent P. aeruginosa colonization of children with CF after active immunization with an
octavalent O-antigen-exotoxin A conjugate vaccine. Although studies with historical
controls were promising [55,56], later unpublished results from a prospective trial of this
vaccine in Europe did not show a delay in colonization, so this vaccine was also abandoned.

Live-attenuated vaccines

P. aeruginosa mutants having a deletion of the aroA gene, which is required for the
synthesis of aromatic amino acids, have proven to be both highly attenuated and
immunogenic in animal models [57-59]. The Priebe, Pier, and Goldberg groups have shown
that nasal immunization of mice with live-attenuated aroA deletion (AaroA) mutants of P.
aeruginosa is highly protective against acute lethal pneumonia caused by P. aeruginosa
strains having the same LPS O antigen as the vaccine (called serotype-homologous strains);
but passive transfer of antibody was only effective at protecting recipient mice when a
highly virulent variant of the parental strain was used (allowing a relatively low challenge
dose). Passive transfer did not protect against a less virulent variant, while active
immunization did, thus suggesting that cellular immunity also played a prominent role in
protective immunity. Surprisingly, a P. aeruginosa AaroA vaccine strain based on strain
PA14 (called PAl4AaroA) protected against acute lethal pneumonia caused by LPS-
heterologous P. aeruginosa strains in the absence of serum opsonic antibodies, suggesting a
T cell effect [59]. Additional experiments showed that in immunized wild-type mice, the
cytokine IL-17 was produced by a greater number of lung T cells, could be found at higher
levels in bronchoalveolar lavage fluid (BALF), and was associated with more rapid
recruitment of neutrophils to the airways when compared with control-immunized mice who
succumbed following challenge. Depletion of IL-17 before challenge of immunized mice, or
absence of the IL-17 receptor, abrogated the protective efficacy of the vaccine [59].

A brief digression about IL-17 is warranted here. Growing evidence suggests that a distinct

lineage of IL-17-secreting T helper cells called Th17 cells [60,61] plays an important role in
innate and adaptive antibacterial host defense in the lung [62—-65] as well as in autoimmunity
[66]. IL-17 is a proinflammatory cytokine expressed primarily by activated memory CD4* T
cells and is the prototypic member of a family of cytokines named IL-17A-F (where IL-17A
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is what is typically denoted IL-17, and IL-17E is IL-25) [67]. TGF-B is critical for
commitment to Th17 development by upregulating IL-23R expression, thereby conferring
responsiveness to IL-23 [68]. An inflammatory milieu (particularly the proinflammatory
cytokine IL-6, with amplification by IL-1f and TNF-a) is also required [69]. While IL-23 is
key to the survival and expansion of Th17 cells, it is not required for the initiation of Th17
responses [70]. Recent data in murine experimental autoimmune encephalomyelitis models
show that Th17 cells can also secrete GM-CSF [71,72]. These ThGM-CSF cells are
particularly inflammatory in murine experimental autoimmune encephalomyelitis models
[71,72].

The action of 1L-17 in the lung centers on neutrophil recruitment via induction of CXC
chemokine secretion (KC and MIP-2 in rodents, GRO and IL-8 in humans) along with
granulopoietic factors (such as G-CSF) that lead to increased bone marrow production
and/or prolonged survival of neutrophils [62]. In studies of innate immunity to Klebsiella
pneumoniae, Kolls and co-workers found that IL-17 receptor (IL-17R)-deficient mice were
highly susceptible in an acute pneumonia model, with increased mortality and bacterial
dissemination associated with delayed neutrophil recruitment to the lung as well as lower
levels of G-CSF and MIP-2 in the knockout mice [64,73]. Vaccination of mice with K.
pneumoniae outer membrane proteins protected mice from pneumonia in a Th17-dependent
manner [65].

Of note, CF patients typically have high levels of IL-17 in BALF, particularly during
pulmonary exacerbations [74,75], and they have also been found to have infiltration of the
airway submucosa with Th17 lymphocytes [76]. These findings contrast with reports from
the 1970s showing that T cell responses to gentamicin-killed P. aeruginosa were absent in
the peripheral blood of CF patients with advanced lung disease despite strong responses to
mitogens and to S. aureus, Group A Streptococcus, and Hemophilus influenzae [77,78]. An
intrinsic T cell defect in CF is suggested by the findings that CF CD4 cells have abnormal
CI™ conductance correctable by CFTR transfection [79]. Whether the high IL-17 found in
the CF airways is the cause of the inflammatory lung disease that is a hallmark of CF [38] or
just the result of chronic infection remains to be determined.

In other studies of live-attenuated AaroA vaccines in a neutropenic pneumonia model using
mice made neutropenic by either cyclophosphamide or an anti-neutrophil monoclonal
antibody (RB6-8C5), Kamei et al. [80] found higher numbers of monocytes/macrophages in
the lungs after infection that correlated with a higher proportion of CD4 T cells secreting
both IL-17 and GM-CSF in the lungs and spleens. They went on to show that CD4 T cell-
secreted GM-CSF was critical for protection against pneumonia caused by LPS-
heterologous strains in neutropenic mice [80]. Antibody-mediated blockade of GM-CSF or
CD4 depletion led to diminished recruitment of monocytes/macrophages to the airways and
diminished protection [80]. Thus, P. aeruginosa live-attenuated vaccines can be protective
even when a key mediator of immunity, the neutrophil [81], is deficient.

In a different study, Kamei et al. [82] showed that a multivalent live-attenuated vaccination
approach induced effector CD4 T cells as well as opsonic antibodies directed not only
against multiple O antigens but also against the more conserved the LPS core and other
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surface proteins, all of which contributed to protection against acute lethal pneumonia in
mice. Thus, successful vaccine candidates for P. aeruginosa will likely need to induce
multiple immune effectors rather than just opsonic antibody to the LPS O antigen.
Preliminary results with a live-attenuated vaccine based on the serotype O11 strain PA103,
which required disruption of the exoU gene in addition to deletion of the aroA gene to
achieve adequate attenuation, show extension of protection to serotype O11 strains, which
had not been previously achieved [83].

Live-attenuated P. aeruginosa vaccines have also shown good protective efficacy against
experimental corneal infections, with a broader spectrum of protection against LPS-
heterologous strains compared to lung infections [84], likely related to the lower challenge
doses needed to achieve a infection in the scratch-injured cornea infection model as well as
the different pathogenesis of these infections whereby epithelial uptake of P. aeruginosa is a
critical step in the infection process [85]. Interestingly, neutralization of IL-17 or absence of
the IL-17 receptor leads to better outcomes in this corneal infection model [86], again
highlighting that different mediators of immunity are needed in different sites of infection.

The Goldberg group constructed an LPS-based vaccine consisting of the O antigen from P.
aeruginosa serotype O11 expressed on an attenuated strain of Salmonella typhimurium.
Strains in this P. aeruginosa serotype are common clinically and have a high prevalence of
cytotoxicity so are associated with a high mortality rate [87]. This live-attenuated vaccine
elicited serotype-specific antibodies, and oral immunization of mice provided greater
protection from acute P. aeruginosa pneumonia than intraperitoneal immunization [88].
Intranasal administration of this vaccine was more effective against acute pneumonia and
could also protect against P. aeruginosa infections after burns or eye injury [89] and against
pneumonia in immunocompromised mice made leukopenic after vaccination using either
cyclophosphamide or an anti-neutrophil Grl monoclonal antibody (RB6-8C5) [90].
Administration of immune sera to immunocompromised mice via the intranasal route at the
time of infection also led to improved survival.

Outer membrane proteins

Wu et al. [91] recently identified protective protein components of the live-attenuated
vaccine described above (PA14AaroA) using a Th17-based reverse vaccinology strategy
with a library of 258 PA outer-membrane and secreted proteins [92]. The proteins were
produced with an in vitro transcription and translation system and used to stimulate
splenocytes from mice immunized with PA14AaroA. The screen identified four Th17-
stimulating proteins, and His-tagged purified version of three proteins from the library
(OprL, PopB, and FpvA) stimulated IL-17 production in PA14AaroA-immune splenocytes.
PopB was selected for further study since it was highly soluble, has been found in all P.
aeruginosa strains tested [93], is a known virulence factor [94] as a structural component of
the type 11 secretion system, and, unlike FpvA [95] and OprL [96], is highly conserved
among PA strains, including sequential CF isolates [97]. Intranasal immunization of mice
with PopB mixed with the beta-D-glucan curdlan, a known Th17 adjuvant [98-100], elicited
strong Th17 responses and conferred IL-17-dependent, antibody-independent protection
from lethal PA pneumonia in the absence of opsonophagocytic antibodies [91].
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Other P. aeruginosa vaccine strategies have focused on the outer membrane proteins
(OMPs) OprF [101-105] and Oprl [106-108], which are antigenically related among all
serotypes [109], as well as OprF/I fusion proteins [102,110]. Initial studies of OMPs as
vaccines were confounded by LPS contamination of OMP preparations but did show
evidence of serotype-heterologous protection with a purified OprF vaccine in addition to the
homologous protection elicited by contaminating LPS [111,112]. Adenoviral vectors
expressing an OprF peptide that possesses both B and T cell epitopes have shown great
promise in animal models (recently reviewed in refs. [5,113]). Hughes et al. used synthetic
peptides of OprF conjugated to KLH to immunize mice intranasally and found significant
protection against acute pneumonia, although only 1 challenge strain was assessed [114]. An
OprF DNA vaccine administered intradermally has also demonstrated protection in a mouse
model of chronic pulmonary infection [115]. Using recombinant OprF/I fusion proteins, von
Specht et al. showed that active and passive vaccination could protect neutropenic and SCID
mice, respectively, against challenge doses 1000-fold above the LDsgq [116,117]. OprF/I
fusion proteins mixed with flagellins have also shown promise in murine models and were
shown to be immunogenic in nonhuman primates [118,119]. Recombinant Oprl [108,120]
and an OprF/I fusion protein [102] have been shown to be well tolerated in human trials.
The OprF/I fusion protein vaccine [25] is currently in phase 11/111 clinical trials
(clinicaltrials.gov, NCT01563263) in which adults are vaccinated soon after admission to
ICUs. This approach requires a rapid immune response, as was observed in healthy
volunteers [25]. This OprF/I vaccine induces opsonic antibodies [25] as well as antibodies
that inhibit IFN-y binding to PA [110] (interfering with a virulence mechanism [121]), and,
via the OprF3p9.342 epitope, it should induce IFN-y* CD4 and CD8 responses [122].

Passive immunotherapies

P. aeruginosa infection is often associated with patients with either an immune system
compromise, injuries, or other underlying dysfunctions such as CF. In this patient
population, the time or the function immune system necessary to develop an effective
response to an active vaccination may not be achievable. Because of this, there is an effort to
develop antibody-based (particularly humanized monoclonal) immunotherapies to eliminate
P. aeruginosa after infection or, in select populations, to prevent infection. At the moment,
none of these immunotherapies has been approved by the US FDA or other similar
regulatory bodies outside the US. This portion of this review will describe the state-of-the-
art with respect to these approaches and where we might go from here.

Anti-PcrV immunotherapy

PcrV is a surface-expressed, needle-tip protein component of the type 111 secretion apparatus
of P. aeruginosa [123]. Early studies with polyclonal rabbit antisera to PcrV showed
protection in various acute and chronic mouse models of infection (recently reviewed in
[123]). In addition to providing protection, this polyclonal antibody was shown to block the
translocation of type 111 secreted effectors into mammalian cells [124]. Because of this
effect, in 2001, Shime et al. [125] compared the effectiveness of this rabbit 1gG to PcrV and
F(ab’)2 fragments prepared from the rabbit antisera. The anti-PcrV F(ab’)2 had comparable
therapeutic effects in a number of different assays, indicating that the majority of the
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effectiveness was due to blocking the interaction with host cells rather than
oposonophagocytsosis. Following this study, a specific mAb to PcrV (Mab166) was
developed [126] and human Fab fragments that bound to the same epitope were
subsequently generated [127].

An investigational, PEGylated [128] engineered human Fab’ reagent that recognized the
same epitope has been developed by KaloBios Pharmaceutics, Inc. (South San Francisco,
CA). This reagent, KB001, was tested for in a phase 2a study to determine safety and
pharmacokinetics in 39 mechanically ventilated patients colonized with P. aeruginosa [129].
While almost all the patients in two treatment (3 mg/kg or 10 mg/kg of KB0O1 delivered as
a single intravenous infusion) and the placebo groups had adverse events, there was no
difference in the number or severity between the groups. By some criteria the patients
receiving treatment fared better than the placebo group: 33-46% of the KB0O01 treated
patients were alive and P. aeruginosa infection free compared to only 20% of the untreated
patients. However this difference was not statistically significant. Somewhat surprisingly
and distinct from what had been observed in animal models, there was no decrease in
bacterial burden of any of the KB001-treated patients. On the other hand, none of the
patients developed anti-KB001 antibodies during the trial suggesting that multiple doses
could be given if necessary without excess inflammation or complement deposition due to
the treatment with the Fab reagent.

KBO001 has also been tested in a phase 1/2 randomized, double blind, placebo-controlled,
single-dose, dose escalation study in CF patients infected with P. aeruginosa [130]
(clinicaltrials.gov NCT00638365). Twenty-seven CF patients that were chronically infected
were assigned to groups. There were no deaths or severe adverse events detected in this trial.
The pharmacokinetics were similar between the 3 mg/kg and 10 mg/kg treatment groups.
While not statistically significant, there was a consistent trend at 28 days towards KB001
dose-dependent reductions in sputum myeloperoxidase, IL-8, and IL-18, and, in the 10
mg/kg group, there were significantly lower sputum neutrophil counts and neutrophil
elastase levels compared to the placebo group. Similar to the mechanically ventilated
patients described above [129], there was no statistical decrease in P. aeruginosa burden in
the treated vs. untreated patients and further no improvement in pulmonary function [130].
The investigators leading this study suggest that the single dose is safe but that repeated
doses and a longer-term study may be needed to observe statistically significant improved
outcomes. This reagent has been modified to facilitate the PEGylation stop in the production
process (KaloBios web site) and a study to determine whether this new product (KB001-A)
will increase the time-to-need for antibiotic treatment in CF patients is currently recruiting
participants (clinicaltrials.gov NCT01695343). It is speculated that since this reagent does
not target essential functions that resistance to this non-antibiotic may not readily emerge.

Anti-P. aeruginosa lgyY

Two different clinical trials are underway using a daily mouthwash containing antibodies to
P. aeruginosa produced from eggs. Vaccinated hens produce specific IgY antibodies that are
transferred to the egg yolk in large quantities. 1gY antibodies have an advantage that they do
not activate the complement system, bind human Fc receptors, or cross-react with human
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antibodies [131]. The anti-P. aeruginosa IgY antibodies appear to inhibit attachment of P.
aeruginosa to epithelial cells [132]. Since eggs are a standard food source, there should be
no adverse effects of this therapy, except for potential allergies.

One study sponsored by Immunsystem AB that is ongoing, but not recruiting participants
(clinicaltrials.gov NCT00633191), is based on the initial studies of Kollberg et al.[132].
Hens were immunized with two different formaldehyde-fixed P. aeruginosa strains (PAO1
and Habs1). After the initial immunization the hens were given 3 boosters and eggs were
collected. Antibodies were purified and CF patients gargled 50 mg of antibodies per day.
This study had a small sample size, but showed a trend towards a slightly later time of
acquisition of a positive P. aeruginosa culture compared to the time for patients that did not
receive the treatment. These patients have continued with this treatment for 10 years and a
follow-up study continues to suggest a delay in the time for first positive P. aeruginosa
culture and later time until chronic infection occurs compared to those not treated [133].
Notably, the control subjects in these studies were from another country. A Phase 111 double-
blind, placebo-controlled study to evaluate the safety and efficacy of anti-P. aeruginosa IgY
antibodies to prevent acquisition of P. aeruginosa in CF patients is being sponsored by
Mukoviszidose Institut gGmbH (clinicaltrials.gov NCT01455675). The plan is to enroll
approximately 180 CF patients that are free of P. aeruginosa as they enter the study (i.e., not
chronically colonized). Half of these patients will gargle with 70 mL of avian polyclonal
anti-P. aeruginosa IgY antibodies (50 mg) every night for two minutes (for up to 24
months). The other half will gargle with the same solution without IgY. The primary
outcome of the study will be the time to first isolation of P. aeruginosa as detected in
sputum, throat swab, or endolaryngeal suction. The estimated date for collection of the
primary outcome measurements is September 2014. Conclusions about the true efficacy of
these 1gY antibodies await the results of this well-controlled trial.

Anti-O11 mAb

As mentioned, LPS O antigen is generally considered the dominant protective antigen for P.
aeruginosa. Kenta Biotech (Bern, Switzerland) developed a human mAb, KBPA101
(panobacumab) to the P. aeruginosa serotype O11 O polysaccharide. This antibody was
generated by immunizing a volunteer with the early octovalent O-polysaccharide-toxin A
conjugate vaccine (Aerugen) [134,135] followed by enriching B cells from peripheral
bloods, which were immortalized. Cells producing antibodies against P. aeruginosa LPS
serotype O11 (one of the more common serotypes in infection) were detected and
hybridomas were produced and purified IgM/x was formulated [136]. This monoclonal
antibody, KBPA101, had opsonophagocytotic activity specifically against P. aeruginosa
serotype O11. In preclinical studies using mouse models of infection, this antibody provide
protection against burn wound when administer prophylactically 4 hours prior to infection as
well as 4 hours post infection. It was also was injected into mice 2 hours prior to
intratracheal challenge with a P. aerugionsa serotype O11 strain [136]. In this context, the
mice given the mAb cleared the bacteria more readily. In follow up studies [137], mice were
infected and then 4 hours later treated intravenously with KBPA101. A reduction in
bacterial load was observed during infection with a serotype O11 strain with a slight
decrease in lung injury; as expected no reduction was observed against a non-serotype O11
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strain indicating the specificity of the response. Further, this antibody delayed death due to
acute serotype O11 infection, but did not provide complete protection, suggesting that this
reagent will likely need to be given in conjunction with appropriate antibiotic therapy.
Importantly this antibody was found to be non-toxic in rabbits [136].

A safety and pharmacokinetics Phase 1 study of KBPA101 has been tested in healthy
volunteers [138]. More recently [139], a multicenter, open-label Phase 2a study of this
vaccine was performed (clinicaltrials.gov NCT00851435). Three doses of KBPA101 were
given every 72 hours to a total of 18 patients with confirmed nosocomial pneumonia (15
with VAP and 3 with hospital-acquired pneumonia) due to serotype O11 P. aeruginosa. This
treatment was well tolerated by patients receiving all 3 doses (among the 18 patients, 1 was
excluded because the bacteria was misidentified as being serotype O11, 1 died, and 3 had
serious adverse events that were evaluated to be unrelated to the administration of the
vaccine). Among the 13 patients treated per protocol, 11 resolved the infection and 2 had a
recurrence. The authors of this small study declared the safety of this approach and the
potential clinical efficacy [139]. While P. aeruginosa serotype O11 is prominent in
infection, there are a total of ~10 serotypes associated with disease [87]. Therefore, in
addition to rapid diagnosis to determine whether infection is due to serotype O11, a panel of
mADb directed to each of these serotypes will need to be available to combat all acute P.
aeruginosa infections. Towards that end, Kenta Biotech has also developed a second mAb,
this one against serotype O1 (KBPA104) (Kenta web site); however, additional reports on
this reagent have not been published. Other human mAbs have been developed to multiple
serotypes of LPS [140,141], but no human trials have been reported. As mentioned LPS
rough mutants (that do not make the O antigen) emerge during chronic P. aeruginosa
infections; mAb directed at the O antigen would therefore be ineffective in this situation, but
may be useful during the initial stages of infection. These chronic isolates also are generally
mucoid due to the overproduction of alginate. To target these chronic infecting isolated,
human mADb to alginate [51,142] has shown efficacy in mouse models of lung and eye
infections with both mucoid (alginate overproducing) as well as non-mucoid (non-alginate
overproducing) [51,143], but to date protective studies in humans have not been reported.

More recently an unbiased approach was taken to identify new serotype-independent
antigens for immunotherapy development, using blood from patients exposed to or
recovering from P. aeruginosa infection. These samples were used to construct a phage
display library of cloned scFv. This library and a control library made from blood of
uninfected individuals were selected for binding to P. aeruginosa. Among the clones that
were obtained were, most were not reactive with different O antigen serotype strains
suggesting serotype-specificity. Those that were serotype-independent were selected and
used for the generation of human 1gG1 antibodies; these were also tested for in vitro
opsonophagocytic activity. Among the group of antibodies that showed pronounced activity,
one was further characterized. Using reactivity with mutants with known defects as a screen,
this antibody was found to be specific for the polysaccharide Psl. Psl is a biofilm associated
extracellular polysaccharide that is appears to block neutrophil phagocytosis. It is composed
of repeating pentasaccharide units of D-mannose, D-glucose, and L-rhamnose [144]. Using
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this anti-Psl mAb, Cam-003, revealed that Psl was expressed on clinical isolates in vitro and
in vivo. Most importantly when given intraperitoneally 24 hours prior to intranasal infection
with various strains of P. aeruginosa, Cam-003 provided protection and reduced bacterial
burden in the organs of mice in a concentration dependent manner. Similar results were
obtained when immunized mice were infected in the scratch-injured cornea or after burns. In
both cases, Cam-003 was effective at diminishing the infection [145]. Recently the epitopes
of this mAb and other reacting with Psl have been mapped [146].

of vaccine strategies

Figure 1 shows key immune mechanisms of selected vaccines for P. aeruginosa. Important
humoral immune responses include enhancement of opsonophagocytosis (opsonic antibody,
shown to be important for LPS O antigen, alginate, Psl, flagella, and Oprl), disruption of the
type Il secretion system (anti-toxin antibody, shown to be important for PcrV), and
interference with binding of OprF to IFN-y (anti-virulence antibody). T cell mechanisms of
protection include IFN-y secretion (OprF), IL-17 secretion (PopB and live-attenuated
vaccines), and GM-CSF secretion (live-attenuated vaccines), which will act in concert with
opsonophagocytic antibodies to enhance bacterial clearance. It is likely that an effective
vaccine against P. aeruginosa will need to incorporate many, if not all, of these immune
mechanisms.

Expert Commentary and Five-year View

Much progress has been made in recent years towards an effective P. aeruginosa vaccine for
use in humans, with the OprF/I vaccine showing great promise as an active vaccine (perhaps
eventually combined with a Th17-stimulating antigen such as PopB) and the anti-PcrV Fab’
as a passive anti-virulence prophylactic/therapeutic (perhaps eventually combined with
opsonophagocytic monoclonal antibodies to alginate, Psl, and/or O antigens). Major
challenges to the development of a broadly protective vaccine for P. aeruginosa remain,
however. A large part of this challenge relates to the diverse virulence mechanisms of the
microbe itself. Another perhaps larger part centers on the host defects that characterize
humans who get P. aeruginosa infections, whether CF patients, cancer patients with
neutropenia, burned or wounded patients with impaired barriers and devitalized tissue, or
ventilated patients with foreign bodies (endotracheal tubes) and impaired lung clearance
mechanisms. Many of these host defects are not modeled effectively in animals, so reliable
preclinical data are hard or impossible to obtain. New genomic and transcriptomic
techniques relying on next-generation sequencing and applied to patient samples will likely
provide valuable data in this regard over the next 5 years. In many types of P. aeruginosa
infections, differentiation between colonization and infection is often difficult and leads to
challenges with design of clinical trials to test vaccine candidates. These trials are even more
confounded by concurrent antibiotic treatment, which can mask a potential vaccine effect.
The results of the ongoing OprF/I vaccine trial in critically ill adults will provide key
insights as to whether active vaccination in this setting can elicit protective immune
effectors. It is likely that effective vaccines for P. aeruginosa will need to be tailored for
specific types of infections in specific patient populations. Until then, the long and winding
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road in the quest for a P. aeruginosa vaccine will continue, bolstered by the results of new
genomic and transcriptomic techniques focusing on both the microbe and the host.
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Key immune mechanisms of selected vaccines for Pseudomonas aeruginosa. Important
antibody functions include enhancement of opsonophagocytosis (opsonic antibody, shown
to be important for LPS O antigen, alginate, Psl, flagella, and Oprl), disruption of the type
I11 secretion system (anti-toxin antibody, shown to be important for PcrV), and interference
with binding of OprF to IFN-y (anti-virulence antibody). T cell mechanisms of protection
include IFN-y secretion (OprF), IL-17 secretion (PopB and live-attenuated vaccines), and
GM-CSF secretion (live-attenuated vaccines), which will act in concert with

opsonophagocytic antibodies to enhance bacterial clearance.
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