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ABSTRACT 

Otitis media (OM) is one of the most common bacterial diseases of childhood 

and include both acute and chronic forms of disease (1). Whereas acute OM (AOM) 

is a disease with rapid onset and is short in duration, chronic forms of OM can persist 

for weeks to months. The most severe form, chronic suppurative OM (CSOM) occurs 

upon OM with tympanic membrane rupture and is characterized by purulent drainage 

from the middle ear space that persists for at least 2 weeks or longer. There are 709 

million cases of acute OM and 65 million to 330 million episodes of chronic 

suppurative OM (CSOM) occurring each year, worldwide (2, 3). Complications of 

CSOM result in the deaths of at least 50,000 children under 5 years of age in 

resource-poor regions across the world (4, 5) and morbidity associated with OM is 

significant for all children worldwide. Hearing loss due to OM is associated with 

developmental delays in behavior, language acquisition and education, all factors 

with profound influence that last well into adulthood (6-8). Significantly, prevention 

of the first incidence of OM curb extensive antibiotic prescription and surgical 

intervention in young children and is projected to reduce subsequent episodes, 

limiting the disease-related sequellae (9). 

Nontypeable Haemophilus influenzae (NTHI) is a  primary causative agent of 

OM, in addition to multiple upper and lower respiratory tract diseases (10). In 

children, NTHI is the predominant bacterium implicated in chronic OM, recurrent OM 

and OM for which treatment has failed (11-14). Moreover, whereas Streptococcus 

pneumoniae was the primary pathogen in OM prior to the use of pneumococcal 

conjugate vaccines, NTHI now also predominates during acute OM (15-17). NTHI, a 

typically benign commensal inhabitant of the human nasopharynx, possesses 

numerous determinants that facilitate its persistence, including outer membrane 

adhesive proteins and lipooligosaccharide (18). Perturbation of innate and/or 

physical immune defenses can result in disease distally, for example within the 

middle ear during OM, sinuses in rhinosinusitis, lungs in chronic cough and during 

episodes of exacerbations of chronic obstructive pulmonary disease (COPD) and 

cystic fibrosis (19). Moreover, the ability of this bacterium to rapidly form a biofilm, a 

community of bacteria that is frequently polymicrobial and is highly recalcitrant to the 
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action of antibiotics and resistant to clearance by host immune effectors (20) 

promotes disease chronicity. 

This compilation of my research, presented for consideration herein, 

describes the pre-clinical development of vaccines against NTHI-induced OM with a 

focus on two critical adhesive proteins expressed by NTHI, outer membrane protein 

P5 (OMP P5) and the Type IV pilus (Tfp), selected from my research performed over 

the past 22 years. Adhesin OMP P5 binds to mucin, intercellular adhesin molecule-

1 (ICAM1) and carcinoembryonic antigen-related adhesion molecule-1 (CEACAM1) 

(21-25), and I identified that NTHI Tfp engages ICAM1 (26). Furthermore, NTHI Tfp 

performs multiple biological functions which include competence, twitching motility 

and biofilm formation (27-31). I show that antibodies directed against the majority 

protein subunit of NTHI Tfp, PilA, induces active dispersal of NTHI from established 

biofilms, an outcome that is dependent on and coordinated with expression of the 

quorum signaling molecule, LuxS (29). Toward development of NTHI OMP P5 and 

Tfp-directed vaccine immunogens, I performed epitope mapping studies that 

revealed minimal immunodominant and immunoprotective domains within each 

native protein (32-34). These data guided the subsequent design of a novel chimeric 

immunogen, as a multi-component vaccine may be necessary to provide maximal 

protection against this heterogeneous bacterial species (35). I validated pre-clinical 

efficacy of each immunogen in chinchilla models of NTHI-induced experimental OM 

(29, 34-36).  

 Although immunisation via intramuscular or subcutaneous injection is well-

established and proven to be one of the most effective strategies for disease 

prevention, non-invasive delivery methods have the potential to promote greater 

compliance, reduce costs associated with production and administration and extend 

the reach of vaccines to underserved regions (37). To explore this premise, I 

considered transcutaneous immunisation (TCI). My first efforts involved rubbing 

vaccine formulations on to the pinnae (or outer ears) of chinchillas (38, 39), a 

strategy that was later refined to utilize a small circular bandaid applied to the post-

auricular region behind the ear as a delivery device and administration route (40, 

41). I examined the influence of adjuvantation, skin hydration and homing of antigen-

presenting cell to local lymphoid tissues as essential factors toward induction of 

protective immunity. I characterised the durability of immunity induced by skin 
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vaccination and validated TCI as a highly effective strategy to induce protective 

immune responses in experimental models of NTHI-induced OM (38-41). 

Improving vaccination methodologies for young children, particularly those in 

resource-poor regions of the world, was a key consideration in TCI conceptualization 

and refinement. Collectively, these data demonstrate the simplicity of bandaid 

immunisation which, combined with highly effective antigens, that target two critical 

NTHI adhesive proteins admixed with a potent adjuvant, has tremendous potential 

to enable greater reach of vaccines against NTHI and diseases of the respiratory 

tract, including OM. 
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THESIS ORGANISATION 

 

Otitis media (OM) is one of the most common infectious diseases of childhood 

(42). Defined as inflammation of the middle ear space regardless of viral or bacterial 

etiology, it can be both acute and chronic in nature (1). Acute OM (AOM) is disease 

with rapid onset and a disease course that is short in duration, lasting several weeks. 

The incidence of AOM is 709 million cases per year and 83% of all children will 

experience an episode by the age of three years, with 46% of children experiencing 

three or more episodes by this age (43). In contrast, otitis media with effusion (OME) 

or ‘silent OM’ lacks signs and symptoms of acute disease although fluid is present 

within the middle ear cavity. Approximately 90% of children between the ages of 6 

months and 2 years will experience OME (44, 45) and while many episodes resolve 

within 3 months, there can be recurrence and persistence of fluid within the middle 

ear. The most chronic and severe form of OM, chronic suppurative OM (CSOM), is 

characterised by a perforated tympanic membrane and persistent purulent discharge 

for more than 2 weeks. CSOM affects 65-330 million people worldwide; the greatest 

burden in borne by children that live in underserved regions. Both intratemporal and 

intracranial complications from CSOM results in 50,000 deaths of children under the 

age of 5 years (2). For all children, the sequelae associated with OM include 

behavioral and educational delays, which can have long-lasting negative effects well 

into adulthood.  

Three bacterial species are associated with the majority of episodes of OM, 

Streptococcus pneumoniae, Moraxella catarrhalis and nontypeable Haemophilus 

influenzae (NTHI) (46). Prior to incorporation of the pneumococcal conjugate 

vaccines (PCVs) to prevent invasive pneumococcal disease, S. pneumoniae was 

the primary pathogen in OM and NTHI was associated with chronic and recurrent 

OM.  Disease due to M. catarrhalis was the least frequent of the three organisms. At 

present, NTHI is the primary bacterial agent of chronic OM, recurrent OM, OM for 

which antibiotic therapy has failed. Moreover, as a consequence of incorporation of 

PCVs, NTHI is also the predominant agent of acute OM, in addition to diseases 

throughout the upper and lower respiratory tracts (47-49). Currently, no vaccine is 

available to prevent NTHI-induced OM. A PCV that incorporates NTHI Protein D as 
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a carrier molecule is in use to prevent invasive pneumococcal disease (50), but has 

not shown consistent efficacy against NTHI-induced OM (51, 52). Moreover, Protein 

D may not serve as an optimal NTHI-directed candidate, due to the recent 

identification of clinical strains that do not contain the hpd gene which encodes 

Protein D (53). Thus, work must continue to identify a valid NTHI vaccine target. As 

part of this effort, the publications presented for consideration as part of this thesis 

detail research efforts toward discovery and characterisation of NTHI-directed 

candidate vaccine antigens and pre-clinical refinement of a non-invasive vaccine 

delivery strategy.  

Toward pre-clinical development of a lead candidate, multiple laboratories 

focused on lipooligosaccharide (LOS), membrane-bound and surface-exposed 

proteins expressed on the outer membrane of NTHI, that include the high molecular 

weight proteins 1 and 2 (HMW1/2), Hia and Hap proteins, lipoprotein D, outer 

membrane proteins P2, P6, OMP26, Proteins D, E and F (54). Whereas these 

candidates showed early promise pre-clinically, several have fallen out of favor due 

to phase variable expression of the gene that encodes the target and/or 

heterogeneity of the target amino acid sequence amongst NTHI strains. Moreover, 

candidates whose genes are regulated by the NTHI phase variable regulon, or 

phasevarion, a mechanism by which NTHI can rapidly and reversibly express genes 

throughout the genome simultaneously (55, 56) have also been eliminated from 

further pursuit. Within the past 4 years, continued work is reported in the literature 

on Proteins E and F (57-60), a variant of OMP26 (61), outer membrane vesicles that 

contain Hia, HMW1/2 (62) and an intracellular elongation factor (63, 64). Moreover, 

there is an report an experimental colonisation interference approach was reported 

wherein co-inoculation of a closely related Pasteurellaceae species, H. haemolyticus 

served to control the intranasal burden of NTHI in a murine model (65). 

The works presented herein primarily concentrate on two NTHI adhesive 

proteins: outer membrane protein P5 (OMP P5) and the Type IV pilus (Tfp). The 

rationale for these targets includes their genetic conservation among NTHI strains, 

limited amino acid diversity within essential adhesin-binding domains and functional 

necessity to permit persistence of this bacterial species within its human host. These 

characteristics are examined in detail within the eleven manuscripts presented. 

Moreover, with the understanding that each native protein possesses 
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immunodominant but non-protective and decoying epitopes, the refinement of the 

OMP P5- and Tfp-directed candidate antigens is described. Specific to OMP P5, is 

an immunogen called ‘LB1’, which incorporates a 19-mer region within the third of 

four surface-exposed loops in the N-terminal half of this protein. For the Tfp-directed 

candidate, an N-terminally truncated, soluble and recombinant form of PilA, the 

majority subunit of NTHI Tfp, was developed (called ‘rsPilA’). Protection afforded by 

delivery of each candidate antigen is shown herein using well-established and highly 

reproducible chinchilla models of experimental NTHI-induced OM. This model 

permits monitoring of the development of experimental disease using methods 

similar to those employed in the clinical setting. Moreover, bacterial concentration in 

the site of colonisation within the nasopharynx and disease within the middle ear can 

be determined. Additionally, pre-clinical data obtained using the chinchilla model of 

viral-bacterial co-infection was shown to be indicative of a clinical trial outcome.  

As described, the chimeric peptide immunogen, LB1, is comprised of a 19-

mer epitope from within OMP P5 that is co-linearly sequenced with a promiscuous 

T-cell epitope derived from measles virus fusion protein. The first three manuscripts 

discussed within this thesis incorporate epitope mapping studies to (1) detect 

adhesive-binding regions within OMP P5, and (2) reveal immunodominant and/or 

protective domains within the 359 amino acid protein to the chinchilla, which serves 

as a model of experimental otitis media, and to children during natural disease. 

These efforts were undertaken to potentially aid in refinement of the immunogen 

LB1. Additionally, to next understand one mechanism for the protection against 

NTHI-induced OM that is afforded by delivery of LB1, and as the OmpA family of 

bacterial proteins (to which NTHI OMP P5 belongs) is a pathogen-associated 

molecular pattern (PAMP), the next manuscript in the series examines whether LB1 

similarly possesses properties ascribed to this class of molecules. Because 

chinchilla dendritic cells had not yet been described, methods to culture, induce 

maturation and assess functional activation of dendritic cells derived from chinchilla 

bone marrow were first developed and validated. Subsequent assays examined the 

phenotypic and functional changes induced by exposure of these critical antigen-

presenting and immune-modulating cells with OMP P5 and LB1. 

To target NTHI Tfp, an N-terminally truncated, soluble and recombinant form 

of PilA, the majority subunit of NTHI Tfp, was developed (called ‘rsPilA’). Tfp-
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mediated adherence, motility and subsequent biofilm formation are associated with 

persistence of NTHI within the nasopharynx during colonisation and chronicity of 

otitis media upon ascension into the middle ear space. As described in an additional 

publication incorporated into this thesis, the ability of antibodies against rsPilA to 

inhibit NTHI twitching motility and disrupt established biofilms was examined in vitro. 

Interestingly, biofilm disruption occurred via dispersal of NTHI in a ‘top-down’ fashion 

in response to exposure of the biofilm-resident bacteria to anti-rsPilA antibodies, an 

outcome that required quorum signaling via LuxS. To further characterise NTHI Tfp 

and identify the receptor on host epithelial cells to which Tfp bind, an array of 

adherence, blockade and gene silencing assays was performed in vitro which 

revealed ICAM1 as the host cognate receptor for NTHI Tfp within another published 

work.   

It is accepted that a multi-component vaccine may be necessary for optimal 

protection against the heterogeneous species NTHI. As such, the remaining 

publications describe the design and in vivo assessment of protection afforded by a 

recombinant chimeric protein immunogen called ‘chimV3’. In this immunogen, NTHI 

PilA serves as both an immunogen and carrier molecule for a slightly longer 24-mer 

domain within OMP P5 (PilA is situated N-terminal to the OMP P5 epitope) with the 

intent to target two critical adhesive proteins expressed by NTHI, simultaneously. In 

vivo, parenteral immunisation with chimV3 provided moderate protection against 

NTHI-induced experimental disease, which prompted its re-evaluation and re-design 

to an optimally-oriented chimeric immunogen, ‘chimV4’, wherein PilA is situated C-

terminal to the OMP P5 epitope. In vivo, the conformation of OMP P5 and PilA within 

chimV4 resulted in greater efficacy against experimental NTHI-induced disease 

compared to chimV3. Thus, within the final series of publications presented herein, 

chimV4 served as the primary vaccine candidate antigen assessed.  

Parenteral immunisation is the mainstay approach for induction of protective 

immune responses in humans and is undoubtedly one of the most successful 

medical interventions. Pre-clinically, antibody induced by parenteral immunisation 

with any of the NTHI OMP P5 and Tfp directed immunogens LB1, rsPilA and chimV4 

confer significant protection against NTHI-induced OM in chinchilla models. As an 

additional approach to induction of protective immunity, alternate, non-invasive 

methods for vaccine administration were examined. The concluding research efforts 
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explored delivery of the candidate vaccine antigens via transcutaneous 

immunisation (TCI), a non-invasive, but potentially equally efficacious strategy. TCI 

is needle-free, which may aid in patient compliance and reduce exposure to blood-

borne pathogens by accidental needle-stick, exposure to sharps waste or re-use of 

needles. Dependent on the delivery strategy, TCI could permit self-administration, 

which could expand the reach of vaccines to regions that lack ready access to clinics 

or healthcare workers. Importantly, TCI can induce both systemic and mucosal 

immune responses, important outcomes as the mucosae serve as first-line barriers 

to antigenic insult and bacterial disease. OM is a disease of the uppermost 

respiratory mucosae, therefore the ability to induce protective immune responses at 

the site of NTHI colonisation within the nasopharynx or middle ear during OM has 

the potential to limit and/or prevent its onset.  

Toward this goal, the final four manuscripts in this thesis describe TCI as a 

needle-free preventative and therapeutic strategy to induce protective immune 

responses against experimental NTHI-induced OM. Firstly, anatomical placement of 

vaccine formulations was considered, with the goal to induce a robust immune 

response in proximity to the nasopharynx and middle ear. The vaccine formulation 

was then optimized by incorporation of a potent systemic and mucosal adjuvant, 

LT(R192G/L211A) or ‘dmLT’. Lastly, a means to breach the highly restrictive stratum 

corneum, comprised of layers of dead keratinized epithelial cells, without abrasion, 

was determined. Thus, the first attempts at TCI involved rubbing formulations of 

chimV4 admixed with dmLT onto the skin of the outer ear of chinchillas, prior to 

bacterial challenge. Remarkably, this strategy prevented the development of 

experimental NTHI-induced OM (38, 39). Moreover, and importantly, chimV4 

promoted rapid resolution of active middle ear disease when delivered as a 

therapeutic vaccine, even after biofilms had formed in the middle ear cavity.  

Immunogenicity of chimV4 when delivered by TCI was determined by multiple 

immunologic assays, including determination of immunogen-specific antibody titers 

in serum and middle ear fluids, tracking and functional assessment of dendritic cells, 

quantitation of immunogen-specific antibody-secreting cells in bone marrow and 

lymphoid tissues, identification of polyfunctional cytokine-secreting CD4+ T-cells and 

discrimination amongst B-cell subpopulations, among others. Although these assays 

are common in research studies that employ most rodent models, there are no 

21



chinchilla-specific reagents commercially available. Therefore, while not specifically 

delineated within these publications, the inclusion of these experimental procedures 

required identification and validation of cross-reactive reagents to chinchilla immune 

cells and molecules and optimization of their use. 

These immunogenicity and TCI model findings were then used to develop a 

more practical and precise means to administer vaccine formulations noninvasively, 

using small, regular circular bandaids as a prospective delivery device. The post-

auricular region (behind the ear) selected has ready access, extensive underlying 

lymphatic and capillary beds and a thin stratum corneum depth. More importantly, 

the stratum corneum at this site in humans and rodents, including the chinchilla, has 

a unique horizontally linear cellular organisation that could facilitate uptake of 

topically applied antigen by underlying antigen presenting cells. This research 

confirmed this premise for the chinchilla model and demonstrated that dermal 

dendritic cells take up topically applied antigen at the post-auricular region and then 

migrate to the nasal associated lymphoid tissue (NALT). Accordingly, chimV4 

admixed with dmLT was applied to the gauze pad of circular bandaids and these 

were affixed to the post-auricular skin of chinchillas and significant efficacy for both 

therapeutic and preventative immunisation regimes was demonstrated. The 

mechanisms impacting immunisation efficacy were multifold and included 

confirmation of directed migration of dermal dendritic cells from the site of 

immunisation to the NALT, the lymphoid aggregate in closest proximity to both the 

site of disease in the middle ear and the site of benign colonisation in the 

nasopharynx. Additional mechanisms included: a significant 2-fold increase in the 

percentage of polyfunctional IFN γ- and IL-17A-secreting CD4+ T-cells within the 

NALT compared to receipt of dmLT only; chimV4-specific antibody-secreting cells of 

the IgM, IgG and IgA isotypes and significantly greater chimV4-specific IgM and IgG 

titers within middle ear fluids. 

Collectively, the manuscripts included for consideration herein describe 

vaccine antigen refinement coincident with development of a non-invasive strategy 

for delivery pre-clinically, a comprehensive approach that has potential to extend the 

reach of a self-administered vaccine against NTHI-induced OM beyond developed 

borders. 
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RELEVANCE OF PUBLICATIONS 

 

The relevance of each publication to the thesis is discussed below. 

 

Novotny, L.A., Jurcisek, J.A., Pichichero, M.E., and Bakaletz, L.O. (2000). Epitope 

mapping the P5-homologous fimbrin adhesin of nontypeable Haemophilus 

influenzae. Infect Immun. 68(4):2119-28. 

 

Synopsis 

Outer membrane protein P5 (OMP P5) is a conserved adhesive protein expressed 

by nontypeable Haemophilus influenzae (NTHI) and is important for adherence to 

mucosal surfaces (24, 66). As a strategy to limit NTHI adherence, prior work 

assessed native OMP P5 protein as an immunogen against experimental otitis 

media (OM) due to NTHI and observed significant protection against homologous 

NTHI challenge (67, 68). However, these results demonstrated reduced protection 

against heterologous NTHI strains. To improve protection against heterologous 

NTHI strains and identify a minimal region within the larger protein capable of eliciting 

a broader immunoprotective response, multiple algorithmic analyses of the deduced 

amino acid sequence of NTHI OMP P5 were performed. These analyses revealed 

that there were four surface-exposed regions within the N-terminal half of this 

protein, a consistent observation among several laboratories (69, 70). Reduced 

amino acid sequence diversity was reported within the third and fourth domains of 

the four regions. These results prompted the design of two synthetic chimeric peptide 

immunogens, which incorporated a 19-mer portion from within region 3 (Arg 117 to 

Gly 135) or an 18-mer section of region 4 (Tyr 163 to Thr 180). These immunogens 

were co-linearly synthesized with a ‘promiscuous’ T-cell epitope from measles virus 

fusion protein that is broadly permissive in binding to MHC class II molecules (71, 

72). Whereas both candidates were immunogenic in rabbits and chinchillas, only the 

region 3-directed immunogen (called ‘LB1’) was also protective in experimental 

models of OM (72, 73). 

To better understand the immune efficacy achieved with a region 3-directed 

immunogen relative to that observed with the region 4-directed candidate, and 
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perhaps identify immunodominant and protective domains within the larger protein, 

herein epitope mapping of NTHI OMP P5 was performed using three sets of 

synthetic peptides. The first series of thirty-four 8- to 10-mer peptides represented 

the entire mature protein, sequentially. The second set of four peptides (each 19 to 

28 residues in length) represented the four predicted major surface-exposed regions, 

or loops, of this adhesin (69, 70). The design of the third series of seven peptides 

(each 27 to 34 residues in length) specifically mapped the third surface-exposed 

region. Data obtained by surface plasmon resonance (SPR) indicated limited 

reactivity of a panel of high-titered immune chinchilla sera to the 8- to 10-mer 

peptides, representing the mature protein, likely because these short, linear peptides 

did not represent continuous epitopes. Interestingly, several of these peptides did 

inhibit adherence of multiple NTHI strains to human respiratory epithelial cells. 

Overall, the greatest relative reactivity in both SPR and adherence inhibition assays 

was demonstrated against, or shown by, peptides mapping to the third and fourth 

predicted surface-exposed regions of this adhesin. This indicated the presence of 

immunodominant and adhesin binding domains at these sites. Middle ear fluids 

sequentially recovered from a chinchilla with an ongoing NTHI-induced OM, as well 

as sera from children with OM due to NTHI, also reacted exclusively with peptides 

representing the third and fourth surface-exposed regions of OMP P5. This result 

reflects a similarity in immune recognition of this bacterial protein within a rodent 

used to model experimental disease and by the natural host of this bacterium. 

Collectively, these data, together with the previously demonstrated protective 

efficacy of immunogens derived from this adhesin in chinchilla models of OM, 

supported the continued development of OMP P5-based vaccine components. 

 

Aim: Epitope map NTHI OMP P5 using pre-clinical and clinical specimens to identify 

immunodominant and protective domains to further NTHI vaccine development. 

 

Methods: Western blotting demonstrated the reactivity of antibodies in serum 

collected from children with ongoing NTHI-induced OM to NTHI outer membrane 

proteins, in contrast to a lack of recognition by serum antibodies from children with 

OM due to Streptococcus pneumoniae. Next, three panels of synthetic peptides were 

designed. The first panel represented mature NTHI OMP P5 protein as sequential, 
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linear 8- to 10-mer segments, whilst the second panel represented the 4 predicted 

surface-exposed regions within the N-terminal half of OMP P5 (19- to 28-mers) (69). 

The third panel was designed to represent the limited amino acid diversity within the 

third surface-exposed region of OMP P5 (27- to 34-mers). These peptides were 

utilized to inhibit the adherence of three clinical isolates of NTHI to pooled human 

oropharyngeal cells via enzyme-linked immunosorbent assay (ELISA). In addition, 

they were used to examine the interaction of antibodies in serum or middle fluids 

from chinchillas with experimental NTHI-induced otitis media and antibodies in 

serum from children with natural otitis media due to NTHI or Streptococcus 

pneumoniae by SPR.  

 

Results: Western blotting revealed that antibodies in serum from either chinchillas 

with experimental OM, or serum from children with natural disease, reacted to 

multiple outer membrane proteins expressed by NTHI, including OMP P5. By ELISA, 

synthetic peptides that mimicked surface-exposed regions of OMP P5, specifically 

the third and fourth surface-exposed loops, inhibited the adherence of three clinical 

isolates of NTHI to human oropharyngeal cells. By SPR, antibodies in serum from 

chinchillas immunised with a whole outer membrane protein preparation of NTHI 

OMPs or NTHI OMP P5 reacted equivalently to all 4 synthetic peptides that 

represented the four surface-exposed regions of OMP P5. In contrast, serum from 

an animal immunised with the region 3-directed synthetic peptide immunogen called 

‘LB1’ (74) was highly reactive to the region 3 peptide, as by design. Specifically, 

chinchilla anti-LB1 antibodies were primarily directed against the C-terminal portion 

of the region 3 peptide. Middle ear fluids collected from chinchillas throughout the 

course of experimental NTHI-induced disease, demonstrated reactivity to synthetic 

peptides that represented the third and fourth surface-exposed regions of OMP P5, 

with the greatest interaction to the fourth region peptide. Antibodies within the serum 

from children with OM due to NTHI also had greater reactivity to peptides that 

mimicked the third and fourth surface-exposed regions of OMP P5, whereas those 

from children with disease due to S. pneumoniae were minimally reactive to any of 

the four peptides. 
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Conclusions: This study revealed the importance of the third and fourth surface-

exposed regions of NTHI OMP P5 as adhesive domains within the larger protein, as 

synthetic peptides that mimicked these two regions inhibited bacterial adherence to 

human oropharyngeal cells. Moreover, these two domains were immunodominant, 

as the adaptive immune response that resulted from experimental NTHI-induced 

disease or was elicited during natural disease, was focused on the third and fourth 

surface-exposed regions of OMP P5, with the greatest interaction detected to the 

fourth region. Previously, a region 4-directed immunogen was proven as non-

protective in experimental models of NTHI-induced OM, however a region 3-directed 

immunogen was significantly efficacious to induce clearance of NTHI from the 

nasopharynges and middle ears of chinchillas (73, 74). As such, these data further 

confirmed that the third surface-exposed region of NTHI OMP P5 is an adhesive 

domain and an immunodominant epitope and supported the continued development 

of LB1 as an immunogen against NTHI-induced disease.  
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Novotny, L.A., Pichichero, M.E., Denoël, P.A., Neyt, C., Vanderschrick, S., 

Dequesne, G., and Bakaletz, L.O. (2002). Detection and characterization of pediatric 

serum antibody to the OMP P5-homologous adhesin of nontypeable Haemophilus 

influenzae during acute otitis media. Vaccine. 20:3590-97. 

 

Synopsis 

Previously, we explored the immune response of chinchillas to outer membrane 

protein P5 (OMP P5) expressed by nontypeable Haemophilus influenzae (NTHI), 

specifically to the four surface-exposed regions within the N-terminal half of the 

protein, in the context of experimental otitis media (OM) (33). This work revealed that 

antibody induced during experimental disease was directed toward the third and 

fourth surface-exposed regions of OMP P5, with greatest reactivity shown against 

the peptide that represented the fourth loop. A similar pattern of reactivity was 

observed within a limited panel of paediatric sera from children with natural OM. This 

current work focused on the characterisation of the paediatric adaptive immune 

response to NTHI OMP P5 during an episode of acute OM using an expanded panel 

of clinical specimens. The clinical specimens included; (1) serum from children with 

OM due to NTHI, (2) serum from children with OM due to S. pneumoniae, (3) serum 

from 2-month old infants with no known incidence of OM and (4) serum from 3 

healthy adults. Antibodies within these sera were assayed for reactivity to NTHI 

whole outer membrane protein preparations from three strains (NTHI 86-028NP, 

1885MEE and 1728MEE) that exhibit amino acid diversity within a defined region in 

third of the four surface-exposed loops of OMP P5, in addition to native OMP P5 

isolated from each strain.  

Collectively, these data showed that children with acute OM due to NTHI 

responded immunologically to NTHI OMP P5 and further, their response allows for 

the distinction of sequence diversity within short linear peptides that represented a 

focused region of this surface-exposed protein. The immune recognition observed 

promoted continued development an OMP P5 based vaccine component. 

 

Aim: Characterise the paediatric adaptive immune response to NTHI OMP P5 during 

an episode of acute OM. 
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Methods: Whole outer membrane protein preparations and isolated OMP P5 were 

prepared from three clinical isolates of NTHI; strains were selected based on limited 

amino acid sequence diversity in the third of four surface-exposed regions within the 

N-terminal half of the protein (33, 67). Additionally, a previously described panel of 

synthetic peptides was employed, the first mimicked the 4 predicted surface-

exposed regions within the N-terminal half of OMP P5 (19- to 28-mers) and the 

second focused panel represented the limited amino acid diversity within the third 

surface-exposed region of OMP P5 (27- to 34-mers)(33). Serum collected from 19 

children (aged 3 months to 6 years and 9 months), who were experiencing acute OM 

from which either NTHI or S. pneumoniae was cultured from the middle ear. Serum 

from four infants, two months of age, with no known incidence of OM and pooled 

serum from 3 healthy adults served as controls. Sera were assayed versus each 

outer membrane protein preparation, isolated OMP P5 and synthetic peptide by 

surface plasmon resonance (SPR). Additionally, the portion of the ompP5 gene that 

encodes for the third surface-exposed region of mature OMP P5 protein was 

sequenced for each NTHI strain isolated from the middle ears of children from whom 

sera were assayed and matched to one of three majority consensus sequences 

determined in earlier work (67, 73).  

 

Results: By SPR, antibodies in sera from the children with OM due to NTHI had 

significantly greater reactivity to both whole outer membrane protein preparations 

and isolated OMP P5 protein compared to sera from children with natural disease 

due to S. pneumoniae (P≤ 0.01). Versus 2-month-old infants, the response was 

greater, but only significant when assayed versus proteins isolated from a Group 1 

NTHI isolate (P≤ 0.001). The immunoreactivity of these antisera was finely mapped 

to a specific NTHI subgroup (based on amino acid sequence diversity within the third 

loop of OMP P5). Each serum sample was also assayed versus a panel of synthetic 

peptides designed to these represent subtle variations in amino acid alignment which 

permits assignment into majority group 1, group 2 or group 3 strains (33, 67). As 

demonstrated before, antibodies in serum from children with NTHI-induced disease 

were more reactive to the OMP P5-specific peptides compared to serum from 

infants. Furthermore, all eight children with OM due to NTHI showed significantly 

greater reactivity to a peptide that represented majority group 1 strains (243 ± 96 
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RU), compared to peptides that represented group 2a (53 ± 28 RU), 2b (47 ± 33 RU) 

or 3 (41 ± 19 RU) strains. These results suggested that the current episode of OM 

was due to a Group 1 NTHI isolate. We confirmed this premise by sequencing the 

gene that encoded ompP5 from the NTHI strain isolated from each of the eight 

children with OM and showed that disease in 7 the 8 children was indeed due to a 

group 1 strain. 

 

Conclusions: Children with acute OM due to NTHI demonstrated greater reactivity, 

by serum antibodies, to whole OMP preparations and isolated OMP P5 from each of 

three clinical isolates of NTHI, compared to children experiencing disease due to the 

pneumococcus. Thus, importantly, these data confirm that children with NTHI-

induced OM responded immunologically against NTHI as the disease-causing 

bacterium. Moreover, by SPR, the preferential reactivity of these serum antibodies 

to a peptide that represented a majority group 1 strains indicated that each child was 

infected with a group 1 isolate. This premise was true for 7 of 8 children, whereas 

the 8th child was found to harbor a minority group 2a isolate at the time of culture. 

Epidemiologic data revealed that this 7-year-old child had 16 recorded episodes of 

acute OM. Therefore, as 76% of clinical isolates examined to date can be classified 

as group 1 isolates, it is likely that at some time this child was either colonised or 

experienced OM due to a group 1 isolate. Collectively, these data confirmed the 

specific immunoreactivity of children with OM due to NTHI. As prior work showed 

that the natural paediatric immune response is directed toward non-protective 

epitopes of NTHI OMP P5, the authors propose re-direction of this ineffective 

immune response toward a protective domain within OMP P5 to prevent disease, an 

outcome demonstrated pre-clinically with LB1. 
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Novotny, L.A. and Bakaletz, L.O. (2003). The fourth surface-exposed region of the 

P5-homologous adhesin of nontypeable Haemophilus influenzae is an 

immunodominant but non-protective decoy epitope. J Immunol. 171:1978-1983.  

 

Synopsis 

It is established that natural immunity in children or immunisation using any of 

several NTHI outer membrane proteins or LOS in animal models does not fully 

protect against subsequent onset of NTHI-induced OM. Specific to NTHI OMP P5, 

this negative outcome is likely due to the induction of immune response against 

immunodominant, but non-protective epitopes within this adhesin, as indicated by 

work discussed earlier. This research addresses this premise and used SPR to 

assess the paediatric immune response to the noncontiguous surface-exposed 

epitopes of OMP P5 during an acute episode of OM caused by NTHI. After natural 

disease in children and experimental disease in chinchillas, we found a hierarchical 

pattern of immunodominance among the four surface-exposed regions of OMP P5, 

with the greatest response directed to region 4. However, antibody to region 4 is not 

protective. When this natural but biased response was refocused to region 3 by 

immunisation, augmented bacterial clearance and protection from ascending 

experimental OM was observed. Collectively, these data indicated that region 4 

contains a highly immunodominant but non-protective decoying epitope, the 

presence of which dampens the immune response to a subdominant but protective 

epitope in region 3. 

 

Aims: Assess the immune response that results during natural NTHI-induced OM in 

children and experimental disease in chinchillas to identify a minimal protective 

epitope within the four surface-exposed regions in the N-terminal half of NTHI OMP 

P5. 

 

Methods: SPR was performed with a previously described panel of synthetic 

peptides that mimicked the 4 predicted surface-exposed regions within the N-

terminal half of OMP P5 (19- to 28-mers) (33). To examine the pattern of reactivity 

to these peptides by antibody induced during experimental disease, seven 

chinchillas were challenged with NTHI strain 86-028NP intranasally and 
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transbullarly. Blood for serum was collected from each animal by cardiac puncture 

35 days after challenge and middle ear fluids were retrieved by epitympanic tap 

every 3-4 days, post-challenge. As a comparison, and to assess whether the 

immune response elicited during natural disease was similar, serum was collected 

from 19 children aged 3 years to 7 years undergoing tympanocentesis for acute OM, 

confirmed to be due to NTHI. To demonstrate that immunisation with the peptide 

immunogen LB1 promoted development of antibody that reacted exclusively to 

peptide that represented the third surface-exposed region within NTHI OMP P5, as 

by design, archived serum samples from 9 chinchillas parenterally immunised with 

LB1 were also assayed. In a separate experiment, adenovirus-compromised 

chinchillas were administered naive chinchilla serum or chinchilla anti-LB1 serum via 

cardiac puncture, followed by intranasal challenge with NTHI strain 86-028NP (group 

1 isolate), 1885 (group 2a isolate) or 1728 (group 3 isolate) and development of signs 

of OM monitored over a 35-day period via otoscopy and tympanometry. This 

experiment aimed to prove that antibody directed against the third surface-exposed 

region within OMP P5 protected against development of experimental disease due 

to NTHI.  

 

Results: Throughout the course of experimental NTHI-induced disease, a 

hierarchical pattern of antibody reactivity within the middle ear fluids retrieved from 

naive chinchillas was observed. Peak responses occurred between 7 and 28 days 

after challenge and the greatest response was directed toward the peptide that 

represented the fourth surface-exposed region, followed by the third region, and 

lesser but comparable reactivity between the peptides depicting the first and second 

regions. The mean antibody response to the region 4 peptide was 2.1-fold to 6.9-

fold greater than to the region 1 peptide, 1.9- to 19.2-fold greater than to the region 

2 peptide and 1.5- to 3.1-fold greater than to the region 3 peptide. This same pattern 

of antibody reactivity, while lesser in overall magnitude, occurred in the serum from 

chinchillas collected 35 days after NTHI challenge. Comparable to that observed 

during experimental OM, antibodies in serum from children collected during natural 

OM were primarily directed against peptides that represented the third and fourth 

surface-exposed regions, with minimal interaction to the first and section region 

peptides. As anticipated, antibodies in serum from animals immunised with the 
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region 3-based synthetic peptide immunogen LB1 had robust and exclusive 

reactivity to the region 3 peptide. In an experimental model that mimics the natural 

disease course observed in children, wherein adenovirus compromise precedes 

NTHI challenge, receipt of antibodies against the region 3-directed peptide 

immunogen LB1 protected animals from development of signs of OM due to each of 

the three NTHI strains tested, relative to animals administered naive antibody.  

 

Conclusions: Children with acute OM due to NTHI and chinchillas with ongoing 

experimental OM induced by NTHI, preferentially recognized peptides that 

represented the third and fourth surface-exposed regions within NTHI OMP P5, with 

the greatest overall response consistently directed toward the fourth region. The 

comparable pattern of reactivity is notable as not only do these data further validate 

the chinchilla as a relevant model in which to investigate this paediatric disease, but 

they suggested that protective outcomes observed pre-clinically may be possible 

when assessed in a clinical setting. The reactivity of antibodies in serum (to 

represent a systemic immune response to infection with NTHI) and antibodies in 

middle ear fluids (to represent locally-induced immunity at the site of disease) 

indicated that the fourth surface-exposed region of NTHI OMP P5 is 

immunodominant. Clearly, since OM disease persists despite the abundance of 

region-4 specific antibodies, this epitope is non-protective. These data begin to 

explain previously published work wherein immunisation with an OMP P5 region 4-

directed peptide immunogen enhanced experimental OM disease severity (72-74). 

While lesser in magnitude, reactivity of paediatric and chinchilla antibodies was also 

directed toward the region 3 peptide, a result that could be shifted to exclusive 

reactivity to this peptide by immunisation with a region 3-directed peptide 

immunogen, LB1. Thus, the natural, but non-protective immune response could be 

overcome. Pre-clinically, and in support of several prior studies (73-75), 

administration of antibodies directed against anti-LB1 (i.e. region 3) were protective 

against development of NTHI-induced OM in a clinically-relevant experimental model 

of NTHI-induced OM, and against NTHI strains that represent the diversity within the 

targeted portion of OMP P5. Thus, redirection of the natural immune response to 

NTHI OMP P5 from a non-protective region toward a protective epitope within region 
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3 could serve as a highly effective strategy to prevent the development of NTHI-

induced OM. 
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Differential uptake and processing of an OMP P5-derived immunogen by chinchilla 

dendritic cells. Infect Immun. 76(3):967-977. 

 

Synopsis 

Previous work demonstrated that immunisation with the OMP P5-directed synthetic 

peptide immunogen, LB1, provides significant protection against NTHI-induced 

experimental OM when administered parenterally (72, 73), and when delivered 

intranasally via nasal spray (76, 77), despite the induction of relatively low levels of 

systemic and mucosal antibody compared to immunisation via a parenteral route. 

Antigen processing by dendritic cells (DCs) can influence vaccine efficacy (78-80). 

DCs are potent antigen-presenting cells involved in the initiation and modulation of 

immune responses after immunisation via their ability to process and present antigen 

to naive T cells. Characteristics of the antigen itself or processing by the DC could 

influence whether the outcome of DC processing and presentation is immune 

induction or immune tolerance. For example, recombinant OmpA proteins from 

Escherichia coli, Klebsiella pneumoniae and Acinetobacter baumonnii induce DC 

maturation (81-83), an observation that resulted in the designation of the OmpA 

family of bacterial proteins as a new pathogen-associated molecular pattern (PAMP) 

(84). Significantly, NTHI OMP P5 is a member of the OmpA family of proteins, thus 

this study aimed to determine whether LB1, which is derived from OMP P5, showed 

similar properties as a PAMP, in the interaction with and induction of maturation of 

dendritic cells. However, chinchilla DCs had not previously been characterised or 

described, therefore well-established protocols were adapted to induce the 

differentiation of chinchilla bone marrow precursor cells into DCs and the functional 

characteristics of these cells examined. Specifically, these studies examined antigen 

uptake, expression of markers of maturation, maturation-induced migration in vitro, 

in addition to identification of sites of immune induction after intranasal immunisation 

in a chinchilla model to define one of the mechanisms for the protection observed 

previously. This research is the first to characterise chinchilla DCs and their 

functional properties. Furthermore, the data suggested an important role for 

chinchilla DCs in the development of protective immunity against experimental NTHI-

induced OM after intranasal immunisation. 
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Aims: The aims for this work were three-fold. Firstly, identify optimal conditions to 

induce differentiation of chinchilla bone marrow cells to dendritic cells and confirm 

classic DC morphology, phenotype and function in vitro. Secondly, determine 

whether LB1 possessed properties of a PAMP by activation of chinchilla DCs in vitro 

and thirdly identify potential sites of immune induction in the chinchilla host by 

tracking the migration of dendritic cells after intranasal immunisation with LB1. 

  

Methods: Bone marrow cells were isolated from the femurs of naive chinchillas and 

cultured in RPMI1640 medium supplemented with 2 mM L-glutamine, 1 mM 

pyruvate, 5 mM HEPES and 0.05 M β-mercaptoethanol, as is standard for cultivation 

of DCs from murine precursor cells. To induce differentiation of chinchilla bone 

marrow precursor cells toward the dendritic cell type, the medium was supplemented 

with 40 ng of each of recombinant human GM-CSF and IL-4 per ml medium and cells 

cultured for 6 days prior to use as immature DCs. The serum source consisted of 

either 5% fetal bovine serum or naive chinchilla serum. Expression of typical cell 

surface markers indicative of DC phenotype, i.e. CD11c, CD80 and major 

histocompatibility complex class II (MHC class II), examined by flow cytometry and 

then compared to non-specific labeling by isotype control antibodies.  

To examine antigen binding in vitro, immature DCs were incubated with FITC-

labeled protein or peptide: OMP P5 (36 kDa), a negative control protein of 

comparable molecular mass (26 kDa), LB1 (40-mer) or a synthetic peptide negative 

control of similar length (34-mer) for 1 hour at 4°C. To examine antigen uptake, the 

temperature was then increased to 37°C. Cells incubated at 4°C or those shifted to 

37°C were immediately fixed in paraformaldehyde and fluorescence detected by flow 

cytometry and imaged by confocal scanning laser microscopy. To visualize antigen 

endocytosis, immature DCs, incubated with FITC-labeled protein or peptide were 

then allowed to adhere to poly L-lysine coated coverslips prior to staining for F-actin 

and MHC class II. Additionally, to block endocytosis, immature DCs were incubated 

in 10 nM cytochalasin D prior to and during incubation with peptides. To prevent 

endosome acidification, cells were treated with 10 nM chloroquine. 

A characteristic functional trait of DCs is antigen presentation. To examine 

the ability of chinchilla DCs to present antigen to T-cells, primed T-cells were first 

generated by parenteral immunisation of chinchillas with 10 µg LB1 plus 10 µg of the 
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adjuvant monophosphoryl lipid A (MPL) or 10 µg MPL alone. One dose was 

administered each week for 3 weeks, followed by collection of splenocytes and CD3+ 

T-cells, which were enriched by magnetic bead separation and then cultured with 

bone marrow-derived DCs. Chinchillas are outbred, mixed sex, non-specific 

pathogen free animals, thus CD3+ T-cells were incubated with the autologous DCs 

isolated from the same animal to prevent an allogenic MHC molecule response. 

Proliferation of CD3+ T-cells was measured by relative fluorescence of Alamar blue 

dye. 

To examine chemotaxis as a function of DCs activation in vitro, immature DCs 

were incubated overnight with 1 µg LB1 or negative control peptide, applied to one 

chamber within a TAXIScan instrument whilst either 1 µM of the chemokine C5a or 

comparable volume of phosphate-buffered saline was added to the opposite 

chamber. After 60 minutes, the cumulative number of peptide-stimulated DCs 

entering the chamber was determined. To track the migration of chinchilla nasal 

mucosa DCs after intranasal immunisation via microaerosol spray, 8 µM of the vital 

dye carboxyfluoroscein succinimide ester (CFSE) was administered to chinchillas by 

microaerosol spray (40 µl volume per naris), followed 6 hours later by intranasal 

delivery with 10 µg LB1+10 µg MPL or 10 µg MPL alone. One, 3 or 12 hours later, 

chinchillas were sacrificed and the cervical, brachial, axillary and mediastinal lymph 

nodes and nasal-associated lymphoid tissue (NALT) collected. Cells were isolated 

from tissue by crushing in buffer then passaged through a 70 µm cell strainer. 

Spleens were crushed then layered on to Ficoll-Paque prior to centrifugation to 

isolate lymphoid cells. Flow cytometry revealed CD11c+CFSE+ cells within the 

lymphoid tissues. To determine whether bone marrow derived chinchilla DCs 

activated with LB1 would follow a similar migration pattern, cells were cultured, 

labeled with CFSE then incubated with LB1+ MPL or MPL alone as before. DCs 

were then washed, and 108 cells per 80 µl instilled drop-wise into the nares of naive 

chinchillas. One hour later, animals were sacrificed, lymphoid tissues collected, and 

then examined using flow cytometry and confocal scanning laser microscopy. 

 

Results: Chinchilla bone marrow cells cultured in medium supplemented with naive 

chinchilla serum and recombinant human GM-CSF and IL-4 cytokines differentiated 

to immature DCs in a similar fashion as reported for murine DCs, shown by light 
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microscopy and flow cytometry. In the absence of commercially available chinchilla-

specific reagents, several panels of human, rat and mouse-specific reagents were 

tested for binding to cell surface molecules expressed by the chinchilla DCs. Of 

these, rat anti-CD11c, guinea pig anti-MHC class II, and rat anti-CD80 demonstrated 

the greatest positive results, therefore these reagents were employed. Incubation of 

immature chinchilla DCs with TNF-α or LPS resulted in cells that exhibited long 

dendrites and had greater expression of MHC class II and CD80, compared to 

immature cells, an expected outcome for DCs. Thus, phenotypically, the culture 

conditions employed, resulted in differentiation of bone marrow precursor cells to 

DCs.  

Functionally, the chinchilla DCs exhibited chemotaxis toward a known DC 

chemoattractant, C5a and greater directed migration was shown by DCs pre-

incubated with LB1, compared to the negative control peptide. Chinchilla DCs also 

exhibited greater binding and internalization of NTHI OMP P5 and LB1, compared 

to negative control protein or peptide, with 8-fold greater fluorescence by DCs 

incubated with LB1 by flow cytometry and numerous punctate fluorescence signals 

visible via fluorescent microscopy, compared to the negative control peptide. 

Internalization of LB1 was inhibited by treatment with cytochalasin D, suggestive that 

binding and internalization of this peptide immunogen was potentially mediated by 

receptor-mediated endocytosis. Further, DCs that internalized LB1 had greater 

expression of MHC class II, compared to DCs incubated with negative control 

peptide. A measure of DC activation is presentation of peptide in the context of MHC 

class II to T-cells. First, as there were no reports of chinchilla T-cell proliferation, 

chinchilla CD3+ T-cells were exposed to the non-specific stimulus, concanavalin A. 

Significant proliferation resulted compared to unstimulated cells, thus the chinchilla 

CD3+ T-cells were validated. Co-incubation of CD3+ T-cells primed in vivo with LB1, 

then co-incubated with chinchilla DCs activated with LB1 in vitro yielded significantly 

greater and dose-dependent proliferation by the CD3+ T-cells, compared to cells 

primed with the negative control peptide.  

In vivo, intranasal immunisation with LB1 plus MPL via microaerosol spray 

resulted in migration of CD11c+ nasal cavity-resident DCs primarily to the chinchilla 

NALT within 1 hr of administration. Minor fluorescence was detected within the 

brachial and axillary lymph nodes and no change observed among animals 
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immunised with MPL alone. Thus, for intranasal immunisation, the NALT likely 

served as the primary immune indicative site. This result was confirmed to be specific 

to delivery of LB1 and not due to diffusion of the CFSE dye through a second study 

wherein bone marrow-derived DCs were labeled with CFSE and activated with LB1 

plus MPL or MPL alone ex vivo prior to intranasal instillation. Within one hour, a 

distinct population of CFSE+ cells was detected within the NALTs of animals 

administered LB1+MPL, but not within animals that received DCs incubated with 

MPL alone.  

 

Conclusions: DCs are potent antigen presenting cells that are capable of initiation 

and modulation of primary immune responses. This research aimed to understand 

the role that these important cells played in the pre-clinical efficacy observed by 

intranasal immunisation with LB1 in the prevention of NTHI-induced experimental 

OM. First, as no reports existed in the literature regarding culture and 

characterisation of chinchilla DCs, protocols were established to induce 

differentiation of bone marrow precursor cells to those that were phenotypically and 

functionally equivalent to well-established murine cultures. Second, reagents that 

cross-reacted with cell surface molecules expressed by chinchilla DCs and T-cells 

had to be identified and verified, as there are no commercially available chinchilla-

specific antibodies for purchase. Once these techniques and reagents were 

established, the data revealed greater binding and uptake of OMP P5 and to a much 

greater degree, LB1, by chinchilla bone marrow-derived DCs which was suggestive 

that a PAMP-like motif may be present within the B-cell epitope incorporated into this 

immunogen. The outcome of LB1-induced activation included greater functional 

responsiveness compared to incubation of DCs with protein or peptide not predicted 

to contain a PAMP-like motif in vitro. Moreover, directional migration to the NALT 

was observed by DCs activated in vivo by intranasal delivery of LB1 by microaerosol 

spray or cells activated ex vivo then introduced into the nasopharynx. Thus, the 

chinchilla NALT served as an immune inductive site for this intranasal delivery 

strategy. Collectively, these data indicate a role for DCs in the development of 

protective immunity in the context of intranasal immunisation against experimental 

NTHI-induced OM. 
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Synopsis 

Bacterial adherence is essential for NTHI to persist within the human nasopharynx, 

thus vaccine development efforts by the Bakaletz laboratory have focused on two 

critical adhesive proteins expressed by NTHI, OMP P5 and the Type IV pilus (Tfp). 

OMP P5 is of longstanding interest and culminated in the design and extensive 

testing of a synthetic chimeric peptide immunogen, called LB1. This immunogen is 

highly effective in multiple models of NTHI-induced experimental disease (72, 73, 

75, 85), however the incorporation of a T-cell promiscuous epitope from measles 

virus fusion protein (MVF) within its design was considered potentially problematic. 

Whereas MVFs have indeed moved forward in terms of the design and testing of 

cancer vaccines (86), there was concern about the potential for use of a 

‘promiscuous’ T-cell antigen in a paediatric vaccine until there had been further 

clinical testing. Specific to NTHI Tfp, the Bakaletz laboratory identified that NTHI 

express a functional Tfp, an adhesin involved in adherence, twitching motility and 

competence. NTHI Tfp expression is required for long-term colonisation in a 

chinchilla model of experimental OM and in biofilm formation in vitro and in vivo (27, 

28, 31). PilA, the majority subunit of Tfp, has limited amino acid diversity among 

NTHI strains tested and a single pilA gene was identified within a panel of NTHI 

strains from the United States and Europe. In combination, these factors indicated 

that Tfp were an attractive target against which to develop a NTHI vaccine. Thus, 

‘rsPilA’, a recombinant, N-terminally truncated and therefore soluble form of PilA was 

developed. Additionally, to overcome the potential functional concerns regarding the 

design of LB1, the 19-mer B-cell epitope of OMP P5 incorporated within its design 

was instead linked to PilA. The efficacy of each immunogen was assessed in a 

polymicrobial chinchilla model of OM.  

 

Aims: The work presented in this manuscript examines the host’s adaptive immune 

response to NTHI PilA as part of the development of this protein as a potential 
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vaccine candidate. Moreover, the evolution of the design and testing of a novel NTHI 

OMP P5– and Tfp-directed recombinant chimeric protein immunogen described, 

permitted targeting of two critical NTHI adhesins using a single immunogen. 

Methods: Synthetic peptides designed to mimic an N-terminally truncated PilA 

protein in four approximate quartiles. Sera from healthy children and children prone 

to episodes of OM, serum from adults with COPD but not experiencing an 

exacerbation and from adults experiencing an exacerbation of COPD, and middle 

ear fluids retrieved from OM-prone children were assayed versus each peptide by 

SPR. The relative protection afforded by immunisation with the OMP P5-directed 

immunogen, LB1; the Tfp-targeted immunogen, rsPilA and two chimeric recombinant 

protein immunogens that focus on both OMP P5 and Tfp were tested in an 

experimental model wherein prior adenovirus infection predisposes to NTHI 

ascension from the nasopharynx into the middle ear, thus mimicking the natural 

course of disease (87) to examine protection against development of experimental 

NTHI-induced OM. 

 

Results: Ninety percent of serum samples from healthy children showed greatest 

reactivity to the N-terminal most quartile peptide compared to the other three 

peptides tested, thus this region of PilA is immunodominant during colonisation. This 

observation led to the design of a chimeric recombinant protein immunogen called 

‘chimV3’ wherein PilA served as both immunogen and carrier molecule for a 24-mer 

epitope from within the third surface exposed region of OMP P5. Specifically, the 

OMP P5 epitope was positioned at the C-terminus of PilA. Immune serum generated 

in chinchillas against chimV3 and rsPilA was delivered by passive transfer to 

adenovirus-compromised juvenile chinchillas and the potential to prevent ascension 

of NTHI from the nasopharynx to the middle ear was assessed. Whereas anti-

chimV3 antibodies were more effective than receipt of antibody against adjuvant 

only, these antibodies were unexpectedly less effective to prevent the onset of signs 

of experimental OM compared to receipt of anti-rsPilA or anti-LB1. These data 

suggested that the orientation of the two molecules was not yet optimal. 

This premise was confirmed by continued epitope mapping studies using 

specimens collected from the site of active disease in two patient populations: middle 

ear fluids from children with OM and sputum from adults with COPD experiencing 
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an exacerbation. By SPR, a significant shift in immunoreactivity was observed within 

the specimens collected from the site of active diseases compared to serum 

collected from healthy children or adults with COPD but not experiencing an 

exacerbation. Seventy-three percent of middle ear fluids collected from children with 

OM showed greatest reactivity to the C-terminal most peptide and the majority (47%) 

of sputum samples also showed increased reactivity to this peptide. These data 

indicated that the local immune response within the middle ear during OM and lower 

airway in COPD reacted independently of the serum response during disease. The 

divergent immune responses to PilA in conditions of colonisation (i.e. directed toward 

the N-terminal portion of PilA) compared during disease (i.e. directed toward the C-

terminal region of PilA) led to the postulation that the N-terminal portion of PilA was 

an immunodominant but non-protective region, whereas the C-terminus of PilA was 

immunodominant and protective. 

These data guided the re-design of the chimeric protein immunogen such that 

the OMP P5 epitope was now situated at the N-terminus of rsPilA and called 

‘chimV4’. Thus, redirection of the natural immune response toward the 

immunodominant and protective regions of each protein should provide protection 

against NTHI-induced OM. In a polymicrobial model of experimental disease, 

wherein prior adenovirus infection predisposes to NTHI-induced OM, parenteral 

immunisation with chimV4 and rsPilA showed significant 42% and 43% protective 

efficacy, respectively, thus validating this hypothesis. 

 

Conclusions: This work revealed that the systemic immune response does not 

necessarily drive the immune response observed locally, i.e. in the middle ear during 

OM or lower airway during exacerbations of COPD. The local immune response 

ultimately clears or reduces the respective infection and antibodies induced locally 

are likely directed against immunodominant and immunoprotective domains. This 

premise was validated during efforts to develop a chimeric protein antigen that would 

target both NTHI OMP P5 and Tfp simultaneously. Whereas chimV3 and chimV4 

were comprised of the same epitopes of OMP P5 and PilA, protection studies 

revealed that the specific orientation of each epitope relative to each other was 

critical to expose immunoprotective domains of each protein and afford pre-clinical 

vaccine efficacy.   
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Synopsis 

Transcutaneous immunisation (TCI) is a non-invasive immunisation strategy that 

engages the numerous antigen-presenting cells within the dermis and epidermis 

(88). These immune cells take up topically applied antigens, migrate to lymphoid 

tissues and initiate an immune response. TCI can induce both systemic and mucosal 

immune responses (89, 90), important outcomes as OM is a disease of the 

uppermost respiratory tract mucosa. To examine the utility of TCI to induce 

protective immune responses against NTHI-induced OM, two studies were 

performed. In one study, cohorts of chinchillas were immunised prior to bacterial 

challenge and in the second study, TCI was performed therapeutically. TCI with 

rsPilA, LB1 or chimV4 admixed with the adjuvant dmLT resulted in significantly fewer 

NTHI within the chinchilla nasopharynx and middle ear, whereas NTHI persisted in 

these anatomical sites in animals that received immunogen without dmLT or dmLT 

alone. Moreover, therapeutic TCI with rsPilA, LB1 or chimV4 with dmLT or without 

dmLT resulted in a significant reduction in amount of mucosal biofilm within the 

middle ear space compared to the cohort administered adjuvant only. These data 

collectively demonstrated the potential for TCI as a non-invasive strategy to induce 

protective immune responses. 

 

Aim: Examine the efficacy afforded by TCI in experimental models of NTHI-induced 

OM. 

 

Methods: The chinchilla pinnae, or outer ear, served as the immunisation location 

as it is readily accessible and near the site of disease in the middle ear, thus 

induction of a local immune response would be proximal. Vaccine formulations 

consisting of 10 µg of LB1, rsPilA or chimV4 admixed with a double mutant of E. coli 

heat labile enterotoxin, LT(R192G/L211A), called ‘dmLT’, were applied on to 

hydrated pinnae in a 50 μl droplet and rubbed into the skin (‘TCI via droplet’). A 
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second dose was administered seven days after receipt of the first dose. In the study 

wherein TCI was performed before bacterial challenge, immunisation was performed 

as described, followed one week later by intranasal and transbullar challenge with 

NTHI strain 86-028NP. As a therapeutic immunisation strategy, chinchillas were 

challenged by transbullar inoculation with NTHI, followed 4 days later by TCI by 

droplet. An additional seven days later, a second immunizing dose was 

administered. Blood for serum was collected prior to and after immunisation and 

screened by ELISA to determine immunogen-specific antibody titers. 

Nasopharyngeal lavage and epitympanic taps were performed to determine the 

bacterial load within the nasopharynx and middle ear. Cell-free nasopharyngeal 

lavage fluids were incubated with whole NTHI to examine the ability of antibodies 

within the nasopharynx to bind to the target bacterium. Additionally, the relative 

amount of mucosal biofilm was determined by blinded evaluation of images captured 

of ear middle ear upon sacrifice and dissection. To reveal the site of immune 

induction after TCI by droplet, CFSE was admixed in each vaccine formulation prior 

to application to the pinnae, or as a negative control applied without immunogen. 

One hour later, lymph nodes and NALT collected and lymphocytes isolated from 

these tissues screened by flow cytometry for fluorescence, which would indicate 

trafficking from the site of immunisation at the pinnae. 

 

Results: Significantly earlier clearance of NTHI from the nasopharynges and middle 

ears was shown by receipt of LB1, rsPilA or chimV4 plus dmLT, compared to 

adjuvant only or immunogen delivered without adjuvant. These data demonstrated 

that TCI could induce a preventative immune response. Importantly, therapeutic TCI 

induced significant reduction of mucosal biofilms within the middle ears of animals 

challenged with NTHI before receipt of LB1, rsPilA or chimV4 plus dmLT. 

Identification of the NALT as an immune inductive site was shown by the migration 

of dermal dendritic cells to this lymphoid aggregate from the pinnae after TCI. 

Clearance of NTHI from the nasopharynx and middle ear was likely due to the 

presence of immunogen-specific IgG at each site.  

 

Conclusions: These data were the first to describe TCI with NTHI OMP P5 and Tfp-

directed immunogens as an efficacious immunisation strategy against experimental 
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NTHI-induced OM when used in both preventative and therapeutic regimens. In both 

studies, animals administered chimV4+dmLT performed the best, which validated 

the two-adhesin targeted premise for this immunogen’s design. TCI is an attractive 

approach because it is needle-free. This technique’s simplicity and resultant 

potential cost-savings could expand the reach of vaccines to children with limited 

access to healthcare and medical professionals.   
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Synopsis 

The mechanism of action underpinning the efficacy of therapeutic TCI via droplet 

was investigated in this expanded study. Animals challenged with NTHI, were then 

immunised by rubbing vaccine formulations consisting of chimV4 admixed with 

dmLT, dmLT alone as a negative control or saline to demonstrate the nonspecific 

immune response induced by the potent adjuvant dmLT. Significantly enhanced 

resolution of the clinical signs of OM (determined by video otoscopy and 

tympanometry) occurred concurrently with significant reduction in NTHI load within 

middle ear fluids and middle ear mucosal biofilms. Significantly less mucosal biofilm 

within the middle ear was observed beginning after receipt of the first immunizing 

dose of chimV4+dmLT compared to adjuvant or saline only cohorts, an outcome 

further enhanced after receipt of a second immunizing dose. Moreover, immune 

effectors such as the antimicrobial peptide chinchilla β-defensin-1 (a homologue of 

human β-defensin-3) was detected within middle ear mucosal homogenates and 

polyfunctional CD4+ T-cells of a Th1-Th17 phenotype were shown in the NALT of 

animals administered chimV4 plus dmLT. Collectively, this work demonstrated the 

kinetics and identified specific immune meditators induced by TCI with 

chimV4+dmLT that contributed to the resolution of experimental NTHI-induced OM.   

 

Aim: Define the mechanism for efficacy afforded by TCI via droplet to resolve 

experimental NTHI-induced OM. 

 

Methods: Chinchillas were first challenged by transbullar inoculation with NTHI 

strain 86-028NP to induce active, experimental OM. Four days later, animals were 

immunised by TCI by rubbing 50 μl of a vaccine formulation onto the inner surface 

of hydrated pinnae. Seven days later, TCI was repeated. On days 0, 3, 5, 7, 9, 11 

and 14 after the first immunizing dose was administered, 3 chinchillas per cohort 

were sacrificed. Middle ear fluids were collected, serially diluted and plated on to 
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chocolate agar to determine the number of planktonic NTHI within the middle ear. 

These fluids were then clarified, and immunogen specific antibody titers determined 

by ELISA. Imaging of mucosal biofilms was evaluated blindly, to determine the 

amount of biofilm that filled the middle ear space. Biofilms were then retrieved and 

homogenized prior to serial dilution and plating on to chocolate agar to determine 

the bacterial burden adherent to the middle ear mucosa and within mucosal biofilms. 

Blood for serum was collected to determine quantity of immunogen-specific antibody 

by ELISA. Quantitation of the host-defense peptide chinchilla β-defensin-1 (cBD-1) 

within middle ear mucosal homogenates was also determined. To evaluate the 

functional responses of cutaneous DCs after TCI by droplet, the efflux of dermal DCs 

from the pinnae was determined by collection of pinnae after immunisation. 

Separation of the leaflets and culture on a Transwell membrane support with an 8 

µm pore size permitted translocation of activated DCs from the apical side into cell 

culture medium within the basolateral chamber. Dermal DCs were confirmed using 

flow cytometry based on expression of CD11c and DC-SIGN. Secretion of cytokines 

by the translocated DCs was also assessed by incubation of clarified medium with a 

human cytokine array. 

 

Results: Video otoscopy and tympanometry observations confirmed that middle ear 

fluids and signs of inflammation were significantly reduced, beginning three days 

after receipt of the first immunizing dose of chimV4+dmLT, compared to the cohort 

administered saline. All animals receiving chimV4+dmLT resolved all clinically-

relevant signs of experimental disease within 14 days. In the middle ear, a significant 

reduction in bacterial load was detected seven days after receipt of the first dose of 

chimV4+dmLT, compared to receipt of saline, followed by a rapid decline and 

complete eradication of NTHI observed after 14 days. Mucosal biofilms were 

similarly cleared from the middle ear after TCI with chimV4+dmLT. Resolution of 

experimental disease was attributed to the production of immunogen-specific IgG 

and abundance of the antimicrobial peptide cBD-1 within the middle ear space. 

Functional traits of dermal DCs within chinchilla pinnae after TCI with chimV4+dmLT 

included secretion of the chemokines IL-23, IL-16, CCL5 and CCL4. After TCI with 

chimV4+dmLT, CD4+ T-cells within the NALT exhibited a polyfunctional IFNγ-IL17 
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phenotype, an outcome not observed by CD4+ T-cells within the NALTs of animals 

immunised with dmLT alone or saline. 

 

Conclusions: This expanded study increased our understanding of the mechanisms 

underpinning the protection afforded by TCI with chimV4 demonstrated in a prior 

publication. This advanced understanding used collection of middle ear specimens 

at multiple time points throughout the 14-day study period, which permitted 

examination of the kinetics of experimental disease resolution through activation of 

both adaptive and innate immune elements. These data revealed two phases of 

disease resolution: an early phase that spanned 0 to 7 days after receipt of the first 

immunising dose and a later phase that followed receipt of the second dose. 

Inoculation of NTHI into the middle ear, concurrent with TCI, resulted in activation of 

dermal dendritic cells and upregulated production of the host antimicrobial peptide, 

cBD1, whereas the later phase involved the emergence of chimV4-specific antibody 

and eradication of NTHI. These observations are aligned with the basic tenets for 

engagement of both innate and adaptive immune responses, as anticipated. 

Moreover, they revealed the rapidity with which a local immune response is induced 

by TCI with chimV4, the outcome of which is resolution of experimental disease. 
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Synopsis 

 After establishing transcutaneous immunisation (TCI) as a method to induce 

preventative and therapeutic immune responses, further research to determine the 

practicality of this immunisation strategy for humans, particularly for very young 

children, was needed. This research examined the utility of a small bandage to serve 

as a simple, non-abrasive delivery device. The post-auricular region (directly behind 

the ear) was utilized as the site for application of bandaid vaccines. Unlike the skin 

elsewhere on the human body, the keratinized cells that comprise the uppermost 

layer of the thin skin in the post-auricular region are linearly aligned, rather than the 

overlapping ‘brick-and-mortar’ alignment observed elsewhere. The linear cellular 

alignment in this thin skin could potentially facilitate uptake of topically applied 

antigen by underlying antigen presenting cells. As proof, chinchillas immunised with 

chimV4+dmLT by bandaid placed at the post-auricular region had significantly fewer 

NTHI within middle ear mucosal biofilms compared to animals wherein bandaids 

were placed at the nape of the neck. One mechanism for this outcome was 

differential migration of dermal dendritic cells (DCs); bandaid immunisation at the 

nape of the neck resulted in DC migration to the cervical lymph nodes whereas 

bandaids placed at the post-auricular region induced migration to the nasal-

associated lymphoid tissue (NALT). An expanded study demonstrated that TCI with 

chimV4+dmLT by bandaid placed at the post-auricular region was highly effective 

as a therapeutic strategy to resolve signs of NTHI-induced OM and induce clearance 

of NTHI from middle ear fluids and mucosal biofilms, compared to delivery of 

adjuvant alone or saline. 

 

Aims: Determine the protection afforded by transcutaneous immunisation using a 

bandaid as a delivery device. 

 

Methods: Skin specimens were collected from the post auricular region and nape 

of the neck of chinchillas and frozen in optimal cutting temperature (OCT) compound. 
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Sections of 5 µm thickness were cut and droplets of 0.4 N sodium hydroxide plus 

0.1% methylene blue were applied to induce keratinocyte swelling per the protocol 

of Christophers and Kligman, the scientists who originally identified the unique 

stratum corneum cellular organisation in humans (91-93). Images were captured, 

and cell junctions traced to reveal cellular organization within the chinchilla skin. To 

compare differences in protection afforded by bandaid immunisation at the nape of 

the neck versus the post-auricular region, firstly all chinchillas were challenged by 

NTHI inoculation directly into the middle ear space to induce active OM. Four days 

later, bandaids to which chimV4+dmLT, dmLT only or saline were applied were then 

affixed at the post-auricular region or the nape of the neck and removed 24 hours 

later. Immunisation was repeated 7 days later. One week later, NTHI burden in 

middle ear fluids and within bacterial biofilms and/or adherent to the middle ear 

mucosa were determined. To track migration of dermal dendritic cells from the site 

of immunisation, an additional cohort of animals was immunised by bandaids with 

fluorescently labeled chimV4+dmLT or dmLT alone and CD11c+ cells within the 

NALT and cervical lymph nodes screened by flow cytometry for fluorescent signal. 

As an additional functional assessment, cytokine production by CD4+ T-cells within 

the NALT or cervical lymph nodes was determined after bandaid immunisation, 

focused on IFN-γ and IL-17A as potentiators of immune responses. To examine the 

kinetics of disease resolution afforded by bandaid immunisation, a third study was 

performed wherein chinchillas were challenged with NTHI as before. Four days after 

NTHI challenge, animals were immunised by bandaid with chimV4+dmLT, dmLT 

only or saline. One week later, one subset of each cohort was immunised a second 

time and the second subset was sacrificed to determine bacterial burden within 

middle ear fluids and mucosal biofilms. The remaining animals were sacrificed one 

week after receipt of the second immunizing dose and bacterial burden determined. 

 

Results: Cells of the stratum corneum at the post-auricular site were linearly stacked 

as opposed to the traditional ‘brick and mortar’ organisation found in skin from the 

nape of the neck. Moreover, significantly fewer NTHI bacteria were detected in 

mucosal biofilms of chinchillas immunised by bandaid with chimV4+dmLT when 

applied at the post-auricular region, compared the nape of the neck. The mechanism 

for this outcome was migration of dermal DCs to the NALT after TCI at the post-
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auricular region, in contrast to dermal DC migration to the cervical lymph nodes after 

immunisation at the nape. Moreover, polyfunctional IFN-γ and IL-17A CD4+ T-cells 

were induced within the NALT after TCI. In the kinetic study, therapeutic TCI via 

bandaid with chimV4+dmLT resulted in significant reduction in signs of OM 

determined by video otoscopy and tympanometry and significant reduction in NTHI 

within middle ear fluids and mucosal biofilms, with results observed beginning after 

receipt of one dose. ChimV4-specific antibodies of primarily the IgM and IgG isotype 

were detected in middle ear fluids and these antibodies likely contributed to the 

clearance of NTHI from this anatomical site. 

 

Conclusions: Collectively, these data demonstrated the therapeutic potential of a 

circular bandaid to non-abrasively administer chimV4 and resolve active 

experimental NTHI-induced OM.  The simplicity of this strategy holds tremendous 

potential to enable broader distribution and promotion of immunisation uptake within 

young children from resource-rich and -poor communities.  
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Novotny, L.A., Jurcisek, J.A., Ward, M.O., Jordan, Z.B., Goodman, S.D. and 

Bakaletz, L.O. (2015). Antibodies against the majority subunit of Type IV pili disperse 

nontypeable Haemophilus influenzae biofilms in a LuxS-dependent manner and 

confer therapeutic resolution of experimental otitis media. Mol Microbiol. 96(2):276-

92. 

 

Synopsis 

This research demonstrated that targeting NTHI Tfp with antibodies against rsPilA 

prevented twitching motility and induced dispersal of the bacteria from pre-formed 

biofilms in vitro. The mechanism for biofilm resolution was LuxS-mediated quorum 

signaling, triggered by exposure of the biofilm-resident bacteria to the PilA-specific 

antibodies. This premise was validated by a lack of dispersal by a luxS mutant. 

Further, a coordinated and oppositional pattern of expression by the pilA and luxS 

promoters was observed during NTHI biofilm formation, which indicated that Tfp 

expression and LuxS-mediated quorum signaling are co-regulated. Thus, these data 

showed that twitching motility via Tfp and inter-bacterial communication via LuxS-

mediated quorum signaling are important for NTHI biofilm formation and maturation. 

Moreover, as antibodies directed against PilA inhibited NTHI motility and induced 

dissolution of established biofilms, a PilA-directed therapeutic against NTHI had 

clear potential to resolve an ongoing episode of OM. 

 

Aim: Define the mechanism by which anti-rsPilA antibodies mediate NTHI Tfp-

targeted biofilm resolution. 

 

Methods: A sub-agarose twitching assay was developed to examine NTHI twitching 

motility and subsequent inhibition of this function by incorporation of rabbit antiserum 

against rsPilA. Medium that contained naive rabbit serum or saline served as 

negative controls. NTHI strain 86-028NP was screened in this assay, in addition to 

a pilA mutant unable to express Tfp, a luxS mutant deficient in quorum signaling and 

their respective complemented strains. These 5 NTHI strains were then assessed in 

a biofilm disruption assay, wherein biofilms were established for 24 hours in 

chambered slides (94). Subsequently, the biofilms were incubated with naive rabbit 

serum, rabbit anti-rsPilA, rabbit anti-OMP P5 (anti-OMP P5 does not disrupt 
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established biofilms, however does prevent the formation of biofilms in this assay 

system) or maintained in medium for an additional 16 hours. Biofilms were stained 

with a viability stain and imaged by confocal scanning laser microscopy (CSLM). 

Biofilm biomass was calculated via COMSTAT software (95). To examine anti-

rsPilA-mediated release of NTHI from established biofilms in vitro, biofilms were 

established by all 5 strains for 16 hours prior to incubation with naive rabbit serum, 

rabbit anti-rsPilA or rabbit anti-OMP P5 for 4, 6 or 8 hours prior to collection of culture 

supernatants. The optical density of each supernatant was determined by 

spectrophotometry and bacterial load determined by serial dilution and plating of 

supernatants on to chocolate agar. To reveal a role of LuxS-mediated quorum 

signaling in rsPilA-mediated biofilm disruption, production of the quorum signaling 

molecule autoinducer 2 (AI-2) by NTHI was quantified by use of a Vibrio harveyi 

reporter bioluminescence assay. Light production was measured by incubation of V. 

harveyi strain BB170 (sensor 1-, sensor 2+) (96) with cell-free supernatants collected 

from 24 hour-old biofilms formed by all five NTHI strains that were then incubated 

for 4, 6 or 8 hours with IgG-enriched naive rabbit serum, rabbit anti-rsPilA or rabbit 

anti-OMP P5. To confirm that dispersal of NTHI from established biofilms was indeed 

AI-2 mediated, biofilms were established as before and either maintained in medium 

or incubated in medium to which the AI-2 precursor molecule (S)-4,5-Dihydroxy-2-3-

pentadione (DPD) was added, and the bacterial load within culture supernatants 

determined by serial dilution and plating on to chocolate agar. To examine 

expression of PilA and LuxS by NTHI during the course of biofilm formation and 

maturation, reporter strains were generated, wherein the promoters for pilA or luxS 

were used to drive expression of green fluorescent protein (GFP). Each strain, in 

addition to the non-reporting parent strain, was inoculated into chamber slides and 

GPF fluorescence measured every 3 hours over a 42-hour period using an IVIS 

Spectrum Xenogen imaging system.  

 In vivo, cohorts of chinchillas were transbullarly challenged with NTHI strain 

86-028NP to establish experimental OM. Four days later, when biofilms are well-

established within the middle ear, animals were immunised via transcutaneous 

immunisation (TCI) with 10 μg of the DNABII protein, integration host factor from E. 

coli (IHFE. coli) (97, 98) admixed with 10 μg of the adjuvant dmLT (99), 5 μg IHF+5 μg 

rsPilA admixed with 10 μg dmLT or as a negative control, 10 μg dmLT alone. TCI 
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was performed by rubbing droplets of the vaccine formulation on the inner surface 

of the chinchilla pinna (or outer ear) (38). A second dose was administered one week 

later. To assess efficacy of each vaccine formulation, video otoscopy and 

tympanometry was performed to detect signs of inflammation and rank relative 

severity using an established scale (100). Animals were sacrificed one week after 

receipt of the second immunizing dose. Middle ear fluids were collected to quantitate 

the number of non-adherent NTHI within the middle ear, mucosal biofilms were 

imaged and blindly ranked on amount of biofilm that filled the middle ear space (38, 

97), and the number of NTHI adherent within mucosal biofilms was determined. 

 

Results: The sub-agarose twitching assay revealed that expression of the gene that 

encodes the majority subunit of Tfp, pilA, was required for twitching motility and that 

incorporation of rabbit anti-rsPilA antibodies in the medium significantly inhibited the 

ability of NTHI to twitch from the site of inoculation, compared to naive rabbit serum 

or saline. Biofilms formed by the parent strain, complemented pilA mutant and 

complemented luxS mutant for 24 hours then incubated with rabbit antibodies 

against rsPilA, were significantly reduced in biomass compared to treatment with 

naive rabbit serum or rabbit antibodies against OMP P5. There were no differences 

in biomass when biofilms formed by the pilA mutant or luxS mutant were incubated 

with any of the naive or immune sera. Biofilms formed by the parent strain and both 

complemented pilA and luxS mutants, then incubated with rabbit anti-rsPilA for 6 

hours had a greater release of NTHI into the supernatants compared to cultures 

incubated for 4 or 8 hours, whereas no differences were observed at any time point 

for biofilms formed by the pilA or luxS mutants. Moreover, a significant amount of 

bioluminescence was observed when V. harveyi was incubated in supernatants 

collected from biofilms formed by the parent strain or complemented pilA or luxS 

mutants then treated with IgG enriched rabbit anti-rsPilA antibodies, compared to 

incubation with naive rabbit serum or rabbit anti-OMP P5 antibodies. Addition of DPD 

to biofilms formed by the parent, luxS mutant and both complemented pilA and luxS 

mutants resulted in a significant number of NTHI released into the biofilm culture 

supernatants compared to biofilms maintained in medium, and no differences were 

detected by biofilms formed by the pilA mutant. Intriguingly, over a period of 42 
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hours, both pilA and luxS promoter reporter isolates exhibited a cyclic pattern of 

expression, however they were in opposition to each other.  

 In vivo, cohorts that received IHF+rsPilA or IHF alone had significantly fewer 

middle ears with signs of experimental OM, a significantly reduced bacterial burden 

in middle ear fluids and mucosal biofilms, and significantly less mucosal biofilm 

visible within the middle ears, compared to the cohort that received dmLT alone. 

Moreover, receipt of IHF+rsPilA was advantageous over deliver of IHF alone, as a 

significantly more middle ears in the former cohort had culture-negative middle ear 

fluids and significantly less mucosal biofilm visible in the middle ear. 

 

Conclusions: Previous publications showed that antibodies directed against Tfp 

(via use of anti-rsPilA serum) or the DNABII protein family member IHF were highly 

effective to disrupt pre-formed NTHI biofilms in vitro and in vivo (38, 97, 101). 

Whereas the mechanism for anti-IHF mediated biofilm collapse is via sequestration 

of DNABII protein as it dissociates from the extracellular DNA scaffold within the 

biofilm matrix (101), the mechanism for anti-rsPilA induced biofilm resolution had not 

been described. This research demonstrated that anti-rsPilA-mediated NTHI biofilm 

disruption was a result of a ‘top-down’ dispersal event that required expression of 

PilA (and by inference, Tfp) and production of AI-2 quorum signaling molecules by 

LuxS. Moreover, in an experimental model of NTHI-induced OM, TCI with IHF+rsPilA 

resulted in significantly earlier resolution of mucosal biofilms from the chinchilla 

middle ear and rapid resolution of signs of experimental OM. Thus, biofilm disruption 

wherein anti-rsPilA mediated NTHI dispersal from the structures, combined with anti-

IHF induced collapse of the eDNA scaffold, could serve as a powerful therapeutic 

approach to biofilm resolution. 
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Novotny, L.A. and Bakaletz, L.O. (2016). Intercellular adhesin molecule 1 serves as 

the primary cognate receptor for the Type IV pilus of nontypeable Haemophilus 

influenzae. Cell Microbiol. 18(8):1043-55. 

 

Synopsis 

NTHI Tfp are linked to multiple important biological functions including adherence, 

twitching motility and biofilm formation, thus identification of the cognate receptor 

was necessary to fully characterise this virulence determinant and vaccine 

candidate.  

 

Aim: Identify the host cognate receptor for NTHI Type IV pili 

 

Methods: A Far-Western slot blot was performed wherein a panel of extracellular 

matrix proteins, receptors utilized by other bacterial species’ Tfp or receptors used 

by additional NTHI outer membrane proteins was screened for binding by rsPilA. 

This panel included asialo-GM1, CD46, carcinoembryonic antigen-related cell 

adhesion molecule 1 (CEACAM1), intercellular adhesion molecule 1 (ICAM1), 

platelet activating factor receptor (PAFr), laminin, fibronectin, vitronectin or collagen 

IV. Binding of rsPilA to ICAM1 versus CEACAM1 was examined by surface plasmon 

resonance (SPR) and additionally native polyacrylamide gel electrophoresis. 

Expression of native ICAM1 on polarised human respiratory tract epithelial cells was 

demonstrated, then suppressed by introduction of silencing RNA, shown by Western 

blot, fluorescent microscopy and flow cytometry. The ability of NTHI parent or pilA-

deficient strains to adhere to polarised epithelial cells was examined and contrasted 

to adherence to epithelial cells pre-incubated with rsPilA to saturate native ICAM1. 

Viruses that infect the upper and lower respiratory tracts are known to induce 

augmented expression of ICAM1 by the epithelial cells that line the respiratory tract. 

To mimic this condition in vitro, polarized epithelial cells were inoculated with 

adenovirus or respiratory syncytial virus and augmented expression of ICAM1 

demonstrated by flow cytometry and Western blot. Lastly, adherence of pilA-

expressing and deficient NTHI to virus-infected epithelial cells was examined, 

compared to uninfected cells.   
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Results: Using rsPilA as a surrogate for native PilA protein, a specific and high 

affinity interaction with ICAM1 was demonstrated by Far-western blot, SPR and 

native polyacrylamide gel electrophoresis. These results were confirmed using 

polarized primary respiratory epithelial cells, wherein ICAM1 is expressed in its 

native form. NTHI adherence was inhibited by either pre-incubation of the epithelial 

cells with rsPilA to block native ICAM1 or by transducing the epithelial cells with 

ICAM1 silencing RNA (siRNA) to inhibit ICAM1 expression. Further, augmented 

expression of ICAM1 was shown by infection of airway cells with common NTHI viral 

co-pathogens, adenovirus and respiratory syncytial virus. A consequence of 

augmented ICAM1 expression was significant increase in adherence of Tfp-

expressing NTHI to the virally-infected airway cells.  

 

Conclusions: This research demonstrated increased ICAM1 expression after 

inoculation of NHBEs with two common respiratory tract viruses, adenovirus and 

RSV, both known co-pathogens in NTHI-induced respiratory tract disease (102, 

103). Therefore, a greater number of Tfp-expressing NTHI bound to this cognate 

receptor. An increase in availability of ICAM1, in combination with immune 

suppressive effects associated with viral infection, may ultimately provide NTHI with 

the ideal microenvironment to multiply unrestricted and disseminate beyond the 

nasopharyngeal colonisation site, resulting in disease. Thus, development of a 

means to block or abrogate NTHI colonisation of the nasopharynx under normal 

conditions, and importantly, limit unrestricted growth and seeding of other niches 

within the upper and lower respiratory tracts under conditions of viral co-infection is 

essential. These data therefore provide significant support to the continued 

development of an NTHI Tfp-derived vaccine.   
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Novotny L.A., Clements J.D., Goodman S.D. and Bakaletz L.O. (2017). 

Transcutaneous immunization with a bandaid prevents experimental otitis media in 

a polymicrobial model. Clin Vaccine Immunol. 24(6). doi: 10.1128/CVI.00563-16. 

 

Synopsis 

Previous work showed that TCI by rubbing vaccine formulations on to the outer ears 

of chinchillas was prophylactic and therapeutic (38, 39). Additionally, a traditional 

small circular bandaid, as a simple device with which to deliver a vaccine formulation 

onto the non-abraded skin located in the post-auricular region, was also effective to 

induce therapeutic resolution of existing experimental OM due to NTHI (41). This 

current work aimed to test the ability of this TCI bandaid immunisation regime to 

prevent the development of experimental OM due to NTHI in a polymicrobial model 

of disease. To achieve this goal, an experimental model that more closely mimics 

the polymicrobial nature and kinetics of disease reported for children, wherein an 

upper respiratory tract viral infection precedes the development of bacterial OM was 

employed (87, 104). This animal model is robust and reproducible and is shown to 

be predictive of paediatric clinical trial outcomes (52, 100). Moreover, it has shown 

utility to pre-clinically test the robustness of various vaccine candidates in a 

polymicrobial disease model system (72, 73, 75, 100, 105). Thus, this viral-bacterial 

co-infection model was used to assess the efficacy afforded by TCI with three lead 

vaccine candidates under development. Vaccine candidate rsPilA targets the 

majority subunit of NTHI Tfp (35), whilst chimV4 is directed against both Tfp and a 

protective B-cell epitope of OMP P5 (35) and integration host factor (IHF) is a DNABII 

protein family member that plays an important role in the structural integrity of 

bacterial biofilms, including those formed by NTHI (97, 101, 106).  

 

Aims: Examine the capacity of TCI by bandaid to induce a preventative immune 

response in a polymicrobial experimental model of NTHI-induced OM.  

 

Methods: Cohorts of chinchillas were immunised by bandaid with one of several 

vaccine formulations: 10 µg rsPilA+10 µg dmLT; 10 µg chimV4+10 µg dmLT; 10 µg 

IHF+10 µg dmLT; 5 µg rsPilA+5 µg IHF+10 µg dmLT or 10 µg dmLT alone. 

Formulations were applied to the gauze pad of a circular bandaid, then affixed to the 
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skin at the post-auricular region behind each outer ear of the chinchillas. Bandaids 

were removed 24 hours later and a second immunizing bandaid applied one week 

later. Two days after receipt of the second immunizing bandaid, chinchillas were 

inoculated intranasally with 1.9 x 107 TCID50 of adenovirus serotype 1 followed one 

week later with intranasal challenge with 1 x 108 CFU NTHI strain 86-028NP (107). 

To confirm nasopharyngeal colonisation, a nasopharyngeal lavage was performed 

on all animals 2 days after NTHI challenge via passive inhalation of sterile, pyrogen-

free 0.9% saline. Serial dilution of collected fluids, plated on to chocolate agar 

permitted quantitation of the bacterial load. Development of clinical signs of 

experimental OM were monitored daily by video otoscopy and tympanometry and 

overall signs of OM were blindly rated on an established 0 to 4+ scale, with middle 

ears scoring  ≥2.0 considered positive for OM, if middle ear fluid was visible behind 

the tympanic membrane (100). Per established protocol, each middle ear was 

considered independent, and for each cohort, the percentage of middle ears with 

OM was calculated. The number of circulating antigen-specific, antibody-secreting 

cells was determined prior to adenovirus or NTHI challenge by enzyme-linked 

immunospot (ELISPOT) assay and quantitation of immunogen-specific antibody in 

blood performed by enzyme linked immunosorbent assay (ELISA). 

 

Results: Neither the total number of antibody-secreting cells among the cohorts nor 

the relative quantity of cells that secreted a particular antibody isotype, as 

determined by ELISPOT, differed significantly. Moreover, whereas as anticipated, 

immunogen-specific antibody was detected in serum recovered from all animals, 

there was no difference in titer among cohorts.  

Nasopharyngeal lavage performed two days after NTHI challenge confirmed 

comparable bacterial load among all chinchillas, therefore, each animal had the 

chance to develop experimental OM, the discriminator amongst cohorts being the 

specific vaccine formulation administered prior to challenge. Four days after NTHI 

challenge, 31% of middle ears (5/16 ears) in the cohort immunised with dmLT alone 

had evidence of middle ear fluid, with a peak incidence of disease of 88% (14/16 

ears) occurring between days 12 and 15. Whereas a limited number of ears in the 

cohorts immunised with rsPilA+dmLT or rsPilA+IHF+dmLT began to show signs of 

experimental OM in within 5 days of NTHI challenge, there was no significant delay 
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in the time to first onset of disease compared to the cohort administered only dmLT. 

In comparison, there was a significant reduction in the overall proportion of animals 

that developed OM compared to animals administered dmLT (P≤ 0.0001); with a 

maximal incidence of 29% (4/14 ears) 9 and 7 days after NTHI challenge, 

respectively. Notably, the cohorts that received chimV4+dmLT or IHF+dmLT showed 

both a significant 9-day delay to first onset of OM, compared to dmLT (P≤ 0.0001) 

and a significant reduction in proportion of animals that developed OM (P≤ 0.0001). 

Peak incidence of disease for these latter cohorts was 25% (4/16 ears) and 23% 

(3/13 ears), respectively.  

 

Conclusions: This research was the first to assess TCI by bandaid in a 

polymicrobial model of experimental OM and validated the potential of this non-

invasive immunisation strategy to prevent NTHI-induced OM. Therefore, whereas 

the immunogens administered were designed to target different NTHI adhesive 

proteins (OMP P5 and Tfp) or a DNABII protein (IHF), individually or in combination, 

the overall observation was that a two-dose TCI regimen with any of these lead 

formulations induced significant protection against development of NTHI-induced 

OM in a viral-bacterial superinfection model of experimental disease. 
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THEMATIC OVERVIEW 

 

Otitis media and current treatment strategies 

 Otitis media (OM), strictly defined as inflammation of the middle ear space, is 

a spectrum of diseases that range from acute to chronic and recurrent forms and 

presents clinically as fluid accumulation within this normally sterile and air-filled 

anatomical niche. It is one of the most common bacterial diseases of childhood and 

there are an estimated 709 million new cases of acute OM and 65-330 million 

episodes of chronic suppurative OM each year worldwide (2, 3). Twenty-eight 

thousand deaths per year are associated with complications of OM (108). The 

greatest burden of OM is borne by Indigenous populations worldwide, wherein 

disease presents earlier in life and is more severe, compared to non-Indigenous 

children (2, 109-111). For all children, OM is due to a multifactorial combination of 

anatomical, immunological and environmental factors, which can negatively impact 

cognitive and educational development (1, 6-8, 112).  

OM is a polymicrobial disease primarily caused by one or more of several 

bacterial species that typically reside within the human nasopharynx. The ability of 

nontypeable Haemophilus influenzae (NTHI), Streptococcus pneumoniae and 

Moraxella catarrhalis to ascend from the nasopharynx, through the Eustachian tube 

and gain access to the normally sterile middle ear space is facilitated by perturbation 

of the physical and innate immune defenses of the upper airway, often induced by 

prior or concurrent upper respiratory tract viral infection (19). As such, OM involves 

a complex interplay between respiratory tract viruses and the nasopharyngeal 

bacterial flora (113, 114).   

Typical treatment strategies for OM include antibiotic therapy and/or ‘watchful 

waiting’ for acute OM, and tympanostomy tube insertion for chronic and recurrent 

OM, where these resources are available (3, 115). While often successful to manage 

the current episode of disease, these strategies are ineffective to prevent future 

incidences. Rather, immunisation to prevent the onset of OM is the preferred goal, 

with tremendous associated potential to diminish dependence on the 

aforementioned therapeutic strategies and their associated costs and risks, such as 

development of antibiotic resistance, to which treatment of OM is considered a major 
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driving force worldwide (116). Importantly, immunisation against the first incidence 

of OM is projected to limit subsequent episodes and their associated sequellae (9).  

At present, there is no NTHI-specific vaccine to prevent episodes of OM. An 

advance toward this goal was made in 2008 with the licensure of the pneumococcal 

conjugate vaccine, SynflorixTM/ PHiD-CV (GlaxoSmithKline), indicated for paediatric 

use to prevent pneumonia, invasive pneumococcal disease and acute otitis media. 

It is now available in 125 countries worldwide. SynflorixTM/ PHiD-CV is comprised of 

10 pneumococcal polysaccharides wherein serotype 18C is conjugated to tetanus 

toxoid, 19F is conjugated to diphtheria toxoid and the remaining 8 serotypes (1, 4, 

5, 6B, 7F, 9V,14 and 23F) are conjugated to a non-lipidated form of Protein D from 

NTHI (117). Whereas the rationale for inclusion of Protein D as a carrier molecule 

was to prevent potential interferences known to occur with some conjugate vaccines 

that included tetanus toxoid or diphtheria toxoids as carrier proteins (50), the 

Pneumococcal Otitis Media Efficacy Trial (POET) demonstrated 35% vaccine 

efficacy against NTHI induced disease (52).  

As the general knowledge indicated that Protein D is a highly conserved NTHI 

lipoprotein (118) and has >99% nucleotide and amino acid sequence identity among 

strains tested (119), work by Smith-Vaughan et al. questioned this assumption (53). 

Whole-genome sequence of a panel of 20 nasopharyngeal isolates collected from 

the upper and lower respiratory tracts of children from the Northern Territory and 

Western Australia showed that 5 of 20 NTHI strains lacked hpd, the gene that 

encodes Protein D (53). A recent publication by Beissbarth et al. found 7% of 

nasopharyngeal swabs and 6% of ear discharge specimens from children from the 

Northern Territory previously administered PHID-CV contained NTHI strains that 

were negative for hpd by polymerase chain reaction and that inclusion of Protein D 

within the formulation had no impact on carriage of the hpd-deficient strains (120). 

Moreover, Sveinsdóttir et al. show an increase in proportion of NTHI middle ear 

isolates collected from 2009 to 2017 in Iceland that lack hpd, regardless of 

vaccination status of the child (PHiD-CV was introduced in 2011) (121). These data 

demonstrate one of the difficulties in vaccine development against NTHI as a 

heterogeneous species and highlights the need to more broadly screen for the 

presence and conservation of targeted antigens. Nonetheless, while a measure of 

protection is afforded against NTHI carriage and subsequent disease, a vaccine that 
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incorporates antigen(s) that are conserved among NTHI strains geographically is of 

importance. Moreover, the ability to deliver vaccines to remote or underserved 

regions and administer them via a simple, yet highly efficacious method (37), could 

have a positive impact to reduce the burden of OM as one of the most common 

bacterial diseases of childhood.  

 

Characterisation of NTHI OMP P5 and OMP P5-directed vaccine antigens 

The work presented in this thesis systematically investigated critical questions 

to scaffold our understanding of NTHI to begin to address these concerns. As 

adherence to the mucus and epithelial cells that line the respiratory tract mucosa 

and biofilm formation contribute significantly to the chronic and recurrent nature of 

OM due to NTHI, one interventional strategy is to target both adhesive proteins 

expressed by this bacterium, as well as those proteins essential to the formation and 

structural stability of its biofilms. At the onset of the work presented herein, the 

adhesin OMP P5 was of primary focus. Observed on NTHI strains isolated from the 

nasopharynx and middle ears of children with chronic OM, these fimbriae are 

peritrichously expressed and composed of a 36.4 kDa protein subunit (66). OMP P5 

met a number of criteria essential in vaccine design; it was exposed on the surface 

of the bacterium and expressed by all strains tested (66), it mediated adherence to 

respiratory tract epithelial cells and mucus (24, 67, 122-124) and adherence was 

reduced when the gene that encodes the protein (ompP5) was disrupted (67) and 

OMP P5 was immunogenic (67). Immunisation of chinchillas with OMP P5 followed 

by challenge with a homologous NTHI isolate was highly effective to limit 

experimental OM, however less protection was shown upon challenge with a 

heterologous strain (67).  

To overcome this issue, the deduced amino acid sequence of OMP P5 was 

subjected to multiple algorithmic analysis (72). This strategy predicted four surface-

exposed loops, or regions, within the N-terminal half of this protein, an observation 

also described by others (69, 70, 125). Collectively, amino acid sequence diversity 

was noted within all four regions, however, the greatest diversity was observed within 

the first region, with less variation in the second and third regions, and the fourth 

region was highly conserved. Moreover, and importantly, two putative B-cell epitopes 
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were predicted to reside within the third and fourth surface-exposed regions (72). 

With the rationale that inclusion of both B- and T-cell epitopes within the design of a 

synthetic peptide immunogen could promote the production of high affinity 

antibodies, particularly when combined with T-cell epitope that was broadly 

permissive in binding to human MHC class II molecules (71),  two 40-mer synthetic 

peptide immunogens were developed. LB1, which incorporates the B-cell epitope 

within the third surface-exposed region of OMP P5 and LB2, which includes the 

epitope within the fourth surface exposed region, each co-linearly synthesized with 

the T-cell promiscuous epitope from measles virus fusion protein (72). 

LB1 consistently demonstrated significant protective efficacy in chinchilla and 

rat experimental models of NTHI-induced disease (73, 75, 85), however the inclusion 

of the ‘promiscuous’ measles virus fusion (MVF) protein was deemed potentially 

problematic. Whereas MVFs have indeed moved forward in terms of the design and 

testing of cancer vaccines (86), there was concern about the potential for use of a 

‘promiscuous’ T-cell antigen in a paediatric vaccine until there had been further 

clinical testing. The following four manuscripts describe efforts to overcome this 

issue and confirm and identify essential protective domains within OMP P5 that could 

be used independently or in combination with additional Haemophilus-specific 

protein antigens, as will be addressed later. 

 

• Novotny, L.A., Jurcisek, J.A., Pichichero, M.E., and Bakaletz, L.O. (2000). 

Epitope mapping the P5-homologous fimbrin adhesin of nontypeable 

Haemophilus influenzae. Infect Immun. 68(4):2119-28. 

• Novotny, L.A., Pichichero, M.E., Denoël, P.A., Neyt, C., Vanderschrick, S., 

Dequesne, G., and Bakaletz, L.O. (2002). Detection and characterization of 

pediatric serum antibody to the OMP P5-homologous adhesin of 

nontypeable Haemophilus influenzae during acute otitis media. Vaccine. 

20:3590-97. 

• Novotny, L.A. and Bakaletz, L.O. (2003). The fourth surface-exposed region 

of the P5-homologous adhesin of nontypeable Haemophilus influenzae is 

an immunodominant but non-protective decoy epitope. J Immunol. 

171:1978-1983.   
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• Novotny, L.A., Partida-Sánchez, S., Munson Jr., R.S. and Bakaletz, L.O. 

(2008). Differential uptake and processing of an OMP P5-derived 

immunogen by chinchilla dendritic cells. Infect Immun. 76(3):967-977. 

Panels of synthetic peptides designed to represent the deduced amino acid 

sequence of NTHI strain 1128 OMP P5, either in sequential 10-mer segments, or as 

peptides that represented the four surface exposed regions within the N-terminal half 

of the protein were utilized. Via SPR, peptides were probed with sera and middle ear 

fluids collected from chinchillas during experimental NTHI-induced OM and children 

with active disease due to NTHI or S. pneumoniae (the latter used as negative 

control). A significant finding from these works is that antibodies in pre-clinical and 

clinical specimens predominantly recognized peptides that represented the third and 

fourth surface exposed regions of OMP P5 in a hierarchical manner. Specifically, the 

greatest reactivity was directed toward the peptide that represented the fourth 

region, followed by the third region and minimal interaction with peptides depicting 

the first and second regions. The importance of these data to the field, and a 

foundational lesson applied in future work, pertains to the concept of ‘original 

antigenic sin’ (126). Although the predominant natural immune response to NTHI 

OMP P5 that was shaped by early colonisation with NTHI and enhanced by multiple 

episodes of OM is directed toward the fourth surface-exposed region of this protein, 

this response is ineffective to clear the bacterium or prevent subsequent episodes 

of disease. Thus, the fourth surface exposed region of OMP P5 serves as an 

immunological decoy. A means to overcome this imprinted immune response is by 

re-direction, achieved by immunisation with an immunogenic and highly protective 

immunogen. In practice, this outcome is attained pre-clinically by refocusing the 

immune response away from the decoying fourth loop and instead re-directing it 

specifically toward the immunoprotective adhesin-binding domain within the third 

surface-exposed region of OMP P5, as intended by design of LB1. Whereas LB1 as 

an immunogen has not yet moved forward as a first-line candidate against NTHI-

induced OM, its consistent and significant protective efficacy pre-clinically warranted 

continued development of an OMP P5 surface-exposed region 3-directed 

immunogen. 
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The chinchilla serves as a robust and highly reproducible animal in which to 

model the paediatric disease OM (87, 104), however no chinchilla-specific 

commercially-available reagents are available and to that point in 2008, 

immunological tools were not fully developed, hindering complete assessment of 

innate and adaptive immune responses to candidate immunogens. The pioneering 

work by G. Scott Giebink in the refinement of the chinchilla model and adaptation of 

clinical assessments (i.e. tympanometry) (104, 127), development of rabbit anti-

chinchilla isotype specific antibodies (128, 129) and identification of human-specific 

reagents that cross reacted with chinchilla inflammatory mediators (130) has served 

as the inspiration to build a complete chinchilla-specific immunologic toolkit. The 

fourth of the above-listed manuscripts served as the first endeavor in that regard.  

Dendritic cells (DCs) serve as important antigen-presenting cells in the 

initiation and modulation of immune responses by uptake, processing and 

presentation of antigenic fragments in the context of MHC molecules to innate and 

adaptive immune cells (131). These immune modulating cells are activated by OmpA 

proteins expressed by E. coli (132), Klebsiella pneumoniae (133), Acinetobacter 

baumannii (134) and Salmonella typhimurium (135) which led to the classification of 

the OmpA family of bacterial proteins as a pathogen-associated molecular pattern 

(PAMP) (82, 84). OMP P5 is a member of the OmpA family of bacterial proteins (67), 

therefore this final work in this series of publications was performed to determine if 

NTHI OMP P5 showed similar properties to those of a PAMP.  

Advancements to the field presented in this manuscript include adaptation of 

well-established murine protocols to derive chinchilla DCs from bone marrow 

precursor cells that expressed classic DC cell-surface molecules such as CD11c, 

and markers of activation including CD80, CD86 and MHC class II. Among the 

panels of antibodies tested, rat- and human-specific reagents were found to cross-

react to cell surface molecules expressed on the chinchilla DCs, an important 

discovery for these and future immunologic assays. Chinchilla DC were activated by 

standard cytokines and inflammatory mediators, i.e. tumor necrosis factor-alpha 

(TNF-α) and lipopolysaccharide (LPS) and showed expected morphologic and 

phenotypic changes by this exposure. Functional assays were developed to examine 

chemotaxis of activated chinchilla DCs, the ability to bind and internalize antigen and 

present antigen to chinchilla CD3+ T-cells, revealed by development of chinchilla T-
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cell proliferation assay. Moreover, the ability to fluorescently label the chinchilla DCs 

ex vivo, then administer the cells in vivo provided the opportunity to track the 

migration of LB1-activated DCs and identify sites of immune induction within the 

chinchilla host. In sum, LB1 did exhibit properties of a PAMP in terms of DC 

activation, thus a contributing factor to the efficacy observed by immunisation either 

by parenteral injection or intranasal microaerosol spray, is activation of these 

important immune cells.  

 

Characterisation of NTHI Tfp and development of PilA-directed vaccine 

antigens 

Although H. influenzae was classically defined as a non-motile bacterium, in 

2005 the Bakaletz laboratory published work that described the presence of pilABCD 

and comABCDEF operons within the genome of NTHI strain 86-028NP that encoded 

for a cell-surface exposed structure with structural and functional similarities 

ascribed to Type IV pili of other bacterial species (31). Continued investigation has 

revealed that expression of Tfp contributes significantly to the ability of NTHI to 

adhere to respiratory tract epithelial cells, exhibit motility via twitching and form 

biofilms, communities of bacteria which further the recurrence and chronicity of 

NTHI-induced diseases throughout the upper and lower respiratory tracts (27, 30, 

31, 136). The presence of a single pilA gene among a panel of clinical isolates from 

the United States and Europe and the high degree of amino acid identity within PilA, 

the majority subunit of NTHI Tfp, fostered interest in development of PilA as an 

additional vaccine target within the portfolio under investigation.  

The following three manuscripts detail development of an NTHI PilA-directed 

immunogen, characterise the mechanism for anti-PilA antibodies to mediate NTHI 

biofilm disruption and identify the host cognate receptor for NTHI Tfp. Moreover, 

these publications describe the design, refinement and assessment of a novel 

chimeric recombinant protein antigen that targets both OMP P5 and Tfp 

simultaneously. 

 

• Novotny, L.A., Adams, L.D., Kang, D.R., Wiet, G.J., Cai, X., Sethi, S., Murphy, 

T.F., and Bakaletz, L.O. (2010). Epitope mapping immunodominant regions 
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of the PilA protein of nontypeable Haemophilus influenzae (NTHI) to 

facilitate the design of two novel chimeric vaccine candidates. Vaccine. 

28(1):279-289. 

• Novotny, L.A., Jurcisek, J.A., Ward, M.O., Jordan, Z.B., Goodman, S.D. and 

Bakaletz, L.O. (2015). Antibodies against the majority subunit of type IV pili 

disperse nontypeable Haemophilus influenzae biofilms in a LuxS-

dependent manner and confer therapeutic resolution of experimental otitis 

media. Mol Microbiol. 96(2):276-92. 

• Novotny, L.A. and Bakaletz, L.O. (2016). Intercellular adhesin molecule 1 

serves as the primary cognate receptor for the Type IV pilus of nontypeable 

Haemophilus influenzae. Cell Microbiol. 18(8):1043-55. 

 

The surface location of NTHI Tfp, their conservation among strains examined, 

the high degree of amino acid sequence homology observed in PilA, the majority 

subunit that comprises the structure of Tfp, and the essential biological roles 

performed by Tfp rendered this adhesive protein an attractive target for vaccine 

development. Additional work by the Bakaletz laboratory and myself (not included 

within this thesis), characterised multiple essential biological functions performed by 

NTHI Tfp. These functions include adherence to respiratory tract epithelial cells, 

twitching motility and biofilm formation, which requires expression of each gene 

product within the NTHI pil and com operons, in addition to the ability to take up 

exogenous DNA or exhibit natural competence (27, 30, 31). Furthermore, pilA 

promoter activity, and by inference Tfp expression, is greater when NTHI are 

cultured at a temperature representative of the human nasopharynx or during 

colonisation of this niche (34°C), compared to standard laboratory culture conditions 

or those that mimic the middle ear during disease (37°C) (137).  

Expression of NTHI Tfp is essential for NTHI to colonise long-term within the 

chinchilla nasopharynx and form mucosal biofilms within the chinchilla middle ear 

during experimental OM (27). Indeed, there is an abundance of PilA protein within 

NTHI biofilms formed within the chinchilla middle ear (28). Therefore, NTHI Tfp, and 

specifically PilA, appeared to be a good candidate for vaccine design. However, 

lessons learned by failed attempts reported in the literature to develop Tfp-directed 
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immunogens to target mucosal pathogens such as N. gonorrhea (138) and P. 

aeruginosa (139) required a systematic approach to characterise the immune 

response to NTHI Tfp, similar to that performed with NTHI OMP P5. 

Epitope mapping studies were performed wherein 15 to 34-mer synthetic 

peptides that represented an N-terminally truncated form of NTHI PilA [to exclude 

the signal peptide] as four linear and sequential regions, or quartiles (called OLP3, 

TfpQ2, TfpQ3 and TfpQ4), revealed a unique pattern of reactivity that was 

dependent on disease status and site of specimen collection. For example, of 51 

serum samples from children with acute OM due to NTHI, 47% showed greatest 

reactivity to the N-terminal most Tfp peptide (OLP3), whereas 73% of middle ear 

fluids preferentially reacted to the C-terminal most Tfp peptide (TfpQ4). This 

outcome was not unique to just children with NTHI-induced OM. Antibodies in serum 

from adults with chronic obstructive pulmonary disease (COPD) and colonised with 

NTHI but not experiencing an exacerbation, in additional to serum from adults with 

COPD experiencing an exacerbation predominantly reacted to the N-terminal Tfp 

peptide (OLP3). In contrast, antibodies in sputum from adults with an NTHI-induced 

exacerbation had greatest reactivity to the C-terminal Tfp peptide (TfpQ4).  

Significantly, these studies identified that the systemic serum antibody 

response does not always drive the local, mucosal immune response in episodes of 

OM, and additionally during exacerbations of COPD. As the local immune response 

in the middle ear or lungs ultimately clears the respective infection or exacerbation, 

it is important to direct antibody production toward these domains, for example the 

C-terminal region of PilA. To achieve this outcome, and further the goal to 

incorporate an OMP P5 protective epitope within the design of an NTHI-directed 

immunogen, this work also described the design and characterisation of unique 

recombinant chimeric protein antigens.  

Development of an NTHI Tfp- and OMP P5-directed immunogen, clearly 

required that the much larger PilA molecule (114 residues, 14 kDa) would need to 

serve as both immunogen and carrier for the much smaller B-cell epitope from within 

the third surface-exposed region of OMP P5 (24-mer, 2.9 kDa) to effectively engage 

antigen presenting cells upon immunisation. Initially, three constructs were formed. 

In the first construct, 9 native amino acids within the first predicted disulfide bonded 

loop of PilA were replaced by the 24-mer OMP P5 epitope, called ‘chimV1’. Construct 
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2 substituted 12 native amino acids within the second predicted disulfide bonded 

loop, called ‘chimV2’ and construct 3 added the 24-mer epitope on to the C-terminus 

of mature PilA, called ‘chimV3’. Of these constructs, only chimV3 could be produced 

in an E. coli expression system in sufficient quantity for use.  

Unfortunately, chimV3 did not provide the expected protective efficacy in a 

chinchilla model of ascending NTHI-induced experimental OM. In fact, antibodies 

against the recombinant and soluble form of PilA (rsPilA) or the OMP P5 B-cell 

epitope were more protective as individual subunits (65% or 37% vaccine efficacy, 

respectively) compared to their incorporation into chimV3 (28% vaccine efficacy). 

The substantially reduced efficacy of chimV3 is explained by data obtained by 

epitope mapping data PilA, which revealed that during NTHI-induced disease in 

children or adults, antibodies in serum are directed toward the N-terminal most 

portion of PilA. In contrast, at the anatomical site of disease in the middle ear or lung, 

locally produced antibodies had greatest reactivity to the C-terminal most PilA 

peptide. Moreover, within the 24-mer OMP P5 epitope, the N-terminal half of the 

peptide had greater immunoreactivity compared to the C-terminal half by SPR. 

Therefore, the critical design flaw in chimV3 was that immunoprotective domains of 

both PilA and OMP P5 appear masked by their physical linkage. To test this premise 

and building upon the collective knowledge of predicted PilA and OMP P5 protein 

structures and immunoreactivity, a fourth recombinant chimeric immunogen, 

‘chimV4’, was designed and produced in E. coli. When assessed in an experimental 

model of ascending NTHI-induced OM, 43% vaccine efficacy was achieved, 

therefore chimV4 was more optimally configured than chimV3.   

With pre-clinical vaccine efficacy demonstrated for rsPilA in multiple models 

of NTHI-induced OM, this immunogen has advanced beyond pre-clinical 

assessment, a tremendous accomplishment. At present, a vaccine formulation that 

incorporates PilA is in Phase 2b clinical trials to combat chronic obstructive 

pulmonary disease (140-142), a disease with a predicted global prevalence of 11.7% 

in the adult population and 3 million death annually, 90% of which occur in reduced-

income countries (143). It remains to be seen what the future holds for a PilA-

directed vaccine for OM caused by NTHI. Regardless, several important 

contributions to the understanding of anti-PilA-mediated biofilm disruption continue 

to advance the field of NTHI biofilm biology. As presented in the second publication, 
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antiserum against rsPilA inhibits twitching motility and induces a top-down biofilm 

disruption event, an outcome that is not due to bacterial killing and is not observed 

by incubation with naive serum or anti-OMP P5 serum. Instead, expression of NTHI 

PilA and LuxS was required. LuxS is involved in production and response to the 

quorum sensing-signaling molecule autoinducer-2 (AI-2) (144, 145). Moreover, 

during biofilm formation and maturation in an in vitro assay system, a coordinated 

and oppositional pattern of pilA and luxS promoter activity was detected. The value 

of these data is reflected in the greater understanding of NTHI biofilm biology and 

the essential role of NTHI PilA and by inference, Tfp, as NTHI biofilms form, mature 

and remodel over time.  

With key biological functions identified for NTHI Tfp, it is also essential to 

identify the host cognate receptor for this adhesin to fully characterise this adhesin 

and vaccine candidate. The third publication addresses this unknown. Multiple 

extracellular matrix proteins (laminin, fibronectin, collagen IV, vitronectin), receptors 

engaged by additional NTHI adhesive proteins (ICAM1, CEACAM1, PAFr) or by Tfp 

expressed by other respiratory tract pathogens, including asialo-GM1 engaged by 

P. aeruginosa Tfp (146) or CD46 to which N. meningitidis Tfp bind (147) were 

examined. Of this panel, ICAM1 was identified as the cognate receptor for NTHI PilA. 

The importance of this observation is that ICAM1 is a ubiquitous receptor, expressed 

by host epithelial cells and immune cells and important in maintenance of cell-cell 

junctions. Moreover, ICAM1 expression is upregulated by epithelial cells, in 

response to infection by respiratory syncytial virus (148) and rhinovirus (149), among 

others. Therefore, a greater density of ICAM1 on host epithelial cells could facilitate 

greater adherence of NTHI and thus promote development of OM or prolong active 

disease. Thus, the ability to block NTHI adherence with antibodies against NTHI Tfp 

could limit dissemination of NTHI from its colonizing site within the nasopharynx into 

the middle ears or lungs in the context of viral pre-disposition. 

 

Transcutaneous immunisation 

Transcutaneous immunisation, or application of vaccine formulations on to 

intact skin, has potential as a simple strategy to induce protective immune responses 

that could promote compliance to immunisation schedules, may reduce 
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accumulation of hazardous sharps waste and reuse of injectable devices and 

alleviate dependence on medical personnel for administration, particularly in regions 

with limited resources (37). Moreover, TCI induces both mucosal and systemic 

immune responses (88, 150). As OM is a disease of the uppermost respiratory tract, 

this immunisation strategy has potential as an adjunct to well established and highly 

effective parenteral immunisation regimes. The final four manuscripts in this thesis, 

and the primary focus of my overall research efforts, describe these efforts. 

 

• Novotny, L.A., Clements, J.D., and Bakaletz, L.O. (2011). Transcutaneous 

immunization as preventative and therapeutic regimens to protect against 

experimental otitis media due to nontypeable Haemophilus influenzae. 

Mucosal Immunol. 4:456-467. 

• Novotny, L.A., Clements, J.D., and Bakaletz, L.O. (2013). Kinetic analysis 

and evaluation of the mechanisms involved in the resolution of 

experimental nontypeable Haemophilus influenzae-induced otitis media 

after transcutaneous immunization. Vaccine. 31(34):3417-26. 

• Novotny, L.A., Clements, J.D., and Bakaletz, L.O. (2015). Therapeutic 

transcutaneous immunization with a bandaid vaccine resolves 

experimental otitis media. Clin Vaccine Immunol. 22(8):867-74. 

• Novotny L.A., Clements J.D., Goodman S.D. and Bakaletz L.O. (2017). 

Transcutaneous immunization with a bandaid prevents experimental otitis 

media in a polymicrobial model. Clin Vaccine Immunol. 24(6). doi: 

10.1128/CVI.00563-16. 

 

Initial efforts described in the first and second manuscripts involved simply 

rubbing aqueous vaccine formulations on to the outer ears (or pinnae) of chinchillas 

without abrasive skin preparation (i.e. stripping or scraping off the outermost layer of 

dead, keratinized epithelial cells), as we considered translation of TCI to infants and 

children. Therefore, chinchilla skin was simply hydrated with saline prior to TCI to 

facilitate diffusion of antigen and sampling by underlying dendritic cells (151). The 

pinnae were selected as the immunisation site due to ready access, but most 

importantly because TCI facilitates a robust immune response near the site of 
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administration due to homing of activated antigen-presenting cells to local lymphoid 

tissues (152, 153). Therefore, immunisation at a site on the head seemed 

appropriate to engage immune cells within the NALT (154, 155), the rodent 

equivalent to the human Waldeyer’s ring of lymphoid tissues, due to its proximity to 

the middle ear space.  

An additional important component of vaccine formulations under 

consideration is the adjuvant. To facilitate immune cell activation, the potent mucosal 

and systemic adjuvant, LT(R192G/L211A) or ‘dmLT’ was incorporated. Developed 

by Dr. John D. Clements, an expert in adjuvants and long-time collaborator and 

mentor regarding strategies to deliver vaccines to underserved regions, two amino 

acid substitutions within the alpha subunit (Arg to Gly at position 192 and Lys to Ala 

at position 211) of this polymeric protein render the molecule non-toxic compared to 

E. coli heat-labile enterotoxin from which it is derived. However, immunostimulatory 

properties are retained, of note induction of antigen-specific Th17 immune response 

and potentiation of systemic and mucosal immunity (99, 156-159). Both preventative 

and therapeutic efficacy were achieved by TCI with chimV4+dmLT and this efficacy 

was ascribed to the activation and directed migration of dermal dendritic cells from 

the site of immunisation to the NALT wherein induction of polyfunctional CD4+ T-

cells within the NALT and subsequent production of chimV4-specific antibodies in 

serum and middle ear fluids (38, 39). Thus, TCI was a demonstrated viable approach 

to induce protective immune response against experimental NTHI-induced OM. 

Next, the practicality of TCI of addressed in the third manuscript, especially 

for young children, and a small adhesive device similar to a bandage that could be 

easily applied, would remain attached to the skin for a short period of time and be 

well-tolerated was envisioned. This ‘bandaid vaccine’ could permit precise antigen 

delivery, compared to rubbing formulation on to the skin which would likely have 

resulted in some dose loss. Consequently, chimV4+dmLT was applied to the gauze 

pad of simple, commercially-available, small, circular bandaids and affixed on to dry, 

unabraded skin at the post-auricular region of chinchillas, with the premise that the 

moisture of the formulation on the gauze pad would hydrate the underlying uniquely 

organized stratum corneum as it remained in contact. In fact, hydration was required 

as during preliminary trials, formulations applied and then dried prior to bandaid 

placement were ineffective.  
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Moreover, the anatomical location of bandaid placement was essential. 

Bandaids placed at the nape of the neck of chinchillas did not induce protective 

immunity against NTHI-induced disease, whereas bandaid affixed at the post-

auricular region were protective. The mechanism for this outcome was two-fold, first 

the stratum corneum at the post-auricular region behind the chinchilla pinna or outer 

ear is organized in a linear fashion in contrast to the brick-and-mortar structure 

typically found on the body (93). This cellular alignment promotes sampling by 

underlying dendritic cells and may facilitate diffusion of small molecules through this 

restrictive barrier. Second, directional homing patterns of dermal DCs were 

identified. TCI at the post-auricular region results in migration of activated DCs to the 

NALT, the lymphoid aggregate in proximity to the site of disease in the middle ear. 

In contrast, immunisation at the nape results in homing of dermal DCs to the cervical 

lymph nodes, which thus explained the less than optimal results obtained in vivo. In 

practice, therapeutic bandaid immunisation with chimV4+dmLT via ‘wet’ bandaid 

resolved signs of experimental NTHI-induced OM, promoted clearance of NTHI and 

resolution of pre-established NTHI biofilms from the middle ear via induction of 

chimV4-specific ASCs and local production of chimV4-specific antibodies. 

With therapeutic efficacy shown for bandaid immunisation, the fourth 

manuscript describes the potential for bandaid immunisation to prevent OM. To do 

so, an experimental model that mimics the polymicrobial nature and kinetics of 

disease reported for children was used (87, 104). This animal model is robust and 

reproducible and is shown to be predictive of a paediatric clinical trial outcome (52, 

100). Moreover, it has shown utility to test various vaccine candidates pre-clinically 

(73, 75, 100). Herein, three lead vaccine candidates were tested by bandaid 

immunisation; rsPilA, which targets the majority subunit of NTHI Tfp;  chimV4, which 

is directed against both Tfp and a protective B-cell epitope of OMP P5; and 

integration host factor (IHF), which is a DNABII protein family member that plays an 

important role in the structural integrity of bacterial biofilms, including those formed 

by NTHI (97, 101, 106). 

Data revealed that TCI with chimV4, rsPilA, IHF, or a mixture of rsPilA and 

IHF, admixed with the adjuvant dmLT, gave rise to circulating antibody-secreting 

cells that produced antibody specific for the immunogen(s) administered. Prior work 

indicated that an immunogen-specific IgG titer of 160 in serum or middle ear fluids 
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correlated with bacterial clearance (when TCI by droplet). Here, a cumulative 

immunogen-specific IgA, IgG, and IgM serum titer of 140 was associated with 

prevention of OM when TCI was performed via bandaid. The slight difference in 

relative IgG quantities induced by the two TCI regimens may be explained by either 

dose-loss due to pipetting the formulation directly on to intact skin versus antigen 

retainment within the absorbent pad of the bandaid itself. Refinement of the bandaid 

device could optimize the delivery approach. 

The results of the preventative bandaid immunisation approach clearly 

showed efficacy against OM. The primary readout for preclinical vaccine efficacy 

was blinded video otoscopy and tympanometry, procedures common in the clinic 

and the diagnostic techniques used to ascertain whether a child has OM. The onset, 

duration, and delayed resolution of disease by the cohort administered only dmLT 

were comparable to historical data for sham-immunised animals, in which OM 

initiates between 4 and 7 days after NTHI challenge, peaks after 10 to 14 days, and 

slowly, but not completely, declines over a 30- to 35-day period. In contrast, receipt 

of chimV4+dmLT, rsPilA dmLT, IHF+ dmLT, or rsPilA+ IHF+dmLT afforded 

significant protection against development of OM and confirmed the utility of each 

immunogen in a preventative immunisation regime. Whereas clinical signs of OM 

were detected in all four cohorts, the overall incidence was limited to 29%. Moreover, 

any lag in complete resolution of signs of disease was attributed to the same few 

(e.g., 2 to 4) middle ears per cohort, with complete resolution ultimately achieved by 

all four cohorts that received a vaccine candidate prior to completion of the study. 

As chinchillas are outbred, mixed sex, and not specific pathogen-free animals, some 

variation in the responses to immunisation within a cohort is expected, which would 

also be anticipated to occur in children in clinical trials.  

The mechanism for protection against OM is largely antibody mediated. The 

combined effect of TCI to induce production of immunogen-specific mucosal and 

systemic antibodies and of upper respiratory tract viral infection-induced 

inflammation to promote transudation of antibody onto mucosal surfaces, including 

the nasopharynx and middle ear, facilitated the significant 64 to 77% vaccine efficacy 

observed here. Moreover, targeting essential conserved bacterial adhesive proteins 

and biofilm mediators by immunisation limited the translocation of NTHI from the 

nasopharynx, the site of benign colonisation, into the middle ear, where active 
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disease is induced. While the data presented herein demonstrated efficacy against 

a single clinical NTHI isolate, the highly conserved amino acid sequences (86% 

identity for PilA and 76% identity for the OMP P5 epitope incorporated into chimV4) 

and/or the highly conserved structural conformation (for IHF) of each immunogen 

predicts that similar protection could be achieved upon challenge with other NTHI 

strains. 

With efficacy of TCI via bandaid demonstrated pre-clinically, two questions 

remained to be addressed: could bandaid immunsation boost the initial immune 

response and is the primary immune response durable to protect against a second 

bacterial challenge? A manuscript is in preparation to address these unknowns (‘The 

immune response induced by transcutaneous immunization with a nontypeable 

Haemophilus influenzae two adhesin-targeted immunogen is boostable and 

durable’). The first of two independent studies examined the ability to boost the 

immune response by receipt of a third immunizing dose of consisted of 

chimV4+dmLT, delivered 60 days after initiation of the primary (two-dose) 

immunisation regime. The 60-day interval between primary and secondary TCI was 

comparable to the paediatric immunisation schedule for very young children in the 

United States who typically receive multiple immunisations at 2, 4 and 6 months of 

age (160). The phenotype of B-cells within the NALT was examined, as these 

immune cells, and the effector molecules they secrete, play a critical role in the 

character and quality of the immune response elicited by immunisation and because 

induction of antibodies has long been considered one correlate of immune protection 

for OM (161). As anticipated, the primary bandaid immunisation series wherein a 

total of two bandaids were placed, one week apart, resulted in a significant increase 

in the percentage of mature B-cell phenotypes (CD27+ memory and CD38+ plasma) 

and a significant decrease in IgD+ naive B-cells, compared to non-immunised 

animals, an outcome that was maintained for 40 days. After placement of a third 

‘boosting’ bandaid, a significant 400% increase in mature CD27+ and 250% increase 

in CD38+ B-cells was observed. Moreover, receipt of a boosting bandaid resulted in 

a significant increase in antibody-secreting cells that produced chimV4-specific IgG, 

at a significantly greater quantity than IgM-specific, which indicated maturation of the 

immune response. Thus, the tenet that receipt of a boosting bandaid could result in 

a stronger immune response quickly was validated. 
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To next determine the durability of the immune response induced by TCI, a 

second study was performed. Animals were immunised with either chimV4+dmLT or 

with dmLT only (again delivered via bandaid as described), then challenged by direct 

inoculation of the middle ear with NTHI. Forty-six days later and without any 

intervening treatment or intervention of any kind, a subset of animals was sacrificed 

to determine the state of the middle ears prior to receipt of the second bacterial 

challenge. Strikingly, middle ears in the cohort administered chimV4+dmLT 

appeared healthy whereas NTHI-induced mucosal biofilms filled the ears of animals 

that received dmLT only, observations confirmed by determination of the mass of 

the middle ear mucosa and adherent mucosal biofilm and quantitation of NTHI. Thus, 

as anticipated based on earlier work (41), TCI with chimV4+dmLT via bandaid 

resulted in eradication of NTHI from the middle ear after direct challenge and of note, 

any residual NTHI did not grow back as evidenced by assay one week later. 

Importantly as a stated goal for these studies, after a second challenge with NTHI, 

the cohort immunised with chimV4+dmLT 60 days prior resolved all signs of 

inflammation, had eradicated NTHI and again, were able to effectively prevent the 

formation of new NTHI mucosal biofilms. Thus, the primary TCI series induced 

enduring immunity that could be recalled upon second exposure to NTHI. In contrast, 

NTHI biofilms persisted and became larger in the cohort administered dmLT only 

upon second challenge. This latter cohort likely represents the child with chronic and 

recurrent OM for whom a biofilm persists for an extended period.   

These collective data reveal the potential to prevent and/or rapidly clear NTHI 

from the middle ear by receipt of a bandaid to non-invasively deliver chimV4+dmLT. 

These data are important to the characterisation of TCI as an effective immunisation 

strategy against OM because enduring immunity was induced by TCI. Moreover, the 

simplicity of a bandaid immunisation approach combined with a highly efficacious 

antigen that targets two NTHI adhesive proteins admixed with a potent adjuvant has 

tremendous potential to enable greater reach of vaccines beyond developed borders 

against not only OM, but also perhaps additional respiratory tract diseases caused 

by NTHI. 
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Future directions 

The works presented for consideration in this thesis describe identification, 

refinement and validation of efficacy for NTHI OMP P5 and Tfp adhesin-based 

vaccine candidates. The final question to be addressed is, ‘what is next?’ The 

simplistic and naive answer is that now we make the vaccine and administer it to 

children, however, there is some reality to the situation. Whereas rsPilA and chimV4 

are shown to be immunogenic pre-clinically in multiple animal models, this important 

vaccine attribute will need to be confirmed in young children. As each antigen is 

protein in character, it is anticipated that the paediatric immune system will mount 

an immune response, unlike inconsistencies observed with administration of 

polysaccharide antigens that require conjugation to carrier molecules (162), 

Moreover, it is highly encouraging that a NTHI PilA-directed candidate is currently in 

Phase 2 clinical trials at 88 sites throughout the world for elderly adults with COPD 

(140-142), thus these studies have likely provided proof of immunogenicity for the 

sponsor to move forward in these trials. 

The onset of OM is very early in life, thus timing for immunisation with NTHI-

directed candidates is an additional consideration. Inclusion of PilA or chimV4 

vaccine in tandem with the standard vaccine panel beginning at 2 months in 

developed countries and as soon after birth as possible in resource-poor regions 

seems logical, as prevention of early OM onset is projected to reduce subsequent 

episodes and limit disease-related sequellae (9). As shown for the PilA-directed 

candidate, its inclusion in a vaccine in clinical trials for adults with COPD is a 

tremendous accomplishment with the potential to help millions of individuals 

worldwide. However, it is likely that the study sponsor will limit its further use, 

particularly toward a paediatric vaccine against OM. Regardless, the observations 

made during the development of PilA and chimV4 as vaccine antigens, the lessons 

learned, and the vast array of evaluation tools designed during this 20-year process 

are invaluable and can be applied to future endeavors, for example in a targeted 

approach against bacterial biofilms in CSOM (part of ongoing work unrelated to this 

thesis). 

What does hold promise for future work is transcutaneous immunisation. In 

parallel to continued development of injectable vaccines, non-invasive delivery 

systems could provide a means to extend the reach of vaccines to regions without 
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ready access to medical centres, trained medical personnel and established cold 

chain systems. The potential for reduced production costs and dose-sparing are 

attractive. The bandaid immunisation strategy could easily be performed by parents 

or community elders, perhaps with a simple drawing included in the packaging to 

indicate where and for how long the device is applied. One envisions that a sealed 

envelope that contains hundreds of bandaid vaccines could be carried in a backpack, 

across rivers or jungles or air-dropped as needed. These aspirations are not without 

practical and technical difficulties that need to be addressed.  

Injectable vaccines are proven methods to induce robust systemic immune 

responses and require multiple doses to achieve optimal efficacy. Whereas the 

systemic antibody response that results from transcutaneous is less in quantity, as 

work presented herein has shown, there are multiple advantages to this non-invasive 

approach. Transcutaneous immunisation promotes mucosal immunity, an important 

consideration as OM is a disease of the uppermost respiratory mucosa. Bandaid 

immunisation at the post-auricular region focuses the immune response to the head 

and neck region, in proximity to the site of disease in the middle ear. Importantly, our 

pre-clinical data show that kinetics of disease resolution is rapid, beginning within 3 

to 7 days after therapeutic transcutaneous immunisation and is initiated after receipt 

of a single immunizing dose. Due to the tremendous burden of this disease in the 

paediatric population, continued development of both traditional injectable in addition 

and non-invasive strategies is warranted. 

In consideration of future work, refinement of the bandaid as a vaccine 

delivery device is necessary. Bandages adhere and remain adherent optimally to dry 

skin. Continued development of an adhesive delivery device would need to assess 

adherence to skin in humid environments and retention during swimming or bathing 

and identify if cleansing the application site is needed prior to application. The skin 

at the post-auricle region is thin and may be more delicate in newborns and the 

elderly, so ease of removal will also need to be addressed. Moreover, children may 

pull the bandaids off, therefore the time to optimal antigen delivery needs to be 

determined. Preliminary work with chinchillas identified that approximately 45% of 

the antigen dose is released from the standard bandaid over the 24-hour application 

time. A bandaid is designed to absorb fluid, and while we have shown significant 

efficacy preclinically by use of this device to induce an immune response, future work 
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should focus on refinement of the bandaid in order to promote greater release of 

antigen. Advancement of the non-invasive immunisation approach likely will require 

partnerships with programmes or philanthropic groups that have the same goal: 

deliver vaccines to underserved regions. The simplicity of the approach and the 

enduring immunity it provides has tremendous potential. 

  

79



ORIGINAL AND SCHOLARLY CONTRIBUTION OF PUBLICATIONS 

 

I contributed significantly to all 11 manuscripts presented herein in the design, 

conduct of experiments, analysis of results, draft and submission of manuscripts. My 

colleagues recognise my leadership of these studies as I am the first author on each 

of the 11 manuscripts listed. 

  

80



REFERENCES 

 

1. Schilder AG, Chonmaitree T, Cripps AW, Rosenfeld RM, Casselbrant ML, 

Haggard MP, et al. Otitis media. Nature reviews Disease primers. 

2016;2:16063. 

2. Monasta L, Ronfani L, Marchetti F, Montico M, Vecchi Brumatti L, Bavcar A, 

et al. Burden of disease caused by otitis media: systematic review and global 

estimates. PloS one. 2012;7(4):e36226. 

3. American Academy of Pediatrics Subcommittee on Management of Acute 

Otitis M. Diagnosis and management of acute otitis media. Pediatrics. 

2004;113(5):1451-65. 

4. Gould JM, Matz PS. Otitis media. Pediatr Rev. 2010;31(3):102-16. 

5. Vergison A, Dagan R, Arguedas A, Bonhoeffer J, Cohen R, Dhooge I, et al. 

Otitis media and its consequences: beyond the earache. The Lancet 

Infectious diseases. 2010;10(3):195-203. 

6. McCormick DP, Johnson DL, Baldwin CD. Early middle ear effusion and 

school achievement at age seven years. Ambul Pediatr. 2006;6(5):280-7. 

7. Johnson DL, McCormick DP, Baldwin CD. Early middle ear effusion and 

language at age seven. J Commun Disord. 2008;41(1):20-32. 

8. Baldwin RL. Effects of otitis media on child development. Am J Otol. 

1993;14(6):601-4. 

9. Dagan R, Pelton S, Bakaletz L, Cohen R. Prevention of early episodes of 

otitis media by pneumococcal vaccines might reduce progression to complex 

disease. The Lancet Infectious diseases. 2016;16(4):480-92. 

10. Murphy TF. Respiratory infections caused by non-typeable Haemophilus 

influenzae. Curr Opin Infect Dis. 2003;16(2):129-34. 

11. Ngo CC, Massa HM, Thornton RB, Cripps AW. Predominant Bacteria 

Detected from the Middle Ear Fluid of Children Experiencing Otitis Media: A 

Systematic Review. PloS one. 2016;11(3):e0150949. 

12. Tahtinen PA, Laine MK, Ruohola A. Prognostic Factors for Treatment Failure 

in Acute Otitis Media. Pediatrics. 2017;140(3):e20170072. 

81



13. Eythorsson E, Hrafnkelsson B, Erlendsdottir H, Gudmundsson SA, Kristinsson 

KG, Haraldsson A. Decreased Acute Otitis Media With Treatment Failure 

After Introduction of the Ten-valent Pneumococcal Haemophilus influenzae 

Protein D Conjugate Vaccine. The Pediatric infectious disease journal. 

2018;37(4):361-6. 

14. Pitaro J, Waissbluth S, Quintal MC, Abela A, Lapointe A. Characteristics of 

children with refractory acute otitis media treated at the pediatric emergency 

department. International journal of pediatric otorhinolaryngology. 

2019;116:173-6. 

15. Wiertsema SP, Kirkham LA, Corscadden KJ, Mowe EN, Bowman JM, Jacoby 

P, et al. Predominance of nontypeable Haemophilus influenzae in children 

with otitis media following introduction of a 3+0 pneumococcal conjugate 

vaccine schedule. Vaccine. 2011;29(32):5163-70. 

16. Revai K, McCormick DP, Patel J, Grady JJ, Saeed K, Chonmaitree T. Effect 

of pneumococcal conjugate vaccine on nasopharyngeal bacterial colonization 

during acute otitis media. Pediatrics. 2006;117(5):1823-9. 

17. Cleary D, Devine V, Morris D, Osman K, Gladstone R, Bentley S, et al. 

Pneumococcal vaccine impacts on the population genomics of non-typeable 

Haemophilus influenzae. Microbial genomics. 2018;4(9):e000209. 

18. Bakaletz LO, Novotny LA. Nontypeable Haemophilus influenzae (NTHi). 

Trends in microbiology. 2018;26(8):727-8. 

19. Pettigrew MM, Gent JF, Revai K, Patel JA, Chonmaitree T. Microbial 

interactions during upper respiratory tract infections. Emerging infectious 

diseases. 2008;14(10):1584-91. 

20. Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common 

cause of persistent infections. Science. 1999;284(5418):1318-22. 

21. Reddy MS, Bernstein JM, Murphy TF, Faden HS. Binding between outer 

membrane proteins of nontypeable Haemophilus influenzae and human 

nasopharyngeal mucin. Infection and immunity. 1996;64(4):1477-9. 

22. Bookwalter JE, Jurcisek JA, Gray-Owen SD, Fernandez S, McGillivary G, 

Bakaletz LO. A carcinoembryonic antigen-related cell adhesion molecule 1 

homologue plays a pivotal role in nontypeable Haemophilus influenzae 

82



colonization of the chinchilla nasopharynx via the outer membrane protein P5-

homologous adhesin. Infection and immunity. 2008;76(1):48-55. 

23. Hill DJ, Toleman MA, Evans DJ, Villullas S, Van Alphen L, Virji M. The 

variable P5 proteins of typeable and non-typeable Haemophilus influenzae 

target human CEACAM1. Molecular microbiology. 2001;39(4):850-62. 

24. Miyamoto N, Bakaletz LO. Selective adherence of non-typeable Haemophilus 

influenzae (NTHi) to mucus or epithelial cells in the chinchilla Eustachian tube 

and middle ear. Microbial pathogenesis. 1996;21(5):343-56. 

25. Avadhanula V, Rodriguez CA, Ulett GC, Bakaletz LO, Adderson EE. 

Nontypeable Haemophilus influenzae adheres to intercellular adhesion 

molecule 1 (ICAM-1) on respiratory epithelial cells and upregulates ICAM-1 

expression. Infection and immunity. 2006;74(2):830-8. 

26. Novotny LA, Bakaletz LO. Intercellular adhesion molecule 1 serves as a 

primary cognate receptor for the Type IV pilus of nontypeable Haemophilus 

influenzae. Cellular microbiology. 2016;18(8):1043-55. 

27. Jurcisek JA, Bookwalter JE, Baker BD, Fernandez S, Novotny LA, Munson 

RS, Jr., et al. The PilA protein of non-typeable Haemophilus influenzae plays 

a role in biofilm formation, adherence to epithelial cells and colonization of the 

mammalian upper respiratory tract. Molecular microbiology. 2007;65(5):1288-

99. 

28. Jurcisek JA, Bakaletz LO. Biofilms formed by nontypeable Haemophilus 

influenzae in vivo contain both double-stranded DNA and type IV pilin protein. 

Journal of bacteriology. 2007;189(10):3868-75. 

29. Novotny LA, Jurcisek JA, Ward MO, Jr., Jordan ZB, Goodman SD, Bakaletz 

LO. Antibodies against the majority subunit of type IV Pili disperse 

nontypeable Haemophilus influenzae biofilms in a LuxS-dependent manner 

and confer therapeutic resolution of experimental otitis media. Molecular 

microbiology. 2015;96(2):276-92. 

30. Carruthers MD, Tracy EN, Dickson AC, Ganser KB, Munson RS, Jr., Bakaletz 

LO. Biological roles of nontypeable Haemophilus influenzae type IV pilus 

proteins encoded by the pil and com operons. Journal of bacteriology. 

2012;194(8):1927-33. 

83



31. Bakaletz LO, Baker BD, Jurcisek JA, Harrison A, Novotny LA, Bookwalter JE, 

et al. Demonstration of Type IV pilus expression and a twitching phenotype by 

Haemophilus influenzae. Infection and immunity. 2005;73(3):1635-43. 

32. Novotny LA, Pichichero ME, Denoel PA, Neyt C, Vanderschrick S, Dequesne 

G, et al. Detection and characterization of pediatric serum antibody to the 

OMP P5-homologous adhesin of nontypeable Haemophilus influenzae during 

acute otitis media. Vaccine. 2002;20(29-30):3590-7. 

33. Novotny LA, Jurcisek JA, Pichichero ME, Bakaletz LO. Epitope mapping of 

the outer membrane protein P5-homologous fimbrin adhesin of nontypeable 

Haemophilus influenzae. Infection and immunity. 2000;68(4):2119-28. 

34. Novotny LA, Bakaletz LO. The fourth surface-exposed region of the outer 

membrane protein P5-homologous adhesin of nontypeable Haemophilus 

influenzae is an immunodominant but nonprotective decoying epitope. Journal 

of immunology. 2003;171(4):1978-83. 

35. Novotny LA, Adams LD, Kang DR, Wiet GJ, Cai X, Sethi S, et al. Epitope 

mapping immunodominant regions of the PilA protein of nontypeable 

Haemophilus influenzae (NTHI) to facilitate the design of two novel chimeric 

vaccine candidates. Vaccine. 2009;28(1):279-89. 

36. Novotny LA, Partida-Sanchez S, Munson RS, Jr., Bakaletz LO. Differential 

uptake and processing of a Haemophilus influenzae P5-derived immunogen 

by chinchilla dendritic cells. Infection and immunity. 2008;76(3):967-77. 

37. Levine MM. "IDEAL" vaccines for resource poor settings. Vaccine. 2011;29 

Suppl 4:D116-25. 

38. Novotny LA, Clements JD, Bakaletz LO. Transcutaneous immunization as 

preventative and therapeutic regimens to protect against experimental otitis 

media due to nontypeable Haemophilus influenzae. Mucosal Immunol. 

2011;4(4):456-67. 

39. Novotny LA, Clements JD, Bakaletz LO. Kinetic analysis and evaluation of the 

mechanisms involved in the resolution of experimental nontypeable 

Haemophilus influenzae-induced otitis media after transcutaneous 

immunization. Vaccine. 2013;31(34):3417-26. 

40. Novotny LA, Clements JD, Goodman SD, Bakaletz LO. Transcutaneous 

Immunization with a Band-Aid Prevents Experimental Otitis Media in a 

84



Polymicrobial Model. Clinical and vaccine immunology : CVI. 

2017;24(6):e00563-16. 

41. Novotny LA, Clements JD, Bakaletz LO. Therapeutic Transcutaneous 

Immunization with a Band-Aid Vaccine Resolves Experimental Otitis Media. 

Clinical and vaccine immunology : CVI. 2015;22(8):867-74. 

42. Mittal R, Parrish JM, Soni M, Mittal J, Mathee K. Microbial otitis media: recent 

advancements in treatment, current challenges and opportunities. Journal of 

medical microbiology. 2018;67(10):1417-25. 

43. Teele DW, Klein JO, Rosner B. Epidemiology of otitis media during the first 

seven years of life in children in greater Boston: a prospective, cohort study. 

The Journal of infectious diseases. 1989;160(1):83-94. 

44. O'Connor SS, Coggins R, Gagnon L, Rosenfeld RM, Shin JJ, Walsh SA. Plain 

Language Summary: Otitis Media with Effusion. Otolaryngology--head and 

neck surgery : official journal of American Academy of Otolaryngology-Head 

and Neck Surgery. 2016;154(2):215-25. 

45. Rosenfeld RM, Shin JJ, Schwartz SR, Coggins R, Gagnon L, Hackell JM, et 

al. Clinical Practice Guideline: Otitis Media with Effusion Executive Summary 

(Update). Otolaryngology--head and neck surgery : official journal of American 

Academy of Otolaryngology-Head and Neck Surgery. 2016;154(2):201-14. 

46. Mather MW, Drinnan M, Perry JD, Powell S, Wilson JA, Powell J. A 

systematic review and meta-analysis of antimicrobial resistance in paediatric 

acute otitis media. International journal of pediatric otorhinolaryngology. 

2019;123:102-9. 

47. Pumarola F, Mares J, Losada I, Minguella I, Moraga F, Tarrago D, et al. 

Microbiology of bacteria causing recurrent acute otitis media (AOM) and AOM 

treatment failure in young children in Spain: shifting pathogens in the post-

pneumococcal conjugate vaccination era. International journal of pediatric 

otorhinolaryngology. 2013;77(8):1231-6. 

48. Wald ER, DeMuri GP. Antibiotic Recommendations for Acute Otitis Media and 

Acute Bacterial Sinusitis: Conundrum No More. The Pediatric infectious 

disease journal. 2018;37(12):1255-7. 

85



49. Brook I. Microbiology of chronic rhinosinusitis. European journal of clinical 

microbiology & infectious diseases : official publication of the European 

Society of Clinical Microbiology. 2016;35(7):1059-68. 

50. Prymula R, Schuerman L. 10-valent pneumococcal nontypeable Haemophilus 

influenzae PD conjugate vaccine: Synflorix. Expert review of vaccines. 

2009;8(11):1479-500. 

51. Clarke C, Bakaletz LO, Ruiz-Guinazu J, Borys D, Mrkvan T. Impact of protein 

D-containing pneumococcal conjugate vaccines on non-typeable 

Haemophilus influenzae acute otitis media and carriage. Expert review of 

vaccines. 2017;16(7):1-14. 

52. Prymula R, Peeters P, Chrobok V, Kriz P, Novakova E, Kaliskova E, et al. 

Pneumococcal capsular polysaccharides conjugated to protein D for 

prevention of acute otitis media caused by both Streptococcus pneumoniae 

and non-typable Haemophilus influenzae: a randomised double-blind efficacy 

study. Lancet. 2006;367(9512):740-8. 

53. Smith-Vaughan HC, Chang AB, Sarovich DS, Marsh RL, Grimwood K, Leach 

AJ, et al. Absence of an important vaccine and diagnostic target in carriage- 

and disease-related nontypeable Haemophilus influenzae. Clinical and 

vaccine immunology : CVI. 2014;21(2):250-2. 

54. Murphy TF. Vaccines for Nontypeable Haemophilus influenzae: the Future Is 

Now. Clinical and vaccine immunology : CVI. 2015;22(5):459-66. 

55. Atack JM, Srikhanta YN, Fox KL, Jurcisek JA, Brockman KL, Clark TA, et al. 

A biphasic epigenetic switch controls immunoevasion, virulence and niche 

adaptation in non-typeable Haemophilus influenzae. Nat Commun. 

2015;6:7828. 

56. Srikhanta YN, Maguire TL, Stacey KJ, Grimmond SM, Jennings MP. The 

phasevarion: a genetic system controlling coordinated, random switching of 

expression of multiple genes. Proceedings of the National Academy of 

Sciences of the United States of America. 2005;102(15):5547-51. 

57. Behrouzi A, Bouzari S, Oloomi M, Fateh A, Vaziri F, Afrough P, et al. In silico 

design, cloning, expression and immunologic evaluation of ED fusion protein 

of NT H. influenzae. Microbial pathogenesis. 2017;113:472-9. 

86



58. Behrouzi A, Bouzari S, Siadat SD, Oloomi M, Davari M, Mazaheri H. 

Evaluation of the immunogenic property of NT H. influenzae protein D with 

Neisseria meningitidis OMV in BALB/c. Journal of infection in developing 

countries. 2016;10(12):1345-51. 

59. Behrouzi A, Bouzari S, Vaziri F, Fateh A, Afrough P, Vijeh Motlagh AD, et al. 

Recombinant truncated E protein as a new vaccine candidate against 

nontypeable H. influenzae: Its expression and immunogenic evaluation. 

Microbial pathogenesis. 2017;110:431-8. 

60. Davoudi Vijeh Motlagh A, Siadat SD, Abedian Kenari S, Mahdavi M, Behrouzi 

A, Asgarian-Omran H. Immunization with Protein D from Non-Typeable 

Haemophilus influenzae (NTHi) Induced Cytokine Responses and Bioactive 

Antibody Production. Jundishapur journal of microbiology. 2016;9(10):e36617. 

61. Singh S, Wilson JC, Cripps AW, Massa H, Ozberk V, Grice ID, et al. 

Immunological characterisation of truncated lipooligosaccharide-outer 

membrane protein based conjugate vaccine against Moraxella catarrhalis and 

nontypeable Haemophilus influenzae. Vaccine. 

2019;https://doi.org/10.1016/j.vaccine.2019.10.014. 

62. Winter LE, Barenkamp SJ. Immunogenicity of Nontypeable Haemophilus 

influenzae Outer Membrane Vesicles and Protective Ability in the Chinchilla 

Model of Otitis Media. Clinical and vaccine immunology : CVI. 

2017;24(10):e00138-17. 

63. Thofte O, Kaur R, Su YC, Brant M, Rudin A, Hood D, et al. Anti-EF-Tu IgG 

titers increase with age and may contribute to protection against the 

respiratory pathogen Haemophilus influenzae. European journal of 

immunology. 2019;49(3):490-9. 

64. Thofte O, Su YC, Brant M, Littorin N, Duell BL, Alvarado V, et al. EF-Tu From 

Non-typeable Haemophilus influenzae Is an Immunogenic Surface-Exposed 

Protein Targeted by Bactericidal Antibodies. Frontiers in immunology. 

2018;9:2910. 

65. Kirkham LA. H. haemolyticus as an interfering species.  2019 ISOM Biannual 

Symposium; Hollywood, CA2019. 

66. Bakaletz LO, Tallan BM, Hoepf T, DeMaria TF, Birck HG, Lim DJ. Frequency 

of fimbriation of nontypable Haemophilus influenzae and its ability to adhere 

87



to chinchilla and human respiratory epithelium. Infection and immunity. 

1988;56(2):331-5. 

67. Sirakova T, Kolattukudy PE, Murwin D, Billy J, Leake E, Lim D, et al. Role of 

fimbriae expressed by nontypeable Haemophilus influenzae in pathogenesis 

of and protection against otitis media and relatedness of the fimbrin subunit to 

outer membrane protein A. Infection and immunity. 1994;62(5):2002-20. 

68. Bakaletz LO, Tallan BM, Andrzejewski WJ, DeMaria TF, Lim DJ. 

Immunological responsiveness of chinchillas to outer membrane and isolated 

fimbrial proteins of nontypeable Haemophilus influenzae. Infection and 

immunity. 1989;57(10):3226-9. 

69. Webb DC, Cripps AW. Secondary structure and molecular analysis of 

interstrain variability in the P5 outer-membrane protein of non-typable 

Haemophilus influenzae isolated from diverse anatomical sites. Journal of 

medical microbiology. 1998;47(12):1059-67. 

70. Duim B, Bowler LD, Eijk PP, Jansen HM, Dankert J, van Alphen L. Molecular 

variation in the major outer membrane protein P5 gene of nonencapsulated 

Haemophilus influenzae during chronic infections. Infection and immunity. 

1997;65(4):1351-6. 

71. Kaumaya PT, Kobs-Conrad S, Seo YH, Lee H, VanBuskirk AM, Feng N, et al. 

Peptide vaccines incorporating a 'promiscuous' T-cell epitope bypass certain 

haplotype restricted immune responses and provide broad spectrum 

immunogenicity. J Mol Recognit. 1993;6(2):81-94. 

72. Bakaletz LO, Leake ER, Billy JM, Kaumaya PT. Relative immunogenicity and 

efficacy of two synthetic chimeric peptides of fimbrin as vaccinogens against 

nasopharyngeal colonization by nontypeable Haemophilus influenzae in the 

chinchilla. Vaccine. 1997;15(9):955-61. 

73. Bakaletz LO, Kennedy BJ, Novotny LA, Duquesne G, Cohen J, Lobet Y. 

Protection against development of otitis media induced by nontypeable 

Haemophilus influenzae by both active and passive immunization in a 

chinchilla model of virus-bacterium superinfection. Infection and immunity. 

1999;67(6):2746-62. 

74. Bakaletz LO. Peptide and recombinant antigens for protection against 

bacterial middle ear infection. Vaccine. 2001;19(17-19):2323-8. 

88



75. Kennedy BJ, Novotny LA, Jurcisek JA, Lobet Y, Bakaletz LO. Passive transfer 

of antiserum specific for immunogens derived from a nontypeable 

Haemophilus influenzae adhesin and lipoprotein D prevents otitis media after 

heterologous challenge. Infection and immunity. 2000;68(5):2756-65. 

76. Hill SR, Novotny, L.A., and Bakaletz, L.O. . Characterization of the protective 

immune response induced by a mucosal immunization strategy vs. one of 

parenteral priming and mucosal boosting using an adhesin-based vaccine 

candidate against nontypeable Haemophilus influenzae-induced otitis media. 

Fifth Extraordinary International Symposium on Recent Advances in Otitis 

Media. Stockholm, Sweden2005. p. 148. 

77. Novotny LA, and Bakaletz, L.O., editor Intranasal immunization with a 

nontypeable Haemophilus influenzae adhesin-based vaccine candidate elicits 

a protective immune response in a chinchilla model of otitis media. 103rd 

General Meeting of the American Society for Microbiology; 2003. 

78. Del Giudice G. Vaccination strategies. An overview. Vaccine. 2003;21 Suppl 

2:S83-8. 

79. Banchereau J, Steinman RM. Dendritic cells and the control of immunity. 

Nature. 1998;392(6673):245-52. 

80. Steinman RM. The control of immunity and tolerance by dendritic cell. Pathol 

Biol (Paris). 2003;51(2):59-60. 

81. Pichavant M, Delneste Y, Jeannin P, Fourneau C, Brichet A, Tonnel AB, et al. 

Outer membrane protein A from Klebsiella pneumoniae activates bronchial 

epithelial cells: implication in neutrophil recruitment. Journal of immunology. 

2003;171(12):6697-705. 

82. Jeannin P, Renno T, Goetsch L, Miconnet I, Aubry JP, Delneste Y, et al. 

OmpA targets dendritic cells, induces their maturation and delivers antigen 

into the MHC class I presentation pathway. Nat Immunol. 2000;1(6):502-9. 

83. Jeannin P, Magistrelli G, Herbault N, Goetsch L, Godefroy S, Charbonnier P, 

et al. Outer membrane protein A renders dendritic cells and macrophages 

responsive to CCL21 and triggers dendritic cell migration to secondary 

lymphoid organs. European journal of immunology. 2003;33(2):326-33. 

84. Jeannin P, Magistrelli G, Goetsch L, Haeuw JF, Thieblemont N, Bonnefoy JY, 

et al. Outer membrane protein A (OmpA): a new pathogen-associated 

89



molecular pattern that interacts with antigen presenting cells-impact on 

vaccine strategies. Vaccine. 2002;20 Suppl 4:A23-7. 

85. Kyd JM, Cripps AW, Novotny LA, Bakaletz LO. Efficacy of the 26-kilodalton 

outer membrane protein and two P5 fimbrin-derived immunogens to induce 

clearance of nontypeable Haemophilus influenzae from the rat middle ear and 

lungs as well as from the chinchilla middle ear and nasopharynx. Infection and 

immunity. 2003;71(8):4691-9. 

86. Kaumaya PT. A paradigm shift: Cancer therapy with peptide-based B-cell 

epitopes and peptide immunotherapeutics targeting multiple solid tumor types: 

Emerging concepts and validation of combination immunotherapy. Human 

vaccines & immunotherapeutics. 2015;11(6):1368-86. 

87. Bakaletz LO. Chinchilla as a robust, reproducible and polymicrobial model of 

otitis media and its prevention. Expert review of vaccines. 2009;8(8):1063-82. 

88. Warger T, Schild H, Rechtsteiner G. Initiation of adaptive immune responses 

by transcutaneous immunization. Immunology letters. 2007;109(1):13-20. 

89. Mishra D, Mishra PK, Dubey V, Nahar M, Dabadghao S, Jain NK. Systemic 

and mucosal immune response induced by transcutaneous immunization 

using Hepatitis B surface antigen-loaded modified liposomes. European 

journal of pharmaceutical sciences : official journal of the European 

Federation for Pharmaceutical Sciences. 2008;33(4-5):424-33. 

90. Ghose C, Kalsy A, Sheikh A, Rollenhagen J, John M, Young J, et al. 

Transcutaneous immunization with Clostridium difficile toxoid A induces 

systemic and mucosal immune responses and toxin A-neutralizing antibodies 

in mice. Infection and immunity. 2007;75(6):2826-32. 

91. Kligman AM, Christophers E. Preparation of Isolated Sheets of Human 

Stratum Corneum. Arch Dermatol. 1963;88:702-5. 

92. Christophers E, Kligman AM. Visualization of the cell layers of the stratum 

corneum. J Invest Dermatol. 1964;42:407-9. 

93. Christophers E. Cellular architecture of the stratum corneum. J Invest 

Dermatol. 1971;56(3):165-9. 

94. Jurcisek JA, Dickson AC, Bruggeman ME, Bakaletz LO. In vitro biofilm 

formation in an 8-well chamber slide. J Vis Exp. 2011(47):2481. 

90



95. Heydorn A, Nielsen AT, Hentzer M, Sternberg C, Givskov M, Ersboll BK, et al. 

Quantification of biofilm structures by the novel computer program 

COMSTAT. Microbiology. 2000;146 ( Pt 10):2395-407. 

96. Bassler BL, Greenberg EP, Stevens AM. Cross-species induction of 

luminescence in the quorum-sensing bacterium Vibrio harveyi. Journal of 

bacteriology. 1997;179(12):4043-5. 

97. Goodman SD, Obergfell KP, Jurcisek JA, Novotny LA, Downey JS, Ayala EA, 

et al. Biofilms can be dispersed by focusing the immune system on a common 

family of bacterial nucleoid-associated proteins. Mucosal Immunol. 

2011;4(6):625-37. 

98. Swinger KK, Rice PA. IHF and HU: flexible architects of bent DNA. Curr Opin 

Struct Biol. 2004;14(1):28-35. 

99. Clements JD, Norton EB. The Mucosal Vaccine Adjuvant LT(R192G/L211A) 

or dmLT. mSphere. 2018;3(4). 

100. Novotny LA, Jurcisek JA, Godfroid F, Poolman JT, Denoel PA, Bakaletz LO. 

Passive immunization with human anti-protein D antibodies induced by 

polysaccharide protein D conjugates protects chinchillas against otitis media 

after intranasal challenge with Haemophilus influenzae. Vaccine. 

2006;24(22):4804-11. 

101. Brockson ME, Novotny LA, Mokrzan EM, Malhotra S, Jurcisek JA, Akbar R, et 

al. Evaluation of the kinetics and mechanism of action of anti-integration host 

factor-mediated disruption of bacterial biofilms. Molecular microbiology. 

2014;93(6):1246-58. 

102. Ruohola A, Meurman O, Nikkari S, Skottman T, Salmi A, Waris M, et al. 

Microbiology of acute otitis media in children with tympanostomy tubes: 

prevalences of bacteria and viruses. Clinical infectious diseases : an official 

publication of the Infectious Diseases Society of America. 2006;43(11):1417-

22. 

103. Murphy TF, Bakaletz LO, Smeesters PR. Microbial interactions in the 

respiratory tract. The Pediatric infectious disease journal. 2009;28(10 

Suppl):S121-6. 

104. Giebink GS. Otitis media: the chinchilla model. Microb Drug Resist. 

1999;5(1):57-72. 

91



105. Bakaletz LO. Viral potentiation of bacterial superinfection of the respiratory 

tract. Trends in microbiology. 1995;3(3):110-4. 

106. Novotny LA, Jurcisek JA, Goodman SD, Bakaletz LO. Monoclonal antibodies 

against DNA-binding tips of DNABII proteins disrupt biofilms in vitro and 

induce bacterial clearance in vivo. EBioMedicine. 2016;10:33-44. 

107. Suzuki K, Bakaletz LO. Synergistic effect of adenovirus type 1 and 

nontypeable Haemophilus influenzae in a chinchilla model of experimental 

otitis media. Infection and immunity. 1994;62(5):1710-8. 

108. Acuin J. Chronic suppurative otitis media. Clinical evidence. 2004(12):710-29. 

109. Morris PS, Leach AJ, Silberberg P, Mellon G, Wilson C, Hamilton E, et al. 

Otitis media in young Aboriginal children from remote communities in 

Northern and Central Australia: a cross-sectional survey. BMC pediatrics. 

2005;5:27. 

110. Jervis-Bardy J, Sanchez L, Carney AS. Otitis media in Indigenous Australian 

children: review of epidemiology and risk factors. The Journal of laryngology 

and otology. 2014;128 Suppl 1:S16-27. 

111. Bowd AD. Otitis media: health and social consequences for aboriginal youth 

in Canada's north. International journal of circumpolar health. 2005;64(1):5-

15. 

112. Hunter LL, Margolis RH, Giebink GS. Identification of hearing loss in children 

with otitis media. Ann Otol Rhinol Laryngol Suppl. 1994;163:59-61. 

113. Chonmaitree T. Viral and bacterial interaction in acute otitis media. The 

Pediatric infectious disease journal. 2000;19(5 Suppl):S24-30. 

114. Heikkinen T, Chonmaitree T. Importance of respiratory viruses in acute otitis 

media. Clinical microbiology reviews. 2003;16(2):230-41. 

115. American Academy of Family P, American Academy of O-H, Neck S, 

American Academy of Pediatrics Subcommittee on Otitis Media With E. Otitis 

media with effusion. Pediatrics. 2004;113(5):1412-29. 

116. Tristram S, Jacobs MR, Appelbaum PC. Antimicrobial resistance in 

Haemophilus influenzae. Clinical microbiology reviews. 2007;20(2):368-89. 

117. Forsgren A, Riesbeck K, Janson H. Protein D of Haemophilus influenzae: a 

protective nontypeable H. influenzae antigen and a carrier for pneumococcal 

92



conjugate vaccines. Clinical infectious diseases : an official publication of the 

Infectious Diseases Society of America. 2008;46(5):726-31. 

118. Akkoyunlu M, Ruan M, Forsgren A. Distribution of protein D, an 

immunoglobulin D-binding protein, in Haemophilus strains. Infection and 

immunity. 1991;59(4):1231-8. 

119. Janson H, Ruan M, Forsgren A. Limited diversity of the protein D gene (hpd) 

among encapsulated and nonencapsulated Haemophilus influenzae strains. 

Infection and immunity. 1993;61(11):4546-52. 

120. Beissbarth J, Smith-Vaughan HC, Harris TM, Binks MJ, Leach AJ. Use of the 

10-valent pneumococcal Haemophilus influenzae protein D conjugate vaccine 

(PHiD-CV10) in an Australian Indigenous paediatric population does not alter 

the prevalence of nontypeable Haemophilus influenzae without the protein D 

gene. Vaccine. 2019;37(30):4089-93. 

121. Sveinsdottir H, Bjornsdottir JB, Erlendsdottir H, Hjalmarsdottir MA, 

Hrafnkelsson B, Haraldsson A, et al. The Effect of the 10-Valent 

Pneumococcal Nontypeable Haemophilus influenzae Protein D Conjugate 

Vaccine on H. influenzae in Healthy Carriers and Middle Ear Infections in 

Iceland. Journal of clinical microbiology. 2019;57(7):e00116-19. 

122. Jiang Z, Nagata N, Molina E, Bakaletz LO, Hawkins H, Patel JA. Fimbria-

mediated enhanced attachment of nontypeable Haemophilus influenzae to 

respiratory syncytial virus-infected respiratory epithelial cells. Infection and 

immunity. 1999;67(1):187-92. 

123. Holmes KA, Bakaletz LO. Adherence of non-typeable Haemophilus influenzae 

promotes reorganization of the actin cytoskeleton in human or chinchilla 

epithelial cells in vitro. Microbial pathogenesis. 1997;23(3):157-66. 

124. Miyamoto N, Bakaletz LO. Kinetics of the ascension of NTHi from the 

nasopharynx to the middle ear coincident with adenovirus-induced 

compromise in the chinchilla. Microbial pathogenesis. 1997;23(2):119-26. 

125. Webb DC, Cripps AW. A P5 peptide that is homologous to peptide 10 of OprF 

from Pseudomonas aeruginosa enhances clearance of nontypeable 

Haemophilus influenzae from acutely infected rat lung in the absence of 

detectable peptide-specific antibody. Infection and immunity. 2000;68(1):377-

81. 

93



126. Monto AS, Malosh RE, Petrie JG, Martin ET. The Doctrine of Original 

Antigenic Sin: Separating Good From Evil. The Journal of infectious diseases. 

2017;215(12):1782-8. 

127. Giebink GS, Heller KA, Harford ER. Tympanometric configurations and middle 

ear findings in experimental otitis media. Ann Otol Rhinol Laryngol. 1982;91(1 

Pt 1):20-4. 

128. Koskela M, Harris M, Giebink GS. Enzyme immunoassay for detection of 

immunoglobulin G (IgG), IgM, and IgA antibodies against type 6B 

pneumococcal capsular polysaccharide and cell wall C polysaccharide in 

chinchilla serum. Journal of clinical microbiology. 1992;30(6):1485-90. 

129. Konietzko S, Koskela M, Erdmann G, Giebink GS. Isotype-specific rabbit 

antibodies against chinchilla immunoglobulins G, M, and A. Lab Anim Sci. 

1992;42(3):302-6. 

130. Sato K, Liebeler CL, Quartey MK, Le CT, Giebink GS. Middle ear fluid 

cytokine and inflammatory cell kinetics in the chinchilla otitis media model. 

Infection and immunity. 1999;67(4):1943-6. 

131. Lewis KL, Reizis B. Dendritic cells: arbiters of immunity and immunological 

tolerance. Cold Spring Harbor perspectives in biology. 2012;4(8):a007401. 

132. Torres AG, Li Y, Tutt CB, Xin L, Eaves-Pyles T, Soong L. Outer membrane 

protein A of Escherichia coli O157:H7 stimulates dendritic cell activation. 

Infection and immunity. 2006;74(5):2676-85. 

133. Goetsch L, Gonzalez A, Plotnicky-Gilquin H, Haeuw JF, Aubry JP, Beck A, et 

al. Targeting of nasal mucosa-associated antigen-presenting cells in vivo with 

an outer membrane protein A derived from Klebsiella pneumoniae. Infection 

and immunity. 2001;69(10):6434-44. 

134. Lee JS, Lee JC, Lee CM, Jung ID, Jeong YI, Seong EY, et al. Outer 

membrane protein A of Acinetobacter baumannii induces differentiation of 

CD4+ T cells toward a Th1 polarizing phenotype through the activation of 

dendritic cells. Biochem Pharmacol. 2007;74(1):86-97. 

135. Lee JS, Jung ID, Lee CM, Park JW, Chun SH, Jeong SK, et al. Outer 

membrane protein a of Salmonella enterica serovar Typhimurium activates 

dendritic cells and enhances Th1 polarization. BMC microbiology. 

2010;10:263. 

94



136. Novotny LA, Jurcisek JA, Ward MO, Jr., Jordan ZB, Goodman SD, Bakaletz 

LO. Antibodies against the majority subunit of Type IV pili disperse 

nontypeable Haemophilus influenzae biofilms in a LuxS-dependent manner 

and confer therapeutic resolution of experimental otitis media. Mol Microbiol. 

2015. 

137. Mokrzan EM, Ward MO, Bakaletz LO. Type IV pilus expression is upregulated 

in nontypeable Haemophilus influenzae biofilms formed at the temperature of 

the human nasopharynx. Journal of bacteriology. 2016;198(19):2619-30. 

138. Vincent LR, Jerse AE. Biological feasibility and importance of a gonorrhea 

vaccine for global public health. Vaccine. 

2018;https://doi.org/10.1016/j.vaccine.2018.02.081. 

139. Sharma A, Krause A, Worgall S. Recent developments for Pseudomonas 

vaccines. Human vaccines. 2011;7(10):999-1011. 

140. A Study to Test if the Vaccine is Working Well in Chronic Obstructive 

Pulmonary Disease (COPD) Patients Aged 40 to 80 Years Old to Reduce 

Episodes of Worsening Symptoms and to Gather Further Information on 

Safety and Immune Response. Available from: 

https://ClinicalTrials.gov/show/NCT03281876. 

141. A Study to Test if a Third Dose of the Vaccine is Safe in Current and Former 

Smokers Aged 40 to 80 Years Old and to Gather Information on the Immune 

Response Following the Third Dose of the Vaccine. Available from: 

https://ClinicalTrials.gov/show/NCT03443427. 

142. Study to Assess the Immunogenicity and Safety of GSK's Investigational 

Vaccine (GSK3277511A) When Given to Healthy Smokers and Ex-smokers 

After Administration of Shingrix Vaccine. Available from: 

https://ClinicalTrials.gov/show/NCT03894969. 

143. WHO. Chronic obstructive pulmonary disease (COPD): WHO; 2017 [updated 

December 1, 2017; cited 2019 June 29]. Available from: 

https://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-

pulmonary-disease-(copd). 

144. Daines DA, Bothwell M, Furrer J, Unrath W, Nelson K, Jarisch J, et al. 

Haemophilus influenzae luxS mutants form a biofilm and have increased 

virulence. Microbial pathogenesis. 2005;39(3):87-96. 

95

http://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)
http://www.who.int/news-room/fact-sheets/detail/chronic-obstructive-pulmonary-disease-(copd)


145. Armbruster CE, Hong W, Pang B, Dew KE, Juneau RA, Byrd MS, et al. LuxS 

promotes biofilm maturation and persistence of nontypeable haemophilus 

influenzae in vivo via modulation of lipooligosaccharides on the bacterial 

surface. Infection and immunity. 2009;77(9):4081-91. 

146. Craig L, Pique ME, Tainer JA. Type IV pilus structure and bacterial 

pathogenicity. Nat Rev Microbiol. 2004;2(5):363-78. 

147. Kallstrom H, Liszewski MK, Atkinson JP, Jonsson AB. Membrane cofactor 

protein (MCP or CD46) is a cellular pilus receptor for pathogenic Neisseria. 

Molecular microbiology. 1997;25(4):639-47. 

148. Behera AK, Matsuse H, Kumar M, Kong X, Lockey RF, Mohapatra SS. 

Blocking intercellular adhesion molecule-1 on human epithelial cells 

decreases respiratory syncytial virus infection. Biochem Biophys Res 

Commun. 2001;280(1):188-95. 

149. Bella J, Rossmann MG. ICAM-1 receptors and cold viruses. Pharmaceutica 

acta Helvetiae. 2000;74(2-3):291-7. 

150. Lawson LB, Clements JD, Freytag LC. Mucosal immune responses induced 

by transcutaneous vaccines. Current topics in microbiology and immunology. 

2012;354:19-37. 

151. Tan G, Xu P, Lawson LB, He J, Freytag LC, Clements JD, et al. Hydration 

effects on skin microstructure as probed by high-resolution cryo-scanning 

electron microscopy and mechanistic implications to enhanced 

transcutaneous delivery of biomacromolecules. J Pharm Sci. 2009;99(2):730-

40. 

152. Czerkinsky C, Holmgren J. Mucosal delivery routes for optimal immunization: 

targeting immunity to the right tissues. Current topics in microbiology and 

immunology. 2012;354:1-18. 

153. Holmgren J, Czerkinsky C. Mucosal immunity and vaccines. Nat Med. 

2005;11(4 Suppl):S45-53. 

154. Ogra PL. Mucosal immune response in the ear, nose and throat. The 

Pediatric infectious disease journal. 2000;19(5 Suppl):S4-8. 

155. Ogra PL, Faden H, Welliver RC. Vaccination strategies for mucosal immune 

responses. Clinical microbiology reviews. 2001;14(2):430-45. 

96



156. Freytag LC, Clements, J.D.. Mucosal adjuvants. Vaccine. 2005;23(15):1804-

13. 

157. Leach S, Clements JD, Kaim J, Lundgren A. The adjuvant double mutant 

Escherichia coli heat labile toxin enhances IL-17A production in human T cells 

specific for bacterial vaccine antigens. PloS one. 2012;7(12):e51718. 

158. Norton EB, Bauer DL, Weldon WC, Oberste MS, Lawson LB, Clements JD. 

The novel adjuvant dmLT promotes dose sparing, mucosal immunity and 

longevity of antibody responses to the inactivated polio vaccine in a murine 

model. Vaccine. 2015;33(16):1909-15. 

159. Norton EB, Lawson LB, Freytag LC, Clements JD. Characterization of a 

mutant Escherichia coli heat-labile toxin, LT(R192G/L211A), as a safe and 

effective oral adjuvant. Clinical and vaccine immunology : CVI. 

2011;18(4):546-51. 

160. Centers for Disease Control and Prevention.  Recommended immunization 

schedules for persons aged 0 through 18 years - United States, 2009. 

MMWR. 2008. 

161. Murphy TF, Yi K. Mechanisms of recurrent otitis media: importance of the 

immune response to bacterial surface antigens. Ann N Y Acad Sci. 

1997;830:353-60. 

162. Rijkers GT, Sanders EA, Breukels MA, Zegers BJ. Infant B cell responses to 

polysaccharide determinants. Vaccine. 1998;16(14-15):1396-400. 

  

 

  

97



APPENDICES 

APPENDIX 1 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

Epitope Mapping the P5-Homologous Fimbrin Adhesin of Nontypeable 

Haemophilus Influenzae  

Authors: Laura A. Novotny, Joseph A. Jurcisek, Michael E. Pichichero and Lauren 

O. Bakaletz  

Journal: Infection and Immunity  

Article type: Research Article 

Publication date: April 1, 2000  

Article URL: https://doi.org/10.1128/iai.68.4.2119-2128.2000  

Copyright status: Copyright © 2000, American Society for Microbiology 

 

My contribution to the paper involved: 

Design and provision of data (Western blotting & SPR assays), compilation and 

analysis of data, generation of figures and I contributed to composition of the 

manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019____ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)__July 15, 2019____ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)__15/07/2019______ 

Supervisor: Professor Allan W. Cripps 

  

98



APPENDIX 2 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Detection and Characterizing the Pediatric Serum Antibody to the OMP P5-

Homologous Adhesin of Nontypeable Haemophilus Influenzae During Acute Otitis 

Media 

Authors: Laura A. Novotny, Michael E. Pichichero. Phillippe A. Denoël, Cecil Neyt, 

Sylvie Vanderschrick, Guy Dequesne and Lauren O. Bakaletz  

Journal: Vaccine 

Article type: Research Article 

Publication date: October 4, 2002 

Article URL: https://doi.org/10.1016/S0264-410X(02)00306-7 

Copyright status: Copyright © 2002 Elsevier Science Ltd. 

 

My contribution to the paper involved: 

Experimental design and provision of SPR data, compilation and analysis of data, 

generation of figures and I contributed to composition of the manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019___ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)__July 15, 2019____ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)___15/07/2019______ 

Supervisor: Professor Allan W. Cripps 

 

 

  

99

https://doi.org/10.1016/S0264-410X(02)00306-7


APPENDIX 3 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

The Fourth Surface-Exposed Region of the P5-Homologous Adhesin of 

Nontypeable Haemophilus Influenzae is an Immunodominant But Non-Protective 

Decoy Epitope  

Authors: Laura A. Novotny and Lauren O. Bakaletz  

Journal: Journal of Immunology 

Article type: Research Article 

Publication date: August 5, 2003 

Article URL: https://doi.org/10.4049/jimmunol.171.4.1978 

Copyright status: Copyright © 2003 by The American Association of Immunologists 

 

My contribution to the paper involved: 

Experimental design and provision of all SPR data, study lead for pre-clinical vaccine 

study (immunisation, NTHI challenge, collection and processing of specimens), 

compilation and analysis of data, generation of figures and I contributed to 

composition of the manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019____ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)__July 15, 2019____ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)__15/07/2019_____ 

Supervisor: Professor Allan W. Cripps 

 

 

 

100

https://doi.org/10.4049/jimmunol.171.4.1978


APPENDIX 4 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Differential Uptake and Processing of a Haemophilus influenzae P5-Derived 

Immunogen by Chinchilla Dendritic Cells  

Authors: Laura A. Novotny, Santiago Partida-Sánchez, Robert S. Munson, Jr., and 

Lauren O. Bakaletz 

Journal: Infection and Immunity 

Article type: Research Article 

Publication date: February 21, 2008 

Article URL: https://doi.org/10.1128/IAI.01395-07 

Copyright status: Copyright © 2008, American Society for Microbiology 

 

My contribution to the paper involved: 

Identification and validation of reagents that bound to chinchilla immune cell 

receptors and secreted factors, development of cell culture conditions to promote 

differentiation of chinchilla bone marrow-derived precursor cells to dendritic cells, 

extraction and processing of chinchilla lymphoid tissues to procure lymphocytes, 

adaptation of flow cytometry, chemotaxis and antigen binding-uptake assays for 

chinchilla immune cells, intranasal immunisation of chinchillas, conduct of chinchilla 

dendritic cell tracking assays, capture and rendering of images obtained by confocal 

scanning laser microscopy, compilation and analysis of data, generation of figures 

and composition of the manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019____ 

Name of Student: Laura A. Novotny  

 

(Countersigned)  (Date)__July 15, 2019____ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

101

https://doi.org/10.1128/IAI.01395-07


(Countersigned) ___________________________ (Date)___15/07/2019_____ 

Supervisor: Professor Allan W. Cripps 

 

  

102



APPENDIX 5 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Epitope Mapping Immunodominant Regions of the PilA Protein of Nontypeable 

Haemophilus Influenzae (NTHI) to Facilitate the Design of Two Novel Chimeric 

Vaccine Candidates 

Authors: Laura A. Novotny, Leanne D. Adams, D. Richard Kang, Gregory J. Wiet, 

Xueya Cai, Sanjay Sethi, Timothy F. Murphy, and Lauren O. Bakaletz 

Journal: Vaccine 

Article type: Research Article 

Publication date: December 10, 2009 

Article URL: https://doi.org/10.1016/j.vaccine.2009.08.017 

Copyright status: Copyright © 2009 Elsevier Ltd.  

 

My contribution to the paper involved: 

Experimental design for SPR assays, conduct of ELISA and flow cytometry 

experiments, study lead for both pre-clinical vaccine studies (immunisation, NTHI 

challenge, collection and processing of specimens), compilation and analysis of 

data, generation of figures and tables and contributed to composition of the 

manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019____ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)__July 15, 2019____ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)___15/07/2019_____ 

Supervisor: Professor Allan W. Cripps 

 

103



APPENDIX 6 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Transcutaneous Immunization as preventative and therapeutic regimens to protect 

against experimental otitis media due to nontypeable Haemophilus influenzae 

Authors: Laura A. Novotny, John D. Clements and Lauren O. Bakaletz 

Journal: Mucosal Immunology 

Article type: Research Article 

Publication date: February 16, 2011 

Article URL: https://doi.org/10.1038/mi.2011.6 

Copyright status: Copyright © 2011, Springer Nature 

 

My contribution to the paper involved: 

Participated in preclinical study design, study lead for pre-clinical study 

(immunisation, NTHI challenge, collection and processing of specimens), conduct of 

ELISA, flow cytometry, dendritic cell tracking assays, data compilation and analysis, 

generation of figures and tables, composition of manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019____ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)_July 15, 2019_____ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)__15/07/2019_______ 

Supervisor: Professor Allan W. Cripps 

 

 

  

104

https://doi.org/10.1038/mi.2011.6


APPENDIX 7 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Kinetic Analysis and Evaluation of the Mechanisms Involved in the Resolution of 

Experimental Nontypeable Haemophilus Influenzae-Induced Otitis Media After 

Transcutaneous Immunisation  

Authors: Laura A. Novotny, John D. Clements and Lauren O. Bakaletz 

Journal: Vaccine 

Article type: Research Article 

Publication date: July 25, 2013 

Article URL: https://doi.org/10.1016/j.vaccine.2012.10.033 

Copyright status: Copyright © 2012 Elsevier Ltd. 

 

My contribution to the paper involved: 

Preclinical study design, study lead for pre-clinical study (immunisation, NTHI 

challenge, collection and processing of specimens), conduct of ELISA, validation 

and use of cytokine membrane array, collection and processing of chinchilla 

lymphoid tissue for flow cytometry, data compilation and analysis, generation of 

figures and table, composition of manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019____ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)__July 15, 2019_____ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)___15/07/2019______ 

Supervisor: Professor Allan W. Cripps 

 

 

105

https://doi.org/10.1016/j.vaccine.2012.10.033


APPENDIX 8 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Therapeutic Transcutaneous Immunisation with a Band-Aid Vaccine Resolves 

Experimental Otitis Media 

Authors: Laura A. Novotny, John D. Clements and Lauren O. Bakaletz 

Journal: Clinical and Vaccine Immunology 

Article type: Research Article 

Publication date: July 29, 2015 

Article URL: https://doi.org/10.1128/CVI.00090-15 

Copyright status: Copyright © 2015, American Society for Microbiology. 

 

My contribution to the paper involved: 

Study lead for pre-clinical studies (immunisation, NTHI challenge, collection and 

processing of specimens), contributed to refinement of immunisation strategy, 

conduct of ELISA, validation and use of intracellular cytokine detection assays, 

validation and use of ELISPOT assay, collection and processing of chinchilla 

lymphoid tissues for flow cytometry, data compilation and analysis, generation of 

figures and table, composition of manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019____ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)_July 15, 2019______ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)___15/07/2019_______ 

Supervisor: Professor Allan W. Cripps 

 

 

106

https://doi.org/10.1128/CVI.00090-15


APPENDIX 9 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Antibodies Against the Majority Subunit of Type IV Pili Disperse Nontypeable 

Haemophilus Influenzae Biofilms in a LuxS-Dependent Manner and Confer 

Therapeutic Resolution of Experimental Otitis Media 

Authors: Laura A. Novotny, Joseph A. Jurcisek, Michael O. Ward, Jr., Zachary B. 

Jordan, Steven D. Goodman and Lauren O. Bakaletz 

Journal: Molecular Microbiology 

Article type: Research Article 

Publication date: February 15, 2015 

Article URL: https://doi.org/10.1111/mmi.12934 

Copyright status: © 2015 John Wiley & Sons Ltd 

 

My contribution to the paper involved: 

Conduct of biofilm disruption assays (biofilm formation, treatment, image capture by 

CSLM, analysis by COMSTAT), conduct of antibody-mediated and AI-2 induced 

biofilm dispersal assays, study lead for preclinical vaccine study (immunisation, 

NTHI challenge, collection and processing of specimens), generation of 

complemented luxS mutant strain in NTHI 86-028NP, data compilation and analysis, 

generation of figures and tables, contributed to composition of manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019___ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)_July 15, 2019_______ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)___15/07/2019_______ 

Supervisor: Professor Allan W. Cripps 

107



APPENDIX 10 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Intercellular Adhesin Molecule 1 Serves as the Primary Cognate Receptor for the 

Type IV Pilus of Nontypeable Haemophilus Influenzae  

Authors: Laura A. Novotny and Lauren O. Bakaletz  

Journal: Cellular Microbiology 

Article type: Research Article 

Publication date: February 26, 2016 

Article URL: https://doi.org/10.1111/cmi.12575 

Copyright status: © 2016 John Wiley & Sons Ltd  

 

My contribution to the paper involved: 

Design and conduct of assays (far-Western blot, SPR, native PAGE and SDS-

PAGE, polarized respiratory tract epithelial cell culture, ICAM1 siRNA assays, flow 

cytometry, NTHI adherence and receptor blockade assays, adenovirus and 

respiratory syncytial virus infection of epithelial cells), compilation and analysis of 

data, generation of figures and tables, composition of manuscript. 

 

 

(Signed) _________________________________ (Date)_July 18, 2019____ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)_July 15, 2019______ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)__15/07/2019_______ 

Supervisor: Professor Allan W. Cripps 

 

 

108



APPENDIX 11 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Transcutaneous Immunization with a Band-Aid Prevents Experimental Otitis Media 

in a Polymicrobial Model 

Authors: Laura A. Novotny, John D. Clements, Steven D. Goodman and Lauren O. 

Bakaletz 

Journal: Clinical and Vaccine Immunology 

Article type: Research Article 

Publication date: June 5, 2017 

Article URL: https://doi.org/10.1128/CVI.00563-16 

Copyright status: Copyright © 2017, American Society for Microbiology 

 

My contribution to the paper involved: 

Preclinical study design, study lead for pre-clinical study (immunisation, adenovirus 

and NTHI challenge, collection and processing of specimens), conduct of ELISPOT 

and ELISA assays, compilation and analysis of data, generation of figures and table, 

composition of manuscript. 

 

(Signed) _________________________________ (Date)__July 18, 2019_____ 

Name of Student: Laura A. Novotny  

 

(Countersigned) ___________________________ (Date)_July 15, 2019______ 

Corresponding author of paper: Professor Lauren O. Bakaletz 

 

(Countersigned) ___________________________ (Date)___15/07/2019______ 

Supervisor: Professor Allan W. Cripps 

 

 

 

109

https://doi.org/10.1128/CVI.00563-16


INFECTION AND IMMUNITY,
0019-9567/00/$04.0010

Apr. 2000, p. 2119–2128 Vol. 68, No. 4

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Epitope Mapping of the Outer Membrane Protein P5-Homologous
Fimbrin Adhesin of Nontypeable Haemophilus influenzae

LAURA A. NOVOTNY,1 JOSEPH A. JURCISEK,1 MICHAEL E. PICHICHERO,2

AND LAUREN O. BAKALETZ1*

Department of Pediatrics, Division of Molecular Medicine, The Ohio State University College of Medicine and
Public Health, Columbus, Ohio,1 and Department of Microbiology and Immunology,

University of Rochester Medical Center, Rochester, New York2

Received 28 October 1999/Returned for modification 6 December 1999/Accepted 6 January 2000

To identify potential immunodominant and/or adhesin binding domains of the outer membrane protein
P5-homologous fimbrin adhesin of nontypeable Haemophilus influenzae (NTHI), three sets of synthetic peptides
were synthesized and assayed in an adherence inhibition assay, by Western blotting, and in a biomolecular
interaction analysis (BIA) system. The first series of 34 8- to 10-mer peptides represented the entire mature
protein sequentially. The second set of four peptides (each 19 to 28 residues) represented the four predicted
major surface-exposed regions (or loops) of this adhesin. The third series of seven peptides (each 27 to 34
residues) were specifically designed to map the third surface-exposed region. Data obtained by BIA indicated
limited reactivity of a panel of high-titered immune chinchilla sera to the 8- to 10-mer peptides representing
the mature protein, likely because these linear peptides did not represent continuous epitopes. However,
several of these short peptides did inhibit adherence of multiple NTHI strains to a human respiratory
epithelial cell. Overall, greatest relative reactivity in both BIA and adherence inhibition assays was demon-
strated against, or shown by, peptides mapping to the third and fourth predicted surface-exposed regions of
this adhesin, thereby indicating the presence of immunodominant and adhesin binding domains at these sites.
Middle ear fluids sequentially recovered from a chinchilla with an ongoing NTHI-induced otitis media (OM)
as well as sera from children with OM due to NTHI also reacted exclusively with peptides representing the
third and fourth surface-exposed regions of the P5-fimbrin adhesin, indicating a similarity in immune recog-
nition of this bacterial protein by these two hosts. Collectively, these data together with the previously
demonstrated protective efficacy of immunogens derived from this adhesin in chinchilla models support the
continued development of P5-fimbrin based vaccine components.

Nontypeable Haemophilus influenzae (NTHI) is an impor-
tant causative agent of bacterial otitis media (OM). Of interest
are several conserved surface proteins of this heterogeneous
group of organisms that could potentially serve as components
in a vaccine. We have focused in recent years on a structure
observed on 100% of middle ear and nasopharyngeal NTHI
isolates recovered from children with chronic OM (6). These
appendages, referred to as fimbriae due to their filamentous
appearance, are composed of a 36.4-kDa protein subunit (fim-
brin) that is highly homologous to outer membrane protein
(OMP) P5 of H. influenzae type b (39, 40). The P5-homologous
fimbrin protein (or P5-fimbrin) is an adhesin to human oro-
pharyngeal (OP) cells (51) and mucin (44, 45), chinchilla eu-
stachian tube mucus (37), and respiratory syncytial virus-in-
fected A549 cells (24).

We have been conducting studies to determine whether or
not P5-fimbrin can serve as a protective immunogen and have
demonstrated that, like whole OMP preparations, immuniza-
tion with P5-fimbrin does provide significant protection against
homologous NTHI challenge (3, 4, 51). However, as with other
isolated OMPs, induction of protective activity against heter-
ologous strains was less effective (4). To overcome this obsta-
cle, we chose a strategy in which we attempted to identify a

minimal region of this antigen that could elicit a protective
response (13). Thus, we elected to focus on a specific predicted
surface-exposed region of P5-fimbrin for further development
as an epitope-targeted peptide based vaccine rather than at-
tempt to develop a component derived from the whole native
protein (4).

Multiple algorithmic analyses of the deduced amino acid
sequence of this protein (4) indicate that there are four pre-
dicted surface-exposed regions located in the N-terminal half,
the general location of which are consistently reported among
laboratories (15, 55, 55a). Duim et al. (15) recently reported
that all four of these regions, or loops, were hypervariable in
five NTHI isolates and their variants recovered from chronic
bronchitic patients. They attributed this variability to nonsyn-
onymous point mutations induced by selective immunological
pressures exerted during chronic disease. Webb and Cripps
(55) also fully sequenced the gene that encodes this surface
protein from 13 Australian isolates recovered from diverse
anatomical sites, as well as the portion of the gene correspond-
ing to the region of the first loop from an additional 10 isolates.
These investigators noted sequence diversity in the predicted
surface-exposed regions as well. However, in the Australian
isolates, which were all recovered from instances of acute
rather than chronic disease, the greatest diversity was found in
the first loop (or region). More limited diversity was found in
loops 2 and 3; loop 4 was found to be highly conserved. We
recently reported the sequence of the third surface-exposed
region of P5-fimbrin from 99 European and U.S. NTHI iso-
lates (3). Based on the observed sequence diversity in region 3,
we assigned NTHI strains to three major subclasses or group-
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ings (with a subgroup for a minority of group 2 strains). The
majority of all isolates sequenced (76%) belong to group 1.

Due to interest in this and similar proteins as a protective
antigen in animal models, these surface-exposed regions, and
particularly the more conserved among them, have been the
target of peptide vaccine design strategies (3, 4, 23, 55a). Prior
to having a complete understanding of the diversity in these
regions, but due to its predicted antigenicity, we have to date
focused our efforts on a region 3-based immunogen. Thus, a
19-mer peptide representing the majority of the third surface-
exposed region of this adhesin, expressed by NTHI strain 1128
(4, 51), was selected and subsequently incorporated into both
a synthetic chimeric peptide immunogen known as LB1; vari-
ants of it are encoded in a recombinant fusion peptide vac-
cinogen called LPD-LB1(f)2,1,3. Coincidentally, this 19-mer re-
gion shares limited or no homology with equivalent regions of
other OmpA family members (51).

We have recently demonstrated that induction of antibodies
against the two immunogens derived from this focused region
(3, 4, 30) provide significant protection against homologous
NTHI challenge in both an active immunization regimen and
one of passive transfer in a chinchilla model of viral-bacterial
superinfection. In vitro assays have shown that antibodies di-
rected against these immunogens do have bactericidal activity
(9, 30); however, they also strongly inhibit adherence of NTHI
to human oropharyngeal cells (3; Jurcisek and Bakaletz, Abstr.
7th Int. Symp. Recent Adv. Otitis Media, 1999). This latter
finding indicates that one primary functional activity of anti-
bodies directed against these immunogens may be to block
NTHI colonization or augment bacterial clearance. In fact,
animals immunized with these derivatives of P5-fimbrin dem-
onstrate significantly earlier clearance of NTHI from the na-
sopharynx and markedly lower incidence of eustachian tube
ascension and OM induction than do sham-immunized cohorts
(3, 4).

As we have been continuing to refine these immunogens and
attempting to better understand the mechanism(s) behind the
significant protection observed in chinchilla models, we have
been interested in further defining those portions of this ad-
hesin that are immunodominant and/or represent epithelial
cell binding domains for both the chinchilla and human hosts.
In addition, we wanted to better understand the significance of
the demonstrated sequence diversity in the 19-mer region of
the adhesin protein (3, 15, 55), called LB1(f), that is targeted
in our P5-fimbrin based vaccinogen design. Toward this goal,
we created three sets of synthetic peptides, derived from the
deduced amino acid sequence of the P5-fimbrin adhesin of
NTHI strain 1128, a pediatric middle ear isolate. Using these
peptides and isolated P5-fimbrin from several NTHI strains
plus a panel of polyclonal antisera and a murine monoclonal
antibody, four assays were performed: an enzyme-linked im-
munosorbent assay (ELISA) to determine serum titer, West-
ern blotting to define antibody specificity, a bacterial adher-
ence inhibition assay to identify adhesin domains, and a
biomolecular interaction analysis (BIA) (26–28, 32, 34, 49) to
examine the relative binding affinity between these peptides or
isolated P5-fimbrin and antibodies present in both chinchilla
and human sera or in middle ear effusions.

These data were collectively used to determine which por-
tions of this surface protein were immunodominant not only to
the chinchilla host, which serves as a model of human disease,
but also to children, and thus identify epitopes and perhaps
adhesin binding domains.

(This work was presented in part at the Seventh Interna-
tional Symposium on Recent Advances in Otitis Media, Fort
Lauderdale, Fla., June 1 to 5, 1999.)

MATERIALS AND METHODS

Synthesis of peptides. Synthesis, purification, and sequence confirmation of all
synthetic peptides were performed essentially as described by Kaumaya et al.
(29) with established techniques of the Peptide and Protein Engineering Labo-
ratory at The Ohio State University. Briefly, synthetic peptides were assembled
stepwise by 9-fluorenylmethoxycarbonyl–t-butyl strategy with a benzotriazoly-
loxy-tris-(dimethylamino)phosphonium hexafluorophosphate–N-hydroxybenzo-
triazole protocol on a Milligen/Biosearch 9600 synthesizer. Peptides were puri-
fied by high-performance liquid chromatography on a Vydac C4 (10 mm by 25
mm) column using CH3CN containing 0.1% trifluoroacetic acid. Amino acid
analysis and mass spectral analysis (not shown) confirmed the composition and
amino acid sequence of each peptide.

Generation of antiserum and middle ear fluids. Chinchilla naive and immune
sera and middle ear fluids were retrieved from archived samples. Sera obtained
from chinchillas immunized with NTHI strain 1128 whole OMP preparation,
isolated P5-fimbrin, or with other immunogens derived from this strain were
selected for use. Pooled immune chinchilla serum samples were collected from
animals immunized as follows: whole OMP delivered in complete Freund adju-
vant (CFA) (51), isolated P5-fimbrin delivered in CFA (3), isolated P5-fimbrin
delivered in A1PO4 (3), LB1 delivered in CFA (3), and LPD-LB1(f)2,1,3 deliv-
ered in A1PO4 plus monophosphoryl lipid A (MPL) (3). LB1 is a 40-mer
synthetic chimeric peptide composed of a putative B-cell epitope of P5-fimbrin
of NTHI strain 1128 [called LB1(f)] that was colinearly synthesized with a T-cell
promiscuous epitope of measles virus fusion protein (4). LPD-LB1(f)2,1,3 is a
recombinant fusion peptide composed of a lipoprotein D (LPD) moiety followed
by three sequential unique LB1(f) P5-fimbrin epitopes (3, 30).

Chinchilla middle ear fluids were retrieved every 3 to 7 days over a 5-week
period by epitympanic tap from an immunologically naive animal with an ongo-
ing NTHI-induced OM resulting from transbullar challenge with 2,500 CFU of
NTHI strain 86-028NP (Bakaletz et al., Abstr. 7th Int. Symp. Recent Adv. Otitis
Media, 1999). Human sera from children undergoing tympanocentesis for acute
OM were collected from children age 3 months to 11 years with a confirmed
culture-positive NTHI or Streptococcus pneumoniae OM from which the bacteria
were isolated in pure culture. A murine monoclonal antibody, 2C7, produced
against H. influenzae biogroup aegyptius (strain F3031) that recognizes P5 (40),
was generously provided by Alan Lesse, State University of New York at Buffalo,
Buffalo, N.Y.

Bacterial strains. All NTHI strains used were minimally passaged clinical
isolates obtained from the nasopharynges (86-028NP) or middle ears (1128,
86-028L, 1885MEE, and 1728MEE) of children undergoing tympanostomy and
tube insertion for chronic OM with effusion at Columbus Children’s Hospital.
Isolates were maintained frozen in a skim milk plus 20% (vol/vol) glycerol
solution until used. NTHI strains 1128 and 86-028NP (and strain 86-028L from
the left ear of the same child) are group 1 isolates based on our classification of
region 3 sequences (3); strain 1885MEE is a group 2a isolate, and strain
1728MEE is a group 3 isolate.

OMP and P5-fimbrin isolation. Whole OMP preparations or isolated P5-
fimbrin were recovered from NTHI strains 1128, 86-028NP, 1885MEE, and
1728MEE as previously described (51).

ELISA and Western blotting assays. ELISA assays were performed with
dilutions of pooled chinchilla sera that were assayed against whole NTHI OMP
preparations (0.5 mg/well), isolated P5-fimbrin (0.2 mg/well), or synthetic pep-
tides (0.2 mg/well) in 96-well microtiter plates as described previously (2, 4). The
titer of a serum pool was defined as the reciprocal of the dilution that consistently
yielded an optical density at 490 nm showing a twofold increase over that of wells
containing all components except immune serum. Assays were conducted a
minimum of three times, and median reciprocal titers are reported.

Western blotting was performed after separation of proteins by electrophore-
sis in 7.5% sodium dodecyl sulfate-polyacrylamide gels as described previously
(5). Human sera or pooled chinchilla sera diluted 1:100 served as the primary
antibody, and horseradish peroxidase-conjugated protein A (diluted 1:200;
Zymed) served as the secondary antibody. We used a miniblot apparatus (Mini-
Protean II multiscreening apparatus; Bio-Rad) to conserve sera and reagents.
Color was developed with 4-chloro-1-naphthol (Sigma).

Adherence inhibition ELISA. An adherence inhibition ELISA was developed
for use with synthetic peptides as the blocking agent and using human OP cells
as the epithelial target cell. Human OP cells were collected from 12 healthy
volunteers, washed twice in 10 mM phosphate-buffered saline (PBS)–0.05%
bovine serum albumin (PBS-BSA) and fixed to the bottoms of wells in a 96-well
microtiter plate as previously described (3). All incubations were at 37°C in a
humidified chamber, and all washes were performed with an Ultrawash Plus
microtiter plate washer (Dynatech) set at 5 cycles of 300 ml of PBS-BSA per
cycle. Wells were blocked with 300 ml of 1.0% skim milk (Upstate Biotechnology)
in 10 mM PBS. Peptides (0.2 mg/ml of 10 mM PBS) were then added to wells and
incubated with OP cells for 1 h. The plate was washed, and biotinylated NTHI
strain 86-028L, 1885MEE, or 1728MEE (51) was added at a bacterium-to-target
cell ratio of 500:1. NTHI strain 86-028L was used in adherence assays instead of
strain 86-028NP because it is slightly less prone to autoagglutinate, resulting in
more consistent interassay results. Positive control wells contained all compo-
nents except the individual synthetic peptides. After a 1-h incubation with the
bacterial cells, plates were washed again and adherent bacteria were detected by
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incubations with ExtrAvidin-horseradish peroxidase (Sigma) diluted 1:100 fol-
lowed by 2,29-azinobis(3-ethylbenzthiazolinesulfonic acid) (Zymed) diluted
1:100. Percent inhibition of bacterial adherence for each peptide was calculated
by comparing the average reading of the test wells to the average reading of the
positive control wells at an optical density of 405 nm. Each of the 10-mer
peptides and region 1 to 4 peptides was assayed against each of the NTHI strains
a total of three times with the mean value 6 standard deviation reported.

Sensor chip preparation and BIA. Analysis of interaction between the syn-
thetic peptides and serum or middle ear fluids was performed with a BIAcore
2000 instrument (Biacore AB, Uppsala, Sweden). This system detects the specific
interactions between a ligand and an analyte in real time, without labeling any
component (34). The BIAcore instrument utilizes the optical phenomenon of
surface plasmon resonance, a quantum mechanical phenomenon, to detect
changes in the refractive index at the surface of a sensor chip (26, 28). Briefly, an
analyte free in solution flows across the surface of a sensor chip to which a ligand
is bound (32). As the specific interaction between the analyte and ligand occurs,
the increase in mass is monitored near the sensor chip surface and the change is
expressed as relative resonance units (RU), which are plotted against time (27).
The sensor chip may be used for multiple analyses following a regeneration step
to remove the bound analyte.

All reagents were obtained from Biacore AB. A reagent-grade CM5 sensor
chip was activated by injection of 35 ml of a 400 mM N-ethyl-N9-(3-diethylamin-
opropyl)carbodiimide–100 mM N-hydroxysuccinimide solution (25). Synthetic
peptides, suspended in 10 mM acetate buffer (pH 4.5), were manually injected
over one flow cell of an activated chip to bind approximately 0.1 to 0.5 ng of
peptide per mm2 of chip surface. Excess ester groups were then deactivated by
injection of 35 ml of 1.0 M ethanolamine hydrochloride-NaOH. To optimize
experimental conditions, a flow rate test was performed whereby sample injec-
tion flow rates of 5, 10, 15 and 20 ml/min were assayed to detect mass transport
limitation. For interaction analysis, 10 ml of each serum sample, diluted 1:5 with
HBS-EP buffer (0.01 M HEPES [pH 7.4], 0.15 M NaCl, 3 mM EDTA, 0.005%
[vol/vol] Surfactant P20), was exposed to the immobilized peptides. The sensor
chip surface was then regenerated with a 5- or 10-ml injection of 10 mM glycine-
HCl (pH 1.5). HBS-EP served as the continuous running buffer. The relative
amount of antibody bound to each peptide was determined by comparing the
change in RU between sample injection cycles.

All chinchilla sera were assayed against each of the 34 10-mer peptides twice
and against all remaining region and partial sequence peptides a minimum of
three times, with the mean RU 6 standard deviation reported. Due to the very
limited volume of chinchilla middle ear fluids and human sera, these fluids were
assayed against the region 1 to 4 peptides only once by BIA.

Statistical analysis. Student’s t test was used to determine differences between
arithmetic means. A P value of #0.05 was accepted as significant.

RESULTS
Western blotting and ELISA. Chinchillas immunized with a

whole NTHI OMP preparation recognized many OMPs as
expected, as well as both species of P5-fimbrin (Fig. 1, lane 1)
by Western blotting as we have reported previously (4, 5, 51).
Chinchilla polyclonal antiserum pools, generated by immuni-
zation with isolated P5-fimbrin and delivered in either CFA or

A1PO4, each predominantly recognized the partially dena-
tured species of P5-fimbrin at ca. 25 kDa (Fig. 1, lanes 2 and 3).
Chinchilla anti-LB1 predominantly recognized the fully dena-
tured species of P5-fimbrin at approximately 37 kDa (lane 4).
Anti-LPD-LB1(f)2,1,3 predominantly recognized a band at ap-
proximately 42 kDa which is presumed to be LPD (lane 5) and
also both P5-fimbrin species. Monoclonal antibody 2C7 recog-
nized both species of the P5-fimbrin adhesin; however, recog-
nition of the 37-kDa species was slightly stronger (lane 6) as
has been reported elsewhere (40).

The relative median reciprocal titers for each serum pool
characterized above, against the immunogen delivered, as de-
termined by ELISA were 5 3 104 for anti-whole OMP/CFA,
5 3 104 for anti-isolated P5-fimbrin/CFA, 104 for anti-isolated
P5-fimbrin/A1PO4, 2 3 105 for anti-LB1/CFA, and 5 3 104 for
anti-LPD-LB1(f)2,1,3/A1PO4 plus MPL. These titers indicated
the similarity between CFA and a mixture of A1PO4 plus MPL
as adjuvants in this host, as well as the relatively weaker effec-
tiveness of alum alone as an adjuvant as we (3) and others (22)
have previously reported.

Two of the five human sera obtained from children with S.
pneumoniae culture-positive OM were not reactive in Western
blotting with proteins in a NTHI whole OMP preparation (Fig.
2, lanes 2 and 4). Faint bands at approximately 25 kDa (lane 3)
and in the approximate range of 42 to 80 kDa (lanes 1 and 5)
were detected with the three other sera collected from children
with pneumococcal OM, indicating that these children may
have had a prior episode of OM resulting from NTHI infec-
tion. Sera obtained from children with OM that was culture
positive for NTHI predominantly recognized proteins in a
whole OMP preparation at ca. 25 and 42 kDa (Fig. 2, lanes 6
to 10). The presumption that these bands represented recog-
nition of the partially denatured fimbrin species at 25 kDa and
OMP P2 at 42 kDa (rather than the similarly migrating LPD)
were supported by repeating the blot using these sera and
assaying them against isolated P5-fimbrin and recombinant
LPD (not shown). An additional band in lane 9 at approxi-
mately 37 kDa and in lane 10 at approximately 45 kDa was
observed as well, but the specific OMPs being recognized here
have not been identified.

FIG. 1. Western blotting of chinchilla sera and a murine monoclonal anti-
body versus NTHI strain 1128 whole OMP preparation (in all lanes). Chinchilla
serum pools: lane 1, anti-whole OMP (delivered in CFA); lane 2, anti-isolated
P5-fimbrin (delivered in CFA); lane 3, anti-isolated P5-fimbrin (delivered in
A1PO4); lane 4, anti-LB1 (delivered in CFA); lane 5, anti-LPD-LB1(f)2,1,3 (de-
livered in A1PO4 plus MPL); lane 6, monoclonal antibody 2C7. Arrows indicate
approximate recognition of the fully and partially denatured species of P5-
fimbrin at 37 and 25 kDa, respectively. The major reactivity observed in lane 5 is
directed against LPD.

FIG. 2. Western blotting of human sera versus NTHI strain 1128 whole OMP
preparation (in all lanes). Lanes 1 to 5, sera from children with S. pneumoniae
culture-positive OM; lanes 6 to 10, sera from children with NTHI culture-
positive OM. Arrows indicate recognition (from top to bottom) at approximately
42, 37, and 25 kDa, respectively.
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Peptide synthesis. Three sets of peptides based on the de-
duced amino acid sequence of P5-fimbrin of NTHI strain 1128
(51) were synthesized to map epitopes of this adhesin. These
peptides are depicted schematically in Fig. 3. The first series of
34 peptides represented mature P5-fimbrin sequentially in 10-
residue segments, except the C-terminal peptide 34, which was
8 residues long. The second series of four region peptides
represented each of the predicted major surface-exposed re-
gions of this adhesin (Fig. 3 and Table 1) (15, 55). A final series
of seven peptides was designed to specifically map the third
predicted surface-exposed region (Fig. 3 and Table 2). Re-
cently, the loop 3 region of the P5-fimbrin gene from 99 clinical
NTHI isolates from the United States and Europe was PCR
amplified and analyzed for sequence heterogeneity within the
19-mer region that has been the basis of our development of a
vaccine component. Within this region, called LB1(f), three
major groups and one subgroup were identified, and thus a
peptide representing each of these groups was also created.
These are included in the group peptides: LB1(1), LB1(2a),
LB1(2b), and LB1(3). In addition, a set of three short, over-
lapping partial sequence peptides (LB1ps1, LB1ps2, and
LB1ps3) were synthesized to more precisely map the consensus
sequence of the group 1 NTHI strains.

NTHI adherence inhibition ELISA. Inhibition of adherence
of three NTHI strains representing groups 1, 2a, and 3 to
human OP cells by the 10-mer linear peptides demonstrated a
group-specific inhibitory effect (Fig. 4). Substantial inhibition
of adherence against the group 1 isolate (86-028L) is demon-
strated by peptides representing the N-terminal portion of this
adhesin (peptides 1 to 19) (Fig. 4A). These peptides were
based on the sequence from another group 1 NTHI strain. Less
activity was shown against the group 2a strain, 1885MEE (Fig.
4B), and minimal activity was demonstrated against the group

3 strain, 1728MEE (Fig. 4C). For the group 1 strain 86-028L,
of those peptides that approximated the four predicted sur-
face-exposed regions, those that spanned region 3 (peptides 12
to 15) showed the greatest relative ability to inhibit adherence
of this isolate to human OP cells. Significant adherence inhi-
bition activity against all three isolates examined was demon-
strated by peptides representing the C-terminal half of this
protein (peptides 20 to 34).

Longer peptides representing each of the four predicted
surface exposed regions of P5-fimbrin confirmed the group-
specific result obtained with the 10-mer peptides (Fig. 5). Pep-
tides representing regions 1 and 2 did not inhibit adherence
above a mean value of 10% for either the group 1, 2a, or 3
NTHI isolate. The region 3 peptide was significantly more
inhibitory to adherence of a group 1 isolate (P # 0.05) than to
the group 3 isolate, with greatest interassay variability shown
against the group 2a strain. These data further indicated a
potential adhesin binding domain within the fourth predicted
surface-exposed region that had not been detected with the
10-mer peptides. The region 4 peptide significantly inhibited
the adherence of a group 1 but not a group 2a or 3 isolate to
human OP cells (P # 0.05).

BIA. Before using BIA in epitope mapping studies, we ex-
amined the relationship between RU affinity values obtained
by biosensor and reciprocal titer of chinchilla serum pools
obtained by ELISA. Serial dilutions of polyclonal anti-LB1
serum were injected across a sensor chip to which the peptide
immunogen LB1 was bound. A linear relationship was noted

TABLE 2. Amino acid sequences of peptides
designed to map LB1(f)

Peptide Amino acid sequencea

LB1(f) RSDYKFYEDANGTRDHKKG
LB1(1)b LVRSDYKFYEDANGTRDHKKGRHT
LB1ps1 LVRSDYKFYEDA
LB1ps2 KFYEDANGTRDH
LB1ps3 NGTRDHKKGRHT
LB1(2a) LVRSDYKLYNKNSSSNSTLKNLGEHHR
LB1(2b) LVRSDYKLYNKNSS--NTLKDLGEHHR
LB1(3) LVRSDYKFYDN------KRID---SHR

a Dashes were inserted to align sequences.
b Identical in sequence to region 3 peptide noted in text and in Table 1.

FIG. 3. Schematic diagram of synthetic peptides. (A) P5-fimbrin with leader peptide; (B) 8- to 10-mer peptides representing the mature protein; (C) predicted
surface-exposed region peptides; (D) region 3 peptide LB1(1); E to G, partial sequence peptides LB1ps1 to 3; H to J, group peptides LB1(2a), LB1(2b), and LB1(3),
respectively.

TABLE 1. Amino acid sequences of peptides representing the
four predicted surface-exposed regions of P5-fimbrin

Peptide Amino acid sequence

Region 1 SFHDGINNNGAIKKGLSSSNYGYRRNTF
Region 2 GRAKLREAGKPKAKHTNHG
Region 3a LVRSDYKFYEDANGTRDHKKGRHT
Region 4 TRVGKYRPQDKPNTAINYNPWIG

a Identical in sequence to LB1(1) peptide noted in text and Table 2.
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when reciprocal titer values between those obtained with un-
diluted serum and those serially diluted out to 1:1,000 were
plotted against relative RU values. An affinity value of 100 RU
was approximated to equal a reciprocal titer value of 1.3 3 103

(not shown). Naive or sham-immunized chinchilla sera did not
yield an RU value of $100 when assayed against any of the 45
peptides described here.

Regardless of the relative titer or whether the antiserum
pool was directed against a whole OMP preparation, isolated
P5-fimbrin, LB1, or LPD-LB1(f)2,1,3, with one exception, the
relative RU affinity values of pooled immune chinchilla serum
to the 10-mer peptides did not exceed an arbitrarily selected
baseline value of 100 RU for any serum tested (data not
shown), again indicating the likelihood that these short, se-
quential linear peptides did not represent continuous epitopes.

A single mean affinity peak greater than 100 RU shown by
antiserum raised against whole OMP when reacted with pep-
tide 17 was not likely significant, as this was not a consistent
observation among the antisera tested. Further, depending on
the model used, the majority or all of the residues incorporated
into peptide 17 are not predicted to be surface accessible.

However, greater relative affinity values were obtained when
some of these sera were reacted with longer peptides that
represented the four surface-exposed regions of this adhesin,
and specifically those mapping residues within the third pre-
dicted surface-exposed region (Table 3). Despite reactivity in
Western blotting and by ELISA, antiserum raised against a
whole OMP preparation was largely unreactive by BIA against
the synthetic peptides designed to map the focused regions of
P5-fimbrin, indicating perhaps a relatively low concentration or

FIG. 4. Ability of 8- to 10-mer linear peptides representing mature P5-fimbrin of strain 1128 to block adherence of NTHI strains to human OP cells. Inhibition of
binding of NTHI strain: (A) 86-028L (representative of group 1); (B) 1885MEE (representative of group 2a); (C) 1728MEE (representative of group 3). Brackets
roughly approximate location of the four predicted surface-exposed regions of this OMP.

FIG. 5. Percent inhibition of adherence of NTHI strains to human OP cells by synthetic peptides representing the four predicted surface exposed regions of
P5-fimbrin. p, significant difference from strain 1728MEE; pp, significant difference from strains 1728MEE and 1885MEE (P # 0.05).
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avidity of antibodies specific for these epitopes available in this
serum pool. Similarly, sera generated in chinchillas against
isolated P5-fimbrin by delivery in either a strong (CFA) or a
weak (A1PO4) adjuvant were unreactive except for relatively
modest recognition of the 40-mer synthetic chimeric peptide
LB1, where RU values of 110 and 100, respectively, were
obtained for these two serum pools (only anti-LB1/CFA values
are shown in Table 3). As with anti-whole OMP serum, this
may reflect the relative concentration or avidity of specific
antibodies available in the serum pool. However, the addi-
tional lack of reactivity of either of these latter two sera by BIA
with sensor chip-bound P5-fimbrin that had been isolated from
any of three NTHI isolates (not shown) demonstrated that
there was also likely a conformational aspect to both the im-
mune recognition as well as perhaps to the assay system itself
in which the orientation of bound peptides could not be con-
trolled. Monoclonal antibody 2C7 did not yield an affinity value
of greater than 5 RU against any peptide depicted in Table 3
despite reactivity in Western blotting, and thus is not shown,
again indicating both a conformational aspect of recognition as
well as the need to use multiple systems to fully evaluate
antibodies or immune sera for reactivity and specificity. Con-
versely, chinchilla serum obtained by immunization with LB1
was strongly reactive against both the immunogen itself and
against the region 3 peptide from which it was derived, as
expected. The RU affinity value obtained against the bound
LB1 40-mer immunogen was about 95% of that obtained
against the LB1(1) region 3 peptide, indicating that antibodies
generated upon immunization with the chimeric peptide LB1
were largely directed against the incorporated 19-mer P5-fim-
brin B-cell epitope and not the promiscuous T-cell epitope
from measles virus fusion protein, as anticipated. These RU
values approximate a reciprocal titer of 1.9 3 104 in this serum,
which is consistent with what we have reported previously as
determined by ELISA (3). The anti-LB1 serum pool also rec-
ognized peptides representing the LB1(f) moiety from both a
group 2b and a group 3 isolate but was not reactive with the
group 2a peptide. While this finding may again indicate a
limitation of the BIA system, it may also indicate that the
amino acid sequence diversity demonstrated in the group 2
isolates that resulted in the establishment of a subgroup 2a and
2b (3) was perhaps immunologically significant as well.

When we attempted to more precisely map the group 1
sequence, reactivity with anti-LB1 serum was greatest against
the C-terminal portion of this 24-mer peptide, as was seen by
comparison of RU values obtained against the LB1ps3 peptide
relative to those obtained against peptides LB1ps1 and LB1ps2
(Table 3).

Serum antibodies available in the pool of serum obtained by
immunization with LPD-LB1(f)2,1,3 were unreactive against
the P5-fimbrin-derived panel of synthetic peptides in BIA de-
spite demonstrated significant protective efficacy (3), a high
reciprocal titer (5 3 104), and strong reactivity in Western

blotting. Again, this may have been due to a conformational
aspect of the BIA system; the lower concentration or avidity of
LB1(f)-specific antibodies available in this serum pool or may
more likely reflect the inability of antibodies raised against a
large fusion protein to recognize linear peptides bound to a
chip as in this assay system. Overall, BIA-obtained data clearly
demonstrated the differences between an immune response
raised to an intact protein versus one obtained by immuniza-
tion with a peptide or recombinant immunogen.

When middle ear fluids, obtained over a 5-week disease
course from an immunologically naive chinchilla that had been
transbullarly challenged with NTHI and was thus manifesting
active OM, were assayed by BIA against the four region pep-
tides, RU values above background were directed exclusively
against those representing regions 3 and 4 (Fig. 6). This in-
crease in affinity peaked on day 28 and represented estimated
reciprocal titers of 2 3 103 against region 3 and 5.5 3 104

against region 4 in these middle ear fluids. By 5 weeks after
challenge, RU affinity values had decreased by 53 and 67%
against regions 3 and 4, respectively.

To determine if human serum antibodies similarly demon-
strated preferential reactivity against any of the region 1 to 4
peptides as had chinchilla middle ear effusions, sera collected
from 14 children with either pneumococcal OM or OM due to
NTHI were assayed against these peptides (Table 4). RU val-
ues obtained with all seven sera collected from children with S.
pneumoniae culture-positive OM were unremarkable against
any of the peptides representing the four predicted surface-
exposed regions; however, all seven sera collected from chil-
dren with culture-positive NTHI OM were strongly reactive
against selected peptides in this system. Whereas RU values
against region 1 and region 2 peptides did not exceed a max-
imum value of 58, those obtained when assayed against the
region 3 and region 4 peptides yielded mean values of 283 6
130 and 487 6 266 RU, respectively. Comparing mean RU
values against region 3 and 4 peptides, greater overall reactiv-
ity was detected against the latter; however, this difference was
not significant (P 5 0.12). These mean RU values translate
into approximate titers of 3.7 3 103 and 6.3 3 103 against
regions 3 and 4, respectively, in these sera.

DISCUSSION

Despite their limitations, peptide-based vaccines have the
potential to direct the immune response against prespecified
immunodominant and protective epitopes of native proteins
(14). Recent reports from several laboratories have shown that
the inclusion of both B- and T-cell epitopes in synthetic pep-
tide immunogens can induce antibodies of higher affinity for
the incorporated B-cell epitopes (41, 50). The orientation,
number, and secondary character of peptide sequences in-
cluded in these immunogens have been found to influence
antigen processing and presentation to T cells, thus affecting

TABLE 3. Affinities of pooled immune chinchilla sera to peptides derived from P5-fimbrin LB1(f) moiety

Antiserum
directed against
(NTHI strain):

Adjuvant

Mean relative affinity (RU 6 SD)a

LB1ps1 LB1ps2 LB1ps3 LB1(2a) LB1(2b) LB1(3) Region 1 Region 2 LB1(1)
region 3 Region 4 LB1

(40-mer)

Whole OMP (1128) CFA 32 6 3 72 6 7 23 6 8 38 6 2 40 6 5 35 6 3 21 6 9 25 6 9 32 6 10 33 6 10 47 6 4
Isolated P5-fimbrin (1128) CFA 24 6 9 32 6 5 9 6 3 38 6 3 33 6 10 56 6 6 20 6 4 22 6 11 50 6 5 41 6 6 110 6 15
LB1 CFA 40 6 7 49 6 1 885 6 67 38 6 6 211 6 27 564 6 54 38 6 12 21 6 10 1,453 6 70 45 6 14 1,530 6 63
LPD-LB1(f)2,1,3 A1PO4 MPL 30 6 7 25 6 9 17 6 1 29 6 4 40 6 6 63 6 3 35 6 11 19 6 9 33 6 10 43 6 10 10 6 5

a Values of $100 RU are in boldface.
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the specificity and affinity of the antibodies produced for native
proteins (14, 41, 50). We have recently used this epitope-
targeted peptide-based vaccine strategy to develop two immu-
nogens [LB1 and LPD-LB1(f)2,1,3] based on the third surface-
exposed region of the NTHI adhesin P5-fimbrin (24, 37, 44, 45,
51). While an earlier report from our lab, using the NEW-
COILS algorithm of Lupas et al. (33), indicated a coiled-coil
character for P5-fimbrin, Webb and Cripps (55) recently dis-
puted this finding based on a similar analysis of the sequences
of multiple NTHI isolates by the COILS algorithm. Recently,
it was shown that NEWCOILS produced false positives by
classifying noncoiled-coil alpha-helical regions incorrectly (8,
56). We thereby concur with conclusion of Webb and Cripps
(55), that this surface protein does not have an unambiguous
coiled-coil character overall; however, its role in pathogenesis
and potential protection remains highly intriguing.

As to the role of P5-fimbrin as a protective immunogen, we
have demonstrated the ability to significantly protect against
homologous NTHI challenge by either active or passive immu-
nization using the above-described region 3-based immuno-
gens in a chinchilla model (3). To better understand the mech-
anisms behind this protection, and also perhaps better predict
efficacy against future heterologous challenges relative to the
specific region targeted, we have been characterizing both the
functional activities of the protective sera (30) as well as the
immunodominant and adhesin binding domains of this NTHI
adhesin. Herein we report on the latter efforts. Toward this
goal, we created a panel of 45 synthetic peptides representing
mature P5-fimbrin as well as several areas within it that were of
particular interest. The first series of 34 sequential 10-mer
peptides were created to scan P5-fimbrin for sites throughout
the mature protein that were potentially reactive with a panel
of immune chinchilla sera of variable specificity and titer, in-
cluding two serum pools that had proven to be highly protec-
tive in animal models. We also used this series of peptides to
determine if any were able to directly inhibit the adherence of
diverse NTHI strains to human respiratory epithelial cells, thus
identifying the domains of the protein mediating binding to
these cells.

We found that despite high titer and demonstrated reactivity
by Western blotting, reactivity to the 10-mer peptides by all of
the sera tested was fairly low overall by BIA, indicating that
these short linear peptides did not likely represent complete

epitopes. However, adherence inhibition assays, conducted
with the same 10-mer peptides, suggested the presence of an
adhesin binding domain in the area that maps to surface-
exposed region 3 and also indicated a group-specific inhibitory
effect relative to the reported sequence diversity in this area
(3). Collectively, these data suggested the need to both focus
further on the third surface-exposed region and better under-
stand the noted sequence diversity herein (3).

The observation that the C-terminal 10-mer peptides inhib-
ited adherence of particularly the group 1 isolate but also the
group 2a and 3 isolates as well was unanticipated due to the
prediction that this portion of the surface protein is largely
periplasmically located and thus unavailable for cell-cell inter-
actions. Thus, the significance of these observations is not
known at this time. Several reports have challenged the
periplasmic location of the C-terminal portion of similar mem-
bers of the OmpA family of proteins (10, 20, 23), however,

TABLE 4. Relative affinities of human serum to peptides
representing the four surface-exposed regions of P5-fimbrin

Sera from children with:

RU against peptides representinga:

Region
1

Region
2

LB1(1)
region 3

Region
4

S. pneumoniae culture-positive OM
1 44 34 47 54
2 37 31 47 49
3 26 19 32 51
4 57 42 55 70
5 2 1 19 43
6 13 9 28 67
7 23 18 57 88

NTHI culture-positive OM
1 58 43 109 118
2 16 21 260 501
3 27 27 312 478
4 7 14 321 609
5 39 51 453 1,005
6 0 7 287 480
7 5 3 151 215

a Values of .100 RU are in boldface.

FIG. 6. Relative affinity values of antibodies in sequentially collected chinchilla middle ear fluids to recognize bound peptides representing the four predicted
surface-exposed regions of P5-fimbrin.
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suggesting greater surface accessibility of portions of these
proteins than predicted by the classic N-terminal eight-strand-
ed b-barrel protein model as put forth by Morona et al. (38).
While questions remain concerning the possible surface expo-
sure of portions of the C terminus of P5-fimbrin and other
members of the family of OmpA homologues (7, 11, 21, 23, 46,
52) as well as how they might be expressed on the bacterial
surface, the role of P5-fimbrin as an adhesin for NTHI and for
its homologs in other gram-negative mucosal pathogens (21,
37, 42–45, 51, 53–55) has gained acceptance. Likewise, the
general location of the four surface-exposed regions of P5-
fimbrin is consistently reported among labs (4, 15, 55, 55a).

We thereby synthesized a second set of peptides designed to
map all four surface-exposed regions of this peptide as pre-
dicted by Duim et al. (15) and by Webb and Cripps (55). These
regions are similar to those described for OmpA of Escherichia
coli (31, 38) and the Opa proteins of Neisseria (35) and served
as the original basis for the design of LB1 (4). These longer
peptides were designed to more accurately mimic the surface-
exposed regions in their entirety and thus help overcome the
issue of noncontinuous epitopes presented by the shorter 10-
mer peptides. It was also anticipated that the region 1 to 4
peptides would allow us to confirm the relative importance of
the third surface-exposed region in NTHI adherence, as pre-
dicted by the 10-mer peptides, as well as perhaps identify
others. These region peptides were also used to assay whether
the highly protective anti-LB1 and anti-LPD-LB1(f)2,1,3 sera
were indeed inducing antibody that was specific for the sur-
face-accessible region(s) they were designed to target.

When used in the bacterial adherence inhibition assay, syn-
thetic peptides representing regions 3 and 4 were significantly
more inhibitory to adherence of a group 1 NTHI strain to
human OP cells than to either a group 2a or group 3 isolate.
These data thus substantiated the observation that surface-
exposed region 3 was an adhesin binding domain and addition-
ally identified a second domain in region 4 that was also group
specific. When the two protective serum pools were reacted
with the panel of peptides in the BIA, they displayed unique
affinities. Whereas the anti-LPD-LB1(f)2,1,3 serum pool was
unreactive, the anti-LB1 serum pool showed greatest relative
affinity values against itself as well as the region 3 peptide as it
had been designed to do. Thus, data obtained by BIA with
anti-LB1 corroborated the likelihood that the 19-mer focused
region of P5-fimbrin was a surface exposed B-cell epitope as
had been predicted by algorithm (4, 15, 55).

To continue our attempt to determine if the recombinant
fusion peptide immunogen LPD-LB1(f)2,1,3 did indeed induce
antibodies that were more broadly reactive against NTHI
strains heterogeneous in this 19-mer focused region than did
the chimeric peptide LB1 (which was designed after majority
group 1 only), we then assayed these two serum pools against
the last set of seven synthetic peptides designed to specifically
map this region and address the noted sequence diversity here
(3). However, the anti-LPD-LB1(f)2,1,3 serum pool, while
strongly reactive in BIA against itself and recombinant LPD,
did not recognize the group or partial sequence peptide series.
Anti-LB1 serum, on the other hand, demonstrated significantly
greater affinity for the homologous group 1 sequence [LB1(1)]
than for those representing groups 2a, 2b, or 3; however, there
were interesting affinities noted in terms of heterologous rec-
ognition as well. This latter serum pool showed greatest rela-
tive affinity for the group 3 peptide and also reacted with a
bound peptide representing group 2b but was unreactive with
the peptide representing the group 2a sequence. Given the
more extensive similarity in the consensus sequences of groups
2a and 2b to that of majority group 1, compared to the trun-

cated group 3 consensus sequence (13 residues versus 19 to 22
for group 1, 2a, or 2b), this was an unexpected finding. These
data again suggest the immunological significance of the se-
quence variability observed in the C-terminal portion of this
focused region among NTHI strains.

When run against bound overlapping partial sequence pep-
tides designed to map the majority group 1 sequence, anti-LB1
demonstrated a stronger affinity for the C-terminal half of this
region, indicating perhaps greater accessibility of these resi-
dues. Based on the models put forth by Duim et al. (15) and as
predicted by Webb and Cripps (55), the LB1ps3 sequence
residues would be placed nearly centrally in this region or loop,
placing them furthest away from any nonaccessible regions.

Overall, data obtained with the region 1 to 4 peptides sug-
gested that regions 3 and 4 within the N-terminal half of P5-
fimbrin were potentially significant in terms of both immune
recognition and adherence activity. In addition, these findings
suggested that for greatest future protective efficacy and to
avoid a limited group-specific immunizing effect, the ideal im-
munogen for P5-fimbrin should incorporate sequences of all
three NTHI groups relative to region 3. Thus, despite the un-
anticipated lack of reactivity shown by the anti-LPD-LB1(f)2,1,3
serum pool in the BIA, our data generally supported the ra-
tionale behind the creation of this recombinant fusion peptide
immunogen. LPD-LB1(f)2,1,3 has indeed demonstrated signif-
icant protective activity in vivo against homologous challenge
(3) and recently against heterologous challenge as well (30).
Moreover, while some of the patterns of functional activity and
immunological reactivity shown here could have been largely
predicted for these sera, since they had been collected from
animals actively and specifically immunized against the tar-
geted epitopes, other patterns of group-specific functional ac-
tivities and immunological cross-reactivity, or lack thereof,
were heretofore unknown.

One other goal of our study was to determine if any of the
four predicted surface-exposed regions of this adhesin might
be immunodominant during induced and, perhaps more im-
portantly, natural disease. To test this, we assayed middle ear
fluids collected over a 5-week period from an immunologically
naive chinchilla during an active middle ear infection due to
direct challenge. When assayed against the four region pep-
tides, the middle ear fluids specifically recognized and bound
to the region 3 and 4 peptides, beginning approximately 4
weeks after challenge but already showing lessened reactivity 5
weeks after challenge. Since total antibody available in middle
ear fluids represents both locally produced antibody as well as
antibodies contributed by serum transuded into the middle ear
space during inflammation (2, 16–19, 57), this delayed reactiv-
ity of the middle ear fluids to these peptides may have repre-
sented the prolonged period of time required for serum anti-
bodies to transude into this highly inflamed space during an
active disease of this type. However, these data may also be
indicative of the time point at which region 3- and 4-specific
antibodies were available for detection in this assay system
despite their presence in these fluids at a much earlier point in
time and for a more extended period of the disease course. At
28 days after transbullar challenge, the majority of naive ani-
mals inoculated in this manner with NTHI strain 86-028NP
have begun to resolve their middle ear infections and most
have cleared viable bacteria from the middle ear cleft (3); thus,
less antibody may be bound by these microorganisms and more
might be available for detection by BIA. While it would have
been interesting to similarly assay serum samples collected
from this animal on the same schedule as collection of middle
ear fluids, these were unfortunately not available to us.

To determine if children with OM due to NTHI similarly
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preferentially recognized any of the four surface-exposed re-
gion of this adhesin during natural disease, we assayed serum
collected from 14 children aged 3 months to 11 years by West-
ern blotting and against bound region peptides in the BIA
system. All seven sera obtained from children with NTHI cul-
ture-positive OM recognized NTHI OMPs in Western blot-
ting, including species of P5-fimbrin, and showed specific af-
finity for those peptides representing the third and fourth
predicted surface-exposed regions of this adhesin as had the
chinchilla middle ear fluids. Conversely, none of the seven
serum samples collected from children with S. pneumoniae
culture-positive OM strongly recognized NTHI OMPs by West-
ern blotting, nor were they reactive with any of the four region
peptides by BIA.

Thus, both immunodominant and adherence functional ac-
tivities mapped to the third and fourth predicted surface-ex-
posed regions of P5-fimbrin. Whereas region 3-based immu-
nogens have shown efficacy (3, 4, 30), we have not been
successful to date with an immunogen directed against region
4. A synthetic chimeric peptide immunogen designated LB2
that included a sequence representing this fourth region, N-
terminal to the same T-cell promiscuous epitope as in LB1,
induced high-titered antiserum that strongly recognized P5-
fimbrin in both Western blotting and by ELISA. However, it
did not inhibit NTHI adherence to chinchilla tracheal organ
culture (4) or protect against homologous NTHI challenge in
either a nasopharyngeal colonization model or one of OM in
chinchillas (3). In fact, animals immunized with LB2 and later
challenged with a homologous isolate demonstrated signs of
severe immunopathology in sections of tympanic membrane
and middle ear mucosa (3), similar to what we have observed
in chinchillas immunized with OMP P2 that were also later
homologously challenged (51). Webb and Cripps likewise syn-
thesized an immunogen, in the reversed orientation, that con-
tained an N-terminal T-cell promiscuous epitope from measles
virus fusion protein and a C-terminal region 4 peptide (termed
MVF/L4) and found a similar ineffectiveness of this construct
as an immunogen in a rat model of lung clearance (55a).
Thereby, despite predicted surface exposure of this fourth loop
or region, and its potential role in adherence and immune
recognition as demonstrated here, we have not further devel-
oped this moiety as a vaccine component against NTHI-in-
duced OM.

In summary, peptides derived from a group 1 isolate repre-
senting the third surface-exposed region of P5-fimbrin signifi-
cantly inhibited the adherence of NTHI strains to human OP
cells in a group-specific manner, indicating the significance of
the sequence diversity noted herein. By BIA, the immune re-
activity of animals that had been significantly protected against
nasopharyngeal colonization, ascension of the eustachian tube,
and induction of OM mapped to the exact moiety or moieties
of P5-fimbrin located within region 3 to which they had been
specifically immunized. An animal with an active NTHI-in-
duced OM preferentially recognized both regions 3 and 4 of
P5-fimbrin, the latter of which has performed poorly as a
protective immunogen to date in two animal models of NTHI
colonization and/or disease, unlike region 3-based immuno-
gens (3, 4). Region 3 was one of two areas of this adhesin that
were recognized immunologically by children as young as 3
months of age and as old as 11 years with an NTHI-caused OM
during natural infection.

If a human immune response could be directed toward this
third region of P5-fimbrin, as our data indicate is feasible,
based on the demonstrated immunoreactivity of pediatric sera
during natural infection, our hypothesis is that higher-titered
preexisting antibody present in the serum of immunized chil-

dren could transude on to the mucosal surface upon upper
respiratory tract virus infection that commonly precedes bac-
terial OM (1, 12, 36, 47, 48). In this scenario, these induced and
transuded serum antibodies could inactivate NTHI colonizing
the nasopharyngeal mucosa and thus prevent their ascension of
the virus-compromised eustachian tube and development of
bacterial OM, as we have been able to successfully demon-
strate occurs in the chinchilla (3, 30).
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Abstract

We reported earlier that antibody in sera collected from seven children with acute otitis media (AOM) due to nontypeableHaemophilus
influenzae (NTHI) recognized immunodominant regions of P5-fimbrin just as we had observed in a chinchilla model of experimental
NTHI-induced AOM. To expand upon those preliminary findings, we further characterized pediatric serum antibodies directed against this
adhesin during AOM. Collectively, the data show that children respond immunologically to P5-fimbrin and they do so in a manner that
allows for the distinction of sequence diversity within short linear peptides representing a focused region of this surface-exposed protein.
The immune recognition we observed encourages us to further develop a P5-fimbrin based vaccine component.
© 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Epitope-targeted vaccine; Biosensor

1. Introduction

NontypeableHaemophilus influenzae (NTHI) is an im-
portant causative agent of bacterial otitis media (OM).
Of interest are several surface exposed outer membrane
proteins (OMPs) of NTHI that could potentially serve as
components in a vaccine. We have focused our efforts on
the OMP P5-homologous protein, or P5-fimbrin, which is
an adhesin to human oropharyngeal cells and mucin[1–3],
chinchilla Eustachian tube mucus[4] and respiratory syn-
cytial virus-infected A549 cells[5]. Multiple algorithmic
analysis of the deduced amino acid sequence of P5-fimbrin
indicate that there are four predicted surface-exposed re-
gions located in the N-terminal half of this adhesin protein
[6–8]. These surface-exposed regions, and particularly the
more conserved among them, have been the targets of
peptide-based vaccine design strategies[7,9–11].

∗ Corresponding author. Tel.:+1-614-722-2915; fax:+1-614-722-2716.
E-mail address: bakaletl@pediatrics.ohio-state.edu (L.O. Bakaletz).

Whereas we have extensively investigated the chinchilla
immune response to P5-fimbrin[1,7,12,13]as well as to
particular epitopes within it[7,14], heretofore we have
not studied how a human child responds immunologically
to this bacterial surface protein while experiencing acute
otitis media (AOM) due to NTHI. Recently, we reported
that sera collected from seven children with AOM due to
NTHI recognized immunodominant regions of P5-fimbrin
in a similar manner as observed in middle ear fluids re-
covered from an immunologically naive chinchilla with
experimental NTHI-induced OM[7,14]. However, those
studies focused on describing the efficacy of a P5-based
vaccine candidate as modeled in the chinchilla; we did
not extensively characterize the immune recognition of
this NTHI adhesin by the pediatric sera. Therefore, in the
present study, we sought to broaden our understanding of
the pediatric immune response to NTHI and specifically
to the P5-homologous adhesin during an episode of AOM
by attempting to detect and characterize serum antibody
directed against this bacterial antigen.

0264-410X/02/$ – see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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2. Materials and methods

2.1. Bacterial outer membrane protein (OMP)
preparations and isolation of P5-fimbrin

Whole outer membrane protein preparations and isolated
P5-fimbrin from three NTHI strains (86-028NP, 1885MEE
and 1728MEE representing majority group 1 and minority
groups 2a and 3, respectively) were prepared as previously
described[1]. The NP or MEE designation that follows the
strain number indicates original site of isolation, nasophar-
ynx or middle ear effusion, respectively. The P5-fimbrin
preparations were characterized by SDS-PAGE with silver
staining. Purity of each preparation was determined by laser
densitometry[12] to be 99%.

2.2. Synthetic peptides

Synthetic peptides designed to map P5-fimbrin were
synthesized and purified as previously described[14]. The
location of each of the peptides representing the four pre-
dicted surface-exposed regions of this adhesin, as well as
that of each of the four ‘group’ peptides designed to rep-
resent the known amino acid sequence diversity in surface
exposed region 3 can be seen inFig. 1. The amino acid
sequence of each of these peptides has been reported[14].

2.3. Pediatric sera

Acute sera were collected from 19 children aged from 3
months to 6 years plus 9 months and stored frozen until used
here. These children were selected from the private pediatric
practice of one of us (MEP) due to indication for tympa-
nocentesis. Tympanocentesis was performed either follow-
ing 1–3 days of symptoms for ‘recurrent AOM’ (defined as
three episodes of AOM within 6 months or four episodes
within 12 months) or for ‘persistent AOM’ (within 30 days
of acute diagnosis and following completion of antibiotic
therapy). The effusions recovered from the middle ears of
each of these children by tympanocentesis were collected
at the time serum was also collected. Middle ear effusions
were confirmed to be culture-positive for either NTHI or
for Streptococcus pneumoniae. These bacterial isolates were

Fig. 1. Schematic diagram of synthetic peptides used to map the NTHI adhesin P5-fimbrin. Numbering is based on the translated amino acid sequence
of unprocessed P5-fimbrin.

also stored frozen until their use here. Sera were also ob-
tained from four children aged 2 months with no known
prior history of OM as well as from three healthy adults,
the latter of which were pooled. Middle ear fluids and sera
were collected from children after obtaining informed con-
sent and in concordance with all institutional and federal
guidelines for the use of human subjects.

2.4. Surface plasmon resonance using a
Biacore 2000 biosensor

2.4.1. Sensor chip preparation for adsorption of
bacterial whole outer membrane protein preparations
or isolated P5-adhesin proteins

All sensor chips and reagents, unless otherwise noted,
were obtained from Biacore AB (Uppsala, Sweden) and
biosensor assays were conducted as previously described
[14]. Briefly, each hydrophobic association (HPA) sensor
chip was prepared for binding of NTHI OMPs by wash-
ing with 50�l 40 mM n-octyl-d-glucopyranoside (Sigma, St.
Louis, MO) at a flow rate of 10�l/min. These OMP prepa-
rations were suspended in HBS-N (0.1 M HEPES, pH 7.4,
0.15 M NaCl) and injected at a flow rate of 3�l/min until
the flow cell was saturated, as indicated by leveling of the
sensorgram reading. To remove any loosely bound ligand,
the flow rate was then increased to 100�l/min for 5 min af-
ter pulsing the surface once with 10�l 50 mM NaOH at a
flow rate of 10�l/min. Each sensor chip contains four flow
cells, thereby on each chip used in these studies, we immo-
bilized NTHI OMPs in three of four flow cells and 0.1 mg
bovine serum albumin (BSA) per milliliter (Sigma) HBS-N
in one of four flow cells for use as a negative control.

2.4.2. Sensor chip preparation for immobilization
of synthetic peptides

Each reagent grade carboxymethylated dextran matrix
(CM5) sensor chip was activated with 35�l 400 mM N-
ethyl-N′-(3-diethylaminopropyl) carbodiimide hydrochlo-
ride–100 mMN-hydroxysuccinimide solution at a flow rate
of 5�l/min. Synthetic peptides representing each of the
four NTHI groups, relative to the sequence diversity within
region 3, were suspended in 10 mM sodium acetate, pH
4.0, and injected to immobilize approximately 0.1–0.2 ng
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peptide/mm2 sensor chip surface. Excess ester groups were
deactivated and any loosely bound ligand was removed by
injection of 35�l of 1.0 M ethanolamine hydrochloride at a
flow rate of 5�l/min.

2.5. Analysis of pediatric sera

To assay the ability of pediatric sera to recognize either
whole OMP preparations or individual P5-fimbrin proteins
isolated from three diverse NTHI isolates, 10�l of 0.1 mg
BSA/ml HBS-N was coinjected over the HPA-immobilized
proteins along with 15�l of each serum sample. The pedi-
atric sera was diluted 1:50 in HBS-N when assayed against
whole OMP preps, or was diluted 1:5 in HBS-N when as-
sayed against each isolated P5-fimbrin preparation. Serum
dilutions were chosen to maintain resonance unit (RU) val-
ues within acceptable linear ranges for optimal biosensor
sensitivity and reproducibility (data not shown). The assay
was performed at a flow rate of 10�l/min and an internal
instrument temperature of 25◦C. Dissociation was followed
for approximately 95 s prior to regenerating the sensor chip
surface with 10�l 50 mM NaOH. Due to the limited vol-
ume of clinical specimens, each of the 23 pediatric serum
samples was run once in the biosensor assay against each
of the three whole OMP preparations and the three isolated
P5-fimbrin preparations.

To assay reactivity of sera against the synthetic peptides,
10�l of each pediatric serum sample, diluted 1:5 in HBS-
EP (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA,
0.005% (v/v) Surfactant P20), was exposed to the CM5-
immobilized peptides. Following a dissociation period of
approximately 95 s, the sensor chip surface was regenerated
with a 5- or 10-�l pulse of 10 mM glycine-HCl, pH 1.5. For
all sera, biosensor assays were run against each synthetic
peptide ligand a minimum of two times.

2.6. PCR amplification of genes encoding surface exposed
region 3 of the P5-adhesin from clinical isolates of NTHI

Briefly, DNA sequences were determined as follows.
NTHI cells were lysed by boiling, and DNA comprising
the surface exposed region 3 [or LB1(f)] peptide-coding
sequence was amplified with oligonucleotides derived from
the nucleotide sequence of the gene encoding P5-fimbrin
[12]. After purification, the amplified fragment was se-
quenced using dye terminator chemistry. The resulting
sequencing data were analyzed, translated, and aligned with
Lasergene software (DNAstar Inc., Madison, WI).

2.6.1. Statistical evaluation
Differences between serum samples from children with

AOM due to NTHI, S. pneumoniae or 2-month-old serum
were tested using a Kruskal–Wallis test. Post-hoc compar-
isons were performed using methods described by Conover
[15]. To detect differences in reactivity amongst sera ver-
sus whole OMP, isolated P5-fimbrin or synthetic peptides,

Wilcoxon sign rank tests were performed. To control for
multiple comparisons, Bonferroni-adjusted significance was
assessed using anα level of 0.05.

3. Results

3.1. Recognition of NTHI OMPs by pediatric
serum samples

Sera collected from 14 children ranging in age from 3
months to 7 years (9 children were<12 months; 3 were
<24 months and 2 were >24 months) experiencing AOM
caused by NTHI recognized whole OMP preparations pre-
pared from three clinical isolates of NTHI significantly
greater than did sera from 5 children aged 4 months to 6
years plus 9 months with AOM due toS. pneumoniae (P <

0.001) (Fig. 2). Sera from four 2-month-old infants (with
no known history of AOM) generated absolute RU values
against NTHI OMP preparations (presumably from mater-
nal antibody) that were less than those generated using sera
from children with AOM due to NTHI, however, the differ-
ences were not significant except when assayed against the
group 1 isolate (P <0.001). An adult serum pool similarly
recognized each of the three NTHI whole OMP prepa-
rations at levels equivalent to children with AOM due to
NTHI.

3.2. Recognition of mature P5-fimbrin isolated from
three NTHI isolates known to be diverse in region 3
by pediatric sera

Serum volumes for eight of the children with AOM due
to NTHI were adequate to permit analyses against mature
P5-fimbrin isolated from three NTHI isolates with known
sequence diversity in region 3. Seven of these children
were 11 months of age or younger and the eighth child
was nearly 7 years old. In every instance, mean RU values
obtained against the isolated P5-adhesin proteins were sig-
nificantly greater (P <0.001) when the sera from children
with AOM due to NTHI were compared with sera recovered
from children with AOM due toS. pneumoniae (Fig. 3).
These mean RU values were also significantly greater than
those obtained from 2-month-olds with no history of OM
(P < 0.001). Thus, the binding of a single isolated NTHI
OMP (P5-fimbrin) to the biosensor chip surface allowed us
to discriminate between a specific active immune response
and one that was likely due to the presence of maternal
antibody (seeFig. 2).

Following NTHI-induced AOM, individual children’s
sera did however demonstrate a range of RU values against
P5-fimbrin as isolated from three NTHI strains (194–645
RU). Overall, a child that demonstrated high relative RU
values against P5-fimbrin isolated from the group 1 strain
showed high reactivity against the homologous protein
isolated from a group 2a or 3 isolate.
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Fig. 2. Relative reactivity of sera collected from children with active, acute otitis media to whole OMP preparations prepared from NTHI strains with
known amino acid (AA) sequence diversity in region 3. Strain 86-028NP was recovered from the nasopharynx of a child whereas strains 1885MEE and
1728MEE were recovered from middle ear effusions. Data are presented in the same ordered series (from left to right) based on individual child’s serum
against each of the OMP preparations.

Fig. 3. Relative reactivity of pediatric sera to P5-fimbrin isolated from NTHI strains representative of each of the NTHI groups based on sequence
diversity within region 3. Data are presented in the same ordered series (from left to right) based on individual child’s serum against each of the
P5-fimbrin preparations.
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3.3. Recognition of peptides representing amino acid
sequence diversity in surface exposed region three

We had previously shown that pediatric sera recovered
from children with AOM due to NTHI preferentially recog-
nize peptides derived from surface exposed regions 3 and 4
of this adhesin over those representing regions 1 and 2[14].
To determine if these sera as well as the additional pediatric
sera described here could discriminate amongst peptides de-
signed to mirror the diversity known to exist specifically
within region 3, we assayed them against the four ‘group’
peptides. These peptides are 18–27 residues in length and in-
clude a shared 11-mer N-terminal domain. Thus, the amino
acid sequence diversity reproduced in the group peptides,
and the NTHI strains expressing P5-fimbrin whose diver-
sity they were modeled after, is largely restricted to the
C-terminal half of each of these four peptides[13,14]. Sera
from 2-month-old children (presumably mediated by mater-
nal antibody) and the adult serum pool did not produce RU
values that exceeded 19 or 80, respectively against any of the
four peptides that represented the majority group 1 consen-
sus sequence or that of minority groups 2a, 2b or 3 (Fig. 4).
In contrast, sera obtained from all eight children analyzed
with AOM due to NTHI showed very strong reactivity to
the majority group 1 peptide (mean RU= 243± 96). This
recognition was significantly greater than was the reactivity
to peptides representing either minority group 2a, 2b or 3
(mean RU= 53 ± 28; 47± 33; or 41± 19, respectively)

Fig. 4. Relative reactivity of pediatric sera to synthetic peptides representing diversity with in surface exposed region 3 (majority group 1 and minority
groups 2a, 2b and 3). Data are presented in the same ordered series (from left to right) based on individual child’s serum against each of the four ‘group’
peptides. Bars in each figure represent the average RU value obtained for each individual child. Bars representing mean values for grouped data are±S.D.

(P < 0.01). The data thereby showed both the ability of
pediatric sera to discriminate amongst short, linear peptides
of P5-fimbrin with somewhat limited sequence diversity as
well as suggesting that the children were likely experienc-
ing a bout of AOM caused by a group 1 strain at the time
their serum was collected.

3.4. Determination of LB1 group of matched clinical
isolates of NTHI

To investigate whether the children with AOM due to
NTHI, whose sera were most reactive with the group 1 pep-
tide were indeed infected with a majority group 1 isolate,
we subjected the eight strains of NTHI that were collected
in pure culture from each of these children’s middle ears to
analysis of the portion of the gene that encodes the third sur-
face exposed region of P5-fimbrin (the region whose amino
acid sequence diversity is mirrored in the group peptides).
We found that seven of these eight children were indeed
infected with majority group 1 isolates as the translated
amino acid sequence obtained from each was consistent
with the known consensus sequence of this majority group
(data not shown)[12]. Interestingly, the eighth child (rep-
resented by the second bar from the left in each of the four
sections that are clustered by individual group peptide in
Fig. 4) was experiencing AOM due to a minority group 2a
isolate. However, the child was an otitis-prone nearly 7 year
old who had experienced 16 prior AOM episodes whereas
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all other sera assayed against the group peptides were col-
lected from children who had experienced 1–3 prior AOMs
and who were 11 months or age or younger.

4. Discussion

While developing vaccines against OM pathogens has
been the interest of many laboratories for years, this has
not been a readily achievable goal. Our incomplete under-
standing of the pathogenic mechanisms used by each of
the three major bacterial species (NTHI,S. pneumoniae and
Moraxella catarrhalis) and their viral co-pathogens, and
our inadequate understanding of the pediatric immune re-
sponse during OM has presented multiple unique challenges
[16,17]. Moreover, we do not yet know what the correlates
of immune protection are as they relate to the spectrum of
diseases known collectively as otitis media.

NTHI is a predominant pathogen of AOM as well as
chronic and recurrent OM[18,19]. As shown by many lab-
oratories, including our own, children with AOM caused
by NTHI respond immunologically to many major OMPs
of NTHI [20,21], including the adhesin P5-fimbrin[14,22].
These observations, made largely via Western blotting or
ELISA assays, were confirmed in the present study through
the use of an optical biosensor. In order to perform multiple
assessments on each of the pediatric serum samples studied
here, which were of limited volume, we have continued to
incorporate the use of a biosensor into our studies. Use of
the biosensor allows us to perform several analyses on each
serum sample due to the very low volume of serum needed
to conduct each assay. Moreover, each sample can be as-
sayed against three test and one negative control surface
simultaneously. There is no need to label either the ligand
or the analyte when a biosensor is used and the analysis is
done in real-time, generating a resonance unit (RU) value
which indicates the relative change in refractive index that
occurs at the sensor chip surface as antibody binds to its
specific ligand and is detected via the optical phenomenon
of surface plasmon resonance[23–27]. In a previous report,
we demonstrated a linear relationship between RU values
and ELISA-generated reciprocal titers in immune chin-
chilla sera and a correlation between biosensor-generated
RU values and results obtained by traditional Western im-
munoblotting[14], using several of the same pediatric sera
whose reactivity to NTHI outer membrane proteins (OMPs)
and P5-fimbrin we described here. Many other laboratories
have published similar correlative findings, showing the
utility of optical biosensors in the analysis of human sera
and fluids as well as those recovered from relevant animal
model systems[28].

We have previously shown that seven children with AOM
due to NTHI, but not those with pneumococcal AOM,
preferentially recognize the third and fourth predicted
surface-exposed regions (or loops) of the 34.6 kDa mature
P5-fimbrin adhesin[14] with greatest absolute recognition

being directed toward the fourth surface exposed region.
Similarly, middle ear fluids collected sequentially from a
single chinchilla experiencing an active middle ear infection
with NTHI recognized the third and fourth surface-exposed
regions of this adhesin as well, again with greatest recogni-
tion being directed toward the fourth surface exposed region
[14]. These findings suggested to us that both chinchillas
and children might be responding immunologically to na-
tive P5-fimbrin expressed on the bacterial surface during
OM in a shared manner.

In the present study, we expanded on these preliminary
findings by evaluating additional pediatric sera. Results ob-
tained when assaying reactivity to whole OMP preparations
of NTHI suggest there is a specific immune response in
children experiencing AOM due to NTHI, a response whose
magnitude resembles that seen in adult serum. Sera from
2-month-old controls, with no prior history of AOM, while
less reactive, did contain antibody that recognized NTHI
OMPs. The most likely explanation is that the reactivity
reflected the presence of maternal antibody. Conversely,
the response to NTHI OMPs seen in the children with
active NTHI infection reported here demonstrates an in-
crease in this specific response over that presumed to have
been acquired from placental transfer. Another possible
explanation for the presence of antibody to NTHI OMP
preparations was the possibility that these four 2-month-old
controls had perhaps already experienced nasopharyngeal
colonization or an undetected and resolved episode of OM
due to NTHI. This is however a less likely explanation as
Faden and co-workers have shown that even at 6-months
of age≤9% of infants are colonized with NTHI[29–31].
Finally, sera from children with active pneumococcal AOM
were significantly less reactive with any of the three NTHI
OMP preparations thus reflecting the relatively low level
of NTHI-specific antibodies present in pediatric sera when
AOM due toS. pneumoniae is ongoing.

We then conducted additional assays in an attempt to
characterize immune recognition of one specific NTHI sur-
face protein, P5-fimbrin that had been isolated from whole
OMP preparations of either a majority group 1 strain or
from a minority group 2a or 3 strain. As expected, we found
that the children with active NTHI-induced AOM showed
a significantly greater ability to recognize this adhesin than
did children with pneumococcal OM or very young children
with no history of OM. Moreover, we found that when we
assayed relative reactivity to P5-fimbrin, we were now able
to more readily discriminate a consistent pattern of higher
versus lower responders amongst the children.

Finally, we tested the ability of these sera to recognize
a specific area of amino acid sequence diversity within the
third surface exposed region of P5-fimbrin that allows for
assignment of NTHI isolates into three groups[7]. The ma-
jority of NTHI strains (76%) belong to group 1 whereas the
remaining 24% of isolates can be assigned to one of two mi-
nority groups (including one subgroup). Using peptides rep-
resenting either the majority group 1 consensus sequence or
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those representing minority groups 2a, 2b or 3, we found that
sera collected from these children at the time of presentation
with active AOM caused by NTHI showed significant pref-
erential recognition of the majority group 1 peptide. These
data thus demonstrated the ability of the pediatric sera to
discriminate amongst peptides representing the known se-
quence diversity within a 18–27-mer focused region of the
P5-adhesin and also suggested that the children were likely
experiencing a bout of AOM due to a majority group 1 strain.

This latter assertion was subsequently confirmed for seven
of the eight children by PCR amplification and sequencing
of the third surface exposed region of the P5-fimbrin gene
from each child’s matched NTHI isolate. However, despite
demonstrating a greater response to the group 1 peptide in
the biosensor assay, we found that the eighth child was expe-
riencing AOM due to a minority group 2a isolate. Whereas
this finding could indicate that the group 1 peptide is per-
haps more optimally presented on the biosensor chip than
the other three peptides, another explanation is more likely.
Since this 7-year-old child had experienced 16 recognized
episodes of AOM prior to the studied episode and since 76%
of all NTHI isolates known to date belong to majority group
1, it is possible that at some time earlier in his or her life,
this child was colonized or infected with a group 1 NTHI
isolate. Thus, this child’s immune response to this majority
sequence was perhaps expanded when the studied middle
ear infection developed with the minority group 2a strain
and it is this amplified response that is being detected here.

Nevertheless, despite the fact that we showed that seven
of these eight children were indeed experiencing AOM due
to a majority group 1 NTHI strain at the time their serum
samples were collected, the RU values obtained against the
three diverse P5-fimbrin preparations were nonetheless very
similar. This latter finding suggests that the relative concen-
tration of region 3-specific antibodies in these sera likely
represented a fairly minor component of the total antibodies
directed to the adhesin protein in its entirety, an observation
that is important to consider both in understanding the pe-
diatric immune response to NTHI-induced AOM as well as
in the design of vaccine candidates that target this infection.

Despite the fact that children do mount an immune re-
sponse to NTHI whole bacteria and isolated OMPs during
episodes of OM, it has been shown that children, like chin-
chillas, are susceptible to reinfection with another strain of
NTHI [1,7,32–36]. In fact, it is well known that in children
with chronic or recurrent OM, the immune response elicited
to any of several OMPs expressed by NTHI that is induced
by natural disease has not been found to be protective
against subsequent disease. These responses are generally
highly strain-specific leaving the child susceptible to a new
episode of OM upon acquisition of another of these diverse
isolates. It has thus been suggested that otitis prone children
tend to either recognize only strain-specific heterologous
antigens (such as OMP P2) or that they may not develop
an adequate immune response to any antigen[21,29].
Based on our experience to date with chinchillas that are

not protected against OM that is induced by heterologous
challenge following immunization with isolated P5-fimbrin
[1,7], and reports of the variable response to this adhesin as
seen in children with OM[22], a population known to be
highly susceptible to recurrent OM, we have concluded that
the normal response to this whole OMP is similarly likely
to be highly strain-specific and non-protective.

However, whereas, the normal but non-protective im-
mune response to P5-fimbrin that is generated in chinchillas
during experimental disease and in children during natural
disease appears to be directed toward the strongly immun-
odominant fourth surface exposed epitope of this adhesin
[14], we have shown that this response can be modified.
When we immunize chinchillas with LB1, a synthetic
chimeric peptide derived from region 3 of P5-fimbrin,
they are significantly protected from the development of
OM following challenge with either a homologous or with
heterologous isolates[12,13]. These data suggest that by
re-focusing the host’s immune response on a specific region
of this adhesin, one could induce a high level of protection.
We are thus continuing with our efforts to develop vaccine
candidates based upon focused regions of this bacterial
adhesin.
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The Fourth Surface-Exposed Region of the Outer
Membrane Protein P5-Homologous Adhesin of Nontypable
Haemophilus influenzae Is an Immunodominant But
Nonprotective Decoying Epitope1

Laura A. Novotny* and Lauren O. Bakaletz2*

Nontypable Haemophilus influenzae is a major cause of otitis media and other mucosal infections. After natural disease in children
and experimental disease in chinchillas, we found a hierarchical pattern of immunodominance among the four surface-exposed
regions of the P5-homologous adhesin, with the greatest response directed to region 4. However, Ab to region 4 is not protective.
When this natural but biased response was refocused to region 3 by immunization, augmented bacterial clearance and protection
from ascending otitis media was observed. Collectively, the data indicate that region 4 contains a highly immunodominant but
nonprotective decoying epitope, the presence of which dampens the immune response to a subdominant but protective epitope in
region 3. The Journal of Immunology, 2003, 171: 1978–1983.

N ontypable Haemophilus influenzae (NTHI)3 is a pre-
dominant causative agent of chronic otitis media (OM)
or OM with effusion as well as being responsible for

roughly one-third of all cases of acute OM (1), a highly prevalent
pediatric disease. Despite the fact that children do mount an im-
mune response to NTHI during episodes of OM, these responses
are generally highly strain specific, leaving the child susceptible to
a new episode of OM upon acquisition of another of these diverse
bacterial isolates. In fact, the recurrent nature of OM unequivo-
cally demonstrates that naturally acquired infections of the middle
ear do not induce the desired protective immune response (2, 3).
Thus, it has been suggested that the immune systems of otitis-
prone children tend to recognize only strain-specific heterologous
surface or outer membrane proteins (OMPs) expressed by NTHI
(such as the predominant OMP P2). Alternatively, otitis-prone chil-
dren may not develop an adequate immune response to any Ag (3, 4).

This lack of protective immunity has also been observed in an-
imal models where it has been found to be due to the highly strain-
specific nature of the immune response that is induced (5–10).
Thereby, neither natural immunity nor immunization with any of
several whole OMPs of NTHI in experimental models results in a
protective response.

Nevertheless, several OMPs, other surface proteins, and lipooli-
gosaccharides expressed by NTHI continue to be targets for de-
velopment of vaccine candidates against OM (2). Due to the im-
portance of adherence and colonization in the course of OM
disease, we have focused our efforts in vaccine development on
one of the several known adhesins expressed on the surface of
NTHI, the OMP P5-homologous adhesin, or P5-fimbrin. This
36.4-kDa bacterial protein mediates adherence to human oropha-
ryngeal cells and mucin (5, 11, 12), chinchilla Eustachian tube
mucus (13), respiratory syncytial virus-infected A549 cells (14),
and the carcinoembryonic Ag family of cell adhesion molecule-1-
transfected Chinese hamster ovary cells (15). However, although
partial homologous protection is afforded after immunization with
isolated P5-fimbrin (5, 6), chinchillas are not protected against OM
that is induced by heterologous challenge. Moreover, there is also
a variable response to this adhesin in children with OM (16).

We thus concluded that due to the heterogeneity of NTHI OMPs
and surface proteins, including P5-fimbrin (6, 17, 18), attempting
to use this adhesin in its entirety as an immunogen would not likely
result in the desired broad cross-strain protection. To overcome
this obstacle, we have been attempting to more fully characterize
the immune response to P5-fimbrin and to define a minimal pro-
tective epitope(s) of this NTHI adhesin. We have observed that
Abs in the sera recovered from several children with acute OM due
to NTHI and middle ear fluids (MEFs) collected from a single
immunologically naive chinchilla with experimental NTHI-in-
duced OM recognize the surface-exposed regions of P5-fimbrin in
a similar manner (12). There are four predicted surface-exposed
regions located in the N-terminal half of this bacterial surface pro-
tein (6, 17, 18), each of which displays variable degrees of se-
quence diversity. Although it is possible that each of these four
epitopes is an immunoreactive domain, algorithmic analysis pre-
dicted relatively poor reactivity of regions 1 and 2 compared with
regions 3 and 4 (6). These predictions have been supported by a
study that showed very poor immunogenicity of a region 1-based
immunogen (19) as well as another study that showed that regions
3 and 4 are indeed the primary targets of serum Ab as well as Abs
present in MEFs (12). However, when immunogens based on these
latter two focused regions were designed and tested in two animal
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models, it was observed that immunity to region 3 was highly
protective whereas immunity to region 4 was not (6, 19–21).

Although not yet fully understood, it has been recognized for
some time that the immune system preferentially responds to only
a few of the total available epitopes in a multideterminant Ag.
These selective, epitope-specific primary responses also influence
the hierarchy of immunodominance observed in later, secondary
responses (22, 23). Whereas in the past we have described the
ability of several immunogens derived from surface-exposed re-
gion 3 of the P5-homologous adhesin to confer augmented bacte-
rial clearance or protection from development of experimental
OM, we have not extensively characterized the quality of the in-
duced protective Ab response in those animal models, nor have we
compared that response to the nonprotective response induced by
either experimental OM in chinchillas or natural OM in children.
Thereby, in the present study, we further assessed the pediatric
immune response to the noncontiguous surface-exposed epitopes
of P5-fimbrin during an acute episode of OM caused by NTHI.
This report also includes complementary studies examining sera
from chinchillas that have been immunized with an individual
epitope of P5 (6, 12, 24, 25) that elicited protective Abs.

Materials and Methods
Synthetic peptides

Synthetic peptides designed to map P5-fimbrin were synthesized and pu-
rified as previously described (12). The location of each of the peptides
representing the four predicted surface-exposed regions of this adhesin can
be seen in Fig. 1.

Antisera and MEFs

MEFs were retrieved sequentially (every 3–4 days) from seven immuno-
logically naive chinchillas during a 5-wk period of observation. These flu-
ids were recovered by epitympanic tap of animals that had been both trans-
bullarly and intranasally challenged with NTHI strain 86-028NP. Blood
was also collected from these animals for serum 35 days after bacterial
challenge. All animal studies were performed in concordance with insti-
tutional and federal guidelines and were conducted under an approved
protocol.

Sera collected from a total of 19 children ages 3 mo–7 years who were
undergoing tympanocentesis for an episode of acute OM were kindly pro-
vided to us by Dr. M. E. Pichichero (University of Rochester, Rochester,
NY). The effusions present in the middle ears of each of these children
were also recovered at the time of serum collection and confirmed to be
culture positive for NTHI. In addition, sera were collected from four 2-mo-
old infants with no known history of OM as well as from several adults.
Blood was collected after obtaining informed consent and in concordance
with all institutional and federal guidelines for the use of human subjects.

Blood for serum was also collected from nine chinchillas that had been
immunized with a total of 30 �g of the synthetic chimeric peptide im-
munogen LB1 delivered in 200 �l of CFA or IFA as previously described
(22) and detailed briefly below. Blood was obtained for serum 10 days after
the final boosting dose of 10 �g was given.

Chinchilla model

As reported previously (25), nine adult chinchillas (Chinchilla lanigera)
were immunized s.c. at monthly intervals with three doses of 10 �g of LB1.
The primary immunization was delivered in CFA, whereas both subsequent
boosting doses were delivered in IFA. Immune chinchillas were bled for
serum 10 days after receipt of the final immunization. For passive transfer
studies, these individual sera were pooled, and aliquots of the pooled hy-
perimmune serum pool were passively transferred by intracardiac perfu-

sion (5 ml/kg) to cohorts of juvenile chinchillas 6 days after they had been
challenged intranasally with adenovirus serotype 1. Twenty-four hours af-
ter passive transfer of the anti-LB1 serum pool, these juvenile chinchillas
(data from 6 cohorts of 11 animals each are presented here) were chal-
lenged IN with �108 CFU of either NTHI strain 86-028NP (a majority
group 1 isolate), strain 1885 MEE (a minority group 2a isolate), or strain
1729 MEE (a minority group 3 isolate) (24).

Animals were blindly evaluated by otoscopy and tympanometry (Ear-
Scan, South Daytona, FL) daily or every 2 days from the time of adeno-
virus inoculation until 35 days after NTHI challenge. Signs of tympanic
membrane inflammation were rated on a scale of 0 to 4� (5, 26), and
tympanometry plots were used to monitor changes in middle ear pressure,
tympanic width, and tympanic membrane compliance (27–29). Tympa-
nometry results indicated an abnormal ear if 1) a type B tympanogram was
obtained, 2) compliance was �0.5 or �1.2 ml, 3) tympanic width was
�150 daPa, or 4) middle ear underpressure was greater than �100 daPa.
Clinical signs of viral respiratory tract infection (ruffling of fur, conjunc-
tivitis, altered character of nasal/ocular secretions, wheezing, labyrinthitis,
and cornering behavior) were recorded. Observers knew neither the anti-
serum received nor which animals formed a cohort group throughout the
35-day observation period after NTHI challenge.

For reference, when immunologically naive or sham-immunized juve-
nile chinchillas, with an ongoing AV infection, are challenged intranasally
with NTHI, culture-positive OM begins to develop �7 days after bacterial
challenge with peak incidence of OM occurring �12–14 days after NTHI
challenge. OM typically resolves in all animals �5 wk after challenge (24,
25).

Sensor chip preparation for immobilization of synthetic peptides

Using a Biacore 2000 (Biacore AB, Uppsala, Sweden), reagent grade CM5
sensor chips were activated with 35 �l of 400 mM N-ethyl-N�-(3-diethyl-
aminopropyl)carbodiimide-100 mM N-hydroxysuccinimide solution at a
flow rate of 5 �l/min. Synthetic peptides representing each of the four
surface-exposed regions of P5-fimbrin were suspended in 10 mM sodium
acetate, pH 4.5, and injected to immobilize �0.1–0.2 ng of peptide per
mm2 of sensor chip surface. Excess ester groups were deactivated, and any
loosely bound peptide was removed by injection of 35 �l of 1.0 M etha-
nolamine hydrochloride-NaOH.

Analysis of chinchilla middle ear fluids and both chinchilla and
pediatric sera

To assay reactivity of sera or MEFs against synthetic peptides, 10 �l of
each chinchilla MEF and serum sample or pediatric serum sample, diluted
1/5 in 0.01 M HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, 0.005% v/v
surfactant P2, was exposed to the CM5-immobilized peptides. Before as-
say, MEFs were briefly centrifuged to remove cellular debris. The sensor
chip surface was regenerated with a 5- or 10-�l pulse of 10 mM glycine-
HCl after a dissociation period of �95 s. For all sera and MEFs, biosensor
assays were run against each synthetic peptide ligand a minimum of twice.
Bars in each figure represent the average resonance unit (RU) value ob-
tained for each individual animal or child.

Results
Using MEFs collected sequentially every 3–4 days from seven
naive chinchillas with experimental NTHI-induced OM and a bi-
osensor-based assay system to analyze the relative reactivity of
these fluids to the peptides representing the four surface-exposed
regions of the P5 adhesin, we found that Ab within these effusions
bound preferentially to peptides representing the third and fourth
surface-exposed regions (Fig. 2A). Reactivity of these region-spe-
cific responses peaked between 7 and 28 days after NTHI chal-
lenge in individual animals. The semi-independent nature of the
immune response in individual ears of a single animal can be seen
in the responses of the left (L, peak on day 7) and right (R, peak

FIGURE 1. Schematic diagram of synthetic peptides used to map P5-fimbrin. Numbering is based on the translated amino acid sequence of unprocessed
P5-fimbrin.
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on day 10) ears of animal 5; however, the overall pattern of reac-
tivity is the same.

In addition to the reactivity of fluids that are depicted in Fig. 2A
on the day that the RU values were greatest for the MEFs of any
given animal, we also assayed fluids recovered sequentially from
both ears of each of these animals on a total of 8 assessment days
from 4 to 35 days after challenge (data not shown). An early and
greater reactivity to the region 4 peptide over that to regions 1–3
was a consistent observation in MEFs recovered from immuno-
logically naive chinchillas with ongoing experimental OM due to
NTHI. On each of these days, three to seven unique MEFs were
assayed (with the exception of day 21 on which a single MEF was
recovered), and in all instances the average response in RU to the
region 4 peptide exceeded that of the response to the region 1, 2,
and 3 peptides by 2.1- to 6.9-fold; 1.9- to 19.2-fold, and 1.5- to
3.1-fold, respectively.

Biosensor data were also generated using sera collected from
these animals after OM had resolved and NTHI had been cleared
from the directly challenged middle ears, as evidenced by recovery
of sterile lavage fluids (Fig. 2B). Whereas absolute RU values,

which reflect relative Ab levels, were lower overall, the same pat-
tern of hierarchical recognition is maintained, with greatest recog-
nition demonstrated against region 4 followed by region 3. There
was minimal recognition of peptides representing either surface-
exposed region 1 or 2.

Sera collected from six children with an ongoing episode of
acute OM due to NTHI were also strongly reactive in this assay
system (Fig. 3A). Reactivity of sera from six children with acute
OM was directed exclusively toward peptides representing the
third and fourth surface-exposed regions of this adhesin for all six
children (region 3, mean 264 � 114 RU; region 4, mean 548 �
259 RU). These findings were highly analogous to those obtained
using both chinchilla MEFs and sera collected during experimental
disease (Fig. 2). For comparison, RU values obtained using sera
collected from adults (�107 RU), children with OM due to Strep-
tococcus pneumoniae (�88 RU), or 2-mo-old infants with no his-
tory of OM (�11 RU) were largely unremarkable against any of
these peptides (data not shown).

We then assayed serum collected from animals that had been
parenterally immunized with a region 3-based synthetic peptide

FIGURE 2. Data obtained by biosensor analysis using middle ear fluids. These fluids were collected sequentially every 3–4 days during a 5-wk period
of observation from seven immunologically naive chinchillas with active OM induced by NTHI challenge on the day that their overall response to these
four peptides was greatest (A) and reactivity of sera from the same seven animals obtained 35 days after challenge with NTHI (B).

FIGURE 3. Reactivity of sera from six children with acute OM (A) and from immune chinchillas (B) against peptides representing the four surface-
exposed regions of this bacterial adhesin.
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immunogen (LB1) (6). As might be expected, the Ab response in
chinchillas immunized with the region 3-based peptide made a
robust response to the immunizing Ag with little or no reactivity to
the other three surface-exposed peptides (Fig. 3B). Chinchilla im-
mune sera showed significant reactivity (608 � 322 RU) against
only the region 3-derived peptide. These findings were corrobo-
rated via ELISA wherein the median reciprocal titers against pep-
tides representing regions 1, 2, and 4 were 500, whereas that for
the region 3 peptide was 50,000.

These data showed that high titered Ab to region 3 could be
induced when animals were immunized with a vaccine candidate
that lacked the highly immunodominant region 4. These sera were
then pooled and used in a passive transfer experiment in chinchil-
las (25). Solid protection is observed in animals challenged with
strain 86-028NP (a majority group 1 isolate) when both augmented
clearance of NTHI from a colonized nasopharynx (not shown) and
protection from development of ascending OM (Fig. 4) were used
as outcome measures. This particular finding was perhaps not un-
expected given that the amino acid sequence of region 3, on which
the immunogen LB1 is based, is well conserved. Seventy-six per-
cent of a panel of 99 NTHI isolates examined had the consensus
sequence found in the third region of P5-fimbrin expressed by
strain 86-028NP (24, 25). However, chinchillas are also protected
from induction of OM when challenged with either of two heter-
ologous isolates. Strains 1885 MEE (a minority group 2a isolate)
and 1728 MEE (a minority group 3 isolate) are clinical isolates
with 15 amino acid substitutions or 6 substitutions plus 9 fewer
amino acids in toto, respectively, than did strain 86-028NP in
terms of diversity within region 3 of the P5 adhesin.

Discussion
We have shown in the present study that children with acute OM
and chinchillas experiencing an active middle ear infection due to
NTHI preferentially recognized the third and fourth predicted sur-
face-exposed regions of mature native P5-fimbrin, with greatest
absolute recognition directed toward the latter two of these
epitopes. These findings suggested that whereas both region 3 and
region 4 elicit the production of Abs, the fourth region is the most
immunodominant epitope of this adhesin as presented by NTHI in
the environment of the middle ear during active disease. Never-
theless, as previously mentioned, it has been shown that despite the

presence of high titered and specific Abs to NTHI in sera and
MEFs, chinchillas, like children, are fully susceptible to reinfec-
tion with another strain of NTHI (3, 7). Thus, in terms of the
selective immunodominance of the four surface-exposed regions
of P5-fimbrin, the immune response described here that occurs in
children or chinchillas during active NTHI-induced OM is not a
protective one. Moreover, despite the clear natural immunodomi-
nance of surface-exposed region 4, immunization with vaccine
candidates derived from this epitope are ineffective in animal mod-
els (17, 18), unlike the highly protective response that can be elic-
ited via immunization with vaccine candidates derived from the
qualitatively subdominant region 3 (24, 25).

These combined findings suggested to us that surface-exposed
region 4 might be an immunological decoy, as Ab directed to this
epitope appears to have little or no role in either ability to promote
bacterial clearance from the NP or ability to protect against as-
cending OM and thus fits the paradigm of a decoying epitope (23),
one that has evolved as part of an immune evasion strategy. By
polarizing the immune response toward production of nonprotec-
tive Abs, this partisan recognition of the fourth epitope may serve
as a means of protecting the more functionally important but less
immunodominant epitope(s) in surface-exposed region 3. For bac-
teria for which the preferential ecological niche is the pediatric
nasopharynx, one could theorize that by presenting a highly im-
munodominant epitope on the bacterial surface that elicits the pro-
duction of Ab of limited or no protective function (i.e., clearance,
opsonization, ability to fix complement, etc.), NTHI could protect
other more critical but subdominant epitope(s). Thus, this immune
evasion technique may provide a mechanism for NTHI to maintain
its characteristic, long term colonization state in the nasopharynx.

Whereas multiple examples exist in the literature of such a strat-
egy used by viral and protozoal pathogens which fit with the con-
cept of original antigenic sin (22, 23, 30–32), to date few such
examples exist for bacteria. This deceptive strategy may, however,
be one that is used rather globally by H. influenzae to evade the
host’s immune response as immunodominant regions of another
predominant OMP (P1) also induce a nonprotective response (33).
Additionally, whereas loop 5 of P2 is the major immunodominant
target of type-specific Abs directed against this NTHI OMP, it is
also the most sequence variable of the eight surface-exposed re-
gions (34). Interestingly, peptides derived from the less dominant,

FIGURE 4. Percentage of ears
with OM within cohorts of adenovi-
rus-compromised chinchillas after in-
tranasal challenge with homologous
and heterologous NTHI strains (25).
Data demonstrate the cross-strain pro-
tection afforded by passive transfer of
antiserum from chinchillas that had
been immunized with a region
3-based immunogen (LB1) compared
with cohorts of chinchillas that re-
ceived a sham immunization. Each
cohort is composed of 11 juvenile
chinchillas.
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more conserved loop 6 were capable of eliciting bactericidal an-
tisera capable of binding 14 of the 15 NTHI strains assayed (35).
Hence, by locking the immune response onto a dominant decoying
epitope of a multideterminant Ag, this group of microorganisms
could ensure that, via the mechanisms of deceptive imprinting, the
host would continue to mount and expand an ineffective immune
response to that epitope even when reinfected with a different but
antigenically related member of the same microbial family (22).

Importantly however, our data also showed that we were able to
bypass this naturally immunodominant but nonprotective response
to region 4 of P5-fimbrin by refocusing the host’s immune re-
sponse toward a subdominant but protective epitope in region 3.
Sera collected from chinchillas immunized with the region 3-based
LB1 (a synthetic chimeric peptide) demonstrated a highly distinct
pattern of recognition of peptides representing the four surface-
exposed regions of P5-fimbrin. As anticipated, in each of these
nine animals, there was a strong preferential response to the region
3 peptide. Chinchillas that were immunized with this serum pool
by passive transfer were significantly protected from the develop-
ment of OM after challenge with NTHI isolates that are either
homologous or heterologous in terms of their specific sequence
diversity in region 3 (24, 25). Thus, Abs elicited by immunization
with this synthetic peptide immunogen are clearly able to recog-
nize the native OMP P5-homologous adhesin sufficiently well to
induce significantly earlier clearance of NTHI from the upper air-
way of the chinchilla host and in doing so confer protection from
OM (25).

The key question remaining is which is most important to aug-
mented clearance and subsequent protection from OM, a certain
threshold amount of region 3-specific Ab or the absence of Ab to
the decoying epitope in region 4? Whereas the data presented here
do not directly answer this question, data amassed during the past
10 years collectively address the first half of this question. To date,
using published as well as unpublished studies conducted in our
laboratory wherein LB1 was mixed successfully or not with var-
ious adjuvants as reference, it appears to us that reciprocal Ab
titers of 50K or greater against the third surface-exposed region of
the P5-adhesin are highly and consistently protective in chinchilla
models (24, 25, 36), whereas those formulation that induced ti-
ters �10K against region 3 have not been. Studies designed to
answer the latter portion of this question regarding the absence of
Ab to the decoying region 4 epitope are ongoing and will hopefully
contribute to our better understanding of the mechanisms of a pro-
tective response to the P5 adhesin.

In summary, to develop effective vaccines against heteroge-
neous pathogens that cause chronic or recurrent disease, such as
OM, it will be necessary to identify those epitopes presented by the
microorganism that are able to induce a broadly cross-protective
immune response (30). Ultimately, the epitope(s) of greatest in-
terest may be neither the most immunodominant nor the least di-
verse ones presented (30). Moreover, it may be necessary to use a
strategy of targeted immunodampening to minimize or eliminate a
dysfunctional, natural immune response that is directed toward ei-
ther a nonprotective but strain cross-reactive immunodominant
epitope, or toward an immunodominant and protective but strain-
specific Ag (such as any of several NTHI OMPs when used in their
entirety; Refs. 5–10). This could be achieved by deletion, an ap-
proach being used to bypass the hypervariable V3 region of HIV
envelope glycoprotein (31); by refocusing, the approach we have
used here relative to the OMP P5-homologous adhesin of NTHI
(24, 25) or other methods (23, 30) and may ultimately prove to be
an effective strategy for the development of vaccine candidates
for OM.
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Dendritic cells (DCs) are potent antigen-presenting cells involved in the initiation and modulation of
immune responses after immunization via their ability to process and present antigen to naive T cells. We
wanted to examine the role of DCs in the development of protective immunity against nontypeable Haemophilus
influenzae (NTHI)-induced experimental otitis media (OM) after intranasal immunization of chinchillas with
an NTHI P5-derived synthetic peptide immunogen called LB1. As chinchilla DCs have not been described, we
adapted well-established protocols to induce the differentiation of chinchilla bone marrow precursor cells into
DCs, which resulted in cells that were morphologically and phenotypically similar to DCs of other species. In
vitro, chinchilla DCs readily internalized LB1, upregulated expression of the maturation markers CD80 and
major histocompatibility complex class II, and presented processed LB1 to primed CD3� T cells, which
resulted in antigen-specific T-cell proliferation. In vivo, LB1-activated DCs trafficked from the chinchilla nasal
cavity primarily to the nasal-associated lymphoid tissues and were detected in close proximity to CD3� T cells
within this lymphoid aggregate. These data are the first to characterize chinchilla DCs and their functional
properties. Furthermore, they suggest an important role for chinchilla DCs in the development of protective
immunity against experimental NTHI-induced OM after intranasal immunization.

Nontypeable Haemophilus influenzae (NTHI) is a commen-
sal of the human nasopharyngeal flora yet is also responsible
for diseases of the upper and lower airway, including otitis
media (OM), sinusitis, bronchitis, and exacerbations of chronic
obstructive pulmonary disease (17, 50). Adherence of the bac-
terium at mucosal sites is a critical first step toward NTHI
pathogenesis, and as a result, there is great interest in the
development of vaccines that target NTHI surface-exposed
adhesins (13, 21, 51, 56). The outer membrane protein (OMP)
P5-homologous adhesin (OMP P5) is one of several adhesins
expressed by NTHI and has been shown to facilitate the ad-
herence of the bacterium to human oropharyngeal cells (9) and
nasopharyngeal mucin (57), Chinchilla Eustachian tube mucin
(47), respiratory syncytial virus-infected A549 cells (35), carci-
noembryonic antigen-related cell adhesion molecule 1-trans-
fected HeLa (11) or CHO (26) cells, and human intercellular
adhesion molecule 1 (4).

A synthetic chimeric peptide immunogen, called LB1, was
derived from a surface-exposed region of OMP P5 (8). In rat
and chinchilla models of OM, LB1 has demonstrated signifi-
cant protective efficacy against both homologous and heterol-
ogous NTHI challenge when delivered parenterally (39, 42).
Furthermore, significant efficacy was observed when LB1 was
administered intranasally (i.n.) to chinchillas, despite the in-
duction of relatively low levels of serum and mucosal antibod-
ies compared to those induced by immunization via a paren-
teral route (28, 53). It has been shown that antigen processing

by dendritic cells (DCs) can influence vaccine efficacy (14, 16),
as upon migration to lymphoid tissues, DCs present antigen in
the context of major histocompatibility complex (MHC) mol-
ecules to naive T cells, serving to either initiate an immune
response or induce T-cell tolerance (10, 59, 67, 73). Therefore,
characteristics of the antigen itself and its processing by the
DCs could influence the outcome of this interaction (immune
induction versus tolerance).

Recently, it was reported that recombinant OmpA proteins
from Escherichia coli O157:H7, Klebsiella pneumoniae, and
Acinetobacter baumannii interact with and induce maturation
of DCs, an observation that resulted in the designation of the
OmpA family of bacterial proteins as a new pathogen-associ-
ated molecular pattern (PAMP) (32, 33, 43, 71). As OMP P5 is
a member of the OmpA family of proteins (64), we also wanted
to determine whether LB1, which is derived from OMP P5,
showed properties similar to those of a PAMP (i.e., the ability
to interact with and induce the maturation of DCs), among
others.

Here, we have identified the optimal conditions under which
to culture chinchilla bone marrow-derived precursor cells to
promote their differentiation into DCs and have characterized
the differential uptake and presentation of LB1 by these cells
in vitro. Additionally, we began to identify sites of immune
induction by tracking the migration of DCs to lymphoid tissues
in vivo. To do so, we labeled DCs resident within the chinchilla
nasal cavity by i.n. delivery of the dye carboxyfluoroscein suc-
cinimidyl ester (CFSE), followed by i.n. administration of LB1.
We subsequently confirmed our observations by specifically
tracking LB1-activated, bone marrow-derived DCs that had
been labeled with CFSE in vitro prior to their i.n. administra-
tion. These data are the first to characterize chinchilla DCs.
Moreover, our data demonstrated a role for DCs in the pro-
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cessing and presentation of the peptide immunogen LB1 when
delivered to the chinchilla nasal cavity, which likely underlies
the observed preclinical vaccine efficacy obtained upon i.n.
immunization.

MATERIALS AND METHODS

Animals. Adult chinchillas (Chinchilla lanigera) were obtained from Raus-
cher’s Chinchilla Ranch (LaRue, OH). Animal care and all related procedures
were performed in accordance with institutional and federal guidelines and were
conducted under an IACUC-approved protocol.

Generation of chinchilla DCs. Bone marrow cells were isolated from the
femurs of adult chinchillas and cultured in RPMI 1640 medium containing 2 mM
L-glutamine, 100 U penicillin/ml, 100 �g streptomycin/ml, 1 mM pyruvate
(Mediatech), 5 mM HEPES (Acros), 0.75 g NaHCO3/ml (Fisher Scientific), and
0.05 mM �-mercaptoethanol (Sigma). The DCs were induced by culturing 2 �
106 bone marrow cells in 8 ml medium supplemented with 40 ng recombinant
human granulocyte-macrophage colony-stimulating factor (GM-CSF)/ml and 40
ng recombinant human interleukin 4 (IL-4)/ml (R&D Systems) in 100-mm tissue
culture dishes. The medium was also supplemented with either 5% fetal bovine
serum (FBS) (Mediatech) or 5% naive chinchilla serum. On day 4 of culture, an
additional 4 ml of fresh medium was added to the cultures, and on day 6,
nonadherent cells were collected for assay as immature cells.

Antibodies and antigens. We used the following fluorochrome-conjugated,
commercially available antisera to detect cell surface molecules expressed by
chinchilla bone marrow-derived DCs: mouse anti-rat CD11c-fluorescein isothio-
cyanate (FITC), mouse anti-rat CD80-phycoerythrin, and mouse anti-guinea pig
MHC class II revealed with goat anti-mouse immunoglobulin G (IgG)-phyco-
erythrin (AbD Serotec). Appropriate isotype-matched antibody controls were
included in all assays. To induce the maturation of chinchilla DC-like cells in
vitro, the cells were stimulated with either 10 ng E. coli lipopolysaccharide
(LPS)/ml (Sigma) or 10 ng recombinant human tumor necrosis factor alpha
(TNF-�)/ml (Sigma) for 24 h prior to labeling the cells for flow cytometry.

Native P5 protein is an approximately 36-kDa OMP and was isolated and
purified from NTHI strain 86-028NP, as previously described (64). LB1 is a
4.6-kDa 40-mer synthetic chimeric peptide vaccinogen derived from a surface-
exposed loop of OMP P5 and has also been described (8). To manage potential
differences in the binding and uptake of antigens by the chinchilla DCs due to the
substantial difference in the relative molecular masses of OMP P5 and LB1, a
26-kDa NTHI protein (41) called “control protein” and a 3.5-kDa 34-mer syn-
thetic peptide called “TFPQ3” (1, 2, 5) were used as size control antigens. These
“control” antigens were selected based exclusively on molecular mass and not on
potential known immunoreactivity or lack thereof. Endotoxin contamination of
the proteins and synthetic peptides was determined to be �0.25 endotoxin
units/ml by Pyrosate agglutination assay (Associates of Cape Cod, Inc.). Peptides
and proteins were coupled to FITC with a fluorescein protein-labeling kit ac-
cording to the manufacturer’s instructions (Pierce Biotechnology). Based on the
coupling chemistries and amino acid compositions of LB1 and TFPQ3, the
peptides were estimated to be comparably labeled with FITC.

Chemotaxis. To demonstrate the ability of immature LB1-activated or
TFPQ3-activated chinchilla DCs to sense and respond to a stimulus, a chemo-
taxis assay was performed. Immature DCs were induced to mature by incubation
overnight with 1 �g of either TFPQ3 or LB1/ml culture medium supplemented
with 5% naive chinchilla serum, but without cytokines. The cells were washed
and adjusted to a concentration of 106 DCs/ml, and 12 �l of unstimulated or
stimulated DCs was added to one of two horizontally positioned compartments
that were separated by a 260-�m gradient channel in a TAXIScan instrument
(Effector Cell Institute, Inc.) (38, 52). To align the DCs with the edge of the
channel, buffer was aspirated from the second compartment. A volume of 15 �l
of 1 �M recombinant human C5a (Calbiochem) or buffer was then added to the
second compartment. After 60 min, the cumulative number of DCs that had
entered the chemotactic gradient in the channel toward C5a or buffer was
calculated for each of three independent experiments.

Antigen binding and internalization by chinchilla DCs. Immature DCs (1 �
105) were incubated with medium containing 1 �g FITC-labeled peptide or
protein/ml for 1 h at 4°C (to assay surface binding of antigen) prior to shifting the
cultures to 37°C (to assay internalization of the bound antigen). The cells were
washed, fixed with 2% paraformaldehyde in 0.1 M phosphate buffer, and assayed
immediately by flow cytometry with a BD FACSCalibur. A total of 10,000 viable
events were collected for three independent assays, and the data were analyzed
with FloJo software (Tree Star, Inc.).

Antigen endocytosis. Immature DCs were mixed with 1 �g FITC-labeled
peptide or protein/ml medium and allowed to adhere to poly-L-lysine (Sigma)-
coated coverslips for 30 min at 37°C. Alternatively, to block endocytosis, imma-
ture DCs were preincubated with 10 nM cytochalasin D (Sigma) for 20 min prior
to and during incubation with FITC-labeled peptides. The cells were then fixed,
and nonspecific binding sites were blocked with either 2% bovine serum albumin
in Dulbecco’s phosphate-buffered saline (DPBS) (Mediatech) or 10% normal
goat serum in DPBS (Zymed). To label F-actin, cells were incubated with
rhodamine-phalloidin (Molecular Probes). To label MHC class II molecules,
DCs were incubated with mouse anti-guinea pig MHC class II (AbD Serotec)
and detected with goat anti-mouse IgG conjugated to Texas Red (Invitrogen). To
inhibit endosome acidification and MHC class II antigen presentation, cells were
treated with 10 nM choloroquine (MP Biologicals) for 20 min prior to and during
incubation with FITC-labeled peptides. An appropriate isotype-matched anti-
body control was included in each assay. To inhibit fluorescence quenching,
Prolong AntiFade Gold (Invitrogen) was added to each slide prior to sealing it.
The slides were examined with a Zeiss LSM 510 Meta confocal system attached
to a Zeiss Axiovert 200 inverted microscope (Carl Zeiss, Inc.).

Antigen presentation by chinchilla DCs. For immunization, three doses of 10
�g LB1 plus 10 �g monophosphoryl lipid A (MPL) (Corixa) or 10 �g MPL alone
were administered to alert chinchillas in a volume of 100 �l via subcutaneous
injection at weekly intervals. One week after receipt of the third dose, chinchilla
splenocytes were isolated by crushing the spleen and passing the cells through a
40-�m cell strainer. Erythrocytes were removed, and the suspensions were en-
riched for viable cells by centrifugation with Ficoll Paque (GE Healthcare). The
resultant cells were labeled with mouse anti-rat CD3 conjugated to biotin (AbD
Serotec) for enrichment of CD3-positive (CD3�) T cells by streptavidin-conju-
gated magnetic-bead separation (Miltenyi). CD3� T cells were then cultured in
100-mm2 petri dishes in culture medium supplemented with 5% naive chinchilla
serum, but without cytokines. As chinchillas are outbred and thus are not ge-
netically identical animals, we also cultured bone marrow cells from the same
animal for 3 days to allow differentiation of precursor cells into DCs in order to
demonstrate that the observed T-cell proliferation was due to the presentation of
antigen by DCs and not to an allogeneic MHC molecule response. After 3 days
in culture, the CD3� T cells were seeded into wells of 96-well round-bottom
plates at a density of 2 � 105 cells per well in triplicate. The autologous bone
marrow-derived DCs were incubated with 1 �g or 10 �g LB1 or control pep-
tide/ml for 2 h to allow the uptake of antigen, washed, and then added to wells
that contained the CD3� T cells at a density of 104 cells per well in medium
without cytokines. Controls consisted of wells that contained 1 �g or 10 �g
concanavalin A/ml (Sigma) plus CD3� T cells and DCs, wells without an antigen
(unstimulated), or wells with CD3� T cells only. After 72 h, 20 �l of Alamar blue
(AbD Serotec) was added to each well and the cultures were incubated for an
additional 24 h. Proliferation was assessed as the chemical reduction of Alamar
blue by the cells in culture and was detected as the fluorescence of each well at
530-nm excitation and 590-nm emission wavelengths with a Bio-Tek Synergy HT
microplate reader. The statistical significance of three independent assays was
determined by Tukey’s honestly significant difference test for analysis of variance
pairwise comparisons.

In vivo migration of chinchilla respiratory DCs following i.n. immunization.
To track the migration of chinchilla nasal mucosa DCs, we adapted the technique
described by Legge and Braciale (44) for use in the chinchilla host. CFSE
(Invitrogen) was dissolved to 100 �M in dimethyl sulfoxide and further diluted in
pyrogen-free saline to 8 �M prior to administration via microaerosol sprayer
(Wolfe Tory Medical, Inc.) in a volume of 40 �l/naris to alert, prone chinchillas.
Fluid administered via this regimen is retained exclusively within the chinchilla
nasal cavity, with no dose loss to the respiratory or gastrointestinal tract (72). Six
hours later, the chinchillas received either 10 �g LB1 plus 10 �g MPL or 10 �g
MPL alone via microaerosol spray as before. One, 3, and 12 h later, animals were
sacrificed and the cervical, brachial, axillary, and mediastinal lymph nodes were
removed, in addition to the spleen. The nasal-associated lymphoid tissue
(NALT) was also removed (37). Tissues were crushed into DPBS, and the cells
were passed through a 40-�m cell strainer. The spleen was also crushed and
strained, and the cells were centrifuged with Ficoll-Paque. DCs were labeled with
mouse anti-rat CD11c-Alexa Fluor 647 (AbD Serotec), and CD11c� CFSE�

cells were detected by flow cytometry. A total of 5,000 viable events were
collected for each of three independent assays.

To investigate whether LB1-activated, bone marrow-derived DCs would sim-
ilarly follow homing signals within the nasal cavity to the NALT, in vitro-derived
DCs were labeled with 10 �M CFSE prior to incubation with either 10 �g LB1
plus 10 �g MPL or 10 �g MPL alone for 15 min. These treated DCs were washed
to remove unbound peptide, adjusted to 106 cells/80 �l, and instilled dropwise by
micropipette to alert, prone chinchillas in a volume of 40 �l per naris. The
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animals were sacrificed 1 h later, and the lymphoid tissues were processed as
described above. The DCs were labeled with mouse anti-rat CD11c-Alexa Fluor
647, and CD11c� CFSE� cells were detected by flow cytometry. A total of 5,000
viable events were collected for each of three independent assays.

Aliquots of the NALT cell suspension retrieved 1 h after i.n. administration of
LB1 plus MPL were incubated for 1 hour at 37°C and 5% CO2 on poly-L-lysine-
coated coverslips. The cells were fixed, blocked with 10% normal goat serum, and
incubated with mouse anti-rat CD11c conjugated to Alexa Fluor 647, mouse
anti-guinea pig MHC class II revealed with goat anti-mouse IgG-conjugated to
Texas Red, and mouse anti-rat CD3 conjugated to biotin revealed with strepta-
vidin conjugated to Alexa Fluor 405 (Invitrogen). The slides were sealed after the
addition of Prolong AntiFade Gold, with DAPI (4�,6�-diamidino-2-phenylindole)
or without DAPI, prior to being viewed via confocal microscopy.

RESULTS

The cytokine and serum source influenced the differentia-
tion of chinchilla bone marrow-derived cells in culture. To
establish in vitro cultures of chinchilla DCs, we isolated bone
marrow cells from the femurs of chinchillas and cultured these
cells in medium supplemented with recombinant human cyto-
kines (40 ng GM-CSF/ml and 40 ng IL-4/ml), which resulted in
viable cultures. We further assessed whether the serum source
in the medium influenced the development of these cells. After
1 day, cells in the medium supplemented with a homologous
serum source (naive chinchilla serum) remained in suspension
as individual cells (Fig. 1A) that, in time, developed into a
mixture of floating and adherent cells (Fig. 1C). After 6 days,
we observed numerous floating aggregates of cells (Fig. 1E)
within this culture. Chinchilla bone marrow cells cultured in
medium supplemented with FBS, a serum source widely used
in cell culture systems, formed aggregates suggestive of rapidly
proliferating cells that had attached to the bottom of the cul-
ture dish (Fig. 1B), which appeared larger after 4 days in
culture (Fig. 1D) and finally dispersed after 6 days (Fig. 1F).

By flow cytometry, the viable cells cultured in medium sup-
plemented with naive chinchilla serum were comparable in size
to those within the medium containing FBS, as demonstrated
by the forward scatter profile (Fig. 1G and H, respectively).
However, the cells cultured in medium supplemented with
chinchilla serum appeared more complex (as demonstrated by
the side scatter profile) than cells within the medium contain-
ing FBS. This observation suggested differences in the inner
complexity of the cells (i.e., the shape of the nucleus, the
amount and type of cytoplasmic granules, or the membrane
roughness). As the development of cells within the medium
supplemented with naive chinchilla serum closely followed that
reported for murine and rat bone marrow cultures (31, 70), we
concluded that optimal medium supplements required to cul-
ture chinchilla bone marrow cells included the use of recom-
binant human cytokines and a homologous serum source.

Chinchilla bone marrow-derived cells exhibited classic DC
morphology and phenotype after culture with GM-CSF and
IL-4. In order to examine the expression of classical DC sur-
face markers by the chinchilla DC-like cells, we tested anti-
bodies raised against molecules expressed by other species,
including human, mouse, and rat, for reactivity with the chin-
chilla bone marrow-derived cells, as no chinchilla-specific re-
agents are available commercially. Of the panel tested, we
observed the greatest positive result with mouse anti-rat
CD11c (Fig. 2A). It was not unprecedented that a rat-specific
reagent recognized a chinchilla homologue, as we and others

routinely use rat-specific (and human-specific) reagents for
immunodetection in the chinchilla model (18, 29, 40, 53, 62).
Greater than 75% of cells within each culture were CD11c�, as
determined by flow cytometry, also comparable to reports of
cells cultured from other species. We further examined the
morphology and phenotype of the DC-like cells by inducing
the maturation of the bone marrow-derived cells with 10 ng E.
coli LPS/ml. Immature (unstimulated) cells in culture ex-
pressed fine processes that extended from the cell surface (Fig.

FIG. 1. Influence of serum source on the survival and differentia-
tion of chinchilla bone marrow-derived cells in culture. (A to F) Light
microscopy images of chinchilla bone marrow-derived cells cultured in
medium supplemented with 5% naive chinchilla serum (A, C, and E)
or fetal bovine serum (B, D, and F). The arrows in panels E and F
indicate floating clusters of cells. (G and H) Representative dot plots
demonstrating forward scatter and side scatter profiles of bone mar-
row-derived cells cultured for 6 days in medium supplemented with
either naive chinchilla serum (G) or FBS (H).
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2B) and had a large, indented nucleus, which is commonly
described for DCs (Fig. 2B, inset), whereas mature or LPS-
stimulated DC-like cells expressed much larger dendrites (Fig.
2C and inset). CD11c� DC-like cells stimulated with either
LPS or recombinant human TNF-� upregulated expression of
both MHC class II molecules (Fig. 2D) and CD80 (Fig. 2E)
compared to immature cells. Therefore, as the chinchilla DC-
like cells were both morphologically and phenotypically com-
parable to described murine and rat bone marrow-derived
DCs, we were confident we had identified conditions to pro-
mote the differentiation of precursor cells within the chinchilla
bone marrow into DCs.

Chinchilla DCs exhibited chemotaxis. One of many func-
tions of DCs is the ability to sense a chemokine gradient and to
respond by directional movement. We therefore assessed chin-
chilla DC chemotaxis toward a classic chemotactic agonist,
C5a, in vitro (48). As demonstrated by the pseudocolored
images captured with the TAXIScan system after 30 min, a
greater number of LB1-activated DCs were present within the
channel compared to the DCs that had been activated with
another synthetic peptide of similar mass (TFPQ3) (Fig. 3A
and B). Furthermore, the chemotactic response was specifi-
cally directed toward compartments that contained C5a, as
minimal spontaneous migration of cells was observed toward
compartments that contained only buffer (Fig. 3C), regardless
of the maturation status. When plotted as the cumulative num-
ber of DCs that entered the chemotactic gradient in the chan-
nel and were thus moving toward C5a, the number of TFPQ3-

activated DCs was marginally greater than that of immature
DCs. In contrast, LB1-stimulated DCs continually entered the
chamber when C5a was present. These data demonstrated that
DCs stimulated with LB1 were induced to mature and re-
sponded to the presence of a chemoattractant.

FIG. 2. Chinchilla bone marrow-derived cells exhibited DC-like phenotype and morphology. (A) Representative histogram demonstrating
expression of CD11c by chinchilla bone marrow-derived cells as determined by flow cytometry. Black histogram, isotype control; red histogram,
anti-CD11c. (B and C) Light microscopic images of immature (B) or LPS-matured (C) chinchilla bone marrow-derived cells in culture. The arrows
indicate surface expression of fine processes by immature cells or of larger dendrites by LPS-matured DCs. (Insets) Morphology of immature (B) or
LPS-matured (C) cells after being stained with Giemsa. (D and E) Histograms demonstrating expression of MHC class II (D) and CD80 (E) by
immature chinchilla bone marrow-derived cells (black histograms), TNF-�-matured cells (red histograms), and LPS-matured cells (blue histo-
grams) as determined by flow cytometry.

FIG. 3. Chemotaxis of chinchilla DCs toward C5a. (A and B) Rep-
resentative images captured with the TAXIScan instrument after 30
min of chemotaxis toward C5a. The pseudocolored images show
TFPQ3-activated DCs (A) and LB1-activated DCs (B). (C) Plot dem-
onstrating the cumulative number of DCs that entered the channel
over time. The solid lines depict DC chemotaxis toward C5a, while the
dashed lines demonstrate spontaneous migration of DCs in buffer. Red
lines, LB1-activated DCs; green lines, TFPQ3-activated DCs; gray
lines, immature/unstimulated DCs.
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Chinchilla DCs preferentially bound and internalized LB1.
To examine the relative abilities of immature chinchilla DCs to
bind and internalize NTHI OMP P5 and LB1, we utilized a
panel of both native proteins and synthetic peptides. FITC-
labeled proteins or peptides were incubated with immature
chinchilla DCs at 4°C to examine antigen surface binding, and
then the cultures were shifted to 37°C to promote internaliza-
tion of the bound antigen. At 4°C, all cultures demonstrated
binding of the protein or peptide, although at various magni-
tudes (Fig. 4A). Whereas DCs incubated with FITC-labeled
OMP P5 demonstrated greater binding than the 26-kDa con-
trol peptide, the culture of DCs incubated with FITC-labeled
LB1 was the most fluorescent of all cultures, with approxi-
mately eightfold-greater relative fluorescence than DCs incu-
bated with a peptide of similar molecular mass (TFPQ3).

Upon temperature shift to 37°C, the trend of relative fluo-
rescence remained the same as that observed at 4°C; however,
the mean fluorescence of each culture increased (Fig. 4B). At
either temperature, DC cultures incubated with the peptides

were more fluorescent than cultures incubated with either pro-
tein, which suggested that the smaller molecular size of the
peptides than of the native proteins may facilitate antigen
binding. Furthermore, the greater binding and uptake of LB1
than of the peptide of comparable size suggested a unique
characteristic specific to that immunogen, for example, the
presence of a PAMP-like motif.

To further investigate this theory and to assess whether the
preferential binding of LB1 by the chinchilla DCs was also
receptor mediated, we examined the localization of the FITC-
labeled proteins and peptides within DCs by confocal micros-
copy after the temperature shift to 37°C. In agreement with the
flow cytometry data, immature chinchilla DCs internalized the
FITC-labeled proteins and peptides, although to differing mag-
nitudes. Whereas DCs incubated with the FITC-labeled 26-
kDa control protein (Fig. 4C) or FITC-labeled OMP P5 (Fig.
4D) contained a few areas of punctate green fluorescence,
greater internal fluorescence was observed in DCs incubated
with either FITC-labeled TFPQ3 (Fig. 4E) or FITC-labeled

FIG. 4. Chinchilla DCs differentially bound and internalized FITC-labeled proteins and peptides. (A and B) Representative fluorescence-
activated cell sorter histograms demonstrating the mean fluorescence of chinchilla DC cultures incubated at 4°C to assess cell surface binding of
antigens (A), followed by a temperature shift to 37°C to assess internalization of the bound antigens (B). Representative histograms demonstrate
the relative fluorescence of immature DCs (black histograms) and DCs incubated with FITC-labeled antigens: control protein (blue histograms),
OMP P5 (purple histograms), TFPQ3 (green histograms), or LB1 (red histograms). (C to G) Confocal microscopy images demonstrate the
localization of FITC-labeled proteins and peptides within chinchilla DCs (green fluorescence) after the temperature shift to 37°C. DCs were
incubated with either control protein (C), OMP P5 (D), TFPQ3 (E), or LB1 (F). F-actin was labeled with rhodamine-phalloidin (red fluorescence).
Note the yellow fluorescence in panel F, which demonstrated colocalization of FITC-labeled LB1 with actin, which was abrogated upon treatment
with cytochalasin D (G).
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LB1 (Fig. 4F). The greatest internal fluorescence was clearly
visible within the cells incubated with LB1, as numerous punc-
tate signals were observed (Fig. 4F). Furthermore, colocaliza-
tion of actin and LB1 was observed (Fig. 4F, yellow signal),
which suggested that uptake of the FITC-labeled LB1 likely
occurred via endocytosis. To confirm this, DCs were treated
with cytochalasin D prior to and during incubation with FITC-
labeled LB1 to inhibit actin polymerization and formation of
endocytic vesicles. Whereas cytochalasin D treatment did not
prevent binding of LB1 by the chinchilla DCs, as demonstrated
by the punctate green signals in Fig. 4G, internalization of the
peptide was inhibited, as evidenced by the fact that no colo-
calization of actin and LB1 was observed. These data suggested
that binding and internalization of LB1 were potentially me-

diated by receptor-mediated endocytosis and, further, that a
motif might be present within the peptide immunogen LB1
itself which facilitated this interaction.

DCs upregulated MHC class II molecules and induced T-
cell proliferation upon activation. To more closely examine the
specific interaction between the chinchilla DCs and LB1, we
examined whether immature chinchilla DCs stimulated with
either LB1 or a peptide of similar size subsequently upregu-
lated the expression of MHC class II molecules. As detected by
flow cytometry (Fig. 5A) and confocal microscopy (Fig. 5B),
chinchilla DCs incubated with TFPQ3 were labeled with an
MHC class II-specific antibody, although the DCs exhibited
only relatively moderate upregulation of MHC class II mole-
cules over unstimulated DCs (Fig. 5A). Upon incubation of

FIG. 5. Chinchilla DCs expressed MHC class II molecules and effectively presented antigen to CD3� T cells in vitro. (A) Upregulation of MHC
class II expression as demonstrated by flow cytometry. Black histogram, no stimulus; green histogram, DCs incubated with TFPQ3; red histogram,
DCs incubated with LB1. (B and C) Confocal microscopy images demonstrating MHC class II molecules (red fluorescence) on the surfaces of
chinchilla DCs incubated with either TFPQ3 (B) or LB1 (C). (D) Chloroquine treatment of DCs incubated with LB1 abrogated the MHC class
II-specific fluorescent signal. (E) Chinchilla CD3� T cells primed in vivo with LB1 proliferated upon DC presentation of LB1 in vitro. The results
are shown as the mean � standard deviation of three independent experiments. *, P � 0.05 compared to cells with no stimulus; †, P � 0.05
compared to CD3� T cells isolated from chinchillas immunized with MPL only; °, P � 0.05 compared to cells stimulated with TFPQ3. Significance
was determined by the Tukey honestly significant difference test for analysis of variance pairwise comparisons.
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DCs with LB1, however, notably greater MHC class II-specific
fluorescence was observed (Fig. 5A and C). Treatment of the
DCs with chloroquine to inhibit endosome acidification and
MHC class II antigen presentation abrogated the MHC class
II-specific fluorescent signal (Fig. 5D). These data further
demonstrated that internalization of LB1 induced DC matu-
ration, as evidenced here by upregulated expression of MHC
class II molecules.

We next examined the consequence of LB1 internaliza-
tion and upregulation of MHC class II molecules by mea-
suring the induction of CD3� T-cell proliferation in vitro.
We first confirmed that chinchilla T cells could be induced
to proliferate, as there have been no reports, to our knowl-
edge, of chinchilla T-cell proliferation assays. Using a non-
specific stimulus, we observed dose-dependent proliferation
upon in vitro stimulation of chinchilla CD3� T cells with 10
�g or 1 �g concanavalin A/ml in the presence of DCs (Fig.
5E). Furthermore, CD3� T cells isolated from chinchillas
immunized with MPL exhibited comparable proliferation at
the 10-�g concanavalin A/ml dose. These responses were

statistically significant compared to cultures with no stimu-
lus (P � 0.05) and thus confirmed the utility of this assay
system to measure chinchilla T-cell proliferation.

To examine the proliferation induced by a specific stimulus,
DCs were incubated with LB1 prior to culture with CD3� T
cells isolated from chinchillas immunized with LB1 plus MPL.
Dose-dependent proliferation resulted, which was significantly
greater than the proliferation induced by DCs incubated with
cells with no stimulus or by CD3� T cells isolated from animals
immunized with MPL only (P � 0.05). These data indicated
that upon uptake of LB1, chinchilla DCs effectively processed
the immunogen and presented peptide fragments, likely in the
context of MHC class II and costimulatory molecules, to T
cells, thereby inducing their proliferation. Moreover, our data
suggested that T cells recovered from chinchillas immunized
with LB1 demonstrated a memory response, as significantly
greater proliferation of T cells isolated from chinchillas immu-
nized with LB1 was induced by DCs presenting the same an-
tigen than by DC presentation of an unrelated peptide of
comparable size (P � 0.05).

FIG. 6. DCs resident within the nasal mucosa migrated to the local lymphoid tissues after i.n. administration of LB1 plus MPL. The scatter plots
depict cells isolated 1 h after receipt of LB1 plus MPL (top plot) or MPL alone (bottom plot) for each lymphoid tissue examined. The shaded
region represents CD11c� CFSE� cells. The bar graphs demonstrate the corresponding mean CFSE� fluorescence of the CD11c� CFSE� DCs
1, 3, or 12 h after i.n. administration of LB1 plus MPL or MPL alone. Note the difference in scale between NALT and other lymphoid tissues.

VOL. 76, 2008 ANTIGEN PROCESSING BY CHINCHILLA DENDRITIC CELLS 973

 on O
ctober 29, 2018 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

140

http://iai.asm.org/


Chinchilla respiratory DCs migrated to local lymphoid tis-
sues following i.n. administration of LB1. We next examined
the migration of DCs resident within the chinchilla nasal cavity
following i.n. administration of LB1 plus the adjuvant MPL. To
identify potential sites of immune induction, we administered
the dye CFSE via microaerosol spray to chinchillas prior to
administration of the immunogen. CFSE labeling allowed dis-
crimination between cells resident within lymphoid tissue and
DCs that had migrated to these tissues from the nasopharyn-
geal mucosa and had been shown not to disturb DC homeosta-
sis (44). By this method, at the 1- and 3-hour time points after
i.n. administration, the greatest mean fluorescence of CD11c�

CFSE� cells was detected within the NALTs of the animals
that received LB1 plus MPL (Fig. 6A) compared to all other
tissues examined (Fig. 6B to F), suggesting that the NALT
could serve as a primary inductive site following i.n. immuni-
zation of the chinchilla host. Moreover, in addition to the
NALT, greater mean CFSE� fluorescence was detected from
CD11c� cells within the brachial and axillary lymph nodes
from the animals that received LB1 plus MPL than from those
from animals that received only MPL (Fig. 6B and C). These
data demonstrated that the LB1 delivered with MPL influ-
enced greater DC activation and subsequent migration to these
lymphoid tissues than did the adjuvant alone. Over a 12-h
period, a decrease in CFSE� fluorescence was observed within
the NALT and brachial and axillary lymph nodes, which indi-
cated that i.n. delivery of LB1 plus MPL triggered rapid and
transient influx of DCs from the nasal cavity. In contrast, the
CFSE� signal detected in the cervical and mediastinal lymph
nodes, as well as the spleens, from the animals that received
LB1 plus MPL was comparable to that from animals that
received MPL alone (Fig. 6D to F), which suggested that these
lymphoid tissues likely were not primary inductive sites follow-
ing i.n. immunization of the host. Thus, DCs within the chin-
chilla nasal cavity were induced to mature following i.n. deliv-
ery of LB1 plus MPL, which resulted in migration of these
activated cells, primarily to the NALT, but also to the axillary
and brachial lymph nodes.

To confirm that the positive signal described above was
specifically due to an influx of DCs from the nasal cavity and
not to diffusion of dye from that site, we labeled DCs derived

from culture of bone marrow cells with CFSE and then acti-
vated these cells with LB1 plus MPL or MPL alone in vitro.
These CFSE-labeled and activated cells were then instilled into
the chinchilla nasal cavity. One hour later, a distinct population
of CD11c� CFSE� cells was detected within the NALT after
receipt of DCs activated with LB1 plus MPL (Fig. 7A) but not
when activated with MPL alone (Fig. 7B). Further, 11.5% of
the cells isolated from the NALT of the animal administered
LB1-activated DCs were CD11c� CFSE�, whereas popula-
tions of �1% were detected within the brachial, axillary, cer-
vical, and mediastinal lymph nodes and the spleen (data not
shown). Whereas homing of nasal mucosa DCs to the axillary
and brachial lymph nodes is shown in Fig. 6B and C, few of the
instilled bone marrow-derived DCs were detected within these
tissues, suggesting subtle differences between the DC types
(i.e., those derived from culture in vitro versus those cells
which develop in vivo). Nevertheless, the migration of the
instilled DCs from the nasal cavity primarily to the NALT
correlated well with the study in which CFSE had been deliv-
ered directly to the nasal cavity (Fig. 6A). The similarity of the
results obtained using these two distinct but complementary in
vivo assays strongly indicated that local cytokine/chemokine
signals likely guided the LB1-activated DCs from the chinchilla
nasal cavity to the NALT.

By confocal microscopy, we further verified that DCs res-
ident within the nasal cavity migrated to the NALT after i.n.
administration of LB1 plus MPL. CFSE� cells were easily
distinguished from the other cells isolated from this lym-
phoid aggregate due to their intense green fluorescence and
unique morphology (i.e., expression of extensive dendrites)
(Fig. 8A). Furthermore, the CFSE� cells were labeled with
an anti-CD11c antibody, thus confirming that these cells
were DCs (Fig. 8B, red fluorescence). We also observed

FIG. 7. CFSE-labeled, LB1-activated bone marrow-derived DCs
migrate to the NALT upon i.n. instillation. The scatter plots represent
cells isolated from the NALTs of animals that received DCs activated
in vitro with LB1 plus MPL (A) or MPL (B) 1 h after i.n. administra-
tion.

FIG. 8. Interaction of respiratory CFSE� DCs with CD3� T cells
upon migration to the NALT. (A) Confocal microscopy images of cells
isolated from the NALT 1 hour after i.n. administration of LB1 plus
MPL, demonstrating the presence of CFSE� cells (green) within the
cell suspension (nuclei stained blue). (B) CFSE� cell expressing the
DC marker CD11c (red). (C) Detection of CD3� fluorescent signals
(blue; see the arrows) in close proximity to a CFSE� DC (green).
(D) Expression of MHC class II (red) by the CFSE� cell in panel C is
localized directly under the CD3� T cells (blue).
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CD3� T cells in close proximity to the DCs within this
sample (Fig. 8C, blue fluorescence), suggesting potential
interaction between the two cell types. Upon closer exami-
nation, MHC class II molecule expression on the DCs was
localized directly under the CD3� T-cell fluorescent signal
(Fig. 8D and inset; red and blue fluorescence, respectively).
These data suggested that delivery of LB1 to the nasal
cavities of chinchillas by microaerosol spray induced DCs
resident within the nasal cavity to take up the antigen, ma-
ture, and migrate to local lymphoid tissues, where they ap-
peared to interact with T cells within the NALT.

DISCUSSION

Despite the great utility of the chinchilla for studies of viral
and bacterial pathogenesis in OM (6, 12, 15, 19, 23, 30, 36, 46,
49, 54, 69), as well as for preclinical vaccine efficacy studies (7,
20, 22, 39, 56, 68), the cellular mechanisms for the induction of
a protective immune response in this rodent host have yet to be
fully characterized. One component of the innate immune
system is the DC, a potent antigen-presenting cell found in
many tissues of the body that is capable of initiation and
modulation of primary immune responses (10, 55, 66). As we
have observed significant efficacy against the development of
NTHI-induced OM after i.n. immunization of the chinchilla
with LB1, we were interested to determine whether processing
and presentation of the peptide immunogen by nasal-cavity
DCs likely participated in the observed protective response.
We therefore examined the capture and presentation of LB1
by chinchilla bone marrow-derived DCs in vitro and by DCs
within the chinchilla nasal cavity in vivo.

It is well established that precursor cells within the bone
marrow of mice and rats can be induced to differentiate into
DCs by the inclusion of GM-CSF and IL-4 in the culture
medium (31, 45, 58, 60). We therefore sought to adapt this
methodology to generate DCs from chinchilla bone marrow
cells. Two factors impacted our ability to culture the chinchilla-
derived cells: the cytokine specificity and the serum source.
First, human-specific recombinant GM-CSF and IL-4, but not
murine-specific cytokines, supported the viability of these cells
in culture. This observation was not without precedent, as the
use of human-specific (and rat-specific) reagents for immuno-
detection is more successful than when one tries to use mouse-
specific reagents (27, 29, 63), which indirectly suggests that the
chinchilla is closer to the rat and human than to mice in terms
of similarity of immune molecules. Second, the serum source
used to supplement the medium influenced the development
of the culture, an observation similarly reported for murine
DCs (24, 61). Therefore, whereas it is not surprising that chin-
chillas possess DCs, our data are the first to describe their
culture.

It has been reported that DCs bind to OmpA proteins from
K. pneumoniae, E. coli, and A. baumannii, inducing DC matu-
ration and activation, including expression of costimulatory
molecules, cytokine secretion, and stimulation of T-cell prolif-
eration (34, 43, 71). These observations, among others, have
led to the designation of this highly conserved family of bac-
terial proteins as a new PAMP (33). NTHI OMP P5 is an
OmpA protein homologue (64). As shown by flow cytometry
and confocal microscopy, chinchilla DCs bound and internal-

ized OMP P5 in vitro. However, this result was overshadowed
by far greater binding and internalization of LB1 by the DCs.
This may have been due to the smaller molecular mass of LB1
than the native protein (4.6 kDa versus 36.4 kDa). Alterna-
tively, a motif from OMP P5 that is included in the sequence of
LB1 to which the DCs bind may be more optimally presented
than in the native protein. It is interesting to speculate that this
19-mer motif (known to be a B-cell epitope) is a PAMP, which
would allow DC binding to the immunogen via a pattern rec-
ognition receptor (3). We continue to investigate this hypoth-
esis.

In vivo, by two techniques, we tracked the migration of DCs
from the chinchilla nasal cavity to the NALT. These data
demonstrated that LB1 induced DC maturation, which re-
sulted in the ability of these cells to sense and respond to local
homing signals within the nasal cavity, as similar migration was
not detected when only MPL was administered. Our data fur-
ther demonstrated that a single dose of LB1 delivered i.n. was
sufficient to induce the maturation and migration of the DCs.
Moreover, the NALT may serve as a primary inductive site
following i.n. immunization in this host. Rodent NALT has
been reported to have functional similarities to Waldeyer’s
lymphoid ring, the lymphatic tissue of the pharynx, palatine
tonsils, and lingual tonsils, as well as other lymphoid tissue in
the area that encircles the human nasopharynx and oropharynx
(25, 65, 74). As such, the ability to target the lymphoid tissues
proximal to the anatomical site of infection should be an im-
portant consideration when developing a vaccine and a vaccine
delivery system.

In summary, our data are the first to describe the in vitro
culture, functional characterization, and in vivo tracking of
chinchilla DCs. We continue to examine the role of DCs in the
development of a protective immune response following i.n.
immunization with LB1 and several other NTHI adhesin-de-
rived or surface-accessible antigens, for the prevention of
NTHI-induced OM. Moreover, the chinchilla serves as a rel-
evant animal in which to model multiple viral and bacterial
diseases of the human respiratory tract; thus, the potential to
apply the methods described here need not be limited to ex-
amination of vaccine efficacy for NTHI-induced OM only.
Components of both innate and adaptive immunity can influ-
ence DC functions. Therefore, the data presented here will be
useful as we continue to examine the roles of DCs in the
initiation and modulation of the immune response in the chin-
chilla model.
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a b s t r a c t

We designed and tested three PilA-derived vaccine candidates in a chinchilla model of ascending nonty-
peable Haemophilus influenzae (NTHI)-induced otitis media (OM). Delivery of antiserum directed against
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vailable online 22 August 2009

eywords:
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each immunogen conferred varying degrees of protection. Presentation of a B-cell epitope derived from
the OMP P5 adhesin at the N-terminus of recombinant soluble PilA protein (as opposed to the C-terminus),
resulted in a protective chimeric immunogen that combined epitopes from two distinct NTHI adhesins
(type IV pili and OMP P5). Incorporating protective epitopes derived from two NTHI adhesins/virulence
determinants into a single pediatric vaccine candidate to prevent OM has multiple potential inherent
titis media
OPD

advantages.

. Introduction

NTHI is a commensal that exists primarily as a benign member
f the colonizing normal flora within the nasopharynx of its human
ost. However, it is also capable of causing a number of distinct dis-
ases of the airway including bronchitis, sinusitis, adenotonsilitis,
titis media and exacerbations of COPD, among others, when nor-
al host defenses are compromised [1]. Since the first step in these

isease processes is colonization, mechanisms to adhere to and
aintain long-term residence within the nasopharyngeal micro-

nvironment are considered ‘virulence determinants’ for NTHI. The
mportance of being able to adhere to the mucosal epithelial sur-
aces of its human host is reflected in the multiplicity of adhesins
xpressed by NTHI (reviewed in [2]).
In our attempts to develop vaccine candidates to prevent those
iseases of the respiratory tract caused by NTHI, we have focused
rimarily on two of these adhesions: the OMP P5 homologous
dhesin (also called fimbrin or P5 fimbrin) and the type IV pilus
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(Tfp). As such, we previously designed, and have extensively tested
a 40-mer synthetic chimeric peptide immunogen called ‘LB1’,
which contains a B-cell epitope of the NTHI OMP P5 homologous
adhesin [3]. This 19-mer protective B-cell epitope is co-linearly
synthesized N-terminal to a promiscuous T-cell epitope derived
from measles virus fusion protein to generate the 40-mer pep-
tide immunogen LB1. While this chimeric immunogen is highly
efficacious in preventing OM in both chinchilla and rat models of
direct middle ear and/or lung challenge [3,4], as well as prevent-
ing ascending OM due to NTHI in the chinchilla passive transfer
superinfection model [5,6], the incorporation of a T-cell promiscu-
ous epitope within a pediatric vaccine formulation was considered
potentially problematic.

Thus, we have been contemplating how to best replace the
measles virus fusion epitope without reducing the overall effi-
cacy of the 40-mer immunogen, LB1. The use of either diphtheria
toxoid or tetanus toxoid as potential alternative carriers did not
prove to be appropriate for various reasons (author’s unpublished
data). Nevertheless, in complementary ongoing efforts in the labo-

ratory to identify novel virulence determinants of NTHI, we recently
demonstrated that NTHI express functional Tfp, which are known
to play a role in the pathogenesis of other Gram-negative organisms
such as Neisseria meningitidis, N. gonorrhoeae, enteropathogenic E.
coli and Moraxella catarrhalis [7–11]. These structures are classi-
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http://www.elsevier.com/locate/vaccine
mailto:humurphyt@buffalo.eduu
mailto:hulauren.bakaletz@nationwidechildrens.orgu
dx.doi.org/10.1016/j.vaccine.2009.08.017


2 accine

c
b
p
c
t
i
m
p
a
e

t
d
a
c
d
f
c
e
i
o
t
d
e
e
s
d

u
t
s
i
M
d
i
p
s
w
d
d
s
e
w

a
a
t
t
N
t
c
f
r
o

2

2

O
f
w
l
i

80 L.A. Novotny et al. / V

ally involved in twitching motility, adherence and colonization,
iofilm formation and competence; functions which are similarly
erformed by NTHI Tfp [12–14]. Within a panel of 24 low-passage
linical Haemophilus influenzae isolates recovered from patients in
he U.S. or Europe, including isolates representative of those caus-
ng a variety of either acute or chronic respiratory tract diseases and

eningitis, a single pilA gene (the gene that encodes the majority
rotein subunit of Tfp) was identified. Alignment of the deduced
mino acid sequences of these twenty-four PilA proteins revealed
xtensive homology ([15], and author’s unpublished data).

The surface location of the Tfp, their demonstrated conserva-
ion in terms of extremely limited deduced amino acid sequence
iversity, the presence of a single pilA gene, and their role medi-
ting important biological functions (including adherence and
olonization), made them a potentially attractive target for vaccine
evelopment. Whereas the described features of NTHI Tfp would
ulfill those typically desired as minimal requirements for a vac-
ine target, the rational design of a broadly protective and highly
fficacious vaccine candidate intended for the prevention of NTHI-
nduced diseases of the respiratory tract requires an understanding
f the immunological nature of the protein subunit that comprises
he Tfp. This is particularly essential when one is attempting to
esign a vaccine candidate for a group of microorganisms as het-
rogeneous as NTHI, and when there is a history for difficulties
ncountered using Tfp-derived strategies in vaccine development
trategies for other infectious agents (i.e. N. gonorrhoea, Pseu-
omonas aeruginosa, Burkholderia mallei) [16–19].

As such, an optimal strategy for vaccine design would include
nderstanding the role(s) of Tfp in both nasopharyngeal coloniza-
ion and during active disease, in addition to knowing how this
tructure (and the subunit protein that comprises it) is responded to
mmunologically, and perhaps uniquely, under these two extremes.

oreover, since the correlates of immune protection can be quite
ifferent in the upper vs. lower airway, we wanted to study the

mmune response to NTHI Tfp using clinical samples obtained from
atients with disease of both niches. Thereby, we recovered serum
amples from both children and adults who were simply colonized
ith NTHI in the absence of active disease, as well as from chil-
ren who were otitis-prone and experiencing OM, and from adults
uring an exacerbation of COPD due to NTHI. In addition to serum
amples, we also recovered local specimens from either the middle
ar (effusion fluid) or the lower airway (sputum) of those patients
ith ongoing disease.

To epitope map the immunodominant domains of PilA, the
bove clinical specimens were assayed by ELISA, Western blot
nd biosensor against first a series of overlapping 15-mer pep-
ides, then against ∼34-mer sequential peptides designed to mimic
he four quartiles of the PilA protein subunit from a truncated
-terminus to the native C-terminus. These data were then used

o facilitate the design of two chimeric vaccine candidates (called
himV3 and chimV4) which were tested in a chinchilla passive trans-
er viral–bacterial superinfection model [5,6,20], alongside soluble
ecombinant PilA protein, for relative ability to prevent the devel-
pment of ascending experimental OM due to NTHI.

. Materials and methods

.1. Pediatric serum and middle ear fluids

Blood for serum was collected from 21 healthy children and 51

M-prone children, whereas middle ear effusions were collected

rom 40 OM-prone children at the time of surgery. All children
ere between the ages of 6 months and 4.5 years, and once col-

ected, samples were stored at −80 ◦C until used. Healthy children
ncluded in the study were defined as having no evidence of OM, or
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any other respiratory tract illness, as indicated by their physician
during a well-child visit, and were not currently taking antimi-
crobials at the time of sample collection. OM-prone children (i.e.
children who experience ≥4 episodes of AOM in 1st year of life or
≥6 episodes by 2nd year of life) [21] were selected based on doc-
umented chronic serous OM or recurrent acute OM as noted by
their pediatric otolaryngologist. Clinical specimens for OM-prone
children (i.e. blood and middle ear fluids) were obtained during
surgery for tympanostomy tube insertion after obtaining informed
consent from their parent or guardian, and were in concordance
with all institutional and federal guidelines for the use of human
subjects.

2.2. Adult serum and sputum supernatant

Serum and sputum supernatant samples were collected from
adults with COPD who were followed in the COPD Study Clinic at the
Buffalo VA Medical Center as part of prospective study described
in detail previously [22,23]. Patients were seen monthly. At each
clinic visit, clinical information, sputum and serum samples were
collected. Paired pre- and post-exacerbation serum and sputum
samples were identified. An exacerbation due to NTHI was defined
as the onset of clinical symptoms of exacerbation (increased spu-
tum volume, increased sputum purulence and increased shortness
of breath compared to baseline symptoms) simultaneous with the
acquisition of a new strain of NTHI based on molecular typing of
strains obtained at monthly clinic visits. Pre-exacerbation samples
were collected 1–3 months prior to the exacerbation and post-
exacerbation samples were collected 1–3 months following the
exacerbation. Twenty such pairs of serum and sputum supernatant
samples were included.

A set of 10 paired serum and sputum supernatant samples were
identified as negative controls. These samples were collected from
adults with COPD from the same study. The samples were collected
when patients were clinically stable with no symptoms of exacer-
bations and also with negative sputum cultures for NTHI or other
respiratory tract pathogens for at least 6 months before and after
the time of collection.

2.2.1. Synthesis of peptides
A series of thirteen approximately 15-mer synthetic peptides

with a 5-residue overlap (Table 1, ‘overlap peptide’) (Note: due to
an overall lack of significant reactivity with the majority of OLP pep-
tide, only OLP3 is shown) and a set of three 34- to 35-mer sequential
quartile peptides (Table 1, ‘Tfp quartile peptides’) were synthesized
in order to epitope map the PilA protein of NTHI strain #86-028NP
[12]. Peptides OLP3, TfpQ2, TfpQ3 and TfpQ4 were used to represent
the four approximate quartiles of mature PilA from truncated N-
terminus to the native C-terminus (Table 1). Synthesis, purification
and sequence confirmation of all synthetic peptides was performed
as described [3,24], using established techniques of the Peptide and
Protein Engineering Laboratory at The Ohio State University. Amino
acid analysis and mass spectral analysis was used to confirm the
purity, composition and amino acid sequence of each peptide (data
not shown).

2.2.2. Biosensor analysis
Analysis of the interaction between synthetic peptides and

antibodies present in sera, middle ear fluids or sputum super-
natant samples was examined using a Biacore 3000 instrument as
described [25–27] and all reagents were purchased from Biacore

(Uppsala, Sweden). Briefly, peptides were suspended in sodium
acetate buffer [at pH 4.75 for OLP3 and TfpQ3, or at pH 4.0 for TfpQ2
and TfpQ4], prior to immobilization to the surface of an activated
reagent grade CM5 sensor chip using amine coupling chemistry. For
interaction analysis, 15 �l of serum (diluted 1:2 in HBS–EP buffer
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Table 1
Schematic representation of the amino acid sequence of mature NTHI strain #86-028NP PilA protein, rsPilA and PilA-derived synthetic peptides.

Mature PilA FTLIELMIVIAIIAILATIAIPSYQNYTKKAAVSELLQASAPYKADVELCVYSTNETTNCTGGKNGIAADITTAKGYVKSVTTSNGAITVKGDGTLANMEYILQAT-
GNAATGVTWTTTCKGTDASLFPANFCGSVTQ

rsPilA GSHMTKKAAVSELLQASAPYKADVELCVYSTNETTNCTGGKNGIAADITTAKGYVKSVTTSNGAITVKGDGTLANMEYILQATGNAATGVTWTTTCKGTD-
ASLFPANFCGSVTQ

p
1
s
i
d
e
b

t
d
s
f
t
q
m
o
v
c
m
i
m

r

(

(

(

all components except serum. ELISA assays were performed a min-
OLP3 IPSYQNYTKKAAVSE
TfpQ2 ELLQASAPYKADVELCVYSTNETTNCTGGKNGIA
TfpQ3 ADITTAKGYVKSVTTSNGAITVKGDGTLANMEYI
TfpQ4 LQATGNAATGVTWTTTCKGTDASLFPANFCGSVTQ

lus 1 mg carboxymethyldextran/ml), middle ear fluids (diluted
:5), and sputa (diluted 1:2) were injected across the sensor chip
urface at a flow rate of 5 �l/min. The relative amount of antigen- or
mmunogen-specific antibody in each sample was calculated as the
ifference in resonance units (RU) obtained 5 s before and 45 s after
ach sample was injected. The sensor chip surface was regenerated
etween samples with 25 mM NaOH.

After biosensor analysis, due to variability among patients in
erms of relative amount of antigen-specific antibody (i.e. that
irected towards the PilA protein subunit of the Tfp of NTHI) within
erum, effusion or sputum supernatant specimens, data obtained
rom each patient group/specimen type were clustered based upon
he demonstrated greatest overall recognition of any of the four
uartile peptides OLP3, TfpQ2, TfpQ3 or TfpQ4 (regardless of the
agnitude of that response). The association between each group

f patients and their response to a particular peptide was tested
ia Chi Square analysis wherein individual peptide deviations from
hance were tested with standardized residuals (z). Bonferroni
ethod was used to maintain the overall type I error rate for test-

ng multiple hypotheses. In addition, a mixed model was used for
ultiple variable analysis to account for within-patient variations.
Design and synthesis or expression of synthetic, recombinant or

ecombinant chimeric vaccine candidates used here:

a) LB1 and LB1(1): the vaccine candidate ‘LB1’ is a 40-mer syn-
thetic peptide in toto that contains a 19-mer B-cell epitope
derived from the NTHI OMP P5 homologous adhesin (Fig. 1A,
see peptide chain represented in yellow font within surface-
exposed region 3) that has been co-linearly synthesized with a
small linker peptide followed by a promiscuous T-cell epitope
derived from measles virus fusion protein [3] (Fig. 1B). The vac-
cine candidate ‘LB1(1)’ (Fig. 1C) is a 24-mer synthetic peptide
that represents only the 19-mer B-cell epitope from the OMP
P5 homologous adhesin (as incorporated into the 40-mer pep-
tide ‘LB1’) to which 2 additional N-terminal and 3 additional
C-terminal residues have been added.

b) rsPilA: recombinant soluble PilA (Table 1 and Fig. 1D) is a 114
residue recombinant peptide that includes the deduced amino
acids representing mature PilA derived from NTHI strain #86-
028NP, less 27 native N-terminal hydrophobic residues, but to
which 4 unique N-terminal residues (GSHM) remain from either
the vector or the restriction site utilized in the preparation of
this recombinant peptide antigen.

c) chimV3 and chimV4: these vaccine candidates were generated
in an attempt to use a unique NTHI-derived protein as both a
carrier and immunogenic partner for the 24-mer LB1(1) B-cell
epitope of the OMP P5 adhesin as described above. We have
thus replaced the measles virus fusion protein-derived promis-
cuous T-cell epitope of the 40-mer immunogen LB1 (described
above and depicted in red font in Fig. 1B) with recombinant sol-

uble PilA. In each of these chimeric recombinant immunogens,
rsPilA was used as both a unique immunogenic protein, as well
as to carry the LB1(1) epitope at either its C- or N-terminus
[chimV3 (Fig. 1E) or chimV4 (Fig. 1F), respectively]. When the
LB1(1) epitope was placed at the truncated N-terminus of rsPilA,

147
a small 6-residue linker peptide (GPSLKL), positioned between
the LB1(1) epitope and the N-terminus of rsPilA was incorpo-
rated into the design.

To generate chimV3 and chimV4, we relied upon the services
of Blue Heron Biotechnology (Bothell, WA) to first optimize codon
usage for E. coli, then requested custom gene synthesis to gener-
ate the nucleotide sequence required to encode these recombinant
chimeric immunogens. Once received, customized genes were
cloned into an expression vector pET15b (Novagen, Madison, WI)
as an NdeI to BamHI fragment. The plasmid was transformed into
Origami B (DE3) cells and expression of the protein induced in mid-
log phase cells with 0.4 mM IPTG. Bacterial cells were harvested
and resuspended in BugBuster plus Benzoate-Nuclease (Novagen).
The soluble fraction was applied to a nickel column (Novagen) and
the proteins were purified with an imidazole gradient. His-tags
were removed and recombinant proteins were purified via use of
Thrombin Cleavage/Capture kit (Novagen). These purified proteins
were used to generate polyclonal anti-chimV3 or anti-chimV4 by
immunization of chinchillas, as described below. Anti-rsPilA, anti-
LB1 and anti-LB1(1) sera were also prepared by immunization of
chinchillas (described below).

2.3. Generation of polyclonal antisera and assessment by ELISA
and Western blotting to determine titer and specificity

To generate immune serum for passive transfer in Study A, five
cohorts of two adult chinchillas (Chinchilla lanigera; Rauscher’s
Chinchilla Ranch, LaRue, OH) each were established. Chinchillas
were parenterally immunized by subcutaneous (SQ) injection of
10 �g of either LB1, LB1(1), rsPilA, or chimV3 administered co-
mixed with the adjuvant monophosphoryl lipid A (MPL; Corixa)
or with MPL alone (adjuvant-only control cohort). Two identical
boosts were delivered at 21-day intervals. Blood for serum was
collected 10 days after receipt of the final immunizing dose.

Immune serum for passive transfer in Study B was generated by
SQ immunization of three cohorts of four adult chinchillas each
with 10 �g of either LB1, rsPilA or chimV4, delivered co-mixed
with the adjuvant AS04 (MPL plus aluminum hydroxide; Glaxo-
SmithKline Biologicals, Inc.), or with AS04 alone (adjuvant-only
control cohort). Two identical boosts were given at monthly inter-
vals. Blood for serum was collected 15 days after receipt of the final
immunizing dose.

Enzyme-linked immunosorbent assay (ELISA) and Western
blotting of chinchilla antisera was performed as described previ-
ously [3,5,6,20]. For ELISA, sera were assayed in a 96-well plate
format against the immunogen delivered (0.2 �g protein/well).
Titer was defined as the reciprocal of the serum dilution that yielded
an OD450 value of 0.1 greater than control wells which contained
imum of three times and results are reported as the geometric
mean. Western blotting was performed against 1 �g of the respec-
tive immunogen using immune serum diluted 1:100 and detected
with HRP–protein A (Zymed, South San Francisco, CA). Color was
developed with CN/DAB substrate (Pierce, Rockford, IL).
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Fig. 1. (A) Hypothetical model of the N-terminal portion of OMP P5 homologous adhesin of NTHI depicting the four predicted surface-exposed regions. The amino acid
sequence in yellow font represents the portion of region (or loop) three, from which the B-cell epitope of LB1 is derived. (B) ‘LB1’ is a 40-mer, synthetic, chimeric peptide
comprised of a 19-mer B-cell epitope (blue boxed sequence) from the predicted surface-exposed region 3 of the OMP P5 homologous adhesin discussed relative to Panel A, a
small linker peptide (underlined sequence), and a T-cell promiscuous epitope from measles fusion virus protein (MVF; sequence in red font). In the present study, we sought
to replace this latter T-cell epitope from MVF with a second NTHI adhesin protein (or epitope thereof) derived from the Tfp PilA protein. (C) The 24-mer vaccine candidate
called LB1(1) which is that sequence depicted in yellow font in Panel A. (D) Computer model of N-terminally truncated structure of the PilA protein of NTHI 86-028NP as
predicted using MSI Quanta. Colors used in 3-D model approximate the same regions mimicked by similarly colored synthetic quartile peptides used for epitope mapping
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ere. (E) Chim-V3: the 24-mer peptide LB1(1) is presented extending beyond the C
equence is presented at the N-terminus of rsPilA [Note: in Panel F the 3-D model of
lacement of the LB1(1) epitope at the N-terminus of this recombinant protein].

.4. Chinchilla passive transfer, superinfection model of
scending experimental OM due to NTHI

To assess the protective efficacy of immune sera, in Study A,
ve cohorts of six juvenile chinchillas each were established, and

or Study B, four cohorts of 10 juvenile chinchillas each were
stablished. All animals were confirmed to be free of middle ear
isease as determined by video otoscopy and tympanometry. Prior
o enrollment, naive serum from each animal was screened for
re-existing reactivity to NTHI strain 86-028NP outer membrane
roteins (OMPs) via Western blotting. Animals with highly reactive
era were excluded from the study.

In this animal model [5,6,20,28], juvenile chinchillas are
rst given a viral upper respiratory tract infection with a wild
ype human adenovirus. To do so, chinchillas were inoculated
ntranasally (IN) by passive inhalation of 1.9 × 107 TCID50 aden-
virus (serotype 1), delivered in a volume of 200 �l, with 100 �l
dministered per naris as described previously [3,5,6,20,29,30].
hen virus-induced compromise of Eustachian tube function is
aximum (∼7 days after viral challenge), chinchilla immune serum

ools (previously generated in adult animals by SQ immunization,
s described above) are transferred to cohorts of juvenile animals by
ardiac puncture at a volume of 5 ml undiluted immune serum per
g body weight. One day later, all animals are challenged IN with
× 108 CFU NTHI strain #86-028NP [3,5,6,20,31,32] via passive

nhalation of 200 �l bacterial suspension, with 100 �l administered

er naris. Animals are then monitored blindly, on a daily basis, for
igns and severity of OM (scored on a 0–4+ scale) using video oto-
copy and tympanometry. This period of observation and scoring
f disease severity continues for 35 days after bacterial challenge.
ohorts are compared for relative incidence and severity of induced
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nal glutamine residue of rsPilA. (F) Chim-V4: the LB1(1) peptide plus a short linker
is turned on its axis from that depicted in Panels D & E in order to better show the

experimental OM compared to both a cohort that received anti-
adjuvant-only serum (negative control) and a cohort that received
anti-LB1+ adjuvant serum (positive control based on multiple prior
studies) [3,5,6].

To assess the development of experimental disease, all animals
were evaluated daily by video otoscopy using a 0◦, 3 in probe con-
nected to a digital camera system (MedRx, Inc., Largo, FL) for signs of
tympanic membrane inflammation and/or presence of fluid within
the middle ear space and were rated on a 0–4+ scale [5,6,20].
Tympanometry (EarScan, South Daytona, FL) was also performed
to monitor changes in middle ear pressure, tympanic membrane
compliance and tympanic width [20,33–35]. For the entire 26-day
(Study A) or 35-day (Study B) post-bacterial challenge assessment
period, observers were blinded as to the serum pool administered
and knowledge as to which cohort a given chinchilla was assigned.
At the completion of each study, efficacy determinations were cal-
culated based on the cumulative percentage of ears with OM in the
cohorts that received immune serum vs. the cohort that received
anti-adjuvant serum. Animal studies were conducted in compli-
ance with all institutional and federal guidelines.

2.5. Flow cytometry to detect relative ability of antisera directed
against PilA-derived immunogens to recognize native pili as
expressed by viable NTHI

We assessed chinchilla anti-rsPilA, anti-chimV3, or anti-chimV4

serum pools for ability to recognize and bind to whole, unfixed NTHI
strain #86-028NP using FACS analysis [36]. Naive chinchilla serum
was used as a negative control and anti-NTHI total OMP serum
was used as a positive control. NTHI strain 86-028NP was incu-
bated with either chinchilla anti-chimV3, chinchilla anti-chimV4
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r chinchilla anti-rsPilA serum for 1 hr followed by detection with
ITC-conjugated Protein A (Zymed). Cells were washed and ana-
yzed with an Epics XL flow cytometer (Beckman Coulter, Fullerton,
A). A total of 20,000 events were collected per sample and data
nalyzed with FlowJo software (Tree Star, Inc., Ashland, OR). Assays
ere performed a minimum of three times.

. Results

.1. Immunoreactivity of pediatric and adult serum samples with
ynthetic peptides derived from PilA in a biosensor assay

Overall, the use of the series of fifteen short, 15-mer overlapping
equential peptides that were designed to mimic the Tfp subunit
PilA) from N- to C-terminus, did not reveal significant reactiv-
ty when any clinical sample type was tested (data not shown).
his result suggested that the 15-mer peptides were likely too
hort to define a immune-recognizable domain, or perhaps that the
mmunodominant domain(s) of PilA were discontinuous in nature.
owever, when OLP3 plus the longer 34- to 35-mer sequential pep-

ides (called TfpQ2, TfpQ3, TfpQ4) (Table 1), that were designed to
imic the four approximate quartiles of PilA were used, there was

ecognition by all clinical specimens including pediatric and adult
era, sputum and middle ear fluids. Thereby, we relied upon these
atter four peptides for our subsequent biosensor-based epitope-
apping efforts.
As stated in Section 2, due to variability among patients in terms

f relative overall antigen-specific antibody levels within clini-
al specimens, biosensor-generated data (in RU or response units)
btained from each patient group/specimen type were clustered

ig. 2. Biosensor data generated by assay of serum samples recovered from 51 OM-prone
ynthetic peptides designed to mimic the quartiles of the PilA protein that comprises NT
fpQ3 and TfpQ4. Reactivity to OLP3 is always shown via blue bars; to TfpQ2 by green b
ata (in RU values) for 24 OM-prone children whose sera showed greatest reactivity wi
eactivity with TfpQ2. Panel C depicts biosensor data for 18 children whose sera showed
era showed greatest reactivity with TfpQ4.
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based upon to which of the four peptides they showed greatest
overall recognition (regardless of the overall magnitude of that
response). An example dataset is shown in Fig. 2, wherein serum
samples from a total of 51 otitis media-prone children were assayed
by biosensor against the peptides OLP3, TfpQ2, TfpQ3 and TfpQ4.
Twenty-four of these serum samples (47%) showed greatest overall
recognition of OLP3 (Panel A, blue bars); one of these serum sam-
ples (2%) showed greatest overall recognition of TfpQ2 (Panel B,
green bars); eighteen of these serum samples (35%) showed great-
est overall recognition of TfpQ3 (Panel C, yellow bars), and eight
serum samples (16%) showed greatest overall recognition of TfpQ4
(Panel D, red bars). These data are summarized as a pie chart (see
Fig. 3, Panel B). In addition to these data, we performed a similar
analysis using sera recovered from healthy, colonized children; sera
recovered colonized adults who were not experiencing an exacer-
bation of COPD; and sera from adults who were experiencing an
exacerbation of COPD due to NTHI. Compiled data obtained via the
analysis of these four serum sample sets are shown in Fig. 3 and
discussed in greater detail below.

Whereas the majority of sera from healthy children (90%)
showed greatest overall recognition of the N-terminal most PilA-
derived peptide (OLP3) (Fig. 3A, blue quadrant, p < 0.05), sera from
otitis-prone children demonstrated more mixed immunoreactiv-
ity wherein mid- and C-terminal peptides were also recognized
(Fig. 3B). Like healthy children, sera from the majority of COPD
patients who were not experiencing an exacerbation, yet were colo-

nized with NTHI (65%), showed greatest overall recognition of OLP3
(the N-terminal most peptide) (Fig. 3C, blue quadrant, p < 0.05).
Similar to sera from otitis-prone children however, sera from COPD
patients who had experienced a recent exacerbation due to NTHI
showed a more mixed immune-responsiveness to the PilA-derived

children at the time of tube insertion for chronic and/or recurrent OM against four
HI type IV pili. From N- to C-terminus, these four peptides are called: OLP3, TfpQ2,
ars; to TfpQ3 by yellow bars and to TfpQ4 by red bars. Panel A depicts biosensor

th OLP3. Panel B depicts biosensor data for 1 child whose serum showed greatest
greatest reactivity with TfpQ3. Panel D depicts biosensor data for 8 children whose
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Table 2
Reciprocal geometric mean titers of adult chinchilla serum pools generated for
delivery to juvenile chinchillas by passive transfer.

Serum pool Reciprocal geometric titer
to immunogen delivered

Study A Anti-LB1/MPL 8,063
Anti-LB1(1)/MPL 6,400
Anti-rsPilA/MPL 10,763
Anti-chimV3/MPL 6,400
Anti-MPL 1,008

Study B Anti-LB1/AS04 32,000
Anti-rsPilA/AS04 16,000
84 L.A. Novotny et al. / V

eptides, now recognizing mid- and C-terminal regions as well
Fig. 3D).

In terms of additional detail, overall there was an approximately
-fold greater response to the peptides OLP3 and TfpQ4 by antibody

n serum recovered from OM-prone children compared to healthy
hildren. For example, in terms of reactivity to the N-terminal
ost peptide OLP3, serum from OM-prone children who showed

he greatest reactivity to this peptide (n = 24), the mean RU value
btained was 167.5 ± 100.7 RU whereas for healthy children who
imilarly demonstrated greatest reactivity to OLP3 (n = 45), their
era yielded a mean RU value of 31.2 ± 13.8. Similarly for those
M-prone children who demonstrated greatest overall recognition
f the N-terminal most peptide TfpQ4 (n = 8), the mean RU value
btained by biosensor was 122.4 ± 76.5 RU. For healthy children
ho also demonstrated greatest overall reactivity with TfpQ4, this

alue was 25.0 ± 12.7 RU. In terms of additional detail for our adult
atient samples, more exacerbations/year was associated with a
reater level of antibody in any COPD patient sample (p = 0.007)
nd there was more antibody in samples from COPD patients who
ad recently experienced an exacerbation than those patients who
ad not (p =0.03).

.2. Use of epitope mapping data derived from serum samples to

esign chimV3

The above described epitope mapping data suggested to us that
he N-terminus of rsPilA (represented by OLP3, see blue quadrant

ig. 3. (A) Of 21 serum samples from healthy children, 19 (90%) demonstrated
verall greatest recognition of OLP3, the N-terminal most peptide (p < 0.05) with
ess recognition of other peptides. (B) Forty-seven percent of 51 serum samples
ecovered from OM-prone children demonstrated greatest overall recognition of
LP3 (p < 0.05). Of those serum samples that showed greatest overall recognition of
LP3, 54% had culturable NTHI from their nasopharynges and/or middle ear effu-

ions at the time of surgery. Although the majority of sera from OM-prone children
howed greatest overall reactivity to the N-terminal most peptide, the percent-
ge of sera that showed reactivity toward other epitopes increased notably over
hat seen for healthy children. (C) Of 40 adult serum samples recovered from COPD
atients who were not experiencing an exacerbation, 26 (65%) showed overall great-
st recognition of OLP3, the N-terminal most peptide (p < 0.05) and less recognition
f C-terminal peptides. (D) Ten of 18 serum samples (56%) recovered from adults
ho were experiencing an exacerbation of COPD due to NTHI showed overall great-

st recognition of OLP3, the N-terminal most peptide (p < 0.05), however as seen
ith serum samples from OM-prone children, immune recognition of other epitopes

ncreased notably compared to sera that were not associated with an exacerbation.

150
Anti-chimV4/AS04 45,300
Anti-AS04a 1,680

a MPL plus aluminum hydroxide.

in Fig. 3) was recognized as an immunodominant region of the
Tfp pilin protein during colonization of the nasopharynx by NTHI.
Thereby, we constructed chimV3 wherein the 24-mer B-cell epi-
tope derived from the OMP P5 homologous adhesin protein of NTHI
was positioned at the C-terminus of rsPilA (see Fig. 1E). Whereas
chimV3 (as all recombinant immunogens used in this study) was
initially expressed as a His-tagged recombinant chimeric protein,
the His tag was removed prior to immunization of chinchillas
for use in the passive transfer-superinfection model, as described
below.

3.3. Immunogenicity of rsPilA and chimV3

Prior to passive transfer to juvenile chinchilla cohorts, the poly-
clonal antiserum pools generated against rsPilA, chimV3, LB1 or
LB1(1) in adult chinchillas were tested for specificity via Western
blot (data not shown), and for reciprocal titer via ELISA (Table 2). As
shown, all immunogens used were immunogenic in the chinchilla
host when delivered with the adjuvant MPL.

3.4. Assessment of relative efficacy of rsPilA and chimV3 as
vaccine candidates via the use of the chinchilla passive transfer,
viral–bacterial superinfection model

Study A—As previously shown, passive transfer of antiserum
directed against the 40-mer LB1 when delivered with MPL (used
here as a positive control) was highly efficacious in this chinchilla
model with 89% of ears never developing OM, and a 48% overall
protective efficacy conferred (p < 0.01; Fig. 4, yellow bars) when
compared to the cohort that received anti-MPL serum as a negative
control (Fig. 4, gray bars). Anti-LB1(1), the 24-mer B-cell epitope
of the OMP P5 adhesin, when delivered with MPL, induced the
formation of antibodies that conferred protection to 68% of ears
that never developed OM. Overall protective efficacy in the cohort
that received anti-LB1(1) was 37%, which was also statistically
significant (p < 0.05; Fig. 4, blue bars). Anti-rsPilA + MPL conferred
protection to 65% of ears for an overall protective efficacy of 35%
(p < 0.05; Fig. 4, red bars). When delivered with MPL, antiserum
directed against chim-V3 induced the formation of antibodies that
provided protection from development of OM to 53% of ears, for a
28% overall protective efficacy (Fig. 4, green bars) compared to the
negative control cohort. This latter outcome was not statistically
significant.

Whereas the chinchilla model may not be sensitive enough to
demonstrate an additive effect when two epitopes from a human-

restricted microorganism are combined, anti-chimV3 was notably
less protective than its two component parts [i.e. either anti-LB1(1)
or anti-rsPilA]. This outcome suggested to us that combining rsPilA
with a protective B-cell epitope derived from the OMP P5 adhesin
by presenting LB1(1) at the C-terminus of rsPilA (see Fig. 1E) was
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Fig. 4. Relative protection against ascending NTHI-induced OM afforded by passive transfer of immune serum pools. Relative percentage of chinchilla middle ears with OM
in Study A as determined by video otoscopy and tympanometry over time. The greatest protection against ascending OM was conferred by delivery of antiserum against the
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periods during which the host immune response did indeed suc-
cessfully eradicate NTHI from either the middle ear or the lower
airway in these populations, and thus immune recognition of the
C-terminus of PilA (as observed when middle ear fluids and sputum
were assayed) might be more favorable to eradication of NTHI.

Fig. 5. (A) Twenty-nine of 40 middle ear effusions (73%) showed overall greatest
recognition of TfpQ4, the C-terminal most PilA-derived peptide (p < 0.05). Of 29
OM-prone children whose middle ear effusions showed greatest overall recogni-
tion of TfpQ4, 19 (66%) had culturable NTHI in their nasopharynges and/or middle
ear effusions at the time of surgery for tympanostomy tube placement. (B) Post-
nown effective immunogen, LB1 when admixed with MPL (p < 0.01; yellow bars)
ohort showed the greatest incidence of OM (gray bars). All other cohorts showed va
otably less protective than was delivery of either anti-LB1(1) (blue bars) or anti-r
r rsPilA was statistically significant (p < 0.05), whereas that conferred by delivery o

ot an ideal configuration. Moreover, results obtained in Study A
uggested that perhaps both the C-terminus of rsPilA and the N-
erminus of LB1(1) were important protective immune epitopes
f their respective adhesin proteins, and would perhaps func-
ion more optimally when each was freely accessible to the host
mmune system. This confounding factor was highly likely given
hat the configuration of chimV3 resulted in the potential masking
f both the N-terminus of LB1(1) and the C-terminus of rsPilA.

.5. Immunoreactivity of local pediatric (middle ear fluids) and
dult (sputum) samples with synthetic peptides derived from PilA

Continued evaluation of our clinical specimen collection sup-
orted our hypothesis that the C-terminus of PilA was perhaps an

mmunoprotective epitope. In addition to results obtained with
erum samples from OM-prone children and adults experiencing
n exacerbation of COPD, as discussed above, when we expanded
ur biosensor analysis to now assess the immunoreactivity of local
pecimens recovered from these two patient populations (i.e. mid-
le ear fluids and sputum supernatants), the immunodominant
ature of the C-terminus of PilA became apparent. As shown in
ig. 5A, the majority of middle ear fluid specimens from otitis
edia-prone children (73%) showed greatest overall recognition

f the C-terminal most peptide (TfpQ4) (red quadrant, p < 0.05).
lthough not as remarkable as the shift in response seen when
iddle ear fluids from otitis-prone children were assayed, the
ajority of sputa supernatants collected from COPD patients who

ad experienced a recent exacerbation (47%) also showed increased
ecognition of the C-terminal most PilA peptide (TfpQ4) (Fig. 5B,
ed quadrant). This shift in reactivity towards the C-terminal most
ilA peptide is evident when post-exacerbation sputa data are com-
ared to results obtained using pre-exacerbation sputa recovered
rom this patient population (see inset of Fig. 5B), wherein reac-
ivity to TfpQ4 (red quadrant in inset) was 33% compared to 47%
n post-exacerbation sputa. These latter data suggested that, like
he local immune response in the middle ears of otitis-prone chil-
ren, the lower airway of COPD patients responded independently
f the serum response during an exacerbation. Moreover, in each

iche, regardless of whether it was the uppermost (middle ear) or

ower reaches of the airway, these data indicated that the serum
esponse was clearly not driving the immune response measured
hen local specimens (middle ear fluids and sputum supernatants)
ere assayed.
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ohort that received anti-MPL served as the negative control and as expected, this
degrees of protection from NTHI-induced OM, with anti-chimV3 (green bars) being
red bars). The protection conferred by immune serum pools directed at either LB1
-chimV3 was not.

3.6. Use of epitope mapping data derived from local specimens to
design chimV4

Whereas both healthy, colonized children and non-exacerbation
experiencing, colonized adults favored recognition of the N-
terminus of the Tfp subunit protein (e.g. reactivity with the peptide
OLP3), repeated invasion of either the middle ear of children or the
airways of adults with COPD induced both broader serum mediated
reactivity with the PilA quartile mapping peptides, as well as a local
immune response in the middle ear or lung that favored recogni-
tion of the C-terminal most peptide (e.g. reactivity with the peptide
TfpQ4). To speculate as to what these findings might mean collec-
tively, since humans are typically colonized early and throughout
life with NTHI, we reasoned that recognition of the N-terminus of
PilA did not likely result in eradication of this microbe from its
NP niche. Conversely, whereas despite recurrent disease in both
OM-prone children and adults with COPD, there were intermittent
NTHI-induced exacerbation of COPD sputum samples showed greatest recognition
of TfpQ4 (47%), the C-terminal most peptide. Compare results in Panel B to those
obtained when pre-exacerbation sputa recovered from these patients were also
assayed by biosensor (see inset in Panel B) and wherein sputa obtained pre-
exacerbation reacted to significantly greater to the N-terminal most peptide OLP3
(p < 0.05).
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ig. 6. Relative percentage of middle ears with OM in Study B. The greatest incidenc
gray bars). In contrast, the greatest protection against the development of exper
B1 + AS04 (p < 0.001; yellow bars), as expected since this cohort served as the po
onferred by receipt of either anti-rsPilA (p < 0.001; red bars) or anti-chimV4 serum

Thereby, based on both the lack of protective efficacy observed
hen antiserum directed against chimV3 was delivered to juve-
ile chinchillas, as discussed above, combined with biosensor data
btained when local airway specimens were evaluated for reac-
ivity with PilA quartile peptides, we designed a new chimeric
ecombinant vaccine candidate (chimV4) wherein the 24-mer
B1(1) peptide of the OMP P5 adhesin was now positioned at the
runcated N-terminus of rsPilA. This configuration was designed to
llow for immune recognition of both the N-terminus of LB1(1), as
ell as the C-terminus of rsPilA. If optimally configured, our goal

emained to develop a single, small molecular mass immunogen
hat could induce the formation of antibodies that could confer
rotection against NTHI-induced OM by targeting both the OMP
5 adhesin and the Tfp of this microbe.

.7. Immunogenicity of rsPilA and chimV4

In order to evaluate the relative protective efficacy of chimV4
n the chinchilla juvenile viral–bacterial superinfection model,

e first generated immune serum pools in adult chinchillas as
escribed above. Antiserum pools were evaluated by both West-
rn blot and ELISA prior to passive transfer to juvenile chinchilla
ohorts established as described for Study B (Table 2).

.8. Assessment of relative efficacy of rsPilA and chimV4 as
accine candidates via the use of the chinchilla passive transfer,
iral–bacterial superinfection model

Study B—Due to the limited efficacy of chimV3, we conducted a
econd study, wherein juvenile chinchillas with an existing upper
espiratory tract infection (and accompanying Eustachian tube
ysfunction), were given antiserum directed against either: (1)
djuvant-only (AS04, negative control cohort); (2) rsPilA + AS04;
3) chimV4 + AS04; or (4) LB1 + AS04 (positive control cohort). The
ositive cohort that received anti-LB1 + AS04 serum was signifi-
antly protected against ascending OM due to NTHI (78% of ears
id not develop OM, 52% overall protective efficacy; Fig. 6, yellow
ars) when compared to the cohort that received anti-adjuvant-
nly serum (Fig. 6, gray bars). Anti-rsPilA + AS04 again induced

he formation of highly protective antiserum, conferring protec-
ion against OM to 65% of ears for an overall protective efficacy of
2%, which was statistically significant (p < 0.001; Fig. 6, red bars).

Lastly, anti-chimV4 + AS04, induced the formation of antiserum
hat conferred protection to 60% of ears for a 43% overall protection

152
was observed in the negative control cohort, which received anti-adjuvant serum
al NTHI-induced OM was achieved in the cohort administered antiserum against
control. Further, significant protection against ascending NTHI-induced OM was
(p < 0.001; blue-green bars).

(p < 0.001) (Fig. 6, aqua bars). There was no statistically significant
difference noted between the cohorts that received either anti-
chimV4 or anti-rsPilA serum pools, however as mentioned above,
this chinchilla model of experimental OM may not be sensitive
enough to detect an additive effect. An alternative explanation is
that placement of the LB1(1) epitope at the N-terminus of rsPilA
does not interfere with the efficacy of rsPilA as an immunogen.
However given our ability to detect antibody to the LB1(1) epi-
tope of chimV4 and the already demonstrated protective nature of
antibodies directed against this epitope of OMP P5 [3,4], it would
seem counterintuitive to conclude that these antibodies did not
contribute to the demonstrated protective efficacy of chimV4.

Nevertheless, when one compares the relative kinetics of exper-
imental disease in the cohort that received antiserum directed
against chimV3 (Fig. 4, green bars) to that observed in those juve-
nile animals that received anti-chimV4 (Fig. 6, aqua bars), it was
evident that chimV4 was the more optimally configured of the two
chimeric recombinant immunogens tested here.

3.9. Initial investigation of potential mechanisms that underlie
the demonstrated increased protective efficacy of chimV4 over
chimV3

Anti-chimV3, anti-chimV4, and anti-rsPilA [all of which were
used at an equivalent reciprocal titer of ∼5000–10,000 against the
immunogen used to generate the antiserum pool] were tested by
FACS analysis using whole NTHI that had been grown under con-
ditions shown to induce expression of pilA [13] to determine their
relative ability to label native Tfp expressed by NTHI strain #86-
028NP. As shown in Fig. 7, NTHI that had been incubated with
chinchilla anti-rsPilA demonstrated a marked shift in fluorescence
(red plot, MFI 23.5) compared to those bacteria that had been
incubated with naive serum (black plot). Further, the broadness of
the histogram obtained when NTHI was incubated with chinchilla
anti-rsPilA suggested that there was likely variation in the relative
expression of Tfp among individual bacterial cells within the cul-
ture. Whereas antiserum to both chimV3 and chimV4 recognized
whole NTHI (green and blue plots, respectively), and by inference,
the native Tfp expressed by these bacteria, significantly greater
than did naive chinchilla serum, the bacterial population incubated

with anti-chimV4 was nonetheless ∼21 times more fluorescent
(MFI =23.0) than NTHI incubated with anti-chimV3 (MFI =1.09) This
latter observation suggested that placement of the LB1(1) epitope
at the N-terminus of rsPilA (as opposed to the C-terminus) likely
resulted in the formation of antibodies with a greater overall ability
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Fig. 7. Flow cytometry histograms which depict the relative ability of naïve and
immune chinchilla serum pools to recognize native Tfp expressed by viable NTHI.
Relative to naive chinchilla serum (black histogram), histograms obtained with NTHI
(grown under conditions known to promote expression of pilA) were incubated
with either chinchilla anti-chimV3 serum (green histogram), chinchilla anti-chimV4
serum (blue histogram) or chinchilla anti-rsPilA serum (red histogram) demon-
strated a markedly greater fluorescent population of cells and suggested recognition
of native Tfp as expressed by NTHI by each of these immune serum pools. How-
ever, incubation of NTHI with chinchilla anti-chimV4 or anti-rsPilA resulted in a
population of NTHI with mean fluorescent intensity that was 21–57 times greater,
r
c
c
c

t
b

g
f
t
a
v
a
a
e
g
a
a
i
a
a
t
a
c
v
a

4

o
e
c
p

espectively, compared to that obtained when NTHI were incubated with an anti-
himV3 serum pool. These data suggested that the configuration of the immunogen
himV4 allowed for greater recognition of the Tfp subunit protein, PilA, than did the
onfiguration of chimV3.

o recognize Tfp in their native conformation, as expressed on the
acterial surface.

Importantly, the configuration of chimV4 appeared to allow for
reater recognition of both the LB1(1) epitope and the C-terminal
ragment of PilA than did chimV3. Support for this latter asser-
ion was provided by biosensor analysis wherein rsPilA, LB1(1)
nd TfpQ4 were bound to a sensor chip surface as we have pre-
iously reported [25–27], and assayed for relative ability to bind
ntibodies within the chinchilla anti-chimV3, anti-chimV4 and
nti-rsPilA serum pools [again, each antiserum pool used was at an
quivalent reciprocal titer of ∼5000–10,000 against the immuno-
en delivered]. Whereas binding to rsPilA was equivalent for both
nti-chimV3 and anti-chimV4 sera (403 vs. 398.3 RU, respectively),
nti-chimV4 demonstrated an approximately 2-fold greater abil-
ty to recognize the B-cell epitope of OMP P5 [i.e. LB1(1)] than did
nti-chimV3 (276.5 RU vs. 152.1 RU, respectively). Moreover, when
ssayed for relative ability to recognize TfpQ4 (the C-terminal pep-
ide of PilA), anti-chimV4 serum generated an RU value of 60.8,
nti-rsPilA was equivalent, generating an RU = 64.7; whereas anti-
himV3 serum yielded an RU value of 25.9. For comparison, RU
alues obtained when naïve chinchilla serum was used, were 13.4
gainst TfpQ4 and 19.1 against LB1(1).

. Discussion
Nontypeable H. influenzae is a predominant bacterial pathogen
f the human upper and lower respiratory tracts. This highly het-
rogeneous family of microbes is a prevalent causative agent of
hronic OM, recurrent OM, and OM with effusion in the pediatric
opulation, in addition to causing exacerbations of COPD in the
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adult population [1]. While not considered virulent in the classic
sense, due to the fact that NTHI exists primarily as a benign mem-
ber of the normal commensal nasopharyngeal flora, this microbe
can nonetheless behave as an opportunistic pathogen under certain
predisposing conditions. Most typically these conditions involve
compromise of airway protective functions by a preceding or con-
current viral upper respiratory tract infection [37], which allows
NTHI to grow to increased bacterial loads in the nasopharynx
[38–44], and subsequently gain access to the temporarily poorly
defended middle ear or lower airways.

In our attempts over the years to design vaccine candidates for
the prevention of NTHI-induced diseases of the respiratory tract,
we have primarily focused our efforts on two of several adhesins
expressed by this group of microorganisms—the OMP P5 homol-
ogous adhesin and Tfp. Here, we elected to combine epitopes
from these two NTHI adhesins and thus designed recombinant
chimeric peptide immunogens comprised of an N-terminally trun-
cated recombinant PilA that has been modified to also incorporate
a slightly longer variant of the B-cell epitope from the OMP P5
homologous adhesin [LB1(1)] at either its N- or C-terminus. As
such, two chimeric immunogens (chimV3 and chimV4) were gen-
erated based on the use of rsPilA as both an immunizing co-partner
as well as an alternative carrier peptide for the protective B-cell
epitope derived from OMP P5 (replacing the former measles virus
fusion protein-derived T-cell promiscuous epitope). Thus, rsPilA
protein that was modified to present a 24-mer B-cell epitope of
the OMP P5 homologous adhesin at its C-terminus, resulted in a
chimeric immunogen comprised of portions of two distinct NTHI
adhesins, that was called ‘chim-V3’. Upon parenteral immuniza-
tion with the adjuvant monophosphoryl lipid A, chimV3 induced
antibodies that recognized the 40-mer peptide LB1, the B-cell epi-
tope contained within LB1 and recombinant soluble PilA protein,
as well as the chimeric immunogen itself. Nonetheless, disappoint-
ingly chimV3 did not confer protection against the development
of experimental NTHI-induced OM in a chinchilla model system,
and in fact was less protective than either rsPilA or LB1(1) which
suggested that combination of the P5 and PilA epitopes in this con-
figuration was not optimal. Whereas we have published multiple
studies describing the protective efficacy of LB1 against experimen-
tal NTHI-induced OM in chinchilla models [3–6,24–27], the present
study represents the first use of the 24-mer peptide LB1(1) as a
non-chimeric immunogen, as well as the first reported use of Tfp
PilA-derived immunogens.

The failure of chimV3 in a chinchilla model of ascending NTHI-
induce OM combined with ongoing epitope mapping data obtained
via the use of both pediatric and adult patient local airway spec-
imens which showed that the C-terminal domain of PilA was
immunodominant when middle ear fluids and sputum super-
natants were assayed, suggested to us a better design option
that would potentially improve the efficacy of chimV3. Thus, we
designed and tested the immunogen chimV4. In chimV4, the 24-
mer OMP P5 adhesin-derived B-cell epitope is presented at the
N-terminus of the rsPilA protein, leaving the C-terminus of this
latter protein freely accessible for immune recognition. Unlike anti-
chimV3, anti-chimV4 serum was highly protective in the chinchilla
model and performed as well as anti-rsPilA. These data, combined
with additional biosensor and flow cytometry analysis suggested
that placement of the OMP P5-derived B-cell epitope LB1(1) at the
N-terminus of rsPilA (i.e. chimV4) was more optimal than present-
ing this B-cell epitope at the C-terminus of rsPilA (i.e. chimV3).

Whereas both rsPilA and chimV4 are being developed further,

chimV4 is of great potential interest as it was designed to have
the added benefit of including epitopes derived from two NTHI
adhesins (OMP P5 and Tfp), each of which have been shown to con-
fer key biological functions to NTHI and each further shown to be
required for pathogenesis [12,13,45–47], in a single immunogen.
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n addition, since chimV4 does not contain the T-cell promiscuous
easles virus fusion protein epitope included in LB1, this immuno-

en has enhanced attractiveness for further development for the
revention of NTHI-induced OM in the pediatric population. The
0-mer LB1 remains extremely attractive for older patient pop-
lations and/or other diseases of the respiratory tract due to its

ongstanding protective efficacy in pre-clinical trials [12,13,17,38].
hereby, we continue to develop LB1, rsPilA, and chimV4 as vac-
ine candidates (for use via parenteral and non-invasive routes) for
THI-induced diseases of the upper and lower respiratory tract.
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 INTRODUCTION 
 Nontypeable  Haemophilus influenzae  (NTHI) is a predominant 
bacterial agent of the prevalent pediatric disease otitis media 
(OM), and is also responsible for multiple diseases of the upper 
and lower respiratory tracts of both children and adults. 1  The 
economic burden of NTHI-induced diseases, including OM, is 
significant because of the treatment and surgical management 
costs. 2  Complications of OM, for example, hearing loss, are asso-
ciated with behavioral, educational, and language development 
delays of this very young population. 3  With the goal to prevent 
NTHI-induced OM, many research efforts have focused on 
the development of vaccines that target outer membrane pro-
teins (OMPs), other surface proteins, and lipooligosaccharide 
expressed by this bacterium. 4  

 Our lab has concentrated on two of the multiple adhesins 
expressed by NTHI: OMP P5 and the type IV pilus (Tfp). 
Specifically, we have designed three vaccine candidates: a 40-mer 

synthetic chimeric peptide immunogen called  “ LB1 ”  that incor-
porates a 19-mer B-cell epitope from OMP P5 that has been 
colinearly synthesized with a T-cell promiscuous epitope from 
measles virus fusion protein; 5  a recombinant protein called 
 “ rsPilA ”  that represents a mature, N-terminally truncated, 
and soluble PilA subunit protein of the Tfp; 6  and a chimeric 
immunogen called  “ chimV4 ”  in which modified rsPilA serves 
as both immunogen and carrier molecule for a 24-mer epitope 
of OMP P5 that is positioned at its N-terminus. 6  Antibody 
induced by parenteral immunization with any of these 
immunogens confers significant protection against NTHI-
induced OM in a chinchilla model of viral-bacterial superinfec-
tion. 6,7  We now wanted to expand our vaccine delivery strategies 
to develop a noninvasive but potentially equally efficacious 
method, transcutaneous immunization (TCI). 

 TCI, the application of a vaccine onto intact skin, induces 
an immune response by engaging antigen-presenting cells 

                                    Transcutaneous immunization as preventative 
and therapeutic regimens to protect against 
experimental otitis media due to nontypeable 
 Haemophilus influenzae    
  LA       Novotny   1      ,     JD       Clements   2       and     LO       Bakaletz   1   ,   3               
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present within the epidermis and dermis, the Langerhan ’ s cells 
and dermal dendritic cells (DCs), respectively. 8  There are 
multiple benefits to this immunization route, which include 
the simplicity and noninvasive nature of delivery, reduced cost 
as syringes, needles, and trained medical professionals are not 
required to deliver the vaccine, and the prospect for greater 
vaccine distribution beyond developed countries because of 
typically cheaper production costs. 9  Previous studies show 
that TCI with bacterial or viral proteins and other peptide 
antigens induces an immune response in both animals and 
humans. 10 – 12  Furthermore, via use of animal models, there 
is evidence of protection against subsequent bacterial, viral, 
or toxin challenge. 13 – 16  Whereas parenteral immunization 
elicits primarily a systemic immune response, TCI induces 
both systemic and mucosal immunity. 17  OM is a disease of 
the uppermost respiratory tract, and therefore the ability to 
induce immunity at the mucosae of this anatomical region 
has the potential to reduce, or preferably prevent, the onset of 
disease in the middle ear. 

 NTHI-induced diseases of the respiratory tract, including 
OM, can be chronic and / or recurrent in nature, a consequence 
of biofilms present on the respiratory mucosae. 18  Specific to 
OM, NTHI biofilms are shown on the middle ear mucosa of 
children 19  and upon gross examination of the middle ear in 
animal models. 20  These bacterial communities are recalcitrant 
to antibiotic treatment and resist immune-mediated clearance. 
Among other NTHI proteins, OMP P5 and Tfp are identi-
fied as components of the biofilm matrix. 21,22  We therefore 
hypothesized that immunization with NTHI OMP P5- and 
Tfp-directed immunogens could serve to target each element 
 in vivo , and thus facilitate resolution of OM. Herein, we uti-
lized a chinchilla model of experimental NTHI-induced OM 
to examine the immune response elicited by TCI with NTHI 
OMP P5- and Tfp-directed immunogens when delivered with 
a potent adjuvant, a double mutant of  E. coli  heat-labile entero-
toxin (dmLT). 16  Moreover, we examined the efficacy of TCI 
when utilized in both preventative and therapeutic immuniza-
tion strategies to determine the potential of this noninvasive 
approach to protect against as well as resolve experimental 
NTHI-induced OM.   

 RESULTS  
 Histological analysis of chinchilla pinna 
 Pinnae from naive chinchillas were collected to examine 
the histological organization of this tissue. A cross-section 
of a pinna is shown in  Figure 1 , wherein the epidermis and 
dermis, supported by elastic connective tissue, were discern-
ible on each side of hyaline cartilage that runs central through 
the pinna. Similar to human thin skin, the pinna contained 
hair follicles and sebaceous glands. An abundant stratum 
corneum was visible as the outermost layer of the epidermis. 
Therefore, hydration of this keratinized epithelial layer was 
deemed necessary to enhance the permeability of the skin and 
thus facilitate both entry of topically applied molecules and 
sampling by cutaneous antigen-presenting cells, as has been 
reported. 23    

 TCI before NTHI challenge: resolution of nasopharyngeal 
colonization 
 To examine the ability of TCI with NTHI OMP P5-directed 
candidate  “ LB1, ”  the Tfp-directed candidate  “ rsPilA, ”  and the 
chimeric OMP P5-plus Tfp-directed immunogen  “ chimV4, ”  
to induce clearance of NTHI from the nasopharynges (NP) of 
challenged chinchillas, periodic NP lavages were performed 
and the recovered fluids cultured to semiquantitate the rela-
tive bacterial load at this anatomical site. Cohorts administered 
any of the three immunogens without adjuvant and the cohort 
immunized with dmLT alone had 10 4  – 5 × 10 6 colony-forming 
unit (CFU) NTHI in NP lavage fluids beginning 3 days after 
challenge, and maintained this bacterial load for the remainder 
of the study period ( Figure 2a ). In contrast, cohorts that received 
rsPilA, LB1, or chimV4 admixed with dmLT demonstrated 2- to 
4-log fewer NTHI within NP lavage fluids on each of days 7, 10, 
and 14 after bacterial challenge, a statistically significant result at 
each time point, compared with cohorts that received respective 
immunogen only or dmLT only ( P     <    0.05). Moreover, only the 
three cohorts that received immunogen plus dmLT eliminated 
NTHI from the NP within 10 or 14 days after challenge. 

 As an additional assessment of efficacy, the relative percentage 
of animals with culture-positive NP lavage fluids was calculated 
for each cohort. At 3 days after NTHI challenge, 100 %  of the 
animals administered immunogen alone or dmLT alone had cul-
ture-positive NP lavage fluids, and at least 5 / 10 (50 % ) animals 
in each of these four cohorts remained culture positive for the 
entire 14-day study period ( Figure 2b ). In contrast, a 20 – 40 %  
reduction in culture-positive NP lavage fluids was observed 3 
days after NTHI challenge in cohorts that received any of the 
three tested immunogens plus dmLT. Furthermore, at 7 days 
after NTHI challenge, only 1 / 10 (10 % ) animals in the cohorts 
that received LB1    +    dmLT or rsPilA    +    dmLT and 4 / 10 (40 % ) 
animals within the cohort administered chimV4    +    dmLT had 
culture-positive NP lavage fluids, and by 14 days after bacterial 

  Figure 1             Cross-section through a naive chinchilla pinna stained with 
hematoxylin and eosin. Chinchilla pinna exhibited characteristics of thin 
skin and thus was amenable to transcutaneous immunization (TCI) 
upon hydration of the stratum corneum. Image captured at original 
magnification  × 10. Ct, connective tissue, D, dermis; Ep, epidermis; 
Hc, hyaline cartilage; Hf, hair follicle and associated sebaceous gland; 
Sc, stratum corneum;  Sg, sebaceous gland.  
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challenge all of these latter cohorts had eliminated NTHI from 
the NP. These data therefore demonstrated that TCI with OMP 
P5- and Tfp-directed candidates, when delivered in combina-
tion with dmLT, resulted in an effective immune response that 
reduced, and then completely eliminated, NTHI from the NP.   

 TCI before NTHI challenge: resolution of experimental OM 
 As a more rigorous assessment of the protection afforded by 
TCI, the same chinchillas as challenged intranasally above 
were also challenged by direct inoculation of the middle 
ears with 1,000   CFU NTHI to initiate active OM. Middle ear 
fluids (MEFs), when present as observed by video otoscopy 
and confirmed by tympanometry, were collected and cultured 
to determine the relative concentration of NTHI within these 
fluids. Within 3 days after challenge, the inoculum of 1,000   CFU 
NTHI had multiplied to 1.1 × 10 7    CFU NTHI in MEFs retrieved 
from animals that received dmLT alone ( Figure 3a ). As 10 8    CFU 

NTHI is typical for sham-immunized chinchillas (alum or 
monophosphoryl lipid A), 24  the observed reduction after receipt 
of dmLT suggested that this adjuvant induced a nonspecific pro-
tective effect. Animals administered LB1, rsPilA, or chimV4 
alone also exhibited an increase in bacterial concentration to 
8.4 × 10 5  – 2.1 × 10 6    CFU NTHI at this time point. Compared with 
receipt of adjuvant alone, fewer NTHI were detected, which 
demonstrated that delivery of any of the three immunogens that 
target NTHI OMP P5 or Tfp induced an enhanced immune 
response. In contrast, at 3 days after direct challenge, an increase 
from 1,000   CFU to approximately 8 × 10 3  – 8 × 10 4    CFU NTHI 
was observed in MEFs collected from animals immunized with 
any of the three immunogens delivered with dmLT. Moreover, 
whereas approximately 10 6  to 10 7    CFU NTHI was detected in 
MEFs collected from animals immunized with only one of three 
immunogens or with dmLT alone between 7 and 14 days after 
challenge, significantly fewer NTHI (approximately 2- to 7-logs 

   Figure 2             Transcutaneous immunization (TCI) via a preventative regimen induced clearance of nontypeable  Haemophilus influenzae  (NTHI) from the 
nasopharynges (NP) of chinchillas. ( a ) Colonization kinetics that demonstrated that receipt of rsPilA    +    dmLT, LB1    +    dmLT, or chimV4     +    dmLT resulted 
in rapid clearance of NTHI from the NP relative to the cohorts administered rsPilA, LB1, chimV4, or dmLT alone.  * Statistically significant compared 
with receipt of respective immunogen-only cohort and dmLT-alone cohort ( P     <    0.05). CFU, colony-forming unit; dmLT, double mutant of  E. coli  heat-
labile enterotoxin; rsPilA, recombinant soluble PilA. ( b ) Percentage of colonized NP per cohort showing a reduction in colonization after receipt of 
LB1    +    dmLT, rsPilA    +    dmLT, or chimV4    +    dmLT compared with the cohorts administered rsPilA, LB1, chimV4, or dmLT alone.  

   Figure 3             Resolution of otitis media (OM) in directly challenged middle ears after immunization via a preventative regimen. ( a ) Immunization with 
rsPilA    +    dmLT, LB1    +    dmLT, or chimV4     +    dmLT induced clearance of nontypeable  Haemophilus influenzae  (NTHI) from middle ears of chinchillas 
compared with the cohorts that received rsPilA, LB1, or chimV4, or the cohort that was immunized with dmLT alone.  * Statistically significant compared 
with receipt of respective immunogen-only cohort or dmLT-alone cohort ( P     <    0.05). CFU, colony-forming unit; dmLT, double mutant of  E. coli  heat-labile 
enterotoxin; rsPilA, recombinant soluble PilA. ( b ) Reduction in the percentage of culture-positive middle ears per cohort after receipt of rsPilA    +    dmLT, 
LB1    +    dmLT, or chimV4    +    dmLT relative to the cohorts that received immunogen or dmLT alone.  
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less) were observed in MEFs collected from animals immunized 
with LB1, rsPilA, or chimV4 that had been admixed with dmLT 
( P     <    0.05). Notably, animals immunized with chimV4    +    dmLT 
resolved OM within 10 days after challenge. 

 In terms of the percentage of animals with culture-positive 
MEFs, similar to that observed in NP lavage fluids, the receipt 
of rsPilA, LB1, chimV4, or dmLT alone resulted in a minimum 
of 10 / 20 ears (50 % ) with culture-positive MEFs for the entire 
14-day study period in all four cohorts ( Figure 3b ). However, 
at 3 days after direct challenge of the middle ear, between 80 and 
90 %  of middle ears from animals immunized with any of the 
three immunogens plus dmLT had resolved OM. At 10 days after 
challenge, only 1 / 20 (5 % ) middle ears in each cohort adminis-
tered LB1 or rsPilA plus dmLT remained culture positive for 
NTHI, and those that received chimV4    +    dmLT had eliminated 
the bacterium from the middle ear. Therefore, these data dem-
onstrated that TCI with the NTHI OMP P5- and Tfp-directed 
candidates delivered with dmLT was efficacious and induced 
elimination of NTHI from the MEFs of challenged animals as 
well as rapid resolution of experimental OM.   

 TCI before NTHI challenge: analysis of antibody in serum 
 To begin to identify the mechanism(s) for the protection 
observed, we first examined the relative quantity of immuno-
gen-specific antibody produced systemically. TCI with any of 
the three immunogens alone induced a fourfold increase in the 
serum antibody geometric mean titer (GMT) of immunogen-
specific IgG and a two- to four-fold increase in specific IgA 
( Table 1 ) after receipt of all immunizing doses, compared with 
respective preimmune serum. Inclusion of dmLT in each for-
mulation significantly enhanced the resultant GMT ( P     <    0.05), 
as a 16- to 64-fold increase in immunogen-specific IgG and a 
8- to 16-fold increase in specific IgA was detected relative to 
preimmune serum. Based on the ability to eradicate NTHI from 
the NP or middle ear, achieving and maintaining a GMT value 
of at least 160 for immunogen-specific IgG was associated with 
most rapid clearance observed here.   

 Recognition of native proteins expressed by NTHI by 
antibody present within NP lavage fluids induced by a 
preventative immunization regimen 
 Whereas TCI with any of the three candidates induced the 
production of antibody in serum that recognized the immuno-
gen delivered when assayed by enzyme-linked immunosorbent 
assay, we wanted to determine if antibody produced mucosally, 
at the site of NTHI colonization, would bind to native structures 
expressed by viable NTHI, as these structural proteins would be 
the target for the antibodies during disease. By flow cytometry, 
3.5, 3.7, or 1.0 %  more live, unfixed NTHI were positively labeled 
by antibody in NP lavage fluids collected after TCI with LB1, 
rsPilA, or chimV4 alone, respectively, relative to receipt of dmLT 
alone ( Table 2 ). Incubation of NTHI with immune NP lavage 
fluids collected from animals immunized with LB1, rsPilA, 
or chimV4 plus dmLT, however, demonstrated an increase of 
12.6, 11.7, or 10.0 %  in positive labeling of NTHI, respectively, 
compared with dmLT alone. Relative to fluids collected from 

animals that received only immunogen, a 3.2- to 10-fold greater 
labeling of NTHI was achieved when NP lavage fluids from 
immune animals were assayed, which suggested a greater rela-
tive antibody titer and / or greater affinity of the antibody for its 
target was present within these mucosal secretions. Thus, TCI 
with the synthetic peptide or recombinant protein immuno-
gens plus dmLT induced the production of mucosal antibody 
that recognized native structures expressed by NTHI that likely 
contributed to the rapid bacterial clearance observed.   

 Resolution of established NTHI biomass in the middle ear via 
use of a therapeutic immunization regimen 
 To examine the therapeutic potential of TCI with the NTHI 
OMP P5- and Tfp-directed immunogens, we now first chal-
lenged chinchillas by direct inoculation of the middle ear with 
NTHI strain 86-028NP and allowed a robust biofilm to form in 
the middle ear space. Previous work has established that when 

  Table 2     Recognition of native proteins expressed by NTHI by 
antibody in NP lavage fluids as assessed by flow cytometry   

    Cohort  

  Percentage of labeled NTHI 
(relative to labeling by serum from 
animals that received dmLT) ( % )  

   LB1  3.5 

   LB1    +    dmLT  12.6 

      

   rsPilA  3.7 

   rsPilA    +    dmLT  11.7 

      

   chimV4  1.0 

   chimV4    +    dmLT  10.0 
   Abbreviations:   dmLT, double mutant of  E. coli  heat-labile enterotoxin; 
NP, naso pharynge; NTHI, nontypeable  Haemophilus infl uenzae ; 
rsPilA, recombinant soluble PilA.   

   Table 1     Geometric mean titers of immunogen-specific IgG 
and IgA in serum after TCI in a preventative immunization 
regimen   

      Immunogen-specifi c antibody in serum  

      IgG    IgA  

    Cohort    Pre    Immune    Pre    Immune  

   LB1  10  40  10  40 

   LB1    +    dmLT  10  320*  10  160* 

            

   rsPilA  10  40  10  40 

   rsPilA    +    dmLT  10  160*  10  80 

            

   chimV4  10  40  10  20 

   chimV4    +    dmLT  10  640*  10  160* 
   Abbreviations:   dmLT, double mutant of  E. coli  heat-labile enterotoxin; Ig, immuno-
globulin; rsPilA, recombinant soluble PilA; TCI, transcutaneous immunization.   
     * P     <    0.05 compared with respective immunogen-only titer.   
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using this protocol within 4 days after direct challenge, 83 – 100 %  
of all middle ears develop a biomass that occupies approximately 
75 – 100 %  of the middle ear space. Thus, after these biomasses 
were established, animals were immunized by TCI to deter-
mine if the resulting antibodies could resolve these structures. 
At 1 week after receipt of the second dose, each middle ear was 
blindly ranked based on a 0 to 4    +     scale of relative biomass, 
wherein a score of 0 indicated that no biomass was detected 
within the middle ear space and 4.0    +     designated that 75 – 100 %  
of the middle ear space was filled with biomass. The average 
biomass score for the cohort that received dmLT alone was 2.8, 
which indicated that approximately 50 – 75 %  of the middle ear 
space was filled with biomass ( Figure 4 ). In contrast, use of the 
therapeutic immunization regimen with LB1, rsPilA, or chimV4, 
alone or delivered with dmLT, resulted in a significantly reduced 
biomass ( P     <    0.05). The average biomass score after receipt of 
LB1 or rsPilA, alone or with dmLT, was between 0.9 and 1.2, 
and thus 75 %  of the biomass had resolved after TCI. Receipt 
of chimV4 alone or with dmLT resulted in greater reduction 
in the relative biomass scores to 0.6 and 0.3, respectively. Based 
on relative biomass score alone, the addition of dmLT did 
not appear to significantly influence the outcome achieved in 
immunized animals. Nonetheless, overall, therapeutic immuni-
zation with the OMP P5- and Tfp-targeted immunogens elicited 
an immune response that resulted in a significant reduction in 
biomass within the middle ear.   

 Induction of immunogen-specific IgG and IgA in serum and 
MEFs after immunization by a therapeutic regimen 
 After TCI as a therapeutic regimen, predominantly 
immunogen-specific IgG was detected in serum from animals 

that received LB1, rsPilA, or chimV4 admixed with dmLT, with 
GMT that was 4- to 16-times greater compared with that of 
animals administered respective immunogen alone ( Table 3 ). 
Within MEFs, again, IgG was the predominant antibody isotype 
observed, and inclusion of dmLT in each vaccine formulation 
resulted in a four- to eight-fold increase in specific antibody 
compared with cohorts administered immunogen alone. Similar 
to that observed after TCI via a preventative immunization regi-
men (shown in  Table 1 ), a GMT of  � 160 was associated with 
enhanced resolution of biomasses within the middle ears. No 
consistent trend was observed with regard to biomass resolution 
for immunogen-specific IgA in either serum or MEFs recovered 
from immune animals. Thus, TCI via a therapeutic immuni-
zation regimen induced the production of both systemic and 
mucosal antibody (primarily IgG), which likely contributed to 
the observed resolution of NTHI-induced biomass from the 
middle ear.   

 Resolution of MEFs after TCI via a therapeutic immunization 
regimen 
 As an additional and clinically relevant assessment for the reso-
lution of established NTHI-induced OM, each tympanic mem-
brane was observed to document signs of OM before killing. 
Specifically, video otoscopy and tympanometry were performed 
and relative signs of inflammation and presence of MEFs behind 
the tympanic membrane were scored 14 days after NTHI chal-
lenge. In the cohort that received dmLT alone, 100 %  (6 / 6) of 
ears were positive for the presence of MEFs ( Figure 5 ). Receipt 
of LB1 alone or when delivered with dmLT induced a 17 – 33 %  
reduction in the number of ears with signs of OM, respectively. 
Moreover, a 33 – 50 %  reduction in middle ears with signs of OM 
was achieved after immunization with rsPilA or with chimV4 
alone, respectively. It is noteworthy that immunization via a 
therapeutic regimen with rsPilA    +    dmLT resulted in 66 %  fewer 
ears with signs of OM, whereas no MEFs were observed behind 

  Figure 4             Mean nontypeable  Haemophilus influenzae  (NTHI) biomass 
scores for each bulla after transcutaneous immunization (TCI) following 
a therapeutic regimen, based on blinded evaluation and ranked on a 0 to 
4    +     scale of relative residual biomass.  * Statistically significant compared 
with receipt of dmLT alone ( P     <    0.05). Receipt of LB1, rsPilA, or chimV4, 
admixed with dmLT, resulted in significantly enhanced resolution of NTHI 
biofilms established within the middle ear space. dmLT, double mutant of 
 E. coli  heat-labile enterotoxin; rsPilA, recombinant soluble PilA.   

  Table 3     Geometric mean titers of immunogen-specific 
IgG and IgA in serum and MEF after TCI in a therapeutic 
immunization regimen   

      Immunogen-specifi c 
antibody in serum  

  Immunogen-specifi c 
antibody in MEF  

    Cohort    IgG    IgA    IgG    IgA  

   LB1  40  40  20  10 

   LB1    +    dmLT  160*  20  80  40 

            

   rsPilA  80  20  20  10 

   rsPilA    +    dmLT  320*  40  160*  20 

            

   chimV4  40  20  40  10 

   chimV4    +    dmLT  640*  160*  320*  20 
   Abbreviations:   dmLT, double mutant of  E. coli  heat-labile enterotoxin; 
Ig, immunoglobulin; MEF, middle ear fl uid; rsPilA, recombinant soluble PilA; 
TCI, transcutaneous immunization.* P     <    0.05 compared with respective 
immunogen-only titer.   
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the tympanic membranes of animals first challenged with NTHI 
and then immunized with chimV4    +    dmLT, each a statistically 
significant result compared with that obtained following immu-
nization with dmLT alone ( P     <    0.05). Unlike our observations 
for biomass reduction alone, wherein we were unable to detect 
the influence of dmLT, here our data showed a greater reduc-
tion in signs of OM after TCI with any of the three immuno-
gens admixed with dmLT, compared with immunogen alone. 
Therefore, TCI after direct challenge of the middle ear resulted 
in resolution of signs of ongoing NTHI-induced OM in addition 
to mediating a marked reduction in resident biomass within the 
middle ear.   

 Migration of DCs from the pinnae 
 Last, we examined the migration of DCs from the pinna after 
TCI to identify potential sites of immune induction after 
immunization by this route. To do so, the amine-reactive dye 
carboxyfluoroscein succinimidyl ester (CFSE) was applied 
to the pinnae along with each vaccine formulation to allow 
for discrimination among cells resident within lymphoid tissues 
and DCs that had migrated to these sites from the pinnae. 25,26  
We observed that within 1   h after TCI, only 13.6 %  of cells 
isolated from the nasal-associated lymphoid tissue (NALT) of 
animals immunized with adjuvant alone were CFSE     +     CD11c     +      
( Figure 6a ). In contrast, TCI with either rsPilA, LB1, or chimV4 
each delivered with dmLT resulted in a 2.5- to 5.4-fold relative 
increase (37.2, 34.4, and 72.9 % , respectively) in the percent-
age of CFSE     +      DCs detected within this lymphoid aggregate 
( Figure 6b – d ). CFSE     +     CD11c     +      DCs were also detected in the 
axillary and brachial lymph nodes, although only 1.1- to 2.0-
fold more CFSE     +      DCs were observed in lymph nodes after TCI 
with any immunogen vs. the adjuvant alone (data not shown). 

No difference in the percentage of CFSE     +     CD11c     +      DCs within 
the cervical or mediastinal lymph nodes or spleen of animals 
that received an immunogen and those immunized with dmLT 
alone was found at this time point. These data suggested that 
DCs within the pinnae sampled the NTHI adhesin-derived 
immunogens that had been applied to the surface of the 
pinnae and were induced to mature. DC maturation resulted in 
the preferential migration of these cells to primarily the NALT, 
and also the axillary and brachial lymph nodes. 

 Further analysis was performed to distinguish between the 
DC types that migrated to the lymphoid tissues. We specifically 
focused on discrimination between Langerhan ’ s cells vs. dermal 
DCs, the primary antigen-presenting cells found within the skin. 
A total of  ~ 69 %  of CFSE     +      cells within the NALT were positively 

  Figure 5             Percentage of middle ears with otitis media (OM) in each 
cohort after immunization via a therapeutic regimen, based on video 
otoscopy and tympanometry.  * Statistically significant compared 
with receipt of dmLT alone ( P     <    0.05). Resolution of signs of OM was 
enhanced after receipt of LB1, rsPilA, chimV4, or LB1    +    dmLT compared 
with receipt of dmLT alone. Furthermore, resolution of disease signs was 
significantly greater after receipt of rsPilA    +    dmLT or of chimV4    +    dmLT 
compared with administration of dmLT alone. dmLT, double mutant of 
 E. coli  heat-labile enterotoxin; rsPilA, recombinant soluble PilA.   

      Figure 6             Migration of dendritic cells (DCs) from the pinnae to the 
nontypeable  Haemophilus influenzae  (NALT) after transcutaneous 
immunization (TCI) and discrimination of cutaneous DC cell type. 
Presence of CD11c     +     CFSE     +      cells in the NALT after TCI with 
( a ) dmLT alone, ( b ) rsPilA    +    dmLT, ( c ) LB1    +    dmLT, or ( d ) chimV4    +    dmLT 
was detected by flow cytometry. Numbers in each box represent the 
percentage of CFSE     +      cells within each sample. ( e ) CFSE     +      cells were 
identified to be DC-SIGN     +      dermal DCs. ( f ) Bone marrow-derived DCs 
activated with chimV4    +    dmLT  ex vivo  and then injected subdermally 
into pinnae migrated to the NALT, whereas dmLT-activated DCs did 
not (inset). CFSE, carboxyfluoroscein succinimidyl ester; dmLT, double 
mutant of  E. coli  heat-labile enterotoxin; FSC, forward scatter; rsPilA, 
recombinant soluble PilA.  
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labeled with antibody directed against dendritic cell-specific 
intercellular adehsion molecule-3 grabbing integrin (DC-SIGN), 
specific for dermal DCs, 27  as opposed to 0.3 %  of cells that 
labeled positively for CD207, which is selectively expressed by 
Langerhan ’ s cells 28  ( Figure 6e ). Therefore, these data indicated 
that the primary antigen-presenting cells involved in induction 
of the immune responses observed herein were DCs. 

 To further confirm that the positive signal described above 
was because of the migration of DCs to lymphoid tissues and 
not because of diffusion of the dye alone through the lymphat-
ics to that site, we labeled bone marrow-derived DCs with 
CFSE, activated them with chimV4    +    dmLT or dmLT alone 
 in vitro , and then injected the DCs intradermally into the 
pinnae. After 1   h, a population of CFSE     +      cells was detected 
within the NALT after receipt of DCs activated with 
chimV4    +    dmLT ( Figure 6f ), but not when activated with dmLT 
alone ( Figure 6f , inset). Moreover, 4.3 %  of the cells isolated from 
the NALT were CFSE     +     , whereas  � 0.6 %  was observed within 
the cervical, axillary, and brachial lymph nodes and spleen 
(data not shown). Thus, the migration of DCs resident within 
the pinnae after TCI and those instilled into the pinnae after 
 in vitro  activation were similar, a result that suggested prefer-
ential homing to this local lymphoid aggregate as mediated via 
local cytokine / chemokine signals. Collectively, our tracking data 
demonstrated that immunogen-activated DCs within the pinnae 
migrated primarily to a proximal lymphoid aggregate, the NALT. 
Moreover, the cell type activated after TCI was the dermal DC, 
which likely had a critical role in the initiation of the protective 
immune response observed herein.    

 DISCUSSION 
 OM is a prevalent disease of children worldwide, and although 
commonly managed by prescription of antibiotics and surgical 
intervention where available, the incidence and cost attributed to 
this disease is substantial. 2  Moreover, the emergence of multiple 
antibiotic-resistant bacteria, including strains of NTHI, is a cause 
for concern. 29  Thus, immunization against OM has the potential 
to alleviate this socioeconomic burden by prevention or resolu-
tion of disease. At present, a licensed 10-valent pneumococcal 
capsular conjugate vaccine wherein NTHI protein D serves 
as a carrier molecule (Synflorix, GlaxoSmithKline, Rixensart, 
Belgium) has demonstrated 35.3 %  protective efficacy against 
NTHI-induced OM after parenteral immunization of children 
in a clinical trial in Slovakia and the Czech Republic. 30  Although 
shown as a secondary outcome measure, this trial nonetheless 
demonstrated, for the first time, that parenteral delivery of a 
NTHI-derived antigen could provide protection against OM 
due to NTHI. To increase the modest coverage observed against 
NTHI-induced OM, examination of additional NTHI-specific 
targets is needed. 

 We have focused our vaccine development efforts on two 
of multiple adhesins expressed by NTHI, OMP P5 and Tfp, 
and recently utilized an established chinchilla model of 
viral-bacterial superinfection shown to be predictive of 
the aforementioned clinical trial outcome. 7,31  Collectively, 
these preclinical data demonstrated that antibody induced by 

parenteral immunization with NTHI OMP P5- and Tfp-derived 
vaccine candidates (called LB1, rsPilA, and chimV4) provides 
significant protection against experimental NTHI-induced 
OM. 6  We now sought to expand our vaccine delivery routes 
to include noninvasive administration regimens. Currently, 
children in the United States receive up to 25 vaccines by injec-
tion during the first 2 years of life. 32  This can be cause for 
concern by parents who may ultimately delay or refuse immu-
nization of their child. Also, although not of considerable con-
cern in developed countries, the reuse of needles in developing 
countries poses serious risk for transmission of blood-borne 
diseases. 33,34  Thus, although vaccination by injection is proven 
to be extremely effective as a preventative intervention, deve-
lopment of alternative delivery strategies for current or future 
formulations could potentially serve as equally effective means 
to induce protective immunity while simultaneously addressing 
bottlenecks associated with injectable vaccines. 

 TCI is a simple and noninvasive method for vaccine admin-
istration. In addition to the ease of delivery, both systemic 
and mucosal immunity is induced by this regimen. OM is a 
disease of the uppermost respiratory tract mucosa, and thus 
the potential to initiate mucosal immunity, particularly in the 
nasopharynx where NTHI normally reside, holds promise to 
limit or prevent its onset. We focused on the chinchilla pinnae 
as an easily accessible site for administration that did not require 
manipulation, such as shaving, before delivery. Moreover, as 
there is greater appreciation for compartmentalization within 
the mucosal immune system because of homing of immune cells 
that results in the most powerful response induced at the site 
proximal to delivery, 35,36  we wanted to favor development of 
an immune response in proximity to the NP and middle ear. 
This premise is supported by work in a murine host, where after 
TCI, the greatest cytotoxic lymphocyte activity was detected by 
cells isolated from lymphoid tissues in close proximity to site of 
administration whereas less activity was observed by cells from 
distal tissues. 11  

 A proof-of-concept study demonstrated that TCI induced an 
immunogen-specific immune response in the chinchilla host, 
and that bilateral (both pinnae) administration induced more 
robust immunity compared with unilateral delivery (one pinna; 
data not shown). Furthermore, upon challenge with NTHI, 
we observed clearance of NTHI from the NP and middle ear. 
Herein, we expanded upon that preliminary study to exam-
ine the protection afforded by TCI with the OMP P5-derived 
candidate LB1, the Tfp-directed candidate rsPilA, and the 
chimeric OMP P5- plus Tfp-directed immunogen chimV4 when 
delivered with dmLT, a potent adjuvant. 

 Our current data demonstrated that TCI before NTHI chal-
lenge with any of the three immunogens induced the produc-
tion of both immunogen-specific IgA and IgG and although 
clearance of NTHI was associated with the production of both 
antibody isotypes, a greater relative quantity of IgG was con-
sistently observed. NTHI possess the  iga  gene that encodes an 
IgA1 protease, and up to a third of strains have an additional 
gene ( igaB ) that encodes a second IgA protease. 37,38  Whereas 
IgA is the conventional antibody isotype detected at mucosal 
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surfaces, mucosal IgG, either produced locally or present via 
transudation from serum, is also known to contribute to pro-
tection against mucosal infection. 35  We observed a correlation 
between antibody GMT of  � 160 and enhanced resolution of 
disease after TCI via use of a preventative or therapeutic regi-
men. Protection against NTHI-induced OM is primarily anti-
body mediated, although the contribution of T-cell-mediated 
mechanism cannot be ruled out, as it is required for clearance 
of NTHI from the rat lung. 39  The data presented herein dem-
onstrated that TCI induced the production of antibodies that 
targeted adhesins expressed by NTHI and, as such, was likely 
the primary mechanism for eradication of the bacterium from 
the nasopharynx and middle ear. 

 TCI before bacterial challenge with rsPilA, LB1, or chimV4 
delivered with dmLT resulted in a rapid reduction in the bacte-
rial load of NTHI within the NP of immune chinchillas, in addi-
tion to a reduction in the percentage of culture-positive animals 
per cohort, compared with receipt of immunogen or adjuvant 
alone. Within middle ears, whereas an increase in bacterial con-
centration is typically observed after direct challenge because 
of initial bacterial replication, 24  only a modest initial increase 
in CFU NTHI was observed in cohorts that received any of 
the three immunogens plus dmLT and was followed by a rapid 
elimination of bacteria from the middle ear. These data clearly 
demonstrated that TCI with OMP P5 or Tfp-targeted immu-
nogens with dmLT induced an efficacious immune response. 
Among these three cohorts, differences were observed specific 
to the time to clear NTHI from the NP and middle ear after 
challenge. It is known that OMP P5 is constitutively expressed 
and is important for enabling NTHI to establish colonization 
in the NP. 40  NTHI Tfp are temporally expressed and necessary 
for NTHI to maintain long-term colonization at this site. 22  
Moreover, these adhesins are utilized for both adherence and 
biofilm formation within the middle ear. Thus, the presence of 
antibody specific to each adhesin, or both adhesins, likely served 
to prevent NTHI adherence, which facilitated elimination of 
NTHI from the NP and middle ear upon challenge. 

 OM can be a chronic and / or recurrent disease, a consequence 
of biofilms established by NTHI within the middle ear. Based on 
the efficacy afforded by immunization with the OMP P5- and 
Tfp-targeted immunogens before bacterial challenge, we won-
dered whether TCI after NTHI challenge might also effectively 
resolve OM by eradicating an already established NTHI biofilm 
from the middle ear. Immunization via a therapeutic regimen 
resulted in a reduction in the signs of OM based on a clinically 
relevant scoring system, in addition to overall resolution of an 
established NTHI biomass in the middle ear as determined by 
blinded gross examination of the middle ear space. Whereas a 
significant reduction in biomass was grossly observed for all 
immune animals compared with those that received dmLT 
alone, only cohorts that received rsPilA or chimV4 admixed 
with dmLT demonstrated a significant reduction in signs of 
disease as determined by video otoscopy and tympanometry. 
The two techniques, one of gross examination and the other 
of observation for signs of disease, do not discredit each other. 
Rather, they indicated that whereas TCI via a therapeutic route 

resulted in reduction of middle ear biomass, MEFs had yet to 
drain through the Eustachian tube or be absorbed by the middle 
ear mucosa in all animals, although overall signs of OM were 
reduced. Therapeutic vaccines for control of other viral or bacte-
rial infections have been examined in experimental and clinical 
trials with promising results, 41 – 43  and currently in use is a thera-
peutic canine melanoma vaccine to combat oral melanoma. 44  
Thus, the strategy to resolve active disease by therapeutic 
vaccination is promising. 

 An additional observation from each study presented herein 
was the enhanced immune response and resultant bacterial 
clearance by formulation of each immunogen with dmLT, com-
pared with administration of immunogen alone. Derivatives of 
cholera toxin and  E. coli  heat-labile enterotoxin have shown 
utility as adjuvants for mucosal and cutaneous immunization 
regimens, wherein the toxicity associated with mucosal applica-
tion of each holotoxin is not observed. 45  Specific to dmLT, the 
engineered amino-acid substitutions at position 192 inactivates 
a trypsin cleavage site and at position 211 modifies a potential 
pepsin cleavage site. 16  The resultant molecule is insensitive to 
proteolysis by either enzyme, as by design. Furthermore, no 
toxicity is observed in a patent mouse enterotoxicity model. 16  
Although the exact mechanism is undefined, it is believed that 
adjuvant activity is an overall outcome of the activation of vari-
ous cell types, including DCs. 46,47  

 We also examined the role of cutaneous DCs in the observed 
rapid and protective immune response. Our data demonstrated 
that TCI with the OMP P5- and Tfp-targeted immunogens 
delivered with dmLT induced the maturation and subsequent 
migration of DCs resident within the pinnae, a response not 
observed after application of dmLT alone. As a complimentary 
approach, DCs activated  ex vivo  and then injected subdermally 
into the pinnae exhibited similar maturation and migration 
characteristics as  in vivo -activated DCs. By each approach, 
immunogen-activated DCs migrated primarily to the NALT, 
an immune inductive site, 48  likely because of local cytokine /
 chemokine signaling. Migratory cells within the NALT were 
identified to be predominantly dermal DCs, not Langerhan ’ s 
cells, based on the expression of DC-SIGN vs. CD207. Although 
not completely defined, it is proposed that Langerhan ’ s cells 
are responsible for tolerogenic immunity, i.e., to self-antigens, 
whereas dermal DCs are involved in development of protective 
immunity. 49  Moreover, compared with Langerhan ’ s cells, dermal 
DCs exhibit faster migration and populate lymph nodes in areas 
closer to B-cell follicles, 50  facilitating antigen presentation to B 
cells and initiation of immune responses. Therefore, TCI served 
to engage dermal DCs within the chinchilla pinnae that facili-
tated the development of a local and systemic immune response. 
We continue to examine the contribution of additional innate 
immune effector to the rapid resolution observed herein. 

 As we continue to develop TCI as a delivery method, it is 
important to consider the practical application of this method 
to humans, particularly to very young children. To promote 
deve lopment of a mucosal immune response in the uppermost 
airway of a child, it is rational to propose vaccine application to 
skin behind the ear or back of the neck. There is evidence that 
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the Waldeyer ’ s tonsillar ring in the neck and pharynx functions 
similar to the rodent NALT, and thus the potential exists to 
induce an immune response within lymphoid tissues proxi-
mal to the human nasopharynx and middle ear, as desired. 
Furthermore, to facilitate widespread application, the TCI 
method must be simple and inexpensive, preferably device-
less, and yet be able to efficiently deliver the formulation to 
the dermal DCs through the  stratum corneum . Whereas there 
are multiple strategies in development to breach this protective 
barrier, 51  we suggest that direct application of a gel or cream 
on to the skin also has the potential to hydrate the stratum 
corneum, restrict diffusion of the antigen, and promote 
long-term sampling by DCs. 

 In summary, TCI served to engage dermal DCs within 
the chinchilla pinnae that resulted in the development of a 
local mucosal, in addition to systemic, immune response. 
Administration of the NTHI OMP P5- and Tfp-directed immu-
nogens admixed with dmLT was efficacious to both prevent 
experimental NTHI-induced OM and to resolve active OM. 
These data therefore demonstrated that TCI is an effective way 
to immunize against experimental NTHI-induced OM and has 
potential application to prevent other diseases of the respira-
tory tract due to NTHI. Moreover, the reduced costs associated 
with noninvasive routes of immunization such as TCI hold great 
promise in terms of expanding the use of vaccines to prevent 
OM beyond the boundaries of developed countries.   

 METHODS 
  Animals 
 To examine the efficacy of TCI utilized as a preventative immunization 
strategy, 70 adult chinchillas ( Chinchilla lanigera;  Rauscher ’ s Chinchilla 
Ranch, LaRue, OH; mean mass 662 ± 15   g) with no evidence of middle 
ear disease as determined by video otoscopy (MedRx, Largo, FL) and 
tympanometry (EarScan, Murphy, NC) were enrolled and divided into 
7 cohorts of 10 animals each. To test TCI as a therapeutic immunization 
strategy, 21 adult chinchillas (625 ± 23   g) were enrolled and divided into 
7 cohorts of 3 animals each. Animal care and all procedures were per-
formed in concordance with institutional and federal guidelines, and 
were conducted under an approved protocol.   

 Immunogens and adjuvant 
 NTHI OMP P5 was observed expressed by 100 %  of a panel of middle 
ear and nasopharyngeal NTHI isolates collected from children with 
chronic OM. 52  Multiple algorithmic analyses of the deduced amino-acid 
sequence of OMP P5 predict four surface-exposed regions within the 
N-terminus of this adhesin, 53,54  and within the third surface-exposed 
region is a 19-mer B-cell epitope that is incorporated into LB1. 55  Among 
NTHI strains tested, there is limited amino-acid sequence diversity 
within this moiety that allows for segregation of isolates into three groups, 
76 %  of which cluster into one majority group. The immunogen LB1 is a 
40-mer synthetic chimeric peptide comprising the aforementioned 
19-mer B-cell epitope from OMP P5 that is colinearly synthesized with 
a T-cell promiscuous epitope from measles virus fusion protein, incor-
porated to be broadly permissive in binding to major histocompatibility 
complex class II molecules. 

 PilA, the majority subunit of NTHI Tfp, has minimal deduced amino-
acid sequence diversity. Among a panel of 23 isolates tested, the prod-
uct of the  pilA  gene exhibits  � 81 %  sequence identity to that of NTHI 
strain 86-028NP. 56  Recombinant, soluble PilA (rsPilA) is a 122 amino-
acid recombinant protein that represents a mature, N-terminally trun-
cated PilA subunit of the NTHI Tfp. 6,22,56  ChimV4 is a novel, chimeric 

immunogen wherein modified rsPilA serves as an immunogenic 
carrier for a slightly larger (24 amino acids) variant of the OMP P5 B-cell 
epitope described within the immunogen LB1. 6  A double mutant form of 
 E. coli  heat-labile enterotoxin, called LT(R192G-L211A) and abbreviated 
dmLT, wherein glycine is substituted for arginine at position 192 and 
alanine is substituted for lysine at position 211, served as the adjuvant. 16  
The amino-acid substitutions render dmLT nontoxic while maintaining 
its adjuvant properties.   
 NTHI strain 
 NTHI strain 86-028NP was isolated from the nasopharynx of a child 
undergoing tympanostomy and tube insertion for chronic OM at 
Nationwide Children ’ s Hospital, Columbus, OH. This strain has been 
characterized and extensively used in chinchilla models of OM and a rat 
model of pulmonary clearance. 7,24,31,57    

 Immunization via a preventative regimen and NTHI challenge 
 TCI via a preventative immunization regimen was performed as follows: 
both pinnae of each alert animal were hydrated for 5   min by placement 
of gauze soaked in sterile, pyrogen-free 0.9 %  sodium chloride (Hospira, 
Lake Forest, IL) on the inner surface before vaccination. The inner 
surface of each pinna was then blotted with dry gauze and 50    � l of 
each vaccine formulation was applied using a pipet. The pinnae were 
then folded in half and opposing surfaces gently rubbed together. 
Formulations consisted of 10    � g LB1, rsPilA, or chimV4 delivered 
alone or admixed with 10    � g LT(R192G-L211A), also called  “ dmLT, ”  
or 10    � g dmLT alone. Two doses were delivered at weekly intervals. 
NTHI challenge was performed as previously described. 24  Briefly, at 
1 week after receipt of the second immunizing dose, all chinchillas 
were challenged intra nasally with 10 8    CFU NTHI strain 86-028NP 
delivered in 0.2   ml pyrogen-free saline divided equally between the 
nares, as well as transbullarly with 1,000   CFU NTHI delivered in 0.3   ml 
sterile pyrogen-free saline per bulla. Challenge doses were confirmed 
by plate count.   

 NTHI challenge and immunization via a therapeutic strategy 
 TCI following a therapeutic regimen involved challenge of all chinchillas 
exclusively transbullarly with 1,000   CFU NTHI strain 86-028NP before 
immunization. At 4 days after NTHI challenge, animals were immunized 
by TCI as described above. Formulations consisted of 10    � g LB1, rsPilA, 
or chimV4 delivered alone or admixed with 10    � g dmLT or 10    � g dmLT 
alone and were delivered twice at weekly intervals. At 1 week after receipt 
of the second immunizing dose, all animals were killed.   

 Histology of chinchilla pinnae 
 Pinnae were collected and trimmed to the central 2.5   mm 2  portion. The 
pinna was then cut into four strips of equal size and fixed in 2 %  w / v 
paraformaldehyde in 0.1    m  phosphate buffer, pH 7.4, for 24   h. Strips were 
processed for routine histology and embedded in paraffin. Serial sections 
(5    � m) were cut and tissue stained with hematoxylin and eosin.   

 Collection of blood and mucosal secretions 
 Blood for serum was collected via cardiac puncture before immunization 
(pre) and 1 week after receipt of the second immunizing dose (immune) 
for all animals immunized via a preventative regimen. Animals immu-
nized via a therapeutic regimen were bled before NTHI challenge and 
at study end. 

 NP lavages were performed on animals immunized via a preventative 
regimen before immunization, 1 week after receipt of the final dose, and 
on days 3, 7, 10, and 14 after bacterial challenge by passive inhalation of 
500    � l sterile pyrogen-free saline as previously described. 24  

 Video otoscopy (using a 0 ° , 3-inch probe connected to a digital camera 
system) to monitor signs of tympanic membrane inflammation and / or 
presence of fluid within the middle ear space was performed and overall 
signs of OM were rated on a scale of 0 to 4    +     as previously described. 7,24,31  
Middle ears with a score of  � 2.0 were always considered positive for OM 
as MEF is visible behind the tympanic membrane. Each middle ear was 
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considered independent, and for each cohort, the percentage of middle 
ears with OM was calculated. 

 Epitympanic taps to retrieve middle ear effusions were performed on 
any chinchilla whose tympanic membrane was rated as  � 2.5 on a scale 
of 0 to     +    4.0. Epitympanic taps were not performed on ears ranked 2.0, 
due potential for perforation of the tympanic membrane to retrieve the 
low volume of MEF. NP lavage and MEFs were serially diluted and plated 
onto chocolate agar supplemented with 15    � g ampicillin per ml medium 
or chocolate agar, respectively, to semiquantitate CFU NTHI per ml fluid 
type. The mean CFU NTHI per ml fluid was reported for each cohort.   

 Evaluation of middle ear biomass 
 Upon killing of animals immunized after NTHI challenge, the inferior 
bullae from each animal were dissected, opened to reveal the middle 
ear space, and washed with 1   ml sterile, pyrogen-free saline to remove 
residual MEF and loosely adherent biomass. The bullae and remaining 
adherent biomass were then imaged with a digital camera. The images 
from the left and right bulla were scrambled and scored by nine blinded 
observers who ranked the relative residual biomass on a 0 to 4    +     scale, 
wherein 0    =    no biomass; 1    =     biomass fills     <    25 %  of middle ear space; 
2    =    biomass fills 25 – 50 %  of middle ear space; 3    =    biomass fills 50 – 75 %  of 
middle ear space; and 4    =    biomass fill 75 – 100 %  of middle ear space. The 
mean biomass score for each bulla was reported.   

 Enzyme-linked immunosorbent assay 
 Enzyme-linked immunosorbent assay was performed on serum to detect 
immunogen-specific IgG and IgA in immune serum and MEFs. Samples 
were incubated in LB1-, rsPilA-, or chimV4-coated wells (0.2    � g protein 
per well) for 3   h at 25    ° C and antibody was detected with horseradish 
peroxidase-conjugated goat anti-rat IgG or IgA (Bethyl Laboratories, 
Montgomery, TX). Color was developed with 3,3 � ,5,5 � -tetramethyl-
benzidine (Pierce Biotechnology, Rockford, IL). Reciprocal titers were 
defined as the dilution that yielded an OD 450   nm  value of 0.1 above control 
wells that were incubated without sample fluids. Assays were performed a 
minimum of three times and reciprocal titers reported as the GMT.   

 Flow cytometry to detect recognition of native proteins on 
NTHI 
 To detect the recognition of native OMP P5 and Tfp as expressed on 
the surface of NTHI by antibodies in NP lavage fluids, flow cytometric 
analysis was performed. NTHI strain 86-028NP was cultured overnight 
on chocolate agar, and then suspended in brain heart infusion broth 
supplemented with 2    � g each of  � -NAD and heme (Sigma Aldrich, 
St Louis, MO). The optical density was adjusted to 0.6 at 490   nm, further 
diluted 1:6 in fresh supplemented brain heart infusion broth, and the 
culture incubated static for 3   h at 37    ° C, previously shown to be time of 
maximal  pil  promoter activity. 56  NTHI were then incubated with a 1:10 
dilution of pooled clarified NP lavage fluids for 1   h at 37    ° C on a rotational 
rocker. Chinchilla immunoglobulins were detected with Protein A conju-
gated to fluorescein isothiocyanate (Zymed, South San Francisco, CA). A 
total of 20,000 events were collected per sample using a FACSCalibur flow 
cytometer (Becton Dickinson, Franklin Lakes, NJ) and data analyzed 
with FlowJo software (Tree Star, Ashland, OR). Assays were performed 
a minimum of three times.   

  In vivo  migration of DCs from the pinnae 
 To track the migration of chinchilla DCs from the pinnae to lymphoid tis-
sues, we applied the amine-reactive vital dye, CFSE (Invitrogen, Carlsbad, 
CA) with LB1    +    dmLT, rsPilA    +    dmLT, chimV4    +    dmLT, or dmLT alone 
to passively label cells that sampled the vaccine formulations after deliv-
ery. 25,26  To confirm a minimal contribution of nonspecific activation of 
DCs by the dye itself, CFSE alone was also applied. At 1   h after TCI with 
vaccine formulations and CFSE, animals were killed and the cervical, 
brachial, axillary, and mediastinal lymph nodes were removed in addition 
to the spleen. The NALT was also removed. Tissues were crushed into 
Dulbecco ’ s phosphate-buffered saline without calcium or magnesium 
(Mediatech, Manassas, VA) and cells passed through a 40    � m cell strainer. 

The spleen was also crushed, strained, and the cells centrifuged with 
Ficoll-Paque. DCs were labeled with mouse anti-rat CD11c-Alexa fluor 
647 (AbD Serotec, Raleigh, NC) and CD11c     +      CFSE     +      cells were detected 
by flow cytometry. A total of 10,000 events were collected. 

 To discriminate between Langerhan ’ s cells and dermal DCs, 10 6  cells 
from each lymphoid tissue cell suspension were incubated with mouse 
anti-human DC-SIGN-APC, and then permeabilized and incubated 
with mouse anti-human CD207-PE (R & D Systems, Minneapolis, MN) 
or appropriate isotype control antibody and assayed via flow cytometry. A 
total of 10,000 events were collected. Assays were performed a minimum 
of three times and representative scatter plot shown. 

 To confirm that the CFSE     +      signal detected within the NALT was spe-
cifically because of the migration of DCs from the pinnae and not because 
of diffusion of the dye within the lymphatics, we investigated whether 
 in vitro -activated, bone marrow-derived DCs would similarly follow 
homing signals to the NALT when applied to the pinnae. Thus, chinchilla 
bone marrow cells were harvested and cultured in the presence of 40   ng 
each of human recombinant granulocyte-macrophage colony-stimulating 
factor and interleukin-4 (R & D Systems) per ml to induce differentiation 
of precursor cells as previously described. 26  After 6 days, the immature 
DCs were labeled with 10    �  m  CFSE before incubation for 30   min with 
either 10    � g chimV4 plus 10    � g dmLT or 10    � g dmLT alone. The treated 
DCs were washed to remove unbound immunogen, adjusted to 10 6  cells 
per 100    � l, and injected intradermally to alert chinchillas in a volume 
of 50    � l per pinna. The animals were killed 1   h later, and the lymphoid 
tissues were processed as described above. CFSE     +      cells were detected by 
flow cytometry. A total of 10,000 viable events were collected for each of 
three independent assays and representative plots are shown.   

 Statistics 
 Statistical differences between antibody titers, bacterial counts in NP 
lavage fluids, and MEFs were determined using Kruskal – Wallis one-
way analysis of variance on ranks and Dunn ’ s method for multiple com-
parisons. A  P -value of  � 0.05 was considered significant. Significant 
differences in relative biomass among cohorts and percentage of middle 
ears with OM were assessed by a repeated measures analysis of vari-
ance and Bonferroni ’ s multiple comparison test. A  P -value of  � 0.05 was 
considered significant.      
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a  b  s  t  r  a  c t

Transcutaneous  immunization  (TCI)  is a simple  and  needle-free  method  with  which  to  induce  protective
immune  responses.  Using  a  chinchilla  model  of  nontypeable  Haemophilus  influenzae  (NTHI)-induced  otitis
media  (OM),  we  examined  the  efficacy  afforded  by TCI  with  a novel  chimeric  immunogen  called  ‘chimV4’
which  targets  two  critical  adhesins  expressed  by NTHI,  outer  membrane  protein  P5 and  the majority
subunit  of  NTHI  Type  IV  pilus,  PilA.  Experimental  OM  was  first established  in cohorts  of  animals,  and
then  TCI  performed  via  a therapeutic  immunization  regime  by  rubbing  vaccine  formulations  on  hydrated
pinnae.  The  kinetics  of  resolution  of  established  experimental  disease  was  evaluated  by clinically-relevant
assessments  of OM,  bacterial  culture  of  planktonic  and  adherent  NTHI  within  the  middle  ear  and  gross
examination  of  the  relative  amount  of  NTHI  mucosal  biofilms  within  the  middle  ear space.  Within  seven
days  after  primary  TCI,  a significant  reduction  in  the signs  of  OM,  significantly  fewer  NTHI  adherent  to  the
middle  ear mucosa  and  significant  resolution  of  mucosal  biofilms  was  detected  in  animals  that  received
chimV4+  the  adjuvant  LT(R192G-L211A),  compared  to animals  administered  LT(R192G-L211A)  alone  or

saline  by  TCI (p  <  0.05)  with  eradication  of  NTHI  within  an  additional  seven  days.  The mechanism  for
rapid  disease  resolution  involved  efflux  of activated  dermal  dendritic  cells  from  the  pinnae  after  TCI,
secretion  of  factors  chemotactic  for CD4+ T-cells,  induction  of  polyfunctional  IFN�-  and  IL-17-producing
CD4+ T-cells  and  secretion  of  host  defense  peptide  within  the  middle  ear.  These  data  support  TCI  as  a
therapeutic  intervention  against  experimental  NTHI-induced  OM  and  begin  to elucidate  the  host  response
to  immunization  by  this  noninvasive  regimen.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Otitis media (OM) is a common disease of childhood. It is esti-
ated that 709 million cases of acute OM and 65–330 million

pisodes of chronic secretory OM occur each year worldwide,
ith the greatest burden of disease experienced by children

4 years of age [1,2]. While mortality due to OM is not com-
on in developed countries, the morbidity associated with OM

s significant for all children. One complication of OM is hearing

oss, an outcome that is associated with developmental delays in
ehavior, language, and education of this very young population
3–6]. Moreover, chronic OM is difficult to resolve, and may  require

∗ Corresponding author at: Center for Microbial Pathogenesis, The Research Insti-
ute at Nationwide Children’s Hospital, 700 Children’s Drive, W591, Columbus, OH
3205, United States. Tel.: +1 614 722 2915; fax: +1 614 722 2818.

E-mail  address: Lauren.Bakaletz@NationwideChildrens.org (L.O. Bakaletz).

264-410X/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.vaccine.2012.10.033
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prolonged treatment with an antimicrobial, which is of concern
due to the emergence of multiple antibiotic-resistant bacteria
in all three genera most predominant in OM [7,8]. Thus, devel-
opment of means to prevent or treat OM is of tremendous
importance.

One  of the primary bacterial agents that cause OM,  and mul-
tiple diseases of the respiratory tract, is nontypeable Haemophilus
influenzae (NTHI). This organism possesses numerous determinants
that facilitate its persistence as a commensal inhabitant of the
human nasopharynx, and under appropriate conditions these and
other factors may  be utilized to establish and exacerbate disease in
other anatomical sites, such as the lung during episodes of bronchi-
tis and chronic obstructive pulmonary disease, and the middle ear
during OM.  Our laboratory has focused many of its vaccine develop-

ment efforts on two adhesins expressed by NTHI, outer membrane
protein P5 (OMP P5) and the Type IV pilus (Tfp), proteins known
to be critical for NTHI adherence to respiratory epithelial cells and
for the establishment of biofilms [9–12]. We have designed two

dx.doi.org/10.1016/j.vaccine.2012.10.033
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:Lauren.Bakaletz@NationwideChildrens.org
dx.doi.org/10.1016/j.vaccine.2012.10.033
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mmunogens which target each protein individually [13,14], and
ore recently, a single novel chimeric immunogen which targets

oth adhesins. This latter immunogen, called ‘chimV4’, is com-
rised of a truncated variant of mature PilA (the majority subunit
f NTHI Tfp), which serves as immunogen and carrier for a 24-
er immunodominant and protective epitope derived from the
-terminal half of OMP  P5 [13,15–17]. Antibody directed against

his 18 kDa recombinant chimeric protein demonstrates significant
rotective efficacy against NTHI-induced OM in a chinchilla model
f viral-bacterial synergy [13]. Moreover, when administered via
ranscutaneous immunization (TCI), chimV4 admixed with the
djuvant LT(R192G-L211A), a double mutant of Escherichia coli
eat-labile enterotoxin (abbreviated ‘dmLT’) [18,19], exhibits sig-
ificant efficacy when utilized in preventative and therapeutic

mmunization regimes in experimental models of NTHI-induced
M [20].

TCI  offers multiple advantages as an immunization strategy; it
s noninvasive which may  aid in patient acceptance and compli-
nce; there are reduced costs associated with vaccine production
nd administration by this regimen as delivery devices may  be sim-
lified or eliminated, trained medical personnel are not required
nd the potential for dose-sparing could allow for wider vaccine
istribution beyond developed countries [21–23]. TCI is known
o induce both systemic and mucosal immune responses [24–26],
n important feature as the mucosae represent a critical phys-
cal defensive barrier that can also respond immunologically to
nsult [27]. In both animals and humans, TCI with bacterial or
iral proteins, toxoids, peptide antigens and nanoparticles is shown
o induce the production of antigen-specific antibody and func-
ional T-cell responses [28–31]. In animal models, protection is
oted against subsequent bacterial or toxin challenge [32–35].
linical trials have also demonstrated the production of antigen-
pecific antibody and activated effector T-cells after administration
f bacterial toxins, inactivated or live viruses; and although effi-
acy against subsequent challenge varies among these published
eports, safety profiles indicate this route of immunization is well-
olerated [36–40]. Therefore, TCI exhibits potential as an efficacious
nd simple method to induce protective immune responses and
herefore limit disease.

TCI  engages the numerous antigen presenting cells resident
ithin the dermis and epidermis of the skin, the dermal dendritic

ells (DCs) and Langerhans cells, respectively [22,25]. Whereas
ach cell type is capable of antigen uptake and presentation, it is
roposed that Langerhans cells are primarily retained within the
pidermis and are responsible for tolerogenic immunity to self-
ntigens and environmental stimuli, whereas dermal DCs exhibit
reater migratory function and ability to stimulate T-cells to induce
rotective immunity [41–43]. Moreover, TCI can facilitate robust

mmune responses in close proximity to the site of administra-
ion, facilitated by homing of activated immune cells to nearby
ymphoid tissues [44–46]. Previous work by our laboratory exam-
ned the migration of cutaneous DCs after application of NTHI OMP
5- and Tfp-targeted immunogens admixed with dmLT onto intact
hinchilla pinnae (the outer, visible part of the ear). Within one
our, pinnae-derived dermal DCs that had taken up vaccine anti-
ens were detected within the nasal-associated lymphoid tissue
NALT), a notable observation as this lymphoid aggregate is sit-
ated in close proximity to the middle ear [20,47]. We  further
how that TCI with chimV4+ dmLT promotes resolution of ongoing
THI-induced OM within 14 days after primary immunization, as
emonstrated by both a clinically-relevant tympanometric assess-
ent and visualization of limited to no residual mucosal biofilms

ithin the middle ear space [20]. As mucosal biofilms within the
iddle ear are a serious complicating factor which facilitates the

hronicity and recalcitrance of OM [48,49], the ability to adminis-
er NTHI adhesin-targeted immunogens in a regime that promotes
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local  and robust immune responses has great potential to reduce
the burden of this prevalent disease.

Herein, we begin to explore the mechanisms for the observed
rapid resolution of established NTHI-induced OM after TCI with
chimV4+ dmLT in a chinchilla model. The kinetics of disease resolu-
tion was assessed over a period of 14 days via multiple parameters.
Video otoscopy and tympanometry were performed as clinically-
relevant evaluations of the incidence and severity of OM in addition
to examination of mucosal biofilms within the middle ear to rank
disease severity grossly. Culture of NTHI from middle ear fluids
and mucosal biofilms provided an assessment of the bacterial load
within both the planktonic and adherent populations, respectively,
over time. The quantity of immunogen-specific antibody in middle
ear fluids was determined to identify the point at which an adap-
tive immune response contributed to disease resolution. Moreover,
as it became apparent that innate immune elements within the
middle ear mucosa played a role early in this disease resolution
process, the relative amount of the host defense molecule chinchilla
�-defensin-1 (cBD-1, an orthologue of human �-defensin 3), was
examined. Lastly, the functional activation of dermal DCs induced
by TCI of chinchilla pinnae and the phenotype of the resultant CD4+

T-cell response was analyzed. Collectively, these data supported a
proposed model wherein TCI with a chimeric immunogen directed
against two  critical NTHI adhesins and delivered with a potent
adjuvant stimulated the activation and migration of dermal DCs
to the NALT, the expansion and differentiation of CD4+ T-cells to
a polyfunctional phenotype and subsequent production of specific
antibody to facilitate the eradication of NTHI from the middle ear
and resolution of both established mucosal biofilms resident within
the middle ear and active disease.

2. Materials and methods

2.1.  Animals

Sixty-one adult chinchillas (Chinchilla lanigera; Rauscher’s Chin-
chilla Ranch, LaRue, Ohio; mean mass 550 ± 12 g) with no evidence
of middle ear disease as determined by video otoscopy (MedRx,
Largo, FL) and tympanometry (EarScan, Murphy, NC) were enrolled
and divided into 3 cohorts of 20–21 chinchillas each. Animal care
and all procedures were performed in concordance with insti-
tutional and federal guidelines, and were conducted under an
approved protocol.

2.2.  Immunogen and adjuvant

chimV4  is a novel, chimeric immunogen wherein a modified
and N-terminally truncated form of PilA, the majority subunit of
NTHI Tfp, serves as an immunogenic carrier for 24 amino acids
of a B-cell epitope from surface-exposed region 3 of NTHI OMP
P5 [13]. A double mutant form of E. coli heat-labile enterotoxin,
called LT(R192G-L211A) and abbreviated ‘dmLT’, wherein glycine
is substituted for arginine at position 192 and alanine is substituted
for lysine at position 211, served as the adjuvant. The amino acid
substitutions render dmLT nontoxic while maintaining adjuvant
properties [18,19,50].

2.3.  Bacterial strain

NTHI  strain 86-028NP was isolated from the nasopharynx of a
child undergoing tympanostomy and tube insertion for chronic OM

at Nationwide Children’s Hospital, Columbus, OH. This strain has
been characterized and extensively used in chinchilla models of
OM,  a rat model of pulmonary clearance and a murine model of
OM [51–58].
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.4. NTHI challenge and transcutaneous immunization regimen

Chinchillas were challenged with NTHI exclusively transbullarly
ith 1000 CFU NTHI strain 86-028NP delivered in 0.3 ml  sterile,
yrogen-free 0.9% sodium chloride (Hospira, Inc., Lake Forest, IL)
er bulla and the challenge dose was confirmed by plate count. This
hallenge model is shown to result in the formation of a mucosal
iofilm in >83% of middle ears within four days [20,59]. Four days
fter NTHI challenge (day 0), all animals were immunized by TCI.
he pinnae of alert animals was first hydrated by placement of
auze soaked in sterile, pyrogen-free 0.9% sodium chloride on the
nner surface for 5 min. Pinnae were then blotted with dry gauze
nd 50 �l of each vaccine formulation was applied to the center
f the inner face of each pinna using a pipet. The pinnae were then
olded in half and opposing surfaces gently rubbed together [20,59].
ormulations consisted of 10 �g chimV4 admixed with 10 �g dmLT,
0 �g dmLT alone or 50 �l pyrogen-free 0.9% sodium chloride and
ere delivered twice at a weekly interval (day 0 and day 7).

.5.  Otoscopy and tympanometry

Video  otoscopy using a 0-degree, 3-in. probe connected to a
igital camera system (MedRx, Largo, FL) was  utilized to moni-
or signs of tympanic membrane inflammation and/or presence
f fluid within the middle ear space. Middle ear pressure, tym-
anic membrane compliance and tympanic width were monitored
ia tympanometry using a MADSEN OTOflex 100 (GN Otometrics,
chaumburg, IL). Overall signs of OM were blindly rated on a scale
f 0 to 4+ as previously described [20,51–53]. Middle ears with a
core of ≥2.0 were always considered positive for otitis media as
iddle ear fluid (MEF) was visible behind the tympanic membrane.

ach middle ear was considered independent (n = 4 middle ears per
ohort on day 0, n = 6 middle ears per cohort for days 3–14), and for
ach cohort, the percentage of middle ears with OM was calculated.

.6. Collection of samples

On  days 0, 3, 5, 7, 9, 11 and 14 after primary TCI, three chin-
hillas from each cohort were sacrificed. MEF  was collected by
pitympanic tap, serially diluted and plated on to chocolate agar to
emi-quantitate CFU planktonic NTHI. Fluid from each middle ear
as considered independent (n = 4 middle ears per cohort on day 0,

 = 6 middle ears per cohort for days 3–14), and for each cohort, the
ean CFU NTHI/ml middle ear fluid ± SEM was  presented. Middle

ar mucosal biofilm, if present, was collected after evaluation as
escribed below, homogenized and plated on to chocolate agar to
emi-quantitate the CFU NTHI adherent to the middle ear mucosa.
ach middle ear was considered independent (n = 4 middle ears per
ohort on day 0, n = 6 middle ears per cohort for days 3–14) and for
he cohort, the mean CFU NTHI/mg tissue ± SEM was presented.

.7. Evaluation of mucosal biofilms within the middle ear

Upon  sacrifice, the inferior bullae from each animal were dissec-
ed, opened to reveal the middle ear space and washed with 1.0 ml
terile, pyrogen-free 0.9% sodium chloride to remove residual MEF
nd loosely adherent bacterial biofilm. The bullae and remaining
dherent mucosal biofilm were then imaged with a digital camera.
ach image was blindly ranked on the relative amount of residual
ucosal biofilm using a 0–4 + scale, wherein 0 = no mucosal biofilm;
 = mucosal biofilm fills <25% of middle ear space; 2 = mucosal
iofilm fills 25–50% of middle ear space; 3 = mucosal biofilm fills
0–75% of middle ear space and 4 = mucosal biofilm fills 75–100%
f middle ear space [20,59]. The mean mucosal biofilm score ± SEM
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for the cohort (n = 4 middle ears per cohort on day 0, n = 6 middle
ears per cohort for days 3–14) was  reported.

2.8. Enzyme-linked immunosorbent assays

To determine the relative quantity of immunogen-specific
IgG  and IgA in clarified, pooled MEFs, endpoint ELISA was
performed. Samples were incubated in chimV4-coated wells
(0.2 �g protein/well) for 3 h at 25 ◦C and bound antibody was
detected with HRP-conjugated goat anti-rat IgG or IgA (Bethyl
Laboratories, Montgomery, TX). Color was  developed with 3,3′,5,5′-
tetramethylbenzidine (TMB; Pierce Biotechnology, Rockford, IL).
Endpoint reciprocal titers were defined as the dilution that yielded
an OD450 nm value of 0.1 above control wells that were incubated
without sample fluids. Assays were performed a minimum of three
times and reciprocal titers reported as the geometric mean (GMT)
with 95% confidence intervals.

To  quantitate the host defense peptide cBD-1 within mucosal
homogenates collected on day 3, a sandwich ELISA was  performed.
Clarified homogenates of middle ear mucosa and mucosal biofilm
were incubated in wells of a Microfluor 2 black U-bottom microtiter
plate (Thermo Scientific, Rochester, NY) coated with Protein G-
purified rabbit anti-recombinant cBD-1 (0.5 �g antibody/well) [60]
overnight at 4 ◦C. Host defense peptide was  detected by addition
of FITC-conjugated purified rabbit anti-recombinant cBD-1. The
concentration of cBD-1 in each mucosal sample was calculated by
comparison of the mean fluorescence of each well versus a standard
curve generated with purified recombinant cBD-1. The mean con-
centration of cBD-1 ± SEM for each cohort from three independent
assays is reported.

2.9.  Functional responses of dermal DCs after TCI

To evaluate functional responses of cutaneous DCs induced by
TCI, we  examined the efflux of dermal DCs from the chinchilla
pinnae and secretion of immune effectors [61]. Three hours after
TCI with chimV4 admixed with 10 �g dmLT, 10 �g dmLT alone, or
sterile, pyrogen-free 0.9% sodium chloride, three chinchillas per
formulation were sacrificed and both pinnae removed, placed in
70% v/v ethanol for 5 min  and transferred to sterile petri dishes
to dry. The pinnae were trimmed to 2.5 cm2, the dorsal and ven-
tral faces peeled apart, cartilage removed and the pinnae placed on
to 8 �m pore size Transwell membranes. Two  milliliters of RPMI
1640 (Corning cellgro, Manassas, VA) plus 0.5% (w/v) bovine serum
albumin (Sigma Aldrich) were added to the basolateral chamber
and incubated for 20 h at 37 ◦C, 5% CO2, in a humidified atmo-
sphere. Cells that had migrated into the basolateral chamber were
separated based on expression of CD11c+ using MACS magnetic
microbeads (Miltenyi Biotech, Cambridge, MA)  then incubated with
antibody directed against CD11b (eBiosciences, Inc., San Diego, CA)
and DC-SIGN (R&D Systems, Minneapolis, MN)  for discrimination of
dermal DCs. The number of dermal DC per ml  culture medium was
determined as the number of events detected within a 25 �l volume
using a calibrated Accuri C6 flow cytometer (BD Biosciences, Sparks,
MD). Each pinna was considered independent and the mean ± SEM
for each cohort presented (N = 6 pinnae per cohort).

The clarified supernatants from each of the six cultured pin-
nae per cohort described above were applied to Proteome profiler
human cytokine array kit (R&D Systems) and assayed follow-
ing the manufacturer’s instructions. Relative pixel intensity was
determined with a BioRad GS800 densitometer and analyzed with

Quantity One software (BioRad, Hercules, CA). The fold increase in
pixel intensity between pinnae collected from chinchillas admin-
istered dmLT alone or chimV4+ dmLT was  compared to pinnae
administered saline.



3 ccine 31 (2013) 3417– 3426

2

N
p
t
e
O
a
h
B
A
s
t
h
p
s
C
I

2

J
c
d
o
m
n
w
a
r
s

3

3

l
t
m
t
e
t
u
r
t
h
d
m
o
w
t
o
g
5
d
(
a
s
m
s
t
d

Fig. 1. Resolution of clinically-relevant signs of experimental OM as determined by
video otoscopy and tympanometry. Boxes around days 0 and 7 on x-axis indicate
days of vaccination. *p < 0.05 compared to receipt of saline; +p < 0.05 compared to
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.10. Determination of T-cell phenotype

We have previously shown that dendritic cells migrate to the
ALT after TCI of the chinchilla pinnae [20], indicating that this lym-
hoid aggregate may  serve as an immune inductive site. To examine
he phenotype of the immune response induced following TCI, we
xamined cytokine production by CD4+ T-cells within the NALT.
ne week after receipt of the second immunizing dose as described
bove, the NALT was collected from three chinchillas per cohort;
omogenized individually using GentleMACS dissociator (Miltenyi
iotech) and CD3+ cells isolated using MACS magnetic microbeads.

 total of 1 × 106 cells/0.5 ml  RPMI 1640 plus 0.5% (w/v) bovine
erum albumin was incubated with Leukocyte activation cock-
ail plus GolgiPlug (BD Biosciences) for 5 h at 37 ◦C, 5% CO2 in a
umidified atmosphere prior to stain with human Th1/Th2/Th17
henotyping kit according to manufacturer’s instructions (BD Bio-
ciences). 20,000 CD4+ lymphocytes were acquired using an Accuri
6 flow cytometer and data analyzed with FloJo software (Tree Star,

nc., Ashland, OR). One of three representative assays is presented.

.11. Statistical analyses

Data  analyses were performed using GraphPad Prism v. 5.01 (La
olla, CA). Statistical differences among cohorts in bacterial con-
entration within MEFs and mucosal biofilms, antibody titers and
endritic cell migration were determined using Kruskal–Wallis
ne-way analysis of variance on ranks and Dunn’s method for
ultiple comparisons. A p-value of ≤0.05 was considered sig-

ificant. Significant differences in the percentage of middle ears
ith OM and differences among mucosal biofilm scores were

nalyzed by repeated measures analysis of variance and Bonfer-
oni’s multiple comparison test. A p-value of ≤0.05 was  considered
ignificant.

. Results

.1. Resolution of established experimental otitis media

As  a clinically-relevant assessment for the resolution of estab-
ished experimental OM,  each tympanic membrane was  examined
o document signs of disease including erythema, the presence of

iddle ear fluid behind the tympanic membrane and changes in
ympanometric read outs. As expected, on day 0, 100% of middle
ars (122/122) were positive for the presence of MEF  behind the
ympanic membrane as each middle ear had been directly inoc-
lated with NTHI four days prior (Fig. 1). Within three days after
eceipt of the first immunizing dose, a 33% (2/6 middle ears) reduc-
ion in OM was observed after receipt of the adjuvant dmLT alone,
owever, within seven days after administration of the primary
ose, the percentage of animals with OM increased to 100% (6/6
iddle ears). The reduction in the incidence of OM after receipt

f dmLT suggested that an initial, non-specific immune response
as induced following administration of this potent adjuvant, a

rend observed again after receipt of the second immunizing dose
n day 7. Delivery of chimV4 admixed with dmLT resulted in a
reater reduction in the percentage of middle ears with OM to
0% (3/6 middle ears) three and five days after receipt of the first
ose, statistically significant results compared to receipt of saline
p < 0.05). Moreover, seven days after primary TCI with chimV4
dmixed with dmLT only 17% (1/6 middle ears) demonstrated
igns on OM and although this percentage increased to 33% (2/6

iddle ears) on day nine, receipt of the second immunizing dose

ubsequently induced rapid and complete resolution of experimen-
al disease. On each day after receipt of the second immunizing
ose, significantly fewer middle ears in the cohort that received
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receipt of dmLT alone. N = 4 middle ears per cohort on day 0; N = 6 middle ears per
cohort on days 3–14.

chimV4+ dmLT exhibited signs of experimental OM,  compared to
either cohort that received saline or dmLT alone (p < 0.05). These
results indicated that incorporation of chimV4 with dmLT facili-
tated an enhanced and NTHI-targeted immune response. Moreover,
these data demonstrated that delivery of chimV4+ dmLT induced
an immune response in which clinically-relevant signs of OM were
abrogated by 50% within three days after administration and exper-
imental disease had resolved within 14 days.

3.2. Eradication of NTHI from middle ear fluids

To examine clearance of planktonic NTHI after TCI, MEFs were
collected when their presence was  indicated by video otoscopy
and cultured to determine the relative concentration of bacteria
within these fluids. On day 0, four days after direct challenge of
middle ears with 1000 CFU NTHI, and prior to administration of
any vaccine formulation, the inoculum had multiplied to 9.7 × 106

to 1.1 × 107 CFU/ml in all animals (Fig. 2), as is expected in this
challenge model [20,51]. No significant difference in bacterial con-
centration was  observed among the three cohorts until one week
after receipt of the primary immunizing dose. Whereas beginning
on day 3 we detected a significant 50% reduction in middle ears with
signs of OM in the cohort that received chimV4+ dmLT by video
otoscopy and tympanometry (see Fig. 1), the bacterial concentra-
tion within the MEFs of chinchillas observed to have OM ranged
from 2.4 × 107 to 5.0 × 107 CFU/ml and did not allow for statistical
discrimination from the cohorts administered saline or dmLT only
(1.0 × 107 to 5.3 × 107 CFU/ml). However, as shown in Fig. 2, begin-
ning seven days after primary TCI, and specifically upon receipt of
the second immunizing dose, a rapid and significant 6-log reduction
in NTHI concentration within middle ear fluids of animals adminis-
tered chimV4 + dmLT was observed, compared to receipt of saline or
dmLT alone (p < 0.05), with complete eradication of NTHI from the

middle ears of animals in this cohort by day 14. These data demon-
strated that TCI with chimV4 + dmLT induced an immune response
that effectively contributed to the elimination of planktonic NTHI
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Fig. 2. Eradication of NTHI from middle ear fluids. NTHI was inoculated into the
middle ears of all chinchillas four days prior to primary immunization (inoc). Mean
CFU NTHI per middle ear fluid ± SEM for each cohort is presented. Boxes around
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Fig. 3. Resolution of an established NTHI mucosal biofilms from within the middle
ear. Mean NTHI mucosal biofilm scores ± SEM for each cohort were based on a 0–4+
scale of relative residual mucosal biofilm. Boxes around days 0 and 7 on x-axis indi-
cate days of vaccination. *p < 0.01 compared to receipt of saline; +p < 0.01 compared
ays  0 and 7 on x-axis indicate days of vaccination. *p < 0.05 compared to receipt of
aline; +p < 0.05 compared to receipt of dmLT alone. N = 4 middle ears per cohort on
ay 0; N = 6 middle ears per cohort on days 3–14.

ithin middle ear fluids, a response that was most effective after
dministration of the boosting dose.

.3. Resolution of established mucosal biofilms from the middle
ar  after direct challenge

To  evaluate the kinetics of mucosal biofilm resolution afforded
y TCI, the middle ears of all chinchillas were inoculated with NTHI
nd a robust biofilm allowed to form. In this model, >83% of mid-
le ears develop a mucosal biofilm that fills 75–100% of the middle
ar space within four days [20,59]. Following immunization, any
esidual NTHI biofilm was evaluated and ranked on a 0 to 4+ scale
herein a score of 0 indicated that no mucosal biofilm was  present

nd 4+ designated that 75–100% of the middle ear space contained
n NTHI mucosal biofilm. As shown in Fig. 3, on day 0 (four days after
irect challenge of the middle ear), the mean mucosal biofilm scores
or each of the three cohorts ranged from 3.7 to 4.0, which indicated
hat 75–100% of the middle ear space of all animals contained a

ucosal biofilm, as expected for this model. No change in rank was
bserved in the cohort that received saline, as a mean score of ≥3.0
as maintained for the duration of the study. Receipt of dmLT alone,
owever, afforded a 25% reduction in mucosal biofilm with scores
f 2.3–2.8 detected after receipt of the second dose. These data pro-
ided additional evidence to support the induction of a nonspecific
mmune response by this powerful adjuvant.

Notably, administration of chimV4 with dmLT resulted in a
tatistically significant reduction in mucosal biofilm from the mid-
le ear five days after primary TCI, compared to receipt of saline
p < 0.01). At this time point, the mean biofilm score equaled
.3 ± 0.2 and indicated that approximately 50% of the middle ear
pace contained a mucosal biofilm. Over time, biofilm scores for
his cohort consistently decreased; seven days after primary TCI,

 rank of 1.7 ± 0.2 was achieved (25–50% of the middle ear space
ad a mucosal biofilm) and by day 14, 75% of the biofilm was elim-
nated (p < 0.01 compared to saline and dmLT cohorts). These data
emonstrated that TCI with chimV4+ dmLT was  effective to stim-
late the resolution of an established mucosal biofilm from the
iddle ear.
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to  receipt of dmLT alone. N = 4 middle ears per cohort on day 0; N = 6 middle ears
per cohort on days 3–14.

3.4. Eradication of NTHI from established mucosal biofilms in the
middle  ear

To  examine the relative concentration of NTHI resident within
a biofilm adherent to the mucosa in the middle ear, compared
to the planktonic population available for culture from MEFs as
described in Fig. 2, the middle ear mucosa and accompanying
NTHI biofilm was  collected, homogenized and cultured. Four days
after direct inoculation of the middle ear, the mean bacterial con-
centration of NTHI was  equivalent among the three cohorts as
expected and ranged from 5.3 × 103 to 1.8 × 104 CFU NTHI/mg
mucosa (Fig. 4). Within three days after primary TCI, significantly
fewer NTHI were detected in mucosal homogenates from ani-
mals administered either dmLT alone or chimV4+ dmLT (8.5 × 102

and 1.5 × 103 CFU/mg mucosa, respectively), compared to saline
(3.5 × 104 CFU; p < 0.05). Moreover, the latter cohorts exhibited a
10-fold reduction in CFU NTHI relative to three days prior, influ-
enced by administration of dmLT, as the two cohorts that received
this adjuvant were distinct from the cohort administered saline, yet
not significant from each other. Furthermore, this result could not
likely be attributed to development of adaptive immune response,
as only three days had passed since primary immunization and
no immunogen-specific antibody was  yet detectable within MEFs,
as described below. Over the following four days, the cohort
that received dmLT alone maintained a bacterial concentration
of 1.5–1.8 × 103 CFU NTHI/mg mucosa, however middle ears from
chinchillas immunized with chimV4+ dmLT exhibited a sequential
11- and 24-fold reduction in CFU NTHI on days 5 and 7 after pri-
mary TCI, respectively (p < 0.05 compared to animals administered
saline on days 5 and 7; p < 0.05 compared to animals administered
dmLT alone on day 7 only). Moreover, within the latter 7 days of
the study, only 10–30 CFU NTHI/mg tissue were detected (p < 0.05
compared to receipt of saline; p < 0.05 compared to receipt of dmLT
alone on day 14 only). Thus, while TCI with dmLT alone appeared to

stimulate an initial reduction in CFU NTHI within mucosal biofilms
in the middle ear, the combined influence of chimV4+ dmLT yielded
consistently fewer NTHI at each subsequent time point.
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Fig. 4. Relative concentration of NTHI adherent to middle ear mucosa. Mean CFU
NTHI ± SEM within biofilm that remained adherent to the middle ear mucosa over
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Fig. 5. Secretion of cytokines and chemokines by dermal DCs activated by TCI.
Supernatants collected from cultured chinchilla pinnae from which dermal DCs
ime is presented. Boxes around days 0 and 7 on x-axis indicate days of vaccination.
p  < 0.05 compared to receipt of saline; +p < 0.05 compared to receipt of dmLT alone.

 = 4 middle ears per cohort on day 0; N = 6 middle ears per cohort on days 3–14.

.5. Analysis of immunogen-specific antibody and cBD-1 in MEFs

To  begin to examine the mechanisms for the protective efficacy
bserved, we examined the relative quantity of immunogen-
pecific IgG and IgA within MEFs by ELISA. chimV4-specific IgG
ithin MEFs collected from animals immunized with chimV4+
mLT was detected at levels above background beginning 5 days
fter primary TCI (GMT = 80; Table 1). Whereas a slight, but non-
ignificant decrease in titer was observed on day 7, receipt of the
econd immunizing dose induced a 2.5-fold increase in specific IgG
o a GMT  of 160, which was maintained for an additional two days
p < 0.05 compared to day 0). By day 14, seven days after receipt
f the second immunizing dose, the GMT  of chimV4-specific IgG in
he middle ear equaled 190 (p < 0.05 compared to day 0). Whereas
himV4-specific IgA was also detected within MEFs beginning five
ays after primary TCI, the relative quantity of this antibody iso-
ype was 2.0–4.6-fold less than IgG at each time point tested and
o significant increase in quantity of IgA was achieved relative to
re-immunization values (Table 1). Previously, we  showed that the
bility to eradicate NTHI from the middle ear was associated with a
MT  value of at least 160 for IgG [20]. Review of the kinetics of NTHI
learance from the MEF  of chinchillas immunized with chimV4+

mLT (Fig. 2) further supports this observation as on days 9–14,
ime points at which the GMT  of chimV4-specific IgG ≥ 160, signifi-
antly fewer NTHI were present within MEFs and a >5-log decrease
n CFU NTHI was achieved.

able 1
eometric mean of the reciprocal titer for chimV4-specific IgG and IgA within MEFs
ollected from chinchillas immunized by TCI with chimV4+ dmLT. 95% confidence
ntervals of the geometric mean are indicated in brackets. N = 4 middle ears for day
, N = 6 middle ears for days 3 to 14.

Days chimV4-specific IgG chimV4-specific IgA

0 (primary TCI) 10 10
3 10 10
5 80 28 [15–53]
7 (boost) 65  [24–171] 32  [12–86]
9 160* [56–459] 35 [17–72]
11 160* [65–394] 50 [28–91]
14 190* [66–546] 56 [30–107]

* p < 0.05 compared to day 0.
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had emigrated were assessed for the production of inflammatory mediators by
membrane array. The fold change in pixel intensity as determined by densitometry
relative  to the saline-treated pinnae is shown. N = 6 pinnae for each cohort.

As reduction of established NTHI mucosal biofilms began within
three days after primary TCI (Fig. 4) and prior to detection of
antibody in MEFs (Table 1), we  hypothesized that production of
innate host defense molecules by the middle ear epithelium con-
tributed to this observation. Toward that end, we focused on one of
many such effectors, cBD-1, the orthologue to human �-defensin-
3, known to be expressed in the chinchilla uppermost respiratory
tract that exhibits bactericidal activity against NTHI in vitro and
shown to have a role in the control of NTHI during experimen-
tal colonization of the chinchilla nasopharynx [60,62,63]. Three
days after primary immunization (seven days after NTHI chal-
lenge), 50.3 ± 16.7 ng cBD-1/ml was  detected within homogenates
of middle ear mucosa collected from animals that received
saline, compared to 643.4 ± 57.3 ng/ml and 849.8 ± 49.0 ng/ml in
mucosae from animals administered dmLT only or chimV4+ dmLT,
respectively. These data suggested that the reduced bacterial
concentration detected within mucosal biofilms adherent to the
middle ear mucosa of animals immunized with dmLT alone and
chimV4+ dmLT may, in part, be attributed to significantly more
cBD-1 present within this milieu, compared to the cohort that
received saline (p < 0.05).

3.6.  Activation of dermal DCs

As a means to examine the functional activation of dermal
DCs after TCI, pinnae were collected 3 h after immunization and
cultured ex vivo. At this arbitrarily selected time point, 1.5 × 103

CD11c+CD11b+DC-SIGN+ dermal DC/ml had emigrated from the
pinnae into the culture medium, a value which can be consid-
ered as steady-state migration in this assay system. TCI with dmLT
alone resulted in 12-times more dermal DCs (1.9 × 104 cells/ml),
although not a significant result. The greatest and significant efflux
of dermal DCs was  observed from pinnae on which chimV4+ dmLT
was applied; a total of 6.8 × 104 cells/ml was observed, 44-and 4-
fold more cells compared to application of saline or dmLT alone,
respectively (p < 0.01).

Activated DCs can secrete cytokines and chemokines as a means
of functional modulation via autocrine or paracrine manner. The
supernatants from the cultured pinnae were assayed for the pres-

ence of inflammatory mediators via membrane array. Of a panel of
36 effectors, seven were expressed at least 2-fold greater after TCI
of pinnae with dmLT or chimV4+ dmLT compared to administra-
tion of saline (Fig. 5). Of note is the 10- and 5-fold increase in CCL4
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Fig. 6. Induction of polyfunctional CD4+ T-cells within the chinchilla NALT after TCI. One week after receipt of the second immunizing dose, the NALT from each chinchilla
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as  collected and processed to examine intracellular cytokine production by CD4+ T
he positive staining for IFN-�- and IL-17-producing CD4+ T-cells, relative to isotyp

nduced by TCI with chimV4+ dmLT, compared to saline or dmLT
lone, respectively. While many of the listed mediators are pluripo-
ent and are involved in the induction of inflammatory responses,

 majority of these factors share a common role as chemotactic
gents for specific cell types. IL-23, IL-16, CCL5 and CCL4 in par-
icular, are noted to induce the migration and differentiation of
D4+ T-cells, critical first steps toward the initiation of an immune
esponse [64–66].

.7.  Induction of polyfunctional CD4+ T-cells

Lastly, we examined the phenotype of the resultant immune
esponse, specifically, the pattern of cytokine production by CD4+

-cells within the NALT after TCI with any of the three vaccine
ormulations. The NALT was examined as the primary lymphoid
ggregate to which dermal DCs trafficked after TCI in this model
20]. Compared to the NALT isolated from chinchillas to which
aline was applied, TCI with dmLT alone yielded 5.1% of CD4+ T-
ells that produced both IFN-� and IL-17 (Fig. 6), further support for
he induction of a modest response by administration of this potent
djuvant alone. chimV4 admixed with dmLT resulted in a 5.7-fold
ncrease in the percentage of T-cells that produced both IFN-� and
L-17–(29.3%), relative to receipt of dmLT alone. Moreover, within
he positive population highlighted, two subtypes were observed;
ne of lesser dual fluorescence and one of greater dual fluores-
ence. While not clearly defined at this time, each population may
epresent CD4+ T-cells of greater and lesser activation states.

The greater percentage of CD4+ T-cells observed within the NALT
f animals immunized by TCI with chimV4+ dmLT, compared to
eceipt of dmLT or saline alone, indicated that this immunization
egime induced the greatest expansion of CD4+ T-cells resident
ithin this lymphoid aggregate of the three formulations. More-

ver, increase in the number of cells that expressed both IFN-�
nd IL-17, represented by the greater overall fluorescent signal
ithin this population, demonstrated robust differentiation to cells

hat appeared functionally polarized toward a dual Th1-Th17 phe-
otype. These polyfunctional T-cells have the potential to further

acilitate the development of a broadly protective and multifac-
orial immune response that could be highly efficacious against
THI-induced experimental OM,  an outcome which was  observed
erein.

. Discussion
OM is a common disease of childhood and while the associ-
ted mortality is very limited at least in developed countries, the
orbidity associated with this disease in terms of developmen-

al delays, quality of life and economic impact is substantial. The
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 in order to discern Th phenotype. The shaded region in each density plot indicates
ody controls. One of three representative plots is presented for each cohort.

chronic  nature of OM may  be attributed to the ability of the bac-
terial causative agents, including NTHI, to form mucosal biofilms
within the middle ear space [48,49,67]. These highly structured
communities are recalcitrant to antibiotic therapies and resist
immune-mediated clearance [68–70]. Among many other NTHI
proteins, and an abundance of host- and bacterial-derived extra-
cellular DNA, NTHI OMP  P5 and Tfp are identified as components
of the biofilm matrix [11,71]. Prior work established that TCI with
chimV4, a chimeric immunogen designed to target both of these
critical NTHI adhesins (outer membrane protein P5 and Tfp), deliv-
ered with dmLT by simply rubbing the formulations on to the
pinnae of chinchillas was  significantly efficacious to both prevent
NTHI-induced OM and resolve active OM [20]. The rapidity with
which biofilms that had been established within the middle ear
resolved was  striking. We  therefore proposed that TCI with NTHI
adhesin-directed immunogens plus dmLT induced the activation
and subsequent migration of cutaneous DCs to the NALT, which is
located in close proximity to the site of experimental disease, and
thereby facilitated the efficacy observed.

Our current work sought to elucidate the mechanisms that
afforded the observed efficacy and examine the kinetics of disease
resolution. We  utilized an established chinchilla model wherein
cohorts of animals were first challenged by direct inoculation of
the middle ear with NTHI to induce OM [20,59]. The chinchilla
serves as a relevant model for this pediatric disease as it is per-
missive to infection with the viral and bacterial agents that cause
OM in humans and by appropriate viral-bacterial co-infection,
one can experimentally mimic  the natural disease course of OM
observed in the child [48,72–75]. It has shown reproducibility in
numerous preclinical trials wherein the efficacy of NTHI-targeted
immunogens to prevent or resolve NTHI-induced OM was  assessed
[20,51,52,54,59] and is shown to be predictive of a clinical trial
outcome in examined in children [53,76]. Moreover, the chin-
chilla also serves as a robust host that both we and others employ
to study characteristics of bacterial biofilms associated with OM
[11,12,77–85].

In the rigorous challenge model described herein, after a period
of four days to permit NTHI to establish robust biofilms within
the middle ear, animals were immunized via TCI. The adminis-
tration of saline served as a negative control and provided the
ability to examine the immune response elicited by application of
dmLT alone. This adjuvant is a form of E. coli heat-labile enterotoxin
wherein two amino acid substitutions inactivate a trypsin cleavage
site and modifies a potential pepsin cleavage site, thus render-
ing the molecule nontoxic, while adjuvant properties are retained

[19,25,86]. It is proposed that dmLT promotes activation of vari-
ous cell types, including DCs, with a resultant mixed Th1/Th2-type
immune response [19].
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Compared to delivery of saline, three days after primary TCI
ith dmLT alone, an initial reduction in clinically-relevant signs

f OM,  in addition to a significant decrease in CFU NTHI within
iddle ear mucosal biofilms was achieved. However, this was a

ransient outcome, as two days later no differences were observed
etween the two cohorts. This early response likely reflected non-
pecific activation and function of dermal DCs. However, without

 sustained antigenic stimulus, this response appeared temporary.
n contrast, the formulation in which chimV4 was  administered

ith dmLT induced a similar, yet, prolonged and effective out-
ome. Significant differences in clinically-relevant signs of OM,
ignificant reduction in the amount of mucosal biofilms within
he middle ear space and significantly fewer NTHI were present
ithin the biofilms beginning three days after receipt of the first

mmunizing dose. As immunogen specific IgG and IgA was not
etected within the middle ear until 5 days after primary TCI, these
arly effects likely represent activation of innate immune elements,
.e. dendritic cell activation, production of host defense peptides,
ytokine/chemokine signaling. The observed greater efflux of dDCs
rom the pinnae and detection of a greater concentration of cBD-

 support this hypothesis. Thus, our data suggested that dmLT
layed an early, critical role in immune activation that was further
nhanced and focused against NTHI with the addition of chimV4 in
he vaccine formulation.

Host  defense peptides are multifunctional proteins that possess
oth antimicrobial and immunomodulatory characteristics. The �-
efensins are one class of host defense peptide and are shown
o be produced by epithelial cells, constitutively or immediately
n response to infection [87,88]. We  tested middle ear mucosal
omogenates for the presence of cBD-1, the orthologue to human
-defensin 3, as a potential innate immune factor that contributed

o the early reduction in signs of OM and concentration of NTHI
ithin mucosal biofilms. A correlation between a greater con-

entration of cBD-1 and fewer NTHI was detected, particularly
ithin the middle ears of animals that received dmLT alone or

himV4+ dmLT. It is also reported that exposure of neutrophils to
uman �-defensin-3 suppresses apoptosis of these critical immune
ells; moreover this molecule is chemotactic for neutrophils and
acrophages [89,90]. While these functions are not yet described

or cBD-1, it is intriguing to speculate that this molecule may
ossess similar functional characteristics, the result of which would
e the elimination of NTHI from the middle ear, as observed.

Specific  to the kinetics of disease resolution, the first seven days
fter primary TCI yielded the most dramatic resolution of disease,
hown by multiple assessments. Via video otoscopy and tympa-
ometry, delivery of chimV4+ dmLT resulted in a 90% reduction in
he percentage of middle ears with OM within this cohort. Grossly,
y day 7 the mean mucosal biofilm score for this cohort equaled 1.7,

 50–75% reduction relative to day 0. Moreover, a >5-log reduction
n CFU NTHI was detected within mucosal biofilms collected from
he middle ear. The only assessment that did not follow this trend
as the examination of CFU NTHI within MEFs. No differences were
etected among the cohorts until beginning on day 7, at which
ime the planktonic NTHI were rapidly eradicated. Interestingly,
he time point for resolution of NTHI from MEFs correlated with
he detection of chimV4-specific IgG in MEFs at a GMT  of ≥160. As
reviously mentioned, a GMT  of ≥160 is associated with resolution
f experimental OM in this model.

Collectively, our data demonstrated two phases of disease res-
lution in this experimental model: an early phase from days 0 to

 after primary TCI in which dmLT- induced activation of dermal
Cs with subsequent migration to the NALT, secretion of cytokines

nd chemokines by activated DCs to stimulate expansion and polar-
zation of CD4+ T-cells and production of at least one of many host
efense peptides known to have activity against NTHI, cBD-1. Inclu-
ion of chimV4 within the formulation prolonged this response.

[
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Phase  two  began 7 days after primary TCI, upon administration of
the second immunizing dose as immunogen-specific antibody that
targets determinants expressed by NTHI was now detected. While
the timeframe proposed by this model incorporates the basic tenets
for the initiation of innate and adaptive immune responses, to our
knowledge, this is the first report of a kinetic analysis of disease res-
olution after TCI that also incorporates challenge with a biological
agent. These data will be utilized as we  further refine this effec-
tive immunization method, with the goal to enhance the immune
response elicited, while maintaining the simplicity of the regimen.
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Transcutaneous immunization (TCI) is a noninvasive strategy to induce protective immune responses. We describe TCI with a
band-aid vaccine placed on the postauricular skin to exploit the unique organization of the stratum corneum and to promote the
development of immune responses to resolve active experimental otitis media due to nontypeable Haemophilus influenzae
(NTHI). This therapeutic immunization strategy induced significantly earlier resolution of middle ear fluid and rapid eradica-
tion of both planktonic and mucosal biofilm-resident NTHI within 7 days after receipt of the first immunizing band-aid vaccine.
Efficacy was ascribed to the homing of immunogen-bearing cutaneous dendritic cells to the nasal-associated lymphoid tissue,
induction of polyfunctional CD4� T cells, and the presence of immunogen-specific IgM and IgG within the middle ear. TCI us-
ing band-aid vaccines could expand the use of traditional parenteral preventative vaccines to include treatment of active otitis
media, in addition to other diseases of the respiratory tract due to NTHI.

Transcutaneous immunization (TCI) offers multiple advan-
tages as an immunization strategy; it is noninvasive, which

may aid in acceptance and compliance, and reduced costs are as-
sociated with vaccine production and administration, as delivery
devices may be simplified or eliminated and trained medical per-
sonnel are not required, characteristics that could allow for vac-
cine distribution beyond developed countries (1, 2). TCI induces
both systemic and mucosal immune responses (3–6), important
features as the mucosae represent critical defensive barriers that
also respond immunologically to insults (7). Thus, TCI exhibits
potential as a simple efficacious method to induce protective im-
mune responses and thereby limit disease.

One of the most common diseases of childhood is otitis media
(OM). It is estimated that 709 million cases of acute OM and 65
million to 330 million episodes of chronic secretory OM occur
each year worldwide (8, 9). While deaths due to OM are not com-
mon in developed countries, complications of chronic suppura-
tive OM result in the deaths of 50,000 children �5 years of age in
developing countries (10, 11). Furthermore, morbidity associated
with OM is significant for all children worldwide. Nontypeable
Haemophilus influenzae (NTHI) is the predominant pathogen in
chronic OM, recurrent OM, and OM associated with treatment
failure, and NTHI biofilms within the middle ear contribute sig-
nificantly to pathogenesis (12, 13). Biofilms within the middle ear
facilitate the chronicity and recalcitrance of OM and often require
prolonged treatment with an antimicrobial. This management
strategy is of concern due to the emergence of multiple antibiotic-
resistant bacteria (14, 15). Thus, it is desirable develop better
methods to manage OM.

Previous work demonstrated that TCI with chimV4, a novel
chimeric antigen that targets the critical NTHI adhesins OMP P5
and the type IV pilus (Tfp) (16), admixed with the adjuvant
LT(R192G/L211A), a double mutant of Escherichia coli heat-labile
enterotoxin (dmLT) (17), induces significant preventative and
therapeutic efficacy against experimental NTHI-induced OM
when delivered by rubbing onto the skin of the outer ear (18, 19).
We now consider a more practical application of TCI for humans,
particularly very young children, and envision the use of a small

adhesive bandage to administer vaccine formulations. Whereas
cutaneous delivery systems typically rely on abrasion or surface
stripping procedures to remove the stratum corneum to gain ac-
cess to the dermis and epidermis (5, 20), we placed circular adhe-
sive bandages (“band-aid vaccines”) onto the intact skin of ani-
mals with active OM. Immunization was focused on the head and
neck region with the intent to induce immune responses in prox-
imity to the middle ear, because it is appreciated that there is
compartmentalization of the mucosal immune system (21). The
postauricular region was specifically targeted because the stratum
corneum is uniquely organized in a stacked arrangement, in con-
trast to the more typical “brick-and-mortar” stratification found
elsewhere on the body (22), which could facilitate sampling by
underlying antigen-presenting cells. We contrasted the findings
with those observed for immunization at the nape of the neck, a
site adjacent to the postauricular region where the stratum cor-
neum is not stacked linearly. Our data revealed that anatomical
placement of the band-aid vaccine significantly influenced disease
resolution and that eradication of NTHI from the middle ear be-
gan within 7 days after the first immunization. These data support
the continued development of TCI using band-aid vaccines as a
simple noninvasive strategy to induce therapeutic immune re-
sponses against NTHI-induced OM.
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MATERIALS AND METHODS
Animals. Adult (500 to 950 g) chinchillas (Chinchilla lanigera; Rauscher’s
Chinchilla Ranch) without evidence of middle ear infection or serum
antibody reactivity to outer membrane proteins of NTHI 86-028NP were
used. The numbers of chinchillas included in each experiment were as
follows: to examine the cellular organization of the stratum corneum in
the postauricular region versus the nape, 3 animals; to examine whether
anatomical placement of the band-aid vaccine influenced vaccine efficacy,
3 animals per cohort plus 3 chinchillas sacrificed prior to immunization to
obtain baseline bacterial burden values (21 total); to track the migration of
cutaneous dendritic cells after TCI, 3 chinchillas per cohort (9 total); to
examine intracellular cytokine production by CD4� T cells after TCI, 3
animals per cohort (6 total); to examine the kinetics of disease resolution
after TCI in the postauricular region, 4 animals per cohort for each time
point plus 4 animals sacrificed prior to immunization to obtain baseline
bacterial burden values (28 total). Animal studies were performed under a
protocol approved by The Research Institute at Nationwide Children’s
Hospital Institutional Animal Care and Use Committee.

Bacterial isolate. NTHI 86-028NP is a minimally passaged clinical
isolate that was collected from the nasopharynx of a child with chronic
OM; it has been characterized extensively (23, 24).

Vaccine formulations. ChimV4 is a recombinant chimeric protein
designed to target two critical NTHI adhesins, i.e., OMP P5 and the type
IV pilus (Tfp), by utilizing a recombinant, soluble, N-terminally trun-
cated form of PilA, the majority subunit of NTHI Tfp, as both an im-
munogen and carrier for a 24-mer B-cell epitope identified within NTHI
OMP P5 (16). Formulations contained 10 �g chimV4 admixed with 10 �g
LT(R192G/L211A), a double mutant of E. coli heat-labile enterotoxin
(dmLT) as the adjuvant (17), 10 �g dmLT alone, or an equivalent volume
of pyrogen-free saline solution.

Challenge and immunization. All chinchillas were first challenged
transbullarly with 1,000 CFU NTHI strain 86-028NP per bulla, to induce
experimental OM. At that time, the fur directly caudal to each pinna
(postauricular region) or at the nape of the neck was plucked, to permit
resolution of any nonspecific inflammation induced by hair removal prior
to immunization. Four days later, when middle ear biofilms are well es-
tablished and clinically relevant signs of OM are observed (19, 25, 26),
animals were immunized by placement of a circular adhesive bandage
(CVS Pharmacy brand) in each postauricular region (two band-aid vac-
cines were applied, and the total formulation dosage was divided equally
between the bandages) or at the nape of the chinchilla neck (one band-aid
was applied). All band-aid vaccines were removed after 24 h. Animals
received band-aid vaccine boosters 7 days later.

Video otoscopy. Video otoscopy using a 3-inch, 0° probe connected to
a digital camera system (MedRx, Largo, FL) was utilized to monitor signs
of tympanic membrane inflammation and/or the presence of fluid within
the middle ear space. Overall signs of OM were blindly rated on a scale of
0 to 4, and middle ears with scores of �2.0 were considered positive for
OM, as middle ear fluid (MEF) was visible behind the tympanic mem-
brane (27). According to established protocol, each middle ear was con-
sidered independently (18, 19, 26, 28–30), and the percentage of middle
ears with OM was calculated for each cohort.

Collection and assessment of middle ear fluid samples. Upon sacri-
fice, bullae were dissected and MEF was collected. The adherent middle
ear mucosal biofilms were also collected and individually homogenized in
sterile saline solution. It is well established in chinchilla models of OM that
each middle ear should be considered independently (18, 19, 25, 26, 31–
40); therefore, MEF and biofilm homogenates collected from the left and
right middle ears were individually plated on chocolate agar to semiquan-
titatively assess the relative numbers of NTHI in the planktonic and ad-
herent populations. MEF samples were then clarified by centrifugation,
and supernatants were stored at �80°C until determination of immuno-
globulin profiles as described below.

Visualization of stratum corneum cellular architecture. Skin sam-
ples from the chinchilla postauricular region and the nape of the neck

were harvested from 3 chinchillas and snap-frozen in Tissue-Tek O.C.T.
Compound (Sakura Fintek, Torrance, CA). To visualize the orientation of
corneocytes within the stratum corneum, 3 drops of 0.4 N sodium hy-
droxide plus 2 drops of 0.1% methylene blue were applied to 5-�m-thick
sections of frozen skin, and the specimens were incubated for 5 min at
room temperature to allow the corneocytes to swell (41).

Tracking of migration of cutaneous dendritic cells. The immunogen
chimV4 and the adjuvant dmLT were separately labeled with DyLight 650
NHS Ester (Pierce Biotechnology, Rockford, IL) according to the manu-
facturer’s instructions. Labeled chimV4 admixed with unlabeled dmLT or
labeled dmLT alone was applied to band-aids, which were then affixed to
the skin in the postauricular region or at the nape of the neck of three
chinchillas for each formulation, as described. After 24 h, the nasal-asso-
ciated lymphoid tissue (NALT) and cervical, axillary, and parotid lymph
nodes were collected and processed to yield single-cell suspensions.
Spleens were homogenized in Hanks’ balanced salt solution (HBSS) (Me-
diatech Corning, Manassas, VA) using GentleMACs C-tubes (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany), the homogenates were cen-
trifuged through Ficoll-Paque PLUS (GE Healthcare, Pittsburgh, PA),
and cells at the interface were collected. To control for nonspecific activa-
tion of cutaneous dendritic cells, lymphoid tissues were also collected
from three animals that had received adhesive bandages in which the
gauze pads had been hydrated with pyrogen-free saline solution. Cell sus-
pensions were stained with fluorescein isothiocyanate (FITC)-conjugated
goat anti-rat CD11c (AbD Serotec, Kidlington, United Kingdom), and
50,000 events were collected with a BD Accuri C6 cytometer (BD Biosci-
ences, San Jose, CA). The presence of DyLight 650-positive signals within
the CD11c� population was identified using FlowJo software (TreeStar,
Inc., Ashland, OR).

Intracellular cytokine detection. Upon sacrifice, the NALT, the cer-
vical, axillary, and parotid lymph nodes, and the spleen were collected in
phenol red-free RPMI 1640 medium (Mediatech Corning) with 0.5% fetal
bovine serum (FBS) (GE Healthcare HyClone) and were prepared as de-
scribed above. At least 105 cells per lymphoid tissue were activated in the
presence of BD GolgiStop inhibitor and subsequently were stained using
the BD human Th1/Th2/Th17 phenotyping kit (BD Biosciences). A total
of 20,000 events were analyzed by flow cytometry, and the production of
interleukin 17A (IL-17A) and gamma interferon (IFN-�) within the
CD4� population was determined with FlowJo software. Three animals
per cohort were screened; because chinchillas are outbred animals, lym-
phoid cells were processed and assayed for individual animals.

Enumeration of chimV4-specific antibody-secreting cells via en-
zyme-linked immunospot assay. To enumerate antibody-secreting cells
(ASCs) in bone marrow, wells of 96-well filtration plates were coated with
5 �g chimV4 overnight at 4°C and then were blocked with phenol red-free
RPMI 1640 medium plus 10% heat-inactivated FBS. Cells isolated from
femur bone marrow (42) were activated for 5 days with resiquimod (Sig-
ma-Aldrich, St. Louis, MO) at 1 �g/ml and recombinant human IL-2
(R&D Systems, Inc., Minneapolis, MN) at 10 ng/ml, seeded at densities of
5 � 104, 1 � 105, and 5 � 105 cells per well in triplicate, and incubated for
5 h at 37°C in 5% CO2. Because chinchillas are outbred, cells were pro-
cessed and assessed for individual animals. Goat anti-rat IgM, IgA, or IgG
conjugated to horseradish peroxidase (HRP) (Bethyl Laboratories, Mont-
gomery, TX) was applied, and spots were developed using a 3,3=-diamino-
benzidine (DAB) peroxidase substrate kit (Vector Laboratories, Burlin-
game, CA). Spots were detected and enumerated using an EliScan�
system (A.EL.VIS GmbH, Hannover, Germany).

Quantitation of chimV4-specific immunoglobulins. To quantitate
chimV4-specific antibody isotypes within MEF, a slot blot assay was per-
formed. Immun-Blot LF polyvinylidene difluoride (PVDF) membranes
(Bio-Rad, Hercules, CA) were prepared by sequential washes in methanol,
cold Towbin buffer (25 mM Tris, 192 mM glycine, 20% methanol [pH
8.3]), and distilled water prior to coating with 1 �g chimV4 per slot by
vacuum aspiration. Membranes were incubated with clarified MEF and
immunogen-specific antibodies were revealed with goat anti-rat IgM,
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IgA, or IgG conjugated to FITC (Bethyl Laboratories). A standard curve
was generated by coating membranes with purified rat-specific IgM, IgA,
and IgG followed by incubation with rat reference serum. Dry membranes
were imaged with a FluoroChem M system (ProteinSimple, San Jose, CA),
and the fluorescent intensity of each band was determined with Al-
phaView SA software (ProteinSimple).

Statistics. Statistical significance was calculated using GraphPad
Prism software (GraphPad Software, Inc., La Jolla, CA). Statistical differ-
ences among bacterial counts in MEF and mucosal biofilms were deter-
mined using Kruskal-Wallis one-way analysis of variance (ANOVA) and
Dunn’s method for multiple comparisons. Significant differences in per-
centages of middle ears with OM were assessed with the Mantel-Cox log-
rank test, with an event being classified as resolution of OM. Differences in
numbers of ASCs and antibody titers were determined by one-way
ANOVA with Tukey’s multiple-comparison test. For all analyses, P values
of �0.05 were considered significant.

RESULTS
Cellular organization of stratum corneum in postauricular re-
gion versus nape. The stratum corneum represents a formidable
barrier to skin vaccination strategies. Because the cellular organi-
zation of the chinchilla stratum corneum in either the nape of the
neck or the postauricular region has not been reported, and to
understand any differences in efficacy related to anatomical place-
ment of the band-aid vaccines, skin specimens from these sites
were collected and the organization of the cells within the stratum
corneum was examined by microscopy. The corneocytes in the
postauricular region were linearly aligned (Fig. 1A), whereas a
classic brick-and-mortar arrangement was observed at the nape
(Fig. 1B) (22, 41). We thus hypothesized that the unique align-
ment of cells in the postauricular region would likely allow for
easier sampling of topically placed immunogens by cutaneous an-
tigen-presenting cells.

Anatomical placement of band-aid vaccines influences reso-
lution of experimental otitis media. With the goal of developing
a means to administer vaccine formulations noninvasively with-
out alteration of the skin surface, we utilized a regular small cir-
cular adhesive bandage (Fig. 2A). Each middle ear was individu-
ally assessed for the relative quantities of NTHI within MEF and
mucosal biofilms, as is standard for this experimental model (18,
19, 25, 26, 31–39). Four days after middle ear challenge with
NTHI, all middle ears exhibited robust experimental OM, with
high concentrations of NTHI within both MEF and mucosal bio-
films (Fig. 2B and C). Band-aid vaccines were then applied to the
skin either in the postauricular region or at the nape of the neck.
One week after receipt of the second dose of chimV4 plus dmLT at
the nape, a 2-log-unit reduction in NTHI levels was detected in
MEF samples, compared to receipt of saline or the adjuvant dmLT
(P � 0.05) (Fig. 2B). Moreover, 50% of MEF samples were culture
negative after the receipt of chimV4 plus dmLT at the nape,
whereas 100% of MEF samples were culture positive after the re-
ceipt of saline or dmLT. Immunization with chimV4 plus dmLT
in the postauricular region resulted in 3- and 2-log-unit lower
NTHI levels in MEF, compared to saline and dmLT, respectively
(P � 0.01 and P � 0.05, respectively). Also, 67% of MEF samples
were culture negative after receipt of chimV4 plus dmLT in the
postauricular region, whereas 100% and 67% of MEF samples
were culture positive in the cohorts treated with saline and dmLT,
respectively.

Within mucosal biofilms, a 2-log-unit reduction in NTHI lev-
els resulted from TCI at the nape with chimV4 plus dmLT, com-

pared to receipt of saline (P � 0.01), with a 1-log-unit reduction in
comparison with dmLT (Fig. 2C). Administration of chimV4 plus
dmLT in the postauricular region resulted in 3- and 1-log-unit
lower NTHI levels in mucosal biofilms, compared to saline and
dmLT, respectively (P � 0.01 and P � 0.05, respectively). Among
cohorts treated with chimV4 plus dmLT, immunization in the
postauricular region resulted in greater percentages of culture-
negative MEF samples (67%) and mucosal biofilms (33%), com-
pared to TCI at the nape (50% and 0%, respectively). Moreover,
TCI with chimV4 plus dmLT in the postauricular region resulted
in a 1.3-log-unit reduction in NTHI levels, compared to treatment
at the nape (P � 0.01). Thus, TCI using band-aid vaccines to
administer chimV4 plus dmLT resolved active NTHI-induced
OM; furthermore, induction of bacterial clearance was superior
after TCI in the postauricular region, compared to the nape.

Migration of cutaneous dendritic cells after TCI. To track the
migration of cutaneous dendritic cells after uptake of immunogen
and to reveal sites of immune induction, fluorescent DyLight 650-

FIG 1 Organization of corneocytes of the stratum corneum from skin samples
collected from the chinchilla postauricular region (A) and the nape (B), as
shown by microscopy. Insets, visualization of corneocyte stratification with
cellular junctions traced. Scale bars, 10 �m.
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labeled chimV4 was admixed with unlabeled dmLT and utilized
for immunization of three chinchillas. Lymphoid tissues were col-
lected 24 h later and assessed for DyLight 650-specific fluorescence
within CD11c� cells. To identify the contribution of dmLT to the
activation of cutaneous CD11c� cells, fluorescently labeled dmLT
was administered by band-aid vaccine to a separate cohort of an-
imals. dmLT-specific fluorescent signals were detected only
within the NALT and cervical lymph nodes; therefore, only results
obtained from these lymphoid tissues are shown. After immuni-
zation in the postauricular region, 3.9% of CD11c� cells isolated
from the NALT showed positive fluorescent signals for dmLT
(Fig. 3A). Immunization at the nape, however, induced migration
of dmLT-bearing CD11c� cells to the cervical lymph nodes. Col-
lectively, these data indicated a migration pattern that was influ-
enced by the anatomical site to which the band-aid vaccines were
applied.

This observation was enhanced by mixing fluorescently labeled

chimV4 with unlabeled dmLT. TCI with chimV4 in the postau-
ricular region resulted in migration of immunogen-bearing
CD11c� cells exclusively to the NALT and not the cervical lymph
nodes (Fig. 3B). In contrast, immunization at the nape induced
migration to the cervical lymph nodes but not the NALT (Fig. 3B).
Of the CD11c� cells collected from the NALT after TCI in the
postauricular region, 9.5% were chimV4�, whereas 1.2% in the
cervical lymph nodes were positive. After TCI at the nape, 0.03%
of CD11c� cells in the NALT were also chimV4�; however, 13.2%
in the cervical lymph nodes were positive. These data demon-
strated that band-aid vaccine placement in the postauricular re-
gion or at the nape had direct effects on the relative migration of
antigen-presenting cells to the NALT or cervical lymph nodes,
respectively.

TCI in postauricular region or nape results in different sites
of immune induction. We next examined cytokine production by
CD4� T cells within the NALT and cervical lymph nodes. As an-
ticipated based on data presented in Fig. 3, CD4� T cells produc-
ing IFN-� and IL-17A were detected exclusively within the NALT

FIG 2 Induction of significantly more rapid eradication of NTHI from both
middle ear fluid samples and mucosal biofilms by TCI with chimV4 plus dmLT
by a band-aid vaccine placed in the postauricular region. (A) Circular adhesive
bandage utilized in these studies, demonstrating retention of a 50-�l fluid
volume on the gauze pad. (B and C) CFU of NTHI per milliliter of middle ear
fluid (B) and CFU of NTHI per milligram of mucosal biofilm (C) collected
prior to immunization (baseline) and 7 days after receipt of the second weekly
band-aid vaccine (nape and postauricular region) for each cohort. Significant
reductions in NTHI levels were detected after receipt of chimV4 plus dmLT,
and TCI in the postauricular region was superior to placement at the nape in
resolving experimental OM. Values for individual middle ears are plotted, and
the mean for each cohort is indicated by short horizontal lines. *, P � 0.05; **,
P � 0.01, one-way ANOVA.

FIG 3 Directional migration of CD11c� cells after TCI. Representative flow
cytometry contour plots depict dmLT- and chimV4-specific signals within
CD11c� cells isolated from the NALT and cervical lymph nodes after TCI in
the postauricular region and nape with fluorescently labeled dmLT (A) and
fluorescently labeled chimV4 admixed with unlabeled dmLT (B). dmLT� and
chimV4� fluorescent signals (indicated by the shaded region within each plot
and quantitated as the percentage of CD11c� cells) were detected within the
NALT after immunization in the postauricular region and within the cervical
lymph nodes after immunization at the nape; therefore, the anatomical site of
band-aid vaccine placement influenced the migration of cutaneous antigen-
presenting cells. Moreover, mixing chimV4 with dmLT resulted in enhanced
migration.
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of animals immunized in the postauricular region (Table 1),
whereas activated cells were identified within the cervical lymph
nodes after immunization at the nape. Compared to animals that
received band-aid vaccines hydrated with saline, a 2.1-fold in-
crease in mean fluorescence specific for IFN-� and a 1.9-fold in-
crease in that for IL-17A were detected within the NALT of ani-
mals immunized with chimV4 plus dmLT in the postauricular
region; alternatively, 1.5- and 1.3-fold increases in mean fluores-
cence, respectively, were detected within the cervical lymph nodes
after TCI at the nape with chimV4 plus dmLT, compared to saline.
These data revealed that band-aid vaccine placement in the post-
auricular region or at the nape resulted in different sites of im-
mune activation, which is a critical observation for understanding
the superiority of efficacy achieved with immunization at a post-
auricular site, as shown in Fig. 2. Moreover, the production of
IFN-� and IL-17A, utilized herein as indicators of Th1- and Th17-
type immune responses, respectively, indicated that polyfunc-
tional immune responses were induced by TCI with chimV4 plus
dmLT, corroborating previous data obtained with this immuno-
gen and adjuvant (19).

Kinetics of disease resolution. In an expanded study, we next
examined the kinetics of disease resolution after immunization in
the postauricular region, the site that induced superior eradica-
tion of NTHI from the middle ear (Fig. 2). As a clinically relevant
assessment for the resolution of OM, the tympanic membranes of
each animal were visualized by video otoscopy, to discern signs of
inflammation and the presence of MEF. Prior to immunization,
MEF was observed in 100% of middle ears, as expected due to
direct challenge of the middle ears of all animals with NTHI 4 days
earlier (Fig. 4A). MEF persisted in all middle ears (8/8 ears) in the
cohort that received saline for the duration of the study. In the
cohort treated with dmLT, 88% of middle ears (7/8 ears) were
positive for the presence of middle ear fluid, which decreased to
75% of middle ears (6/8 ears) 7 days after TCI. However, 7 days
after receipt of the first dose of chimV4 plus dmLT, MEF was
observed in only 63% of middle ears (5/8 ears), which was further
reduced to 13% (1/8 ears) after receipt of the second band-aid
vaccine. These data demonstrated that TCI with chimV4 plus
dmLT induced rapid resolution of OM (MEF), which was signif-
icant, compared to receipt of dmLT or saline (P � 0.05 versus
dmLT; P � 0.001 versus saline).

We next examined the ability of TCI to induce immune re-
sponses that eradicated NTHI from both the planktonic popula-
tion and mucosal biofilms established within the middle ear. Re-
ceipt of dmLT promoted significant but nonspecific reductions in
CFU of NTHI in MEF, compared to saline, at each time point (P �
0.01) (Fig. 4B), a result we previously reported following use of
this powerful adjuvant in outbred, nonspecific-pathogen-free

TABLE 1 Fold increases in IFN-�- and IL-17A-specific mean fluorescent intensities within CD4� T cells collected from NALT and cervical lymph
nodes of animals immunized with dmLT or chimV4 plus dmLT versus saline

Sample

Fold increase in specific fluorescence intensity (mean � SEM)

Immunization in postauricular region Immunization at nape

dmLT chimV4 � dmLT dmLT chimV4 � dmLT

IFN-� IL-17A IFN-� IL-17A IFN-� IL-17A IFN-� IL-17A

NALT 1.1 � 0.2 1.2 � 0.3 2.1 � 0.3 1.9 � 0.4 1.0 � 0 1.0 � 0 1.0 � 0 1.0 � 0
Cervical lymph nodes 1.0 � 0 1.0 � 0 1.0 � 0.1 1.0 � 0 1.1 � 0.3 1.1 � 0.2 1.5 � 0.3 1.3 � 0.2

FIG 4 Kinetics of resolution of experimental OM after TCI with band-aid
vaccines placed in the postauricular region. (A) Percentages of middle ears
with OM after TCI, as determined by video otoscopy. The mean � standard
error of the mean (SEM) for each cohort is shown. *, P � 0.05; ***, P � 0.001,
Mantel-Cox log-rank test. (B) CFU of NTHI per milliliter of middle ear fluid.
(C) CFU of NTHI per milligram of mucosal biofilm. TCI with chimV4 plus
dmLT eradicated NTHI from middle ear fluid samples and mucosal biofilms
beginning 7 days after receipt of the first band-aid vaccine. Boxes around days
0 and 7 on the x axes indicate days of immunization. Values for individual
middle ears are plotted, and the mean for each cohort is indicated by short
horizontal lines. *, P � 0.05; **, P � 0.01; ***, P � 0.001, one-way ANOVA.
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chinchillas (18, 19). TCI with chimV4 admixed with dmLT to
focus the immune responses on NTHI induced a 1-log-unit re-
duction after receipt of one band-aid vaccine versus dmLT (P �
0.05) and a 2-log-unit reduction versus saline (P � 0.001). This
response was boosted by administration of a second band-aid vac-
cine 1 week later, as a 4-log-unit reduction in NTHI was shown
versus dmLT (P � 0.001) and a 6-log-unit reduction versus saline
(P � 0.001). After receipt of the second dose of chimV4 plus
dmLT, �80 CFU of NTHI remained within 25% of ears in this
cohort, with the remaining 75% of middle ear fluid samples being
culture negative for NTHI.

Within NTHI biofilms that were adherent to the middle ear
mucosa, delivery of saline by band-aid vaccine induced no reduc-
tion in bacterial concentrations (Fig. 4C). Seven days after admin-
istration of dmLT, however, a significant 2-log-unit reduction in
NTHI, compared to saline (P � 0.001), was observed in the ears
that still contained mucosal biofilms, although no significant fur-
ther decrease in bacterial concentrations was achieved with receipt
of a second dose of adjuvant only. In contrast, chimV4 admixed
with dmLT induced significant 0.5- and 2-log-unit reductions in
NTHI, compared to dmLT (P � 0.05), in the ears that still con-
tained mucosal biofilms on days 7 and 14, respectively. Moreover,
mucosal biofilms were eradicated from 25% of the middle ears
after delivery of the first immunizing band-aid vaccine with
chimV4 plus dmLT, and administration of a second dose induced
eradication of mucosal biofilms from 63% of the middle ears.
Collectively, this kinetic study demonstrated that TCI with a
band-aid vaccine containing chimV4 plus dmLT induced rapid
immune responses, beginning at least 7 days after receipt of the
first dose.

Assessment of chimV4-specific antibodies. Induction of se-
rum antibodies has long been considered a correlate of immune
protection for OM following natural disease (43). However, TCI
does not induce a robust serum antibody response (18, 19). There-
fore, here we determined the relative quantities of chimV4-spe-
cific antibody-secreting cells (ASCs) in bone marrow and the lev-
els of immunogen-specific antibodies in MEF samples after
receipt of both immunizing doses. TCI with chimV4 plus dmLT
resulted in significantly greater numbers of cells that produced
chimV4-specific antibodies of the IgM isotype, compared to IgG
and IgA (P � 0.001 versus IgA and P � 0.01 versus IgG) (Fig. 5A).
Moreover, at the site of infection within the middle ear, the rela-
tive quantities of chimV4-specific IgM in MEF samples were sig-
nificantly greater than those of the IgG and IgA isotypes (P �
0.001 versus IgA and P � 0.01 versus IgG); chimV4-specific IgG
was the next most abundant (P � 0.01 versus IgA) (Fig. 5B). While
the greater concentrations of IgM-secreting ASCs and IgM in MEF
samples indicated an immune response early in development, the
presence of IgA- and IgG-secreting ASCs and immunoglobulin
revealed that this response was maturing. Immunogen-specific
antibodies were observed to be critical components mediating the
clearance of NTHI from both MEF and mucosal biofilms. Collec-
tively, these data showed that TCI induced the production of im-
munogen-specific ASCs and antibodies, key contributors to the
eradication of NTHI and the resolution of experimental OM.

DISCUSSION

We previously showed that application of NTHI adhesin-targeted
immunogens, in a droplet, directly onto intact skin of the chin-
chilla outer ear induced eradication of NTHI from the middle ear,

and we showed the utility of preventative and therapeutic TCI
strategies against OM due to NTHI (18). Our current work ex-
tended these findings with the goal of developing a more practical
and precise means by which to administer vaccine formulations
noninvasively (ultimately to children). The skin is the largest im-
munocompetent organ; however, access to immune cells in the
dermis and epidermis is restricted by the stratum corneum. Mul-
tiple cutaneous delivery devices are under investigation, including
microneedles, abrasive skin preparation devices, jet injectors, and
electroporators, all of which deliver antigen below the stratum
corneum and therefore represent intradermal immunization ap-
proaches. These devices present challenges when targeting new-
borns and young children, due to their abrasive or invasive nature.
To overcome this potential obstacle, we utilized simple circular
adhesive bandages to administer a vaccine formulation on intact
unmodified skin, with the goal of facilitating antigen uptake
through the stratum corneum in the postauricular region (i.e., a
purely transcutaneous immunization approach). To our knowl-
edge, these data are the first to demonstrate significant therapeutic
efficacy against an active bacterial disease in which robust biofilms
are integral to the disease course through delivery of an immuno-
gen onto intact skin via placement of a band-aid vaccine.

OM is a disease of the respiratory mucosa; therefore, to pro-
mote the development of mucosal immune responses in the up-
permost airway, it is rational to propose vaccine application in the
head and neck region, particularly because it is appreciated that

FIG 5 Quantitation of chimV4-specific antibody-secreting cells isolated from
bone marrow with an enzyme-linked immunospot assay (ELISPOT) (A) and
chimV4-specific antibodies in middle ear fluid samples by quantitative slot
blot analysis (B) after TCI with a band-aid vaccine placed in the postauricular
region. TCI induced the production of immunogen-specific ASCs and anti-
bodies, primarily of the IgM and IgG isotypes. The horizontal line in panel B
indicates the limit of detection. Means � SEMs are shown. **, P � 0.01; ***, P
� 0.001, one-way ANOVA.

Novotny et al.

872 cvi.asm.org August 2015 Volume 22 Number 8Clinical and Vaccine Immunology

 on O
ctober 31, 2017 by O

hio S
tate U

niversity
http://cvi.asm

.org/
D

ow
nloaded from

 

183

http://cvi.asm.org
http://cvi.asm.org/


there is compartmentalization of the mucosal immune system
(21). We focused on the postauricular region as an easily accessi-
ble potential site for vaccine delivery via TCI, with the knowledge
that in humans the cells within the stratum corneum of the post-
auricular region are uniquely organized vertically, as opposed to
the brick-and-mortar organization present in the rest of the body,
such as the nape of the neck (41). We first confirmed that this
unique arrangement of cells in the postauricular region was sim-
ilar in chinchillas and, based on the enhanced resolution of exper-
imental OM achieved with TCI in the postauricular region, in
contrast to the nape, proposed that the cellular organization of the
stratum corneum is important to enable vaccine antigen uptake by
underlying cutaneous dendritic cells.

TCI yields robust immune responses near the site of adminis-
tration, facilitated by homing of activated immune cells to nearby
lymphoid tissues (21, 44, 45). Tracking the migration of cutane-
ous dendritic cells to lymphoid tissues after TCI in the postauricu-
lar region revealed that these immune-modulating cells homed to
the NALT, whereas TCI at the nape resulted in migration to the
cervical lymph nodes. We also showed that polyfunctional CD4�

T cells were present within the NALT after immunization in the
postauricular region, whereas immunization at the nape resulted
in activated CD4� T cells within the cervical lymph nodes. Be-
cause immune induction at the NALT, a lymphoid aggregate near
the site of disease within the middle ear, was significantly effica-
cious in resolving active NTHI-induced OM, these data revealed
that anatomical placement of the band-aid vaccine was a critical
consideration in the development of this cutaneous immuniza-
tion strategy, as we detected regionalized immune responses that
subsequently affected vaccine-induced resolution of disease. Fur-
ther development of this model will utilize TCI in the postauricu-
lar region as a means to promote local protective immune re-
sponses.

In previous work, TCI through rubbing of chimV4 plus dmLT
onto the pinnae, or outer ears, of chinchillas induced eradication
of NTHI from the middle ears (18, 19). In the current study, elim-
ination of NTHI was not as complete, as two of eight middle ear
fluid samples and four of eight mucosal biofilms remained posi-
tive for the presence of NTHI, albeit at levels close to the limit of
detection and at concentrations determined to be statistically sig-
nificantly less than negative-control cohorts. The difference be-
tween the two studies may be explained by the relative accessibility
of vaccine antigen applied to the gauze pad on the adhesive ban-
dage. TCI through pipetting of the vaccine formulation directly
onto the pinnae provides the opportunity for the entire dose to
come into contact with cutaneous antigen-presenting cells once
the vaccine is spread over the surface of the skin by rubbing, as by
design. We do not yet know how fully accessible vaccine antigen
that has been applied as a band-aid vaccine is, but we surmised
that perhaps the full dose was not as readily available to cutaneous
antigen-presenting cells when applied to the highly absorbent
gauze pad. Future work will aim to answer this question and con-
tinue to optimize this efficacious delivery strategy.

Administration of dmLT alone by band-aid vaccine resulted in
significant reductions in the CFU of NTHI in middle ear fluid
samples and mucosal biofilms, compared to receipt of saline. This
result was not unexpected, as chinchillas are outbred animals and
therefore use of a potent adjuvant serves to boost nonspecific im-
mune responses against their own flora, including Gram-negative
bacteria that possess outer membrane proteins with enough sim-

ilarity to proteins expressed by NTHI to result in reductions in
bacterial concentrations (18, 19). This outcome was significantly
enhanced by directed immunization with chimV4 that had been
admixed with dmLT as the vaccine formulation, thereby focusing
the baseline immune response elicited by dmLT toward the criti-
cal NTHI adhesins OMP P5 and the type IV pilus, which pro-
moted rapid clearance of NTHI from the middle ear.

Collectively, these data demonstrated that TCI with a band-aid
vaccine to deliver chimV4 plus dmLT was highly efficacious in
rapidly resolving active experimental OM. The continued devel-
opment of this noninvasive and nonabrasive strategy holds great
promise to enable widespread distribution and to promote com-
pliance in both developed and developing countries.
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Summary

Despite resulting in a similar overall outcome, unlike
antibodies directed against the DNABII protein, inte-
gration host factor (IHF), which induce catastrophic
structural collapse of biofilms formed by nontypeable
Haemophilus influenzae (NTHI), those directed against
a recombinant soluble form of PilA [the majority
subunit of Type IV pili (Tfp) produced by NTHI], medi-
ated gradual ‘top-down’ dispersal of NTHI from bio-
films. This dispersal occurred via a mechanism that
was dependent upon expression of both PilA (and by
inference, Tfp) and production of AI-2 quorum signal-
ing molecules by LuxS. The addition of rsPilA to a
biofilm-targeted therapeutic vaccine formulation com-
prised of IHF plus the powerful adjuvant dmLT and
delivered via a noninvasive transcutaneous immuni-
zation route induced an immune response that tar-
geted two important determinants essential for biofilm
formation by NTHI. This resulted in significantly earlier
eradication of NTHI from both planktonic and adherent
populations in the middle ear, disruption of mucosal
biofilms already resident within middle ears prior to
immunization and rapid resolution of signs of disease
in an animal model of experimental otitis media. These
data support continued development of this novel
combinatorial immunization approach for resolution

and/or prevention of multiple diseases of the respira-
tory tract caused by NTHI.

Introduction

The most common bacterial disease of childhood is otitis
media (OM), an illness that is often chronic and recurrent in
nature and difficult to treat with traditional antibiotics. The
recalcitrance of OM is due to the ability of the predominant
bacterium involved, nontypeable Haemophilus influenzae
(NTHI), to establish biofilms within the middle ear (Post,
2001; Swords, 2012). Bacteria within biofilms are pro-
tected from both the host’s immune effectors and thera-
peutic interventions by the semipermeable barrier function,
as well as other important qualities, of the extracellular
polymeric substance (EPS) (Flemming and Wingender,
2010; Jones et al., 2013). In addition to an abundance
of extracellular DNA (eDNA), it is shown that the EPS
of biofilms formed by NTHI contain protein adhesins,
enzymes, lipooligosaccharide and at least one DNABII
binding protein (Murphy and Kirkham, 2002; Gallaher
et al., 2006; Jurcisek and Bakaletz, 2007; Goodman et al.,
2011). We have focused our efforts on two of these com-
ponents, the DNABII binding protein, integration host
factor (IHF) and one of the adhesins expressed by NTHI,
the Type IV pilus (Tfp), due to their established importance
in biofilm formation, maintenance and structural stability
in vitro and in vivo (Bakaletz et al., 2005; Jurcisek et al.,
2007; Goodman et al., 2011; Brandstetter et al., 2013;
Brockson et al., 2014).

In vitro, exposure of preformed NTHI biofilms to an
arbitrary 1:50 dilution of antiserum against purified native
IHF isolated from Escherichia coli results in significant
reductions in biomass and mean biofilm thickness, com-
pared with treatment with naive serum (Goodman et al.,
2011; Brockson et al., 2014). The mechanism for this
outcome is the sequestration of IHF as it dissociates from
eDNA, where it is localized at the vertices of each crossed
strand of mesh-like eDNA within the biofilm and thus
serves as a crucial structural constituent. Removal of
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available IHF results in destabilization with catastrophic
collapse of the biofilm structure and, ultimately, release of
the resident NTHI (Brockson et al., 2014). IHF-targeted
resolution of established biofilms is also shown in vivo.
Transcutaneous immunization (TCI) with E. coli IHF
induces an effective compartmentalized immune response
that rapidly resolves existing biofilms formed within the
middle ears of chinchillas in an experimental model of
NTHI-induced OM. We hypothesize that the predominant
mechanism behind this observed disease resolution is
likely due to the presence of IHF-specific antibodies within
middle ear fluids that similarly facilitate collapse of the
biofilm structure and exposure of NTHI to host immune
effectors that are now capable of mediating its eradication
(Goodman et al., 2011).

An additional biofilm-targeted approach to facilitate
resolution of established NTHI biofilms focuses on NTHI
Tfp, as expression of this adhesin is essential for NTHI
adherence to respiratory epithelial cells, to maintain long-
term colonization within the nasopharynx in an experi-
mental model of OM and for twitching motility, critical
functions for biofilm formation in vitro and in vivo (Bakaletz
et al., 2005; Jurcisek et al., 2007; Carruthers et al., 2012).
NTHI pilin protein is detected throughout immature and
mature biofilms collected from the middle ears of chinchil-
las (Jurcisek et al., 2007) and TCI with a recombinant and
soluble N-terminally truncated form of PilA, the majority
subunit of Tfp (called rsPilA), shows significant efficacy as
an immunogen to induce the formation of antibodies that
resolve NTHI-induced OM with eradication of mucosal
biofilms already established within the middle ears of
chinchillas prior to immunization (Novotny et al., 2011;
2013). In vivo, rsPilA-specific antibodies are detected
within serum and middle ear fluids after TCI, and thus
facilitated the observed disease resolution.

Whereas we now know substantially more about the
mechanisms by which anti-IHF antibodies mediate struc-
tural collapse of an NTHI biofilm in vitro (Brockson et al.,
2014), and by inference, likely contribute to their clearance
in vivo, the exact mechanism(s) by which anti-rsPilA anti-
bodies mediate NTHI Tfp-targeted biofilm resolution have
not yet been defined. Thereby, herein we investigated
these mechanism in vitro, and due to the nature of the
disruption observed upon incubation of NTHI biofilms with
anti-rsPilA, we examined the role of quorum signaling in
this phenomenon. Our data revealed a mechanism for
NTHI biofilm dispersal that involved both expression of
Tfp and LuxS and in a manner that suggested tight
co-regulation. As such, and given that immunization with
IHF and rsPilA individually shows significant efficacy to
induce resolution of NTHI biofilms in an experimental
model of OM, we wondered whether addition of rsPilA to a
therapeutic vaccine formulation that included IHF plus a
powerful mucosal and systemic adjuvant might provide an

added benefit. Toward that end, rsPilA plus IHF were
administered by TCI to chinchillas with active NTHI-
induced OM, wherein robust biofilms were already present
within the middle ears, and the resolution of established
experimental OM was assessed. This immunization strat-
egy resulted in a significant reduction in signs and severity
of OM and significantly more rapid and complete eradica-
tion of NTHI from both middle ear fluids and middle ear
mucosal biofilms, compared with delivery of IHF alone.

Collectively, our data suggested that using a two-
pronged biofilm-targeted approach against established
NTHI biofilms by therapeutic immunization with both IHF
and rsPilA to induce an immune response that results in
disruption of NTHI biofilms via complimentary molecular
mechanisms has considerable potential to resolve dis-
eases of the respiratory tract due to NTHI.

Results

Inhibition of NTHI twitching motility by anti-rsPilA

As expression of functional Tfp by NTHI is needed for
twitching motility and plays a major role in establishment
of a biofilm both in vitro and in vivo (Bakaletz et al., 2005;
Jurcisek et al., 2007; Carruthers et al., 2012), we won-
dered if one of the mechanisms for resolution of OM and
eradication of middle ear mucosal biofilms following
immunization with rsPilA was due to antibody-mediated
inhibition of twitching motility. To examine this in vitro, we
developed a high throughput sub-agarose twitching motil-
ity assay wherein NTHI was inoculated under semisolid
agarose so as to promote twitching motility. Twitching
motility was observed as colony growth with a ‘fan-blade’
appearance that extended away from the inoculation site
(Fig. 1A, row 1). The parent strain exhibited this fan-blade
growth when either saline diluent or naive rabbit serum
was applied to the bottom of the well; however the appli-
cation of anti-rsPilA inhibited formation of this fan-blade
despite evidence of minimal growth at the site of inocula-
tion. Generation of the fan-blade growth pattern required
expression of PilA as an NTHI pilA mutant did not induce
this pattern of growth under any condition tested (Fig. 1A,
row 2). Complementation of the pilA mutant restored the
fan-blade growth phenotype that was again now inhibited
by anti-rsPilA (Fig. 1A, row 3). Measurement of the length
of the fan-blade growth revealed that NTHI strains that
expressed pilA (i.e. parent and ΔpilA/pPIL1 strains) and
were inoculated into medium that contained anti-rsPilA
were 80% and 77% shorter, respectively, compared with
growth on medium with naive serum or diluent (Fig. 1B;
P ≤ 0.0001) These data demonstrated that antibody
against rsPilA prevented NTHI twitching motility in vitro
when generation of a fan-blade growth pattern was used
as the readout.
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Resolution of established NTHI biofilms in vitro upon
incubation with anti-rsPilA

Whereas both anti-IHF and anti-rsPilA can disrupt NTHI
biofilms in vitro and in vivo and neither appear to induce
significant bacterial cell death (as detected by LIVE-
DEAD® staining, Invitrogen, Eugene, OR, USA), we did

nonetheless observe that the mechanism(s) of biofilm
disruption appeared to be distinct. For example, incubation
of NTHI biofilms with antiserum directed against E. coli IHF
results in catastrophic physical collapse of the biofilm with
release of bacteria into the planktonic phase within
approximately 6 h of incubation and does not require direct
contact between the antibody and the biofilm (Brockson
et al., 2014). Conversely, in unpublished early studies, we
observed that incubation of biofilms with antibody against
rsPilA, while significantly disruptive, did not appear to
mediate catastrophic physical collapse of the biofilm
despite the fact that bacteria were also ultimately released
into the planktonic phase. To begin to understand this
phenomenon better, here we established 24 h NTHI bio-
films, then incubated them with polyclonal rabbit serum for
an additional 16 h prior to characterization by confocal
microscopy with COMSTAT2 analysis. Compared with bio-
films formed by the parent strain and maintained in
medium, incubation with naive serum or anti-OMP P5
[another critical NTHI adhesin expressed in biofilms
formed in vitro (Murphy and Kirkham, 2002)] did not sub-
stantially alter overall biofilm character (Fig. 2A, row 1) or
biomass (Fig. 2B). However, the biomass of biofilms
treated with anti-rsPilA was reduced 82% compared with
those incubated with naive serum (P ≤ 0.0001). To deter-
mine whether the observed disruption was indeed Tfp-
specific, biofilms formed by a nonpolar pilA mutant (which
cannot express functional Tfp) were similarly incubated
with these immune sera. As we showed previously
(Jurcisek et al., 2007), biofilms formed by this mutant were
less dense and shorter in height, compared with the parent
strain, thus confirming the importance of Tfp in NTHI biofilm
production. However, unlike biofilms established by the
parent strain, incubation of the pilA mutant biofilm with
anti-rsPilA did not induce any significant changes in struc-
ture or biomass (Fig. 2A, row 2, and B respectively). Com-
plementation of the pilA mutant restored the ability of NTHI
to form a robust biofilm, and further, restored our ability to
significantly disrupt these biofilms via treatment with anti-
rsPilA [70% reduction in biomass (P ≤ 0.0001)] (Fig. 2A,
row 3, and B respectively).

As stated above, the reduction in biomass after treat-
ment with anti-rsPilA was not due to killing of the resident
bacteria, as when stained with a viability stain, bacterial
death was not observed. Interestingly, compared with prior
work wherein catastrophic biofilm collapse was mediated
by incubation of established biofilms with antiserum
against IHF leaving only a monolayer of adherent bacteria
(Goodman et al., 2011; Brockson et al., 2014), following
treatment with anti-rsPilA, there was minimal residual
biomass that nonetheless maintained traditional biofilm
structure, including nominal towers and intervening water
channels (see Fig. 2A, column 3). Thus, exposure of NTHI
biofilms to anti-rsPilA appeared to mediate a ‘top-down’

Fig. 1. Sub-agarose twitching motility of NTHI strains. Images in
(A) are representative from three independent assays, and
twitching motility is represented by ‘fan-blade’ growth of NTHI that
extends out from a central inoculation site. Note inhibition of
twitching motility by the parent strain, complemented pilA mutant,
luxS mutant and complemented luxS mutant after inoculation into
medium that contained rabbit anti-rsPilA but not by either naive
rabbit serum or medium without serum. (B) Quantitation of twitching
motility by measurement of the length of fan-blade growth showed
significant reduction in bacterial outgrowth of pilA-expressing
strains when inoculated into medium containing anti-rsPilA. Data
are expressed as mean ± SEM, one-way ANOVA.
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Fig. 2. Disruption of established NTHI biofilms in vitro. Representative images of 24 h NTHI biofilms treated for 16 h with (A) medium or a
1:50 dilution of either naive rabbit serum, rabbit anti-rsPilA or rabbit anti-OMP P5. (B) Calculated mean biomass determined by COMSTAT2
analysis. Treatment of biofilms formed by the parent strain, complemented ΔpilA and complemented ΔluxS strains with anti-rsPilA resulted in
significantly less biomass compared with exposure to naive serum and suggested a role for both Tfp and LuxS in biofilm disruption mediated
by anti-rsPilA. Data in (B) are expressed as mean ± SEM, one-way ANOVA.
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form of disruption rather than the catastrophic collapse
seen after incubation with anti-IHF. We therefore wondered
if targeting the Tfp immunologically was inducing NTHI to
perhaps disperse from the biofilm. If true, we hypothesized
that this release might be the result of inter-bacterial
communication.

To address our hypothesis, and with the knowledge that
NTHI 86-028NP produces and responds to the quorum-
sensing/signaling molecule, autoinducer-2 (AI-2) (Daines
et al., 2005; Armbruster et al., 2009; 2011; Swords, 2012),
we utilized an NTHI strain unable to synthesize this mol-
ecule due to insertion of a kanamycin resistance cassette
within the luxS gene. We first confirmed that both ΔluxS
and its complemented strain exhibited twitching motility in
the sub-agarose twitching assay and observed fan-blade
growth comparable with the parent on medium containing
saline diluent or naive rabbit serum (Fig. 1A, rows 4 and 5,
and B). Growth was inhibited 81% and 75%, respectively,
on medium that incorporated anti-rsPilA, an outcome also
similar to the parent strain. Therefore, both the luxS mutant
and its complemented strain exhibited twitching motility,
likely due to the expression of functional Tfp.

To begin to determine whether the ability to quorum
signal was related to the observed PilA-mediated release
of NTHI from established biofilms, NTHI ΔluxS was next
inoculated into chamber slides. The luxS mutant formed a
biofilm comparable with that of the parent although with
less characteristic towers and water channels; however,
no significant reduction in biomass was induced upon
incubation with any of the sera tested, including anti-
rsPilA (Fig. 2A, row 4, and B respectively). Complemen-
tation of NTHI ΔluxS restored both a more characteristic
biofilm architecture and the ability of anti-rsPilA to mediate
significant biofilm disruption with a 79% reduction in
biomass compared with incubation with naive serum
(P ≤ 0.001) (Fig. 2A, row 5, and B respectively). Incuba-
tion of the ΔluxS biofilm with naive serum or anti-OMP P5
had no effect, as expected. Collectively, these data
showed that the inability of NTHI to express LuxS pre-
vented biofilm disruption by anti-rsPilA, thus lending
support to our hypothesis that a mechanism for the
observed disruptive effect of anti-rsPilA on NTHI biofilms
might involve quorum signaling.

Tfp-targeted antibody mediated dispersal of NTHI from
established biofilms in vitro

To further demonstrate the interrelatedness between
expression of Tfp and quorum signaling via LuxS in biofilms
disrupted by incubation with anti-rsPilA, NTHI biofilms
were established in vitro and treated with antiserum as
before. After 4, 6 or 8 h, the supernatants from biofilms
formed by the parent strain, isogenic pilA and luxS mutants
and their complemented strains were collected, the optical

density (OD490) recorded and fluids plated to quantitate
colony forming units (CFU) NTHI. Incubation with naive
serum resulted in no significant increase in OD490 or CFU
NTHI ml−1 supernatant at any time point for any strain
tested (Fig. 3A and B). Similarly, incubation with rabbit
anti-OMP P5 mediated no increase in OD490 or bacterial
concentration within supernatants for any strain tested, at
any time point (Fig. 3C and D). Conversely, 6 h after appli-
cation of anti-rsPilA serum on to biofilms formed by the
parent strain, a significant 6.6-fold increase in optical
density and 4.4-fold increase in bacterial concentration
was shown in collected supernatants, compared with those
retrieved at the 4 h time point (P ≤ 0.01) (Fig. 3E and F).
These results were also significantly greater than the
optical density or bacterial concentration within superna-
tants collected from biofilms incubated with either naive
serum (Fig. 3A and B) or that directed against OMP P5
(P ≤ 0.0001 for OD and P ≤ 0.01 for NTHI concentration)
(Fig. 3C and D). The observed flux of bacteria into the
supernatant was transient, as the OD490 of, and bacterial
concentration within, supernatants collected after 8 h of
incubation with anti-rsPilA were comparable with that seen
at the 4 h time point. The observed dispersal was depend-
ent upon ability of NTHI to express PilA (and by inference,
Tfp), as treatment of biofilms formed by ΔpilA did not
demonstrate release into the supernatant at any time point.
Complementation of ΔpilA restored the dispersal activity
with a significant 4.4-fold increase in optical density and
4.1-fold increase in CFU NTHI ml−1 supernatant again
shown after 6 h, compared with the 4 h time point
(P ≤ 0.001) (Fig. 3E and F), similar to that observed for the
parent strain. Compared to biofilms treated with either
naive serum or with anti-OMP P5, significantly more NTHI
pilA/pPIL1 were released from biofilms incubated with
anti-rsPilA when measured by optical density (P ≤ 0.0001)
and bacterial concentration (P ≤ 0.01). This dispersal was
also associated with expression of LuxS, as no change in
bacterial density was observed in supernatants collected
from biofilms formed by ΔluxS upon incubation with anti-
rsPilA. Conversely, supernatants collected from biofilms
formed by the complemented luxS strain exhibited a 5.9-
fold increase in OD490 and 3.5-fold increase in CFU
NTHI ml−1 6 h after application of anti-rsPilA, a significant
increase relative to the 4 h time point (P ≤ 0.01). Again,
compared with exposure to either naive serum or anti-OMP
P5 at the 6 h time point, significantly more NTHI were
detected in supernatants after incubation with anti-rsPilA
as indicated by the increase in OD490 (P ≤ 0.01) and bac-
terial concentration (P ≤ 0.05). These data further sup-
ported the premise that anti-rsPilA-mediated biofilm
disruption was a result of NTHI dispersal from the biofilm,
and further that both expression of Tfp and quorum sign-
aling via expression of LuxS was required to achieve this
outcome.
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Detection of AI-2 in supernatants collected from NTHI
biofilms upon incubation with anti-rsPilA

To assess the relative quantity of the quorum signaling
molecule AI-2, a product of the luxS gene, in NTHI biofilms
exposed to antibody against rsPilA and to confirm the
association of AI-2 signaling with NTHI biofilm dispersal, a
V. harveyi bioluminescence assay was used. While vali-
dating experimental parameters, we observed nonspecific

bioluminescence after incubation of Vibrio harveyi with
supernatants collected from biofilms treated with any of
the polyclonal rabbit serum despite large differences in
their relative ability to disrupt an NTHI biofilm (or not). We
thereby applied these whole sera to Protein G columns to
obtain immunoglobulin G (IgG)-enriched fractions and thus
ensure that all bioactivity observed was predominantly due
to antigen-specific antibody and not due to nonspecific
serum factors. Incubation of V. harveyi with column effluent

Fig. 3. Release of biofilm-resident NTHI into the supernatant after incubation of established biofilms with anti-rsPilA. Optical density of
culture supernatants (panels A, C and E) and CFU NTHI ml−1 culture supernatants (panels B, D and F) collected from 16 h biofilms formed by
NTHI 86-028NP, NTHI ΔpilA or its complemented pilA mutant (C’ΔpilA), NTHI ΔluxS or its complemented luxS mutant (C’ΔluxS) after 4 (green
bars), 6 (yellow bars) and 8 h (blue bars) of treatment with a 1:50 dilution of (A and B) naive rabbit serum, (C and D) rabbit anti-OMP P5 or (E
& F) rabbit anti-rsPilA. A significant increase in optical density and bacterial concentration was detected in supernatants collected 6 h after
treatment of the parent strain, complemented ΔpilA and complemented ΔluxS strains with anti-rsPilA compared with naive serum and
anti-OMP P5 thus supporting our hypothesis that expression of both Tfp and LuxS are involved in biofilm disruption as mediated by
anti-rsPilA. Data are expressed as mean ± SEM, two-way ANOVA. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 compared with respective treatment at 4
or 8 h time points. +P ≤ 0.05, ++P ≤ 0.01, ++++P ≤ 0.0001 compared with supernatants from biofilms exposed to naive serum or anti-OMP P5
at the 6 h time point.
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fractions revealed that unidentified nonspecific serum
components did indeed induce light production by
V. harveyi, whereas the IgG-enriched fractions did not
(data not shown). Therefore, IgG-enriched naive rabbit
serum, IgG-enriched rabbit anti-rsPilA or IgG-enriched
rabbit anti-OMP P5 were applied to NTHI biofilms, the
supernatants collected after 4, 6 and 8 h and bacteria were
removed prior to incubation with V. harveyi.

As a positive control, the AI-2 precursor molecule (S)-
4,5-Dihydroxy-2,3-pentanedione (DPD), was incubated
with V. harveyi and induced robust bioluminescence
(Fig. 4, red bar). Relative light unit (RLU) values obtained
following incubation of V. harveyi with supernatants col-
lected from NTHI biofilms treated with IgG-enriched naive
rabbit serum were subtracted from those obtained when
V. harveyi was similarly incubated with IgG-enriched
immune rabbit sera, and these normalized values are
shown in Fig. 4. Similar to trends shown in Fig. 3, super-
natants collected from biofilms formed by the parent, com-
plemented ΔpilA or complemented ΔluxS strains and
treated with IgG-enriched anti-rsPilA induced significantly
greater bioluminescence by V. harveyi at each time point
(P ≤ 0.05 compared with IgG-enriched naive serum). The
observed bioluminescence was specific for supernatants
collected from NTHI that expressed PilA and LuxS, as
supernatants collected from biofilms formed by NTHI
ΔpilA or NTHI ΔluxS after treatment with IgG-enriched
anti-rsPilA did not result in light production by V. harveyi
above that induced by IgG-enriched naive serum, indicat-
ing that AI-2 was not present. Maximal bioluminescence
was induced by incubation of V. harveyi with supernatants
collected from biofilms formed by the parent, comple-

mented ΔpilA and complemented ΔluxS strains 6 h after
application of IgG-enriched anti-rsPilA (Fig. 4, yellow
bars). This latter result was significantly greater than that
observed with supernatants collected at the same time
point from biofilms treated with IgG-enriched naive serum
or IgG-enriched anti-OMP P5 (P ≤ 0.05).

Exposure of biofilms formed by either the parental
isolate, ΔpilA, ΔluxS or the complemented ΔpilA or ΔluxS
strains to IgG-enriched anti-OMP P5 did not result in a
significant increase in bioluminescence by V. harveyi over
that induced by IgG-enriched naive serum except at
the 6 h time point for the complemented ΔpilA strain
(P ≤ 0.01). Thus, exposure of PilA- and LuxS-expressing
NTHI to IgG-enriched anti-rsPilA induced production of an
AI-2 quorum signaling molecule by biofilm-resident NTHI,
with maximal production 6 h after incubation. These data
correlated with the observed dispersal of NTHI from the
biofilm 6 h after application of anti-rsPilA (see Fig. 3).

The V. harveyi utilized herein is a mutant strain that
responds only to the autoinducer AI-2, suggesting a role
for this molecule in the observed dispersal of bacteria. To
further prove this premise, the AI-2 precursor molecule
DPD was directly added to established NTHI biofilms.
NTHI strains that expressed PilA (i.e. parent, ΔpilA/pPIL1,
ΔluxS and ΔluxS/pSPEC1-luxS strains), exhibited a sig-
nificant increase in CFU NTHI within supernatants col-
lected from biofilms treated with DPD, compared with
biofilms that received medium (P ≤ 0.05) (Fig. 5). In this
assay system, the addition of exogenous autoinducer
overcame the inability of NTHI to express luxS, as has
been shown (Armbruster et al., 2009). In contrast, no
change in bacterial concentration was detected in super-

Fig. 4. Detection of AI-2 production by NTHI.
Light production by V. harveyi after incubation
with cell-free supernatants collected from 24 h
NTHI biofilms treated for 4 (green bars),
6 (yellow bars) or 8 h (blue bars) with a
1:50 dilution of IgG-enriched naive rabbit
serum, IgG-enriched rabbit anti-rsPilA or
IgG-enriched rabbit anti-OMP P5. Positive
control wells contained 0.2 μM DPD instead
of supernatants (red bars). A significant
increase in light production by V. harveyi was
detected after incubation with NTHI biofilm
supernatants collected from the parent strain,
complemented ΔpilA and complemented
ΔluxS strains treated with IgG-enriched rabbit
anti-rsPilA, with maximal values shown 6 h
after application of antibody and thus these
data complement those shown in Fig. 3. Data
are expressed as the fold increase in relative
light units ± SEM, two-way ANOVA.
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natants collected from biofilms formed by the pilA mutant.
Collectively, this set of experiments showed that the
expression of pilA and ability to synthesize the quorum
signaling molecule AI-2 via LuxS was central to the
observed increases in bioluminescence by V. harveyi and
NTHI concentration in biofilm supernatants and thereby
revealed a mechanism for PilA-targeted disruption of
NTHI biofilms.

Evidence for coordinated regulation of expression of Tfp
and LuxS

To this point, we demonstrated that treatment of biofilms
formed by wild-type NTHI (that express both PilA and
LuxS) with antibodies against rsPilA induced NTHI to
produce an AI-2 quorum signaling molecule and promoted
dispersal of NTHI into the supernatant with concomitant
biofilm disruption. To examine expression of PilA and
LuxS simultaneously during biofilm formation and matu-
ration in vitro, we generated NTHI reporter constructs
wherein the promoter regions of each gene were used to
drive expression of green fluorescent protein (GFP), and
the relative fluorescence of each was measured at 3 h
intervals for 42 h. The pilA promoter activity was strong
upon inoculation of the chamberslide, and this activity was
maintained for the first 9 h in culture after which activity
declined (Fig. 6A). In contrast, luxS promoter activity was
at an undetectable level during the initial 9 h of incubation
but increased thereafter (Fig. 6B). Over time, it became
apparent that the activity of the pilA and luxS promoters
fluctuated, exhibiting oppositional maximum peaks of
activity at approximately 9 h intervals throughout the 42 h

assay period that did not correlate with addition of fresh
medium to maintain bacterial viability (Fig. 6C). These
data demonstrated that pilA and luxS promoter activity,
and by inference, expression of PilA and LuxS, was
important throughout establishment and maturation
stages of NTHI biofilm formation in vitro. Moreover, the
observed regular opposing fluctuations in promoter activ-
ity suggested that expression of PilA (and by inference,
functional Tfp) and quorum signaling via LuxS are tightly
co-regulated.

Fig. 5. AI-2-mediated quorum signaling induced dispersal of NTHI
from established biofilms. CFU NTHI within supernatants collected
from 16 h biofilms formed by NTHI 86-028NP, NTHI ΔpilA or its
complemented pilA mutant (C’ΔpilA), NTHI ΔluxS or its
complemented luxS mutant (C’ΔluxS) treated with medium only
(blue bars) or 0.2 μM DPD (red bars). Note significant increase
in CFU NTHI within supernatants of biofilms formed by
pilA-expressing strains and exposed to DPD, compared with
medium alone. Data are expressed as mean ± SEM, Student’s
t-test.

Fig. 6. Relative pilA or luxS promoter activity during biofilm
formation and maturation by NTHI in vitro. Relative fluorescence of
NTHI reporter constructs wherein the pilA promoter (panel A, red
line) and luxS promoter (panel B, blue line) drive expression of
GFP, as detected by Xenogen imaging, compared with the
nonfluorescent parent strain (gray line). Data are expressed as the
fold change in mean fluorescence ± SEM, compared with the
parent strain. Note in panel C the regular cyclic and oppositional
peaks of pilA and luxS promoter activity that occurred
approximately every 9 h throughout the 42 h incubation period.
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Detection of immunogen-specific antibody in middle ear
fluids and serum recovered from chinchillas immunized
transcutaneously with rsPilA + IHF

To understand implications of PilA- and IHF-targeted
biofilm resolution in vivo, when administered as either an
individual immunogen (IHF + dmLT) or with the addition of
rsPilA to the formulation (IHF + rsPilA + dmLT), cohorts of
chinchillas with active OM were immunized by TCI.
Because antibody has a critical role in resolution of OM
(Murphy and Yi, 1997), we assessed the relative quantity
of immunogen-specific antibodies in serum and middle
ear fluids in all cohorts at termination of the study. As all
animals begin the study with ongoing robust NTHI-
induced OM prior to immunization, titers obtained will
reflect both a response to disease as well as that induced
by TCI. Within serum obtained from the cohort immunized
with the adjuvant dmLT only, there was minimal IHF- or
rsPilA-specific antibody as expected [geometric mean
titer (GMT) 57 against IHF, 95% confidence interval (CI)
31–104; GMT 63 against rsPilA CI 44–92]. Animals immu-
nized with IHF + dmLT yielded an IHF-specific serum anti-
body GMT of 254, 95% CI 140–460, whereas those that
received IHF + rsPilA + dmLT yielded an IHF-specific
GMT of 226, 95% CI 123–416. It was of note that the
concentration of IHF in the vaccine formulation that also
contained rsPilA (IHF + rsPilA + dmLT) was half that of the
formulation to deliver IHF alone (IHF + dmLT) (5 μg and
10 μg, respectively) in order to maintain administration of
10 μg total protein per dose [in keeping with doses typi-
cally delivered to humans and as used in prior preclinical
studies by our laboratory (Bakaletz et al., 1999; Kennedy
et al., 2000; Novotny et al., 2006; 2011; 2013; Goodman
et al., 2011)], yet comparable serum GMT versus IHF
were detected. Specific to rsPilA, minimal specific serum
antibody was detected in cohorts immunized with dmLT
(GMT 63, 95% CI 44–92) or IHF + dmLT (GMT 57, 95% CI
38–84); however, as anticipated, in cohorts immunized
with IHF + rsPilA + dmLT, the GMT for rsPilA-specific
serum antibody was 453, 95% CI 166–1233.

Within middle ear fluids, a similar concentration of IHF-
specific antibody was detected in cohorts administered
IHF + dmLT or IHF + rsPilA + dmLT (GMT 180, 95% CI
104–311), whereas there was minimal reactivity in fluids
collected after TCI with dmLT alone (GMT 22, 95% CI
17–30). In cohorts immunized with IHF + rsPilA + dmLT,
we detected rsPilA-specific antibody (GMT 403, 95% CI
190–855), whereas minimal rsPilA-specific antibody was
detected in the cohorts immunized with either dmLT alone
(GMT 28, 95% CI 19–42) or with IHF + dmLT (GMT 22,
95% CI 17–30), again as expected. Collectively, these
data revealed that in animals with ongoing experimental
NTHI-induced OM, we were nonetheless able to detect
the influence of TCI on the production of immunogen-

specific antibody both systemically and within middle ear
fluids. These data also corroborated prior work that dem-
onstrates that an immunogen-specific GMT of ≥ 160 in
chinchilla middle ear fluids is associated with the ability to
eradicate NTHI from the middle ear (Novotny et al., 2011).

Resolution of experimental NTHI-induced OM by TCI

Given that antibodies directed against both IHF and rsPilA
mediated biofilm disruption in vitro and in vivo, yet
appeared to do so via unique mechanisms, we were
curious as to whether addition of rsPilA to a formulation of
IHF plus dmLT would enhance the efficacy we had seen
when IHF was used as a singular immunogen in previous
work (Goodman et al., 2011). Therefore, herein we exam-
ined the efficacy afforded by therapeutic TCI with rsPilA
plus IHF in the resolution of established NTHI-induced OM
compared with that attributable to immunization with IHF
alone. Following induction of OM by direct challenge of the
middle ear with NTHI and the formation of robust biofilms in
the middle ears, we immunized animals by rubbing vaccine
formulations on to the skin of the outer ear. To determine
relative vaccine efficacy, we utilized an approach used
clinically to determine signs and severity of OM in children.
Thus, by video otoscopy, the tympanic membranes of each
animal were visualized to determine whether TCI reduced
signs of inflammation and/or induced clearance of fluids
from the middle ear. Whereas throughout the study, middle
ear fluids were observed behind ≥ 95% of tympanic mem-
branes in the cohort immunized with the adjuvant dmLT
only (Fig. 7A), a significant increase in the proportion of
middle ears that had cleared middle ear fluids was shown
in the cohorts that received either IHF + dmLT (P ≤ 0.05) or
IHF + rsPilA + dmLT (P ≤ 0.01). Moreover, one week after
receipt of the second immunization, the cohort adminis-
tered rsPilAplus IHF had resolved 53% of middle ear fluids,
an outcome that was greater than the 30% resolution of
fluids achieved by immunization with IHF alone (Fig. 7A).
Thus, by clinically relevant measures, the addition of
rsPilA to a therapeutic vaccine formulation of IHF + dmLT
afforded an improved outcome relative to receipt of IHF
alone.

As an additional measure of vaccine-induced disease
resolution, we also quantitated the relative bacterial load
within middle ear fluids collected after receipt of both
immunizing doses. As expected, the cohort administered
dmLT alone exhibited a high concentration of NTHI in
retrieved middle ear fluids (1.2 × 108 CFU ml−1) (Fig. 7B)
(Novotny et al., 2013). A significant 16-fold fewer NTHI
were cultured from fluids collected from the middle ears of
chinchillas that received IHF + dmLT (P ≤ 0.01) and an
even greater 40-fold reduction was achieved after coad-
ministration of IHF + rsPilA + dmLT (P ≤ 0.001). Moreo-
ver, and whereas 11% (2/18) of middle ear fluids from
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animals administered IHF + dmLT were culture-negative
(Fig. 7C), 50% (8/16) of middle ear fluids recovered
from animals immunized with IHF + rsPilA + dmLT were
culture-negative, a significant difference (P ≤ 0.05). Thus,
TCI with either IHF + dmLT or with IHF + rsPilA + dmLT
induced eradication of the planktonic NTHI population
from the middle ear; however, the addition of rsPilA to the
formulation of IHF + dmLT resulted in greater bacterial
clearance.

Quantitation of NTHI that were either adherent to the
mucosa or resident within middle ear mucosal biofilms, as

determined by plating of tissue homogenates recovered 1
week after receipt of the second immunizing dose,
revealed that TCI with IHF + dmLT resulted in a significant
2.3-log reduction in CFU NTHI, compared with receipt of
dmLT alone (P ≤ 0.05) (Fig. 7D). A 2.8-log reduction was
achieved by receipt of IHF + rsPilA + dmLT, compared
with receipt of this adjuvant alone (P ≤ 0.01). Thus,
whereas via this measure, there was no significant differ-
ence between these latter two cohorts, coadministration
of rsPilA and IHF induced a 0.5-log greater decrease in
NTHI concentration in tissue homogenates relative to the

Fig. 7. Transcutaneous immunization with IHF + dmLT or with the same formulation plus the addition of rsPilA resolved experimental
NTHI-induced OM.
A. Resolution of middle ear fluids as determined by video otoscopy and tympanometry, boxes on days 0 and 7 in y-axis represent days of
immunization.
B. Relative CFU NTHI in middle ear fluids.
C. Percentage of culture-negative middle ear fluids for each cohort.
D. CFU NTHI per mg middle ear mucosal biofilm.
E. Mean NTHI mucosal biofilm scores based on blinded evaluation and ranked on a 0–4 + scale of relative residual biomass. Shaded region
indicated middle ears in which < 25% of the middle ear space was occluded with NTHI biofilm.
F. Percentage of mucosal biofilms that were ranked ≤ 1.0 in each cohort (as shown in panel E), thus signifying that < 25% of the middle ear
space was occluded by a mucosal biofilm. A significant reduction in signs of OM, NTHI concentration in middle ear fluids, middle ear mucosal
biofilms and relative amount of residual biofilm was achieved after receipt of IHF + dmLT or IHF + rsPilA + dmLT, compared with dmLT alone.
Note that addition of rsPilA to a formulation of IHF + dmLT consistently induced an immune response that resulted in enhanced bacterial
eradication and disease resolution. Data in panels A, C and F are expressed as percentage per cohort ± SEM, Mantel–Cox Log-rank test.
Data in panels B, D and E are plotted as individual ears, and the mean value is shown, one-way ANOVA.
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cohort that received IHF alone. These data thus mirror
the trend observed with clearance of NTHI from middle
ear fluids that occurred despite the fact that the cohort
that received both immunogens (IHF + rsPilA + dmLT)
received only half the dose of IHF than was received by
the cohort immunized with IHF + dmLT.

As an additional assessment of disease resolution, the
relative quantity of biofilm remaining in the middle ear at
the end of the study was determined. In this animal model
of direct bacterial challenge of the middle ear, robust
biofilms are established in the middle ear prior to immu-
nization and earlier work demonstrates that 4 days after
direct inoculation of the chinchilla middle ear, 83–100% of
all middle ears develop a biofilm that occupies 75–100%
of the middle ear space (Novotny et al., 2011). Blind
ranking of each middle ear by means of an established
0–4 + scale (Goodman et al., 2011; Novotny et al., 2011;
2013) to indicate the relative amount of middle ear space
still occupied by a mucosal biofilm after immunization,
revealed a significant reduction in the cohorts that had
been immunized with either IHF + dmLT (P ≤ 0.01) or
IHF + rsPilA + dmLT (P ≤ 0.001), compared with those
immunized with dmLT alone (Fig. 7E). Moreover, based
on these data, whereas TCI with dmLT resulted in a mean
score of 2.7, which indicated that ≥ 50–75% of the middle
ear space remained filled with mucosal biofilm, the cohort
immunized with IHF + dmLT received a mean score of
1.4, which thus indicated that ≥ 25–50% of the middle ear
space contained mucosal biofilm, which was significantly
less than that observed in the dmLT alone cohort
(P ≤ 0.01). These data were comparable with prior work
thus validating the robustness of this animal model and
measurement outcome (Goodman et al., 2011). Impor-
tantly, in the cohort immunized with IHF + rsPilA + dmLT,
a mean score of 1.0 was obtained, which thus indicated
that ≤ 25% of the middle ear space remained occupied by
a mucosal biofilm after immunization. This result was also
significantly greater than that obtained by immunization
with dmLT alone (P ≤ 0.001).

Whereas there was no significant difference between
the cohort immunized with IHF + dmLT and that to which
we had added rsPilA to the formulation when mean counts
of NTHI in either middle ear fluids or mucosal homogen-
ates were assayed, we also determined how many ears
received a score ≤ 1.0 (which indicated that ≤ 25% of the
middle ear space was occluded by mucosal biofilm) at the
termination of the study. We found that only 6% of ears
received this score in the cohort immunized with dmLT
alone. In the cohort immunized with IHF + dmLT, 28% of
ears scored ≤ 1.0. However, in the cohort immunized
with IHF + rsPilA + dmLT, 81% of middle ears received
a score of ≤ 1.0, which indicated that this combinatorial
and biofilm-targeted therapeutic immunization strategy
resulted in a significant proportion of middle ears that

had resolved ≥ 75% of established mucosal biofilms
(P ≤ 0.0001 compared with dmLT; P ≤ 0.05 compared with
IHF + dmLT).

Discussion

Biofilms play an important role in the pathogenesis of all
NTHI-induced diseases of the respiratory tract (Post,
2001; Murphy and Kirkham, 2002; Bakaletz, 2012;
Swords, 2012). Due to their innate resistance to clearance
by antimicrobials and host immune effectors, mitigating
these diseases will likely require a novel biofilm-targeted
approach. However, as is characteristic of all biofilms,
those formed by NTHI are highly recalcitrant to the activity
of most antibodies, including those directed against an
NTHI whole outer membrane preparation (author’s unpub-
lished observations) or raised against the NTHI adhesin,
OMP P5 as shown herein. To date, we have found that only
antibodies directed against two proteins expressed by
NTHI have demonstrated the ability to significantly disrupt
or eradicate established NTHI biofilms in vitro and in vivo:
rsPilA (Novotny et al., 2011) and at least one DNABII
protein, IHF (Goodman et al., 2011; Brockson et al.,
2014).

Based upon the observations made in vitro, whereas the
outcome of treatment of established biofilms with antise-
rum against either rsPilA or IHF was similar overall,
the mechanisms of disruption appeared to be unique.
Thereby, we sought to gain a better understanding of the
mechanisms for biofilm disruption mediated by anti-rsPilA
as we had already unraveled much of this as related to the
action of anti-IHF (Brockson et al., 2014). In vitro, expo-
sure of NTHI biofilms to anti-IHF results in disruption of the
biofilm due to the sequestration of IHF as it dissociates
from eDNA where it serves as a critical structural compo-
nent (Brockson et al., 2014). The result is catastrophic
collapse of the biofilm structure with subsequent release of
NTHI leaving only a monolayer of bacteria. Conversely,
and as shown here, treatment of NTHI biofilms with anti-
serum against the majority subunit of NTHI Tfp (PilA) also
resulted in significant biofilm disruption and reduction in
biomass; however, nominal towers and water channels
remained. This observation suggested a more gradual
top-down disruption of the biofilm, but also with dispersal
of NTHI into the planktonic phase. Moreover, we showed
that biofilm disruption mediated by anti-rsPilA required
expression of PilA and LuxS which suggested a role
for both functional Tfp expression and LuxS-mediated
quorum signaling in this outcome. To date, and through the
efforts of multiple laboratories, an important role has been
shown for Tfp, the DNABII protein – IHF and LuxS in terms
of biofilm formation by NTHI both in vitro and in vivo
(Bakaletz et al., 2005; Daines et al., 2005; Jurcisek et al.,
2007; Armbruster et al., 2009; 2011; Goodman et al.,
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2011; Carruthers et al., 2012; Brandstetter et al., 2013;
Gustave et al., 2013; Brockson et al., 2014); however, to
our knowledge, this is the first report of relatedness
between Tfp- and LuxS-mediated events.

Because antibodies directed against either IHF or the
majority subunit of Tfp (PilA) are able to significantly disrupt
or eradicate biofilms formed by NTHI in vitro and in vivo, but
appeared to do so via unique molecular mechanisms,
these findings suggested to us the opportunity to develop a
synergistic biofilm-targeted approach to disease preven-
tion and/or resolution. As such, we decided to test the
therapeutic efficacy afforded by immunization with a for-
mulation of IHF + dmLT to which we added rsPilA. By
co-immunization, we strived to induce the formation of
antibodies against rsPilA that would inhibit adherence,
twitching motility and biofilm formation by NTHI (Bakaletz
et al., 2005; Jurcisek et al., 2007; Carruthers et al., 2012)
as well as those against IHF that would induce catastrophic
structural collapse of the biofilm with release into the
planktonic phase of NTHI that show both greater sensitivity
to the killing action of traditional antibiotics and sensitivity
to immune-mediated clearance (Goodman et al., 2011;
Gustave et al., 2013; Novotny et al., 2013; Brockson et al.,
2014).

To determine if adding rsPilA to a formulation of
IHF + dmLT would induce an immune response that had an
additive effect, we used an experimental model wherein
OM is established prior to immunization in order to deter-
mine whether induction of the formation of antibodies
against both rsPilA and IHF would resolve active disease
better than those against IHF alone. Chinchillas were
immunized by TCI wherein vaccine formulations were
applied to the skin on the inner surface of the ears of
animals. This noninvasive immunization strategy exploits
the immunocompetence of the skin by targeting the numer-
ous cutaneous dendritic cells within the dermis to generate
an effective, compartmentalized immune response and is
shown to be significantly efficacious when IHF and rsPilA
are individually used as immunogens (Goodman et al.,
2011; Novotny et al., 2011). To be consistent with amount
of vaccine antigen typically delivered in pediatric vaccines
and in concordance with all of our prior preclinical vaccine
studies (Bakaletz et al., 1999; Kennedy et al., 2000;
Novotny et al., 2006), the total protein delivered in any
immunizing dose was 10 μg. As a result, the cohort coad-
ministered rsPilA plus IHF received 5 μg of each protein,
whereas that immunized with IHF alone received 10 μg of
that immunogen.

By video otoscopy, to document signs and severity of
OM, combined with quantitation of the relative bacterial
loads within middle ear fluids and middle ear mucosal
biofilms, we observed a significant reduction in all meas-
ures of relative disease severity after immunization with
IHF + dmLT compared with TCI with adjuvant alone. This

outcome was comparable with what we reported in earlier
work (Goodman et al., 2011). However, the addition of
rsPilA resulted in enhanced clearance of middle ear fluids
and significantly greater eradication of NTHI from both
any remaining middle ear fluids and mucosal biofilms.
Despite receiving half as much IHF immunogen as the
cohort immunized with IHF + dmLT, co-administration with
rsPilA induced enhanced disease resolution suggesting
that there was no interference between these two immu-
nogens and further, that there was an added benefit.
These data thus support the premise that incorporation of
multiple NTHI biofilm-targeted vaccine candidates within
a single formulation could be greatly efficacious in devel-
opment of a therapeutic vaccine, as well as potentially a
more traditional preventative vaccine.

As to how this additive effect might have been achieved,
we have investigated the mechanisms of action of antisera
directed against either IHF or rsPilA in vitro in terms of their
ability to disrupt an established NTHI biofilm. We showed
earlier that anti-IHF induces catastrophic structural col-
lapse of the biofilm matrix with release of resident bacteria
via a mechanism that does not require direct contact and
is active within 6 h of exposure (Brockson et al., 2014).
However, despite similarly mediating biofilm disruption,
the mechanisms by which incubation with antibodies
directed against PilA mediated this effect were hereto-
fore unknown. Here, we showed that anti-rsPilA inhibited
twitching motility in a soft agarose assay and induced
disruption of biofilms formed by the wild-type parental
isolate but not those formed by a nonpolar pilA mutant
nor that formed by a luxS mutant. Complementation of
either mutation resulted in restoration of our ability to
demonstrate biofilm disruption upon incubation with anti-
rsPilA and suggested that what appeared to be a top-
down disruption of the biofilm might be tied to quorum
signaling. Indeed, release of NTHI from the biofilm into
the planktonic phase as observed after 6 h incubation
with anti-rsPilA was dependent upon ability to express
both PilA (and by inference, Tfp) and LuxS. Furthermore,
this release was directly associated with the detection of
AI-2 in the supernatants recovered from biofilms treated
with IgG-enriched antiserum to rsPilA but not those
treated with either IgG-enriched naive serum or serum
directed against another NTHI adhesin, OMP P5. Using
reporter constructs, we showed that both LuxS and PilA
are expressed during biofilm formation and maturation;
however, promoter activity for the genes that encoded
these proteins was cyclic, with peak activity occurring
approximately every 9 h and in opposition. Collectively,
our data suggested that expression of Tfp and LuxS is
tightly co-regulated in NTHI and that both twitching
motility and quorum signaling are essential to biofilm for-
mation as well as dispersal as mediated by antibodies
directed against an immunogen derived from the major-
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ity subunit of the Type IV pilus of NTHI. We will follow up
on these intriguing observations in future work.

By inducing an immune response against both IHF
and rsPilA, we showed via use of a noninvasive immu-
nization strategy that targeting two important determi-
nants resulted in significantly earlier eradication of NTHI
from both planktonic and adherent populations in the
middle ear, disruption of mucosal biofilms already resi-
dent within middle ears, and rapid resolution of signs of
disease in an animal model of experimental OM. These
data support continued development of this novel com-
binatorial therapeutic immunization approach for resolu-
tion and/or prevention of diseases of the respiratory tract
due to NTHI.

Experimental procedures

Bacterial strains

Nontypeable Haemophilus influenzae strains used in this
work are shown in Table 1. NTHI 86-028NP is a minimally
passaged clinical isolate recovered from the nasopharynx of
a child with chronic OM (Sirakova et al., 1994; Harrison et al.,
2005). Deletion of pilA was performed to generate NTHI
86-028NP ΔpilA (Carruthers et al., 2012). NTHI 86-028NP
ΔpilA/pPIL1 is the pilA mutant complemented with a plasmid
to allow for expression of pilA (Carruthers et al., 2012). NTHI
86-028NP ΔluxS contains a kanamycin resistance cassette
within the luxS gene (Armbruster et al., 2009). NTHI
86-028NP ΔluxS/pSPEC1-luxS is the luxS mutant comple-
mented with a plasmid to permit expression of luxS. To con-
struct the complemented ΔluxS strain, the luxS gene from
NTHI 86-028NP was amplified by polymerase chain reaction
(PCR) using primers shown in Table 2, then ligated into
pSPEC1 as a SphI to EcoRI fragment. The resulting plasmid,
pSPEC1-luxS, was transformed into H. influenzae Rd and
clones selected from overnight growth on chocolate agar plus

200 μg spectinomycin ml−1. The plasmid was isolated and
transformed into NTHI 86-028NP ΔluxS as described (Mason
et al., 2005) and clones selected from overnight growth on
chocolate agar plus 200 μg spectinomycin ml−1 and 20 μg
kanamycin ml−1.

To approximate expression of NTHI pilA or luxS during
biofilm formation in vitro, reporter constructs were generated
wherein expression of GFP was under the control of the
promoters for either pilA or luxS. The promoter for pilA was
excised from plasmid pKMLN-02 (Jurcisek et al., 2007) by
digestion with BamHI and SalI and gel purified. Plasmid
pRSM2169 (Mason et al., 2005) was also digested with
BamHI and SalI and gel purified. The products were ligated
with T4 DNA ligase (Invitrogen), and the resulting plasmid,
pGFP-PpilA, was used to transform Top 10 chemically com-
petent E. coli cells (Invitrogen) and colonies selected after
overnight growth on Luria-Bertani (LB) agar plus 20 μg kana-
mycin ml−1.

A luxS reporter was generated by PCR amplification of
the luxS gene from NTHI 86-028NP genomic DNA using
primers noted in Table 2, incorporating SphI and BamHI
restriction sites respectively. The plasmid pRSM2211
wherein GFP is driven by the promoter for NTHI outer mem-
brane protein P2 (Mason et al., 2003) was digested with
SphI and BamHI (NEB) to excise the promoter for P2; the
plasmid backbone was gel purified and then ligated with
the gel purified luxS promoter PCR product using T4 DNA
ligase. Top 10 chemically competent E. coli cells were trans-

Table 1. Bacterial strains and plasmids used in this study.

Bacterial strains Description Source

NTHI 86-028NP Isolated from the nasopharynx of a child with chronic OM Sirakova et al. (1994)
NTHI 86-028NP ΔpilA Nonpolar pilA mutant Carruthers et al. (2012)
NTHI 86-028NP ΔpilA/pPIL1 Complemented nonpolar pilA mutant Carruthers et al. (2012)
NTHI 86-028NP ΔluxS luxS mutant generated by insertion of kanamycin resistance cassette within luxS gene Armbruster et al. (2009)
NTHI 86-028NP

ΔluxS/pSPEC1-luxS
Complemented luxS mutant This study

NTHI 86-028NP: pilA-GFP NTHI 86-028NP in which expression of GFP is under control of the pilA promoter This study
NTHI 86-028NP: luxS-GFP NTHI 86-028NP in which expression of GFP is under control of the luxS promoter This study
V. harveyi BB170 Used in bioluminescence assay to detect production of AI-2 ATCC

Plasmids Description Source

pSPEC1 Haemophilus-E. coli shuttle vector pGZRS-39A wherein kanamycin resistance gene
replaced by spectinomycin resistance gene from pSPECR

West et al. (1995)

pSPEC1-luxS luxS gene from NTHI 86-028NP cloned into pSPEC1 vector This study
pGFP Promoterless derivative of Haemophilus-E. coli shuttle vector pGZRS-39A, which

incorporates gfpmut3
Mason et al. (2003)

pGFP-PpilA pilA promoter driving expression of gfpmut3 within pGFP This study
pGFP-PluxS luxS promoter driving expression of gfpmut3 within pGFP This study

Table 2. Primers used in this study.

luxS gene 5′GCGCGCATGCAATGAGCAAGAAAAAACCCCACAATAAAT
5′CCGGAATTCCGGCTATTTTAATAAGGAATTATCGAGTGACAA

ATCTTCAT
pilA promoter 5′GAAGTGAGGTGACTGAATTTGCCGACAATC

5′GATAAACGCCCAAATCCACAGGATATTTCC
luxS promoter 5′ACATGCATGCATGTAATGAGCAAGAAAAAACCCCACAATAAAT

5′CGGGATCCCGAAATTTTCCTTATAAATCAGTTGGTTAAGAAAT
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formed with the resulting plasmid, pGFP-PluxS and colonies
selected from overnight growth on LB agar plus 20 μg kana-
mycin ml−1.

A colony with the correct plasmid construct for each
reporter was inoculated into LB broth plus 20 μg kanamycin
ml−1 and plasmid expression induced by overnight incubation
with 170 μg chloramphenicol ml−1. The plasmids were iso-
lated, methylated with CpG methylase (NEB) and electropo-
rated into NTHI 86-028NP (Mason et al., 2005). Colonies
were selected by overnight growth on chocolate agar plus
20 μg kanamycin ml−1.

Sub-agarose twitching inhibition assay

To assess the ability of antibodies directed against Tfp to
inhibit twitching motility in vitro, we developed a high-
throughput sub-agarose assay. Polyclonal naive rabbit
serum, rabbit anti-rsPilA or rabbit anti-OMP P5 (generated at
Spring Valley Labs) were diluted 1:2 in sterile 0.9% sodium
chloride and a 5 μl volume applied to wells of sterile, non-
tissue culture treated 24-well plates (Corning). Serum was
then spread across the well bottom using a sterile pipette tip.
As an additional negative control, 5 μl of the saline diluent
was applied to a separate well. A 500 μl volume of soft
agarose (0.3% agarose plus brain heart infusion broth sup-
plemented with 2 μg ml−1 each of heme and β-NAD) (Sigma
Aldrich) was then added to each well and allowed to set for
24 h at room temperature prior to inoculation. During assay
development, NTHI was observed to twitch on the basolateral
surface of the medium after piercing the agarose to deposit
the inoculum at the center bottom of the well. Therefore, to
assess twitching motility, or inhibition thereof, the semi-solid
medium was removed from the microtiter plates after incuba-
tion and the bottom surface stained to reveal growth of NTHI.

To inoculate, a single isolated bacterial colony from a 20 h
chocolate agar plate supplemented with appropriate antibi-
otic was suspended in 5 μl 0.9% sterile saline (to yield
∼ 1.5 × 107 CFU NTHI ml−1). A volume of 0.4 μl of the bacterial
slurry was then inoculated onto the bottom of the well by
piercing though the soft agarose at the center of each well.
Plates were incubated on a leveled surface for 24 h at 37°C,
5% CO2 in a humidified atmosphere. Following incubation,
the top surface of the soft agarose (still in place within the
24-well plate) was gently swabbed with a sterile cotton swab
dipped into 0.9% saline to remove any bacterial growth. To
detect growth indicative of twitching motility, the soft agarose
was removed from each well to expose the bottom surface of
the plus. To remove any loosely adherent bacteria, soft
agarose plugs were washed in sterile saline for 1 h with
gentle rocking. Colony morphology was revealed by incuba-
tion with Bio-Safe Coomassie stain (Bio-Rad) followed by
extensive washes in dH2O. Soft agarose plugs were exam-
ined using a dissecting microscope to determine NTHI colony
morphology and images captured with AxioVision software
(Zeiss). Experiments were performed three times, and repre-
sentative images were shown. We additionally quantitated
relative twitching motility of each strain using images col-
lected at the same magnification. With AxioVision software,
the length of bacterial growth extending from the inoculation
site was measured in four directions for each image. The
mean length ± standard error of the mean (SEM) is reported.

Disruption of established biofilms in vitro

Biofilms formed by NTHI 86-028NP, ΔpilA, ΔpilA/pPIL1, ΔluxS
and Δlux/pSPEC1-luxS were first established in 8-well cham-
bered coverslips (Lab-Tek) for 24 h prior to treatment with an
arbitrarily selected 1:50 dilution of antiserum for an additional
16 h as described (Jurcisek et al., 2011; Brockson et al.,
2014). Polyclonal rabbit sera tested included naive rabbit
serum and rabbit anti-NTHI OMP P5 as negative controls,
and rabbit anti-rsPilA. Sera were not heat-inactivated prior to
use. Biofilms were stained with LIVE/DEAD® BacLight viabil-
ity stain (Invitrogen) wherein live bacteria would appear green
when viewed by confocal microscopy and dead bacteria
would appear red. For all biofilm assays, duplicate wells were
viewed on a Zeiss 510 Meta-laser scanning confocal micro-
scope, images compiled with Zeiss Zen software and
biomass values were calculated with COMSTAT2 software
(Heydorn et al., 2000; Vorregaard, 2008). All biofilm assays
were repeated a minimum of thee times, on separate days.
Data represent mean ± SEM.

Assay to detect release of bacteria from a biofilm
(dispersal) into the planktonic phase

To examine the hypothesis that antibody directed against
NTHI Tfp induced dispersal of bacteria from established bio-
films, an in vitro assay was developed. Biofilms formed
by NTHI 86-028NP, ΔpilA, ΔpilA/pPIL1, ΔluxS and ΔluxS/
pSPEC1-luxS strains were first established in 8-well cham-
bered coverslips as described (Jurcisek et al., 2011). After
16 h, medium was aspirated and fresh medium containing an
arbitrarily selected 1:50 dilution of the following polyclonal
antisera were added: naive rabbit serum, rabbit anti-rsPilA or
rabbit anti-OMP P5 (generated at Spring Valley Laboratories).
Sera were not heat-inactivated prior to use. Four, six and eight
h after addition of sera, supernatants were collected, the
optical density measured at 490 nm, and then fluids were
serially diluted and plated on to chocolate agar. This assay was
repeated three times, and the mean optical density ± SEM and
mean CFU NTHI ml−1 ± SEM were reported.

Assay to demonstrate autoinducer-2 activity in NTHI
biofilms upon incubation with anti-rsPilA

NTHI strain 86-028NP is shown to produce and respond to
the quorum-sensing/signaling molecule autoinducer-2 (AI-2)
(Daines et al., 2005; Armbruster et al., 2011). To determine
whether dispersal of NTHI from biofilms after treatment with
anti-rsPilA was dependent upon quorum signaling, we utilized
a modified V. harveyi reporter assay. The V. harveyi reporter
strain BB170 (sensor 1−, sensor 2+; ATCC) was incubated in
Marine broth at 30°C with shaking at 200 r.p.m. for 16 h, then
diluted 1:5000 into AB medium (Greenberg et al., 1979).
Ninety microliters of the diluted V. harveyi cells were then
added to wells of a 96-well, white microtiter plate (Corning).
Supernatants from 16 h NTHI biofilms formed by NTHI
86-028NP, ΔpilA, ΔpilA/pPIL1, ΔluxS and ΔluxS/pSPEC1-
luxS were collected 4, 6 and 8 h after addition of fresh
medium or treatment. As during assay development, we
observed that whole polyclonal rabbit serum nonspecifically
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induced light production by V. harveyi, we treated NTHI bio-
films with a 1:50 dilution of IgG-enriched naive rabbit serum,
IgG-enriched rabbit anti-rsPilA or IgG-enriched rabbit anti-
OMP P5. IgG was enriched from polyclonal rabbit sera using
a HiTrap Protein G column (GE Healthcare) per manufactur-
er’s instructions (Brockson et al., 2014). As the sera were
collected from hyperimmune rabbits, the majority of IgG from
rsPilA- and OMP P5-immunized rabbits was expected to be
specific for the immunizing protein. Biofilm supernatants were
then centrifuged at 16 000 × g for 5 min followed by filtration
though a 0.2 μm syringe filter to remove bacteria and imme-
diately frozen at −80°C until assayed. Ten microliters of the
cell-free fluids were added to wells of microtiter plates con-
taining V. harveyi and incubated at 30°C with shaking at
200 r.p.m. in ambient air. Light production by V. harveyi was
measured 4.5 h later using a M200Pro plate reader (Tecan,
San Jose, CA, USA). Positive control wells contained 10 μl of
0.2 μM (S)-4,5-Dihydroxy-2-3-pentadione (OMM Scientific
Inc., Dallas, TX, USA) instead of cell-free supernatants. The
values for relative light production by V. harveyi after incuba-
tion in cell-free supernatants from biofilms treated with IgG-
enriched naive serum were subtracted from values obtained
with IgG-enriched anti-rsPilA or anti-OMP P5. Assays were
repeated three times, and the mean ± SEM was reported.

To further confirm that quorum signaling via AI-2 molecule
induced the PilA-mediated release of biofilm-resident NTHI,
exogenous DPD (0.2 μM) was added to 16 h biofilms formed
by NTHI 86-028NP, ΔpilA, ΔpilA/pPIL1, ΔluxS and ΔluxS/
pSPEC1-luxS. After incubation at 37°C in a humidified atmos-
phere, static for 45 min, supernatants were collected, serially
diluted and plated on to chocolate agar. Assays were
repeated three times, and the mean ± SEM was reported.

Detection of pilA and luxS promoter activity during
biofilm formation in vitro

As a surrogate to demonstrate the expression of PilA and
LuxS during biofilm formation in vitro, we utilized NTHI
reporter constructs that contained a plasmid wherein expres-
sion of GFP was under the control of the promoters for pilA or
luxS. Biofilms were established as described in 8-well cham-
bered coverslips. To maintain bacterial viability, the medium
was replaced with fresh sBHI after 16 h and again at 24 h.
Upon seeding the chamber sides and at 3 h intervals there-
after for 42 h, biofilms were imaged using a IVIS Spectrum
optical imaging system (PerkinElmer, Waltham, MA, USA) to
detect GFP-specific fluorescence at the following param-
eters: excitation = 465 nm, emission = 520 nm, 1 s exposure.
The relative promoter activity at each time point was deter-
mined by measuring the fluorescent intensity within each
chambered coverslip well using Living Image software (Perki-
nElmer). Each value was then compared with the nonfluores-
cent wild-type parent strain. The fold change in fluorescent
intensity induced by the pilA and luxS promoters over that of
the parent strain was plotted. Data represent mean ± SEM of
three independent assays.

Immunogens and adjuvant

Purified E. coli IHF was a gift from the late Dr. Howard Nash
(Rice et al., 1996). Recombinant soluble PilA, or rsPilA, is an

N-terminally truncated protein representing a modified soluble
form of mature PilA derived from NTHI 86-028NP (Novotny
et al., 2009).Adouble mutant form of E. coli heat-labile entero-
toxin, called LT(R192G-L211A) and abbreviated ‘dmLT’,
wherein glycine is substituted for arginine at position 192 and
alanine is substituted for lysine at position 211, served as the
adjuvant (gift from Dr. John Clements, Tulane University). The
amino acid substitutions render dmLT nontoxic while maintain-
ing adjuvant properties (Norton et al., 2011).

Bacterial challenge and TCI regime

Forty-eight adult chinchillas (Chinchilla lanigera; 733 ± 19 g)
were obtained from Rauscher’s Chinchilla Ranch (LaRue,
OH, USA) and rested 7 days. No evidence of middle ear
disease was documented by video otoscopy and tympanom-
etry prior to enrollment. All animals were challenged by trans-
bullar inoculation with 1000 CFU NTHI 86-028NP per bulla to
induce active experimental OM. Four days later, when signs
of inflammation of the tympanic membrane (ear drum) and
evidence of OM (middle ear fluid was visible behind the
tympanic membrane) were present (Goodman et al., 2011;
Novotny et al., 2013), animals were immunized by TCI as
described (Novotny et al., 2011; 2013). Briefly, both pinnae,
or external part of the ear, of each alert animal were hydrated
for 5 min by placement of gauze soaked in sterile, pyrogen-
free 0.9% sodium chloride (Hospira, Lake Forest, IL, USA) on
the inner surface, blotted with dry gauze and then 50 μl of
each vaccine formulation was applied using a pipet. The
pinnae were then folded in half and opposing surfaces gently
rubbed together. A total protein content of 10 μg immunogen
plus 10 μg adjuvant was administered by TCI. Formulations
consisted 10 μg rsPilA admixed with 10 μg dmLT; 10 μg puri-
fied E. coli IHF plus 10 μg dmLT; 5 μg rsPilA plus 5 μg IHF (a
total of 10 μg protein in total) admixed with 10 μg dmLT or
10 μg dmLT alone. Two doses were delivered 1 week apart.

Enzyme-linked immunosorbent assay (ELISA) to assess
immunogen-specific antibody in serum and middle
ear fluids

To determine the relative quantity of immunogen-specific anti-
body in serum and clarified middle ear fluids recovered
at termination of the study, endpoint ELISA was performed.
Individual samples were incubated in rsPilA- or IHF-coated
wells (0.2 μg protein per well) for 1 h at 37°C and
bound antibody was detected with HRP-conjugated
Protein A (Invitrogen). Color was developed with 3,3′,5,5′-
tetramethylbenzidine (Pierce Biotechnology, Rockford, IL,
USA). Endpoint reciprocal titers were defined as the dilution
that yielded an OD450nm value of 0.1 above control wells that
were incubated without sample fluids. Assays were performed
a minimum of three times and the GMT with 95% CI reported.

Eradication of NTHI from the middle ear

To assess efficacy of each vaccine formulation, video otos-
copy and tympanometry were performed on all animals to
detect signs of inflammation and severity of OM (Novotny
et al., 2006). When middle ear fluids were observed behind
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the tympanic membrane, an ear was considered positive for
OM. Additionally, upon sacrifice, bullae were dissected, and
middle ear fluids were collected from all animals. To semi-
quantitate the relative bacterial load within this planktonic
population, fluids were serially diluted and plated on to choco-
late agar. The mean CFU NTHI ml−1 middle ear fluid was
determined for each cohort. Middle ear fluids were then clari-
fied by centrifugation and the supernatants stored at −80°C
until assessed for antibody titers by ELISA as described.

To assess the resolution of preexisting middle ear
mucosal biofilms induced by TCI, after collection of middle
ear fluids, each bulla was washed gently with saline to
remove loosely adherent bacterial biomass and images of
the remaining adherent mucosal biofilm captured. Images of
each middle ear mucosal biofilm were scored on a 0–4 +
scale wherein 0 = no mucosal biofilm, 1 = biofilms fills
≤ 25% of middle ear space, 2 = mucosal biofilm fills > 25%
to ≤ 50% middle ear space, 3 = mucosal biofilm fills > 50%
to ≤ 75% of middle ear space and 4 = > 75% of middle ear
space (Goodman et al., 2011; Novotny et al., 2013). Images
were reviewed blindly by seven individuals, and the mean
score for each middle ear was reported. Lastly, the mucosal
biofilm was collected from the right bulla, homogenized in
sterile saline and plated on to chocolate agar to determine
the relative quantity of NTHI mg−1 biofilm. All animal experi-
ments were performed under a protocol approved by the
Institutional Animal Care and Use Committee at The
Research Institute at Nationwide Children’s Hospital and in
adherence to the NIH Guide for the Care and Use of Labo-
ratory animals.

Statistical analyses

Statistical analyses were calculated with GraphPad Prism 6
(GraphPad Software, Inc.). Differences in the proportion of
middle ears with OM were determined by Mantel–Cox log-
rank test. Significance in CFU NTHI in middle ear fluids,
mucosal biofilms and mucosal biofilm score, and differences
in in vitro biofilm biomass were determined by one-way analy-
sis of variance (ANOVA) with Dunn’s multiple comparisons
test. Significance in length of NTHI twitching motility, NTHI
biofilm dispersal and V. harveyi RLUs was calculated using a
two-way ANOVA with Tukey’s multiple comparisons test. Sig-
nificance in DPD-induced dispersal of NTHI from biofilms was
determined by Student’s t-test. For all comparisons, a
P-value of ≤ 0.05 was considered significant.
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Intercellular adhesion molecule 1 serves as a primary
cognate receptor for the Type IV pilus of nontypeable
Haemophilus influenzae
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Summary

Nontypeable Haemophilus influenzae (NTHI) uti-
lizes the Type IV pilus (Tfp) to adhere to respiratory
tract epithelial cells thus colonizing its human host;
however, the host cell receptor to which this
adhesive protein binds is unknown. From a panel
of receptors engaged by Tfp expressed by other
bacterial species, we showed that the majority
subunit of NTHI Tfp, PilA, bound to intercellular
adhesion molecule 1 (ICAM1) and that this interac-
tion was both specific and of high affinity. Further,
Tfp-expressing NTHI inoculated on to polarized
respiratory tract epithelial cells that expressed
ICAM1 were significantly more adherent compared
to Tfp-deficient NTHI or NTHI inoculated on to
epithelial cells to which ICAM1 gene expression
was silenced. Moreover, pre-incubation of epitheli-
al cells with recombinant soluble PilA (rsPilA)
blocked adherence of NTHI, an outcome that was
abrogated by admixing rsPilA with ICAM1 prior to
application on to the target cells. Epithelial cells
infected with adenovirus or respiratory syncytial
virus showed increased expression of ICAM1; this
outcome supported augmented adherence of Tfp-
expressing NTHI. Collectively, these data revealed
the cognate receptor for NTHI Tfp as ICAM1 and
promote continued development of a Tfp-targeted
vaccine for NTHI-induced diseases of the airway
wherein upper respiratory tract viruses play a key
predisposing role.
Received 27 July, 2015; revised 7 January, 2016; accepted 31
January, 2016. *For correspondence. E-mail lauren.bakaletz@
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Introduction

Nontypeable Haemophilus influenzae (NTHI) is a common
commensal of the human nasopharynx. NTHI also
predominates as the causative agent of diseases of the
upper and lower respiratory tracts of children and adults,
including conjunctivitis, otitis media (OM), sinusitis,
bronchitis and exacerbations of both cystic fibrosis and
chronic obstructive pulmonary disease (Murphy, 2003;
Murphy et al., 2009b; Sethi and Murphy, 2008). Adher-
ence to the mucus and epithelial cells that comprise the
respiratory tract mucosa is critical for NTHI to colonize its
human host, the necessary first step in the disease
process. To accomplish this, the bacterium utilizes
multiple adhesive proteins, including lipooligosaccharide
and a number of surface-expressed proteins, including the
Type IV pilus (Tfp). Expression of Tfp contributes
significantly to the ability of NTHI to adhere to respiratory
tract epithelial cells, exhibit motility via twitching and form
biofilms, structures which further the recurrence and
chronicity of NTHI-induced diseases (Bakaletz et al.,
2005; Carruthers et al., 2012; Jurcisek et al., 2007;
Novotny et al., 2015). Interestingly, dispersal of NTHI from
a pre-formed biofilm in vitro upon exposure to antibodies
directed against Tfp requires expression of both the
majority subunit of this protein, PilA as well as LuxS,
suggesting that both twitching motility and quorum
signalling are integral to this dispersal (Novotny et al.,
2015). Moreover, expression of Tfp is important for NTHI
to exhibit competence, and the presence of each gene in
the pil and com operons is required for uptake of
exogenous DNA (Carruthers et al., 2012). In vivo, Tfp
promote long-term colonization of the nasopharynx and
robust biofilm formation within the middle ear in chinchilla
models of experimental NTHI-induced OM (Jurcisek et al.,
2007). Targeting Tfp by immunization with a recombinant
protein designed to mimic PilA, the majority subunit of this
protein, called ‘rsPilA’ for recombinant, soluble form of
PilA (Novotny et al., 2009), admixed with the potent
adjuvant LT(R192G/L211A) (Norton et al., 2011) induces
the formation of antibodies that eradicate NTHI from
middle ear fluids and mucosal biofilms when administered
as a traditional preventative vaccine via a transcutaneous
immunization strategy, yet also induces rapid resolution of
disease with eradication of pre-established NTHI biofilms
cellular microbiology
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from the chinchilla middle ear when delivered in a
therapeutic immunization regimen (Novotny et al., 2011).
As NTHI Tfp are linked to multiple key NTHI biological

functions, pinpointing the cognate receptor for this
adhesive protein is essential to gain a complete under-
standing of this important virulence factor and vaccine
candidate. The receptors for several well-described
adhesive factors expressed by NTHI are known and
include host cellular proteoglycans which are utilized by
the NTHI high molecular weight proteins (HMW) 1 and 2
(Noel et al., 1994), laminin and vitronectin are targeted by
NTHI Protein E (Hallstrom et al., 2011) and laminin is
bound by NTHI Protein F (Jalalvand et al., 2013),
carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1) is the receptor for NTHI outer membrane
proteins P5 and P1 (Avadhanula et al., 2006b; Bookwalter
et al., 2008; Hill et al., 2001; Tchoupa et al., 2015),
intercellular adhesion molecule 1 (ICAM1) is the receptor
for NTHI outer membrane protein P5 and platelet
activating factor receptor (PAFr) is bound by NTHI
lipooligosaccharide (Swords et al., 2000; Swords et al.,
2001). However, the host cell receptor(s) for NTHI Tfp is
not known. Therefore, this work was performed to identify
the host cognate receptor for this critical NTHI virulence
factor.
Herein, we demonstrated that ICAM1, a transmembrane

glycoprotein expressed at the surface of many eukaryotic
cell types, served as a primary cognate receptor for NTHI
Tfp. These data also demonstrated a potential mechanism
for the noted induction and/or exacerbation of NTHI-
induced diseases of the airway following upper respiratory
tract viral infection because of virus-induced increased
expression of ICAM1 with concomitant increased adher-
ence of NTHI.

Results

rsPilA bound to ICAM1

To identify the host cell cognate receptor for NTHI Tfp,
recombinant proteins that represented candidate epithelial
cell-surface receptors, in addition to several extracellular
matrix (ECM) proteins, were screened by far-Western slot
blot. Potential receptors included those engaged by Tfp
expressed by the respiratory tract pathogens Neisseria
meningitidis (CD46) (Kallstrom et al., 1997) and Pseudo-
monas aeruginosa (asialo-GM1) (Craig et al., 2004); host
receptors utilized by other known NTHI adhesins (ICAM1,
CEACAM1, PAFr); and as a negative control, a protein
expressed by endothelial cells (CD105) to which NTHI do
not normally either have access to or adhere. Additionally,
ECM proteins which NTHI could encounter at the epithelial
cell surface and/or are bound by other NTHI outer
membrane proteins were assayed including laminin,
fibronectin, collagen IV, fibrinogen and vitronectin (Fink
©
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et al., 2002; Hallstrom et al., 2011; Jalalvand et al., 2013;
Su et al., 2015). The purified recombinant protein rsPilA
(for recombinant soluble PilA), which mimics PilA, the
majority subunit of NTHI Tfp (Bakaletz et al., 2005),
served as a surrogate for native pilin protein (Novotny
et al., 2009). Incubation of rsPilA with host receptors and
ECM proteins adsorbed on to PVDF membrane, then
probed with rabbit anti-rsPilA yielded a band associated
with ICAM1 (Fig. 1A, top membrane) and rsPilA previously
adsorbed on to the PVDF membrane. An additional
membrane was incubated with ICAM1 (Fig. 1A, bottom
membrane) and showed a positive result for the converse
interaction, that ICAM1 bound to adsorbed rsPilA.
Moreover, as a positive control, ICAM1 interacted with
LFA1 (Marlin and Springer, 1987), fibrinogen (Tsakadze
et al., 2002) and NTHI OMP P5 (Avadhanula et al.,
2006b), known binding partners for this molecule and thus
validated this experimental procedure. Therefore of the
panel of recombinant host receptors and ECM proteins
tested, ICAM1 was identified as a primary receptor
candidate for the NTHI Tfp; therefore we focused our
efforts on further examination of this specific interaction.

We first used surface plasmon resonance to confirm the
interaction between rsPilA and ICAM1 and to also
determine the kinetics of the interaction between rsPilA
in solution and recombinant ICAM1 immobilized to the
sensor chip surface. Injection of increasing concentrations
of rsPilA over the sensor chip showed a dose-dependent
increase in association to ICAM1 (Fig. 1B). From these
data, the KD was calculated to be 70 nM, indicating an
interaction of high affinity. This response was not
duplicated by injection of rsPilA across a surface to which
another putative receptor (CEACAM1) was immobilized,
which confirmed the specificity of the interaction between
rsPilA and ICAM1 and also complemented the results
obtained by far-Western slot blot. Thus, rsPilA exhibited
specific binding to, and a strong affinity for, ICAM1.

Next, the interaction between rsPilA and ICAM1 was
examined under conditions where both proteins were
admixed in solution so as to not restrict access to potential
binding sites on either protein by immobilization on to a
substrate. Samples consisting of an increasing molar ratio
of rsPilA and a constant amount of ICAM1 were admixed
and examined by native PAGE so as not to disrupt
potential protein–protein binding. Similar to the results
shown by surface plasmon resonance, rsPilA interacted
with ICAM1, shown by an increase in band intensity and
decrease in electrophoretic mobility compared to a sample
containing only ICAM1 (Fig. 1C, top row), a result
validated by quantitative densitometry (Fig. 1D, black
bars). Of note, two distinct protein bands were observed in
samples that contained rsPilA at 1, 2, 3 or 5:1 molar ratios
with ICAM1, which indicated the presence of both an
ICAM1–rsPilA complex at ~205 kDa and free ICAM1 at
2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055



Fig. 1. rsPilA bound to ICAM1.
A. Far-Western slot blot wherein incubation of
rsPilA (top blot) or ICAM1 (bottom blot) with a
panel of host cell receptors and extracellular
matrix proteins adsorbed on to PVDF
membranes revealed reactivity of rsPilA
exclusively to ICAM1. Conversely, ICAM1
interacted with rsPilA, in addition to its known
binding partners LFA1, NTHI OMP P5 and
fibrinogen.
B. Sensorgram curves for surface plasmon
resonance wherein ICAM1 immobilized to the
surface of a sensor chip was exposed to rsPilA
demonstrated a concentration-dependent
increase in reactivity, a response not observed
when rsPilA (at the greatest concentration)
was assayed versus a CEACAM1-immobilized
control surface. Arrows indicate start and stop
of the injection cycle.
C. An increase in ICAM1 band intensity was
shown by native PAGE upon incubation of
ICAM1 with increasing molar ratios of rsPilA, a
result quantitated in (D). Collectively, these
data demonstrated that rsPilA bound to
ICAM1.
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~190 kDa. This ~14 kDa increase in molecular mass
correlated with the mass of rsPilA and therefore indicated
that rsPilA bound to ICAM1. This premisewas supported by
the absence of an rsPilA protein band within the same
samples (Fig. 1C, bottom row and Fig. 1D, absence of grey
bars). However, with further increase of rsPilA to 7:1 and
9:1 molar ratio with ICAM1, saturation of binding site(s) on
ICAM1was achieved, as a single band that represented the
rsPilA–ICAM1 complex was visualized. Moreover, these
data were synchronous with the appearance of an rsPilA
protein band at 14 kDa which indicated an excess of rsPilA
in the solution (Fig. 1C, bottom row and Fig. 1D, grey bars).
Thus, these data suggested that a molar excess of rsPilA
was observed to interact with ICAM1 in solution. Collec-
tively, this set of experiments revealed ICAM1 as a primary
ligand for the NTHI Tfp surrogate, rsPilA, and by inference
Tfp. This interaction was specific and of high affinity.

Demonstration that ICAM1 is expressed by polarized
primary normal human bronchial epithelial cells

Whereas results with purified proteins identified ICAM1 as
a receptor for rsPilA, we wanted to confirm these findings
using ICAM1 expressed natively by respiratory tract
epithelial cells. To do so, primary normal human bronchial
epithelial cells (NHBEs) were established and cultured
in vitro at an air–liquid interface to mimic the airway.
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055
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Generation of polarized and differentiated cell cultures in
this manner yields a pseudo-stratified tall respiratory
epithelium, including basal cells, ciliated cells and
mucus-producing goblet cells (Fulcher et al., 2005). We
first demonstrated the presence of ICAM1 within NHBE
cell lysates by SDS-PAGE and Western blot (Fig. 2A, top
row, first column). Therefore, ICAM1 was expressed by
polarized NHBEs, as anticipated. In an effort to block
expression of ICAM1, polarized cultures were transduced
with ICAM1 siRNA. By Western blot, a 60% reduction in
band intensity was detected, relative to cells transduced
with a scrambled sequence siRNA or untreated NHBEs
(Fig. 2A, top row, columns 1–3). We also visualized native
ICAM1 expression on intact cultures by fluorescent micros-
copyandobserved robust labelling for thismolecule (Fig. 2B,
top left panel, green fluorescence). Moreover, the ICAM1-
specific fluorescent signal was reduced upon transduction of
the epithelial cells with ICAM1 siRNA (Fig. 2B, top right
panel), a result not observed after incubation with scrambled
sequence siRNA (Fig. 2B bottom left panel). These data
complemented our results shown by Western blot. As
ICAM1 is important in cell-cell interactions, and disruption
of these contacts could negatively influence the stability of
the cultures and induce artifacts into the ensuing adherence
assays, we stained cellular F-actin to examine the architec-
ture of the cells in culture and additionally measured the



Fig. 2. Polarized NHBEs expressed ICAM1.
A. SDS-PAGE and Western blot analysis for detection of ICAM1 in
polarized NHBE cell lysates. Epithelial cells transfected with ICAM1
siRNA showed a reduction in band intensity, indicating a reduction in
ICAM1 protein expression, a result not observed by treatment of cells
with a scrambled sequence siRNA. Equivalent protein concentration
per sample was indicated by probing for GAPDH.
B. Immunofluorescent labelling for native ICAM1 demonstrated robust
expression of this molecule by polarized NHBEs in culture (green
fluorescence) and NHBEs incubated with scrambled sequence
siRNA, whereas epithelial cells transfected with ICAM1 siRNA had
reduced ICAM1-specific fluorescence. Treatment with ICAM1 siRNA
did not disrupt the polarized structure of the NHBE cultures, as shown
by staining of F-actin (pseudocolored grey) and by the comparable
transepithelialresistance measurements (values embedded within
each image).
C. Flow cytometry histograms depicted expression of ICAM1 by intact
NHBEs collected from polarized cultures. As ICAM1 expression was
not completely silenced upon transfection with ICAM1 siRNA, also
shown by Western blotting and confocal microscopy, the population of
cells that exhibited greater size by forward scatter (panel D, encircled
population), and which likely represented the differentiated and
apically positioned cells within the polarized cell culture was further
examined. These larger-sized cells showed a reduction in ICAM1
expression compared to untreated NHBEs or cells transfected with
scrambled sequence siRNA. Therefore, ICAM1 was expressed by
polarized NHBEs, the expression of which was reduced in the
population of cells most likely exposed at the apical surface by
treatment with ICAM1 siRNA.
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transepithelial resistance to ascertain the integrity of the
cellular junctions. Microscopy revealed cells that appeared
to have tight interactions (Fig. 2B, F-actin labelling
pseudocolored grey), an observation confirmed by compa-
rable transepithelial resistance measurements among the
untreated and siRNA-treated NHBEs (Fig. 2B, embedded
values).
As an additional assessment, we also examined ICAM1

expressed by NHBEs by flow cytometry (Fig. 2C, dark
©
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grey histogram). However, in contrast to our microscopy
results, by flow cytometry, no overall reduction in ICAM1-
specific labelling was shown by the NHBEs treated with
ICAM1 siRNA (Fig. 2C, light grey histogram) compared to
untreated cells (Fig. 2C, dark grey histogram) or those
incubated with scrambled sequence siRNA (Fig. 2C, clear
histogram). The histogram derived from ICAM1-specific
siRNA treated cells did however demonstrate the pres-
ence of two differentially labelled populations of cells.
Thereby, with the knowledge that ICAM1 is constitutively
expressed by many cell types and plays an important role
in cell-cell interactions, we hypothesized that application
of ICAM1 siRNA on to the apical surface of the polarized
NHBEs resulted in transduction of siRNA to only the
surface-exposed cells within the multi-layered cell culture.
To confirm this, scatter plots were examined which
depicted two populations of cells based on forward scatter
profile (Fig. 2D). A gate was drawn to select the population
that represented the larger and likely differentiated
apically-situated cells (Fig. 2D, encircled), compared to
the smaller basal cells. When only the population of cells
within this gate were plotted, there was an 82% reduction
in ICAM1-specific mean fluorescent intensity by the larger
sized cells (Fig. 2C, black histogram), compared to the
total population that included both small (basal) and large
(differentiated) sized cells (Fig. 2C, light grey histogram).
This result was similar in trend to the 60% reduction in
band intensity observed by Western blot of NHBE cell
lysates treated with ICAM1 siRNA (Fig. 2A) and the
2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055
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reduction in ICAM1-specific staining visualized by fluores-
cent microscopy (Fig. 2B). Therefore, these data demon-
strated that ICAM1 was expressed on the surface of
polarized NHBEs and thereby would be accessible to
binding by NTHI Tfp; moreover, the expression of ICAM1
could be silenced for those cells positioned at the apical
surface and to which NTHI would most likely adhere.

NTHI adhered to NHBEs via the interaction between Tfp
and ICAM1

To examine the interaction between Tfp and ICAM1 in
their native forms, Tfp-expressing NTHI were inoculated
on to the apical surface of polarized NHBE cultures. As
we’ve shown previously using submerged monolayer
cultures of NHBEs (Jurcisek et al., 2007), compared to
the parent strain, NTHI that could not express Tfp were
approximately 58% less adherent to the polarized NHBEs
assayed herein (P ≤0.01) (Fig. 3, black bars). Comple-
mentation of this mutation largely restored that ability of
this strain to adhere to epithelial cells. Thus, expression of
pilA, and by extension, Tfp was important for NTHI to
adhere to polarized NHBEs grown at the air-liquid surface.

To identify whether native ICAM1 served as a cognate
receptor for NTHI Tfp, blockade of ICAM1 by rsPilA was
attempted. Increasing concentrations of rsPilA at 5-, 10-
and 20μg per ml were applied to the apical surface of the
NHBEs prior to inoculation with NTHI. A dose-dependent
decrease in adherence was observed, and for samples
incubated with 10- and 20μg rsPilA per ml, a significant
Fig. 3. NTHI Tfp mediated adherence to polarized epithelial cells via interactio
was significantly less adherent to polarized primary respiratory tract epithelia
pilA (black bars). Pre-incubation of NHBEs with rsPilA to block accessibility
adherence (light grey bars). Admixing rsPilA with purified ICAM1 prior to app
molar ratio (medium grey bars), a result not replicated by incubation of rsPi
transduction of polarized epithelial cells with scrambled sequence siRNA di
adherence to ICAM1 siRNA transfected cells was observed (white bars). R
strain indicated with asterisks: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.

© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055
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reduction in adherence was shown compared to the
parent strain (P ≤0.05 and P ≤ 0.001, respectively) (Fig. 3,
light grey bars). Thus, addition of rsPilA to the NHBE cell
surface blocked a receptor utilized by NTHI, thereby
limiting adherence. To determine whether the blockade
was specific to an rsPilA-ICAM1 interaction, we now pre-
incubated rsPilA with recombinant ICAM1 prior to
application on to the NHBEs. Based on the observed
binding between rsPilA and ICAM1 shown in Fig. 1, we
presumed that ICAM1 would sequester rsPilA and thus
limit rsPilA-specific blockade of native ICAM1. Admixing
rsPilA and ICAM1 at a molar ratio of 7:1 resulted in a
significant 46% reduction in adherence of NTHI, com-
pared to adherence of NTHI to untreated NHBEs
(P ≤0.01). However, no significant difference was ob-
served between NTHI inoculated on to NHBEs pre-
incubated with a 3:1 molar ratio of rsPilA to ICAM1
compared to untreated cells (Fig. 3, medium grey bars).
These results are explained by the data shown by native
PAGE in Fig. 1C, as an excess of rsPilA remained in
solution when admixed with ICAM1 at a 7:1 molar ratio,
whereas rsPilA was adsorbed out of solution when
incubated at a 3:1 molar ratio. Therefore, admixing rsPilA
and ICAM1 at a 7:1 ratio provided an excess of rsPilA
available to bind to native ICAM1 on the NHBE cell
surface thus block adherence of NTHI. Conversely, the
solution consisting of a 3:1 molar ratio of rsPilA to
ICAM1did not contain free rsPilA and as a result, native
ICAM1 remained accessible for NTHI to bind via its Tfp.
n with ICAM1. Compared to the parent strain, the pilA-deficient mutant
l cells, and adherence was largely restored upon complementation of
of NTHI Tfp to ICAM1 resulted in dose-dependent reduction in NTHI
lication on to NHBEs mitigated the blockade effect when used at a 3:1
lA with BSA at the same molar ratio (dark grey bar). Whereas
d not influence NTHI adherence, a significant reduction in NTHI
esults shown as CFU NTHI/ml and significance relative to the parent
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We confirmed the specificity of these observations by
incubation of rsPilA with nonspecific BSA at a 3:1 molar
ratio and observed a significant reduction in NTHI
adherence (P ≤0.05), as BSA did not interact and thus
sequester rsPilA as observed by admixing rsPilA and
ICAM1 at this molar ratio (Fig. 3 dark grey bar).
We next examined the ability of NTHI to adhere to

NHBEs that did not express ICAM1 because of prior
transfection with ICAM1 siRNA. Compared to untreated
NHBEs, NTHI inoculated on to NHBEs transfected with a
scrambled sequence siRNA were comparably adherent to
NTHI inoculated on to untreated NHBEs, as anticipated
(Fig. 3, white bar). In contrast, 92% fewer NTHI adhered
to polarized NHBEs in which expression of ICAM1 had
been silenced (P ≤0.0001). As it is known that NTHI also
utilizes OMP P5 to bind ICAM1 (Avadhanula et al.,
2006b), the significantly enhanced reduction in NTHI
adherence to NHBEs transfected with ICAM1 siRNA is
likely a result of the bacterium unable to engage ICAM1
with either of the critical adhesive proteins, Tfp or OMP
P5. Collectively, data from these experiments demon-
strated that expression of pilA, and by extension,
expression of Tfp was required for robust bacterial
adherence to polarized NHBEs grown in a Transwell
system, thus extending our earlier observations with
submerged monolayer cultures of NHBEs (Jurcisek et al.,
2007). Moreover, adherence of Tfp-expressing NTHI was
significantly reduced by blockade of native ICAM1 with
rsPilA and also by silencing expression of ICAM1. Taken
together, these results revealed that NTHI Tfp engaged
ICAM1 to adhere to the polarized primary human
respiratory tract epithelial cells.

Two primary viral co-pathogens of NTHI-induced diseases
mediated increased expression of ICAM1 by NHBEs

As a preceding or concurrent upper respiratory tract viral
infection predisposes to NTHI-induced diseases of the
airway and is also known to dysregulate expression of
multiple epithelial cell surface receptors to which NTHI
adhere (Bosch et al., 2013; Jiang et al., 1999; Patel et al.,
1992), we next examined the expression of ICAM1 by
polarized NHBEs after infection with adenovirus or
respiratory syncytial virus (RSV), two predominant viral
co-pathogens of NTHI-induced diseases (Murphy et al.,
2009a). Polarized NHBEs were inoculated apically with
adenovirus serotype 1 or RSV strain A2 at multiplicity of
infection (MOI) of 1 or 2 virus particles per epithelial cell
and the viability of NHBEs within the cultures was
determined after 72 h. NHBEs infected with adenovirus
at MOI 1 or 2 remained 90% and 88% viable,
respectively, based on exclusion of propidium iodide as
assessed by flow cytometry (data not shown). Similarly,
cells infected with RSV at MOI 1 or 2 were 89% and 88%
viable respectively. An MOI of 2 was therefore selected
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for further work with both viruses, as a significant
decrease in viability of NHBEs was not observed
compared to the lesser MOI and to also maximize the
potential for virus-induced altered expression of ICAM1
by NHBEs.

We confirmed viral infection of the polarized NHBEs for
each virus and observed positive labelling for adenovirus
in 50% of cells (Fig. 4A, clear histogram) and in 22% of
cells inoculated with RSV (Fig. 4B, clear histogram),
relative to uninfected cells (Figs. 4A and B, shaded
histograms). ICAM1 expression was next examined. By
qRT-PCR, an increase in ICAM1-specific gene expression
was detected in polarized cells inoculated with either
adenovirus (1.5-fold) or RSV (2.0-fold), relative to unin-
fected cells (Fig. 4C). This observed increase in ICAM1
expression was also observed at the protein level by SDS-
PAGE and Western blot of NHBE cell lysates (Fig. 4D).
Infection of NHBEs with adenovirus showed a 1.4-fold
increase in ICAM1-specific band intensity whereas a 1.9-
fold increase was detected in lysates of RSV-infected cells
compared to uninfected NHBEs, as determined by
quantitative densitometry (Fig. 4E). Examination of intact
cells by flow cytometry showed a similar result, as
compared to uninfected NHBEs, a 2-fold increase in
ICAM1 expression was detected in adenovirus infected
cells (Fig. 4F, clear histogram), and a 2.5-fold increase
noted by RSV-infected cells (Fig. 4G, clear histogram).
Collectively, these data demonstrated increased expres-
sion of ICAM1 by polarized NHBEs after infection with
either adenovirus or RSV.
Adherence of NTHI to virus-infected NHBEs

With the knowledge that NTHI that expressed PilA, and by
extension Tfp, interacted with the epithelial cell surface
receptor ICAM1 (see Fig. 3) and that infection with
common respiratory viruses augmented expression of
ICAM1 by NHBEs (see Fig. 4), we hypothesized that the
greater availability of this host cell receptor would facilitate
enhanced adherence of NTHI to virus-infected NHBEs
compared to uninfected cells. We therefore inoculated
NHBEs with adenovirus or RSV, followed 72h later by
NTHI. As postulated, significantly more NTHI adhered to
NHBEs infected with adenovirus or RSV, compared to
uninfected epithelial cells (P ≤0.05) (Fig. 5, black bars). In
contrast, no variation in adherence was noted for the NTHI
pilA mutant, regardless of viral infection (Fig. 5, white
bars). Complementation of the pilAmutant largely restored
the observed significantly greater adherence of NTHI to
virus-infected NHBEs compared to uninfected cells
(P ≤0.05) (Fig. 5, grey bars). Therefore, augmented
availability of ICAM1 yielded a greater bacterial burden
at the epithelial cell surface, particularly by NTHI that
expressed the majority subunit of NTHI Tfp.
2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055



Fig. 4. Inoculation of polarized epithelial cells with adenovirus or RSV resulted in increased expression of ICAM1. Incubation of NHBEs with (A)
adenovirus or (B) RSV at MOI 2 for 72 h yielded positive labelling for respective viral antigen (clear histograms), compared to untreated cells
(shaded histograms) as determined by flow cytometry. The proportion of cells that expressed viral antigen is indicated. (C) Fold change in ICAM1
gene expression normalized to GAPDH gene expression and relative to uninfected cells revealed a relative increase in ICAM1 transcript abundance
by virus-infected NHBEs. (D) SDS-PAGE and Western blot analysis of cell lysates probed for ICAM1 demonstrated an increase in band intensity
after viral infection compared to uninfected cultures and (E) was quantitated by densitometry. Equivalent protein concentration per sample was
indicated by probing for GAPDH (D, bottom row). ICAM1 expression increased on NHBEs infected with adenovirus (F, clear histogram) or RSV (G,
clear histogram) compared to uninfected cells (F and G, shaded histograms).
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Discussion

Adherence of NTHI within the human nasopharynx is
critical for colonization and is the first step in induction of
any disease caused by this heterogeneous microorgan-
ism. As such, NTHI express multiple surface-exposed
proteins and lipooligosaccharide in order to establish a
foothold within this anatomical niche. Tfp play many
important roles in the biology and pathobiology of NTHI,
including mediating adherence to respiratory tract epithe-
lial cells and are the sole mechanism for NTHI to exhibit
twitching motility (Bakaletz et al., 2005; Jurcisek et al.,
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055
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2007; Novotny et al., 2015). Expression of pilA, which
encodes the majority subunit of NTHI Tfp, is required for
robust biofilm formation in vitro and in vivo (Jurcisek et al.,
2007). Moreover, expression of Tfp is involved in dispersal
of NTHI from established biofilms in vitro (Novotny et al.,
2015); these communities of bacteria are known to
contribute to the pathogenesis and chronic nature of
diseases caused by this bacterium. Because of its
established importance in these functions, NTHI Tfp, and
specifically PilA, is under active assessment as a vaccine
candidate (Murphy, 2015; Novotny et al., 2009; Novotny
et al., 2011; Novotny et al., 2015).



Fig. 5. Adherence of Tfp-expressing NTHI was greater to epithelial
cells infected with adenovirus or RSV compared to uninfected cells.
NTHI parent (black bars), pilA-deficient mutant (white bars) and
complemented pilA mutant (grey bars) were inoculated on to
uninfected NHBEs (no virus) or cells infected with adenovirus or RSV
prior to bacterial challenge. Results show the CFU of each NTHI
strain and significance relative to respective uninfected NHBEs
indicated with asterisks: * P ≤ 0.05.
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Tfp expressed by Neisseria and Pseudomonas species
are well characterized and are comprised of a majority
subunit protein (PilA and PilE, respectively) and a tip
adhesin protein (PilC1 and PilC2 for Neisseria and PilY1
for Pseudomonas) (Giltner et al., 2012). NTHI Tfp are
similarly comprised of a majority subunit protein, PilA, that
demonstrates 87–100% amino acid sequence identity
among NTHI strains examined (Bakaletz et al., 2005).
Interrogation of the genome for NTHI, however, has not
identified a gene with similarity to known Tfp tip adhesin
proteins expressed by other bacterial pathogens. Howev-
er, this observation is not unprecedented, as examination
of the genome for Moraxella catarrhalis, which expresses
a Tfp and resides within the same anatomical niche as
NTHI, similarly has not yet identified a Tfp tip adhesin
(Luke et al., 2004). We speculate that as a strictly human-
adapted bacterium with a relatively small genome
(Harrison et al., 2005), NTHI has adapted to bind to
receptors available within the human respiratory tract
using PilA as the adhesive component. This type of
interaction is an additional mechanism of adherence
reported for Tfp expressed by Neisseria and Pseudomo-
nas (Lee et al., 1994; Scheuerpflug et al., 1999).
We therefore utilized rsPilA as a purified surrogate

protein for NTHI Tfp and screened a panel of potential
cognate receptors and ECM proteins known to be utilized
by either Tfp expressed by other respiratory tract
pathogens or those engaged by several additional NTHI
adhesins. Of the potential receptors tested, rsPilA
interacted exclusively with ICAM1 and vice versa.
Importantly, and by multiple assays, whether the recom-
binant proteins were immobilized to a substrate or mixed
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in solution, a specific interaction was demonstrated
between ICAM1 and rsPilA.

We next wanted to assess the interaction between
native proteins (e.g. ICAM1 expressed by epithelial cells
and Tfp expressed by NTHI). We have previously shown
that pilA-deficient NTHI are significantly less adherent to
NHBEs cultured as a submerged monolayer (Carruthers
et al., 2012; Jurcisek et al., 2007). To extend these
findings, herein we inoculated NTHI on to differentiated
NHBEs to more closely resemble an intact respiratory
epithelium. To achieve this goal, we first confirmed that
polarized NHBEs cultured at an air–liquid interface
expressed ICAM1. Using these differentiated cells, we
showed that an NTHI pilA mutant, that could not express
Tfp, was significantly less adherent to polarized NHBEs,
compared to the parent and pilA-complemented strains.
These data demonstrated the importance of expression of
PilA, and by inference Tfp, for NTHI to adhere to these
host cells. Pre-incubation of NHBEs with rsPilA blocked
adherence of NTHI, an effect that was abrogated if rsPilA
was admixed with ICAM1 before adding to NHBE cultures.
Thus, robust adherence of Tfp-expressing NTHI required
access to ICAM1. Last, we silenced ICAM1 gene
expression. As a result, NTHI were significantly less able
to adhere to NHBEs. Therefore, expression of ICAM1 was
necessary to facilitate Tfp-mediated adherence to
differentiated NHBEs. Collectively, these data demon-
strated that ICAM1 serves as a primary cognate receptor
for NTHI Tfp.

ICAM1 (or CD54) is a transmembrane glycoprotein that
is a member of the immunoglobulin superfamily and
possesses an extracellular region that is arranged in five
immunoglobulin-like domains (Bella et al., 1998). ICAM1 is
expressed by multiple cells types, including epithelial
cells, where it plays an important role in cell-to-cell
interactions. ICAM1 is, however, also exploited by multiple
pathogens as a receptor for adherence, such as rhinovirus
(Bella and Rossmann, 2000; Staunton et al., 1989), RSV
(Behera et al., 2001), Plasmodium falciparum
(Chakravorty and Craig, 2005) and Porphyromonas
gingivalis (Kato et al., 2014; Tamai et al., 2005). For
NTHI, in addition to serving as a cognate receptor for Tfp,
ICAM1 is one of two receptors engaged by outer
membrane protein P5 (Avadhanula et al., 2006b).
Redundancy in bacterial species, including NTHI as it
possesses only a 1.9M base pair genome (Harrison et al.,
2005), is common to support critical functions such as
adherence and acquisition of nutrients. Targeting a single
host receptor for adherence via two critical adhesive
proteins may be an adaptation by NTHI to provide a
selective advantage, particularly given the increased
expression of ICAM1 in response to respiratory tract virus
infection (Arnold and Konig, 2005; Avadhanula et al.,
2006a; Gao et al., 2000; Roebuck and Finnegan, 1999).
2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055
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Moreover, as the predicted amino acid sequences for PilA
expressed by multiple clinical isolates of NTHI show ≥87%
amino acid identity (Bakaletz et al., 2005), we anticipate
that interaction between ICAM1 and Tfp expressed by
other NTHI strains will be similar.

As this work demonstrated, ICAM1 expression in-
creased after inoculation of NHBEs with two common
respiratory tract viruses, adenovirus and RSV, both known
co-pathogens in NTHI-induced respiratory tract disease
(Murphy et al., 2009a; Ruohola et al., 2006). As a
consequence, a greater number of Tfp-expressing NTHI
bound to this cognate receptor. An increase in availability
of ICAM1 in combination with immune suppressive effects
associated with viral infection, may ultimately provide
NTHI with the ideal microenvironment to multiply unre-
stricted and disseminate beyond the nasopharyngeal
colonization site, resulting in disease. Thus, development
of a means to block or abrogate NTHI colonization of the
nasopharynx under normal conditions, and importantly,
limit unrestricted growth and seeding of other niches
within the upper and lower respiratory tracts under
conditions of viral co-infection is essential. These data
therefore provide significant support to the continued
development of an NTHI Tfp-derived vaccine.

Experimental procedures

Bacterial strains

Nontypeable H. influenzae strain 86-028NP was isolated from the

nasopharynx of a child undergoing tympanostomy and tube

insertion because of chronic OM (Harrison et al., 2005; Sirakova

et al., 1994). Nonpolar deletion of pilA yielded strain NTHI 86-

028NP ΔpilA and complementation of pilA on a plasmid resulted

in strain NTHI 86-028NP Δpil/pPIL1 (Carruthers et al., 2012). The

parent and ΔpilA strains were cultured on chocolate agar whereas

the complemented ΔpilA variant was cultured on chocolate agar

supplemented with 200 μg spectinomycin ml�1.

Culture of primary human respiratory tract epithelial cells

Normal human bronchial epithelial cells (Lonza) were cultured to

80% confluency in T-75 flasks (MIDSCI) in B-ALI growth medium

(Lonza) prior to seeding onto collagen type IV (Sigma) coated 24-

well Transwell membrane inserts, 0.4 μm pore size (Costar). After

2 days, the apical medium was removed and B-ALI differentiation

medium (Lonza) was added exclusively to the basolateral

chamber. Cells were cultured at the air–liquid interface for a

minimum of 5 weeks prior to use and demonstrated the presence

of functional cilia and production of mucus upon microscopic

evaluation (data not shown).

Far-Western slot blot

To identify the cognate ligand for NTHI Tfp, we used a

recombinant N-terminally truncated soluble form of PilA, called

rsPilA, as a surrogate for the native protein (Novotny et al., 2009).
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055
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PVDF-LF membranes (BioRad) were prepared by immersion in

methanol followed by incubation in cold Towbin buffer (25mM

Tris, 192mM glycine, 20% methanol) then water for 5min. Two

micrograms of the following proteins was adsorbed on to PVDF

by vacuum adsorption: recombinant human ICAM1 (R&D

Systems), recombinant human CEACAM1 (R&D Systems), PAFr

peptide (Biorbyt), human asialo-GM1 (EMD Millipore), human

CD46 (Biorbyt), recombinant human CD105 (R&D Systems),

laminin derived from human fibroblasts (Sigma-Aldrich), recom-

binant human vitronectin (Sigma-Aldrich), human placental

collagen IV (Sigma-Aldrich), recombinant human vitronectin

(Sigma-Aldrich) and human plasma fibrinogen (Sigma-Aldrich),

NTHI OMP P6, NTHI OMP P6 and bovine serum albumin (BSA;

Sigma-Aldrich). Membranes were then blocked with 5X casein

blocking buffer (Sigma-Aldrich) plus 10% normal goat serum

(Rockland Immunochemicals) then incubated with 50 μg of rsPilA

or ICAM1 ml�1 Tris-buffered saline with 0.05% Tween 20 (TTBS).

To detect binding of rsPilA, membranes were subsequently

incubated with IgG-enriched rabbit anti-rsPilA (generated at

Spring Valley labs); to detect ICAM1, membranes were incubated

with mouse anti-ICAM1 (clone G5; Santa Cruz Biotechnology)

then detected with goat anti-rabbit IgG-A488 or goat anti-mouse

IgG-A488, respectively (Invitrogen) and visualized via FluorChem

M imager (Protein Simple).

Native PAGE

To demonstrate binding of rsPilA to ICAM1, native PAGE was

performed. In a 25 μl volume, rsPilA was incubated with ICAM1 at

molar ratios of 0, 1, 2, 3, 5, 7 and 9:1 (rsPilA:ICAM1) for 2.5 h at

37°C with shaking at 125 rpm. Samples were then mixed with

native sample buffer (62.5mM Tris–HCl at pH 6.8; 25% glycerol,

1% bromophenol blue) and applied to Mini-PROTEAN TGX gels

(BioRad) in native running buffer (25mM Tris, 192mM glycine).

Gels were fixed then stained with SYPRO Ruby Protein Gel stain

(Molecular Probes) and visualized via FluorChemM imager. Band

intensity and relative protein migration were determined using

AlphaView SA software (Protein Simple).

Surface plasmon resonance

The interaction between rsPilA and ICAM1 was examined by

surface plasmon resonance using a Biacore3000 instrument (GE

Healthcare). All reagents were purchased from GE Healthcare.

Flow cells on a CM5 reagent grade sensor chip were activated

with a 1:1 mixture of 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride and N-hydroxysuccinimide at a flow

rate of 5 μl min�1 prior to immobilization of recombinant human

ICAM1 suspended in sodium acetate, pH 4.0 to a response level

of 5000 resonance units (RU). HBS-N served as the running

buffer. Unreacted sites were deactivated with ethanolamine-HCl,

pH 8.5. As a negative control, CEACAM1 was immobilized to an

additional flow cell. Multi-cycle kinetic analysis was performed

wherein 15 μl of rsPilA at 5-, 10- and 20 μgml�1 HBS-N plus NSB

Reducer was injected across each flow cell and binding

calculated by comparing pre- and post-injection RU values. To
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determine binding rate kinetics, data were analysed with

BIAevaluation software.

Transfection of NHBEs with siRNA

Knockdown of the ICAM1 gene was mediated by transfection of

polarized NHBEs with small interfering RNAs (siRNA). One day

prior to transfection, the basolateral medium was replaced and

the apical cell surface rinsed with B-ALI differentiation medium

without gentamicin or amphotericin-B. To the apical surface,

100 pmol human ICAM1 siRNA or scrambled sequence siRNA

(Santa Cruz Biotechnology, Inc.) diluted in transfection medium

and transfection reagent was applied and the cells incubated for

24 h prior to use. To confirm integrity of polarized cultures after

siRNA treatment, transepithelial resistance of each Transwell was

measured in sterile Dulbecco’s phosphate buffered saline (DPBS)

using an EVOM epithelial voltohmeter (World Precision Instru-

ments).

Immunofluorescent microscopy

The expression of ICAM1 by NHBEs was revealed by immuno-

fluorescent microscopy. Polarized NHBEs were fixed with 10%

neutral buffered formalin then blocked with 10% normal goat

serum in DPBS. ICAM1 was detected with mouse monoclonal

antibody to ICAM1 (clone 15.2) conjugated to Alexa Fluor 488

(Santa Cruz Biotechnology) diluted in 1% normal goat serum

in DPBS. Normal mouse IgG1-A488 served as a negative control.

F-actin was stained with phalloidin-Alexa Fluor 594 (Invitrogen)

diluted in DPBS plus 1% Tween 20. Transwell membranes were

excised and placed specimen side down on to 10 μl ProLong

Gold antifade reagent (Invitrogen) and viewed on a Zeiss 510

Meta-laser scanning confocal microscope (Carl Zeiss). Images

were rendered with Zeiss Zen software.

SDS-PAGE and Western blotting

To examine relative expression of ICAM1 by polarized NHBEs,

Western blotting was performed. The apical and basolateral

surfaces of the polarized NHBEs were rinsed twice with DPBS

prior to addition of TrypLE Select Enzyme 10X (Life Technolo-

gies) and incubation for 15min at 37°C to release the cells from

the transwell membrane. Cells were collected, washed by

centrifugation and lysed by incubation in 300mM NaCl, 50mM

Tris–HCl, pH 7.6 plus 0.5% Triton X-100 for 10min at 37°C. After

centrifugation at 20,000 × g for 10min at 4°C, supernatants were

collected, diluted in solubil izing buffer containing β-

mercaptoethanol and applied to wells of Mini-PROTEAN TGX

gels (BioRad). After electrophoretic separation in Tris/Glycine/

SDS buffer (BioRad), proteins were transferred to nitrocellulose

using iBlot dry transfer apparatus (Invitrogen) and blocked with

TTBS plus 2% nonfat skim milk. ICAM1 was detected with a

monoclonal antibody against ICAM1 (clone G5) or as a negative

control, normal mouse IgG2a conjugated to HP (Santa Cruz

Biotechnology, Inc.). To confirm that equivalent protein was

applied to each well, mouse monoclonal antibody to GAPDH

(Ambion) was utilized. Antibody was revealed with goat anti-
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mouse IgG-HP (Invitrogen) and ECL chemiluminescent substrate

(GE Healthcare). Differences in relative ICAM1 protein quantity

were determined using AlphaView SA software (Protein Simple).

Flow cytometry

To demonstrate expression of ICAM1 on the surface of polarized

NHBEs, flow cytometry was performed. Cells were released from

the transwell membrane as described using TrypLE Select

Enzyme 10X, fixed in Cytofix buffer (BD Biosciences) and

incubated with mouse monoclonal antibody to ICAM1 (clone

15.2) or normal mouse IgG1 conjugated to Alexa Fluor 488

(Santa Cruz Biotechnology, Inc.). A total of 20 000 events were

collected using a BD Accuri C6 flow cytometer and data analysed

with FloJo software (FloJo, LLC). Assays were repeated a

minimum of three times and representative histograms shown.

Adherence assays

To examine the relative adherence of NTHI to polarized NHBEs,

one day prior to assessment, the basolateral medium was

replaced and the apical cell surface rinsed with B-ALI differenti-

ation medium without either gentamicin or amphotericin-B. NTHI

strains were cultured on chocolate agar supplemented with

antibiotic as appropriate for 18–22 h at 37°C, 5% CO2. To induce

expression of NTHI Tfp, bacteria were suspended in brain heart

infusion broth supplemented with 2 μg each β-NAD and hememl�1

medium (sBHI), adjusted to an OD490nm of 0.6, then diluted 1:6 in

sBHI and incubated static for 3 h at 37°C, 5% CO2 (Bakaletz et al.,

2005). NTHI were inoculated at an MOI of 100 bacteria per

epithelial cell in a 50 μl volume of B-ALI differentiation medium

without antibiotics on to the apical surface of the NHBEs and

incubated static for 1 h at 37°C, 5% CO2. The apical surface of

NHBEs was then washed to remove non-adherent NTHI, the

NHBEs released from the Transwell membrane as described and

the NHBE-NTHI suspension serially diluted and plated on to

chocolate agar to quantitate the relative number of adherent NTHI.

To block the adherence of NTHI to NHBEs, prior to bacterial

inoculation, rsPilA at 5-, 10- and 20 μgml�1 in a 50 μl volume of B-

ALI differentiation medium without antibiotics was applied to the

apical surface of the NHBEs and incubated on a rotating rocker

for 1 h. The cell surface was washed twice with DPBS prior to

inoculation with NTHI. To mitigate the rsPilA-mediated blockade

of NTHI adherence, 2 h prior to bacterial inoculation, rsPilA was

incubated with recombinant human ICAM1 at molar ratios of 7:1

and 3:1 or to demonstrate specificity, admixed with the

nonspecific protein BSA at a molar ratio of 3:1 for 1 h, and then

applied to the surface of NHBEs as described. Each assay was

repeated a minimum of three times and data are reported as CFU

NTHI per ml.

Viral infection of NHBEs

Adenovirus, serotype 1 is a pediatric clinical isolate (Suzuki and

Bakaletz, 1994), and respiratory syncytial virus strain A2 (RSV)

was purchased from American Type Culture Collection. NHBEs

were infected apically with RSV or adenovirus at MOI of 1 or 2
2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055



ICAM1 serves as the cognate receptor for NTHI Type IV pilus 1053
viral particles per epithelial cell (based on number of cells

exposed at the apical surface) in a 50 μl volume of B-ALI basal

medium and incubated for 2 h at 37°C, 5% CO2 on a rotating

rocker to allow for virus adsorption. The cells were then washed

with medium and incubated static for an additional 72 h. To

determine cell viability, NHBEs were released from the Transwell

membranes by incubation in TrypLE Select Enzyme 10X, washed

in DPBS and assessed for exclusion of propidium iodide by flow

cytometry. As cell viability was noted to be ≥88% for each virus

regardless of MOI, subsequent experiments were performed with

adenovirus and RSV at MOI 2 viral particles per epithelial cell. To

confirm viral infectivity, NHBEs were released from the Transwell

membranes as described, fixed with Cytofix buffer and incubated

with goat anti-adenovirus or goat anti-RSV conjugated to FITC

(ViroStat) diluted in Perm/Wash buffer (BD Biosciences) over-

night at 4°C. Uninfected cells served as a negative control.

Additionally, to demonstrate an increase in ICAM1 expression by

virally infected NHBEs, flow cytometry and Western blotting were

performed as described.

Relative quantification of ICAM1 mRNA transcript
abundance after viral infection of NHBEs

To determine ICAM1-specific transcript abundance in virus-

infected NHBEs relative to uninfected cells, polarized NHBEs in

triplicate were lysed with Trizol and RNA isolated using

Qiagen RNeasy kit and mini columns. Quantitative RT-PCR

was performed using SuperScript III Platinum SYBR Green one-

step qRT-PCR kit (Invitrogen) and the following primers

for ICAM1 as the gene of interest and GAPDH as a

reference gene: ICAM1F 5′-CTGCAGACAGTGACCATC-3′,

ICAM1R 5′-GTCCAGTTTCCCGGACAA-3′, GAPDHF 5′-

CCTCTGACTTCAACAGCGACA - 3 ′ , GAPDHR 5 ′ -

TTACTCCTTGGAGGCCATGTG-3′ (Integrated DNA Technolo-

gies) (Cheng et al., 2014; Gulraiz et al., 2015). mRNA expression

of ICAM1 was normalized to GAPDH levels and fold change in

ICAM1 levels between uninfected and virally infected cells

calculated using 2�ΔΔCt method (Livak and Schmittgen, 2001).

Adherence of NTHI to virus-infected NHBEs

NHBEs were seeded into 96-well plates as described (Jurcisek

et al., 2007). After washing the cell surface with B-ALI basal

medium, NHBEs were infected apically with RSV or adenovirus at

MOI of 2 viral particles per epithelial cell in a 50 μl volume of B-ALI

basal medium and incubated for 2 h at 37°C, 5% CO2 on a

rotating rocker to allow for virus adsorption. The cells were then

washed to remove unbound virus, antibiotic free medium applied

and cells were incubated static for an additional 72 h. Two hours

prior to inoculation with NTHI, B-ALI basal medium containing 1%

heat-inactivated fetal bovine serum (Lonza) was applied to wells

to limit non-specific interactions. NTHI were prepared to promote

Tfp expression as described above and inoculated on to the

NHBEs at an MOI of 100 bacteria per epithelial cell. One hour

later, cells were released with TrypLE Select Enzyme 10X and the

NHBE-NTHI suspension serially diluted and plated on to
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1043–1055
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chocolate agar to quantitate the relative number of adherent

NTHI. Triplicate wells were assayed and each experiment was

repeated a minimum of three times. Data are reported as CFU

NTHI per ml.

Statistical analyses

To demonstrate differences in adherence of NTHI to polarized

epithelial cells, a one-way analysis of variance (ANOVA) was

performed and comparisons among experimental groups deter-

mined with Dunnett’s multiple comparison test using GraphPad

Prism software. P-values ≤0.05 were considered statistically

significant.
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ABSTRACT Otitis media (OM) is a common pediatric disease, and nontypeable Hae-
mophilus influenzae (NTHI) is the predominant pathogen in chronic OM, recurrent
OM, and OM associated with treatment failure. OM is also a polymicrobial disease,
wherein an upper respiratory tract viral infection predisposes to ascension of NTHI
from the nasopharynx, the site of colonization, to the normally sterile middle ear, re-
sulting in disease. Using a clinically relevant viral-bacterial coinfection model of NTHI-
induced OM, we performed transcutaneous immunization (TCI) via a band-aid deliv-
ery system to administer each of three promising NTHI vaccine candidates derived
from bacterial adhesive proteins and biofilm mediators: recombinant soluble PilA
(rsPilA), chimV4, and integration host factor. Each immunogen was admixed with the
adjuvant LT(R192G/L211A), a double mutant of Escherichia coli heat-labile entero-
toxin, and assessed for relative ability to prevent the onset of experimental OM. For
each cohort, the presence of circulating immunogen-specific antibody-secreting cells
and serum antibody was confirmed prior to intranasal NTHI challenge. After bacterial
challenge, blinded video otoscopy and tympanometry revealed a significant reduc-
tion in the proportion of animals with signs of OM compared to levels in animals re-
ceiving adjuvant only, with an overall vaccine efficacy of 64 to 77%. These data are
the first to demonstrate the efficacy afforded by TCI with a band-aid vaccine deliv-
ery system in a clinically relevant polymicrobial model of OM. The simplicity of TCI
with a band-aid and the significant efficacy observed here hold great promise for re-
ducing the global burden of OM in the pediatric population.

KEYWORDS IHF, biofilms, chimV4, nontypeable Haemophilus influenzae, rsPilA

Transcutaneous immunization (TCI) is a noninvasive strategy to induce an immune
response by engagement of the numerous antigen-presenting cells within the

dermis and epidermis (1, 2). This regime results in both systemic and mucosal immune
responses, important outcomes as the mucosae serve as critical defensive barriers to
antigenic insult and bacterial disease (3, 4). TCI is needle free, which is expected to aid
in patient compliance, to limit risks associated with both administration and waste, and
to reduce costs related to formulation and delivery (5). Thus, TCI promises to facilitate
greater vaccine distribution.

Otitis media (OM) is a disease of the uppermost respiratory tract mucosa and is one
of the most common bacterial diseases of childhood due to a multifactorial combina-
tion of anatomical, immunological, and environmental factors (6). OM is also a poly-
microbial disease caused by one or more of several bacterial species that typically
reside within the human nasopharynx. The ability of nontypeable Haemophilus influ-
enzae (NTHI), Streptococcus pneumoniae, and Moraxella catarrhalis to ascend from the
nasopharynx through the Eustachian tube and gain access to the normally sterile
middle ear space is facilitated by perturbation of the physical and innate immune
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defenses of the upper airway, often induced by prior or concurrent upper respiratory
tract viral infection (7). As such, OM involves a complex interplay between respiratory
tract viruses and the nasopharyngeal bacterial flora (8, 9).

Typical treatment strategies for OM include antibiotic therapy and/or “watchful
waiting” for acute OM and tympanostomy tube insertion for chronic and recurrent OM
(10, 11), and while these strategies are often successful for managing the current
episode, they are ineffective in preventing future incidences of disease. Immunization
to prevent the onset of OM is the preferred goal, with a tremendous associated
potential to diminish dependence on the aforementioned therapeutic strategies and
their associated risks, such as development of antibiotic resistance, for which treatment
of OM is considered a major driving force worldwide (12). Importantly, immunization
against the first incidence of OM is projected to limit subsequent episodes and their
associated sequelae (13).

As adherence to the respiratory mucosa and biofilm formation contribute signifi-
cantly to the chronic and recurrent nature of OM due to NTHI, one interventional
strategy is to target both adhesive proteins expressed by this bacterium as well as the
proteins essential to the formation and structural stability of its biofilms. We have
developed three immunogens that demonstrate efficacy against NTHI both in vitro and
preclinically in animal models of disease. These include the following: an NTHI type IV
pilus (Tfp)-targeted recombinant protein called rsPilA, for recombinant soluble PilA,
designed to inhibit NTHI adherence, twitching motility, and biofilm formation (14); a
chimeric immunogen that targets both NTHI outer membrane protein (OMP) P5 and
Tfp, called chimV4, designed to block adherence and pathogenesis of NTHI as mediated
by two important adhesive proteins/virulence determinants (14); and integration host
factor (IHF), a DNABII protein family member that serves as a critical structural element
to the extracellular DNA scaffold within the extracellular polymeric substance incorpo-
rated into biofilms formed by many bacterial species (15–17).

We have demonstrated in animal models using chinchillas challenged by direct
inoculation of the middle ear with NTHI to induce experimental OM therapeutic and
prophylactic protection when vaccine formulations were pipetted onto the pinnae (or
outer ear) of the animals and therapeutic efficacy after TCI was performed via a simple
small circular band-aid placed at the postauricular region (skin just behind the ear) (18,
19). The means for achieving efficacy are multifold: the anatomical location of band-aid
placement, migration of dermal dendritic cells to the nasal-associated lymphoid tissue,
activation of gamma interferon (IFN-�)- and interleukin-17A (IL-17A)-producing CD4� T
cells, and production of immunogen-specific antibody (18–20). Our current work
extends these findings to now examine the efficacy afforded by TCI with a band-aid to
prevent the onset of OM using a polymicrobial model of disease. To do so, our lead
candidates, chimV4, rsPilA, and IHF, were administered by band-aid either singly or in
combination. Immunogens were admixed with the potent adjuvant LT(R192G/L211A)
or dmLT, a double mutant of Escherichia coli heat-labile enterotoxin (21), to potentiate
the immune response induced by the incorporated antigens, and efficacy was assessed
in a polymicrobial model that more closely mimics the natural progression of disease
in children in whom an upper respiratory tract viral infection predisposes to develop-
ment of bacterial OM (22, 23). These data confirm the utility of TCI via simple band-aid
delivery to induce an immune response that prevents the development of NTHI-
induced OM and further reveal the kinetics of inhibition that were unique to each
immunogen tested.

RESULTS
Detection of immunogen-specific antibody-secreting cells within blood after

TCI. Prior to NTHI challenge, we collected blood to quantify the relative number of
immunogen-specific antibody-secreting cells (ASCs) and further discriminated among
cells that secreted IgM, IgG, or IgA. ASCs that produced immunogen-specific antibody
were detected in all cohorts, and their presence confirmed the immunogenicity of
rsPilA, chimV4, and IHF when they were administered by TCI and the ability of TCI to
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induce an immune response (Fig. 1). Moreover, there was no statistically significant
difference in either the total number of ASCs among the cohorts or the relative quantity
of cells that secreted a particular antibody isotype; thus, any differences among the
cohorts in terms of observed protective efficacy against experimental OM could be
attributed, at least in part, to the relative availability and/or accessibility of the respec-
tive targets. ASCs secreting immunogen-specific IgG and IgM predominated over those
secreting IgA in each cohort, and the presence of comparable quantities of the two
antibody isotypes indicated an immune response still in maturation, as expected since
the cells were obtained after an abbreviated immunization regimen (only 7 days after
receipt of two immunizing doses administered 1 week apart). For the cohort immu-
nized with 5 �g of rsPilA plus 5 �g of IHF, while approximately half of the ASCs secreted
rsPilA-specific antibody and half produced IHF-specific antibody, the total number of
ASCs was comparable to that of the cohorts immunized with 10 �g of either immuno-
gen individually. Collectively, TCI with chimV4, rsPilA, or IHF elicited the production of
comparable numbers of immunogen-specific ASCs, which were present within the
blood prior to bacterial challenge.

Quantitation of immunogen-specific antibody isotypes in serum. As a correlate
to the observed number of ASCs in the blood of immunized chinchillas, we also
examined the relative quantity of antigen-specific IgM, IgG, and IgA in serum by
enzyme-linked immunosorbent assay (ELISA). As anticipated, immunogen-specific an-
tibody was detected in serum recovered from all animals (Fig. 2), and there were no
statistically significant differences in the total amounts of antibody detected among the
four cohorts (P � 0.43). Within each cohort, antibody of the IgM and IgG isotypes
predominated over the IgA isotype, and the relative quantities of immunogen-specific
IgM and IgG were comparable. These data correlated with the determined number of
ASCs (Fig. 1). In past studies wherein vaccine formulations were pipetted onto the skin
of the pinnae (or outer ear) of chinchillas, an immunogen-specific IgG geometric mean
titer (GMT) of �160 was found to be associated with enhanced resolution of experi-
mental NTHI-induced OM (18). In the present study, wherein TCI was performed by
application of a band-aid, three of the four cohorts exceeded this GMT value (GMT of
chimV4 with dmLT, 185.1; GMT of IHF with dmLT, 200.9; GMT of rsPilA with IHF and
dmLT, 185.1) when assayed versus their respective immunogens, whereas the GMT for
the cohort administered rsPilA plus dmLT was close to the targeted value (GMT of
139.0). Therefore, these data indicated that animals immunized with chimV4, rsPilA, IHF,

FIG 1 ASCs that secreted immunogen-specific antibody were present in blood recovered from chinchillas
immunized by TCI with a band-aid. Blood was collected 9 days after receipt of the second of two
immunizing doses delivered 1 week apart, prior to NTHI challenge. Antibody production by resiquimod-
and IL-2-stimulated lymphocytes was assessed by ELISPOT assay. The total numbers of ASCs that
produced immunogen-specific IgM, IgG, and IgA were comparable among the cohorts. The mean � SEM
for each antibody isotype within each cohort is presented.

Band-Aid Immunization for Polymicrobial Otitis Media Clinical and Vaccine Immunology

June 2017 Volume 24 Issue 6 e00563-16 cvi.asm.org 3

 on O
ctober 31, 2017 by O

hio S
tate U

niversity Libraries
http://cvi.asm

.org/
D

ow
nloaded from

 

218

http://cvi.asm.org
http://cvi.asm.org/


or a combination thereof were predicted to possess a quantity of immunogen-specific
serum antibody that potentially could provide protection against development of
experimental OM.

We have shown protection in previous nonpolymicrobial (e.g., no virus) models and
that serum antibody and antibody present at mucosal surfaces are important for
clearance of NTHI (18, 20). In our current work, we did not wish to disrupt the kinetics
of NTHI ascension from the nasopharynx into the middle ear that might occur due to
repeated lavage of the nasal cavity or middle ear space to collect sequential fluids for
assessment. However, as viral challenge induces transudation of serum antibody onto
mucosal surfaces, including the mucosa which lines the middle ear space (24), this
phenomenon likely both supplemented the total antibody already present on the
mucosae and contributed to the protection observed in this study.

Nasopharyngeal colonization. Two days after intranasal challenge with NTHI, a
single nasopharyngeal lavage (NPL) was performed to confirm the presence and
relative abundance of NTHI that was now colonizing this anatomical niche. NPLs are not
performed at later time points in this experimental model in order to facilitate the
natural kinetics of NTHI ascension from the nasopharynx to the middle ear in contrast
to what might be induced by reflux of NPL fluids into the middle ear space under the
condition of repeated anesthesia. At this early time point relative to bacterial challenge,
NTHI was detected within all lavage fluids (Fig. 3) and at concentrations that were both
highly comparable among cohorts as well as to levels in published reports using this
chinchilla superinfection model (mean for all animals, 3.7 � 103 � 1 � 103 CFU of NTHI
per ml of nasopharyngeal lavage fluid) (25–27). There was no statistically significant
difference in relative bacterial loads among cohorts (P � 0.54); therefore, the potential
to develop experimental OM was comparable among all animals, with the only dis-
criminator being the specific vaccine formulation administered prior to NTHI challenge.

Incidence of experimental OM. The incidence of experimental OM was determined
by video otoscopy and tympanometry via use of an established metric to indicate
relative signs of inflammation and presence of middle ear fluid behind the tympanic
membrane (25). Four days after NTHI challenge, 31% of middle ears (5/16 ears) in the
cohort immunized with dmLT alone had evidence of middle ear fluid, with a peak
incidence of disease of 88% (14/16 ears) that occurred between days 12 and 15 (Fig. 4,
gray circles). The observed progression and overall incidence of experimental OM in
animals administered only the adjuvant were comparable to values in published

FIG 2 Immunogen-specific IgM, IgG, and IgA were detected in sera recovered from chinchillas after TCI.
Blood was collected 9 days after receipt of the second of two immunizing doses delivered a week apart
and prior to NTHI challenge. Serum was assessed for relative quantity of immunogen-specific IgM, IgG,
and IgA by ELISA. There was no statistically significant difference in the total quantities of antibody
induced by TCI via band-aid among the cohorts. The geometric mean � SD for each antibody isotype
is shown.
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reports and further confirmed the reproducible nature of disease induction in this
outbred, mixed-sex experimental animal model of viral-bacterial coinfection (23,
25–27).

Animals immunized with rsPilA plus dmLT or rsPilA plus IHF and dmLT began to
show signs of experimental OM in a limited number of ears/animals within 5 days of
NTHI challenge (Fig. 4, red triangles and blue diamonds, respectively). Whereas there
was no significant delay in the time to first onset of disease in any animal in either of
these two cohorts compared to time to onset in the cohort administered only dmLT,
there was a significant reduction in the overall proportion of animals that developed
OM compared to the proportion of animals administered dmLT (P � 0.0001), with a
maximal incidence of 29% (4/14 ears) at 9 and 7 days after NTHI challenge, respectively.
Notably, the cohorts that received chimV4 plus dmLT (Fig. 4, yellow squares) or IHF plus
dmLT (Fig. 4, green triangles) showed both a significant 9-day delay to first onset of OM
compared to immunization with dmLT (P � 0.0001) and also a significant reduction in
the proportion of animals that developed OM (P � 0.0001). Peak incidence of disease

FIG 3 NTHI colonized the nasopharynges of chinchillas. Two days after intranasal inoculation, nasopha-
ryngeal lavages were performed, and fluids were serially diluted and plated to quantitate the relative
bacterial load within the nasopharynges of all animals. The relative bacterial loads of NTHI were
comparable among the cohorts and thereby indicated an equivalent opportunity to develop ascending
OM in adenovirus-compromised chinchillas. Symbols indicate the values for individual animals, and the
filled bars indicate the values for each cohort � SEM. The dotted line represents the limit of detection.

FIG 4 TCI with chimV4, rsPilA, IHF or a combination of rsPilA and IHF significantly reduced the incidence
of experimental OM and also mediated more rapid resolution of disease in all cohorts, as determined by
blinded video otoscopy and tympanometry. TCI with a band-aid also delayed the onset of disease in the
cohorts that received chimV4 plus dmLT or IHF plus dmLT. The percentage of middle ears with OM for
each cohort is shown.
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for the two cohorts administered chimV4 plus dmLT and IHF plus dmLT was 25% (4/16
ears) and 23% (3/13 ears), respectively.

Among the four cohorts immunized with antigen plus adjuvant, there was a delay
to onset of OM among animals immunized with chimV4 plus dmLT or IHF plus dmLT
compared to onset with rsPilA plus dmLT or rsPilA plus IHF and dmLT (P � 0.05).
However, there was no significant difference in the overall proportions of animals that
developed experimental OM among any of these four cohorts (P � 0.24), and for the
relatively few animals that did develop OM in each cohort, the rapidity with which signs
of disease resolved was equivalent (P � 0.24). Moreover, vaccine efficacy among the
immune cohorts ranged from 64% to 77% (Table 1). Therefore, whereas the immuno-
gens administered, individually or in combination, were designed to target different
NTHI adhesive proteins (OMP P5 and Tfp) or a DNABII protein (IHF), the overall
observation was that a two-dose TCI regimen with any of these lead formulations
induced significant protection against development of NTHI-induced OM in a viral-
bacterial superinfection model of experimental disease.

DISCUSSION

Previous work showed that TCI performed by rubbing vaccine formulations onto the
outer ears of chinchillas was prophylactic and therapeutic (18, 20). Additionally, a
traditional small circular band-aid, a simple device with which to deliver a vaccine
formulation onto the nonabraded skin located in the postauricular region, was also
effective in inducing therapeutic resolution of existing experimental OM due to NTHI
(19). Our current work was designed to test the ability of this TCI band-aid immuniza-
tion regime to prevent the development of experimental OM due to NTHI in a
polymicrobial model of disease. To achieve this goal, we used an experimental model
that more closely mimics the polymicrobial nature and kinetics of disease reported for
children, in whom an upper respiratory tract viral infection precedes the development
of bacterial OM (22, 23). This animal model is robust and reproducible and is shown to
be predictive of a pediatric clinical trial outcome (25, 28). Moreover, it has shown utility
to test preclinically the robustness of various vaccine candidates in a polymicrobial
disease model system (25–27, 29, 30). Therefore, we employed this viral-bacterial
coinfection model to assess the efficacy afforded by TCI with three lead vaccine
candidates under development by our lab: rsPilA, which targets the majority subunit of
NTHI Tfp (14); chimV4, which is directed against both Tfp and a protective B-cell epitope
of OMP P5 (14); and IHF, which is a DNABII protein family member that plays an
important role in the structural integrity of bacterial biofilms, including those formed by
NTHI (15–17).

To date, we have shown that parenteral immunization with rsPilA or chimV4
prevents experimental OM due to NTHI (14), likely due to inhibition of adherence and
prevention of twitching motility by type IV pilus and OMP P5-specific antibody present
at the respiratory mucosal surface. However, as TCI typically induces a lesser quantity
of serum antibody than parenteral immunization, it was uncertain if we would see
similar kinetics and comparable degrees of protection when we used this noninvasive
immunization strategy. With regard to prior work with IHF as an immunogen, we have
shown that the mechanism by which antibody against IHF (as induced by therapeutic
TCI) effectively eradicates preformed biofilms within the chinchilla middle ear (15) is a
result of sequestration of this protein from the eDNA matrix, which induces cata-
strophic collapse of the biofilm structure with release of the resident bacteria (17).

TABLE 1 Vaccine efficacy for each cohort

Vaccine formulation Vaccine efficacy (%)

chimV4�dmLT 77
rsPilA�dmLT 64
IHF�dmLT 72
rsPilA�IHF�dmLT 66
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However, prevention of biofilm formation following immunization with IHF has not yet
been described. In addition, although OM is a polymicrobial disease (7, 8, 31), thus far
the relative efficacy of TCI has not yet been described when it is used in a viral-bacterial
coinfection challenge model that mimics the natural disease course in children. The
present study was designed to address each of these remaining gaps in our under-
standing.

Our data revealed that TCI with chimV4, rsPilA, IHF, or a mixture of rsPilA and IHF,
admixed with the adjuvant dmLT, gave rise to circulating antibody-secreting cells that
produced antibody specific for the immunogen administered. Previously, we showed
that an immunogen-specific IgG titer of �160 in serum or middle ear fluids correlated
with bacterial clearance when TCI was performed by pipetting a 50-�l volume of
vaccine formulation directly onto the pinnae (or outer ears) of chinchillas (18). Here, a
cumulative immunogen-specific IgA, IgG, and IgM serum titer of �140 was associated
with prevention of OM when TCI was performed via band-aid. We hypothesized that
whereas the entire quantity of immunogen and adjuvant is available for sampling by
cutaneous antigen-presenting cells when the immunogen is pipetted directly onto the
chinchilla skin, a portion of the vaccine formulation may be retained within the
adsorbent pad of the band-aid used as the delivery device and is therefore unavailable.
This may explain the slight difference in relative IgG quantities induced by the two TCI
regimens. Efforts are under way to quantitate the relative amount of antigen released
from the band-aid.

The results of our vaccination approach clearly showed efficacy against OM in this
stringent animal model. The primary readout for preclinical vaccine efficacy was
blinded video otoscopy and tympanometry, procedures common in the clinic and the
diagnostic techniques used to ascertain whether a child has OM. The onset, duration,
and delayed resolution of disease by the cohort administered only dmLT were com-
parable to historical data for sham-immunized animals, in which OM initiates between
4 and 7 days after NTHI challenge, peaks after 10 to 14 days, and slowly, but not
completely, declines over a 30- to 35-day period (14, 23, 25–27). In contrast, receipt of
chimV4 plus dmLT, rsPilA plus dmLT, IHF plus dmLT, or rsPilA plus IHF and dmLT
afforded significant protection against development of OM and confirmed the utility of
each immunogen in a preventative immunization regime. Whereas signs of OM were
detected in all four cohorts, the overall incidence was limited to �29%. Moreover, any
lag in complete resolution of signs of disease was attributed to the same few (e.g., 2 to
4) middle ears per cohort, with complete resolution ultimately achieved by all four
cohorts that received a vaccine candidate prior to completion of the study. As chin-
chillas are outbred, mixed sex, and not specific pathogen-free animals, some variation
in the responses to immunization within a cohort is expected, which would also be
anticipated to occur in children in clinical trials.

The mechanism for protection against OM is largely antibody mediated. The com-
bined effect of TCI to induce production of immunogen-specific mucosal and systemic
antibodies and of upper respiratory tract viral infection-induced inflammation to
promote transudation of antibody onto mucosal surfaces, including the nasopharynx
and middle ear, facilitated the significant 64 to 77% vaccine efficacy observed here.
Moreover, targeting essential conserved bacterial adhesive proteins and biofilm medi-
ators by immunization limited the translocation of NTHI from the nasopharynx, the site
of benign colonization, into the middle ear, where active disease is induced. While the
data presented herein demonstrated efficacy against a single clinical NTHI isolate, the
highly conserved amino acid sequences (�86% identity for PilA and �76% identity for
the OMP P5 epitope incorporated into chimV4) and/or the highly conserved structural
conformation (for IHF) of each immunogen predicts that similar protection could be
achieved upon challenge with other NTHI strains (14, 15, 32); this assumption is being
tested.

In terms of specific formulations, both chimV4 plus dmLT and IHF plus dmLT
conferred the greatest delays to onset of experimental OM; however, overall there were
no significant differences among the four cohorts that received immunogen plus
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adjuvant formulations by TCI. Whereas the combined formulation of rsPilA plus IHF and
dmLT did not result in an enhanced immune response over that attributed to each
antigen delivered singly, this was likely due to the fact that only half the concentration
of each immunogen was administered compared to the amount given to the single-
immunogen cohorts. Nonetheless, this cocktail was equally efficacious, and we fully
anticipate that increasing the dose of each immunogen and/or implementation of an
additional boosting dose could augment the efficacy observed. The additional benefit
of multiple boosting doses and the resulting durability of the immune response
induced by TCI via band-aid are under investigation.

Detection of antibody induced by TCI affirmed the immunogenicity of each vaccine
candidate when it was administered by a regimen alternative to the already well-
established and efficacious parenteral strategy. Moreover, protection against experi-
mental OM afforded by immunization with rsPilA, chimV4, and IHF was consistent with
our understanding of the functions of NTHI OMP P5, Tfp, and IHF in bacterial adherence,
pathobiology, and biofilm formation. For example, NTHI Tfp engages ICAM-1, and OMP
P5 engages both ICAM-1 and CEACAM-1, molecules whose expression levels on respi-
ratory tract epithelial cells are increased in response to respiratory tract viral infection,
including adenovirus (33–35). Moreover, Tfp and OMP P5 are essential for NTHI to
adhere to the mucosal surface. Additionally, Tfp is required for NTHI to exhibit twitching
motility, form biofilms, and persist within the chinchilla nasopharynx (34, 36, 37).
Antibodies directed against an OMP P5-directed immunogen, called LB1, in addition to
antibodies against PilA prevent adherence of NTHI to respiratory epithelial cells (37, 38).
Moreover, antibodies against NTHI PilA inhibit biofilm formation in vitro and induce
dispersal of NTHI from established biofilms via a LuxS-mediated quorum signaling
event (37, 39). In vivo, parenteral immunization with LB1 or rsPilA, a soluble recombi-
nant and N-terminally truncated PilA molecule, show significant protective efficacy in
experimental models of NTHI-induced OM (14, 30, 39), and TCI with LB1 or rsPilA
induces resolution of ongoing experimental OM (18–20).

To combine the observed efficacy afforded by OMP P5- and Tfp-targeted vaccine
candidates individually and yet administer a single molecule, we also designed the
chimeric immunogen chimV4. Data obtained by epitope mapping of NTHI OMP P5 and
PilA guided the configuration of this chimeric protein such that the OMP P5 epitope is
situated N-terminal to a modified rsPilA molecule in order to optimally expose the
immunodominant and protective domains of each individual immunogen (14, 32, 38).
Parenteral immunization with chimV4 thus induces the formation of antibody reactive
to both OMP P5 and PilA epitopes and provides significant protection against exper-
imental NTHI-induced OM (14). Whereas we have shown earlier that TCI with chimV4
admixed with the adjuvant dmLT results in an expected lower antibody titer than a
parenteral strategy, placement of the vaccine formulation at the chinchilla postauricular
region induces a local immune response that significantly and rapidly resolves existing
OM due to NTHI (18–20). The mechanism for the observed therapeutic efficacy is
attributed to inhibition of OMP P5- and Tfp-mediated adherence by NTHI and, for
bacteria that form a biofilm, eradication of the biofilm structure due to antibody-
induced bacterial dispersal.

As an additional biofilm-disruption strategy, we also developed an immunogen that
targeted a DNABII protein family member (IHF) classically known for its role as an
intracellular DNA-binding protein (40); however, its importance in the extracellular
milieu, particularly as a critical structural component of biofilms formed by multiple
bacterial species, is now appreciated. Within the extracellular polymeric substance of
bacterial biofilms is an abundance of extracellular DNA (eDNA), organized in a mesh-
like configuration, which serves as a support structure for the bacterial community (15,
41). Located at each vertex of crossed strands of eDNA are DNABII proteins, including
IHF (15). In vitro, polyclonal and monoclonal antibodies directed against DNABII pro-
teins induce catastrophic collapse of the biofilms formed by many bacterial pathogens
(15–17, 45). The mechanism for biofilm disruption is the antibody-mediated seques-
tration of DNABII proteins from the extracellular milieu as the proteins rapidly cycle
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between eDNA-bound and -free states. The resulting equilibrium imbalance promotes
dissociation of additional DNABII proteins from the eDNA matrix, destabilization of the
eDNA lattice, and subsequent collapse of the biofilm structure (17). Earlier, we showed
that therapeutic TCI with IHF promotes rapid clearance of preformed NTHI biofilms
from the middle ears of chinchillas (39), as did infusion of the NTHI-challenged
chinchilla middle ear with IgG-enriched polyclonal serum against IHF or monoclonal
antibodies directed against the DNA-binding tips of IHF (16). It is expected that NTHI
also establish biofilms rapidly in vivo, and as indicated by the data presented herein, the
presence of IHF-specific antibody early in this process likely hindered the development
of a robust biofilm structure, exposed NTHI to clearance by host immune mediators,
and prevented the onset of OM.

While the current study was not designed to address whether TCI with the targeted
immunogens induced clearance of NTHI from the nasopharynx, our previous work
shows that TCI with rsPilA or chimV4 admixed with dmLT does result in eradication of
NTHI from the nasopharynges of chinchillas challenged both intranasally and transb-
ullarly within 10 to 14 days (18). Therefore, we would anticipate a similar if not more
rapid outcome had subsequent nasopharyngeal sampling been done here. In this work,
at least one nasopharyngeal lavage sample recovered from animals in each of the four
immune cohorts was at the limit of detection, which indicated that vaccine-induced
clearance was in effect at this early time point. One limitation of the nasopharyngeal
lavage is that only planktonic bacteria are retrievable and that quantitation of NTHI
adherent to the mucosa is not possible. Nonetheless, this procedure is the least invasive
method to ensure that all animals enter the study colonized with NTHI. In the clinical
setting, however, complete eradication of NTHI from the nasopharynx is not necessarily
a desired outcome as it could provide the opportunity for replacement by a more
pathogenic organism, as is of concern following licensure and broad use of current
pneumococcal capsular conjugate vaccines (13, 42). Therefore, reduction of the naso-
pharyngeal NTHI burden to a colonizing level that is tolerated by the host immune
system is more desirable.

To our knowledge, these data are the first to assess TCI as a strategy to prevent
experimental OM and to do so in a polymicrobial experimental model wherein an
upper respiratory tract viral infection predisposes to ascending bacterial superinfection.
Moreover, whereas there are multiple cutaneous immunization delivery systems under
investigation, including jet injectors, microneedles, and electroporators, our strategy of
using a traditional small circular band-aid placed directly onto the intact skin just
behind the ear as a delivery device may provide the opportunity to expand the reach
of vaccines against NTHI-induced diseases.

MATERIALS AND METHODS
Animals. Thirty-seven juvenile chinchillas (Chinchilla lanigera, 525 � 66 g) without evidence of

middle ear infection or serum antibody reactivity to outer membrane proteins of NTHI strain 86-028NP
were procured from Rauscher’s Chinchilla Ranch, LLC (LaRue, Ohio). Chinchillas were randomly divided
into five cohorts of 7 to 8 animals each based on weight (mean cohort weight, 525 g) prior to viral
challenge. All animal work was performed under a protocol approved by the Institutional Animal Care
and Use Committee at The Research Institute at Nationwide Children’s Hospital.

Viral and bacterial isolates. Adenovirus serotype 1 is a pediatric clinical isolate that has been used
in chinchilla models (25–27, 43). NTHI 86-028NP is a minimally passaged clinical isolate collected from the
nasopharynx of a child with chronic OM and has been characterized in vitro and in animal models of OM
(25–27, 43, 44).

Vaccine formulations. Cohorts were administered vaccine formulations consisting of rsPilA, chimV4,
or IHF admixed with the adjuvant LT(R192G/L211A). rsPilA (for recombinant soluble PilA) is the
N-terminally truncated form of PilA, which is the majority subunit of NTHI Tfp (14, 36). chimV4, is a
recombinant, chimeric protein designed to target two critical NTHI adhesive proteins/virulence deter-
minants, OMP P5 and Tfp, utilizing PilA as both an immunogen and carrier for a 24-mer protective B-cell
epitope identified within NTHI OMP P5 (14). IHF (integration host factor), is a member of the DNABII
family of DNA-binding proteins and was purified from E. coli (15). The systemic and mucosal adjuvant
LT(R192G/L211A), or dmLT, is a double mutant of E. coli heat-labile enterotoxin (21). Formulations
consisted of the following: (i) 10 �g of rsPilA admixed with 10 �g dmLT, (ii) 10 �g of IHF admixed with
10 �g of dmLT, (iii) 5 �g of IHF plus 5 �g of rsPilA (for 10 �g of antigen in total) admixed with 10 �g
of dmLT, (iv) 10 �g of chimV4 admixed with 10 �g of dmLT, and (v) 10 �g of dmLT alone.
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Transcutaneous immunization. The time course for TCI and viral and bacterial challenge is
described in Table 2. Two days prior to receipt of the first immunizing dose, the fur directly caudal to
each pinna (or external ear; e.g., the postauricular region) was plucked to permit resolution of any
nonspecific inflammation that might be induced by hair removal prior to immunization. The procedure
for TCI with a band-aid is described in Novotny et al. (19). Briefly, vaccine formulations in a 50-�l volume
were applied to the gauze pads of small circular band-aids (CVS brand) and affixed to the nonabraded
skin at each postauricular region. Band-aids were removed 24 h later. Two doses were delivered 1 week
apart.

Viral and bacterial challenge. Two days after receipt of the second immunizing dose by band-aid,
when the maximal immune response following TCI is observed for this immunization regimen (likely an
outcome due to the administration of both immunizing band-aids within a short time frame) (20), all
chinchillas were inoculated with 1.9 � 107 50% tissue culture infective doses (TCID50) of adenovirus
serotype 1 by passive inhalation into the nares of droplets that contained the virus (Table 2). Seven days
later, when adenovirus-induced compromise of the airway was established (43), all animals were
challenged with 1 � 108 CFU of NTHI 86-028NP administered by passive inhalation into the nares. To
confirm NTHI colonization and quantitate the relative bacterial load within the nasopharynx, 2 days after
bacterial challenge, nasopharyngeal lavage was performed on all animals, and the fluids were serially
diluted and plated onto chocolate agar formulated with 15 �g of ampicillin per milliliter of medium.
Antibiotic within the medium served to limit growth of normal chinchilla nasopharyngeal flora. Plates
were incubated for 24 h at 37°C in a humidified atmosphere prior to enumeration of NTHI colonies.

Video otoscopy and tympanometry. Video otoscopy using a 0°, 3-inch probe connected to a digital
camera system (MedRx, Largo, FL) was utilized to monitor signs of OM (e.g., tympanic membrane
inflammation and/or presence of fluid in the middle ear space). Tympanometry was performed with a
Madsen Otoflex tympanometer, and data were analyzed with OTOsuite software (Otometrics, Schaum-
burg, IL). Overall signs of OM were blindly rated on an established scale of 0 to 4�, and middle ears with
a score of �2.0 were considered positive for OM as middle ear fluid (MEF) was visible behind the
tympanic membrane (25). If the tympanic membrane could not be visualized due to an obstruction
within the ear canal (i.e., due to cerumen accumulation), that ear was excluded from the day’s count. Per
established protocol, each middle ear was considered independently, and for each cohort, the percent-
age of middle ears with OM was calculated. To calculate vaccine efficacy, the number of observations of
OM during the 30-day study period was first determined and converted to a percentage relative to the
total number of observations for each cohort. This value was then subtracted from the percentage
computed for the cohort administered dmLT only.

Enumeration of antigen-specific antibody-secreting cells by enzyme-linked immunospot
(ELISPOT) assay. To enumerate circulating antibody-secreting cells within fully immunized chinchillas
prior to adenovirus or NTHI challenge (Table 2), blood was collected from anesthetized animals by
cardiac puncture and mixed with 5 U of heparin per ml. An equal volume of Dulbecco’s phosphate-
buffered saline (DPBS) was added, and the mixture was layered onto Ficoll-Paque Plus (GE Healthcare,
Pittsburg, PA) prior to centrifugation at 500 � g for 30 min at 18°C. Lymphocytes were collected at the
interface and washed twice with culture medium (RPMI 1640 medium, 2 mM L-glutamine, 100 U
penicillin-streptomycin, 10% heat-inactivated fetal bovine serum [FBS], 50 �M �-mercaptoethanol) prior
to seeding at a density of 1 � 106 cells in a 24-well tissue culture plate. Cells were stimulated with 1 �g
of resiquimod (Sigma-Aldrich, St. Louis, MO) per ml and 10 ng of recombinant human IL-2 (R&D Systems,
Inc., Minneapolis, MN) per ml of medium and incubated for 5 days at 37°C and 5% CO2 in a humidified
atmosphere. As chinchillas are outbred, cells were processed and assessed by individual animal.

To perform the ELISPOT assay, wells of 96-well filtration plates (Millipore, Billerica, MA) were coated
with 5 �g of rsPilA, chimV4, or IHF overnight at 4°C and then blocked with phenol red-free RPMI 1640
medium plus 10% heat-inactivated FBS. Activated cells were seeded at 5 � 104 cells per well in triplicate
and incubated for 5 h at 37°C in 5% CO2. After cells were washed with DPBS plus 0.25% Tween 20, goat
anti-rat IgM, IgA, or IgG detection antibody conjugated to horseradish peroxidase (HRP; Bethyl Labora-
tories, Montgomery, TX) was applied, and cells were incubated for 2 h at 25°C. Plates were washed with
distilled H2O (dH2O), and spots were revealed with a diaminobenzidine (DAB)-peroxidase substrate kit
(Vector Laboratories, Burlingame, CA). Spots were detected and enumerated using an EliScan� instru-
ment (A.EL.VIS GmbH, Hannover, Germany). The mean � standard error of the mean (SEM) was
calculated for cells that secreted immunogen-specific IgM, IgG, and IgA for each cohort.

Quantitation of chimV4-specific immunoglobulins. To quantitate antigen-specific antibody iso-
types within serum collected from fully immunized chinchillas prior to NTHI challenge (Table 2), an
enzyme immunosorbent assay (ELISA) was performed. Briefly, wells of C-bottom microtiter plates were
coated with 0.2 �g of chimV4, rsPilA, or IHF for 1 h at 37°C prior to addition of serum samples serially

TABLE 2 Schedule for immunizations, adenovirus inoculation, and NTHI challenge

Study daya Procedure(s)

�16 TCI via band-aid
�9 TCI via band-aid
�7 Adenovirus serotype 1 challenge (intranasal)
0 Collection of blood; NTHI 86-028NP challenge (intranasal)
2 Nasopharyngeal lavage
aRelative to day of NTHI challenge.
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diluted in 10 mM phosphate-buffered saline. Antibody was detected with horseradish peroxidase-
conjugated goat anti-rat IgG, IgM, or IgA (Bethyl Laboratories, Montgomery, TX), and color was devel-
oped with 3,3=,5,5=-tetramethylbenzidine (Pierce Biotechnology, Rockford, IL). The reciprocal titer was
defined as the inverse of the antibody dilution that yielded an optical density at 450 nm (OD450) of 0.1
above control wells incubated without serum samples. Serum was analyzed by individual animal three
times on separate days, and the geometric mean � standard deviation (SD) of the reciprocal titer for
each antibody isotype per cohort was calculated.

Statistics. Statistical significance was calculated using GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA). Statistical differences in nasopharyngeal colonization were assessed by Kruskal-Wallis
one-way analysis of variance (ANOVA) and Dunn’s method for multiple comparisons. Significant differ-
ences among cohorts in times to first incidence of OM, times to resolution of OM, and proportions of
middle ears with OM were assessed by a Mantel-Cox log rank test where an event was classified as OM.
Differences in numbers of ASCs and antibody titers were assessed by one-way ANOVA with Tukey’s
multiple-comparison test. For all analyses, a P value of �0.05 was considered significant.
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