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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.
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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.
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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.

Band-Aid Immunization for Polymicrobial Otitis Media Clinical and Vaccine Immunology

June 2017 Volume 24 Issue 6 e00563-16 cvi.asm.org 5

http://cvi.asm.org


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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