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Therapeutic Transcutaneous Immunization with a Band-Aid Vaccine

Resolves Experimental Otitis Media
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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 [gM 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

August 2015 Volume 22 Number 8

Clinical and Vaccine Immunology

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 pug chimV4 admixed with 10 pg
LT(R192G/L211A), a double mutant of E. coli heat-labile enterotoxin
(dmLT) as the adjuvant (17), 10 pg 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
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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-pm-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 10° 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-vy) 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 pg/ml and recombinant human IL-2
(R&D Systems, Inc., Minneapolis, MN) at 10 ng/ml, seeded at densities of
5% 10% 1 X 10°, and 5 X 10° cells per well in triplicate, and incubated for
5h at 37°C in 5% CO,. 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-
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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 pm.

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
ina 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-
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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-ul 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.

labeled chimV4 was admixed with unlabeled dmLT and utilized
for immunization of three chinchillas. Lymphoid tissues were col-
lected 24 hlater 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
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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.

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-y and IL-17A were detected exclusively within the NALT
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TABLE 1 Fold increases in IFN-y- 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

Fold increase in specific fluorescence intensity (mean * SEM)

Immunization in postauricular region

Immunization at nape

dmLT chimV4 + dmLT dmLT chimV4 + dmLT
Sample IFN-vy IL-17A IFN-vy IL-17A IFN-vy IL-17A IFN-vy IL-17A
NALT 1.1 0.2 1.2 =03 2103 1.9 £ 04 1.0x0 1.0x=0 1.0x0 1.0x0
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
A 100 -
of animals immunized in the postauricular region (Table 1), S 90+
whereas activated cells were identified within the cervical lymph g 804
nodes after immunization at the nape. Compared to animals that ‘€ E 70
received band-aid vaccines hydrated with saline, a 2.1-fold in- 52 60
crease in mean fluorescence specific for [FN-y and a 1.9-fold in- g% 50 * | *kn
crease in that for IL-17A were detected within the NALT of ani- *g g 40+
mals immunized with chimV4 plus dmLT in the postauricular ] ® 3010 saline
. . . . S & 20{A dm.T
region; alternatively, 1.5- and 1.3-fold increases in mean fluores- s 3 .
i L . 104 <> chimV4+dmLT o
cence, respectively, were detected within the cervical lymph nodes
after TCI at the nape with chimV4 plus dmLT, compared to saline. 0@ 1'4
These data revealed that band-aid vaccine placement in the post- .
. . . . . Days after primary TCI
auricular region or at the nape resulted in different sites of im-
mune activation, which is a critical observation for understanding
.. . cl . B Cokkk  kkk
the superiority of efficacy achieved with immunization at a post- C = i
auricular site, as shown in Fig. 2. Moreover, the production of 2 10:' QS Py : D|—|
IFN-vy and IL-17A, utilized herein as indicators of Th1- and Th17- = 127: o = : —_
type immune responses, respectively, indicated that polyfunc- % e 4 o :
tional immune responses were induced by TCI with chimV4 plus 2 105, ® : e @ f
dmLT, corroborating previous data obtained with this immuno- £104] i A :
gen and adjuvant (19). = 10;' AL
Kinetics of disease resolution. In an expanded study, we next =10% : ==_limit of
. .. . . . AR 210" : : detection
examined the kinetics of disease resolution after immunization in 6 100 : N :
the postauricular region, the site that induced superior eradica- @ 14
tion of NTHI from the middle ear (Fig. 2). As a clinically relevant Days after primary TC

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 TCL. 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
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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 NTHIL

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 notinduce 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 [gM-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,
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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.

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
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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-
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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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