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Abstract

Biofilms formed by nontypeable Haemophilus influenzae
(NTHI) are associated with multiple chronic infections of the
airway, including otitis media. Extracellular DNA (eDNA) is
part of the biofilm matrix and serves as a structural compo-
nent. Human B-defensin-3 (hBD-3) is a cationic antimicrobial
host defense protein (AMP) critical to the protection of the
middle ear. We hypothesized that anionic eDNA could inter-
act with and bind hBD-3 and thus shield NTHI in biofilms
from its antimicrobial activity. We demonstrated that recom-
binant hBD-3 [()hBD-3] bound eDNA in vitro and that eDNA
in biofilms produced by NTHI in the chinchilla middle ear co-
localized with the orthologue of this AMP. Incubation of
physiological concentrations of (fhBD-3 with NTHI genomic
DNA abrogated the ability of this innate immune effector to
prevent NTHI from forming robust biofilms in vitro. Estab-
lishment of NTHI biofilms in the presence of both DNase |
and (r)hBD-3 resulted in a marked reduction in the overall
height and thickness of the biofilms and rescued the antimi-

crobial activity of the AMP. Our results demonstrated that
eDNA in NTHI biofilms sequestered hBD-3 and thus dimin-
ished the biological activity of an important effector of in-
nate immunity. Our observations have important implica-
tions for chronicity of NTHI-induced diseases.

Copyright © 2012 S. Karger AG, Basel

Introduction

Nontypeable Haemophilus influenzae (NTHI) is a
Gram-negative bacterium that is a member of the normal
flora of the human nasopharynx. This opportunistic
pathogen is capable of causing a wide range of diseases of
both the lower and upper airways, including exacerba-
tions of chronic obstructive pulmonary disease and otitis
media (OM) [1-4]. OM is the most frequently diagnosed
illness in children under 15 years of age with total costs
of diagnosing and managing OM exceeding USD 5 bil-
lion annually in the US alone [5, 6]. In addition to the high
prevalence of OM in developed countries, worldwide it is
reported that between 65 and 330 million children suffer
from chronic secretory OM, 60% of whom have an asso-
ciated hearing loss from this disease state which is char-
acterized by chronically draining ears, a condition that
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can extend over years [7-9]. Current data support the role
of bacterial biofilms in chronic OM and the emergence
of this paradigm has had significant implications for a
greater understanding of the pathogenesis of and the im-
mune response to this highly prevalent pediatric disease
[10-12].

A biofilm is defined as a community of adherent bac-
teria encased in a self-produced extracellular polymeric
matrix [13]. Whereas NTHI biofilms do not include a
unique polysaccharide [4], the matrix contains several
outer membrane proteins [14], lipooligosaccharide [14,
15], type IV pilin protein [11], integration host factor pro-
tein [16], and a dense meshwork of extracellular DNA
(eDNA) [11]. eDNA within bacterial biofilms can be sup-
plied by both the host and pathogen [16], and is linked to
many processes, including bacterial aggregation [17],
quorum sensing [18], nutrition [19], and structural stabil-
ity [16]. Residence within a biofilm facilitates bacterial
evasion of the host innate immune system as well as af-
fords protection from antibiotics and other therapeutic
treatments designed to eradicate the resident pathogens
[20, 21]. As such, the protective nature of biofilms con-
tributes to the chronic and recalcitrant nature of many
respiratory tract diseases, including OM [22].

B-Defensins are a class of cationic antimicrobial host
defense peptides (AMPs) that share a structure typified
by six cysteine residues that form three internal disulfide
bridges [23, 24]. These molecules are secreted by epithe-
lial cells and their potent antimicrobial and immuno-
modulatory properties serve to maintain homeostasis at
mucosal surfaces [23,25-27]. Human B-defensin-3 (hBD-
3) is an AMP that kills both Gram-positive and -negative
bacteria including NTHI [28, 29] and is expressed in the
mammalian middle ear [30]. In animal studies using a
chinchilla model of OM, we demonstrated that the ortho-
logue of ¢cBD-3, chinchilla 3-defensin-1 (cBD-1), modu-
lated the ability of NTHI to colonize the upper airway
[29]. Specifically, addition of exogenous recombinant
cBD-1 [(r)cBD-1] peptide to the nasal cavity of chinchillas
colonized with NTHI resulted in a decreased bacterial
load compared to controls. Conversely, neutralization of
cBD-1 in the airway by delivery of antibodies directed
against this AMP resulted in an augmented concentra-
tion of NTHI in nasopharyngeal lavage fluids compared
to untreated controls [29]. In a similar approach, Mason
et al. [31] recently reported that the ability to resist cBD-1
lethality in the chinchilla middle ear plays a critical role
in promoting NTHI survival in this anatomical location.
Collectively, these data demonstrated that disruption of
the biological activity of this single defensin alters ho-
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meostatic control of NTHI in the nasopharynx and influ-
ences the disease course of experimental NTHI-induced
OM.

Positively charged AMPs interact with a variety of an-
ionic macromolecules such as alginate [32] and DNA [33-
36], but the impact that these associations have on the
function(s) of AMPs is not completely understood. As
eDNA is an abundant structural component in NTHI-
induced biofilms, and hBD-3 is an important effector of
innate immunity in the pediatric middle ear, we hypoth-
esized that hBD-3 might associate with eDNA in NTHI
biofilms and that this interaction could have important
consequences for altering and perhaps diminishing the
biological activity of this molecule. In the current study,
we provide evidence that recombinant hBD-3 [(r)hBD-3]
bound eDNA in a dose-dependent manner. Furthermore,
the ability of this innate immunity molecule to effective-
ly alter biofilm formation as well as kill NTHI was depen-
dent upon the removal of eDNA in the extracellular poly-
meric matrix.

Materials and Methods

Determination of the Relative Abundance of hBD-3 in

the Pediatric Middle Ear

To assess the relative concentration of hBD-3 in the pediatric
middle ear, aspirates were recovered from children (11-34 months
of age) who had documented chronic or recurrent OM and under-
went tympanostomy and tube insertion. Prior to the procedure,
informed consent and authorization by the parent(s) or a legally
authorized representative were obtained and were in concordance
with all institutional and federal guidelines for the use of human
subjects under protocol 20HSE014. Middle ear fluids were placed
into sterile tubes, transported on ice to The Research Institute at
Nationwide Children’s Hospital and stored at -80°C. Equal vol-
umes of middle ear effusion from children were lyophilized and
suspended in 1/10th the original volume in sterile saline. Quan-
tification of hBD-3 was accomplished via an hBD-3 ELISA kit
(PeproTech, Rocky Hill, N.J., USA) according to the manufactur-
er’s instructions; the kit has a published limit of detection of 62 pg
hBD-3/ml [37]. The Coomassie Plus reagent (Pierce, Rockford,
111, USA) was used to determine protein concentrations of sam-
ples, and equivalent total protein amounts from each patient were
included in the assay, which was run in duplicate. A series of grad-
ed concentrations of purified (r)hBD-3 diluted in saline was used
to generate a standard curve from which to determine the relative
concentration of hBD-3 in middle ear samples.

Immunofluorescence Imaging of NTHI Biofilms Formed

in vivo

All studies that involved chinchillas were performed under
protocol 01304AR, approved by the Institutional Animal Care
and Use Committee of The Research Institute at Nationwide
Children’s Hospital. NTHI-induced biofilms were established
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in the middle ear of an adult chinchilla (Chinchilla langinera) pur-
chased from Rauscher’s Chinchilla Ranch (LaRue, Ohio, USA), as
previously described [11]. Briefly, animals were challenged trans-
bullarly with 2,500 CFU NTHI strain 86-028NP [38] bilaterally,
and 21 days later, animals were sacrificed and middle ear biofilms
embedded in OCT embedding compound (Fisher Scientific,
Pittsburgh, Pa., USA). These parameters were chosen as we have
extensively characterized the intricate and dense labeling of
eDNA in the matrix of robust NTHI biofilms at this time point
[11, 16]. Serial sections of 10-pum thickness were cut and labeled
as described [16]. Slides were incubated with a 1:200 dilution of
rabbit polyclonal anti-cBD-1 [29] for 24 h at 4°C followed by goat
anti-rabbit conjugated to AlexaFluor 594 (Invitrogen, Carlsbad,
Calif., USA) for 1 h at room temperature. Slides were then washed
three times in buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
0.05% Tween 20) and incubated for 15 min with 1 pg/ml Film-
Tracer FM1-43 biofilm cell stain (Invitrogen). Slides were washed
again three times and counterstained with 4',6’-diamadino-2-
phenylindole (DAPI) to label nucleic acid. Sections were viewed
with a Zeiss LSM 510 Meta confocal scanning laser microscope to
detect the relative abundance and spatial distribution of both
cBD-1 and eDNA.

Quantification of eDNA within an NTHI Biofilm Formed

in vitro

Double-stranded eDNA content was quantified in order to de-
termine the amount of eDNA within biofilms formed by NTHI
86-028NP at various time points in vitro. Bacteria were grown on
chocolate agar (Fisher Scientific) at 37°C with 5% CO, overnight.
Isolated colonies were suspended in brain heart infusion broth
(BD Life Sciences, Sparks, Md., USA) supplemented with 2 pg/ml
of heme (Fisher Scientific) and nicotinamide adenine dinucleo-
tide (sBHI; Fisher Scientific) to an optical density of 0.65 at 490
nm. The culture was then diluted 1:6 with pre-warmed sBHI and
incubated statically at 37°C with 5% CO, for 3 h. Cultures were
diluted 1:2,500 with sBHI and 200-p.l aliquots were inoculated
into an 8-well chamber slide (Fisher Scientific). NTHI cultures
were incubated at 37°C with 5% CO, for 8, 16, 24, 36, 48, 64, or
72 h in sBHI to allow for the development of biofilms, as we have
described previously [16]. Culture medium was removed from
biofilms after the first 16 h of growth and 200 pl of fresh sBHI was
added to slides. Culture medium was then changed every 8 h. Fol-
lowing the indicated incubation period, sterile saline was added
to the chamber slide and the resultant biofilm was recovered by
repeated pipetting. The picogreen dsDNA quantification kit (In-
vitrogen, Carlsbad, Calif., USA) was then used to quantify the
eDNA content according to the protocol supplied by the manu-
facturer.

DNA Electrophoretic Mobility Shift Assay

To begin to characterize the ability of (YhBD-3 (PeproTech) to
bind eDNA, we incubated peptide with NTHI genomic DNA
(gDNA) and determined the ability of association with this AMP
to alter the mobility of NTHI gDNA in an agarose gel. The Invit-
rogen (Carlsbad, Calif., USA) Purelink mini gDNA extraction kit
was used to extract NTHI 86-028NP gDNA according to the
manufacturer’s protocol. Five hundred nanograms of NTHI
gDNA were incubated with 0, 0.5, or 5.0 pg of (r)hBD-3, (r)cBD-1,
or bovine serum albumin (BSA) in a total volume of 20 pl ddH,O
for 15 min at room temperature. Following this incubation peri-
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od, samples were separated in an 0.8% w/v agarose gel (Fisher
Scientific) at 75 V for 30 min in 1X TAE running buffer (Pro-
mega, Madison, Wisc., USA). Gels were stained with GelRed
(Phenix Research Products, Candler, N.C., USA) and images were
captured using a Syngene U:Genius imaging system (Cambridge,
UK).

Atomic Force Microscopy

To visualize the association between AMPs and eDNA, we uti-
lized atomic force microscopy (AFM). Five hundred nanograms
of NTHI gDNA were incubated in the absence or presence of 5 g
of (r)hBD-3, (r)cBD-1, or BSA in a total volume of 20 wl ddH,0
for 15 min at room temperature. To maximize our ability to view
AMP-eDNA complexes, samples were diluted to 5.0 ng AMP and
0.5 ng eDNA in 50 pl ddH,O and each sample was spotted sepa-
rately onto freshly cleaved mica discs. Mica V-2 optical grade discs
(S&S Trading, Floral Park, N.Y., USA) were cleaved with double-
sided Scotch tape and samples were incubated on the discs for 10
min at ambient temperature. The mica discs were rinsed with
ddH,O0, dried at 4°C overnight, and affixed to 15-mm-diameter
stubs (Ted Pella, Redding, Calif., USA) prior to visualization. The
samples were then imaged using a multimode atomic force micro-
scope (Veeco, Plainview, N.Y., USA) in tapping mode fitted with
an NSC15 probe (MikroMasch, San Jose, Calif., USA). Images
were analyzed using NanoScope 5.30 software and height data
were reported as the mean of three independent images analyzed
in triplicate.

Ability of eDNA to Alter (r)hBD-3 Killing of Planktonic NTHI

To determine whether the presence of eDNA mitigated the
ability of (yhBD-3 to kill NTHI 86-028NP, we utilized a previ-
ously described microbicidal assay [39]. Here, we modified the
protocol such that a selected amount of eDNA (0, 130, 250, 500,
or 1,000 ng) was incubated with 5 pg (r)hBD-3/ml in a total vol-
ume of 20 wl ddH,O for 15 min at room temperature prior to ini-
tiation of the in vitro killing assay.

Ability of (’hBD-3 to Alter NTHI Biofilm Formation

To determine the impact that (r)hBD-3 had on the prevention
of NTHI biofilms, we established NTHI biofilms in 8-well cham-
ber slides (Fisher Scientific) in the presence of selected concentra-
tions of (r)hBD-3. NTHI biofilms were established as described
above; however, (r)hBD-3 was added to a final concentration of 0,
0.5, or 5.0 pg peptide/ml sBHI in indicated wells. These concen-
trations were chosen as they represent a range of (r)hBD-3 con-
centrations that were detected in effusions recovered from the
middle ear of children with OM. Slides were incubated for 16 h at
37°C with 5% CO, and culture medium was removed. Biofilms
were washed with sterile saline and stained with the LIVE/DEAD
BacLight bacterial viability kit (Molecular Probes, Eugene, Oreg.,
USA) as per manufacturer’s protocol. Biofilms were then fixed
with 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, for
at least 60 min. Following fixation, biofilms were washed twice
with sterile saline, plastic wells were removed from the slide, and
a glass coverslip was placed over the slide. The coverslip was
sealed in order to minimize dehydration of the sample. Biofilms
were imaged with a Zeiss 510 confocal scanning laser microscope
(CSLM; Zeiss, Thornwood, N.Y., USA) with a X63 objective. All
biofilm assays were performed in duplicate a minimum of three
times.
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In order to quantitatively assess the differences in biofilm
morphology as a result of the different treatments, we subjected
CSLM images to analysis by COMSTAT software. Image files
were imported into MATLAB (Albuquerque, N.M., USA) for
quantitation of differences in biofilm height, thickness, and bio-
mass. Values presented represent the mean of three experimental
replicates conducted on different days.

Impact of eDNA on the Ability of (r)hBD-3 to Alter Biofilms

Formed by NTHI

As a means to characterize the effects of an eDNA-(r)hBD-3
complex on the activity of this AMP, NTHI biofilms were estab-
lished in the absence or presence of 5.0 pug (r)hBD-3/ml. Peptide
was incubated with 500 ng eDNA for 15 min at room temperature
in sterile water prior to addition to a chamberslide. In addition,
wells were also incubated in the presence of 500 ng of gDNA alone
purified from N'THI strain 86-028NP. We chose this amount of
NTHI gDNA as this concentration represented a conservative es-
timate of the amount of eDNA in biofilms formed by NTHI be-
tween 0 and 16 h based on picogreen assay results. Slides were
incubated at 37°C with 5% CO, for 16 h and then processed for
CSLM analysis. All assays were repeated three times, on separate
days, and all individual biofilm assays included replicates. Repre-
sentative images were analyzed by COMSTAT software.

Rescue of (r)hBD-3 Activity by Addition of DNase I to NTHI

Biofilms

We next tested whether degradation of eDNA in the biofilm
matrix could rescue (r)hBD-3 antimicrobial activity. NTHI
biofilms were established in the absence or presence of 0.5 ng
(r)hBD-3/ml in combination with either 0.5 pg DNase I or RNase
A/ml. A suboptimal dose of DNase I or RNase A was used in order
to determine the impact that degradation of deoxy- or ribonucle-
ic acids, respectively, would have on the resultant biofilms. The
concentration of the enzymes was chosen such that we could de-
grade these nucleic acids without observing a significant impact
on resultant NTHI biofilm architecture. NTHI biofilms were in-
cubated for 16 h and processed for CSLM. All assays were repeat-
ed three times, on separate days, and all individual biofilm assays
included replicates. All statistical analyses were performed using
Stata V 10.1, Stata (College Station, Tex., USA) and an observed
value of p < 0.05 was considered statistically significant.

Results

Determination of the Relative Concentration of hBD-3

in the Pediatric Middle Ear

As a foundation to understand how the presence of
eDNA within an NTHI biofilm would affect the activity
of hBD-3, we first assessed the relative concentration of
hBD-3 in the pediatric middle ear during episodic OM.
Middle ear effusions that were culture positive for NTHI
were obtained from patients and screened via ELISA for
the presence of hBD-3. We showed that the mean concen-
tration was 1.7 wg hBD-3/ml effusion with a range of ap-
proximately 0.4-4.9 wg hBD-3/ml (fig. 1). These data of-
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Patient No.

Fig. 1. Quantitation of hBD-3 in effusions collected from the mid-
dle ear of children with chronic OM. The concentration of hBD-3
in effusions recovered from 12 children with NTHI-induced OM
was determined by ELISA and is shown for each patient.

fered an indication as to the relative amount of hBD-3
within the pediatric middle ear that could be available to
bind eDNA and provided a reference for which we could
confidently continue with subsequent assays.

cBD-1 and eDNA Co-Localize within an

NTHI-Induced Biofilm Formed in vivo

We next wanted to define the relative distribution of
cBD-1, the orthologue of hBD-3, and eDNA within an
NTHI-induced biofilm recovered from the chinchilla
middle ear during experimental OM. We therefore in-
cubated sections derived from an NTHI biofilm recov-
ered from the middle ear of a chinchilla with DAPI, rab-
bit anti-cBD-1, and a cellular phospholipid membrane
stain to label bacteria and host cells. With this approach,
we observed positive labeling of DNA and cell mem-
branes, which was co-detected with a weak diffuse sig-
nal for cBD-1 near the center of the biofilm (fig. 2a, left
panel). No labeling for the AMP was observed after in-
cubation of biofilms with naive rabbit serum, which
served as a negative control (data not shown). We de-
tected robust labeling of cBD-1 on the outer edge of the
NTHI-induced biofilm relative to interior regions and
observed that virtually all cBD-1 appeared to be co-lo-
calized in areas that also stained for DNA (fig. 2a, right
panel). Furthermore, cBD-1 was observed to decorate
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Merged image

DAPI

Fig. 2. Images of a 21-day biofilm formed
in the chinchilla middle ear by NTHI
strain 86-028NP. Sections of the biofilm
were immunolabeled with rabbit anti-
chinchilla B-defensin-1 followed by goat
anti-rabbit conjugated to AlexaFluor 594
to label ¢BD-1 (red). Sections were also
stained with a cellular phospholipid mem-
brane stain to label bacteria and host cells
(green) and DAPI to label DNA (blue or
pseudo-colored white). Individual fluores-
cent channels (a) and merged images of all
three signals (a, b) are shown. The images
were derived from the inner aspect of the
NTHI biofilm (a, left panel) and the outer
edge of the biofilm (a, right panel, b). Note
the greater intensity of punctate red label-
ing, and thereby cBD-1, co-localized with
eDNA at the outer periphery of the bio-
film. Almost all labeled ¢BD-1 co-local-
ized with DNA in an NTHI-induced bio-
film formed in vivo. b

Rabbit
anti-(r)cBD-1

Membrane
stain

Merged
image

long, filamentous strands of eDNA within the biofilm,
often seen as punctate red fluorescence in areas that did
not show an observable signal with the cellular phos-
pholipid membrane stain (fig. 2a, right panel, 2b). These
results showed that cBD-1 co-labeled with bacteria and/
or host cells and also co-localized with eDNA in an
NTHI biofilm formed in the middle ear. Furthermore,
these data demonstrated a spatial distribution of ¢cBD-1
within an NTHI biofilm, whicwh suggested that more
c¢BD-1 was found associated with eDNA in the outer (ex-
ternal) compared to the center (internal) aspects of the
biofilm. This distribution of cBD-1 could be due to lim-
ited diffusion of the AMP to the inner aspects of the
biofilm or attributable to the fact that the exterior of the
biofilm is directly exposed to the contents of a middle
ear effusion, which includes AMPs.

28 J Innate Immun 2013;5:24-38
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Outer edge of biofilm

Defensins Interact with eDNA

Aswe had now provided evidence that cBD-1 co-local-
ized with eDNA in an NTHI biofilm established in vivo,
we proceeded with in vitro studies to determine the con-
centration of eDNA within NTHI biofilms and deter-
mine whether (r)cBD-1 or (r)hBD-3 indeed bound eDNA.
To do so, we first quantified the relative total amount of
eDNA in biofilms formed in chamber slides by NTHI
over time. We observed that between 8 and 16 h after in-
oculation, NTHI biofilms contained approximately 300-
700 ng of total eDNA and that this value steadily in-
creased over time (fig. 3). We further established that the
concentration of eDNA plateaued approximately 64-72 h
after inoculation of chamber slides with NTHI and
reached approximately 2,000 ng of total eDNA per bio-
film when analyzed under these culture conditions.
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Fig. 3. Quantitation of eDNA in an NTHI biofilm formed in vitro.
NTHI 86-028NP was incubated in a chamber slide, and at the de-
picted time points, the established biofilms were recovered and
eDNA quantified.

We next utilized an electrophoretic mobility shift as-
say to determine if our targeted AMPs bound eDNA. We
incubated either 0, 0.5, or 5.0 pg (r)cBD-1 with 500 ng
NTHI gDNA and subjected the mixture to separation by
agarose gel electrophoresis. We found that when in asso-
ciation with (r)cBD-1, the mobility of NTHI gDNA
through the agarose gel substantially decreased in a
(r)cBD-1 dose-dependent manner compared to NTHI
gDNA incubated in the absence of peptide (fig. 4a). We
observed that even 0.5 pg/ml (r)cBD-1, which represent-
ed the lowest concentration of AMP tested, resulted in the
ability to detect a mobility shift for a fraction of the free
NTHI gDNA so that the NTHI gDNA-AMP complex mi-
grated slower into the agarose gel (fig. 4a, arrow). The
mobility of NTHI gDNA was not altered when incubated
with BSA, which served as our negative control for the
nonspecific ability of protein to bind NTHI gDNA and
cause a commensurate mobility shift (fig. 4b). Our data
also demonstrated that (YhBD-3 directly bound to NTHI
gDNA in a dose-dependent manner as shown by the re-
duced mobility of free NTHI gDNA in an agarose gel
(fig. 4c). Of note, incubation of NTHI gDNA with 5.0 g/
ml (r)hBD-3 or (r)cBD-1 resulted in an almost complete
shift in the mobility of NTHI gDNA demonstrating that
this concentration of AMP essentially bound all free
NTHI gDNA.

To further demonstrate that ()hBD-3 physically inter-
acted with DNA, we utilized AFM to capture images of
DNA-AMP complexes formed in vitro. In the absence of
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5.0 pg (r)cBD-1/ml

5.0 pgBSA/ml

10 kb
8 kb

5.0 pg (nhBD-3/ml

4_

Fig. 4. NTHI gDNA was incubated in the absence or presence of
increasing concentrations of (r)cBD-1 (a), BSA (b) or ()hBD-3 (c)
and the samples were then separated in a GelRed-stained agarose
gel. The arrows indicate the mobility shift of DNA after incuba-
tion with peptide compared to free DNA alone (asterisks). A DNA
size standard was used in lane 1 of all images with the respective
size indicated to the left of the gel. Both (r)cBD-1 and the human
orthologue (r)hBD-3 bound eDNA in a dose-dependent manner.

peptide, NTHI gDNA was easily detectable as filamen-
tous strands on the mica surface with a mean height of
0.62 nm (fig. 5a). Visualization of (r)hBD-3 alone ap-
peared as a diffuse layer of peptide with a mean height of
0.48 nm (fig. 5b, left panel). In contrast, (r)hBD-3 incu-
bated with NTHI gDNA resulted in the complete absence
of observable free DNA by AFM and the concomitant ap-
pearance of discrete structures with a mean height of 2.27
nm (fig. 5b, right panel). These same structures were not
observed when BSA was incubated in the absence (fig. 5c,
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NTHI gDNA

5.0 ug (nNhBD-3/ml +
NTHI gDNA

5.0 ug (r)hBD-3/ml

5.0 pg BSA/ml +

5.0 ug BSA/ml NTHI gDNA

Fig. 5. NTHI gDNA was incubated in the absence (a) or presence
of 5.0 pg (NhBD-3/ml (b, right panel) or 5.0 ug BSA/ml (c, right
panel), and images were collected by AFM. Images of 5.0 pg
(nhBD-3/ml alone (b, left panel) and 5.0 pg BSA/ml alone
(c, left panel) are also shown. No observable free DNA was
detected when NTHI gDNA was incubated in the presence of
(rhBD-3, which demonstrated that this AMP bound eDNA.

left panel) or presence of NTHI gDNA (fig. 5¢, right pan-
el). These data showed that eDNA could bind (r)hBD-3
likely via charge interactions and further suggested that
this association would likely have consequences for the
bactericidal activity of these AMPs against NTHI.

eDNA Diminishes the Ability of (r)hBD-3 to Kill

Planktonic NTHI

We previously established that incubation of plank-
tonically grown NTHI 86-028NP with 2.5 ng (rhBD-3/
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Fig. 6. Ability of eDNA to alter the killing activity of (r)hBD-3.
Planktonic NTHI 86-028NP was incubated with (r)hBD-3 alone
or AMP pre-complexed with increasing amounts of eDNA, and
the number of surviving colony forming units were determined.
Addition of eDNA abrogated the (r)hBD-3-mediated killing of
NTHI in a dose-dependent manner.

ml for 1 h results in almost 100% killing of bacteria [29].
With this in mind, we therefore next used this in vitro
bacterial killing assay to determine if the presence of
eDNA could abrogate (r)hBD-3-mediated killing of
NTHI. We observed that incubation of NTHI with
(r)hBD-3 at a concentration of 5 pg/ml resulted in 100%
killing of bacteria in 1 h (fig. 6). In contrast, we demon-
strated a dose-dependent inhibition of bacterial killing
when 5 pg (r)hBD-3/ml was incubated for 15 min at room
temperature with NTHI gDNA prior to initiation of the
killing assay (fig. 6). We observed that pre-incubation of
5 wg/ml (hBD-3 with 1 pwg NTHI gDNA completely ab-
rogated detectable bacterial killing over 60 min. These
data demonstrated that eDNA indeed inhibited the abil-
ity of ()hBD-3 to kill planktonic NTHI.

Physiologically Relevant Concentrations of (r)hBD-3

Alter NTHI Biofilm Structure

In order to characterize the impact of (r)hBD-3 on the
structure of biofilms formed by NTHI, NTHI biofilms
were allowed to form in vitro in either medium alone or
the presence of 0.5 or 5.0 pg/ml of (r)hBD-3 for 16 h. We
observed that 0.5 pg (r)hBD-3/ml sBHI had minimal ef-
fect on the resultant biofilms in terms of maximum
height, with control and peptide-treated biofilms attain-
ing a mean maximum height of 16 or 20 wm, respective-
ly (fig. 7a, b, d). In addition, the mean biomass and thick-
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Fig. 7. (YhBD-3 diminished NTHI biofilms formed in vitro. NTHI 86-028NP was incubated in the absence (a)
or presence of increasing concentrations of (r)hBD-3 for 16 h (b, ¢), and the resultant biofilms were analyzed by
CLSM followed by COMSTAT software (d) for differences in biofilm architecture. Incubation of NTHI with 5.0
pg ()hBD-3/ml altered the resultant biofilm architecture; however, incubation with a lesser concentration of
the AMP [0.5 pwg ()hBD-3/ml] resulted in biofilms that more closely resembled those incubated in medium

alone.

ness of the biofilms were similar among the control and
treatment groups with mean biomass values of 4.5 or 3.3
pwm?/pwm? and the thickness observed to be 5.5 or 4.7 um,
respectively (fig. 7d). In contrast, co-incubation of NTHI
with 5.0 pg (nhBD-3/ml, a concentration that resulted in
100% killing of planktonic NTHI (fig. 6), was able to di-
minish but not eradicate the resultant biofilms in terms
of these same metrics of analysis. The mean maximum
height of the biofilm formed in the presence of () hBD-3
was decreased 70% and mean biomass was reduced from
4.5t0 0.2 pm?®/pm? (fig. 7a, ¢, d). These data demonstrat-
ed that (r)hBD-3 exhibited the capacity to alter NTHI-
induced biofilm formation in vitro but that NTHI bio-
films were not measurably altered at a lesser concentra-
tion of the AMP. Taken together with data that showed
direct binding of () hBD-3 with eDNA, these data sug-
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gested that the presence of eDNA likely significantly
dampened the ability of (r)hBD-3 to prevent NTHI-in-
duced biofilms.

eDNA Abrogates the Ability of (r)hBD-3 to Diminish

NTHI-Induced Biofilms

To directly determine the impact that eDNA had on
the activity of ()hBD-3 against NTHI-induced biofilms,
NTHI biofilms were allowed to form in the presence of
either medium alone, NTHI gDNA, (r)hBD-3, or medi-
um wherein (r)hBD-3 was pre-incubated for 15 min with
NTHI gDNA in vitro, as described in the Materials and
Methods. Biofilms formed in the presence of medium
alone or NTHI gDNA were similar in architecture, mean
maximum biofilm height (13.7 vs. 13.3 wm) and thick-
ness (4.6 vs. 4.9 pm; fig. 8a, b, e). As demonstrated previ-
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Fig. 8. Ability of eDNA to mitigate ()hBD-3 activity in NTHI biofilms. NTHI biofilms were established for 16
h in the presence of either medium alone (a), 500 ng NTHI gDNA (b), 5.0 pg ()hBD-3/ml (c), or (r)hBD-3 (d)
pre-incubated for 15 min with NTHI gDNA. Resultant biofilms were prepared for CLSM and COMSTAT values
are shown (e). In addition, the concentration of NTHI in biofilms was determined for each treatment by dilu-
tion plating of bacteria on chocolate agar (f). The reddish color seen within the biofilm (b) is due to propidium
iodide staining of exogenous NTHI gDNA [11] that was added to this chamber slide and thus is not indicative
of bacterial death in thisimage. Co-incubation of ()hBD-3 and eDNA resulted in diminished ability of the AMP
to alter biofilms and kill NTHI.
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(c, d) or RNase A (e, f) was also used to determine the impact that degradation of nucleic acid would have on
the activity of the cationic AMP without disruption of NTHI biofilm architecture when used alone. Resultant
biofilms were prepared for CLSM and COMSTAT values are shown (g). The ability of (r)hBD-3 to alter NTHI
biofilms was rescued by degradation of eDNA with DNase I but not degradation of RNA.
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ously, incubation of NTHI with 5.0 pg (r)hBD-3/ml re-
duced the resultant biofilm maximum height, overall
biomass, and thickness compared to control biofilms
that were established in medium alone (fig. 8a, c, €). In
contrast, pre-incubation of 5.0 wg (YhBD-3/ml with 500
ng NTHI gDNA completely inhibited the ability of the
AMP to alter the architecture of an NTHI biofilm. These
changes in architecture can be seen qualitatively in
CSLM images of the biofilms as well as quantitatively as
determined by COMSTAT analysis (fig. 8d, e). We also
determined the relative concentration of viable NTHI in
these biofilms and showed that incubation of NTHI with
5.0 pg (rYhBD-3/ml resulted in an approximate 40% de-
crease in the concentration of NTHI compared to me-
dium alone and that this killing was abrogated in the
presence of eDNA (fig. 8f). As we demonstrated that
(r)hBD-3 interacted with eDNA, our data indicated that
eDNA bound (r)hBD-3 and that this interaction inhib-
ited the ability of the AMP to kill NTHI within a biofilm.
Furthermore, these data suggested that the maximum
concentration of hBD-3 detected in the pediatric middle
ear could be rendered ineffective at significantly reduc-
ing NTHI biofilms in vivo.

DNase I Rescues the Ability of (/hBD-3 to Alter NTHI

Biofilms

As eDNA abrogated the activity of (r)hBD-3 against
NTHI biofilms, we next sought to determine if removal
of this macromolecule would render an NTHI biofilm
more susceptible to the antimicrobial action of this AMP.
To address this question, we established biofilms in either
medium alone or in the presence of 0.5 g (rhBD-3/ml,
the minimum concentration of hBD-3 detected in the
middle ear. In addition to these conditions, we also incu-
bated biofilms in the absence or presence of suboptimal
doses of DNase I or RNase A (0.5 pug enzyme/ml sBHI)
such that we could degrade these nucleic acids without
observing a significant impact on resultant NTHI bio-
film architecture. Consistent with previous data, incuba-
tion of NTHI with 0.5 g (hhBD-3/ml had no measurable
impact on biofilm height, thickness, and biomass com-
pared to medium alone (fig. 9a, b). In a similar manner,
the addition of 0.5 ug DNase I/ml, a suboptimal concen-
tration, resulted in no discernible difference in mean bio-
film height (18.5 vs.16.3 um) or thickness (3.5 vs. 3.7 pum)
compared to the control (fig. 9a, ¢, g). Interestingly, incu-
bation of NTHI with 0.5 ug RNase A/ml did not dimin-
ish biofilms but actually resulted in a notable and repro-
ducible increase in mean maximum height (22.3 vs. 16.3
pum) and biomass (5.1 vs. 2.9 wm?®/pum?; fig. 9e, g).
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In our studies, incubation of NTHI in the presence of
both (r)hBD-3 and RNase A (fig. 91, g) did not affect the
formation of biofilms by NTHI as seen qualitatively in
CSLM images of the biofilms as well as quantitatively by
COMSTAT analysis compared to addition of RNase A
alone (fig. 9e, g). In contrast, incubation of NTHI in the
presence of a suboptimal dose of ()hBD-3 and DNase I
rescued the activity of the AMP such that the mean bio-
film height was reduced from 18 to 9.7 wm, mean thick-
ness from 4.2 to 0.4 pm, and mean biomass from 3.3 to
0.3 pm*/pum? compared to (r)hBD-3 alone (fig. 9b, d, g).
These data represented overall mean decreases of 54, 91,
and 90% for the three parameters indicative of successful
biofilm establishment, respectively. The data showed that
the AMP activity was rescued such that 0.5 pg ()hBD-3
in combination with DNase I was as effective as 10 times
the concentration of AMP alone [5.0 g (r)hBD-3/ml;
compare fig. 8c to fig. 9d). Collectively, these data demon-
strated that eDNA mitigated the ability of (r)hBD-3 to al-
ter NTHI biofilm formation and that the inhibitory action
of eDNA could be overcome by degradation of the nucleic
acid.

Rescue of (r)hBD-3 Activity Results in Increased

Killing of Biofilm-Associated NTHI

A primary function of AMPs, including hBD-3, in
host defense is the ability to kill microorganisms. We
therefore next wanted to determine whether incubation
of (hBD-3 in the presence of DNase I or RNase A would
result in increased killing of NTHI within biofilms
compared to peptide alone. NTHI biofilms were allowed
to form in vitro as above, then the number of viable
NTHI in the resultant biofilms was determined. Rela-
tive to 0.5 pg (r)hBD-3/ml alone, incubation of NTHI in
the presence of DNase I alone, RNase A alone, or RNase
A and (r)hBD-3 did not significantly alter the concen-
tration of viable bacteria in biofilms (fig. 10). However,
incubation of NTHI in the presence of both 0.5 pg
(rYhBD-3/ml and DNase I resulted in 35% NTHI killed,
a statistically significant reduction in viable bacteria
compared to peptide alone (fig. 10). The concentration
of viable NTHI was not significantly altered when NTHI
was grown in the presence of 0.5 pug (r)hBD-3/ml and
RNase A providing further evidence that eDNA and not
ribonucleic acid inhibited the activity of (r)hBD-3. These
data demonstrated that removal of eDNA from an NTHI
biofilm restores the ability of (r)hBD-3 to alter NTHI
biofilm formation through rescue of its antimicrobial
activity.
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Fig. 10. Ability of (r)hBD-3 to kill NTHI within a biofilm. NTHI
biofilms were established for 16 h in the presence of medium alone
or 0.5 pg (hBD-3/ml. DNase I or RNase A was also used to de-
termine the impact that degradation of nucleic acid would have
on the ability of NTHI to survive under these conditions. The re-
sultant biofilms were recovered and the number of culturable
NTHI was determined by dilution plating on chocolate agar. The
percent killing of NTHI was determined compared to medium
alone. Error bars represent the standard error of the mean. The
asterisks indicate a statistically significant change (p < 0.05) in
viable NTHI among the treatment groups. Degradation of eDNA
by DNase I restored the ability of (r)hBD-3 to kill NTHI.

Discussion

Recently, DNA was established as an important struc-
tural component of biofilms formed by NTHI as well as
other bacterial species [35, 36] and the role of eDNA in a
bacterial biofilm continues to be examined and expound-
ed upon. We hypothesized that one role for eDNA in a
bacterial biofilm would be to sequester cationic AMPs,
thus inhibiting the ability of these peptides to reach their
microbial targets. The current study adds to our under-
standing of how residence within a biofilm community
assists bacteria therein to avoid the action of effectors of
innate immunity as others have reported [40]. In addi-
tion, our data increase our understanding of how the bio-
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film component of OM plays a role in chronicity of NTHI
diseases and provides tenable methods for prevention of
OM development.

Our data demonstrated that the chinchilla host de-
fense peptide cBD-1 and dsDNA were co-detected in bio-
tilms formed during experimental OM and that cBD-1
was frequently co-localized with eDNA. In addition, we
showed that (r)cBD-1 and the human orthologue (r)hBD-
3 bound to DNA in vitro and that this interaction was not
merely an association but a physical interaction between
the two molecules. It was recently shown that an addi-
tional AMP, the human cathlelicidin LL-37, forms aggre-
gated and condensed complexes with DNA and that this
interaction acts as a potent trigger for interferon produc-
tion by plasmacytoid dendritic cells [41]. Thus, multiple
AMP family members exhibit the capacity to bind exog-
enous DNA and this interaction has an impact on not
only the function of AMPs but also cells of the innate im-
mune system. As we detailed that eDNA was abundant in
NTHI biofilms formed in the chinchilla middle ear, our
data suggested that the interaction between hBD-3 and
eDNA would likely have implications for NTHI biofilm
development.

We demonstrated that exposure of NTHI to 0.5 pg
(hBD-3/ml, a concentration of hBD-3 which is typically
detected in the pediatric middle ear, did not result in al-
tered biofilm architecture when compared to controls. A
limitation to our estimated concentration of hBD-3 in the
middle ear is that macromolecules present in effusions,
such as mucins, may bind AMPs [42], thus reducing the
ability to detect AMP via ELISA which would subsequent-
ly result in an underestimation of the actual AMP concen-
tration in vivo. Nevertheless, even when we incubated
NTHI with 10 times the concentration of (r)hBD-3, which
represented the greatest concentration that was detected
in a panel of middle ear effusions of children with active
OM, NTHI biofilms were readily detected although at re-
duced height compared to medium alone. We demon-
strated that this concentration of (r)hBD-3 killed 100% of
planktonic NTHI in a 1-hour assay, but that killing could
be abrogated by the presence of eDNA in vitro. In addi-
tion, we showed that incubation with 500 ng exogenous
NTHI gDNA plus 5.0 ug (nhBD-3/ml completely prevent-
ed the ability of the peptide to diminish an NTHI biofilm
and to reduce the viable concentration of NTHI in these
biofilms. Together, these data support the conclusion that
the killing activity of the AMP was mitigated in an NTHI-
induced biofilm by an interaction with eDNA.

As it is known that eDNA is an integral structural
component of biofilms formed by multiple bacterial spe-
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cies, the possibility exists that the altered architecture of
NTHI biofilms formed in the presence of (YhBD-3 may
also be due to sequestering of this integral structural
component within the biofilm. This hypothesis is sup-
ported by our data obtained by AFM wherein we dem-
onstrated that incubation of eDNA with (r)hBD-3 result-
ed in a dramatic absence of observable free DNA.
Interestingly, eDNA has also been implicated in the
development of resistance by Pseudomonas aeruginosa
to AMPs and traditional aminoglycoside antibiotics
through chelation of cationic ions and upregulation of a
PhoPQ- and PmrAB-regulated cationic antimicrobial
peptide resistance operon [43]. The evidence therefore
suggests that eDNA within a biofilm exhibits multiple
activities that promote bacterial survival from effectors
of innate immunity.

While our data directly address the question of wheth-
er eDNA binds AMPs, evidence in the literature demon-
strates that other factors present within the biofilm EPS
or in the airway could also interact with cationic host de-
fense peptides, and in turn diminish their anti-biofilm
activity. For example, it has been reported that polymyx-
in B and human neutrophil a-defensin form complexes
with capsular polysaccharide from Klebsiella pneumoni-
ae, Streptococcus pneumoniae, and P. aeruginosa thereby
reducing the minimum inhibitory concentrations of
these host defense peptides [44]. Whereas encapsulated
H. influenzae strains may use a similar strategy to inac-
tivate AMPs, this observation would not extend to unen-
capsulated NTHI strains such as the isolate used in the
present studies. Mucins also inhibit the antibacterial ac-
tivity of AMPs such as LL-37 [42], an AMP expressed in
the upper and lower airways. As NTHI is known to up-
regulate expression of mucins by respiratory epithelial
cells [45, 46] and to adhere to mucins in vitro [47, 48], we
postulate that the interaction between NTHI and mucins
may also provide a niche to evade killing by AMPs pro-
duced in the airway. In the dense, complex NTHI biofilm
EPS, eDNA is nonetheless clearly one of several com-
pounds likely to interact with innate immune effectors
such as AMPs and, in doing so, mitigate their activity.

In the current study, we focused on the ability of eDNA
to diminish hBD-3 activity in NTHI-induced biofilms
during the initial stages of biofilm formation. One could
make the argument that during the earliest stages of bio-
film development in the middle ear there is little to no
available eDNA to which AMPs such as hBD-3 could
bind. We hypothesized that the ability of eDNA to se-
quester hBD-3 would be minimal when NTHI first en-
counters mucosal epithelium that would be secreting a
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basal amount of peptide. At this time, it is likely that
NTHI utilizes other mechanisms such as a functional Sap
transporter [49, 50] to effectively provide resistance to
killing by hBD-3. However, as the concentration of NTHI
in the chinchilla middle ear is approximately 1 x 10*
CFU/ml within 48 h [51, 52], we predict that the concen-
tration of eDNA in the middle ear would very quickly
reach a threshold level to mitigate the activity of hBD-3
in the ear. This conclusion is supported by our observa-
tion that the concentration of NTHI in an in vitro 16-
hour biofilm is approximately 1 X 108 CFU/ml with an
associated eDNA concentration of 500 ng/ml, which was
sufficient to completely abrogate the activity of 5.0 ng
(r)hBD-3/ml. Our data also suggested that as the bio-
film matures, the increase in abundance of eDNA could
minimize the ability of newly produced AMPs within the
middle ear to effectively eradicate an NTHI biofilm.
Our data provided evidence that degradation of eDNA
from a 16-hour NTHI biofilm rescued the activity of
(rhBD-3. When eDNA was removed from the biofilm
matrix, ()hBD-3 significantly reduced the maximum
height as well as the mean biomass and thickness of re-
sultant biofilms when compared to controls. In fact,
NTHI incubated in the presence of 0.5 pg (r)hBD-3/ml
and DNase I formed biofilms that were indistinguishable
from when NTHI was incubated with ten times the con-
centration of peptide, 5.0 png (r)hBD-3/ml, alone. More-
over, the synergistic activity of 0.5 pg (r)hBD-3/ml when
delivered in conjunction with DNase I resulted in a >30%
decrease in viable NTHI. The ability to restore AMP ac-
tivity similar to what is observed in planktonic antimi-
crobial assays [29] is encouraging given the demonstrated
protective nature of the biofilm matrix to antimicrobial
treatment. We postulate that addition of DNase I in this
experimental approach rescued the activity of (rhBD-3
due to both disruption of eDNA-(r)hBD-3 complexes,
which would release functional peptide, and also due to
increased diffusion of the AMP through the now de-
bulked biofilm matrix. An unexpected finding in our
studies was that incubation of NTHI with RNase resulted
in augmented biofilms and an increase in the concentra-
tion of adherent NTHI. The mechanism by which an in-
creased concentration of ribonucleotides results in more
robust NTHI biofilms, while not currently understood, is
anarea of active investigation in our laboratory. Although
not presented here, we have demonstrated that the ability
to rescue the antimicrobial activity of (r)hBD-3 with the
addition of DNase I was not restricted to this AMP but
also extended to the closely related molecule recombinant
human -defensin-2, an AMP also expressed in the mid-
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dle ear (data not shown) [30]. These results suggest that
the activity of additional AMPs could be rescued by
mechanisms that foster removal of eDNA from biofilms.

Our data have provided evidence to support a novel
therapeutic regimen to treat biofilms formed by NTHI
during OM. One example of a viable approach could in-
volve the delivery of DNase I in conjunction with an ef-
fector of innate immunity such as (r)hBD-3 to the middle
ear of a child with chronic, recurrent disease. As tympa-
nostomy tube insertion through the tympanic membrane
is common amongst this patient population, access to the
middle ear would not be a barrier to this potential treat-
ment regimen. The outcome of this approach would like-
ly be to bolster the ability of the innate immune system to
manage NTHI-induced biofilms, subsequently obviating
the need for the unnecessary administration of first-line
antibiotics typically used to treat patients with OM. In
addition, removal of the protective niche provided by the
biofilm should also help diminish the recurrent nature of
this disease. As overuse of antibiotics leads to the devel-
opment of newly resistant microorganisms, and is an in-

creasing concern for the medical and scientific commu-
nities, our findings could have a wide range of utility.
Collectively, our data showed that the presence of
eDNA in a biofilm formed by NTHI abrogated the bio-
logical activity of (r)hBD-3, an important effector of in-
nate immunity. These data offer insight into how a mol-
ecule that can effectively impact survival of planktonic
NTHI in the middle ear is ineffective at protecting this
biological niche during chronic disease that includes a
biofilm component. As additional diseases with associ-
ated bacterial biofilms such as cystic fibrosis contain
AMPs bound to eDNA [53], our data have implications
for other diseases of the respiratory tract, an observation
which warrants future investigation in this regard.
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