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Nontypeable Haemophilus influenzae (NTHI) strains are members of the normal human nasopharyngeal
flora, as well as frequent opportunistic pathogens of both the upper and lower respiratory tracts. Recently, it
has been shown that NTHI can form biofilms both in vitro and in vivo. NTHI strains within in vitro-formed
biofilms differentially express both epitopes of lipooligosaccharide (LOS) and the outer membrane proteins P2,
P5, and P6, whereas those generated either in a 96-well plate assay in vitro or in a mammalian host have been
shown to incorporate a specific glycoform of sialylated LOS within the biofilm matrix. While DNA has been
identified as a key component of the biofilm matrix formed in vitro by several bacterial pathogens, here we
demonstrate for the first time that in addition to sialylated LOS, the biofilm formed by NTHI in vivo contains
both type IV pilin protein and a significant amount of double-stranded DNA. The DNA appeared to be
arranged in a dense interlaced meshwork of fine strands as well as in individual thicker “ropes” that span
water channels, suggesting that DNA could be imparting structural stability to the biofilm produced by NTHI
in vivo. The presence of type IV pilin protein both appearing as small aggregates within the biofilm matrix and
tracking along DNA strands supports our observations which showed that type IV pili are expressed by NTHI

during experimental otitis media when these bacteria form a biofilm in the middle ear space.

Nontypeable Haemophilus influenzae (NTHI) strains are
normal commensal flora of the human nasopharynx but can act
as opportunistic pathogens, causing multiple upper respiratory
tract illnesses, including sinusitis and acute as well as chronic
and recurrent otitis media (OM), when the conditions for them
to do so are optimal (3, 4). NTHI strains are also associated
with diseases of the lower respiratory tract, including exacer-
bations of chronic obstructive pulmonary disease and bronchi-
tis. In recent years, NTHI has been shown to be capable of
forming a biofilm in vitro and in vivo (13-15, 17, 19, 24, 34, 36,
41). A biofilm is defined as a group of bacteria growing as a
community and encased in a self-produced polymeric matrix
(33). Residence within a biofilm matrix, wherein oxygen is
limited and the metabolic rate of these sessile microbes is
altered, serves several functions, including protection from en-
vironmental threats such as host immune defenses, antibiotics,
and surfactants. Thus, bacteria in biofilms are characteristically
highly resistant to immune-mediated clearance (7, 8, 30, 39).
The biofilm matrix can also provide a scavenging system to trap
and filter nutrients from the environment. The composition of
this matrix can be quite diverse, depending on the organism
that induced its formation and the environment in which the
biofilm was produced. Based on these characteristics, the abil-
ity to form a biofilm in the airway of its mammalian host is
considered to be a likely contributing factor to the recurrent
and/or chronic nature of NTHI-induced diseases of the respi-
ratory tract (10, 11, 14, 29, 34).
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In an attempt to better understand the role of biofilm pro-
duction in the pathogenesis of NTHI-induced disease; several
groups have begun to characterize these sessile communities of
bacteria in greater detail. Toward this end, we and others have
investigated the biochemical nature of the NTHI-induced bio-
film and have shown that lipooligosaccharide (LOS) is heavily
distributed throughout biofilms formed in vitro (16) and in vivo
(19). Murphy and Kirkham used a panel of monoclonal anti-
bodies to demonstrate that middle ear isolates of NTHI resi-
dent within a biofilm produced in a 96-well plate assay show
altered expression of an LOS epitope, as well as selected
epitopes within the outer membrane proteins (OMPs) P2, P5,
and P6, compared to planktonically grown cells (24). Gallaher
and colleagues later used a proteomic approach to identify 265
proteins, including OMPs PS5 and P6, in the biofilm matrix of
an NTHI biofilm produced by on-filter growth (15), whereas
Webster et al. used electron microscopy to similarly localize
LOS to the biofilm matrix and OMP P6 to the bacterial mem-
brane (40). The latter group also demonstrated the presence of
two NTHI adhesins and immunoglobulin Al protease within
these in vitro-formed biofilm matrices. Swords et al. further
showed that sialylation of NTHI LOS promotes biofilm forma-
tion by NTHI (36) and that when growing in a biofilm, the
phosphorylcholine content of NTHI LOS increases, resulting
in a decrease in its net bioactivity (41).

Based on our initial observations of particular sialylated
glycoforms of LOS incorporated into the biofilm formed by
NTHI in the middle ear of the chinchilla (19), a predominant
rodent host used to study the pathogenesis and prevention of
OM, here we wanted to more extensively characterize both
immature and more mature in vivo-formed biofilms biochem-
ically. Therefore, we were interested in determining, primarily
via the use of a chinchilla model of NTHI-induced OM com-
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bined with immunofluorescence confocal microscopy, whether
the biochemical character of LOS contained within the biofilm
changed over time, whether the major subunit protein of the
recently described twitching pilus of NTHI (5) could be de-
tected within these biofilms, and whether we could now better
describe what initial observations suggested might be mono-
cyte-like host cells that appeared to be both surface associated
and infiltrating the NTHI-induced biofilm matrix (19).

MATERIALS AND METHODS

Animal model. Four adult chinchillas (Chinchilla lanigera) were each chal-
lenged transbullarly with 2,500 CFU NTHI strain 86-028NP bilaterally. At se-
lected time points after challenge, chinchillas were euthanatized and the bullae
excised. The superior bulla was removed, and the inferior bulla was rinsed with
1.0 ml sterile pyrogen-free saline. The bullaec were then carefully filled with
Tissue-Tek OCT embedding compound (Fisher Scientific, Pittsburgh, PA) and
snap frozen over liquid nitrogen, as previously described (19). Bullae were stored
at —80°C until processed. Frozen bullae were placed on a bed of dry ice, and the
external bone of the inferior bulla was carefully chipped away. The resulting
block was split in a plane perpendicular to the tympanic membrane and reem-
bedded in OCT. Four-micrometer serial sections were cut on a Leica CM3050S
Cryostat (Leica Microsystems, Inc., Bannockburn, IL) and placed on StarFrost
Adhesive slides (Mercedes Medical, Sarasota, FL). Slides were stored at —80°C
until they were examined by microscopy. Some serial sections were cut to 10-um
thickness in order to visualize biofilm structural organization in greater detail
when three-dimensional confocal (stacked) images were prepared.

Lectin labeling of NTHI-induced biofilms formed in vivo. In order both to
reconfirm the presence of sialic acid in NTHI-induced biofilms formed in vivo 4
to 5 days after challenge, as we reported previously (19), and to examine the
biochemical nature of the sialylated LOS present within these biofilms 16 to 17
days later (21 days after challenge), we incubated serial sections of biofilms with
the fluorochrome-conjugated lectin Maackia amurensis or Sambucus nigra (EY
Laboratories, San Mateo, CA). Slides were incubated either with M. amurensis
conjugated to Texas Red or with S. nigra conjugated to fluorescein isothiocyanate
for 30 min in a humidified chamber (both lectins were diluted 1:50 with buffer).
After rinsing in buffer, slides were coverslipped and examined by fluorescence
microscopy. S. nigra has specificity for terminal sialic acid in an a-2-6 linkage to
galactose, while the lectin M. amurensis has specificity for terminal sialic acid in
an a-2-3 linkage to galactose.

To confirm that any labeling of the biofilm sections by fluorochrome-conju-
gated lectins was indeed due to the presence of sialic acid, we incubated a second
series of serial sections of these in vivo-formed biofilms with 0.005 U neuramin-
idase from Vibrio cholerae (Roche Applied Science, Indianapolis, IN) per ml of
reaction buffer for 3 h at 37°C in a humidified chamber. The slides were then
rinsed in buffer three times and incubated with the fluorochrome-conjugated
lectins as described above.

Immunofluorescent labeling of NTHI OMPs and type IV pilin protein. To
determine the relative incorporation of NTHI OMPs in general, as well as type
IV pilin protein specifically, within biofilms formed by NTHI in vivo, 10-um
serial sections were labeled for immunofluorescence imaging using a standard
protocol. Briefly, slides were air dried, fixed in cold acetone, and then equili-
brated in buffer. Sections were blocked with image-iT FX signal enhancer (Mo-
lecular Probes, Eugene, OR) and with background sniper (BioCare Medical,
Concord, CA) as per the manufacturer’s instructions. Primary antibody (rabbit
polyclonal anti-soluble recombinant PilA protein [20; J.A. Jurcisek, J. E. Book-
walter, B. D. Baker, S. Fernandez, L. A. Novotny, R. S. Munson Jr., and L. O.
Bakaletz, submitted for publication] or chinchilla polyclonal anti-NTHI strain
86-028NP OMP antiserum [6]) diluted 1:200 in buffer was incubated with sec-
tions for 1 h at room temperature in a humidified chamber. Slides were then
rinsed five times with buffer before incubation for 30 min either with goat
anti-rabbit immunoglobulin G conjugated to AlexaFluor 488 in the case of the
rabbit polyclonal antibody or with protein A conjugated to AlexaFluor 546 in the
case of the chinchilla-derived antibody, rinsed five times, and coverslipped using
ProLong Gold antifade reagent that contained DAPI (4’,6'-diamidino-2-phe-
nylindole) to label double-stranded DNA (dsDNA) (Molecular Probes). Naive
rabbit serum or naive chinchilla serum was used as a negative control, as appro-
priate. Sections were viewed using a Zeiss LSM 510 Meta confocal system
attached to a Zeiss Axiovert 200 inverted microscope (Carl Zeiss Inc., Thorn-
wood, NY).
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SEM. NTHI strain 86-028NP was inoculated into brain heart infusion broth
supplemented with 10 pug hemin/ml and 10 wg NAD/ml (both from Sigma
Chemical Co., St. Louis, MO) and then incubated for 180 min prior to inocula-
tion of normal human bronchial epithelial (NHBE) cells (Clonetics, Baltimore,
MD) that had been grown as a confluent monolayer on sterile glass coverslips,
with bacteria at an multiplicity of infection of 100:1 and incubation at 37°C with
5% CO, for 24 h. The coverslips were carefully rinsed three times with phos-
phate-buffered saline (pH 7.4). Cells were then prefixed in 2.5% glutaraldehyde
(Electron Microscopy Sciences, Fort Washington, PA) overnight at 4°C and
postfixed twice in 1% osmium tetroxide solution (Electron Microscopy Sciences)
for 2 h for each fixation, followed by five washes in double-distilled water.
Coverslips were dehydrated through a graded series of alcohol solutions and
dried with hexamethyldisilazane (HMDS) (Electron Microscopy Sciences) for 10
min. Spent HMDS was removed and fresh HMDS was added before coverslips
were allowed to air dry and then adhered to stubs using a colloidal silver coat
(Electron Microscopy Sciences). Stubs were air dried overnight and sputter
coated with gold and palladium (using a Cressington model 108 sputter coater)
prior to viewing. Mounted coverslips were viewed with a Phillips 3000 scanning
electron microscope (SEM) located at The Ohio State University Campus Mi-
croscopy and Imaging Facility.

Immunofluorescent labeling of DNA present within an NTHI-induced biofilm.
In an attempt to better describe the monocyte-like host cells present within
biofilms formed by NTHI in vivo, we labeled nuclei (dsDNA) using DAPI, as
previously described (19). The nuclear counterstain DAPI was incorporated in
the mounting medium used to coverslip the slides (Prolong Gold antifade re-
agent with DAPI [Molecular Probes, Eugene, OR]) following the manufacturer’s
protocol.

To confirm that any labeling of NTHI-induced biofilms seen with DAPI was
indeed due to the presence of dsDNA and not an artifact, additional slides
containing serial sections were incubated with 106 U DNase I (Ambion Inc.,
Austin, TX)/ml buffer for 2 h at 37°C prior to labeling with DAPT as described
above. As another control to confirm that the labeling observed was due to
dsDNA present in the biofilm, additional serial sections were incubated with 100
g DNase-free RNase (Sigma, St. Louis, MO)/ml water for 2 h at 37°C prior to
labeling with DAPI. The RNase was made DNase free by heating a 10-mg/ml
solution to 100°C for 15 min, allowing it to slowly cool to room temperature, and
then adjusting the pH to 7.4 prior to diluting to the final working concentration.
The working concentration used (100 wg RNase/ml buffer) is sufficient to remove
all RNA from the equivalent of 3 ml of an overnight culture of Escherichia coli,
based on the manufacturer’s supplied information.

Live/dead labeling. Frozen, OCT-embedded sections were stained with the
Live/Dead BacLight bacterial viability kit (Molecular Probes, Eugene, OR) as
per the manufacturer’s instructions, as previously described (19).

RESULTS

Immunofluorescent labeling of sialylated LOS, OMPs, and
type IV pilin protein. Sialylated LOS has been shown to be a
major component of the biofilm formed by NTHI in vivo;
however, one question yet to be answered was whether the
biochemical nature of the LOS contained within the biofilm
matrix changed as the biofilm matured further when resident
within a mammalian host. To characterize the biofilm matrix
for incorporation of both sialylated LOS and other bacterial
components, serial OCT-embedded sections were incubated
with several fluorochrome-conjugated antibodies or lectins.
Figure 1 demonstrates labeling obtained using chinchilla poly-
clonal anti-NTHI strain 86-028NP OMP antiserum, which sug-
gests the dense presence of either whole NTHI or residual
OMPs throughout a 4-day biofilm matrix. DAPI labeling of
what appeared to be host cells (based on size, shape, and
uniformity of labeling) that had infiltrated the biofilm can be
seen within this 4-day biofilm.

To confirm that a biofilm formed by NTHI strain 86-028NP
in the middle ear of the chinchilla host incorporated sialylated
LOS, both associated with the bacterial cell and within the
biofilm matrix, we labeled biofilms recovered in this study with
fluorochrome-conjugated lectins M. amurensis and S. nigra.
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FIG. 1. The distribution of NTHI (or residual OMPs) can be seen
as red fluorescence throughout a 4-day biofilm recovered from the
chinchilla middle ear. OCT-embedded inferior bullae were sectioned
and immunofluorescently labeled with polyclonal chinchilla anti-NTHI
strain 86-028NP OMP and AlexaFluor 546-conjugated protein A (red)
to detect the presence of NTHI in the biofilm. DAPI, used as a
counterstain, labels the nuclei of host cells (blue fluorescence) associ-
ated with, or perhaps trafficking through, the biofilm. Bar, 5 pm.

The labeling obtained for the strain 86-028NP-formed biofilm
was consistent with that previously observed with strain 2019
(data not shown). Briefly, the lectin S. nigra was seen heavily
distributed throughout the biofilm matrix, which has been at-
tributed (via the use of multiple NTHI LOS biosynthesis mu-
tants [19]) to preferential binding of this lectin to 5-acetyl-
neuraminic acid in an «-2-6 linkage to galactose that is present
within the biofilm matrix itself. Whereas labeling with the
fluorescent lectin M. amurensis, which has specificity for sialic
acid in an «-2-3-linkage to galactose, was similarly seen dis-
tributed throughout the biofilm matrix, labeling with this lectin
has been attributed to binding to 5-acetylneuraminic acid of
the LOS expressed by NTHI resident within the biofilm. Serial
sections that were identically lectin labeled, after treatment
with neuraminidase to remove sialic acid, showed reduced
labeling with both lectins. The biofilm formed 21 days after
challenge of the middle ear with NTHI strain 86-028NP exhib-
ited labeling patterns identical to those seen here when day 4
or 5 biofilms were labeled with these fluorochrome-conjugated
lectins, both before and after neuraminidase treatment (data
not shown).

In an attempt to demonstrate the presence of type IV pili or
pilin protein in the biofilm produced in the chinchilla middle
ear, we labeled frozen sections with rabbit polyclonal antibody
directed against recombinant soluble PilA of NTHI strain 86-
028NP and detected this primary antibody using AlexaFluor
488-conjugated goat anti-rabbit serum. Figure 2 shows the
labeling of NTHI pilin protein within a 4-day biofilm as evident
by small aggregates of green fluorescence among as-yet-sparse
strands of dsDNA (blue fluorescence). Pilin protein can also be

J. BACTERIOL.

FIG. 2. Immunofluorescent image of an immature biofilm (4 days)
labeled with rabbit anti-soluble recombinant PilA and AlexaFluor 488
goat anti-rabbit (green). Fine, widely spaced dsDNA strands are la-
beled with DAPI and appear blue in this image, whereas type IV pilin
protein can be seen in both small aggregates and pinpoint spots that
are colocalized along the length of the DNA strands. Bar, 5 pm.

observed as pinpoint areas of green fluorescence tracking
along these fine strands of dsDNA.

Immunofluorescent labeling of dsDNA within biofilms
formed by NTHI in vivo. DAPI, which labels dsDNA, was
originally intended for use here as a host cell nuclear counter-
stain; however, it became evident upon higher-magnification
examination of our biofilm sections that in addition to labeling
of the nuclei of host cells that appeared to be infiltrating the
bacterial biofilm, there was additional labeling with DAPI that
did not have the regular size and shape of a eukaryotic cell
nucleus. In immature (4- to 5-day) in vivo-formed biofilms,
there was clear DAPI labeling of fine strands of material
present within the biofilm matrices (Fig. 2). This labeling in-
creased significantly over time and, due to the intricate struc-
ture and dense character of the DAPI labeling, suggested that
dsDNA might play a predominant role in biofilms formed by
NTHI in vivo. We thereby cut thicker (10-pwm) sections from a
21-day biofilm in order to allow for greater depth of field in
confocal imaging and labeled theses sections both for type IV
pilin protein and for dsDNA.

The biofilm formed by NTHI in vivo contained a significant
amount of dsDNA which could be readily observed in 10-pm
DAPI-stained sections. Widely spaced and thick, rope-like
strands of dsSDNA were seen crossing water channels (Fig. 3A)
bordered by biofilm matrix material that was heavily populated
with bacteria (Fig. 3B). To confirm that these strands and
meshwork were indeed comprised of dsDNA, serial sections
were treated with DNase prior to incubation with DAPI.
DNase treatment removed all DAPI labeling (Fig. 4), whereas
treatment with RNase had no effect (data not shown). To
determine if the dSDNA present in the matrix of the biofilm
formed by NTHI in vivo was of bacterial or eukaryotic origin,
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FIG. 3. Composite of high-resolution confocal images of a water
channel present in a 21 day in vivo-formed biofilm. (A) Thick, rope-
like strands of DAPI-labeled dsDNA can be seen as blue fluorescent
filaments spanning the water channel (arrowhead). Also, dense clus-
ters of what appear to be aggregates of bacteria are visible. (B) To
confirm that these clusters were indeed NTHI, we dual labeled serial
sections with both DAPI and polyclonal chinchilla anti-NTHI strain
86-028NP OMP antiserum that was detected with protein A-conju-
gated AlexaFluor 546, which imparts red fluorescence. One can ob-
serve clusters of NTHI (appearing red and fuchsia due to the heavy
fluorescence in both the blue and red channels) populating the biofilm
which borders the depicted water channel. Bars, 5 pm.

we allowed NTHI strain 86-028NP to form a biofilm in vitro,
using a continuous-flow chamber and in the absence of eukary-
otic cells. The matrix of this biofilm was also heavily labeled
with DAPI (Fig. 5), suggesting that the bacterial cells them-
selves were a primary source of dsSDNA observed in the matrix
of an in vivo-formed NTHI biofilm.

Immunolabeling further demonstrated the presence of type
IV pilin protein within the biofilm matrix. In Fig. 6, among the
DAPI-labeled interlaced network of thin strands of dSDNA, as
well as what appears to be a heavier woven meshwork of
dsDNA, pilin protein appears as the green fluorescence. The
pilin protein often appeared as aggregates in the plane below
the dsDNA mesh when the biofilm mass was imaged from an
outermost surface (Fig. 6A, B, and F). When imaged from
planes located more deeply within the biofilm matrix, where
the dsDNA strands were thinner and more widely spaced,

FIG. 4. DNA present within a biofilm formed by NTHI strain 86-
028NP in the chinchilla middle ear 21 days after challenge. The biofilm
within the middle ear as well as the mucosal layer of the inferior bulla
was embedded in OCT compound and snap frozen, and 10-pm sec-
tions were placed on slides. (A) dsDNA, labeled with DAPI, forms a
complex network consisting of some thick strands, areas of aggrega-
tion, and thin web-like strands, giving a three-dimensional structure to
the biofilm. (B) Serial section of the same biofilm after DNase treat-
ment, confirming that the web-like mesh and strands seen in panel A
were indeed comprised of dsDNA. Bars, 5 pm.
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FIG. 5. A biofilm produced in vitro by NTHI strain 86-028NP in a
continuous-flow chamber was labeled with DAPI to detect the pres-
ence of dsDNA in the matrix when this organism was allowed to form
a biofilm in the absence of eukaryotic cells. The image shows the
presence of a significant amount of dsDNA in the biofilm matrix, as
had been observed in those biofilms formed in vivo. These data suggest
that the bacterial cells themselves are a primary source of dsDNA that
is present in the NTHI-produced biofilm matrix. Bar, 1 pm.

labeling of pilin protein could often be demonstrated as lo-
cated on top of or tracking along the surface of many of these
strands (Fig. 6D and E). To investigate whether Tfp might be
providing some structural stability to the biofilm, perhaps by
serving as an intrabacterial bridge, we examined NTHI that
was allowed to grow on the surface of NHBE cells by SEM. We
observed distinct interbacterial bridges, which were of the ap-
proximate dimensions of the type IV pilus expressed by NTHI
(5), extending between individual bacterial cells present within
small biofilm communities formed on the surface of respiratory
epithelial cells in culture (Fig. 7).

Live/dead labeling. We showed previously that NTHI strain
2019 forms a well-defined, highly structured, and viable biofilm
in the chinchilla middle ear as soon as 4 days after challenge
(19). However, in that earlier study, we did not examine addi-
tional strains, nor did we assess the relative viability of NTHI
in an in vivo-formed biofilm at later time points, where ex-
tended residence in the mammalian host may have resulted in
reduced bacterial viability. Here, fluorescent vital staining con-
firmed that, like strain 2019, NTHI strain 86-028NP present
within biofilms formed 4 to 5 days after challenge of the chin-
chilla host were uniformly viable (Fig. 8A). Moreover, the
biofilm formed by strain 86-028NP within 5 days of challenge
of the middle ear had a well-defined architecture and con-
tained numerous water channels, again similar to that observed
for biofilms formed in vivo by NTHI strain 2019.

Imaging of a day 21 biofilm using the same fluorescent vital
stain suggested to us that at this later time point the biofilm
was largely nonviable (Fig. 8B). However, due to both our new
understanding that there was an abundance of dsDNA present
within these mature biofilms, as described above, and knowl-
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FIG. 6. Composite image of three-dimensional reconstructions of z-stack images from a 21-day biofilm formed in the chinchilla middle ear by
NTHI strain 86-028NP and labeled for NTHI Tfp pilin protein (green fluorescence), as well as with DAPI for labeling of the dsDNA (blue
fluorescence). DAPI labeling of what appear to be numerous host cell nuclei is clearly evident (A, C, and E) (arrows), as well as multiple strands
forming a network of both fine, widely spaced strands (D and E) and a dense interwoven meshwork (B and F) within the biofilm. Pilin protein (or
possibly NTHI that is expressing Tfp) is seen both as small aggregates (A, B and F) and tracking along fine dsDNA strand (D and E). Images are
taken from different planes of sectioning within the same biofilm, where panels B and F represent the outside edge of the biofilm and panels A,
C, D, and E represent more interior aspects, collectively showing the varied density but clear contribution of dsDNA to the structure of the biofilm
formed by NTHI in the mammalian middle ear. Bars, 5 pm.

edge of the mechanism of labeling for this vital stain, we cellular dsDNA strands present in the mature biofilm matrix.
wondered if the appearance of red fluorescence might be a To investigate this phenomenon further, we treated serial bio-
false readout of dead bacteria that was perhaps due to incor- film sections with either buffer or DNase for 2 h prior to
poration of propidium iodide by the dense network of extra- labeling them with the vital fluorescent stain. As can be seen in

FIG. 7. Composite of SEM images of biofilms formed by NTHI in in vitro cell culture systems. Structures seen extending between bacterial cells
(NTHI strain 86-028NP) which formed a biofilm on NHBE cells are consistent in diameter with that reported for the type IV pilus expressed by
NTHI (A). Similar structures were observed when NTHI strain 1128 was allowed to grow as a biofilm on human oropharyngeal cells (B).



Vor. 189, 2007

FIG. 8. Composite of fluorescent vital-stained images of OCT-em-
bedded biofilms recovered from a chinchilla middle ear 5 or 21 days
after challenge. Green fluorescence indicates the presence of viable
bacteria, red fluorescence indicates dead bacteria, and dark areas (no
bacterial cells) represent water channels within the biofilm. (A) Higher-
magnification image of a 5-day middle ear biofilm (MEC, middle ear
cavity). (B) Lower-magnification image of a day 21 biofilm which appears
to contain mostly dead bacteria and some host cells. (C) Serial section
of the day 21 biofilm shown in panel B after DNase treatment, dem-
onstrating the presence of largely viable bacteria after extracellular
DNA had been removed. Bars, 100 pm.

Fig. 8C, removal of the extracellular dsDNA from the biofilm
matrix via DNase treatment resulted in a fluorescent image
that was now predominantly green, suggesting that the NTHI
resident within these mature biofilms was actually as viable as
its day 5 counterpart.

DISCUSSION

The literature on the role of biofilms in OM is still relatively
young, as this paradigm-shifting hypothesis was originally put
forth by Rayner et al. in 1998 (28). Nevertheless, data to date
clearly show that NTHI, like most if not all bacteria, is readily
capable of forming a biofilm both in vitro (15, 24, 41) and in
vivo (13, 14, 17, 19, 34, 36). Work from several groups has now
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begun to both characterize the proteome of biofilm-growing
NTHI (15, 40), as well as to determine that the proteins, or
epitopes thereof, expressed by NTHI when grown in a sessile
manner are different from those growing planktonically (24).
Moreover, Greiner and colleagues (16) and later Jurcisek et al.
(19) demonstrated that sialylated LOS, or endotoxin, with
sialic acid in a specific linkage group to galactose was a key
component of in vitro- as well as in vivo-formed biofilms,
respectively. Bouchet and colleagues (9) further showed that
sialylated LOS is a major virulence factor in experimental OM
induced by NTHI, whereas the Swords lab has demonstrated
that sialylation of LOS promotes biofilm formation by NTHI
(36). By increasing the phosphorylcholine content of LOS,
biofilm-growing NTHI is also capable of reducing the net bio-
activity of this molecule, suggesting that by inducing less in-
flammation, NTHI may be promoting its ability to resist clear-
ance (18, 41). Ehrlich and colleagues (14) were the first to
show that mature NTHI-induced biofilms formed in the middle
ear of the chinchilla host within 5 days of challenge, and later
this group demonstrated that NTHI, as well as Streptococcus
pneumoniae and Moraxella catarrhalis, had formed biofilms on
middle ear mucosal samples recovered from children with re-
current and/or chronic OM (17).

In the present study, we hypothesized that due to immuno-
logical pressure put on NTHI in vivo, there may be differences
in the components that comprise the biofilm matrix over time.
Further, due to the fact that there appear to be multiple com-
ponents, in addition to sialylated LOS, that are incorporated
into the NTHI-induced matrix formed in vitro, this likely might
also be true for those formed in vivo. Thus, here we attempted
to expand upon our initial characterization of an in vivo-
formed NTHI biofilm. To this end, we were interested in de-
termining whether or not type IV pilin protein might be asso-
ciated with, or incorporated into, the biofilms formed in vivo by
NTHI, as these structures have been shown to play a key role
in biofilms formed by Pseudomonas aeruginosa and Neisseria
gonorrhoeae (21, 26). We also wanted to determine if the pres-
ence of sialylated LOS in specific linkage groups changed over
time, and finally, we were interested in following up on a
previous observation (19) which suggested that host cells
(likely monocytes or polymorphonuclear leukocytes) were in-
timately associated with the biofilms formed by NTHI in vivo.

Immunofluorescent confocal images showed that immature
(day 4 or 5), as well as mature (day 21), biofilms were highly
organized and contained both viable NTHI and numerous
characteristic water channels. Both day 4 (or 5) and day 21
biofilms were labeled with S. nigra and M. amurensis, indicating
the presence of sialylated LOS that was removed or diminished
by treatment with neuraminidase. Labeling of type IV pilin
protein was also evident throughout the biofilm matrix, both as
small aggregates and tracking along thin dsDNA strands. A
similar phenomenon has been reported for P. aeruginosa by
both Walker et al. (38), and Allesen-Holm and colleagues (2),
which resulted in the latter group hypothesizing that since type
IV pili are known to bind DNA (1, 12, 37), the presence of
DNA in the matrix might provide a substrate on which these
bacteria could migrate in order to organize into the character-
istic mushroom-like structures built in a P. aeruginosa biofilm.
The observation of pilin protein on top of or tracking along
strands of dsDNA present in in vivo-formed biofilms here not
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only confirmed that Tfp were expressed by NTHI within the
middle ear, as we described recently (20; Jurcisek et al., sub-
mitted for publication), but further suggested that these pili (or
pilin protein) may also provide some structural stability to the
biofilm, perhaps by serving as an intrabacterial bridge. This
hypothesis was supported by SEM examination of NTHI grow-
ing in a biofilm community on the surface of NHBE cells.
These data are additionally supported by our observation that
a pilA mutant of NTHI strain 86-028NP, while able to survive
in the middle ear of the chinchilla host, formed a less robust
biofilm that was notably incapable of maintaining adherence to
the mucosal epithelial surface lining the middle ear compared
to the parental isolate (20; Jurcisek et al., submitted for pub-
lication).

Whereas we were indeed able to label what appeared (based
on uniform size and shape) to be the nuclei of many host cells
in association with in vivo-formed biofilms, we also observed
an extensive interlaced meshwork or matrix comprised of
dsDNA which was similarly labeled with DAPI. Treatment
with DNase, but not RNase, removed DAPI labeling of both
host cell nuclei and this intricate meshwork of dsDNA strands.
The amount and arrangement of these DNA strands gave the
impression not only that DNA was a key component of an
NTHI-induced biofilm, shown here to notably increase in den-
sity with time in vivo, but also that this DNA-containing matrix
could likely impart significant structural stability to the biofilm
community. The relatively greater density of DNA at the outer
edges of a biofilm mass compared to that observed within
deeper aspects further suggested a compartmentalization of
components within these NTHI-induced biofilms. A similar
compartmental distribution of additional individual compo-
nents has recently been reported for biofilms formed by NTHI
in vitro (40).

Our data thus show that, like for S. pneumoniae, Streptococ-
cus mutans, P. aeruginosa, Pseudomonas putida, Rhodococcus
erythropolis, and Variovorax paradoxus, release of DNA into a
biofilm appears to be a common theme among a group of
bacteria (2, 31, 35) that now includes NTHI. The presence of
DNA in the biofilm matrix has recently been noted to play an
important role in both biofilm development and stability (2, 22,
23,27, 31, 32, 35). In the latter regard, extracellular DNA has
been shown to act as a cell-to-cell interconnecting component
in biofilms produced by P. aeruginosa and S. pneumoniae (2, 23,
27, 31). However, whereas LOS in a specific linkage group as
well as several outer membrane proteins, surface proteins, and
adhesins (15, 16, 19, 25, 36, 40) have been identified in NTHI-
produced biofilms, the presence of dsDNA in these matrices
has, to the best of our knowledge, never been described. In
fact, to date, studies characterizing the presence of DNA in any
biofilm matrix have focused on those formed in vitro. Here, we
describe the presence of DNA in the extracellular matrix of an
NTHI biofilm formed in vivo and present evidence which sug-
gests that due to the intricate arrangement and density of the
dsDNA strands, this abundant DNA likely plays a key role in
providing structural stability to the biofilm. Given the basket
weave-like matrix of DNA, it is also possible that dsDNA
contributes to providing an element of protection from phago-
cytic cells, as well as possibly effectors of innate and acquired
immunity. Whereas the DNA present in the biofilm matrix
formed by NTHI in vivo could be derived from the bacteria,
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from host cells, or from a combination of both, as there is
evidence in the literature for each possibility (2, 31, 38), here
we showed that a biofilm formed by NTHI in vitro in the
absence of eukaryotic cells also contained an abundant amount
of dsDNA. This observation suggested that the bacterial cells
themselves served as a primary source of dsSDNA present in the
biofilm matrix. Understanding the mechanism(s) by which
NTHI contributes dsDNA to its own biofilm matrix is currently
an area of active investigation in our lab.

Here we have employed immunofluorescent labeling of
cryopreserved biofilms recovered from the middle ears of chin-
chillas, which serve as a rodent model of experimental OM, to
demonstrate that both immature and mature NTHI-induced
biofilms contained sialylated LOS; OMPs, including type IV
pilin protein; and a significant amount of dSDNA. The DNA
present within the biofilm matrix formed a structural scaffold
of sorts by assembling into a network of closely spaced inter-
woven strands, as well as extending as sparse but thicker rope-
like strands, across water channels. Whereas no differences
were seen between immature (day 4 or 5) or mature (day 21)
in vivo-formed biofilms in terms of OMP content; LOS content
or biochemistry, or bacterial viability, mature biofilms incor-
porated a notably increased amount of dsDNA that had now
assumed a dense mesh or basket weave of strands. This mesh-
work appeared to be particularly concentrated at the outer
margins of the biofilm mass, whereas there was a less dense
distribution of finer strands located throughout the interior of
the biofilm. NTHI could be seen heavily populating these mul-
ticomponent biofilm matrices. We are currently investigating
the mechanism of dsDNA release into NTHI-formed biofilms.
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