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ABSTRACT

Nontypeable Haemophilus influenzae (NTHI), a commensal of the human nasopharynx (hNP), is a common cause of biofilm-
associated diseases of the respiratory tract. However, NTHI biofilm biology at the average hNP temperature, i.e., 34°C, has not
been well studied. Here we grew NTHI biofilms at 34°C and 37°C, to evaluate relative biofilm growth, expression, and function of
the type IV pilus (Tfp), a critical adhesin important for NTHI biofilm formation. The kinetics and regulation of Tfp expression in
NTHI biofilms are unclear, especially at 34°C. Tfp expression, as estimated by pilA promoter activity, was distributed through-
out the biofilms, with a unique pattern that was dependent on temperature, time in culture, and position within the maturing
biofilm. Tfp expression was required for the formation of the characteristic tower structures of NTHI biofilms and was signifi-
cantly upregulated in NTHI biofilms formed at 34°C versus 37°C. This increase correlated with significantly greater twitching
motility at 34°C than at 37°C. Treatment with antisera targeting the major subunit of Tfp (PilA) significantly inhibited NTHI
biofilm formation at both temperatures, confirming the importance of this critical adhesin in biofilm formation. Additionally,
treatment of preestablished biofilms with antisera against PilA significantly decreased biofilm biomass and mean thickness at
both temperatures. These results demonstrated a pivotal role for Tfp in NTHI biofilm formation and stability at the temperature
of the hNP, and they underscore the utility of PilA as a vaccine candidate for treatment and/or prevention of NTHI biofilm-asso-

ciated diseases.

IMPORTANCE

NTHI is an important cause of chronic respiratory tract infections, including otitis media, chronic rhinosinusitis, and exacerba-
tions of chronic obstructive pulmonary disease and cystic fibrosis. The chronic and recurrent nature of these diseases is attrib-
uted to the presence of bacterial biofilms, which are highly resistant to antimicrobials. We characterized NTHI biofilm growth
and expression of PilA, the major subunit of the Tfp, at the temperature of the hNP, which is the commensal habitat of NTHI.
Our results expand the current understanding of the role of Tfp during biofilm formation and maturation at the temperature of
both the hNP and the middle ear, and they strengthen support for PilA as a vaccine candidate for the prevention and treatment

of NTHI biofilm-associated diseases.

N ontypeable Haemophilus influenzae (NTHI), a Gram-nega-
tive coccobacillus, is a commensal of the human nasopharynx
(hNP). When the local hostimmune system is compromised by an
upper respiratory tract viral infection, NTHI can ascend the Eu-
stachian tube to the middle ear (ME) space and induce otitis me-
dia (OM). OM is the most common bacterial disease of childhood
(1) and a primary reason for emergency department visits (2) and
pediatric antibiotic prescriptions (3) in the United States. NTHI is
the most prevalent bacterial pathogen in chronic and recurrent
OM and the most common bacterium isolated from patients who
have experienced antibiotic treatment failure (4). The chronic and
recurrent nature of these infections is associated with the ability of
NTHI to form biofilms. Bacterial biofilms are present on the ME
mucosae of children with OM (5), as well as in the ME space of
chinchillas during experimental infection (1, 6-10). NTHI biofilm
formation has also been associated with other respiratory tract
infections, including chronic rhinosinusitis and exacerbations of
both chronic obstructive pulmonary disease (COPD) and cystic
fibrosis (11-13). Bacteria residing within biofilms are up to 1,000
times more resistant to antibiotics and innate immune effectors
than their planktonic counterparts (14), which contributes to the
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chronic and recurrent nature of these biofilm-associated diseases.
Consequently, there is a great need for novel ways to manage
biofilm-associated NTHI infections.

The demonstration of type IV pilus (Tfp) expression and
twitching motility for NTHI (15, 16), a bacterium long considered
to be nonmotile, has greatly enhanced our understanding of
NTHI biology. Like those of other human pathogens, such as Neis-
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TABLE 1 Bacterial strains, plasmids, and primers used in this study

Designation Description or sequences Reference
Bacterial strains
NTHI 86-028NP Isolated from nasopharynx of child with chronic OM 56
NTHI 86-028NP ApilA Nonpolar pilA mutant 17
NTHI 86-028NP ApilA/pPIL1 Complemented nonpolar pilA mutant 17
NTHI 86-028NP:pilA-GFP NTHI 86-028NP in which expression of GFP is under control of pilA promoter 1
NTHI 86-028NP/pMDC-P1 NTHI 86-028NP in which expression of GFP is under control of ompP5 promoter This study
NTHI 86-028NP/pRSM2211 NTHI 86-028NP in which expression of GFP is under control of ompP2 promoter 23
NTHI 86-028NP NTHI 86-028NP ApilA in which expression of GFP is under control of ompP2 promoter This study
Apil A/pRSM2211
Plasmids
pRSM2169 Promoterless derivative of Haemophilus-E. coli shuttle vector pGZRS-39A that incorporates gfpmut3 23
pGFP-PpilA pilA promoter driving expression of gfpmut3 within pGFP 1
MDC-P1 ompP5 promoter driving expression of gfpmut3 within pRSM2169 This study
pRSM2211 ompP2 promoter driving expression of gfpmut3 within pRSM2169 23
pPILL Derivative of pSPEC1 containing pilA under control of its native promoter 17
Primers
ompP5 (NTHI 1332) Forward, CCGTTTCGGTCAAGGCGAAG; This study
reverse, GCCATAGACGCTGTCTAATGTTGC
pilA (NTHI 0409) Forward, GCAAAAGGCTATGTAAAATCAGTG; This study
reverse, AAATAAAGAGGCATCCGTTCC
ompP6 (NTHI 0501) Forward, CGTTCATCAGTGTTACCTTCTACT; This study

reverse, CGGTTACTCTGTTGCTGATCTT

seria and Pseudomonas species, the Tfp of NTHI participates in
multiple important biological functions, including adherence,
competence, twitching motility, and biofilm formation (6, 15, 16).
Although multiple protein subunits are required for Tfp forma-
tion and function in NTHI (17), the pilus expressed by NTHI is
composed of multiple PilA subunits, whose amino acid sequence
is highly conserved across NTHI clinical strains (15). Therefore,
PilA protein is being developed by our laboratory as a potential
vaccine candidate. To date, we have demonstrated that immuni-
zation with a soluble form of PilA results in the formation of
antibodies that can prevent NTHI-induced OM in experimentally
infected chinchillas (1, 7, 18, 19). Moreover, antisera targeting
these immunogens can resolve experimental OM in the same an-
imal model by eradicating preexisting NTHI biofilms from the
ME space (1, 7, 10, 18).

We showed previously that expression of Tfp is required for
long-term persistence of NTHI in the chinchilla nasopharynx
(NP) after experimental challenge (6). Although we have learned a
great deal regarding the role of NTHI Tfp in pathogenesis (1, 6, 15,
17), to date we have had a limited understanding of the role of Tfp
in NTHI colonization and persistence as a commensal organism.
The first step in the progression of NTHI biofilm-associated dis-
eases is colonization of the NP; consequently, it is important to
understand the biology of NTHI at this site. Previously we, like
others, studied NTHI biofilm biology in vitro at 37°C, a tempera-
ture chosen to reflect that of the ME and distal respiratory system,
typical sites of NTHI biofilm-associated infections. However, the
hNP, the sole commensal habitat of NTHI, has an average tem-
perature of 34°C (20). Studies with Streptococcus pneumoniae,
another otopathogen and hNP commensal, demonstrated that
small, biologically relevant, temperature differences can signifi-
cantly affect bacterial phenotypes, with important consequences
for biofilm biology (21, 22). We reasoned that the temperature
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difference between the hNP and more distal sites in the respi-
ratory system might result in important differences in NTHI
biofilm biology.

The aim of this study was to characterize NTHI biofilm growth
and the expression and function of Tfp during biofilm formation
at the average hNP and ME temperatures of 34°C and 37°C, re-
spectively. Our results expand the current understanding of the
role of NTHI Tfp during biofilm formation and maturation in
vitro at the temperatures of both the hNP and the ME, and they
strengthen the support for PilA as a vaccine candidate for the
prevention and treatment of NTHI biofilm-associated diseases.

MATERIALS AND METHODS

Bacterial strains. The NTHI strains and plasmids used in this study are
listed in Table 1. To visualize pilA expression in biofilms, we utilized a
reporter construct, NTHI 86-028NP:pilA-green fluorescent protein
(GFP), which harbored a plasmid in which expression of gfpmut3 was
driven by the promoter for pilA (1). To make NTHI 86-028NP ApilA/
pRSM2211, pRSM2211 (23) was electroporated into NTHI 86-028NP
ApilA (17). Colonies were selected by overnight growth on chocolate agar
supplemented with 20 p.g kanamycin ml ™. For comparison, we also pre-
pared a reporter isolate in which expression of gfpmut3 was under the
control of the promoter for ompP5, which allowed us to monitor the
expression of an additional adhesin, the constitutively expressed outer
membrane protein (OMP) P5 (24). The ompP5 promoter was excised
from plasmid pKMLN-05 (25) and cloned into the BamHI and Sall sites
of pPRSM2169 (26). The resulting plasmid, pMDC-P1, was used to trans-
form TOP10 Escherichia coli (Invitrogen), and transformants were se-
lected after overnight growth on Luria-Bertani (LB) agar with 20 pg ka-
namycin ml~'. pMDC1-P1 isolated from E. coli was methylated with CpG
methylase (NEB) and electroporated into NTHI 86-028NP (26). Colonies
were selected by overnight growth on chocolate agar supplemented with
20 pg kanamycin ml ™.

Biofilm formation and visualization. NTHI biofilms were grown in
chambered coverglasses (Fisher Scientific, Hampton, NH), as described
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previously (27). Briefly, NTHI was grown overnight on chocolate agar
plates (Remel, Columbus, OH). GFP-expressing strains and NTHI 86-
028NP ApilA/pPIL1 (the complemented pilA mutant) were grown on
chocolate agar that contained 20 p.g kanamycin ml~" and 200 pg specti-
nomycin ml ™", respectively, as the plasmids carried antibiotic resistance
cassettes. Colonies were suspended at an optical density at 490 nm
(OD,40) of 0.65 in brain heart infusion (BHI) broth (Invitrogen, Carls-
bad, CA) supplemented with 2 pg/ml heme and B-NAD (sBHI) and were
grown at 37°C in air-5% CO,. After 3 h, the bacterial suspension was
diluted to 2 X 10° CFU ml ™! in sBHI; 200 .l was seeded into each well of
the chambered coverglass and incubated in air-5% CO, at either 37°C or
34°C. For biofilms grown longer than 16 h, medium was replaced twice
daily. For biofilms formed with two strains, bacterial suspensions of each
strain at 1 X 10° CFU ml~' were combined in equal volumes just before
seeding. The final (mixed) inoculum was diluted and plated on chocolate
agar with and without antibiotic, to confirm a 1:1 strain ratio. For imag-
ing, biofilms were stained with the BacLight bacterial viability kit (Molec-
ular Probes, Eugene, OR), according to the manufacturer’s protocol, and
fixed in a solution of 1.6% paraformaldehyde, 2.5% glutaraldehyde, and
4.0% acetic acid in 0.1 M phosphate buffer (28). Duplicate wells were
viewed by confocal scanning laser microscopy (CSLM) with a Zeiss 510
Meta-laser microscope, and images were rendered with Zeiss Zen soft-
ware. Biofilm metrics (biomass, thickness, and roughness) were calcu-
lated by Comstat2 analysis (29, 30). All assays were repeated a minimum
of three times, on separate days. Data represent the mean = standard error
of the mean (SEM).

Strains listed in Table 1 were tested for any differences in planktonic
growth at 34°C and 37°C. NTHI strains were grown in sBHI, and the
OD,,, was measured every 30 min for 24 h. We found no differences in
doubling times at 34°C versus 37°C for any of the strains (data not shown).

Antibiotic sensitivity of biofilms. To assess the sensitivity of NTHI
biofilms formed at 37°C or 34°C to antibiotics typically used to treat NTHI
infections, 24-h biofilms were established as described above and were
incubated for 16 h with ampicillin (32.0 mg ml™"), cefdinir (250 pg
ml ™), or amoxicillin (1.0 mg ml™') plus clavulanate-lithium (0.5 mg
ml™"). Each antibiotic was used at 1,000 times the planktonic MIC,, for
NTHI, as bacteria within biofilms are known to be highly resistant to
antibiotics (14, 31). After 16 h, the biofilms were gently washed twice with
sterile saline to remove loosely adherent bacteria, and NTHI within the
biofilm was recovered by repeated forceful pipetting. Bacteria were plated
to determine CFU per milliliter.

Visualization of biofilms formed by GFP-expressing reporter iso-
lates. Biofilms were rinsed with sterile saline and then stained with FM
4-64 dye {N-(3-triethylammoniumpropyl)-4-(6-[4-(diethylamino)phe-
nyl]hexatrienyl)pyridinium dibromide; Molecular Probes}, a fluorescent
dye that labels bacterial outer membranes, according to the manufactur-
er’s directions. After 30 min, the stain was replaced by sterile saline, and
biofilms were immediately viewed by confocal microscopy. Time
points of 6, 12, 24, and 48 h were chosen on the basis of preliminary
experiments that showed that the GFP fluorescence of NTHI 86-
028NP:pilA-GFP peaked at 12 h or 24 h for biofilms formed at 37°C or
34°C, respectively. Mean fluorescence values were calculated with
Zeiss AxioVision software, and images were compiled with Zeiss Zen
software. All assays were repeated a minimum of three times, on sep-
arate days. Data represent the mean * SEM.

RNA isolation and qRT-PCR. Biofilms grown for 12 or 15h at 37°C or
34°C were placed on ice, washed once with saline, and collected with
TRIzol reagent (Ambion; Thermo Fisher) by repeated forceful pipetting.
RNA was purified with a Qiagen RNeasy kit. DNA was removed from the
RNA preparation by treatment with DNase I (NEB), according to the
manufacturer’s instructions, for 45 min at 37°C in the presence of 20 U
SUPERase In RNase inhibitor (Ambion). DNase I-treated RNA samples
were purified with a Qiagen RNeasy kit. RNA quality was assessed with an
Agilent 2100 bioanalyzer (Agilent Technologies).

Three sets of biofilms were collected at 37°C and 34°C for both time
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points, and the relative pilA and ompP5 expression levels were assessed
using a SuperScript III Platinum SYBR Green One-Step quantitative re-
verse transcription-PCR (qRT-PCR) kit (Invitrogen), according to the
manufacturer’s protocol, with the primers listed in Table 1. Expression
was normalized to ompP6, which is constitutively expressed in NTHI (24,
32). Results were reported as relative gene expression at 34°C, compared
to that at 37°C, by the comparative (AAC;) method.

Assay for twitching motility. NTHI motility was assessed with a sub-
agarose twitching assay, as described previously (1). Briefly, NTHI was
inoculated into 0.3% agarose and incubated on a level surface for 24 h at
34°C or 37°C, in humidified 5% CO,—air. Agarose plugs were stained with
BioSafe Coomassie blue stain (Bio-Rad), visualized with a dissecting mi-
croscope, and imaged with AxioVision software (Zeiss). The area of bac-
terial growth extending from the inoculation site was circumscribed and
measured with Axiovision software. The mean area = SEM is reported for
=20 replicates from three independent assays.

Chinchilla epithelial cell culture. The chinchilla is a well-docu-
mented animal model for OM, and chinchilla airway epithelial cells reca-
pitulate much of the biology of human epithelial cells (33, 34). Chinchilla
nasopharyngeal epithelial cells (CNPE) and chinchilla middle ear epithe-
lial cells (CMEE) were isolated and cultured as described previously (35—
39). Briefly, freshly dissected chinchilla NP and ME epithelia were finely
chopped, placed on 6.5-mm Transwell permeable supports (Costar,
Corning, NY), and fed with explant isolation medium. Tissue pieces were
removed when epithelial cells had migrated onto the surface of the Trans-
well membrane. When the cells reached confluence, apical medium was
removed to allow for polarization at the air-liquid interface. During po-
larization, cells were fed with growth medium every other day.

NTHI biofilm formation on epithelial cells. The day before use, po-
larized CMEE and CNPE on Transwells were fed with antibiotic-free me-
dium. On the day of infection, cells were fed with antibiotic-free growth
medium and washed apically with 2 X 100 pl Dulbecco’s phosphate-
buffered saline (DPBS). NTHI 86-028NP:pilA-GFP and NTHI 86-028NP/
pMDC-P1 were grown in sBHI to an OD,,, of 0.65, as described above,
and were diluted in DPBS to 4 X 10° CFU ml ™. Epithelial cells were
inoculated with 50 pl of bacterial suspension (multiplicity of infection of
20) and incubated as described above, with protection from light. After 1
h, the apical surface was washed with 100 pl DPBS to remove nonadherent
bacteria. Just before imaging, the apical surface was gently washed with
DPBS, and 200 .l fresh DPBS was added. Transwells were rinsed basolat-
erally with DPBS and placed upright on a 2-well chambered coverglass
with a drop of DPBS in the bottom. The cells and bacteria were visualized
by confocal microscopy 6, 10, and 23 h after infection, times that were
chosen on the basis of preliminary data showing increased GFP fluores-
cence at those times (data not shown).

Biofilm inhibition and disruption assays. We tested the effects of
three different antisera, targeting either Tfp or NTHI OMP P5, on NTHI
biofilm formation and stability. Rabbit polyclonal antisera were generated
at Spring Valley Laboratories (Woodbine, MD) and were not heat inacti-
vated. Antiserum to recombinant soluble PilA (rsPilA) targets PilA, the
major subunit of the NTHI Tfp; rsPilA is an N-terminally truncated pro-
tein that represents a modified soluble form of mature PilA derived from
NTHI 86-028NP (19). Antiserum to OMP P5 targets a critical adhesin that
is known to be important for NTHI adherence to epithelial cells and
biofilm formation (19, 24). ChimV4 is a chimeric candidate vaccine anti-
gen composed of protective epitopes from both OMP P5 and rsPilA;
therefore, antiserum to chimV4 targets both Tfp and OMP P5 as virulence
determinants (1, 19). Naive rabbit serum served as a negative control.

For biofilm inhibition assays, biofilms were seeded as described above.
After 1 h, the supernatant was removed and replaced with fresh medium
containing an arbitrarily selected 1:50 dilution of antiserum. After 16 h,
biofilms were stained and visualized by CSLM. For biofilm disruption
assays, NTHI biofilms were established for 24 h prior to treatment for 16 h
with a 1:50 dilution of antiserum, as described previously (1, 28).
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FIG 1 NTHI forms a biofilm at the temperature of the hANP. NTHI biofilms were grown at 37°C or 34°C for the indicated times, stained with live/dead stain, and
imaged by CSLM. (A) At both temperatures, biofilms grew to form compact towers with intervening water channels, as seen in CSLM images. Scale bars, 20 pm.
(B to D) Comstat2 analysis was used to quantitate biofilm biomass (B), mean thickness (C), and roughness (D). Biofilms formed at 34°C had both significantly
less biomass and reduced mean thickness, compared to their 37°C counterparts, for the first 48 h of culture. The roughness coefficient was also significantly
greater at almost every time point in biofilms formed at 34°C versus 37°C, which indicated a more varied topology in biofilms formed at the cooler temperature.

*, significantly different from 37°C value (P < 0.05).

Statistics. Data analyses were performed with GraphPad Prism soft-
ware version 6.03. For comparison of biomass and mean thickness values
in the biofilm inhibition and disruption experiments, one-way analysis of
variance (ANOVA), with the Holm-Sidak correction for multiple com-
parisons, was used. All other comparisons were made with unpaired ¢
tests.

RESULTS

NTHI biofilms grown at 37°C and 34°C showed differences in
growth rates and architecture. NTHI biofilms formed in vitro at
37°C developed a characteristic architecture, with compact towers
(areas of horizontal consolidation and regional increases in thick-
ness) and intervening water channels, that became apparent by
12 h (Fig. 1A) (1, 28). Biofilms formed at 34°C grew more slowly,
with towers forming between 12 and 24 h of culture. Biomass was
significantly greater in biofilms formed at 37°C up to 48 h of cul-
ture (P < 0.05) (Fig. 1B); this trend continued up to 96 h of
culture, although the differences were not statistically significant
at later time points. Similarly, the mean thickness of biofilms
formed at 37°C was significantly greater than that of biofilms
formed at 34°C up to 48 h of culture (P < 0.05) (Fig. 1C); this
trend also continued up to 96 h of culture, although the differ-
ences were not significant at later time points. The lag in initial
biofilm growth at 34°C was not simply due to a lack of bacterial
growth at this temperature, since the planktonic growth rates at
34°C and 37°C were not significantly different (doublings per
hour of 1.36 = 0.08 and 1.54 * 0.10, respectively; P = 0.22).
Biofilms formed at the two temperatures also differed in their
three-dimensional architecture. Biofilms formed at 37°C showed
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distinct tower structures at early time points but by 48 h, as the
biofilms matured, the spaces between the towers began to fill in
and the biofilms appeared more flattened (Fig. 1A). In contrast,
biofilms formed at 34°C did not flatten with time but instead
contained tower structures that were taller and thinner than those
of biofilms formed at 37°C for up to 96 h of culture. Consistent
with these observations, biofilms formed at 34°C had significantly
greater roughness coefficients at almost every time point, com-
pared with biofilms formed at 37°C (P < 0.05) (Fig. 1D). The
roughness coefficient is used to measure variations in biofilm
height per unit area and thus is an indicator of biofilm heteroge-
neity (29).

As another way to evaluate the functional and structural char-
acteristics of these biofilms, we examined the sensitivity to antibi-
otic treatment of biofilms formed at 37°C versus 34°C. We estab-
lished NTHI biofilms at 37°C or 34°C for 24 h and then treated
them for 16 h with ampicillin, cefdinir, or amoxicillin plus clavu-
lanic acid, antibiotics that are frequently used to treat otitis media
caused by NTHI. Because biofilms are known to be highly resis-
tant to antibiotics, we used concentrations equal to 1,000 times the
planktonic MIC,, for NTHI. We found no differences in antibi-
otic sensitivity between biofilms formed at the two temperatures,
which suggested that these biofilms were equally recalcitrant to
treatment with these antimicrobials (see Fig. S1 in the supplemen-
tal material).

The distribution of pilA promoter activity within NTHI bio-
films was unique. Since expression of Tfp is important for NTHI
biofilm formation both in vitro (1) and in the middle ear of chin-
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FIG 2 Expression of GFP by NTHI 86-028NP:pilA-GFP demonstrated a unique spatial distribution over time. (A) Biofilms formed with NTHI 86-028NP:pilA-
GFP were imaged at 6, 12, 24, and 48 h. GFP fluorescence is shown (green). To visualize total biomass, biofilms were counterstained with FM 4-64 (gray). At 6
and 12 h, GFP fluorescence was greatest near the base of the biofilms, the site of initial bacterial attachment. As the biofilms matured, however, regions of intense
fluorescence became more prevalent toward the apexes of towers. Scale bars, 20 pm. (B) Mean GFP fluorescence was normalized to total biomass (as measured
by FM 4-64 fluorescence) for biofilms formed at 34°C or 37°C. *, the peak fluorescence ratio for biofilms grown at 34°C for 24 h was significantly greater than

those for biofilms grown at 37°C for either 12 h (P < 0.05) or 24 h (P < 0.01).

chillas during experimental OM (6), we next examined the role of
Tfp in NTHI biofilms formed at the temperature of the hNP. To
estimate Tfp expression, we grew biofilms formed with the parent
strain NTHI 86-028NP or with NTHI 86-028NP:pilA-GFP, in
which expression of GFP is driven by the pilA promoter. We then
used CSLM to visualize when and where bacteria within these
biofilms expressed GFP and, by inference, Tfp.

GFP expression by NTHI 86-028NP:pilA-GFP demonstrated a
unique spatial distribution as the biofilm matured (Fig. 2A). In
biofilms formed at 37°C, GFP fluorescence at 6 h was greatest near
the substratum, consistent with the known roles of Tfp in bacterial
attachment and organization via twitching motility (6, 15, 17). By
12 h, however, when towers had begun to form, discrete patches of
intense fluorescence appeared both at the base and in the middle
region of the biofilm. By 24 and 48 h, most of the fluorescent
bacteria were located in the middle or apical regions of the biofilm.
In biofilms formed at 34°C, fluorescent bacteria again appeared
concentrated near the substratum at 6 and 12 h. By 24 h, however,
large areas of intense fluorescence were visible throughout the
biofilms and were notably predominant at the apexes of towers.
This distribution of GFP fluorescence was maintained at 48 h.
These data suggested that Tfp expression, as estimated by pilA
promoter activity, was influenced by factors including tempera-
ture, time in culture, and position within the maturing biofilm.

Expression of pilA was upregulated at 34°C. To further ex-
plore the differences in pilA promoter activity at 34°C versus 37°C,
we measured the mean fluorescence intensity of biofilms formed
by 86-028NP:pilA-GFP normalized to total biomass, as measured
by FM 4-64 fluorescence. At both temperatures, the fluorescence
ratio increased over time to a peak value and then decreased again
within the 48-h period. As seen in Fig. 2, however, both the timing
and the magnitude of pilA promoter activity were significantly
affected by the 3°C difference in temperature. In biofilms grown at
34°C, the fluorescence ratio peaked at 24 h and was significantly
greater than that in biofilms formed at 37°C at this time point
(0.16 = 0.03 versus 0.04 = 0.02; P < 0.01) (Fig. 2B). Furthermore,
this 34°C value at 24 h was significantly greater than the highest
fluorescence ratio value measured in biofilms formed at 37°C,
which occurred at 12 h (0.16 = 0.03 versus 0.08 = 0.02; P < 0.05).
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These results demonstrated a difference in timing and a signifi-
cantly greater magnitude of pilA promoter activity (and by infer-
ence Tfp expression) in NTHI biofilms formed at the temperature
of the hNP, compared to 37°C.

For comparison, we also grew biofilms with NTHI 86-028NP/
pMDC-P1, in which GFP expression was driven by the ompP5
promoter. OMP P5, another critical adhesin of NTHI, is also im-
portant in NTHI adherence (40, 41) and is known to be constitu-
tively expressed (24); therefore, this reporter served as a positive
control in this assay system. In contrast to our results with 86-
028NP:pilA-GFP, fluorescence due to ompP5 promoter activity
was evenly distributed throughout NTHI 86-028NP/pMDC-P1
biofilms at all times and at both temperatures, as expected for a
constitutively expressed protein (Fig. 3A). Although 86-028NP/
pMDC-P1 mean fluorescence intensity increased with the time in
culture, the timing of the increase was similar for the two temper-
atures, and the GFP fluorescence intensity levels were not signifi-
cantly different at any time point (Fig. 3B). Confirming this result,
we observed similar results with biofilms formed by NTHI 86-
028NP/pRSM2211, in which GFP expression is driven by the
ompP2 promoter (data not shown). OMP P2 is a constitutively
expressed porin important for glucose uptake. These results dem-
onstrated that ompP5 and ompP2 promoter activity (and by infer-
ence expression of OMP P5 and OMP P2, respectively) were sim-
ilar in biofilms formed at 34°C versus 37°C.

Because gene promoter activity is an indirect indicator of gene
expression, we also measured pilA and ompP5 expression in bio-
films formed at 34°C or 37°C. We used qRT-PCR to measure
relative gene expression in biofilms formed for 12 or 15 h, because
our microscopy and mean fluorescence data showed pilA pro-
moter activity to be higher in biofilms formed at 37°C at 12 h but
this trend had begun to reverse by 15 h (Fig. 2A and B). Consistent
with these results, we found less pilA expression at 34°C than at
37°C at 12 h of culture. By 15 h of culture, however, pilA expres-
sion was greater at 34°C than at 37°C (see Fig. S2A in the supple-
mental material). In contrast, ompP5 expression in biofilms
formed at 34°C was slightly greater than that in biofilms formed at
37°C at 12 h of culture, and levels were not different at 15 h of
culture (see Fig. S2B). These data support the conclusion that pilA
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FIG 3 Expression of GFP by NTHI 86-028NP/pMDC-P1 was similar in biofilms formed at 34°C and at 37°C. (A) Biofilms formed with NTHI 86-028NP/
pMDC-P1 were imaged at 6, 12, 24, and 48 h. GFP fluorescence is shown (green). To visualize total biomass, biofilms were counterstained with FM 4-64 (gray).
ompP5 promoter activity was distributed evenly throughout the biofilms at all times, as expected for this constitutively expressed protein. Scale bars, 20 pm. (B)
Mean GFP/FM 4-64 fluorescence ratios were determined for biofilms formed at 34°C or 37°C. Although at later time points the fluorescence ratios were slightly

higher for biofilms formed at 34°C, the differences were not significant.

promoter activity is enhanced at 34°C versus 37°C, whereas
ompP5 promoter activity is not significantly affected by this tem-
perature difference.

Tfp was required for biofilm tower formation. Interestingly,
the times of peak pilA promoter activity seen in Fig. 2B corre-
sponded to the times at which we first observed the presence of
tower structures in the maturing biofilms at both 34°C and 37°C
(Fig. 1A). This suggested a potential role for Tfp in tower forma-
tion. To test this hypothesis, we grew biofilms with a 1:1 mixture

of strain pairs; one strain constitutively expressed GFP and one
was nonfluorescent. Biofilms formed at 37°C were examined for
tower structures at 12 h of culture (Fig. 4A), whereas biofilms
formed at 34°C were examined at 24 h (Fig. 4B and C), as those
were times at which tower structures were known to be present at
each temperature (Fig. 1A).

Biofilms seeded with two strains capable of producing Tfp (86-
028NP and 86-028NP/pRSM2211) contained towers formed by
each strain, as expected (Fig. 4, top row, green and violet). In

low magnification
12 h at 37°C 24h at 34°C
. T T - an

iy

24 h at 34°C

-
L
"M 36-028NP/
" pPRSM2211

86-028NP +
86-028NP ApilA/
pRSM2211

86-028NP ApilA/
pPIL1 +
86-028NP/
pRSM2211

FIG 4 Tfp was required for biofilm tower formation. Biofilms were formed with equal numbers of GFP-expressing (green) or nonfluorescent (violet) NTHI
strains, to visualize tower formation by each strain individually within the biofilms. Biofilms formed with 86-028NP and 86-028NP/pRSM2211, 86-028NP and
86-028NP ApilA/pRSM2211, or 86-028NP ApilA/pPIL1 and 86-028NP/pRSM2211 were imaged after 12 h at 37°C (A) or after 24 h at 34°C (B and C). Green
labels, GFP-expressing strains. Times were chosen based on the earliest time of tower formation seen in biofilms formed at each temperature (Fig. 1A). Biofilm
towers were formed by NTHI strains capable of Tfp formation (top) but not by 86-028NP ApilA/pRSM2211, which cannot express Tfp (middle); complemen-
tation of ApilA restored tower formation (bottom). In all images, cross sections of towers seen in orthogonal views showed that towers were composed of only
one strain (either violet or green). Scale bars, 20 wm (A and B) or 100 wm (C). Images in panel C were obtained at a lower magnification to show the prevalence
of violet and green towers over a larger surface area in biofilms grown for 24 h at 34°C.
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FIG 5 NTHI twitching motility was significantly greater at 34°C than at 37°C. (A and B) We used a subagarose twitching assay to measure the distance traveled
and the area occupied by NTHI after 24 h at 34°C (A) or at 37°C (B). Red outlines illustrate how areas encompassed by NTHI due to twitching motility were
measured. Scale bars, | mm. (C) Twitching areas were measured for each replicate and averaged (n = 3, with =20 replicates). NTHI traveled over a significantly

greater area when grown at 34°C versus 37°C. *, P < 0.001.

contrast, all towers in biofilms seeded with 86-028NP and 86-
028NP ApilA/pRSM2211 were composed only of the parent strain
(Fig. 4, middle row, violet), whereas the pilA mutant, which can-
not express Tfp, was seen only near the substratum (Fig. 4, middle
row, green). Complementation of the pilA mutant restored its
ability to form towers (Fig. 4, bottom row). As the biofilms ma-
tured, towers became larger and more numerous but continued to
be composed solely of strains capable of Tfp expression. Interest-
ingly, many of the towers were uniform in color, which suggested
that tower growth was clonal (Fig. 4A and B, top and bottom,
orthogonal views). These data demonstrated that, for NTHI bio-
films formed at either 34°C or 37°C, Tfp was required for the
formation of tower structures.

Twitching motility was upregulated at 34°C. Thus far, our
results underscored the importance of Tfp in NTHI biofilms
formed at both 34°C and 37°C. However, the observed increases in
pilA promoter activity in biofilms formed at 34°C versus 37°C led
us to wonder whether other Tfp functions differed at the two
temperatures. Since twitching via Tfp is the only source of motility
for NTHI and motility has been shown to be important for biofilm
formation in other bacterial species (42—44), we hypothesized that
twitching motility might be increased in biofilms formed at 34°C.
To test this hypothesis, we used a subagarose twitching motility
assay to measure the area, from the site of inoculation, traveled by
NTHI via twitching over 24 h at 34°C or 37°C (Fig. 5A and B). As
NTHI cells twitch away from the site of inoculation, they form
shapes on the agar that resemble fan blades (1). As we hypothe-
sized, despite the heterogeneity of fan blade sizes seen at the two
temperatures, the overall distance traveled and area occupied by
NTHI via twitching were significantly greater at 34°C than at 37°C
(Fig. 5C). These results demonstrated that NTHI twitching motil-
ity was also enhanced at the temperature of the hNP.

PilA expression was upregulated in NTHI biofilms grown at
34°C on polarized epithelial cells. Our observations that pilA
promoter activity and twitching motility were increased in bio-
films formed at 34°C suggested to us that these changes could
represent an important difference in NTHI biofilms formed in the
hNP versus those formed in warmer sites such as the ME. How-
ever, because studies with other hNP commensals have shown
that biofilms grown on abiotic surfaces may have different char-
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acteristics than biofilms grown on epithelial cell surfaces (45, 46),
we decided to test whether the temperature-dependent differences
in pilA expression would persist in NTHI biofilms formed on the
surface of the epithelia that they would normally encounter in
vivo. Therefore, we grew NTHI biofilms on polarized epithelial
cells from the chinchilla NP (CNPE) or ME (CMEE), at 34°C and
37°C, respectively. Enhancing the physiological relevance of our
model, polarized epithelia form tight junctions that do not allow
the movement of culture medium from the basolateral compart-
ment to the apical surface. Thus, NTHI inoculated onto the po-
larized epithelial surface must obtain all necessary nutrients from
that microenvironment.

Preliminary data for NTHI 86-028NP:pilA-GFP inoculated
onto CNPE at 34°C and monitored by time-lapse microscopy
showed small peaks of GFP fluorescence at 6, 10, and 23 h after
inoculation (data not shown). Consequently, we chose these time
points for further evaluation of pilA promoter activity over time in
NTHI 86-028NP:pilA-GFP biofilms formed on CMEE at 37°C or
on CNPE at 34°C. NTHI 86-028NP:pilA-GFP biofilms formed on
CMEE at 37°C demonstrated a low level of pilA promoter activity
that remained constant over time (Fig. 6A, top). In contrast, in
biofilms formed on CNPE at 34°C, 86-028NP:pilA-GFP fluores-
cence increased with the time in coculture (Fig. 6A, bottom). The
mean GFP fluorescence intensity of 86-028NP:pilA-GFP at 23 hin
coculture was significantly greater in biofilms formed on CNPE at
34°C than in biofilms formed on CMEE at 37°C (P < 0.05) (Fig.
6B). It is unlikely that this difference was due to differences in
NTHI biofilm growth in general, since both biofilms formed with
NTHI 86-028NP:pilA-GFP were comparable to those formed with
the parent strain (Fig. 1A and 2A). Also, for comparison, we re-
peated these experiments with NTHI 86-028NP/pMDC-P1. Be-
cause the ompP5 promoter was constitutively active, we were able
to visualize all bacteria on the epithelial cells. Biofilms formed by
86-028NP/pMDC-P1 appeared larger with time (see Fig. S3A in
the supplemental material), but the mean GFP fluorescence inten-
sity due to ompP5 expression was not significantly different in
biofilms formed on CMEE at 37°C versus CNPE at 34°C (see Fig.
S3B), which suggested that there were no significant differences in
the numbers of bacteria colonizing CMEE versus CNPE. Taken
together, these results strongly supported the hypothesis that
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FIG 6 NTHI biofilms formed on polarized epithelial cells demonstrated enhanced pilA expression at 34°C. (A) NTHI 86-028NP:pilA-GFP was inoculated onto
polarized CMEE at 37°C or CNPE at 34°C, and biofilms were imaged by CSLM after 6, 10, or 23 h in coculture. Time points were chosen based on preliminary
data that showed increased fluorescence due to pilA promoter activity at those times. Images show GFP fluorescence (yellow) of NTHI expressing the pilA
promoter, overlaid on differential interference contrast (DIC) images of the underlying epithelial cells. In biofilms formed at 37°C on CMEE, 86-028NP:pilA-GFP
fluorescence showed little change with time over 23 h (top). In contrast, in biofilms formed at 34°C on CNPE, 86-028NP:pilA-GFP fluorescence increased with
time in coculture (bottom). Scale bars, 20 pm. (B) The mean fluorescence intensity of 86-028NP:pilA-GFP at 23 h was significantly greater for biofilms formed

on CNPE at 34°C than for those formed on CMEE at 37°C. *, P < 0.05.

NTHI Tfp expression occurs in vivo both in the nasopharynx and
in warmer anatomical sites such as the ME and that the regulation
of this expression differs between the two sites. While it is possible
that differences between CNPE and CMEE and how they interact
with NTHI contributed to this result, our combined results
strongly supported the hypothesis that pilA expression in NTHI
biofilms in vivo is likely to be significantly affected by the temper-
ature of the anatomical environment.

Biofilm formation was inhibited by antibodies against Tfp or
OMP P5. Taken together, our results so far demonstrated impor-
tant differences in NTHI biofilm architecture and expression of
the major pilin subunit of an important virulence factor, Tfp. We
next wondered how these differences would affect the ability of
biofilms formed at 34°C or 37°C to respond to antibodies designed
to disrupt or to prevent biofilm formation in vivo. Since previous
studies showed that both Tfp and OMP P5 play roles in NTHI
adherence early in biofilm formation (6, 19, 36), we hypothesized
that, at 34°C, exposure of newly seeded biofilms to antibodies
targeting PilA or OMP P5 would inhibit bacterial adherence and,
consequently, biofilm formation. To that end, we exposed newly
seeded biofilms to medium that contained antisera directed
against rsPilA, OMP P5, or the chimeric immunogen chimV4,
which is composed of both PilA and OMP P5 epitopes (19). At
both 34°C and 37°C, biofilms treated with either anti-rsPilA or
anti-OMP P5 serum were significantly smaller than those treated
with naive serum, as indicated by differences in biofilm biomass
(P < 0.001) (Fig. 7A and B) and mean biofilm thickness (P <
0.001) (Fig. 7A and C). Substantial inhibition of biofilm forma-
tion was also seen with anti-chimV4 serum, and the effects of this
dual-determinant-targeted antiserum on biofilms formed at 37°C
were significantly greater than the effects of either anti-rsPilA or
anti-OMP P5 serum alone, with respect to both biomass and mean
thickness (Fig. 7B and C). Taken together, these results demon-
strated that bacterial adherence, as mediated by both Tfp and
OMP P5, was important for biofilm formation at the temperature
of the hNP as well as at 37°C.

Antibodies targeting Tfp disrupted established biofilms. We
recently showed that NTHI biofilms established at 37°C were dis-
persed by exposure to anti-rsPilA serum, via a mechanism involv-
ing both PilA (and by inference Tfp) and the [uxS quorum-sensing

2626 jb.asm.org

Journal of Bacteriology

system (1). Those studies revealed that, in addition to biofilm
formation, Tfp is important in NTHI biofilm cohesion and dis-
persion (1). Since biofilms formed at 34°C expressed Tfp, which
was active in biofilm formation, we wondered whether targeting
Tfp with anti-rsPilA would also disrupt biofilms formed at the
lower hNP temperature. Figure 8 shows biofilms that were formed
at 34°C or 37°C for 24 h and then treated overnight with anti-
rsPilA, anti-OMP P5, or anti-chimV4. Treatments with antisera
targeting Tfp (both anti-rsPilA and anti-chimV4) significantly
disrupted established biofilms and decreased biomass by >80% at
37°C and >76% at 34°C (P < 0.001) (Fig. 8B). Similarly, treat-
ment with anti-rsPilA or anti-chimV4 serum decreased the mean
biofilm thickness by >80% at both temperatures (P < 0.001) (Fig.
8C). In contrast, treatment with anti-OMP P5 had no effect at
either temperature, consistent with previous reports for 37°C bio-
films (1). Moreover, biofilm disruption was not the result of com-
plement-mediated killing, since the vital dye used to stain the
biofilms indicated only live bacteria (Fig. 8A; note an absence of
red color in the biofilm images).

DISCUSSION

In this study, we examined the impact of the average NP temper-
ature, i.e., 34°C, on NTHI biofilm formation and expression of the
critical adhesin and motility factor Tfp. Our results demonstrated
that NTHI was capable of forming a biofilm at the cooler temper-
ature of the hNP, both in chambered coverglasses and on polar-
ized CNPE, as well as at 37°C on glass and on CMEE. Marks et al.
(45) showed the presence of highly structured biofilms in the
mouse NP after intranasal inoculation of another NP commensal,
S. pneumoniae. Given the mechanical stresses due to breathing,
ciliary movement, and changing compositions and movement of
surface liquids, as well as the relative scarcity of nutrients in the
healthy hNP, it is likely that NTHI survives and persists in this
anatomical niche by forming biofilms.

To date, much progress has been made in our understanding of
the role of NTHI Tfp at 37°C in vitro and in the middle ears of
animals after experimental infection (17, 19, 47). We have learned
that Tfp expression is regulated and responds to changes in the
environment, including pH, quorum-sensing molecules such as
AlI-2, and the presence of cells (1, 6, 15). However, much remains
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FIG 7 Antibodies targeting OMP P5 or PilA inhibited NTHI biofilm formation at both 34°C and 37°C. One hour after seeding, biofilms were treated with
antiserum against OMP P5, rsPilA, or chimV4. After 4 h, treatments were replaced with fresh medium and biofilms were grown for 24 h. (A) Exposure to either
anti-OMP P5 or anti-rsPilA serum inhibited biofilm formation, as seen in CSLM images. Scale bars, 20 pm. (B and C) Treatment with these antisera resulted in
significantly less biofilm biomass (B) and smaller biofilm mean thickness (C) than did treatment with naive serum. Antiserum to the dual antigen chimV4
inhibited biofilm formation to a greater extent than did either anti-OMP P5 or anti-rsPilA alone. These results are consistent with the roles of OMP P5 and PilA
as critical adhesins at both 34°C and 37°C. Bars, significant differences versus naive serum (P < 0.001) and between anti-rsPilA and anti-chimV4 sera (P < 0.02).

to belearned about the mechanisms through which Tfp influences
biofilm formation, maturation, and dispersion, especially in the
hNP, the site of asymptomatic colonization. Here we demon-
strated that pilA promoter activity (and by inference Tfp expres-
sion [1, 23]) was significantly greater in NTHI biofilms formed at
the cooler temperature of the hNP than in biofilms formed at
37°C. We also found enhanced twitching motility at 34°C, com-
pared to 37°C. Although our studies of biofilms in chambered
coverglasses illustrated NTHI biofilm growth under nutrient-re-
plete conditions, we also demonstrated the relevance of these find-
ings in a more complex experimental model in which biofilms
were grown directly on polarized CNPE at 34°C or CMEE at 37°C.
That model, while still in vitro, more closely mimics in vivo con-
ditions by allowing the biofilms to interact with the epithelial cells
they would normally encounter, at the appropriate temperatures
for the NP or ME. In addition, NTHI cells on the surface of polar-
ized cells are restricted nutritionally to whatever they can obtain
from the epithelial surface. Because of those factors, NTHI growth
on epithelial cells was much less than that seen in chambered
coverglasses with rich bacterial medium. Even in the more com-
plex environment, however, NTHI biofilms continued to demon-
strate greater pilA promoter activity under conditions that resem-
bled those of the hNP rather than those of the ME. These results
support the hypothesis that pilA promoter activity (and by infer-
ence Tfp expression) is important both in the asymptomatically
colonized hNP and in the infected ME.

The findings of greater pilA promoter activity and twitching
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motility in biofilms at 34°C are intriguing, as they suggest a spe-
cific role for Tfp in NTHI adaptation to long-term existence in the
hNP. Here we demonstrated that twitching motility was signifi-
cantly enhanced at 34°C and likely plays an important role in the
maintenance of colonization in the dynamic environment of the
hNP. The ability to move to a new location and to adhere quickly
would be advantageous in a dynamic environment such as the NP,
where environmental conditions can change quickly and dramat-
ically and epithelial cell turnover presents constant challenges to
the maintenance of colonization. In contrast, the warmer middle
ear is an enclosed space where biofilms are less likely to be physi-
cally disturbed.

Temperature regulation of twitching motility has also been
described for other bacterial species. Liles et al. showed that for
Legionella pneumophila, which can live in aquatic environments as
well as in the mammalian lung, 5 to 10% of bacterial cells were
piliated at 30°C, whereas no Tfp was observed at 37°C; the authors
also showed that transcription of pilB was significantly greater at
30°C than at 37°C (48). In L. pneumophila, pilB codes for a protein
similar to PilB from Pseudomonas aeruginosa, which is a compo-
nent of the type II secretory pathway that is required for the as-
sembly of Tfp (48). In another study, temperature-dependent
control of biofilm formation through the expression of a single
gene in a clinical strain of Pseudomonas aeruginosa was recently
described by Randall et al. (49). The gene product, thermosensing
diguanylate cyclase A, catalyzed the synthesis of cyclic di-GMP 35
times faster at 37°C than at 25°C. The mechanism by which NTHI
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FIG 8 Antibodies targeting PilA disrupted established NTHI biofilms at both 34°C and 37°C. Biofilms were formed for 24 h at 34°C or 37°C and then were fed
with medium containing antiserum against OMP P5, rsPilA, or chimV4 for 16 h. (A) At both temperatures, established biofilms were disrupted by exposure to
anti-rsPilA or anti-chimV4 but not anti-OMP P5, as seen in confocal images. Scale bars, 20 pm. (B and C) Biofilm biomass (B) and mean thickness (C) were also
significantly decreased by treatment with anti-rsPilA or anti-chimV4. Results suggest an important role for Tfp in biofilm stability at both temperatures. Bars,

significant differences versus naive serum (P < 0.0001).

senses a temperature change in the environment is currently not
known but could involve both genetic and epigenetic mecha-
nisms.

Studies of P. aeruginosa biofilm formation revealed that
twitching via Tfp is required for the initial organization of bacteria
on the substratum, and both Tfp and flagella are required to form
the “cap” structures on the mushroom-like towers formed by this
species (50). During mushroom cap formation, the flagella are
required for motility, whereas Tfp binds to extracellular DNA
(eDNA) that is produced by bacteria in the supporting “stalk”
portion of the biofilm. Here we demonstrated that, for NTHI,
biofilm tower structures can be formed only by bacteria capable of
Tfp expression. eDNA is a common structural component of bio-
films formed by many bacterial species, and we have demon-
strated the presence of eDNA lattices in NTHI biofilms formed
both in vitro and in vivo (16, 51, 52). Hence, it is likely that tower
formation in NTHI biofilms requires interaction between bacteria
expressing Tfp and eDNA. Our results suggest a unique pattern of
Tfp expression within maturing biofilms, which progresses over
time from the base of the biofilm toward the apical surface. Col-
lectively, the results of this study are consistent with the following
proposed mechanism: (i) NTHI uses its Tfp to adhere to the sub-
strate, (ii) the community of adherent NTHI bacteria organize
themselves into denser regions using twitching motility, (iii)
tower formation begins with clonal growth in these dense areas,
and (iv) a subset of bacteria use twitching motility to scale the sides
of existing bacterial structures and attach themselves at or near the
top of the nascent tower.
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Although tower structures are an integral part of biofilms
formed by many bacterial species (31), the role of these structures
is not fully known. The architecture of towers surrounded by in-
termittent water channels is thought to allow for nutrient avail-
ability and the removal of metabolic waste from the biofilm. Bio-
film towers can be particularly resistant to various antimicrobials,
including SDS detergent and tobramycin, in P. aeruginosa (53,
54). Here we showed that NTHI biofilms are highly resistant to
antibiotics when formed at either 34°C or 37°C. However, signif-
icant differences in biomass, thickness, and roughness of the bio-
films formed at 34°C versus 37°C suggested that biofilms formed
at the temperature of the hNP differed in important ways from
those formed at the typical internal body temperature of 37°C.
Biofilm towers are also highly resistant to mechanical stresses such
as shearing forces (31, 55). Given that, as a commensal in the
human NP, NTHI is subject to rapid fluctuations in airflow, tem-
perature, and mucociliary clearance, it is likely that these charac-
teristic biofilm towers contribute to its survival and persistence at
this site.

Because of the central role of Tfp in NTHI biofilm biology, PilA
is being developed by our laboratory as a potential traditional and
therapeutic vaccine candidate. Therefore, it is of interest to know
whether strategies designed to target PilA in NTHI biofilms at
37°C would also be effective against both adherent NTHI and any
biofilms formed by this microbe in the cooler NP. Here we showed
that antibodies to rsPilA were equally effective in preventing bio-
film formation at 34°C and at 37°C, consistent with the known
roles of Tfp in adherence and twitching motility. Moreover, anti-
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rsPilA was equally effective in disrupting biofilms at the two tem-
peratures. We showed recently that this disruption from the apical
surface of the biofilm is actually a dispersion mediated by quorum
sensing via the luxS system (1). The ability of anti-rsPilA to disrupt
preformed biofilms and to inhibit biofilm formation is central to
the success of PilA as a vaccine candidate for both therapeutic and
preventative immunization strategies for OM. Consequently, our
results strongly suggest that immunization strategies that target
Tfp in biofilms present within the ME may also be useful for lim-
iting the excessive growth of NTHI in the NP that is concurrent
with upper respiratory tract viral infection and is known to pre-
cede the development of OM.
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