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Rationale: Nontypeable Haemophilus influenzae (NTHi) commonly
infects patients with cystic fibrosis (CF), especially early in child-
hood. Bacteria biofilms are increasingly recognized as contributing
to bacterial persistence and disease pathogenesis in CF.
Objectives: This study investigated ability of NTHi to form biofilms
and its impact on airway epithelia using in vivo and in vitro analyses.
Methods: We evaluated bronchoalveolar lavage fluid from young
patients with CF for evidence of NTHi biofilms. To further investi-
gate the pathogenesis of NTHi in respiratory infections, we devel-
oped a novel in vitro coculture model of NTHi biofilm formation
on polarized human airway epithelial cells grown at the air–liquid
interface.
Measurements and Main Results: In bronchoalveolar lavage fluid sam-
ples from young, asymptomatic patients with CF, we found morpho-
logic evidence suggestive of NTHi biofilm formation. In addition,
10 clinical NTHi isolates from patients with CF formed biofilms
on plastic surfaces. NTHi formed biofilms on the apical surface
of cultured airway epithelia. These biofilms exhibited decreased
susceptibility to antibiotics and were adherent to epithelial surfaces.
Airway epithelial cells remained viable throughout 4 d of coculture,
and responded to NTHi with nuclear factor-�B signaling, and in-
creased chemokine and cytokine secretion.
Conclusions: NTHi formed adherent biofilms on the apical surface
airway epithelia with decreased susceptibility to antibiotics, and respi-
ratory cells exhibited inflammatory and host defense responses—
evidence of a dynamic host–pathogen interaction. The data pre-
sented here have implications both for understanding early CF lung
disease pathogenesis and for the treatment of early, asymptomatic
colonization of patients with CF with H. influenzae.
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Biofilms are increasingly recognized as contributing to disease
pathogenesis in cystic fibrosis (CF) and other respiratory tract
diseases associated with chronic bacterial infections. Pseudomonas
aeruginosa in CF sputum displays morphologic and physiologic
evidence suggestive of biofilm formation in vivo (1, 2). Biofilms
enable bacteria to persist in CF pulmonary infections (for a
review, see Reference 3). P. aeruginosa in a biofilm state can
exhibit a more than 1,000-fold increase in antibiotic resistance (4)
and more readily evades host defense factors (5). Nontypeable
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Haemophilus influenzae (NTHi) has recently been shown to
form biofilms in vitro and in otitis media (OM) (6–10); however,
there is no information on NTHi biofilm formation in the lung
or in CF.

NTHi commonly infects patients with CF, especially early in
childhood (11, 12). It is hypothesized that H. influenzae causes
inflammation and damage to the airway and acts as a gateway
organism paving the way for colonization with P. aeruginosa
(13). Supportive of this, most children with P. aeruginosa had
prior infection with H. influenzae or Staphylococcus aureus (14),
and single-pathogen infections with H. influenzae, S. aureus, or
P. aeruginosa showed no statistically significant differences for
airway inflammatory markers (15).

We hypothesized that NTHi forms biofilms on airway epithe-
lia, which leads to increased airway epithelial inflammatory
responses. We further hypothesized that NTHi biofilms form in
the lungs of patients with CF in childhood and may contribute
to early lung disease pathogenesis. Some of the results of these
studies have been previously reported in the form of abstracts
(16, 17).

METHODS

All bronchoalveolar lavage fluid (BALF) and bacterial culture samples
used in these studies were obtained using protocols approved by the
institutional review board at the University of Iowa.

Human BAL Samples

BALF samples were collected from patients with CF as part of their
standard care. Samples were immediately placed on ice before further
processing. Quantitative cultures and white blood cell counts with dif-
ferential were performed by standardized protocols in the Clinical Pa-
thology Laboratory at the University of Iowa. Remaining BALF was
processed for transmission electron microscopy (TEM) analysis as fol-
lows. BALF was centrifuged at 14,000 � g for 10 min at 4�C, fixed,
and embedded in Epon or LR White (LRW) for electron microscopic
imaging. Additional details on the experimental methods are provided
in the online supplement. For immuno-TEM, samples were labeled
overnight with an anti-NTHi monoclonal antibody, 6E4, followed by
goat anti-mouse IgG ultra-small gold secondary antibody labeling (Elec-
tron Microscopy Sciences, Hatfield, PA) and silver enhancement. The
6E4 antibody recognizes an NTHi lipooligosaccharide (LOS) epitope
and is specific for H. influenzae LOS (18). Controls for immuno-TEM
included the following: no primary antibody on LRW-embedded CF
BALF; LRW-embedded NTHi 2019 for a positive control; and LRW-
embedded 107 cfu NTHi 2019 with 105 primary human airway epithelial
cells for a centrifugation artifact control.

Bacterial Strains and Culture Conditions

NTHi strain 2019 is a clinical isolate obtained from a patient with
chronic obstructive pulmonary disease (COPD) (19). The 10 clinical
isolates of NTHi from patients with CF were obtained from the Clinical
Microbiology Laboratory at the University of Iowa. We also studied
NTHi strains 2019, 2019siaA (20), 2019siaB (21), and 2019wecA (7) in
our NTHi–epithelial coculture model. Plasmid pRSM2211 expressing
green fluorescent protein (GFP) mut3 was kindly provided by Lauren
Bakaletz (22) and was electroporated into NTHi strain 2019 and NTHi
strain 2019wecA by methods previously described (23). All strains were
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reconstituted from frozen glycerol stock cultures and propagated on
brain heart infusion (BHI) agar or broth (Difco, Detroit, MI) supple-
mented with 10 �g of hemin (Sigma Chemical Co., St. Louis, MO) per
milliliter and 10 �g of nicotinamide-adenine nucleotide (Sigma) per
milliliter at 37�C. For pRSM2211 plasmid selection, kanamycin (Sigma)
20 �g/ml was added to BHI broth or agar.

Microtiter Biofilm Formation Assay

Biofilm formation by NTHi clinical isolates was assessed using a 96-
well microplate as previously described (8, 24). Additional details on
the experimental methods are provided in the online supplement.

Airway Epithelial–NTHi Cocultures

Calu-3 cells (ATCC No. HTB-55) were prepared and grown at the air–
liquid interface with media containing Ultroser-G (Biosepra, Cergy-
Saint-Christophe, France) as previously described for primary cultures
of human airway epithelia (25). Penicillin, streptomycin, gentamicin,
and fluconazole used in initial establishment of epithelial cultures were
removed by repeated apical and basolateral washings, and antibiotic-
free media changes over 4 to 5 d. To establish bacterial colonization
of the epithelial surface, 20 multiplicity of infection (MOI) (2 �
107 cfu) of NTHi bacteria were suspended in 50 �l of phosphate-buffered
saline (PBS) and added to the apical surface. The antibiotic-free basolat-
eral media were changed daily throughout all coculture experiments.
Transepithelial resistance was measured using an EVOM-G ohm meter
(World Precision Intruments, Sarasota, FL) after the addition of 200
�l of Dulbecco’s modified Eagle medium (DMEM)/Hams F-12 (Gibco,
Carlsbad, CA) on the apical surface.

Confocal Microscopy

All confocal microscopy experiments used NTHi strain 2019 or
2019wecA containing pRSM2211 expressing GFPmut3 imaged on a
Bio-Rad 1024 confocal microscope (Bio-Rad, Hercules, CA). Kanamycin
was used for plasmid selection pressure until suspension in PBS before
inoculation. In separate experiments, we found that pRSM2211 was
highly stable in NTHi strain 2019 and showed no decrease in fluores-
cence until passaged 10 to 15 times without antibiotic selection. For
each time point, five stacked images at 400� magnification (270 � 270
�m) were obtained and average values were used for statistical analyses.
Each of the five stacked images were selected from an apical surface
area at random using the following method: (1 ) the z-focal plane was
brought above the point where bacteria could be visualized; (2 ) the
sample was moved on the x and/or y axis; (3) the z-focal plane was then
lowered; (4) if the cell surface was obscured by sloughed cells or debris,
the process was restarted; (5 ) the first unobstructed cell surface area
was imaged regardless of epithelial cell contour or bacterial content;
(6 ) the z axis was again brought above the focal plane and the process
repeated. The first five stacked images were used for further analyses.
Three-dimensional rendering was performed using Imaris 4.2 (Bitplane,
St. Paul, MN), and quantification of biofilm mass was performed using
MatLab (The MathWorks, Inc., Natick, MA) and COMSTAT analysis
(BioCentrum-DTU, Lungby, Denmark) (26).

NTHi Biofilm Adherence

NTHi–airway epithelial cocultures were grown as described above. To
assess NTHi biofilm adherence to epithelia, apical surfaces of the cocul-
ture underwent daily washes to remove nonadherent bacteria. Washes
consisted of 200 �l of 1:1 DMEM:Hams F12 media pipetted onto the
cell culture insert interior wall and then aspirated off the contralateral
wall vigorously five times on a daily basis before sample processing for
transepithelial resistance, colony counts, and electron microscopy.

Biofilm Susceptibility to Antibiotics

To determine if NTHi in biofilms exhibited decreased susceptibility to
killing by antibiotics, epithelia were inoculated with NTHi 2019 as
described above. Bacteria in coculture were then either (1 ) exposed
to antibiotics from Days 0–3, starting at the time of NTHi inoculation
(nonbiofilm condition) and bacteria collected on Day 3 or (2 ) allowed
to form a biofilm over 3 d in antibiotic-free conditions before exposure
to antibiotics on Days 3–6 (biofilm condition) and bacteria harvested
on Day 6. For the nonbiofilm condition, we added gentamicin (Celgro,

Warren, NJ) to the Day 0–3 basolateral media in varying concentrations
(0, 1, 10, or 25 �g/ml). For the biofilm condition, antibiotic-free media
was used on Days 0–3 before adding the same concentrations of genta-
micin to the basolateral media on Days 3–6. Media were changed on
a daily basis in both conditions. To collect bacteria from the coculture,
200 �l of 1:1 DMEM/Hams F12 were added and vigorously pipetted
directly onto the apical cell culture surfaces. Bacteria were then vor-
texed to disrupt biofilm structures, diluted in PBS, plated on supple-
mented BHI plates, incubated overnight at 37�C, and manually counted
to determine surviving colony-forming units (n � 3–6). Because genta-
micin poorly penetrates cells, gentamicin concentrations were measured
in the apical washings with a CEDIA assay (Diagnostix, Mississauga,
ON, Canada) using a Hitachi P-module (Roche Modular Instruments,
Indianapolis, IN) in the Clinical Laboratory at the University of Iowa.
To determine if the recovered bacteria changed their gentamicin suscep-
tibility during coculture, recovered NTHi bacteria from the apical
washes on Day 3 or 6 were also plated on supplemented BHI plates
with 1 �g/ml gentamicin. We additionally plated recovered bacteria on
unsupplemented BHI plates with factor X and factor V discs (Remel,
Lenexa, KS) to ensure that the recovered bacteria were H. influenzae
and not a contaminant. Gentamicin invasion assays were performed as
previously described (27, 28) using the standard 50-�g/ml and a higher
100-�g/ml gentamicin concentration because of the concern of de-
creased susceptibility of NTHi to gentamicin in a biofilm state.

Airway Epithelial Nuclear Factor-�B Signaling

Airway epithelial cultures were initially prepared as described above.
Cell cultures were basolaterally infected with a replication incompetent
adenoviral vector (MOI 10) containing nuclear factor (NF)-�B response
elements driving a luciferase reporter as previously described (29). One
day after transduction, epithelia were treated with 100 ng/ml recombi-
nant human interleukin (IL)-1� (Sigma) on the apical and basolateral
surfaces, or were apically inoculated with NTHi 2019, as described
above. As a negative control, epithelia were incubated with 100 �l of
PBS apically and 500 �l of media basolaterally. One day after stimula-
tion with IL-1� or NTHi, cells were lysed and luciferase activity
measured (Luciferase Assay System; Promega, Madison, WI) per the
manufacturer’s recommendations using a Monolight 3010 luminometer
(Pharmogen, San Diego, CA).

Basolateral Chemokine and Cytokine Abundance

We measured IL-8 and tumor necrosis factor (TNF)-� protein concen-
trations in the basolateral media using IL-8 (Human IL-8 OptEIASet;
BD Biosciences, San Jose, CA) and TNF-� (DuoSet DY210; R&D
Systems, Minneapolis, MN) ELISA kits per the manufacturers’ instruc-
tions. We also measured CCL20 abundance by ELISA using anti-human
MIP-3 �/CCL20 monoclonal antibody and biotinylated affinity purified
anti-human macrophage inflammatory protein (MIP)-3�/CCL20 poly-
clonal antibody (MAB360 and BAF360, respectively; R&D Systems).
Additional detail on the method for the CCL20 ELISA is provided in
the online supplement. All three ELISAs used the same samples stored
at –80�C (n � 5) and were run in duplicate to ensure reproducibility.

Statistical Analysis

All analyses of statistical significance were performed with one-tailed
Student’s t tests using Microsoft Excel (Microsoft Corp., Redmond,
WA). p values less than 0.05 were considered statistically significant.
For quantification of biofilm mass, each datapoint used was the mean
biomass of five randomly imaged areas from a single coculture. Mean
biomass values from different coculture experiments were used for
further statistical analyses.

RESULTS

Using electron microscopy, we found evidence of structures con-
sistent with NTHi biofilms in airway lavage samples from young,
asymptomatic patients with CF. NTHi often colonizes the airway
early in CF (12, 14, 30), but no H. influenzae biofilm structures
have been previously observed in lung samples. As part of their
routine care, BALF from patients with CF was obtained to
monitor bacterial colonization and inflammation in the lung. In
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10 young patients with CF never colonized or not currently
colonized with P. aeruginosa in their lower airways, we obtained
and fixed BALF material. In the 7 of the 10 samples that either
grew no bacteria on culture or had less than 50% of neutrophils
in their BALF (see Table 1), we found no bacteria in a biofilm
morphology. Of these seven patients, only two (Patients 6 and
9) had bacteria detected on epithelial surfaces (data not shown).
We found structures consistent with biofilms in two of the three
patients with both greater than 105 cfu/ml of pathogenic bacteria
and 50% or more neutrophils in their BALF (see Figure 1). The
overall area and numbers of bacteria involved in these structures
are more extensive than would be expected with a microcolony,
and are suggestive of more mature biofilms. Of note, due to the
nature of sample processing and TEM imaging, the matrix of
the biofilm is not apparent. To visualize the matrix in subsequent
in vitro experiments, we used scanning electron microscopy
(SEM) with osmium–perfluorocarbon fixation to preserve the
hydration of structures like biofilms. Both of these patients were
17 mo of age and had no pulmonary symptoms other than occa-
sional cough. To further verify the bacteria as NTHi, we used
immunolabeling with an antibody specific to an H. influenzae
LOS antigen on both of these patients’ samples. As shown in
Figure 1, the bacteria in the biofilm from Patient 3 were labeled
by the H. influenzae LOS-specific monoclonal antibody. This is
the first in vivo evidence of NTHi biofilm formation in human
lung disease. In contrast, the bacteria in the biofilm in Patient
Sample 4, whose culture predominantly grew S. aureus, had no
significant labeling with the NTHi-specific monoclonal antibody
(data not shown). The “no primary antibody” control showed
no significant labeling, and LRW-embedded NTHi 2019, which
was immunostained in an identical manner, displayed the same
pattern of bacterial labeling as seen in the CF BALF (see Figure
E1 of the online supplement). To verify that the bacterial struc-
tures seen were not products of centrifugation artifact, we pro-
cessed and immunolabeled 107 cfu of NTHi 2019 and 105 freshly
dissociated primary human airway epithelial cells in the same
manner as the BALF. We found no similar bacterial structures
associated with epithelial cells (data not shown).

After finding evidence suggesting that NTHi formed struc-
tures consistent with biofilms in vivo, we sought to determine if

TABLE 1. ANALYSIS OF CYSTIC FIBROSIS BRONCHOALVEOLAR
LAVAGE FLUID

Pt Age (yr) H. flu S. a. WBC PMNL Adherence Communal

1 8.8 ND ND 35 28 (80%) ND ND
2 4.4 ND 640k 1,145 882 (77%) ND ND
3 1.4 800k ND 1,540 1,155 (75%) 	 	†

4 1.4 50k 10M 4,050 2,957 (73%) 	 	

5 7.4 ND ND 1,255 678 (54%) ND ND
6 3.1 ND ND 1,705 887 (52%) Rare ND
7 12.3 ND ND 448 193 (43%) ND ND
8 4.2 700k ND 409 86 (21%) ND* ND
9 1.4 1M ND 547 33 (6%) 	 ND

10 3.4 ND ND 155 8 (5%) ND ND

Definition of abbreviations: H. flu � Haemophilus influenzae cfu/ml; k � thousand;
M � million; ND � not detected; PMNL � polymorphonuclear lymphocyte count
per cubic milliliter of bronchoaleolar lavage fluid; Pt � patient; S. a. � Staphylococ-
cus aureus cfu/ml; WBC � white blood cell count per cubic milliliter of bronchoal-
veolar lavage fluid.

Bronchoalveolar lavage fluid from 10 young patients with cystic fibrosis was
analyzed by quantitative culture and cell count. Ages shown are in years at the
time of bronchoscopy. Adherence and Communal refer to individual or groups
(microcolony or biofilm) of bacteria adherent to airway epithelia, respectively.

* No epithelia on sample.
† H. influenzae by labeling using monoclonal antibody 6E4.

Figure 1. Evidence for nontypeable Haemophilus influenzae (NTHi) bio-
film formation early in cystic fibrosis (CF). Bronchoalveolar lavage fluid
(BALF) from an asymptomatic, previously uncolonized 17-mo-old pa-
tient with CF revealed bacteria adherent to cell surfaces (CF BALF Patient
3 from Table 1). (A ) Immuno–transmission electron microscopy (-TEM)
of LR White–embedded CF BALF with a monoclonal antibody against an
H. influenzae–specific lipooligosaccharide antigen with small immuno-
gold and -silver enhancement, labeled bacteria in the biofilm. (B ) Higher
power magnification of immunolabeling. “(C)” indicates host cells.

clinical isolates of NTHi formed biofilms. Using an in vitro batch
biofilm assay on plastic surfaces, all CF NTHi isolates formed
biofilms to varying degrees (see Figure 2). Planktonic growth
curves showed no significant differences between isolates (data
not shown). Some isolates (Nos. 1, 2, 3, and 7) formed signifi-
cantly greater biofilm mass than other isolates (Nos. 4, 5, 6, and
8; p 
 0.0001). This finding demonstrates that the ability to form
biofilms is common in CF NTHi isolates.

To further investigate NTHi biofilm formation, we developed
a model of NTHi cocultured on polarized human airway epithe-
lia. Importantly, no medium was apically supplied to the bacteria
in this model, requiring the bacteria to obtain all nutrients and
growth factors from or through the polarized airway epithelial
layer, mimicking conditions in an in vivo lung infection. On the
basis of several morphologic criteria, NTHi formed structures
consistent with biofilms over 4 d of coculture on air–liquid inter-
face cultured airway epithelia. Structurally, biofilms are a com-
munity of microorganisms encased in a matrix, attached to a
surface. As shown in Figure 3, NTHi bacteria were initially
scattered over the cell surface with little associated matrix forma-
tion. Over subsequent days of coculture, matrix formation

Figure 2. Clinical isolates of H. influenzae from patients with CF form
biofilms on plastic surfaces. Ten clinical strains of H. influenzae from
patients with CF were grown in supplemented brain heart infusion (BHI)
broth overnight. Biofilm density was quantified by crystal violet staining
as described in METHODS, with error bars indicating the standard error
of the mean (n � 6). OD � optical density.
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Figure 3. Airway epithelial cul-
tures infected with NTHi show
progressive biofilm formation
over time. Samples were inocu-
lated with NTHi and imaged at
4 h, 1 d, 2 d, and 4–5 d. Repre-
sentative confocal (A, D, G, J ),
scanning electron microscopic
(SEM; B, E, H, K ), and TEM im-
ages (C, F, I, L ) are shown. Four
hours (A–C ): scattered bacteria
on the apical surface with virtu-
ally no matrix; however, some
microcolonies are starting to
form; Day 1 (D–F ): thin matrix
production and areas of larger
microcolonies; Day 2 (G–I ):
more extensive matrix and
larger biofilm structures have
formed; Days 4–5 (J–L ): thick
matrix entirely obscuring the
apical surface in some areas.
Grid boxes on confocal images
represent 30 �m2. Scale bars on
all SEM images indicate 5 �m.
TEM scale bars indicate 2 �m
on 4-h–Day 2 images and 10
�m on Days 4–5. Black arrows
indicate areas of individual bac-
teria, and white arrows indicate
larger biofilm structures.

increased, resulting in large biofilm structures measuring over
20 �m in depth. By Day 4, communities of NTHi bacteria were
observed within a matrix on the apical surface of epithelia. Addi-
tional images of the NTHi–epithelial coculture model are shown
in Figure E2. To quantitate bacterial structures, GFP-labeled
bacteria were cocultured and imaged using confocal microscopy.
Three-dimensional rendering and biomass analyses showed sig-
nificantly (p 
 0.01) increasing biofilm mass through Day 4 (see
Figure 4) and were visually similar to the qualitative SEM and
TEM images in Figure 3.

Because NTHi biofilm formation on plastic surfaces may be
less clinically relevant than biofilm formation on epithelial sur-
faces or in vivo, we selected a robust biofilm-forming CF NTHi
isolate (No. 3) and a poor biofilm-forming isolate (No. 4) as

identified in Figure 2, and determined their capacity to form
biofilms in the epithelial coculture model. Isolate 3 formed larger
and more extensive biofilms than Isolate 4 (see Figure E3). This
was especially apparent at lower magnifications. Thus, CF NTHi
isolates form biofilms on airway epithelia and the quantitative
biofilm formation on plastic surfaces correlates with the qualita-
tive biofilm formation in coculture.

After showing morphologic evidence of NTHi biofilms, we
next investigated if these structures displayed functional charac-
teristics of biofilms. To test if NTHi biofilms displayed decreased
susceptibility to antibiotics, we exposed NTHi–epithelial cocul-
tures to gentamicin for 3 d, either starting on Day 0 at the time
of NTHi inoculation (nonbiofilm condition) or starting on Day 3
after coculturing the bacteria in antibiotic-free conditions to
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Figure 4. Quantification of NTHi biofilms in coculture. Quantification
of green fluorescent protein–labeled NTHi biofilms grown in coculture
on Calu-3 cells as shown in Figure 3. Each datapoint represents the mean
biomass of five randomly imaged areas from a single coculture at the
times shown. Each graphed value represents the average of the mean
biomass values from different coculture experiments, with error bars
indicating the standard error of the mean (n � 6–8, except phosphate-
buffered saline [PBS], n � 3). *p 
 0.001 versus Day 4.

establish biofilms (biofilm condition). In the NTHi biofilm condi-
tion, we recovered significantly more bacteria from the apical
epithelial surface in the 10- and 25-�g/ml gentamicin concentra-
tions (p 
 0.05; see Figure 5). To ascertain if the bacteria had
become intrinsically less susceptible to killing by antibiotics or
if growth in the biofilm state conferred decreased antibiotic
susceptibility, the recovered bacteria were additionally inocu-
lated on supplemented BHI agar plates with 1 �g/ml gentamicin.
All apically recovered NTHi remained susceptible to 1 �g/ml
gentamicin. The minimal inhibitory concentration of gentamicin
for NTHi 2019 by microbroth dilution and radial diffusion assay
was 0.25 �g/ml or less. Because gentamicin poorly penetrates
cells and apical abundance of antibiotic may have been lower
in the basolateral media, we measured concentrations of genta-
micin in the recovered apical bacterial washings. Gentamicin
concentrations averaged 1.4, 6.7, and 17.5 �g/ml for the 1-, 10-,
and 25-�g/ml basolateral conditions, respectively, indicating a
93% penetration of gentamicin to the apical surface on average.
We also determined the relative proportion of intracellular, inva-
sive bacteria versus extracellular bacteria in Day 3 cocultures
using established methods of apical gentamicin applied for 1.5 h
to kill extracellular bacteria, and then lysing the cells to release
intracellular bacteria. We found that an average of 1.4 and 0.18%
(2.6 and 0.32% SD) of bacteria invaded intracellularly in the
50- and 100-�g/ml apical gentamicin concentrations, respectively
(n � 4). However, because NTHi bacteria in biofilms display
increased survival with gentamicin exposure, as shown above,
this may complicate this invasion assay. Therefore, we cannot

Figure 5. NTHi in a biofilm survives high concentrations
of gentamicin. NTHi–airway epithelial cocultures were ex-
posed to the indicated concentrations of gentamicin. For
the nonbiofilm condition, gentamicin was added from Day
0 at time of NTHi inoculation, until Day 3, when the apical
bacteria were recovered. For the biofilm condition, we
allowed NTHi to form a biofilm over 3 d in antibiotic-free
conditions before exposure to gentamicin on Days 3–6,
after which the bacteria were recovered. Mean values for
each condition with error bars indicating the standard error
of the mean are shown. Significantly more bacteria survived
in the biofilm/Day 3–6 biofilm condition compared with
the nonbiofilm/Day 0–3 condition at the 10- and 25-mg/ml
gentamicin concentrations (n � 3–6).

exclude the possibility of NTHi surviving for reasons other than
intracellular invasion. We also found decreased NTHi suscepti-
bility to penicillin in similar studies (data not shown). To assess
bacterial adherence to epithelia, we vigorously washed the apical
surface of the cell cultures on a daily basis through the coculture
experiment. Recovered bacteria were not statistically different
in the unwashed control and washed samples, except on Day 4
of the experiment, which averaged 3.6 � 106 cfu for the washed
sample, versus 2.2 � 107 cfu in the unwashed control (p � 0.04,
n � 3). Although the washings moderately disrupted the biofilms,
as shown by decreased biofilm size and less extensive coverage
of the epithelial surface, biofilm structures persisted throughout
the 4-d experiment and were qualitatively similar to Day 2 un-
washed biofilms (see Figure E4). Therefore, despite vigorous
daily washing of the apical surface, bacterial counts and biofilm
formation persisted. Although in both the antibiotic susceptibil-
ity and adherence experiments, the bacteria in biofilms were
disrupted by extensive vortexing, we cannot exclude the possibil-
ity that residual clumping of the bacteria, or the bacteria being
in a viable but nonculturable biofilm state (31) may have under-
estimated colony counts. Thus, NTHi bacteria in this coculture
model exhibit two functional characteristics of biofilms: adher-
ence and decreased susceptibility to killing by antibiotics.

We hypothesized that NTHi biofilm formation on epithelia
requires matrix formation and the ability to incorporate sialic
acid into the biofilm, as suggested by previous studies (6, 7). To
test this hypothesis, NTHi 2019siaA, 2019siaB, and 2019wecA
were cocultured on airway epithelia. These three bacterial strains
are deficient in producing the sialylated exopolysaccharide that
forms NTHi’s biofilm matrix. By Day 3, many bacteria were
observed scattered above the microvilli on the apical surface,
but matrix production was diminished and no substantial biofilm
structures were observed (see Figure 6). In contrast, large biofilm
structures with extensive matrix formed in the parent NTHi 2019
and clinical CF NTHi samples. The 2019wecA mutant generally
had the thinnest biofilm formation; in contrast, both the siaA and
siaB mutants varied more in biofilm thickness. Quantification
of Day 3 cocultured NTHi biofilms using confocal microscopy
showed similar results and revealed significantly decreased biofilm
mass in the NTHi strain 2019wecA mutant (mean, 0.04 �m3/�m2;
SD, 0.02 �m3/�m2) compared with the 2019 wild-type strain (mean,
0.21 �m3/�m2; SD, 0.09 �m3/�m2; p � 0.02, n � 4). For Imaris
three-dimensional renderings of NTHi strain 2019 and 2019wecA
biofilms, see Figure E5.

This bacterial–epithelial model allows for intimate contact
between host and pathogen. We hypothesized that airway epithe-
lia would recognize and respond to NTHi biofilm formation on
their apical surface. When grown at the air–liquid interface,
airway cells form a polarized epithelial monolayer with apical
tight junctions, creating a barrier with high transepithelial
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Figure 6. NTHi bacteria deficient in producing a sialylated exopolysac-
charide form biofilms poorly. Epithelial cultures were apically infected
with NTHi and allowed to form biofilms for 3 d. (A, B ) Wild-type NTHi
2019 (Wt) or clinical isolates form robust biofilms. NTHi 2019 with
mutations in siaA2019 (siaA; C, D ), 2019siaB (siaB; E, F ), and 2019wecA
(wecA; G, H ) had many bacteria on the epithelial surface, but formed
biofilms much more poorly. Scale bars on 2,500� and 500� magnifica-
tions indicate 5 and 20 �m, respectively. Black arrows indicate areas of
individual bacteria, and white arrows indicate larger biofilm structures.

resistance. The transepithelial resistance remained stable and
unchanged from uninfected controls throughout the 4 d of cocul-
ture with NTHi (data not shown). However, while retaining
barrier function, epithelia actively responded, as shown by
NF-�B signaling (see Figure 7A), and significantly increased
secretion of IL-8 at all time points, CCL20 (MIP-3�) at all time
points except Day 4, and TNF-� at the 4-h and 2-d time points
(see Figures 7B–7D). Thus, the airway epithelia responded to
NTHi infection by increasing innate and adaptive immune
responses.

DISCUSSION

Lung lavage samples from very young patients with CF contained
H. influenzae in structures consistent with biofilm formation.
This is the first in vivo evidence of NTHi biofilm formation within
the human lower airways. In support of this finding, clinical
NTHi isolates from patients with CF formed biofilms in vitro.
Furthermore, our in vitro coculture results suggest that NTHi
bacteria adhere and form antibiotic-resistant biofilms on the
apical surface of airway epithelia. The epithelia, in turn, respond
by increased secretion of several innate and adaptive immune
factors that mediate inflammation. Because inflammation is be-
lieved to be a key element initiating CF lung disease (for a review,
see Reference 32), aggressively managing NTHi infections and
the resultant proinflammatory products could potentially help
to delay the onset of lung damage and/or chronic bacterial coloni-
zation. The observation of biofilms in BALF from very young
patients with CF may have particular relevance to early CF
lung disease pathogenesis and the treatment of asymptomatic
children colonized with H. influenzae.

H. influenzae Forms Biofilms on Airway Epithelia

We show that NTHi forms biofilms on airway epithelia with
both morphologic and functional data. These are the first data
showing H. influenzae biofilms exhibit decreased susceptibility
to killing by antibiotics. NTHi resistance to killing depended
on growth in the biofilm state, as bacteria removed from the
gentamicin- and penicillin-resistant biofilms remained suscepti-
ble to planktonic minimal inhibitory concentration antibiotic
concentrations. Other bacteria that form biofilms exhibit similar
patterns of antibiotic susceptibility (33, 34). Several other lines of
evidence support NTHi biofilm formation in vivo. NTHi biofilms
were directly visualized in middle ear aspirates from children
with OM (10). Similarly, NTHi forms biofilms in the chinchilla
model of OM (9). In addition, RNA from NTHi can be detected
in sterile middle ear aspirates of children with OM (31), providing
indirect evidence of biofilm formation. Furthermore, monthly spu-
tum cultures from patients with COPD reveal intermittent nega-
tive cultures despite continuous colonization by the same isolate
proven by molecular typing, suggesting that the organism is
present despite negative sputum cultures (35). One hypothesis
for the intermittently negative cultures is that culture methods
designed to detect planktonic growth may be less sensitive for
detecting slow-growing bacteria in biofilms.

Part of the definition of a biofilm is that its matrix is self-
produced. Because Calu-3 cells produce mucus, it could be ar-
gued that the structures seen in the coculture model were bacte-
ria covered in epithelial mucus. Definitive proof of bacterial
matrix versus epithelial mucus is complicated by the fact that
NTHi biofilm matrix consists of 2,6 linked sialic acid on a polysac-
charide backbone that is virtually indistinguishable from human
mucus (7). Although we did not definitively show that NTHi
produced the matrix seen in the coculture model, there are three
lines of evidence that strongly suggest that this is the case. First,
NTHi can be seen throughout these structures on confocal micro-
scopic and TEM imaging. Second, the structures seen in these
studies are morphologically similar to NTHi biofilms in other
models only containing bacteria (7). Third, and most compelling,
the 2019wecA matrix mutant and 2019siaA/B sialylation mutants
failed to produce robust biofilms with a prominent matrix in
coculture (Figure 6). If the structures associated with the wild-
type bacteria were epithelially derived mucus produced in re-
sponse to bacterial stimulation, we would expect similar biofilm-
like mucus production by the sialylation mutants and wild-type
NTHi, since they had the same numbers of bacteria.
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Figure 7. Airway epithelial responses to NTHi bio-
films. (A ) Epithelial cultures were basolaterally trans-
fected with adenovirus containing nuclear factor-�B
response elements driving luciferase. Cell lysates from
adenovirus transduced cells were obtained 1 d after
stimulation with PBS (negative control), 100 ng/ml
interleukin (IL)-1�, (positive control), or apical infec-
tion with NTHi (n � 11). (B–D ) ELISA analysis of the
basolateral media from control uninfected and NTHi-
infected airway epithelial cultures sampled at 4 h,
1 d, 2 d, and 4 d for the indicated chemokines and
cytokines (n � 5). Mean values for each condition
with error bars indicating the standard error of the
mean are shown. *p 
 0.05.

NTHi in Early CF Lung Disease

NTHi is a major pathogen in CF. Often disregarded as an oral
contaminant, NTHi commonly colonizes the upper respiratory
tract (36, 37). However, this common human upper respiratory
tract commensal is also a significant pathogen in the lower
respiratory tract of patients with CF (11–13, 15, 38–40). In BALF
studies on infants with CF, H. influenzae is the bacteria most
commonly cultured, and it is only later in childhood that
P. aeruginosa becomes more prevalent (12). Approximately 82%
of children with P. aeruginosa had previous isolates of S. aureus
or H. influenzae (14). During exacerbations of CF lung disease
in children, the isolation rate of H. influenzae was significantly
greater than at other times (38).

NTHi Biofilms: A Possible Link to Early CF Lung Disease

For reasons that are not fully understood, NTHi causes persistent
infections despite appropriate antibiotic therapy in diseases with
abnormalities of mucociliary clearance, such as COPD (35, 41)
and CF (11, 38–40). Because H. influenzae forms biofilms on
airway epithelia that display decreased susceptibility to antimi-
crobials, this may help to explain why such infections persist
despite antibiotic treatment in OM, COPD, and CF (40, 42, 43).
In CF, some strains of drug-resistant H. influenzae can persist
for up to 7 yr, and many patients are colonized with multiple
strains of H. influenzae (40). Supporting the relevance and im-
portance of these findings, several other lines of evidence suggest
NTHi disease may be biofilm related (9, 10, 31, 35).

We also show that H. influenzae biofilms cause the release of
proinflammatory cytokines and chemokines by airway epithelia.
Previous studies reported that H. influenzae stimulates respira-
tory epithelial production of macrophage-inflammatory proteins,
IL-8, and TNF-� in cell culture (44) and mouse models (45).
These data support the idea that airway epithelia play key roles
in innate immunity and may help to signal and coordinate both
innate and adaptive immune responses. Because some of these
factors, such as CCL20, possess antimicrobial activity (46), the
epithelia may additionally have direct innate immune roles to
help clear bacterial infections. It is currently unknown if any of
these factors may influence bacterial biofilm formation, but other
airway surface liquid components, such as lactoferrin, are known
to possess such properties (47).

It is hypothesized that inflammation from H. influenzae causes
damage to the airway and paves the way for colonization with
P. aeruginosa (13). Supporting a role for H. influenzae in causing

inflammation and airway damage, single-pathogen infections
with H. influenzae, S. aureus, or P. aeruginosa have no significant
differences in BALF IL-8 or neutrophil counts, two hallmark
inflammatory markers in CF lung disease (15). Many CF centers
currently do not treat H. influenzae detected on throat or BALF
cultures. The data presented here provide a rationale for consid-
ering treatment of early, asymptomatic colonization with
H. influenzae. A recent European consensus report for early
intervention in CF recommended 2- to 4-wk antibiotic courses
for eradication of H. influenzae when it is detected (48).

Conclusions

To our knowledge, this is the first in vivo evidence of NTHi
biofilm formation within the human lower airways. Furthermore,
this is the first in vitro model for bacterial biofilm formation on
polarized human airway epithelia. Over 4 d of coculture on
airway epithelial cells, NTHi formed large, adherent biofilm
structures with decreased antibiotic susceptibility. These data
also suggest that the airway epithelium plays an active role in
innate immune responses to NTHi infections, as evidenced by
cytokine and chemokine release, and NF-�B signaling. Most
significantly, in addition to NTHi isolates forming biofilms
in vitro, these data provide preliminary in vivo evidence that
H. influenzae forms structures consistent with biofilms very early
in the pathogenesis of CF, even before the onset of clinical signs
or symptoms of lung disease.
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