
INFECTION AND IMMUNITY,
0019-9567/99/$04.0010

Aug. 1999, p. 4161–4170 Vol. 67, No. 8

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Infection of Primary Human Bronchial Epithelial Cells by
Haemophilus influenzae: Macropinocytosis as a Mechanism of

Airway Epithelial Cell Entry
MARGARET R. KETTERER,1 JIAN Q. SHAO,1 DOUGLAS B. HORNICK,2 BEN BUSCHER,1

VENKATA K. BANDI,3 AND MICHAEL A. APICELLA1*

Department of Microbiology1 and Department of Medicine,2 The University of Iowa, Iowa City, Iowa,
and Department of Medicine, Baylor College of Medicine, Houston, Texas3

Received 14 January 1999/Returned for modification 21 March 1999/Accepted 14 May 1999

Nontypeable Haemophilus influenzae is an exclusive human pathogen which infects the respiratory epithe-
lium. We have initiated studies to explore the interaction of the nontypeable H. influenzae strain 2019 with
primary human airway epithelial cells by electron and confocal microscopy. Primary human airway cell
cultures were established as monolayers on glass collagen-coated coverslips or on semipermeable membranes
at an air-fluid interface. Scanning electron microscopy indicated that bacteria adhered to nonciliated cells in
the population. The surface of infected cells showed evidence of cytoskeletal rearrangements manifested by
microvilli and lamellipodia extending toward and engaging bacteria. Confocal microscopic analysis demon-
strated that infection induced actin polymerization with an increase in cortical actin as well as evidence of actin
strands around the bacteria. Transmission electron microscopic analysis showed lamellipodia and microvilli
surrounding organisms, as well as organisms adherent to the cell surface. These studies also demonstrated the
presence of bacteria within vacuoles inside of airway cells. Confocal microscopic studies with Texas red-labeled
dextran (molecular weight, 70,000) indicated that H. influenzae cells were entering cells by the process of
macropinocytosis. These studies indicate that nontypeable H. influenzae can initiate cytoskeletal rearrange-
ment within human airway epithelium, resulting in internalization of the bacteria within nonciliated human
airway epithelial cells by the process of macropinocytosis.

Nontypeable Haemophilus influenzae (NTHI) is a nonencap-
sulated, gram-negative pleomorphic rod-shaped bacterium
which colonizes the upper airway of the majority of individuals
(25). An opportunistic pathogen, it frequently infects airway
surfaces that have been compromised by obstruction or loss of
mucociliary clearance mechanisms. It is the pathogen most
frequently isolated from sputa of patients with acute exacer-
bations of chronic bronchitis (25, 27) and is isolated from
approximately 30% of children with purulent otitis media (32).

A number of studies have examined the pathogenesis of H.
influenzae by experimental infection of human tissue. Studies
by Farley and coworkers (11, 12) using infected adenoidal
explants showed that H. influenzae type b strains did not enter
the airway epithelial cells but appeared to pass between cells
which were losing lateral contact with neighboring cells. St.
Geme and Falkow showed that H. influenzae could invade
non-airway-derived tissue culture cells (28). Recently, Holmes
and Bakaletz demonstrated attachment of nontypeable H. in-
fluenzae using human oropharyngeal cells in suspension (18).
These authors also demonstrated cytoskeletal changes in these
cells following attachment.

We have utilized a system to culture primary human airway
epithelial cells in order to study the interaction of NTHI and
human airway epithelium. These studies have been performed
on cells grown submerged on collagen-coated glass coverslips
or at an air-fluid interface on polycarbonate membranes. For
comparison, infection studies were also performed on a simian
virus 40 (SV40)-transformed human bronchial epithelial line,

designated 16HBE14. Both types of cells grown submerged or
at the air-fluid interface were studied by scanning electron
microscopy (SEM), confocal laser scanning microscopy
(CLSM), and transmission electron microscopy (TEM). These
studies demonstrated that NTHI adhered primarily to noncili-
ated airway epithelial cells and induced cytoskeletal changes
manifested by directed extension of microvilli and formation of
lamellipodia. Electron and confocal microscopic analysis indi-
cate that macropinocytosis is a mechanism of NTHI entry into
airway epithelial cells.

MATERIALS AND METHODS

Bacteria. Experimental infections of airway cells were carried out by using
NTHI strains 2019, 3198, 1479, and 7502. Bacteria were reconstituted from
frozen stock cultures and plated on brain heart infusion supplemented with 2%
Fildes (Difco, Detroit, Mich.). These strains were obtained from our own col-
lection and were originally isolated from the sputa of adult males with chronic
bronchitis (5). Electron microscopy studies confirmed the presence of circum-
ferential pili and fibrils on all NTHI strains that were used in the studies de-
scribed. PCR analysis indicated that the genomes of all strains contained hmw1
and that strain 2019 also contained hmw2. The gene for hemagglutination inhi-
bition could not be demonstrated in the genomes of any of the NTHI strains used
in these studies.

Primary cell cultures. Primary human airway epithelial cells were obtained
from nasal polyps (one patient), from normal bronchial tissue (one individual)
from a surgical specimen, and from bronchial brushings taken from healthy
human volunteers by bronchoscopy. Tissue samples from nasal polyps or bron-
chial tissue were treated at 4°C in Ca-free/Mg-free Hanks’ balanced salt solution
freshly supplemented with pronase at 1.5 mg/ml and DNase at 0.1 mg/ml (both
reagents were obtained from Sigma Chemical Co., St. Louis, Mo.). Digestion of
the tissue was halted after 48 h by the addition of fetal bovine serum to 10%
(vol/vol). The resulting cell suspension was washed twice with Airway Medium
(AM). AM consists of high-glucose Dulbecco’s modified Eagle medium and
Ham’s F-12 medium (Gibco BRL, Grand Island, N.Y.) combined in equal
volumes and supplemented with 5% heat-inactivated fetal bovine serum, 1%
nonessential amino acids, 1% penicillin-streptomycin mix, and human insulin to
5 mg/ml (Sigma Chemical Co.).

Samples obtained by bronchial brushing were collected into Ham’s F-12 me-
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dium containing penicillin-streptomycin and gentamicin and were stored cold
until they could be distributed onto the desired growth surfaces, usually within
24 h of the time of collection. From this point, the brushings and the suspensions
of airway epithelial cells were handled similarly. The cell suspensions were
pelleted and resuspended in AM at an approximate concentration of 5 3 105

cells per ml. For submerged cultures, cell suspensions in AM were seeded at 50
to 60 ml onto sterile 12-mm-diameter glass coverslips previously coated with a
solution of 0.5 mg of bovine collagen (Worthington Biochemical Corp., Free-
hold, N.J.) per ml in distilled water. These cells were used for SEM and CLSM
studies. Airway cells were also grown submerged on tissue culture well insert
units (BioCoat; Becton Dickinson, Bedford, Mass.). These cells were used for
TEM studies. In both types of submerged cultures, the medium was replaced
with defined Bronchial Epithelial Cell Growth Medium (BEGM; Clonetics
Corp., San Diego, Calif.) following a 24-h initial incubation at 37°C and 5% CO2.
The cells on the surface of the BioCoat membrane were also covered with
BEGM. The cells were allowed to grow for 5 to 7 days before the initial medium
was replaced with fresh BEGM, and thereafter, the BEGM was replaced twice
weekly.

Airway cells were grown at an air-fluid interface by the method of Smith and
coworkers (26). Briefly, the cell suspensions were seeded at 50 to 60 ml onto the
surface of the microporous membrane in tissue culture well insert units and
incubated as described above. Following the initial 24-h incubation, the medium
in the tissue culture wells below the insert units was replaced with Widdicombe’s
Medium (WM) (33) containing 2% Ultroser-G (BioSepra S.A., France) and 1%
penicillin-streptomycin. The residual AM was aspirated from the upper surface
of the insert units, and the incubation was continued. Medium was aspirated
daily from the apical surface of the insert units until cell growth prevented

leakage of medium from the well. Cell growth was maintained by replacing the
WM in the well below the microporous membrane as needed. To confirm the
integrity of the epithelial cell monolayer, transepithelial resistance was measured
utilizing an EVOM epithelial voltohmmeter (World Precision Instruments, Sara-
sota, Fla.) according to the directions supplied by the manufacturer.

SV40-transformed bronchial epithelial cells. The SV40-transformed bronchial
epithelial cell line, 16HBE14, was kindly provided by D. C. Gruenert of the
University of California, San Francisco (16).

Bacterial infections. Bacteria used in the infection studies were collected from
fresh overnight plate cultures. The concentration of bacterial cells in phosphate-
buffered saline (PBS) was adjusted to 50 Klett units (;108 CFU/ml), and the
mixture was subsequently diluted 10-fold in BEGM without antibiotics. Sub-
merged cultures were infected by washing the cells once in BEGM without
antibiotics and replacing the cell culture medium with 500 ml of this bacterial cell
suspension in BEGM. Epithelial cells grown at an air-fluid interface were in-
fected with 10 ml of a mixture containing ;4 3 106 CFU of NTHI 2019 in WM,
delivered to the apical surface of the insert unit after the medium in the wells
below the insert units had been replaced with antibiotic-free WM.

Incubation of the airway epithelial cells with bacteria was carried out at 37°C
in a 5% CO2 environment. The airway epithelial cells were washed at the
termination of the infection period and immediately fixed for 30 min at room
temperature with 2% paraformaldehyde in PBS. The fixative was aspirated and
replaced with PBS for storage at 4°C until the cells were processed for micro-
scopic examination.

In order to investigate the role of actin polymerization on bacterial infection
of primary airway epithelial cells, confluent monolayers were incubated for 30
min in antibiotic-free BEGM supplemented with cytochalasin D (Sigma) at a

FIG. 1. A series of SEM studies of uninfected (A and C) and infected (B and D) airway epithelial cells grown at an air-fluid interface. Panel A demonstrates a
culture that was approximately 14 days old. The cilia were actively beating at the time of fixation. Ciliated and nonciliated cells can be seen within the population. Panel
B shows NTHI binding to nonciliated cells in the population after 4 h of infection. The binding of bacteria to specific nonciliated cells within the population was
characteristic of infected air interface and submerged cultures. The scale bars in panels A and B represent 10 mm. Panel C shows cilia from an uninfected air interface
culture. The ciliary surface is smooth, and there are a limited number of strands between the cilia (arrows). Panel D shows cilia from an air interface culture infected
for 30 min. The surfaces of individual cilia appear to be roughened. The cilia are organized in clumps, with multiple proteinaceous strands cross-linking individual cilia
(arrows). The scale bars in panels C and D represent 2 mm.
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final concentration of 1 mg/ml. This level of cytochalasin D was maintained
throughout the subsequent 2- or 4-h infection with NTHI 2019. Protein synthesis
by the airway epithelial cells was inhibited in experiments by preincubating the
cells for 30 min with cycloheximide (Sigma) at a final concentration of 100 mg/ml
in antibiotic-free BEGM (21). The level of cycloheximide was maintained during
the NTHI 2019 infection, as with the cytochalasin D. Previous studies in our
laboratory had shown that NTHI cells were resistant to the effects of 100 mg of
cycloheximide/ml (data not shown).

Processing for microscopy. Fixed cell cultures were processed for CLSM,
SEM, or TEM according to standard techniques. Primary human airway epithe-
lial cells grown submerged on collagen-coated coverslips were processed for
CLSM or for SEM. Cells grown on the microporous membranes, either sub-
merged or at an air-fluid interface, could be processed for SEM and/or TEM by
partitioning the membranes.

CLSM analysis. CLSM was used to examine the role of actin polymerization
in the airway epithelial cells due to infection by NTHI 2019 (17). Fixed cells on

coverslips could be processed and stained directly in the wells of the original
tissue culture plate.

To study the effect of infection on actin polymerization, the cells were first
permeabilized by a 15-min incubation at room temperature with 0.2% Triton
X-100. Following washes with PBS, the cultures were exposed to rhodamine-
phalloidin, a fluorophore that specifically labels F-actin, for 30 min according to
the protocol recommended by the manufacturer, Molecular Probes, Inc. (Eu-
gene, Oreg.). The cells were washed again, blocked with 5% normal goat serum,
and incubated with either monoclonal antibody (MAb) 3B9 or a rabbit antiserum
to whole NTHI 2019. MAb 3B9 is specific for a configurational epitope on the P6
membrane protein of H. influenzae (3). The cells were then incubated with a
fluorescein isothiocyanate-conjugated goat antiserum to murine immunoglobulin
G (IgG) or goat anti-rabbit immunoglobulin-fluorescein isothiocyanate conju-
gate (Molecular Probes). The treated coverslips were mounted with Vectashield
mounting medium (Vector Labs, Burlingame, Calif.) on microscope slides, cov-

FIG. 2. SEM of submerged primary airway epithelial cell culture that had been infected for 4 h with NTHI 2019. (A) An example of the distribution of binding of
NTHI to the surfaces of cells within the population. Bacteria are bound to a limited repertoire of cells in the population. The scale bar in panel A represents 20 mm.
(B) A higher-magnification view of a region on the same sample. The sharp demarcation in NTHI 2019 binding to the surface of one cell with minimal binding of
bacteria to an adjacent cell can be seen. This was a typical observation. The scale bar in panel B represents 10 mm.
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ered with square glass coverslips, and examined by dual-wavelength laser in the
Bio-Rad 1024 confocal laser scanning microscope.

Uptake of bacteria by the process of macropinocytosis was studied by using
dextran 70,000 (molecular weight) labeled with Texas red (Molecular Probes,
Inc). This marker of endocytosis was introduced into the media at the onset of
infection. At the termination of the period of infection, the residual marker was
removed by washing the cells once with PBS followed by fixation with 2%
paraformaldehyde. Prior to viewing, the bacteria were labeled with the nucleic
acid stain YOYO-1 (Molecular Probes, Inc.) at 0.5 mM in PBS for 8 min.

SEM. SEM processing included treatment with 1% osmium tetroxide prior to
dehydration through a graded ethanol series, with a final clearance in hexam-
ethyl-disilazane (HMDS; Polysciences, Inc., Warrington, Pa.). After a light coat-
ing with gold-palladium, the specimens were viewed with an S-4000 Hitachi
scanning electron microscope at 5-kV accelerating voltage.

TEM. Samples for TEM were processed to allow for labeling with immuno-
specific reagents. The airway epithelial cell monolayers could be dehydrated
through a graded ethanol series for embedment in LR White resin (Ted Pella,
Inc., Redding, Calif.) and sectioned to approximately 85-nm thickness by using
an ultramicrotome. NTHI 2019 was detected with either MAb 3B9 or an affinity-
purified polyclonal rabbit antibody made against strain 2019. These labels were
tagged with the appropriate secondary antibodies conjugated to 10- or 30-nm-
diameter gold beads (AuroProbe; Amersham Life Science, Arlington Heights,
Ill.), and the cells were counterstained with 5% uranyl acetate for viewing with
an H-7000 Hitachi transmission electron microscope at 75-kV accelerating volt-
age.

Alternatively, specimens for TEM could be labeled prior to embedment in
resin, following the protocol recommended by Aurion Co. (Wagenungen, The
Netherlands). The fixed cells were washed in buffer, incubated in a solution
containing 5% normal goat serum to block nonspecific labeling in the samples,
and then incubated overnight with rabbit polyclonal antiserum against NTHI
2019. After being thoroughly washed, the specimens were incubated overnight
with a goat secondary antibody to rabbit IgG, conjugated to ultrasmall gold beads
(beads smaller than 1 nm in diameter; available from Aurion Co. [GAR/GP-
US]). The labeled samples were again washed thoroughly, additionally fixed in
2% glutaraldehyde and treated with 1% osmium tetroxide, and then dehydrated
through a graded ethanol series. Final embedment was in Eponate 12 (Ted Pella,
Inc.). The ultrathin sections cut from these samples required silver enhancement
of the gold beads, performed according to the method of Danscher (8). Coun-
terstaining and viewing by TEM could then proceed as described above (1).

RESULTS

Analysis of primary human airway epithelial cell cultures.
Figure 1A shows the typical SEM appearance of an air-fluid
interface bronchial epithelial cell culture at 14 days after im-
plantation. Transepithelial resistance was 2,760 V/cm2, indicat-
ing that the cells had polarized. Based on surface morphology,

three types of cells could be distinguished. Ciliated cells com-
prised about 10 to 15% of the epithelium. The remaining two
cell types had differences in the density of microvilli on their
surfaces. One cell type had a small number of small microvil-
lus-like structures, while the second was covered by these struc-
tures. The surface of human bronchial epithelial cells grown on
bovine collagen-covered glass coverslips in submerged cultures
appeared morphologically similar to that of cells grown at the
air-fluid interface, with the exception of the absence of ciliated
cells in the former.

Because of the ease of use of an immortalized cell line, we
elected to study an SV40-transformed bronchial epithelial cell
line in parallel with the primary cells. The morphology of the
SV40-transformed bronchial epithelial cell line, 16HBE14, was
similar to that of the primary cells in air-fluid interface cul-
tures. Ciliated cells were seen when 16HBE14 cells were grown
at an air-fluid interface with WM, but the number was mark-
edly reduced compared to the primary cells. The gross mor-
phology of the surface of the 16HBE14 cells was indistinguish-
able from that of primary airway cells grown in a submerged
culture.

Examination of NTHI-infected airway epithelial cells. The
majority of our studies were carried out with the NTHI strain
2019, since this is the strain in which we have made our lipo-
oligosaccharide mutations. SEM and CLSM studies were per-
formed with NTHI strains 1479, 7502, and 3198. Similar results
were obtained with all four NTHI strains studied. Figure 1B
shows the result of 4-h NTHI 2019 cell infection of primary
human cells grown at an air-fluid interface. NTHI 2019 cells
did not adhere to the cilia or ciliated cells. However, the cilia
in the infected sample appeared to be clumped together, and
proteinaceous strands could be seen connecting individual cilia
(Fig. 1D). This was not observed on cilia from uninfected cells
(Fig. 1C). NTHI 2019 cells attached only to a limited reper-
toire of nonciliated cells within the airway epithelial cell pop-
ulations in primary cells grown at an air-fluid interface or in
submerged cultures. A similar pattern of organism attachment
was also seen when 16HBE14 cells were infected with NTHI
2019. Figures 2A and B show a typical example of a heavily

FIG. 3. This SEM study demonstrates a view of the surface of a primary airway epithelial cell from a submerged culture, infected for 4 h with NTHI 2019. The field
shows typical cytoskeletal changes induced by infection. Boxed area A shows lamellipodia emerging from the airway cell surface and surrounding a bacterium (arrows).
Boxed area B shows microvilli engaging the NTHI on the surface of the cell. The scale bar represents 2 mm.
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infected epithelial cell surrounded by cells with no adherent
bacteria. Attachment could be observed in as little as 15 min
after initiation of infection, although the actual number of
bacterial cells was much smaller in shorter exposure times.

The airway epithelial cell apical surface morphology
changed after infection. High-magnification SEM analysis re-
vealed that cytoskeletal changes occurred within the infected
cell as demonstrated by lamellipodia enfolding bacteria (Fig.
3A) and elongated microvilli (Fig. 3B) extending toward and
wrapping around individual bacterial cells.

The observations made by SEM were confirmed by TEM
and by CLSM. Figure 4 shows six serial sections through an
infected airway epithelial cell, grown in a submerged culture,
that shows lamellipodia surrounding NTHI 2019 cells after 4 h
of infection. A bacterium within a vacuole can also be seen

within the airway cell immediately below the lamellipodia in
the same figure.

Figure 5 shows a section through an airway epithelial cell
that shows a microvillus extending from the airway cell plasma
membrane and engaging the bacterium. In addition, sectioned
microvilli can be seen surrounding the bacterium. Similar re-
sults were obtained with primary airway cells and 16HBE14
cells whether they were grown at an air-fluid interface or in
submerged cultures. This indicates that bacteria can enter hu-
man airway epithelial cells by the process of macropinocytosis.
To further confirm that this process was involved in internal-
ization of the bacteria by the airway cell, we performed studies
using impermeant dextran 70,000 labeled with Texas red. Fig-
ure 6A shows a compiled Z series of NTHI within Texas
red-dextran vacuoles within primary airway epithelial cells.

FIG. 4. Airway cells on a sample of the BioCoat membrane from the same specimen as shown in Fig. 3, embedded in Epon resin and serially sectioned for TEM.
The series (A through F) demonstrates lamellipodia surrounding NTHI 2019 (black arrow) at the surface of a submerged airway cell culture after 4 h of infection.
Immediately below the lamellipodia can be seen an intracellular organism that is surrounded by a vacuolar membrane (white arrows, panels A and B). The scale bar
represents 200 nm.
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Figure 6B is a vertical section (view in the x-z plane) showing
the localization of the organisms within the vacuoles in this
projection. As can be seen, large vacuoles containing bacteria
are present in the infected cell. The colocalization of the bac-
teria within these vacuoles is confirmed by the color shift of the
macropinocytosed bacteria from green to yellow. Smaller vacu-
oles containing the marker are present in the uninfected cell as
a consequence of normal pinocytosis. In addition to the bac-
terial uptake by macropinocytosis, intracellular organisms that
are not associated with Texas red-dextran 70,000 can be seen.
This suggests that bacteria gain entry by another process as
well as macropinocytosis.

Figure 7 shows an immunoelectron micrograph demonstrat-
ing bacteria adherent to the airway cell surface. In some in-
stances, pedestal formation could also be seen beneath adher-
ent bacteria. Bacteria were also seen within airway epithelial
cells (Fig. 4 and 7). In Fig. 4A, 4B, and 7, a vacuolar membrane
can be seen surrounding the bacterium.

Analysis of the cytoskeletal changes in infected airway epi-
thelial cells. Confocal microscopy with rhodamine-phalloidin
showed polymerized actin either in microvilli or lamellipodia
covering NTHI 2019 at the time that the bacteria attached to
the cell surface (Fig. 8A). There also appeared to be a marked
increased in the amount of cortical actin present in the infected
cells. Treatment of the airway cells with cytochalasin D re-
sulted in disruption of the actin polymerization and an absence
of microvillus formation or lamellipodia after infection for 2
and 4 h (Fig. 8B). Bacteria could still be seen adhering to the
cell surfaces in both SEM and CLSM analyses. Studies with
cycloheximide showed microvilli and lamellipodia extending
toward adherent bacteria after treatment. This indicates that
de novo protein synthesis was not required for the cytoskeletal
rearrangements caused by NTHI infection of airway cells.

DISCUSSION

The mechanisms used by nontypeable H. influenzae to dam-
age human airway epithelial cells have not been clearly estab-

lished. The organism produces at least two potential toxins,
lipooligosaccharide and peptidoglycan, either of which may be
implicated in the process. The question of whether the organ-
ism actually invades airway epithelial cells or resides in the
mucus surface layer has also been a matter of speculation.
Until recently, tissue samples from infected individuals have
been unavailable, and hence the course of natural infection has
not been studied in detail. In order to study the pathogenesis
of nontypeable H. influenzae on human airway epithelium, we
established primary airway epithelial cell cultures, studied
them under different growth conditions (submerged and at an
air-fluid interface), and compared these results with studies
performed in an SV40-transformed bronchial epithelial cell
line.

These studies indicate that nontypeable H. influenzae cells
adhere to and invade a subset of human airway epithelial cells.
The studies performed in primary airway epithelial cells and
SV40-transformed bronchial epithelial cells grown at an air-
fluid interface and in submerged cultures gave identical results.
Adherence of the NTHI to the airway epithelial cell is accom-
panied by microvillus elongation that appears to be directed
toward the adhering organisms. The microvilli appear to be
engaging the bacterium with adhesion to the bacterial surface.
Formation of lamellipodia with enfolding of the NTHI is also
frequently seen in TEM and SEM. Invasion of the airway
epithelial cell occurs with entry into vacuoles. Cytochalasin D
treatment of airway cells ablates the response of the microvilli
and lamellipodia, while cycloheximide treatment does not alter
these cytoskeletal changes.

Previous studies have shown that NTHI cells can adhere to
and invade a variety of tissue culture cells (28). A number of
factors in bacterial adherence to epithelial cells and mucin
associated with the outer membrane of H. influenzae have been
identified (2, 9, 10, 15, 28–31). Holmes and Bakaletz have
shown that NTHI cells adhere to and induce cytoskeletal
changes in oropharyngeal cells suspended in cold PBS. These
studies showed that cytochalasin D could inhibit these changes
(18). Studies by St. Geme and Falkow showed that Chang

FIG. 5. TEM demonstrates microvillus engagement (solid arrow) of NTHI 2019 at the surface of a primary airway epithelial cell in an air interface culture after
4 h of infection. Portions of multiple microvilli, surrounding the bacteria (dashed arrows), can be seen in cross section. This specimen was labeled prior to Epon
embedment with a rabbit polyclonal antiserum to NTHI 2019, followed by a secondary antiserum conjugated to ultrasmall gold beads. The label was enhanced with
silver after embedment and sectioning. The scale bar represents 500 nm.
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conjunctival epithelial cells were invaded by unencapsulated H.
influenzae type b variants (28). Farley and coworkers studied
H. influenzae type b infection of human adenoidal explants
(11). These studies demonstrated that the organism adhered
selectively to nonciliated cells on this surface. The ciliary cells,
while not directly adhered to by H. influenzae type b, lost
motility and eventually sloughed from the surface. Invasion of
the epithelial surface occurred by disruption of the epithelial
tight junctions with passage of organisms between epithelial
cells.

Moller and coworkers studied patients with a variety of
chronic pulmonary diseases using culture, immunoperoxidase
staining, and PCR (23). Immunoperoxidase staining and PCR

were positive for 24 patients. From only two of these patients
could H. influenzae be cultured. These authors concluded that
H. influenzae was present in the respiratory epithelium and in
the subepithelial layers in these patients. Forsgren and cowork-
ers used in situ hybridization to demonstrate that H. influenzae
could be found within macrophage-like cells in the adenoidal
crypts of normal children undergoing adenoidectomy (13). Us-
ing immunofluorescence, we have studied frozen sections from
39 biopsy specimens from patients with chronic bronchitis.
Four of these specimens demonstrated the presence of intra-
cellular NTHI (data not shown).

NTHI cells adhere to a specific but unidentified nonciliated
cell type within the primary human airway population. Others

FIG. 6. Images collected by dual-wavelength CLSM of primary airway cells infected for 3 h with NTHI 2019. Fluid entry into the cells is identified by using Texas
red-labeled dextran (molecular weight, 70,000). NTHI and airway cell nuclei are labeled with the green fluorescing dye YOYO-1. A series of 1-mm optical sections,
collected in the x-y axis, was compiled to produce the image shown in panel A. Colocalization of the green NTHI and red-labeled vacuoles can be seen as yellow-stained
areas within the vacuoles, suggesting that some of the bacteria have been taken into the cells by macropinocytosis. This possibility is further explored in panel B. The
image is a compilation of optical sections collected in the x-z axis, along the dotted line shown in panel A. The apical surface of the cell culture is indicated by the arrows
in panel B. The cross section of the large red-stained vacuole shown in panel A shows several NTHI cells (yellow) within the host cell. The scale bars on both panels
represent 50 mm.
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have observed that H. influenzae binds to nonciliated cells in
human adenoidal explant studies (11). In contrast, SEM stud-
ies performed after infection of primary human airway epithe-
lial cells with Moraxella catarrhalis show that this bacterium
adheres to all of the cells in the population (data not shown).
The epithelium lining the human bronchial surface consists of
many morphologically distinct cell types with different but
sometimes overlapping functions. At least eight different epi-
thelial cell types have been delineated, with the number iden-
tified depending on the mammalian species (19). In the bron-
chi, ciliated cells predominate, and these are interspersed with
mucus-secreting cells, serous and dense core granulated cells
of the surface epithelium, and possibly Clara cells. The type of
nonciliated cell to which NTHI binds remains to be deter-
mined.

Cytochalasin D studies confirm the role of actin polymeriza-
tion in the process of adherence and invasion. Exposure of the
airway cells to cycloheximide over 4 h does not inhibit the
cytoskeletal changes, indicating that de novo protein synthesis
is not necessary for initiation of these changes. Killed organ-
isms do not initiate the cytoskeletal response. This result com-
bined with the directed nature of the cytoskeletal response
seen with live bacteria suggests that NTHI produces a factor
which results in signaling to the airway cell to activate the
cytoskeleton. In addition, the directed nature of the cytoskel-
etal response suggests that a factor similar to those that pro-
mote phagocytosis may be involved in the process. The sur-
faces of cells of many types have a variety of protrusions or
extensions that are involved in cell movement, phagocytosis, or
specialized functions, such as absorption of nutrients. Most of
these cell surface extensions are based on actin filaments,
which are organized into either relatively permanent or rapidly
emerging bundles or networks (24). Microvilli are the best
characterized of these actin-based cell surface extensions and
contain parallel bundles each formed of between 20 and 30
actin filaments. The filaments in these bundles are cross-linked
by fimbrin and/or villin, both actin-bundling proteins. During
macropinocytosis membrane ruffling (resulting in lamellipo-
dia) occurs: the rims of the membrane folds extending from the
surface fuse back with the plasma membrane (22). Studies by
Galan have demonstrated that this is the mechanism of entry
of Salmonella into enterocytes (14).

Lamellipodia are sheet-like extensions of the plasma mem-
brane. They are supported by a flattened web of actin filaments
rather than discrete bundles of actin (7). In the chemotactic
response of phagocytic cells, G proteins have been implicated
in the signaling processes that activate the actin cortex. There
is evidence that two Ras-related proteins, known as Rac and
Rho, act downstream (4, 20). These proteins have been shown
to have a distinct effect on the actin cytoskeleton in fibroblasts.
Microinjection of Rac protein into cultured cells causes a dra-
matic increase in the formation of lamellipodia within 5 min
(6). The nature of the cytoskeletal changes we have observed
indicates that a Rho-dependent pathway is activated in the
airway cells upon exposure to H. influenzae. Vesicles or vacu-
oles formed during macropinocytosis can be quite large, i.e., 1
to 5 mm in diameter, and can transport extracellular fluid and
macromolecules specifically or nonspecifically bound to the
plasma cell membrane.

These studies indicate that NTHI cells bind to specific non-
ciliated airway epithelial cells and initiate cytoskeletal rear-
rangement. The enfolding of bacteria by lamellipodia and the
engagement by microvilli appear to be a step in the process of
internalization of the bacteria. Our future experiments will be
directed at the NTHI factors involved in signaling the airway
epithelial cells.
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